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Geometric Design Element Groups and High-Volume 
'Two-Lane Rural Highway Safety 

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

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 peccent 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 (1). These roads constitute approximately 4 
million- km or 63 percent o f the highways in the 
United States and are the locations of about 50 
percent of alt highway fatalities !ll· 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 tw~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 prom1s1ng 
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 in 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 
(~-~). 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 should-;r width have been found to differ (~,_2) • 
It has also been observed .that combinations of ele
ments are related to accident experience !i,2_-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 positl,;;- 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 labeled 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 <2.Jll . In one study the VMER of single
vehicle accidents decreased as volume increased, 
whereas the multivehicle VMER was unaffected by 
changes in traffic volume (.!!!.). When accident mea
sures different than VMER are used, strong traffic 
volume effects are found. Amon0 thesp, "~~inPnt~ pPr 
mile per year (MYER) has been occasionally used as 
an independent variable (ll,14,18-21). Zegeer and 
Mayes (18), in a large studY-;;;-two-lane highways in 
Kentucky, found that the MYER increased with .'\DT 
from 250 to B,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 linear 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, petverne1-1L c:r-oss 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 '1ME:R using the variables lane 
width an<l 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 
less 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 (~) 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 B 
percent. 

In a recent NCHRP study of clear roadside re
covery areas, Graham and Harwood (_2_) identified 
thr@@ roadside deoign polioicc involving mixei;; of 
side slopes and roadside obstruction clearances. 
They accounted for differences in ADT and shoulder 
width and found a statistically significant rela
. t ionship between design policy and the off-road 
accident VMER. 

In Blackburn's analysis of the FHWA anti-skid 
resurfacing program data (25i, no cor:relation was 
found between wet-pavement~VMER and several geo
metric factors. An analysis of the same data set by 
advanced multivariate techniques 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. 

Transportation Research Record 960 

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 or igi
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. In 
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 sev@rity 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 thl'lt found on higher-volume roads ( 4, 5, 
.!.!_,lQ_), 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 less 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 
retained. 

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 C2l . 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 tl\e 
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 roaa segment and a MYFR of 4.0 on about 
BOO 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 list 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. Th is was 
followed in this study by reducing the number of 
independent variables as much as possible while 
still retaininq 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 
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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 agqreqa
t ion of geometric and roadside design element char
acteristics has been called a bundle in this re
s earch. 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 des ign 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 larqe data 
sets of observations of complex real-world phenom
ena, are characterized by the absence of many com
binations of factors in r eali ty and the lack of a 
balanced experimental design in building the data 
file. Furthermore, the descriptive variables (pre
dictors) are usually correlated, and some ar e 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
t ions 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 a s 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 s elected for this 
study is AID (1.l), 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 max imum i mprovement in t he ability t o 
pred i ct va lues o f th e dependent variable t h rouqh 
unexplained variance red uctio n . AID div ides t he da t a 
into mutually exclusive subgroups through a series 
of such splits, stopping when subgroups become too 
small or selected confidence limits 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 
figures 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 li ttle 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~nvert offset 
had three classes, ditch condition had three 
classes, percentage of section with horizontal cur
vature had three classes, and percentage of section 
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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 ~riables. 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)]; 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 (i,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 l 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 Bl. 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 I Michigan-FHWA Skid AID Summary 

Variable Name 

Dependent variable 
Accidents per million vehicle miles 
Accidents per section per year 
Accidents per mile per year 

Flow and location 
State 
Length 
ADT 
Overall intersection density 
Overall access density 
Legal speed limit 
85th percentile speed 
Mean skid number at 85 th percentile speed 
Time 

Cross section 
Pavement type 
Pavement wirlth 
Shqulder treat men! 
Percent length with shoulder narrower than 

6 ft 
Alignment 

Percent no passing zone in both directions 
No. of curves per mile 
Percent Jength on curves 
No. of sag curves per mile 
Percent length on significant grades 

Roadside hazard 
No. of obstacles within 10 ft 
Percent guardrail in both directions 

Bundles 
Cross section 
Alignment 
Geometric 

Variation explained(%) 

Symbol 

VMER 
SYER 
MYER 

Len 
ADT 
oID 
Ace Den 
Sp Lim 
85% Sp 
Skid # 

Pv Typ 
Pv Wid 
Sh Tr 
%Sh <6 

PSR 
NC 
PCL 
NSC 
PSG 

OBlO 
PGR 

Xs Bun 
Al Bun 
Geo Bun 

Model 

0 

0 0 0 

0 

0 
0 0 

0 0 0 

0 0 
0 0 0 

0 0 0 

0 0 

0 

0 0 0 
0 0 

0 0 0 

0 

73.6 81.9 72.9 

Note.: 0 =variable did nol appear in significant split, and • =variable did appear in significant split. 

!! AIU brench diagram shown in l-1gure I. 

bAID branch diagram shown in Figure 2. 

c 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 betweerl'"3 and 9 
miles did not exhibit a significant section length 
bias at the 0.05 level, 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 signif i
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 aignificant 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, 
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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 ~.l, respective l y, 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. Access 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 loss 
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 claaa. 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 i:nan teni:::o.ia ranye 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 



Acc. 10-17/mi 
Den. 

4.33 
12 

Variation Explained= 71.8% 

(Model #7 in Table 1) 

X. XX =J-avg ace/mi-yr 
N d--no. of segments 

FIGURE I Michigan-FHWA Skid AID branch diagram using all variables except state. 

TABLE 2 Definition of Cross-Section Bundles for Michigan
FHW A Skid Accident File 

Bundle Shoulder Lane Width 
Designation < 6 ft(%) (ft) 

Xs-1 .;; 50 
Xs-2 .;; SQ 
Xs-3 > 50 ;;.12 
Xs-4 > 50 ;;.] 2 
Xs-5 > 50 10-12 

3 All. 

1, 3 

Guardrail 
(%) 

0 
>0 
0 
>0 
_ a 

1. 77 
13 

No. of 
Sections 

16 
61 
23 
23 
29 

TABLE 3 Definition of Alignment Bundles for Michigan
FHW A Skid Accident File 

Bundle 
Designation 

AJ.l 
Al-2 
Al-3 
Al-4 
Al-5 
Al-6 

Non passing 
(%) 

0-20 
0-20 
21-45 
21-45 
>45 
>45 

5.50 
14 

3 , 5 Xs • · 1 , 2 , 4 
Bun. 

3 . 
9 

Curve Length 
(%) No. of Sections 

0-25 30 
>25 20 
0-25 29 
>25 21 
0-25 IO 
>25 42 

Variation Explained = 72.9% 

(Model #9 in Table 1) 

FIG URE 2 Michigan-FHWA Skid AID branch diagram using five cross-section and six alignment bundles. 

5 

• 
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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 guard
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 highe'r 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-FHWl·. 
Skid Accident File 

Bundle Non passing Curve Shoulder 
Designation (%) Length(%) < 6 ft(%) No. of Sections 

Geo-I 0-20 0-25 30 
Geo-2 0-20 >25 _a 20 
Geo-3 21-45 <:50 31 
Geo-4 21-45 >50 19 
Geo-5 >45 <:50 30 
Geo-6 >45 >50 22 

3 All. 

with the aid of the factor and AID analysis and 
include passing-restricted and horizontal curvature 
aligniuent:. variables and shoulder width fLom 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 
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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 year. 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 
pa:::;:::;in9-re$tr le tea lengi:.li. 

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 AID models" In 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 

2 ,4 ,6 
4500-
5500 

4. 4 

10 .00 
6 

Geo. 6 
Bun . 

,.---->--. 

5500-
8000 

9.60 
5 

Variation Explained=71.1% 

(Model ~11 in 'l'able 1) 

FIGURE 3 Michigan-FHWA Skid AID branch diagram using six geometric bundles. 
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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-I Geo-2 

2,000- 2,500 ,,,;;5 0.86 1.38 
6-10 0.86 1.38 
11-16 l.29 2.34 
>16 1.29 2.34 

2,500-4,000 ,;; 5 l.l 8 l.18 
6-10 1.70 l. 70 
11-16 3.30 7.50 
>16 2.38 2.83 

4,000- 7,000 ,;;5 5.89 5.89 
6-10 3.45 3.45 
11-16 6.60 6.53 
>16 5.00 6.53 

7 ,000-8,000 6.80 7.71 
8,000-10,000 10.00 10.00 

3
See Table 4 for geometric elements appearing jn bundle. 

divisions for the categories. This simple categori
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 

Model 

Variable Name Symbol 12 13 

Dependent variable 
Total accidents per segment per year TM YER • 
Injury accidents per segment per year !MYER 

Flow and location 
Region within state Region 
Terrain Ter 
ADT ADT • • 
No. of intersections on curves Int Cu 
No. of intersections on tangents Int Ta 
Total no. of intersections Int Tot 

Cross section 
Pavement width (ft) PvWid 
Shoulder width (ft) Sh Wid 
Shoulder treatment Sh Tr 
Ditch offset (ft) Dit Off 
Ditch condition Dit Con 

Alignment 
Percent passing sight-distance restriction PSR 
No. of curves in segment NC 
Percent of segment curved PCL 

Roadside hazard 
Cumulative percent of exposure length with OBJ6 

obstacles within 6 ft of surface 
Cumulative percent of exposure length with OBJIO 

obstacles within 1 0 ft of surface 
Cumulative percent of exposure length with OBJl4 

obstacles within 14 ft of surface 
Cumulative percent of exposure length with OBJ20 

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 

Geo-3 Geo-4 Geo-5 Geo-6 

0.86 0.86 1.38 0.86 
0.86 0.86 1.38 0.86 
1.29 l.29 2.34 1.29 
l.29 1.29 2.34 1.29 
1.18 1.18 1.18 1.18 
I. 70 I. 70 1.70 1.70 
3.30 7.50 3.43 7.50 
2.38 2.83 3.43 2.83 
5.89 5.89 5.89 5.89 
3.45 3.45 3.45 3.45 
6.53 6.60 6.60 8.60 
6.53 5_00 5,00 8.60 
9.00 6.80 6.80 9_00 

10.00 10.00 10.00 10.00 

set, and the salient results for the 11 AID runs 
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. rt explained 39. 7 percent 
of the variance. When the number of intersections 

14' 15 l 6b 17 l 8c 19d 20 21• 22 

• • 

0 

• • • • • • 
0 

0 

0 0 

0 0 

0 0 0 0 0 

0 

• 
0 0 

0 

0 • 
0 0 

• 
70.7 66.3 60.5 60.3 57.1 62.3 52.8 55.0 58.6 

Note: 0 =variable did not appear in significant split, and•= varfable did appear in significant split. 

a AID branch diagr~m shown in Figure 4. 

b AID branch diagram shown in Figure 5. 

cAlD branch diagram shown in Figure 6. 

dAID branch diagram shown in Figure 7. 

e AID branch diagram shown in Figure B. 
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Variation Explained=70 . 7% x.xx:+-- avg acc/8 mi-yr 
N ~- no . of segments (Model # 14 in Table 6 ) 

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

T.4.Bf E 7 Definiti'-'n ._,f Crms-S'.!rtio:in Hunn!~$ for Mir.hiuan Stat .. Ront .. nata: 
Total Off.Road Accidents . 

0 

. • 

Bundle Pavement Shoulder 
Designation Width([!) Width (ft) 

Xs-1 24 9-10 
Xs- 2 20-22 9-JO 
Xs-3 22- 24 7-8 
Xs-4 20 7-8 
Xs-5 22-24 7-8 
Xs-6 20 7-8 

8 All. 

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, 2 50 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 obstacl.e 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 
Bundle Length Rest1 iction No. of 
Designation OBJ14 (%) (%) (%) Sections 

AJ-1 0 0-30 -a 23 
Al-2 0 >3 0 _ a 23 
Al-3 >0 0 -· 26 
Al-4 >0 J-30 0 4 
Al-5 >0 1-30 >0 14 
Al- 6 >0 J-30 0-20 24 
Al-7 >0 >30 >20 23 

" All. 

Ditch Ditch No. of 
Offset (ft) Condition Sections 

> 15 Excellent and good 11 -· a 10 
E.xcellent and good 62 

>15 20 
<; 18 Bad 18 
.;; I 5 Good and bad 16 

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 B. 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, ace ident 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 !I.OT at 3 , 500 
and 4,500 vehicles per day . The results are given in 
Table 9, and the effec t of unsat i sfactor y alignment s 
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 Expl a i ned = 60 . 5% 
(Model #16 in Table 6 ) 

9 

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-I 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 J.38 1.38 0.64 1.38 
4,500-13,000 1.34 1.34 1.34 1.34 1.34 2.21 2.21 

aSee 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. 

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

Sight 
Bundle Curve Restriction Ditch No. of 
Designation Length(%) (%) Condition Sections 

Geo-I 0 1-20 -· 26 
Geo-2 0 -" 42 
Geo-3 >0 > 0 Excellent 44 

and good 
Geo-4 >0 >0 Bad 25 
8 All. 

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 

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-I Geo-2 Geo-3 Geo-4 

2,000-2,800 0.51 1,0 l 0.88 0.51 
2,800-4,250 0.68 0.68 I. I 0 1.58 
4,250 7,000 1.17 1.16 I .~7 2.20 
7,000-13,000 1.38 1. 38 2.57 2.57 

a See Table JO for geometric elements appearing in bundle. 

Of f -Road I n j ury Acc ide n t s 

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 · .... ·~ri.::.bl~s 
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 AID (mod~l 22) in which ADT was stratified at 

LOO 
5 

2. 56 
l6 

3000-
4000 
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TABLE 12 Definition of Geometric Bundles for Michigan State 
Route Data: Off-Road In.jury Accidents 

Bundle Curve Ditch No. of 
Designation Length(%) OBJl4 (%) Condition Sections 

Geo-I 0 0-5 41 
Geo-2 1-30 >0 Excellent 9 

and good 
Geo-3 1-30 >0 Bad 9 
Geo-4 >0 0 a 31 
Geo-5 >30 >0 Excellent 28 

and good 
Geo-6 >30 > 0 Bad 19 

8 AIJ. 

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 groupo of oix or more seotions 
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 

Variatio n Explaincd =62.3% 

(Model jlg in Table 6) 

~avg.injury acc/8 mi-yr 
~ no. of segments 

FIGURE 7. Michigan State Route off-road injury accidents AID branch diagram using all variables. 
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AU'f 

3 ,6 

Variation Explained=SS.0% 

(Model #21 in Table 6) 
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FIGURE 8 Michigan State Route off-road injury accidents AID branch diagram using six geometric 
bundles and ADT. 

TABLE 13 ' 'erngo Number of Off.Road Injury Accidents per 
Mile per Year for lichigan State Route 

No. of Accidents per Mile per Year by 
Ditch Offset 

No. of 
ADT Curves per Mile "' 19 ft 18 ft 16-17 ft .;; 1 5 ft 

2,000-3,000 0 0.10 O.JO 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 0.7) 0.7) 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 BOO 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. Including 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 
Michigan 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 nt.hPr moclP.l.s 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 of 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-
euL:es in several such elements that is 
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 magn i tude of sa fety improvements . 

A:; high-quality <lata files with many mor~ acci -
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 res~lt 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. 

one 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-
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FIGURE 1 Side friction factors, minimum radii, and maximum superelevation rates for different countries 
and decades. 

ing from that, between allowable minimum radii and 
maximum superelevation rates. Figure 1 shows some 
examples of such relations in different countries, 
as applied in the 1950s and 1960s. 

Furthermore, previous studies about the forces 
that are necessary to keep the driving direction in 
curves as well as to accelerate and decelerate are 
mostly based on the premise that the vehicle can be 
considered as a rigid body and that the suppor t ing 
forces can be imagined acting in the center of 
gravity. In doing so, the vehicle is idealized as a 
point of mass. However, it is easy to realize that 
such an explanation will not be able to determine 
the actual forces acting on each wheel of the vehi
cle and the strains of the resulting friction. 
Therefore, to overcome previous driving dynamic 
deficiencies and to enhance traffic safety, new 
principles for tangential and side (radial) friction 
factors were developed. These factors were taken as 
a basis for the highway design guidelines of the 
Federal Republic of Germany (1,2). The goal was to 
reduce the driving dynamic safety risk that may be 
involved by the selection of improper design ele
ments and sequencies in horizontal and vertical 
alignment. 

TANGENTIAL FRICTION FACTOR 

Based on skid-resistance measurements that have been 
conducted by the Institute of Road and Traffic Engi
neering at Berlin Technical University (3) (Figure 
2), the following quadratic equation was- deve loped 
by the author and Herring (_i) : 

0.214 (V/100) z - 0.64 (V/100) + 0.615 (1) 

Speed V [mph l 
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FIGURE 2 Results of measurements of skid
resista..;ce values on wet road surface (3), 
Federal Republic of Germany. 

where fTmax is the maximum allowable tangential 
friction factor and V is the venicJ.e l:)tieeU {km/hj. 

By this equation the maximum allowable tangential 
friction factor corresponds to the skid-resistance 
values of 95 percent of new pavements in the Federal 
Republic of Germany (Figure 2). That means that by 
using these tangential friction values, only in 5 
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percent of any new road surfaces may the application 
of these values be invalid. Thus Equation 1 promotes 
high driving dynamic safety. 

A similar percentile distribution of the relation 
between friction capability <ind vehicle apeed for 
500 pavements in one state of the United States is 
shown in Figure 3 (5). 

The data in Table 1 give the maximum allowable 
tangential friction factors for wet pavements with 
respect to the design speed applied in the German 
highway design guidelines and the comparable Ameri
can values of the AASHO Blue Book (~).Note that the 
maximum allowable tangential friction factors ap
plied for highway design in the United States for 

FIGURE 3 Percentile distribution of relation between 
friction capability and vehicle speed for 500 pavements 
in one state (5), United States. 

15 

design speeds Va > BO km/h (50 mph) are def initely 
higher than the German values. This means that for 
critical driving maneuvers, the tangential friction 
supply in the United States is accordingly smaller, 
but safe performance of desired maneuvers is depen
dent on the existence of sufficient friction. For 
example, a compa rison of the 95 percent curve of 
Figure 2 and the 5 percent curve of Figure 3 shows 
that there is a certain conformity between American 
skid numbers and German skid-resistance values, es
pecially for design speeds >BO km/h, although these 
values naturally are not directly comparable. 

Most excessive speed accidents happen on two-lane 
rural roads. Since 1973 the Federal Republic of 
Germany has set a general speed limit of 100 km/h 
(-60 mph) for two-lane rural highways. Compared to 
the overall speed limit of about 90 km/h (55 mph) in 
the United States, the driving behavior on two-lane 
rural roads may be expected to be similar in both 
countries. 

SIDE (RADIAL) FRICTION FACTOR 

In the past in the Federal Republic of Germany obvi
ous discrepancies between design speeds and actual 
driving speeds measured in horizontal curves have 
been noticed. Typical speed distributions from 10 to 
15 years ago are shown in Figure 4. Note that more 
than BO percent of the vehicle drivers exceeded the 
design speed of Va = 60 km/h (-40 mph) , even on wet 
pavements. 

TABLE 1 Maximum Allowable Tangential 
Friction Factor and Design Speed 
Relationship 

Design Speed, 
Vct (km/h) 

40 
60 
80 

100 
120 
140 

Germany 

0.40 
0.31 
0.24 
0.19 
0.16 
0.14 

Note: I km/h ~ 0.621 m ph . 

United Sta !es 

- 0.37 
0.33 
0.31 
3.30 
0.28 

-0.26 
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FIGURE 4 Characteristic speed distributions for collectives of passenger cars 
under free-flow conditions on dry and wet road surfaces, State Route 36, 
near Karlsruhe, southwest Germany. 
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Therefore, it was also important to provi de a 
sufficient friction supply for side friction fac
tors. After extensive investigations (4), the German 
Committee for Highway Design dec i ded that the side 
friction factors shall be limited to 40 percent of 
the maximum allowable tangential values for rural 
highways and to 70 percent for urban roads (1,2). 
Thus the equation for the maximum allowable -side 
friction factor for rural highways is 

fRmax = 0.925 • 0.4 fTmax 

The factor O. 925 represents 
fluences. 

only tire-specific 

(2) 

in-

The general 
friction ratios 
tion ratios can 

relationship between utilized side 
and still available tangential fric
be computed by the formula 

( 3 ) 

This formula was developed by Krempel (7) for vehi
cle tires; the results are given in Table 2. Note 

TABLE 2 Relationship Between 
Utilized Side Friction Ratios and 
Still Available Tangential Friction 
Ratios 

fR x 100%/fRmax 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

fT X 100%/fTmax 

100 
99.5 
98.0 
95.4 
91.6 
86.6 
80 
71.4 
60 
43 

0 

that by using 40 percent of side friction there is 
still more than 90 percent available for frict i on in 
the tangential direction. By this procedure, con
siderable dynamic safety reserves are still avail
able in the tangential direction in spite of using 
the maximum allowable side friction factors. 

The German and American values for maximum allow
abl e s i de f r iction factors fo r wet pavement condi
tions are given with respect to design speed in 
Table 3. 

TABLE 3 Maximum Allowable Side Fric
tion Factor and Design Speed Relationship 

Design Speed, 
Yct (km/h) 

40 
60 
80 

100 
120 
140 

Germany 

0.15 
0 .11 
0 .09 
0,07 
0.06 
0.05 

Note: I km/h ~ 0.62 t mph. 

United States 

- 0.16 
0.15 
0 .14 

- 0.13 
0 .11 

-0.10 

Figure 5 gives an overview of the maximum allow
able side and tangential friction factors of the 
German guidelines and for highway design i n the 
United States with respect to the design speed. Note 
that for design speeds greater than 60 km/h, the 
American values are higher than the German values. 
As the design speed increases, the gap widens. 
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FIGURE 5 Maximum allowable side and tangential 
friction factors in the Federal Republic of Germany 
and in the United States. 

MINIMUM STOPPING-SIGHT DISTANCES 

The minimum stopping-sight distance (SSD) is the sum 
of two distances: (a) the distance traversed by a 
vehicle from the instant the driver sights an object 
for which a stop is necessary to the instant the 
brakes are applied (brake reaction and perception 
distance), and (b) the distance required to stop the 
vehicle after the brake application begins (braking 
distance) (1!_). 

SSD on a level roadway, therefore, may be com
puted by the formula 

SSD = (V/3.6) • t + [V 2 /(3.6 2 
• 2g • fTmax> l (4) 

where 

SSD 
v 
t 

stopping-sight distance (m), 
speed (km/ h), 
brake reaction and perception time (sec) 
(usually 2 . 5 sec), 
maximum allowable coefficient of tan-
gential friction on wet pavements, and 

g acceler~tion of gravity (m/sec 2 ). 

The data in Table 4 give the computed SSDs by 
Equation 4 for both countries by using the tangen
tial friction factors of Table l and a brake reac
tion and perception time of 2. 5 sec. As expected, 
the American values are lower for design speeds Va .::_ 
80 km/ h (SO mph) • 

But neither country built their highways accord
ing to Equation 4, perhaps because of the high cost 
involved. As a compromise, Germany selected a brake 

TABLE 4 Minimum SSD and Design Speed 
Relationship, Grade (G) = 0 Percent, 
Computed by Equation 4 

Design Speed , 
Yct (km/h) 

40 
60 
80 

100 
120 

SSD (m) 

Germany 

43 
87 

160 
27 6 
437 

Note: 1 km/h = 0.6 21 mph, 1 m:::: 3.28 ft . 

United States 

45 
85 

137 
200 
285 
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reaction and perception time of only 2. 0 sec 
introduced a new SSD formula that included air 
sistance (_!) : 

SSD = (V/1.8) + (l/g) f {v/[tTmax + (WL/G) ]I dv 

with 

and 

2.773 • v 2 • lo-4 - 2.304 • v • lo-2 
+ o. 615 

(0.5 • cw • F • 0.13 v')/G 

where 

v = speed (m/sec) , 
WL air resistance (lON) , 
CW shape factor of the vehicle, 

F O. 9 • B • H (m 2 ), 

B width of the vehicle (m), 
H height of the vehicle (m) , and 
G weight of the vehicle (kg) • 

and 
re-

(5) 

(6) 

(7) 

For a representative vehicle (German Opel 1700 
and German Ford 17 M, respectively), WL/G becomes 

(6.5 • 0.39 • 2.4/1065)v 2 • 10-2 

0.571 • v 2 • lo-4 (8) 

The computed results of Equation 5 for SSDs used 
in German highway design today are given in Table 5 

<.!·~·..!?>. 

TABLE 5 Minimum SSD and Design Speed 
Relationship, Grade (G) = 0 Percent 
{1 ,2,6) 

Design Speed, 
Yct (km/h) 

40 
60 
80 

100 
120 

SSO (ml 

Germany 

36 
70 

117 
186 
274 

Note : l km /h == 0.621 m ph1 J m = 3.28 ft. 

United States 

42 
73 

105 
520 
675 

On the American side, the SSDs are not computed 
for the original design speed, but for assumed 
speeds for wet pavement conditions that are lower 
than the design speeds. For example, in the Blue 
Book (_§.) an assumed speed of 44 mph is used for a 
design speed of 50 mph, or an assumed speed of 58 
mph is used for a design speed of 70 mph. The 
results are given in Table 5. 

Comparing the values, it can be seen that the 
minimum SSDs applied in highway design in the United 
States are shorter than the German ones for design 
speeds Va~ 80 km/h (50 mph). That means, on the one 
hand, a more economic design based on U.S. values, 
but on the other hand, the German values provide 
greater minimum SSDs for critical driving situations. 

The data in Tables 4 and 5 indicate that signifi
cantly different minimum SSDs could be computed by 
applying different models and tangential friction 
factors. To decide where the critical margin lies is 
a crucial consideration for engineers concerned with 
both cost and safety. 
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MINIMUM RADII OF CURVES 

Fundamentally, the radius of a curve should be as 
large as possible and the radii of sequent curves 
should be in a halanced relation. ~·or balance in 
highway design, all geometric elements should pro
vide, as far as economically feasible, safe and con
tinuous operation at a certain design speed used as 
overall control. According to Fites and Jacobs (_~): 

A vehicle moving in a circular path is 
forced radially outward by centrifugal 
force. This force is resisted by the vehicle 
weight component due to the superelevation 
of the roadway and by the side friction be
tween the tires and the roadway surface. 

If the vehicle is not in a skid, these 
forces are in equilibrium and are rep
resented by the formula ••. 

f R + e = Va 2 /127R (9) 

a nd 

R = Va 2 /127(fR + e) 

where 

e = superelevation rate (m/m), 
f R side friction factor, 
Va design speed (km/h), and 

R radius of curve (m). 

(10) 

The selection of the minimum radii of curves 
depends on the design speed, the maximum supereleva
tion, and the maximum allowable side friction fac
tor. The maximum side friction factors are given in 
Table 3 for German and American highway design. For 
a comparison of the minimum radii, a maximum super
elevation of ~ax = O. 06 is selected. This super
elevation rate has been applied in Germany as the 
maximum value in rural highway design since 1973 
(_!),although in the United States the same value is 
usually applied only in urban areas. The data in 
Table 6 give the minimum radii of curve with respect 

TABLE 6 Minimum Radii of Curve and De
sign Speed Relationship, Superelevation 
Rate llmax = 0.06 

Design Speed, 
Yct (km/h) 

60 
80 

100 
120 

Rmin (m) 

Germany 

160 
350 
600 

1000 

Note : I km/h= 0.621 mph, 1 m = 3.28 ft. 

United States 

140 
250 
420 
660 

to the design speed for both countries. Because of 
the smaller side friction values applied for rural 
highway design in the Federal Republic of Germany 
(compare Table 3 and Figure 5), the minimum radii of 
curve are greater than the American values. The 
differences are about 30 to 35 percent for design 
speeds Va > 80 km/ h (50 mph). 

Perhaps- beca use the current German solution is 
too generous, a new proposal for minimum radii in 
rural highway design of the 1980s is being devel
oped, including a maximum superelevation emax = 0.07, 
and e xceptionally emax = 0.08. Proba bly the new Ger
man d e sig n g u i d el ine will be int r oduced in 1984 or 
1985. Together with the superelevation, the side 
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friction factors are increased slightly too (see 
Figure 5). In this case the utilization ratios of 
side friction corresponding to Equation 3 will be 
inc r eased t o a maximum of 50 percent. The data in 
Table 2 indicate that, by using 50 percent of side 
friction, there is still more than 85 percent avail
able for friction in the tangential direction for 
unexpected driving maneuvers. The intended new Ger
man minimum radii of curve for a maximum supereleva
tion rate emax = O. 07 and the comparable American 
values are given in Table 7 with respect to the 
design speed . 

TABLE 7 Minimum Radii of Curve and Design Speed Relation
ship, Superelevation Rates em ax = 0.07 and 0.08 

Rm in , emax = 0.07 (m) 
De5ign Speed, 
Yct (km/h) 

60 
80 

100 
120 

German ya 

150 
300 
500 
800 

f..-iote: l km/h= 0.621 mph, l m = 3.28 ft. 

United States 

130 
240 
400 
625 

Rm in' 
Cm ax• 0.00, 
United States (m) 

125 
230 
380 
590 

Here too, the American minimum radii of curve are 
smaller than the revised German values. The differ
ences, compared in columns 2 and 3 of Table 7 for a 
superelevation rate of emax = O. 07, are about 20 
percent or more for design speeds Va~ 80 km/h. 

A comparison with the American minimum radii of 
curve for a superelevation rate of emax 0.08 
(column 4, Table 7), applied in the United States 
for open highways in regions with snow and ice, 
still shows greater differences (about 25 percent) 
compared with the German values (column 2, Table 7). 
Similar snow and ice conditions exist on roads in 
Germany. 

In tnis connection it snouJ.d be noted that some 
agencies in the United States even adopt a maximum 
superelevation rate of emax = 0.10, regardless of 
snow and ice conditions on open highways, with ac
cordingly still smaller radii than those given in 
Table 7 ( 6) • Whether or not such a design can be 
considered- responsible should be a major discussion 
item of future highway design in the United States. 

CONCLUSIONS 

An analysis of the data in this paper indicates that 
Germany uses allowable tangential friction factors 
that cor r espond to the skid- r es i s t a nce va lues 
present in 95 percent of their newly built road 
network. Therefore, only 5 percent of all road sur
faces will remain below the selected friction fac
tors for the d e sign and rede sign of two-lane rural 
highways. 

For side friction factors, a maximum utilization 
ratio between 40 and 50 percent i s a llowed so tha t 
always more than 85 percent of friction shall be 
available in the tangential direc tion for unexpected 
driving maneuvers on wet pavements. Such maneuvers 
would cover, for example, sudden acceleration, de
c e leration , or evasive movements. Furthermore , 
forces that result from cross wind or those that 
result from exceeding the original design speed may 
be corrected by applying the German tangential and 
s ide f riction factors too. From the viewpoint of 
driving dynamics, these assumptions represent high 
driving dynamic safety demands and ensure high fric
tion supply in critical driving situations. Compared 
with the German friction values, the American as -
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sumpt ions for t angent ial and side frict ion f actors 
are relatively high (compare Table 1, Table 3, and 
Figure 5) and thus represent less driving dynamic 
s afety. 

The computations for minimum SSDs and minimum 
radii of curve generally indicate, for design speeds 
Va ~ 80 km/h ( 50 mph) , smaller values for rural 
highway design in the United States than in Germany. 
Therefore, there is no doubt that the American high
way design is more economic than the German one. 
But, as mentioned previously, one cardinal rule in 
horizontal alignment design is that friction supply 
should be greater than friction demand. This is 
simply stated, but the question follows: To accom
plish this rule, do we lower the demand or increase 
the supply? (~) • The efforts on the German side in 
the past decade have been to increase the supply 
rather than to modify the demand. 

Of course it is difficult tu decide where the 
critical margins for friction factors and, derived 
by them , for minimum SSDs and minimum radii of curve 
shall be ass igned. This is a cruc i a l cons i derat ion 
for engineers concerned with both cost and safety. 
But a highe r driving dynamic safe ty supply, a s ap 
plied in the German Guidelines for the Design of 
Rural Highways (.!_) since 1973, has reduced, among 
othe r things, the numbe r and seve rity of accide nts. 
These are the newest results of a research report 
for the Minister of Transportation of the Federal 
Republic of Germany (~) • It is not the intention of 
the author to make recommendations, but pe rhaps a 
discussion of a higher driving dynamic safety supply 
may be useful to reduce accidents on two-lane rural 
highways in the United States too. Because up to now 
there were often, in both the Federal Republic of 
Germany and in the United States, inadequate safety 
factors in the friction between wheel and road, 
friction demand often exceeded friction supply and 
caused more accidents than necessary. 

Related to the driving behavior in both coun
tries, it is worth noting that for two-lane rural 
highways, where the most excessive speed 'accidents 
occur by friction demand, the Federal Republic of 
Germa ny ha s s e t s i nce 1973 a general speed limi t of 
100 km/h (-60 mph), which is only slightly higher 
than the overall speed limit of about 90 km/h (55 
mph) in the United St a t es. I n addit i on, s ing le-unit 
trucks have a speed limit of 80 km/h (50 mph) and 
semitrailer combinations and semitralier-full
trailer combinations have a speed limit of 60 km/h 
(-40 mph) on two-lane rural roads. 

EVALUATION 

A preliminary study was c o nducte d on Sta t e Ro ut e 3 
in the southwest of Germany (10) to answer the ques
tion: Is there any evidence that the new German 
guidelines for rural design have had any positive 
influence on traffic safety? 

The investigated sections of 5tate Route 3 in 
rural areas had an overall length of 30. 865 km ( 19 
miles). The investigation period encompassed 4 years 
(January 1, 1977 through December 31, 1980), during 
which 761 accidents resulted in 21 fatalities, 100 
heavy injuries, and 251 light injuries. Fifty-three 
percent of the accidents can be a ttributed to "ex
cessive speed" or •not sufficient stopping or pass
ing sight distances.• The average daily traffic was 
-L..- •• .&.. n ~ n n -·- '- ,:_ , __ --- .:::i- •• m L.. .... - - ··---.-~ ........ ~ ... 11 
G\ IJVUI.. ~ I .:J V U Vt' U.L\,,i..L t';:, }:l t' l. U CI. ,}' • .LU I!;; i:"U VClllCU'9 Q V J.. u.1. .1. 

investigated road sections were in excellent condi
tion and were rebuilt in the last 2 years before the 
investigation period, not only for the sections with 
a new alignment but also for the widened sections 
with an old alignment. 
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TABLE 8 Comparison of Accident Rates on Highway Sections with New and Old Alignments, 
State Route 3, Southwest Germany 

Highway 
Section 

Length of 
Section (m) Description of Alignment 

Accident Rate 
(accidents per 106 

vehicle-km) 

I 
2 
3 

4000 New horizontal and vertical alignment ; lane width= 3.7 5 m 1.21 
1.68 
1.48 

4 
5 

500 
500 

Urban area 

6 
7 
8 

5125 
2780 
3200 

New horizontal and vertical alignment; lane width= 3. 75 m 1.27 
I. 75 
1.49 

9 2500 Old alignment; speed limit 70 km/h 1.92 

10 1500 New alignment; lane width= 3.75 m 1.23 

II 
12 
13 
14 
15 

1800 
800 

2250 
2210 
1690 

-01d horizontal and vertical alignment; wider pavements 
rebuilt ; lane width= 3.5 - 3.75 m 

2.23 
2.06 
2.02 
3.07 
2.90 

16 350 rntersection 3.40 

17 960 New alignment; lane width= 3.75 m 1.07 

18 800 Old alignment and intersection until 1980 3.44 

Note: 1 m = 3.28 ft, l km/h= 0.621 mph. 

State Route 3, which was subjected to investiqa
t ion, consists of 18 highway sections, 16 sections 
in rural and 2 in urban areas. The lengths of the 
highway sections, the description of the aliqnrnent, 
and the accident rates are given in Table 8. Road 
sections 1, 2, 3, 6, 7, 8, 10, and 17 were rebuilt 
with a new horizontal and vertical aliqnment. On 
road sections 11 to 15 the pavements were renewed 
and widened, but the old horizontal and vertical 
alignment was not changed. Section 18 was rebuilt 
after 1980; whereas section 9, with a typical old 
alignment super imposing horizontal and vertical 
curves, was controlled with speed limits of 70 km/h 
(44 mph) since the beginning of the 1970s. 

A comparison of sections of State Route 3 with a 
new alignment shows that their accident rates range 
from 1.07 to 1.75 accidents per 10 6 vehicle-km, 
whereas the accident rates on the sections with an 
old alignment range from 2.02 to 3.07 accidents per 
106 vehicle-km and are basically higher for other
wise comparable conditions (i.e., pavements). On 
average, it can be shown that the accident rate on 
the sections with new horizontal and vertical align
ment comes to a value of 1. 49 accidents per 10 6 

vehicle-km, whereas the average accident rate on the 
sections where the alignment was not redesiqned 
comes to a value of 2. 50 accidents per 106 vehi
cle-km. In short, a 1.67 times higher accident rate 
exists for the sections with old horizontal and 
vertical alignments compared with the newly designed 
sections of State Route 3 in southwest Germany. The 
previously mentioned research report for the Minis
ter of Transportation of the Federal Republic of 
Germany (9) will document these statements. 

In co~lusion, a comment by the AASHTO Select 
Committee on Highway Safety on the subject of opti
mum versus minimum design in preparing the second 
edition of the Yellow Book, Highway Design and Oper
ational Practice Related to Highway Safety, is ap
propriate: 

The acceptance of minimum standards as the 
criteria for design too often occurred for 
reasons of economy. Frequently a more lib-

eral design would have cost little more over 
the life of the project and would increase 
its safety and usefulness substantially. 
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Survey of States' R-R-R Practices and 

Safety Considerations 

JOHN M. MASON, JR., and HARRY C. PETERSEN 

ABSTRACT 

A survey was conducted of resurfacing, res
toration, and rehabilitation (R-R-R) type 
programs throughout the United States. R-R-R 
practices of state highway departments were 
solicited, with emphasis on seeking cost-ef
fective designs that maintained acceptable 
levels of safety and serviceability. The 
reported R-R-R actions by various states are 
summarized, and the primary rulings on R-R-R 
design standards are briefly discussed. A 
philosophy tailored toward maximum mileage 
standards, accompanied by the application of 
value engineering, forms the basis of many 
R-R-R state policies. In every case, safety 
was found to be of primary concern. Three 
general philosophies appear applicable based 
on this R-R-R review: (a) rehabilitation to 
standards below full AASHTO new construction 
standards, and correcting major defects but 
maximizing the number of miles of highway 
treated; (b) reconstruction to full AASHTO 
standards only, for greater safety on fewer 
miles of roads; and (c) full funding for all 
projects as an ideal. Preliminary safety 
studies are reviewed, and guidelines are 
presented for maximum mileage rehabilitation 
projects drawn from the state surveys= 

Under a recent contract with the Auditor General's 
Office, State of Arizona, the Texas Transportation 
Institute (TTI) had the opportunity to survey resur
facing, restoration, and rehabilitation (R-R-R) type 
programs throughout the United States. The objective 
of the study was to provide a summary of R-R-R prac
tices reported by state highway departments. Empha-

sis was placed on seeking cost-effective designs 
that maintained acceptable levels of safety and 
serviceability. The reported R-R-R actions by vari
ous states are summarized, and the primary rulings 
on R-R-R design standards are briefly discussed. A 
philosophy tailored toward maximum mileage stan
dards, accompanied by the application of value engi
neering, appears to form the basis of future R-R-R 
state policies. 

SUMMARY OF R-R-R ACTIONS 

State highway departments were contacted by tele
phone regarding the implementation and results of 
R-R-R design features. Forty-one of the states re
sponded that they regularly employ some type of 
R-R-R design. Although many of these states use some 
or all of the guidelines published in the Geometric 
Design for Resurfacing, Restoration, and Rehabilita
·tion (R-R-R) of Highways and Streets <!.> , several 
states use R-R-R type actions that are not specifi
cally enumerated in the guide. 

The purpose in synthesizing information on R-R-R 
practices was to provide a reference source for 
future consideration by the Arizona Department of 
Transportation. Specific actions reported here were 
selected because the information was either not 
detailed or addressed in the R-R-R guide. The pre
sentation that follows reflects the interpretations 
of the conversations and correspondence that the 
researchers had with representatives of various 
state agencies. 

Although all states responded to the survey, the 
states listed in Table 1 provided the researchers 
with particular information on special R-R-R pro
grams in the state. Their responses were grouped to 
isolate commonalities and type of project work. Each 
state indicated that safety considerations were 
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TABLE 1 Summary of State Special R-R-R Responses 

SHOULDER 
LANE & 4:1 OR ENVIRON-

STATE WIDTH STEEPER MENTAL 
AND/OR SIDE BRIDGE/ IMPACT-
PAVEMENT SLOPES GUARDRAIL SPECIAL 

CALIFORNIA . . 
COLORADO . . • 
IDAHO 

0 

• • 
ILLINOIS • 
IOWA . . . 
MISSISSIPPI • . 
NEW MEXICO • 

NORTH DAKOTA . 
OKLAHOMA . 
SOUTH DAKOTA . • 
VERMONT • 

WASHINGTON . 
WYOMING . 

NOTE: ALL STATES INCLUDE SAFETY CONSIDERATIONS 
0 IDAHO ALSO USES STAGE CONSTRUCTION 

indeed a fundamental concern of R-R-R improvements. 
A brief synopsis of each state's practices follow: 
each is concise and highlights the primary con
tribution. 

Alabama 

Alabama follows the basic premise that R-R-R 
projects should be directed toward increasing 
safety. The Design Bureau of the Alabama Highway 
Department stated that "the most significant two 
features that could be constructed into the R-R-R 
program that would aid in the safe movement of mo
torists is the widening of pavements to 24 feet and 
resurfacing." They make sure to consider high acci
dent potential, as well as current and past accident 
history, when planning R-R-R project standards. They 
will consider projects other than widening or resur
facing based on "volumes or capacities or accident 
experience. Major cost items, such as extensive 
shoulder work and bridge replacement, will not be 
considered for R-R-R work." 

California 

California allows shoulder and bridge width devia
tions on a case-by-case basis. The current philoso
phy of the California Department of Transportation 
_toward R-R-R type projects is to fix but not upgrade 
such projects. They have completed a preliminary 
safety study that suggests that (a) widening 24-ft 
pavements to 28 ft has little effect, but at higher 
average 

0

daily traffic (ADT) counts, safety may be 
improved by widening to 32 ft or even to 40 ft, and 
(b) a central passing lane on 40-ft or wider roads 
can reduce accidents <2l • 

Colorado 

Colorado has instituted a number of R-R-R type de-
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sign standards and guidelines. They have eliminated 
the requirement for a 2-ft guardrail offset from 
shoulder edge for rehabilitation projects when the 
shoulder is wider than 6 ft. [This recommendation 
was derived from the AASHTO Highway Design and Oper
d tlumil Pr:at:tlces Related to Highway Safety ( 3) • ) 
Other principal savings are expected to come pri;;ar
ily from reductions of bridge widths that, for exam
ple, would have resulted in estimated cost savings 
of approximately $600, 000 over 48 projects in 1976 
had these reduced standards been in effect. 

Based on projected 20-year design hourly volume 
(DHV) at service level C, new nomographs have been 
developed for design standards that involve 

1. 
2 • 

type, 
3. 
4. 

Improving two-lane highways to four lanes, 
Improving low-type two-lane highways to high 

Overlaying two-lane highways, and 
Overlaying four-lane highways. 

New traffic volume cutoffs and width effects were 
involved in the development of these nomographs. 
Benefits are expected to include cost savings and 
completion of construction in direct relation to 
needed improvements. 

Colorado allows the use of partly paved shoulders 
(4-ft paved and 4-ft gravel versus 8-ft fully 
paved), which is estimated to save approximately 
$6,000 per mile in asphaltic concrete. Front slope 
widths beyond the shoulder have been reduced, and 
fill and cut slopes are as given in Table 2. Savings 
from these changes in front slope distances and fill 
slopes were expected to have reached $1.2 million in 
1976-1977 <.il. 

TABLE 2 Colorado Front Slope Requirements 

FILL TOPOGRAPHY 
H.EIGHT PLAINS ROLLING MOUNTAINOUS 

4+ LANES 4 + 2 4 + 2 4 + 2 
&2 LANES LANES LANES LANES LANES LANES LANES 

< 4 ' 6:1 4:1 4:1 4:1 4:1 4:1 

< 10' 4:1 4:1 4:1 4:1 4:1 3:1 

< 15' 4:1 4:1 3:1 3:1 3:1 3:1 

) 15' 3:1 2:1 3:1 2:1 3:1 2: 1 

Idaho will consider a reduction of rehabilitation 
design highway widths through environmentally sensi
tive areas, but these design widths will not be 
reduced below R-R-R minimums published in the 1977 
AASHTO guide (1). The environmentally sensitive 
areas consist of- national forests, national recrea
tion areas, river canyons, and so forth <2l. 

Illinois 

The special R-R-R type actions in Illinois include 
elimination of the requirement for gravel stabiliza
tion of shoulders for highways with an ADT less than 
5, 000. Minimum pavement widening requirements have 
been reduced by 2 ft from previous design resurfac
ing widths for minor roads with few trucks. The 
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Illinois Department of Transportation uses closer 
lateral clearances and a waiver of 3 in. of minimum 
resurfacing thickness for ADT less than 5, 000 to 
reduce costs. For resurfacing, the following provi
sions apply. 

1. The requirement for a 3-in. minimum resurfac
ing thickness is waived for all resurfacing projects 
with a current ADT of 5,000 or less. For these 
projects, a 2-in. resurfacing should be used unless 
a field analysis indicates the pavement has deterio
rated to the extent that additional resurfacing is 
necessary to ensure a reasonable service life. 

2. For resurfacing projects of 24-ft pavements, 
the 18-in. bituminous shoulder strip should be 
omitted. The edge striping should be placed 6 in. 
from the edge of pavement. This will provide some 
clearance to the shoulder edge to minimize drop-off. 

3. For resurfacing 22-ft pavements, 12-in. bitu
minous shoulder strips (rather than l~ in.) should 
be used. The 12-in. shoulder strip can be omitted if 
truck volume is minimal (i) . 

The minimum rehabilitation design shoulder widths in 
Iowa are 8 ft, and shoulders may now be earth in
stead of stabilized. Other minimum standards for 
rehabilitation projects involve narrower bridges 
(widths of 44 ft may now be reduced to 40, 36, and 
30 ft, depending on conditions), steeper foreslopes 
(the previously required 6:1 slope has been reduced 
to 4:1, 3:1, and even 2:1 for lower-volume high
ways), and narrower minimum lane design width re
quirements (12-ft minimum has been reduced to 11 ft) 
(1). 

Maine 

Maine reported the use of a 0.625-in. hot bituminous 
skinny mix that costs approximately $10,000 per mile 
(applicable to about 70 percent of their highway 
system), O. 75-in. bituminous concrete overlays that 
cost an estimated $20, 000 per mile, and use of the 
existing base where possible to save on costs. (This 
information was provided by the State of Maine De
partment of Transportation.) 

Minnesota 

Minnesota has developed its own set of four-tier 
standards for two-lane rural highways. Tiers II and 
I II were approved as geometric design standards for 
R-R-R projects for rural two-lane trunk highways (~). 

Tier I design standards "will be used when elimi
nation of the critical deficiencies require new 
construction or major reconstruction." 

For tier II design standards: "Improvements to an 
existing highway will be designed to Tier II Stan
dards when (1) all or most of the existing pavement 
structure is incorporated into the improved highway, 
and (2) except when the existing right-of-way is 
unusually narrow, construction is usually confined 
within the 
are lower 

existing 
than Tier 

right-of-way= 
I Standards 

These standards 
but will permit 

improvements to more mileage of existing highways." 
For tier III design standards: "Improvements to 

an existing highway to bring it up to a minimum 
acceptable con<lition will be Uesigt1eU Lo Tier III 
Standards when (1) all or almost all of the existing 
pavement structure is incorporated into the finished 
project and (2) construction is usually confined 
within the existing ditches except, for example, 
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where flattening of backslopes is required to elimi
nate 'snow traps.' These projects have the lowest 
minimum standards but will prolong the life of 
existing highways until sufficient funds become 
available to finance a more extensive improvement to 
the highway •••• Projects consisting of a resurfacing 
of the existing pavement together with work on the 
shoulders to bring them up flush with the finished 
surface are frequently designed to Tier III Stan
dards." 

Finally, for tier IV design standards: "In some 
instances we may not be able to immediately finance 
the appropriate improvement to a highway, or we are 
unable to quickly resolve social, economic, or en
vironmental concerns associated with the appropriate 
improvement. If the pavement has deteriorated to the 
extent that immediate resurfacing is essential to 
eliminate an unsafe condition or to prevent imminent 
loss of the pavement structure, a critical resurfac
ing project designed to 'l'ier IV Standards will be 
permitted. Because this type of project is an ex
traordinary maintenance operation, there are no 
minimum standards. Usually the project will also 
require some construction on the shoulders to bring 
them flush with the new pavement surface. The 
projects normally are not eligible for Federal aid." 

Minnesota has completed a statewide highway acci
dent evaluation study on two-lane, rural trunk high
ways that concluded that R-R-R type standards had no 
statistical correlation of accident rates to ADT, 
shoulder type, and lane width. Present worths of 
estimated accident costs versus savings of other 
R-R-R measures would not justify additional exten
sive expenditures to reconstruct to new standards 
( 9). 

Mississippi 

Mississippi has developed design guidelines for 
R-R-R projects (10). Among the special actions in
cluded in this guide is an R-R-R project design 
speed that "should be the average running speed plus 
ten percent (10%). Arterials that have obvious 
'street-like' characteristics, operationally and 
physically, do not require a design speea determi
nation. It is not intended that elaborate speed 
studies be conducted for R-R-R projects. A few 
simple representative measurements will be adequate." 

Minimum widths include 8-ft-wide parking lanes 
and 9-ft minimum width lanes on one-way streets if a 
1-f t curb off set is used or if trucks and buses are 
prohibited. Minimum surfacing and roadway widths are 
given in Table 3. 

Nebraska 

Nebraska reported that they use value engineering 
teams to do R-R-R type work on a case-by-case basis. 
In a telephone conversation, the staff at the 
Nebraska Department of Roads stated that their ex
perience indicates that value engineering is bene
ficial in reviewing R-R-R projects. 

New Mexico 

The R-R-R standards in New Mexico apply to two-lane 
rural highways and "puts emphasis on improved riding 
quality and safet~l" { 11) . The R-R-R costs are esti
mated to be one-third to one-half of that required 
for full reconstruction. They recommend R-R-R 
projects that will consist of wider resurface and 
overlay sections or paved top width (usually by 
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TABLE 3 Minimum Roadway and Surfacing Widths for Two
Lane, Two-Way Rural R-R-R Projects in Mississippi 

CURRENT DESIGN 
WIDTH (FEET) 

10% OR MORE LESS THAN 10% 
TRAFFIC SPEED 

TRUCKS TRUCKS 

(ADT) (MPH) 
ROADWAY SURFACING ROADWAY SURFACING 

1 - 400 ALL 24 20 24 20 

401 - 4000 
50 

OR LESS 26 22 24 20 

" . 
OVER 50 30 24 28 22 

OVER 4000 ALL 32 24 30 22 

adding shoulders), combined with improved skid re
sistance and safety. 

"To insure adequate pavement structure, each 
R-R-R project will be analyzed based on 10-year and 
20-year projected traffic volumes. Wherever pos
sible, a 10-year minimum design will be used. Stage 
construction specifying future overlay will be per
mitted" (11). 

Vermont 

Vermont's approach to R-R-R, as outlined in a letter 
from the State of Vermont Agency of Transportation, 
is "to bridge the gap in scope between routine main
tenance and full reconstruction of nonf reeway f acil
i ties. Such projects are intended to extend the 
service life and restore the structural or func
tional adequacy of the existing facility in a mannor 
conducive to safety, durability, and economy of 
maintenance.• In order to qualify for R-R-R, the 
project must comply with, or contain design features 
that will eliminate noncompliance with, the fol
lowing: 

1. Roadway width must be within 10 ft of the 
applicable new construction standard, 

2. Average running speed must be reasonably 
uniform and consistent with the remainder of the 
route segment, 

3. Stopping-sight distances must be appropriate 
for the average running speed, 

4. Accident rate must be below the statewide 
average for the class of highway, 

5. No clustering of accidents will occur within 
the project site, 

6. The highway has no structural deficiencies 
within the project site, 

7. No reconstruction within the project site is 
contemplated within 10 years, and 

8. The existing highway is functionally adequate 
and provides the capacity to meet foreseeable traf
fic demand. 

Washington 

Washington requires an environmental assessment of 
the effects of R-R-R projects to assure proper con
sideration of social, environmental, and economic 
effects (12). 

Wisconsin 

Wisconsin has incorporated R-R-R programs in their 
6-year highway programs. They recycle and republish 
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6-year programs on a 2-year cycle. Their analysis 
begins by investigating the effects of three alter
native funding levels (a recommended program, higher 
funding, and lower funding), and the trade-offs 
involved, including the trade-off of maximizing 
federal funding versus maximizing resurfacing ob
jectives and trade-offs concerning energy and en
vironmental impacts. State officials and the public 
can then choose the desired program, often combining 
portions of more than one funding level plan into 
the final program. Concern was expressed that, al
though the current program will preserve the highway 
system for the time being, programmed work will have 
to be increased in the future to achieve preserva
tion. The Wisconsin Department of Transportation 
uses improvement level threshold deficiency guide
lines to describe the levels of deficiencies that 
should be present before a higher type of improve
ment project can be considered. R-R-R standards had 
not been completed at the time of this paper but are 
anticipated early in 1983 (13). 

NATIONAL R-R-R EVALUATIONS 

The intent of the AASHTO R-R-R publication (_!) on 
geometric design was to give state agencies con
siderable flexibility in the use of federal funds 
for the purpose of obtaining maximum use from the 
extensive system of existing facilities. By improv
ing a road's serviceability through measures short 
of complete reconstruction, it was assumed that 
these R-R-R techniques would protect previous in
vestments without extensive revisions to geometric 
features. 

FHWA R-R-R Alternative Evaluations 

This analysis of the cost-effectiveness impacts of 
various courses of action was prepared for the FHWA 
in 1979 to evaluate the R-R-R impact and to assist 
the FHWA in developing an action plan (14). 

Three cases of standards were considered. Case 
one, the upper bound, was based on current AASHTO 
standards as the minimum tolerable conditions (MTC) , 
with emphasis on improving lane and shoulder widths, 
horizontal and vertical alignments, and operating 
speeds for all R-R-R projects. Case two, the lower 
bound, used standards proposed in Docket 78-10 
(similar to the AASHTO R-R-R guide) as MTC. The 
midcase standards were midway between these two. 

A performance investment analysis process (PIAP) 
was developed, and data were analyzed from a number 
of accident studies made across the country. It was 
generally found that accidents increased as lane 
widths became narrower than 11 fti also, accidents 
increased as shoulders became narrower (particularly 
unpaved, unstabilized shoulders). Grades in excess 
of 6 to 8 percent, particularly when combined with 
adverse alignment, appeared to cause significant 
increases in accident rates. 

Based on assumptions derived from these findings, 
total accident, maintenance, operating, and time
cost savings were estimated for rural non-Interstate 
arterial and collector highways for the years 197 5 
to 1990 at full, high, low, and zero construction 
investment levels. It was found that in all cases, 
full standards (case 1) provided the lowest cost
effectiveness ratios (less than 1.0) and in some 
cases resulted in the least total savings (in some 
cases even accident savings were lower than for 
midcase). The midcase appeared to provide the best 
cost-effectiveness ratios for limited funding, but 
by only moderate margins over the lower case 2. 

The final recommendation was to use case 2 or 
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midcase MTCs, which emphasize resurfacing and 
shoulders "until traffic or pavement conditions 
dictated extensive or major improvements be imple
mented" (14). Flexibility and tolerance for existing 
condition-;;-were stressed. 

Safety Effectiveness Evaluation 

The National Transportation Safety Board (NTSB) 
reviewed the FHWA R-R-R policies and concluded "that 
the 5-year rulemaking record is contradictory, un
supported by fact, and seriously misleading (15). 
They disagreed that lower standards that would allow 
maximization of number of highway miles upgraded 
would provide greater systemwide safety, they feared 
the loss of safety improvement funds, and they 
stated that FHWA policy is unguided. 

The NTSB reviewers concluded that the FHWA had 
not provided accurate information to 
the publici the FHWA approach would 
consistency between states and will 

Congress and 
lead to in
allow AASHTO 

R- R- R standards to be used before analysis of the 
safety impacts. They believed that more data should 
be required from states in many R-R-R projects in a 
uniform manner, with explicit plans, standards, and 
definitions. The NTSB recommended that Congress 
limit R-R-R funds until the FHWA meets these per
ceived deficiencies. They recommended that the Sec
retary of Transportation direct the FHWA to review 
R-R-R practices, develop analyses, publish plans 
for monitoring R-R-R projects, and direct the FHWA 
to require new construction standards that allow 
only carefully documented exceptions. 

July 1982 Rule 

The FHWA adopted a rule, effective July 12, 1982, 
that individual states would have the option of 
continuing under Part 625 (current new construction 
standards fot: all R-R-R i:ype projects) or of devel
oping new rehabilitation standards (16). After con
sidering arguments in favor of thi-;" approach, as 
well as both stricter and more lenient approaches, 
the FHWA concluded that the flexible approach of 
letting states develop their own guidelines would 
encourage maximum safett and cost-effectiveness. 
Rehabilitated miles could be maximized with limited 
funding and a minimum red tape. The FHWA would re
view these guidelines and monitor the programs to 
provide oversight necessary to ensure that objec
tives for federal assistance were being met. The 
following primary considerations of this ruling have 
been extracted from the Federal Register (16). 

The FHWA' s choice of the individual state ap
proach as opposed to national criteria was based 
primarily on nontechnical factors. The major advan
tages of this approach are summarized as follows: 

1. Provides needed program flexibility and dis
cretion at the state and local leveli 

2. Encourages the design of projects that con
form to the particular needs of each locality [23 
u.s.c. 109(a) (2)] i 

3. Maintains sufficient federal oversight to 
ensure that proper consideration is given users and 
preventing continued deterioration cf the U.S. high 
way system i 

4. Reflects the intent of Conqress to provide 
greater flexibility in the use of federal funds for 
obtaining maximum use from the extensive system of 
existing highway facilities; 

5. Implements the requirements of Executive 
Order 12291, Federal Regulation (46 FR 13193, Feb-
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ruary 19, 1981), the national policy on minimization 
of red tape in federal highway programs as expressed 
by Congress in 23 u.s.c. lOl(e), and the FHWA's 
well-established policy on the minimization of red 
tape (43 FR 10578, March 14, 1978) i and 

6. Avoids disproportionate impacts on urban 
areas and rural communities that might result from 
the imposition of uniform criteria nationwide. 

A disadvantage of this approach is that in order 
to use the flexibility provided by the regulation, 
it is necessary for states to develop their own 
criteria or procedures for R-R-R projects. However, 
FHWA believes that sufficient resources are avail
able to minimize the burden on state highway agen
cies. The states may select from or expand on a 
variety of existing references with adequate tech
nical support and guidance provided by FHWA. If a 
state is not interested in exerc1s1n9 its option 
under this regulation, it can simply notify the FHWA 
of its intention to continue operating under geo
metric design criteria currently adopted for new 
construction and reconstruction (16). 

This approach is of great b~fi t to states in 
allowing them to develop their own standards for 
rehabilitation projects and allowing project imple
mentation without the excessive red tape that would 
be generated by the need for a project-by-project 
review. 

April 4 and 8, 1983 , FHWA R-R-R Revisions 

On April 4, 1983, the FHWA issued Technical Advisory 
'" ~n•n ...,,, ...__ ---L--.! -- ,, __ , - - - _ --' , 
J. JU"*U•,,t;.1. LU ~Hlt'lld.~J.;t;~ l.Ilc2L l\-1\-.t<. iJlUj~(.;t:.t> dre con-

sistent with the intent of Congress that they be 
constructed in accordance with standards to preserve 
and extend the service life of highways and enhance 
highway safety. They wanted to demonstrate their 
commitment to the enhancement of highway safety as a 
primary objective of R-R-R projects (17). 

On April 8, 1983, the FHW'~ .. instr~ted its field 
officers to ensure that all state procedures and 
geometric design criteria for nonfreeway R-R-R 
projects be consistent with this revised Technical 
Advisory and Section 109(0) of the R-R-R regulation, 
as amended March 31, 1983. In addition, criteria 
approved before these orders, including approvals 
under Certification Acceptance or Secondary Road 
Plan Procedures, will be reevaluated to assure they 
are consistent with this position (17). 

On June 16, 1983, the FHWA published a notice in 
the Federal Register to clarify how they are imple
menting R-R-R program changes incorporated in the 
Surface Transportation Assistance Act of 1982. The 
notice also helped resolve challenges by critics of 
R-R-R programs by making it clear that FHWA field 
offices will review geometric design criteria sub
mitted before March 31, according to the FHWA's 
April 8 instructions (~. 

MAXIMUM MILEAGE REHABILITATION 

The conversations and correspondence with various 
state departments of transportation indicate that 
safety and economics are primary in their attempts 
to maximize their R-R-R mileage. Although each 
state• s specific needs differ, each is faced with 
limited budget problems while trying to achieve 
overall safety and improved capacity. 

The key problem is to maximize safety and at the 
same time try to live within limited budgets. Taxes 
and funding have not kept pace with highway deterio
ration, let alone generated enough for needed im
provements. In reality, there are only three philos-
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ophies that can be followed in this situation. Any 
approach that includes safety must consist of one or 
a combination of these. 

1. Maximize ocrfcty by making intermediate im
provements during rehabilitation and restoration of 
the maximum miles of highways. Correct problems on a 
priority basis while attempting to maximize total 
system safety. This is the R-R-R approach. 

2. Insist on going the "last extra yard" and 
rebuild all reconstruction projects to full AASHTO 
new construction standards, which will result in 
some safe stretches of highway, but many miles would 
still be hazardous. Given the current realities of 
funding, this is the approach of the critics of 
R-R-R, who fear that the R-R-R projects may not be 
later reconstructed to full standards. 

3 . Increase funding to such a degree that all 
needed projects can be reconstructed to full AASHTO 
new construction standards. This alternative would 
only be viable if road use taxes were increased or 
other general funds were diverted to highway re
construction. 

Various studies suggest that the first improve
ments to a hazardous road may have the greatest 
cost-effective improvement on safety; after that, 
increased improvement toward new construction stan
dards give diminishing returns. For example, Figure 
1 shows a reduction of approximately one accident 
per million vehicle miles when widening an 18-ft 
pavement with 2-ft shoulders to 22 ft with 2-ft 
shoulders, and approximately one-half accident per 
million vehicle miles in further widening to 26 ft 
with 10-ft shoulders; the first 4 ft have about 
twice the effect of the last 18 ft ( 19) • Califor
nia's study concluded with a recommendation that 
widening 24-ft pavements to 28 ft was not cost just
ified, although at higher ADTs widening to 32 or 40 
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FIGURE 1 Accident rate for variable 
pavement and shoulder widths on two
lane highways. 

ft might be justified from a safety standpoint (1). 
A study by Hayward (Figure 2) indicates that easing 
a few sharp curves can have much more of an effect 
on safety improvement than easing more gentle curves 
(20). This suggests that improving the maximum miles 
of"" unsatisfactory roads to an intermediate level 
might bring about the greatest accident reduction, 
rather than insisting on a few miles of excellent 
h igh~ays while exposing motor is ts to many miles of 
dangerous highways that must wait for future funding. 

A survey of safety studies of R-R-R projects by 
Brinkman appears to support this approach (.£!). It 
suggests that, contrary to fears of critics of R-R-R 
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rehabilitation, these projects have resulted in the 
following safety improvements. 

1. Widening pavements from 18 to 22 ft showed a 
significant decrease in accidents, whereas widening 
from 22 to 24 ft gave no statistically significant 
accident decrease. Accidents also decreased with 
increasing shoulder width. 

2. Increased delineation accidents; 
delineation is a simple and inexpensive way to im
prove highway safety. 

reduced 

3. There was a pronounced tendency for vehicles 
to depart from the right side of the road as opposed 
to departing from the left side. Nearly 75 percent 
of single-vehicle accidents on curves involved de
parture on the outside of the curve. 

Brinkman also noted that resurfacing did not have 
a significant effect on the mean skid number of test 
sections studied and suggested that skid resistance 
must be considered when resurfacing roadways. The 
studies did not contain adequately separated data to 
support firm conclusions, however, and Brinkman 
indicated that further research is needed. 

R-R-R type standards and maximum mileage rehabil
itation philosophies are not ideal but approach 
overall system safety improvement within limited 
budgets. Generalized guidelines for maximum mileage 
rehabilitation drawn from this independent survey of 
state R-R-R procedures can be summarized under the 
following basic considerations. 

1. No R-R-R project should result in a signifi
cant reduction in design standards. 

2. Overall safety should be carefully evaluated 
based on past experience and current research liter
ature. 

3. Major traffic volume increases and travel 
pattern changes should be anticipated in the near 
future (1 to 5 years). 

4. Value engineering and value engineering 
through contractor incentive clauses can result in 
additional cost savings in R-R-R projects. 

5. Multilevel sets of standards should be con
sidered to differentiate between available capacity, 
traffic volume, existing geometry, and cross section 
and pavement condition. Accident analysis should 
also be used in establishing an appropriate level of 
restoration. 

6. Intermediate roadway cross sections and 
staged construction should be considered when re
viewing R-R-R projects. 
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7 . Selective use of 3:1 roadside 
when safe and practical should be a 
consideration. The AASHTO barrier guide 

side 
basic 

<E> 

slopes 
R- R-R 

should 
be consulted for design requirements and limiting 
values. 

CONCLUSIONS 

To meet the original intent of R-R-R programs, stan
dards, guidelines, and policies developed by the 
states have addressed projects that lie somewhere 
between pure pavement resurfacing and rehabilitation 
to full AASHTO policy. This variety is present be
cause of the diversity of each state's functional 
c l ass o f roadway. However , there also appears t o be 
a tendency toward R-R-R standards tailored to the 
needs and situations of each state. The adoption of 
a properly established and approved specific set of 
guidelines tends to streamline the rehabilitation 
project design and review procedures. A few states 
also indicate success with reviewing R-R-R projects 
with value engineering teams to ensure the maximum 
number of miles of rehabilitation for the money 
expended. 

In every case safety was found to be of primary 
concern. What does appear to be lacking is suffi
cient evaluation of particular R-R-R improvements 
from an accident analysis, and thus a cost-effec
tiveness, point of view. States would probably be 
·more apt to pursue the development of individual 
standards and guidelines if additional information 
were available on specific R-R-R improvements. Some 
safet1t results have been 

_____ .... _.::1 

LC}:IVI. "-'='-'r and additional 
research is currently being conside red by the Tran
sportation Research Board. These efforts may rein
force the contention that R-R-R standards, applied 
with limited funds to maximize highway miles reha
bilitated, could result in overall safety improve
ment for the highway system. 
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Study of the Effect of Two-Way Left-Turn Lanes on 

Traffic Accidents 

JANAK S. THAKKAR 

ABSTRACT 

The purpose of this investiqation was two
fold: (a) to determine the safety-effective
ness of two-way left-turn lanes (TWLTLs) and 
(b) to determine the cost-effectiveness of 
'IWLTLs. The study includes statistical as 
well as economic analyses. Accident data 
were collected for 31 roadway sections, 15 
five-lane and 16 three-lane sections, for 2 
years before and 2 years after the improve
ments (addition of the TWLTL) were made. 
Statistical tests were applied on total 
accidents as well as affected accidents 
(rear-end, left turn, and sideswipes), their 
rates, and their severity. Statistically 
significant reductions were found in acci
dents, their rates, and their severity. An 
economic analysis was also performed, in
cluding benefit-cost ratios and cost-effec
tiveness values (cost per accident reduced) • 
The only benefit considered was saving in 
accidents. The results of economic analysis 
along with those of statistical analysis 
indicate that the TWLTL is an economic 
safety improvement to the conventional two
and four-lane urban roadways along which 
extensive commercial development has taken 
place. 

Traffic volumes have generally increased on urban 
roadways in recent years. The commercial development 
of land adjacent to these roadways has created de
mand for access to these abutting properties, there
by increasing left- (and right-) turning movements. 
The increasing traffic volumes coupled with in
creased turning movements have created capacity as 
well as safety problems. Furthermore, the acquisi
tion of rights-of-way for new construction or exten
sive reconstruction of the existing roadway is usu
ally not practical. Under these circumstances, the 
two-way left-turn lane ('IWLTL) becomes a desirable 
addition to the conventional two- and four-lane 
roadway systems. 

Sawhill and Neuzil (.!_) reported on what appears 
to be the first installation of a TWLTL by Seattle 
in November 1952. Three sections of roadways were 
examined to study the accident experience and opera
tional characteristics, such as signing and mark
ings. Ray (2) examined the operational efficiency of 
the 'IWLTL i-;; serving the abutting properties. Kolt
now !ll found that these lanes work well because of 
driver acceptance, and he suggested some end treat
ments to mark for them. Shaw and Michael (4) used 
considerations such as delay time and accident rates 
(involving left-turning vehicles) as warrants for 
justifying the cost of a median lane. Hoffman (5) 
examined the accident experience on four sections of 
roadways in Michigan. Although no indication of 
statistical testing was apparently made, the results 
in terms of accident reduction were impressive. 

Finally, Nemeth (~) presented a state-of-the-art 
report of TWLTLs that included a survey of. expert 
opinion, a literature review, field study results, 
and implementation guidelines. Walton et al. (7) 
also presented a detailed investigation of the rele
vant literature and a comparison of the accident 
experience of a TWLTL with that of a channelized 
one-way left-turn median lane. 

The concept of a TWLTL, also known as bidirec
tional turn lane or center (median) lane, was initi
ally developed to increase the capacity of urban 
roadways. The 'IWLTL allows simultaneous left turns 
from the center lane by vehicles traveling in the 
opposite direction (Figure 1). Vehicles from either 
direction of the traffic flow enter the center lane 
to make a left turn, thereby removing themselves 
from the through lanes. This increases the capacity 
of the through lanes, reduces vehicular conflicts, 
and enables traffic to move smoothly. In addition, 
the potential for rear-end, left-turn, and sideswipe 
accidents (considered affected by the TWLTL) is 
reduced. Illinois has used the 'IWLTL by constructing 
it on both two-lane (to three-lane) and four-lane 
(to five-lane) roads. 

l...._ _ _ _,) !........_ ___ ___, u l..___ _ __,J 
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FIGURE 1 TWLTL median pavement marking. 

The TWLTL offers at least two other advantages. 
It provides an emergency lane that may be used to 
bypass traffic accidents and stalled vehicles and it 
allows emergency vehicles to more quickly arrive at 
the scene of an accident. 

There are possible disadvantages of the 'IWLTL. 
The head-on collision is a primary concern among 
those considering the installation of a 'IWLTL. How
ever, this type of collision has been proven in 
every study, including this one, to be an uncommon 
occurrence (1, 6, 7). Another doubt raised about the 
installation -of such lanes on high-volume roadways 
is that the left-turning drivers at midblock may not 
find an acceptable or sufficient gap in the opposing 
through traffic to permit the turning maneuver, 
which consequently may increase accidents or cause 
disruptions in the flow of. opposing traffic. How
ever, this study and the study by Walton et al. !.ll 
do not support that contention. Finally, there may 
be some confusion in the motorists' mind concerning 
the use of these lanes, especially during the ini
tial period after construction. This confusion is 
greatest among some out-of-state drivers because the 
installation of these lanes is not common throughout 
the United States (1). However, studies (2,3,6) 
indicate that public ~cceptance of this practic; is 
favorable and complaints are minimal. 
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The purpose of this report is two-fold: (a) to 
determine the safety-effectiveness of the TWLTL in 
reducing accidents and their severity, and (b) to 
determine the cost-effectiveness of the TWLTL (bene
fit-cost ratios and cost per accident reduced). 

Thirty-one sections were studied: 15 five-lane 
and 16 three-lane improvements (adding the 'IWLTL) . 
Accident data and traffic volume data were obtained 
for 2 years before and 2 years after the improve
ments were made. 

Total accidents as well as affected accidents 
(rear-end, left turn, and sideswipes), their rates, 
and their severity were tested for statistically 
significant difference from the before period to the 
after period. The Wilcoxon test and the Paired t
test at the 95 percent confidence level were used 
for this purpose. 

Because statistically significant results were 
obtained, an economic analysis was also performed. 
The benefit-cost ratios and cost-effectiveness 
values (cost per accident reduced) were calculated. 

EVALUATION METHODOLOGY 

An experimental design before-and-after comparison 
was adopted to determine the effect of 'IWLTLs on 
various measures of effectiveness (MOEs). The period 
covered by the study is 2 years before and 2 years 
after the improvement was made. The changes in vari
ous MOEs were tested for statistical siqnificance. 
An economic analysis was performed if the results 
were found to be siqnificant. 

Se lect i o n of Study Sites 

The following criteria, basically drawn from the 
report by Sawhill and Neuzil Ill were used to select 
the study sites. 

1. A minimum of change in traffic volume, traf
fic control, or adjacent land use should occur dur
ing the period of study. In this way the effect of 
the 'IWLTL on traffic accidents could be determined 
without the influence of other factors. 

2. The sections that include other major im
provements or major reconstruction should not be 
considered. Also, the sections that require only 
striping or small expenditures should not be in
cluded. 

3. At least 2-year before and 2-year after acci
dent data should be available in order to reduce 
large variations in these data because of weather 
fluctuations and chance occurrences. 

4. The minimum length of a study section should 
be 0.25 mile. 

Originally, all sites that included a TWLTL were 
obtained. A statewide survey indicated that there 
were 49 five-lane and 48 three-lane sections 
throughout the state (Illinois). The criteria pre
viously listed were then applied to obtain the final 
list of study sites. Thus several sections that 
included major improvements in addition to the in
stallation of a 'IWLTL (e.g., installation of right-
turn lane or reconstruction of a bridge) were 
dropped from further consideration. Some sections 
were rejected because sufficient accident data in 
the after period (2 years) were not available. Other 
sections only one or two blocks in length were not 
considered. 

The accident experience at a location was not a 
factor in the selection of study sites. However, 
portions of 11 (of the 15) five-lane and 4 (of the 
16) three-lane sections experienced higher than 
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statewide average accident rates in the before 
period. This is so because some of these sections 
were constructed as safety projects, which required 
the site to be a high-accident location (HAL). (By 
definition, a HAL is a location at which the acci
dent rate exceeds a critical statewide accident 
rate, determined by a rate quality control method.) 

The Student's t-test was applied to test whether 
the mean reductions in accident rates for HALS ver
sus non-HALs are different. The results of statisti
cal significance at the 95 percent confidence level 
are given in Table 1. 

TABLE 1 Significance of HALs Versus Non-HALs 

Five Lanes Three Lanes 

Yes/No Yes/No 

TA rates No 1.4 7 Yes 
FA+ PI (TA) rates No 0.34 No 
TA affected rates Yes 2,60 No 
FA + PI affected rates No 1.58 No 

Note: TA= total accident, FA= fatal accident, and PI= personal injury 
accident. 

2.91 
1.58 
J.69 
I.OJ 

The results indicated that there was no statisti
cal difference between HALS and non-HALs, except that 

1. For five-lane sections the mean reduction in 
affected accident rates for HALs was significantly 
higher than that for non-HALs, and 

2. For three-lane sections the mean reduction in 
total accident (TA) rates for HALs was significantly 
higher than that for non-HALs. 

Although statistically significant results were 
obtained in these two cases, their validity .cannot 
be fully ascertained because of two reasons. 

1. The sample size is small and there is im
balance in the number of prcjects in the two groups. 

2. The five-lane sections include 11 HALS versus 
4 non-HALs. Conversely, the three-lane sections 
include only 4 HALS versus 12 non-HALs. In spite of 
this disproportionate mix, statistically significant 
reductions in accidents and their severity were 
obtained for both five- and three-lane improvements, 
as discussed later in this paper. 

Data Collection 

Only sections meeting all four criteria previously 
listed were included in this study. Overall, 31 
sections were studied, 15 being five-lane sections 
(from four lanes before to five lanes after), and 16 
being three-lane sections (from two lanes before to 
three lanes after). The total length of the five
lane sections is 11.29 miles and for three-lane 
sections it is 7. 36 miles. Traffic volumes ranged 
from an average daily traffic (ADT) of 10, 600 to 
25,000 for five-lane sections and from 4,200 to 
21,300 for three-lane sections. 

Accident and traffic volume data for each project 
are given in Tables 2 and 3 for five- and three-lane 
sections, respectively. In each case the data are 
tabulated to give the total accidents (TAJ by sever
ity and the affected accident rates, as well as 
total severity rates and affected severity rates. 
The accident data are for 2 years, whereas traffic 
volumes and accident rates are annual averages. For 
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TABLE 2 Accident and Traffic Volume Data for Five-Lane Sections 

AFF. 
SEC. YEARS ADT DVM /ILL ACCIDENTS TA FA & PI AF'F'ECTF:D l\CCJ:DENTS AFF. Tl\ Fl\ & PI 
NO. Tl\ PD PI 1'71 RllTE RllTE TA PD PI FA RATE RllTE . 1 73-74 10,600 7' 102 145 102 43 0 2,797 829 24 19 5 0 463 96 

78-79 12, 150 8, 141 118 80 38 0 1 ,98n 639 22 18 4 0 379 67 . 2 76-77 11,000 5,940 n5 53 12 0 1, 499 277 25 19 6 0 577 138 
80-81 12,450 6,723 27 23 4 0 550 82 5 3 2 0 102 41 . 3 76-77 12. 150 4,253 43 33 10 0 1. 386 322 20 17 3 0 645 97 
80-81 12,500 4,375 48 32 16 0 1. 503 501 7 3 4 0 220 125 

4 76-77 12,300 19,557 116 89 27 0 R13 1fl9 30 23 7 0 210 49 
80-81 13,500 21 ,465 58 42 16 0 371 102 11 9 2 0 70 13 

• 5 74-75 13,400 5,226 144 105 3R 1 3, 775 1, 022 21 14 7 0 551 1A3 
78-79 15, 100 5,889 93 71 22 0 2, 1G4 512 12 12 0 0 279 0 

• 6 72-73 14,500 7,250 Bl 63 18 0 1. 531 340 46 37 9 0 869 170 
77-78 21. 750 10,875 50 36 14 0 630 176 20 18 2 0 252 25 

7 76-77 15,000 7,950 52 35 17 0 1]91' 293 13 A 5 0 224 Afi 
79-RO 15,000 7,950 42 33 'l () 724 155 3 2 1 0 52 17 . 8 75-76 16,300 22,983 3fi5 274 90 1 2, 176 542 117 9fl 1fl 1 69A 113 
7R-79 16,800 23,688 214 156 SR 0 1,238 335 75 56 19 0 434 110 

• 9 77-78 20,000 16,000 109 82 27 0 933 231 48 34 14 0 411 120 
80-81 18. 900 15, 120 41 24 17 () 372 154 11 7 4 0 100 3n 

•10 74-75 20,850 11,885 lO'l 61 48 () 1. 257 553 88 51 37 0 1. 014 426 
77-78 22,500 12,825 127 BO 47 () 1. 357 502 94 SB 36 0 1,004 385 

11 77-78 23,000 34,730 116 77 3q () 458 154 46 33 13 0 182 51 
80-81 22,000 33,220 56 41 15 I) 231 62 30 21 9 0 124 37 

12 76-77 23,000 8, 2RO 66 44 22 () 1, 092 3n4 17 13 4 0 2A1 66 
80-Al 24. 200 8,712 89 69 20 () 1, 399 314 24 17 7 0 378 110 

*13 72-73 23,625 10,868 169 130 39 () 2, 130 492 100 78 22 0 1, 261 277 
76-77 24,050 11,063 167 124 43 () 2,068 532 A4 70 14 0 1, 040 173 

•14 71-72 24,000 27,360 385 281 104 I) 1, 928 521 146 115 31 0 731 155 
76-77 27,900 31,806 370 2f'5 105 I) 1. 594 452 112 91 21 0 483 90 

•15 75-76 25,000 11 '750 12R 93 35 I) 1, 493 408 83 58 25 0 968 291 
79-80 26,900 12 ; 643 119 90 29 I) 1. 290 314 48 38 10 0 520 108 

High-Accident Locations 

TABLE 3 Accident and Traffic Volume Data for Three-Lane Sections 

AFF. 
SEC. YEARS ADT DVM l\LL ACCIDENTS Tl\ FA ~ PI AFFECTED ACCIDENTS AFF, TA FA & PI 
NO, TA PD P L l'A RATE RATE TA PD PI Fl\ RATE RATE 

1 76-77 4,200 1,722 4 1 3 0 318 23R 3 1 2 o· 239 159 
80-81 3,800 1,558 0 0 0 0 0 0 0 0 0 0 0 0 

2 76-77 6,900 1,725 15 10 5 0 1, 191 397 2 2 0 0 159 0 
80-81 6,900 1, 725 11 7 4 0 874 318 1 1 0 n 79 0 

3 72-73 8,200 7. 134 48 35 13 0 922 250 13 9 4 0 250 77 
77-78 8,550 7,438 43 J I 12 0 792 221 11 fl 3 0 203 55 

4 74-75 B,400 2, 100 Q 7 1 1 587 130 3 3 0 0 196 0 
78-79 8,500 2, 125 5 J 2 0 322 129 2 1 1 0 130 65 

5 74-75 A,500 2, 465 14 7 7 0 778 389 13 7 6 a 722 333 
77-78 9,200 2,668 4 3 1 0 205 51 3 3 0 ~ 154 0 

6 76-77 8,550 3,078 7 ~ 3 0 312 134 3 1 2 0 134 A9 
80-81 8,600 3, 132 6 4 2 0 265 BB 4 3 1 0 177 44 

7 73-74 10,000 4,300 27 25 2 0 860 64 18 17 1 0 573 32 
76-77 11. 050 4,751 23 17 6 0 663 173 11 7 4 0 317 115 

8 72-73 10,600 4,346 8 (\ 2 0 252 63 2 0 2 0 63 63 
76-77 11, 'iOO 4,715 13 9 4 () 378 116 4 4 0 0 116 0 

9 73-74 10,700 4,708 19 17 2 () 553 58 0 0 0 0 0 0 
76-77 10,900 4,796 ~8 14 4 () 514 114 1 0 1 0 29 29 

•10 76-77 11,000 7' 150 49 38 11 0 939 211 20 16 4 0 383 77 
79-80 12,200 7,930 35 26 9 I) 605 156 3 1 2 0 52 35 

11 76-77 11, 700 6,318 45 37 fl 0 976 174 7 6 1 0 152 22 
79-80 10,300 5,562 52 45 7 0 1, 281 173 10 9 1 0 246 24 

•12 72-73 13,500 7. 155 55 42 13 () 1, 053 249 21 15 6 0 402 115 
75-76 14,200 7' 52<; :10 29 9 () 692 164 17 13 4 0 310 73 

13 72-73 15,900 11, 130 1(18 93 24 1 1,329 307 29 23 6 0 357 74 
75-76 16,700 11,690 1(19 7A 3 1 0 1, 277 363 29 19 10 0 340 17 

14 77-78 16, 150 4,684 ~i2 32 19 1 1, 521 585 21 12 8 1 614 263 
80-81 16,700 4, 843 35 19 16 0 990 453 13 10 3 0 368 85 

•15 76-77 16, 100 8,050 74 49 25 0 1, 259 425 40 24 16 0 680 272 
A0-81 16,000 8,000 23 17 ·G 0 394 103 12 7 5 0 205 85 

•16 77-78 20,500 9,020 130 93 37 0 1, 974 562 27 13 14 0 410 213 
B0-81 21, 100 9, 2A4 60 J'l 2 1 0 8A5 310 9 8 11 0 133 15 

I I I I I I I I I 

High-Accident Locations 
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the purpose of this study, the accident rate, sever
ity, and severity rates are defined as follows: 

Accident rate= (Number of accidents x 10 8 )/[(ADT 
x length) x 365] (1) 

Severity Personal injury accidents 
+ Fatal accidents 

Severity rate= [(Fatal+ injury accidents) 

(2) 

x 108 ]/[(ADT x length) x 365] (3) 

The same daily vehicle miles (ADT x length) of 
travel were used for all accident rate calculations. 

Measures of Effectiveness 

The followinq MOEs were considered to determine the 
effectiveness of the 'IWLTL in term!5 of reduction in 
accidents and their severity: 

1. Total accidents, 
2. Total accident rates, 
3. Total fatal and injury accidents (severity), 
4. Total fatal and injury accident rates, 
5. Total affected accidents (rear-end, left turn, 

and sideswipe), 
6. Total affected accident rates, 
7. Total affected fatal and injury accidents, and 
8. Total affected fatal and injury accident 

rates. 

Expected Result 

The expected result was a decrease from the before 
period to the after period for each MOE. 

Statistical Testing 

·1~ne WJ..Lt:uxun ma"C:.t;ned-E:-Jair sigr1~U-rank Lest and i::he 
Paired t-test were used to determine the signifi
cance of change in the MOEs. In addition, the unaf
fected accidents (total minus affected) were also 
tested. All tests were one-tailed and were performed 
at the 95 percent confidence level. The work by 
Siegel (8) was used for the application of the Wil
coxon test, and the work by Haber and Runyon (1l was 
used for the application of the t-test. The results 
of statistical tests are included in the Results 
section of this report. 

ECONOMIC ANALYSIS 

The economic analysis was performed because statis
tically significant reductions in accidents were 
obtained for both five- and three- lane sections. The 
economic analysis used future benefits and costs in 
constant dollars. For the purpose of this study, an 
i11Le1 .. sL tdL"' or 8 p.,1c;,.11L was us,.a. IL was assumeu 
that the improvement would last 15 years, except 
that the pavement would be in need of resurfacing in 
7. 5 years (it was also assumed the pavement was in 
need of resurfacing at the time of the improvement) • 
The salvage value of the improvements was assumed to 
be zero. 

Cost of Projects 

All project costs were standardized to the 1977 base 
year. The Illinois construction price index (1977 
base = 100. 00) calculated by the Bureau of Design, 
Illinois Department of Transportation (!DOT) was 
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used. The Illinois index is patterned after the 
index used by the FHWA. Thus the standardized costs 
for both five- and three-lane improvement projects 
were as follows: 

Total 
Affected 

Cost ($) 

Five Lanes 
3,678,000 
3,126,500 

Three Lanes 
2,254,380 
2,254,380 

The affected costs were obtained by subtracting 
from the total cost the cost of additional work 
other than the construction of the 'IWLTL, such as 
traffic signal installation and so forth. (No addi
tional work was included in the three-lane im
provements.) 

Accident Benefits 

The accident benefits are based on the accident 
costs calculated by the Division of Traffic Safety 
(DTS) of !DOT. These costs are derived from the 
National Safety Council (NSC) accident costs for the 
year 1977. The NSC costs by severity were converted 
to cost per accident. Thus the cost per accident for 
1977 used in the calculation was $3,590. 

The following two approaches were considered for 
economic analysis: benefit/cost analysis, and cost
effecti veness analysis. 

Benefit/Cost Analysis 

The benefit/cost (B/C) ratio is a ratio of accident 
benefits to project construction costs, both stan
dardized in constant dollars. Only savings in acci
dents are considered as benefits of these improve
ments. Other benefits, such as improved mobility and 
driving comfort, savings in time and fuel, and re
duction in air pollution, are not considered here, 
but will be treated in a separate report. The ratio 
indicates the number of times the expenditures on 
construction of these projects are returned to 
society in terms of benefits in preventing traffic 
accidents. 

The B/C ratios were calculated by the two meth
ods: equivalent uniform annual benefits to costs, 
and present worth of benefits to costs (both methods 
yield the same results). The following equation, 
based on annual benefits to costs method and adopted 
from the FHWA <.!.Q_l , illustrates the input variables 
used in the calculation of B/C: 

B/C = (As x Acl/[I(CRAl + K - T(SFAll 

where 

As number of accidents saved, 
Ac cost per accident, 

I initial implementation cost, 
K net annual and operating costs, 
T terminal value (assumed zero), 
i interest rate (assumed 8 percent) , 
n = service life of improvement (assumed 15 

years) , 
CR capital recovery factor, and 
SF sinking fund factor. 

(4) 

Of the various factors listed, a sensitivity 
analysis of the B/C ratio was conducted with regard 
to those factors for which certain values were as-
sumed (i.e., i = B percent, n = 15 years, and T = 
O). To conduct the sensitivity analysis, the B/C 
ratios for both five- and three-lane sections (total 
accidents) were calculated by varying 
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1. i from 6 to 20 percent (1 percent increment) , 
2. n from 10 to 20 years ( 2. 5-year increment), 

and 
3. T from 0 percent (of I) to 20 percent (10 

percent increments) • 

Cost-Effectiveness Analysis 

The cost-effectiveness analysis indicates the cost 
of saving one accident. Like the B/C rat i o, the 
cost-effectiveness (C/E) values were calculated by 
the two methods (both methods yield the same re
sults). The following equation, based on an annual 
benefits to costs method and adopted from the FHWA 
(10), was used to calculate C/E values: 

C/E [I(Caj) + K - T(SF~) J/As (5) 

The results of the economic analysis are included in 
the following section. 

RESULTS 

Statistical 

The results of the statistical tests regarding the 
mean reduction in each MOE for both five- and three
lane sections from the before to the after periods 
are given in Table 4. 

All test results were significant at the 95 per
cent confidence level (one-tailed) by both Wilcoxon 
and Paired t-test, except for the FA + PI accidents 

TABLE 4 Total Accident Reduction 

5-LANE 

Pere en t 

~ ~ After Reduction _ t_ 

TA 2 , 093 1, 619 22.6 2. 82 

TA Rate 24, 164 17,477 27.7 3.35 

FA + PI 571 453 20. 7 2,93 

FA + PI Rate 6 , 537 4, 832 26. 1 2.99 

TA Affected !!24 5~8 32. 3 4 . 55 

TA Affected Rate 9,085 5,42B 40.2 4.91 

FA + PI Affected 207 135 34. 8 3.85 

FA + PI l\ffecte<'l 2,318 1, 337 42. 3 3. 67 
Rate 
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for three lanes by Paired t-test, which was signifi
cant at the 94.3 percent level. 

The reductions by type of affected accidents are 
given in Table 5. 

The test results indicated that 

1. For five-lane sections the left-turn and 
rear-end (combined) ace idents, and sideswipe same
d irection accidents, were reduced significantlyi and 

2. For three-lane sections no significant reduc
tion in all three types of accidents was found. 

However, when all affected accident types are 
considered collectively, the accident reductions for 
both five- and three-lane sections were statisti
cally significant, as indicated by the data in Table 
4. 

The mean difference (before versus after) in the 
unaffected (total minus affected) accident rates, 
their severity, and property damage (PD) rates were 
also tested. The results of statistical significance 
at the 95 percent confidence level (two-tailed) are 
given in Table 6. No statistically significant re
ductions were obtained except for total unaffected 
accident rates. 

Economic 

B/C Ratios 

The B/C r.atios for total as well as affected acci
dents on both five- and three-lane sections with i = 

3-LANE 

Percent 
T' Before ~ Reduction __ t _ ____!.'._ 

15 . \) 664 475 28.5 2.30 20.5 

12.0 14,824 10, 137 31. 6 3. 33 12.0 

13.5 178 134 24. 7 1. 68 34. 5 

12 .0 4, 236 .2. 932 30. 8 2.35 31,0 

s. o 222 130 41.4 2. 65 18. 0 

4 . 0 5,334 2,859 46 .4 3. 17 19.0 

6.0 73 36 50,7 2.00 24. 0 

10.0 1, 789 742 58. 5 2.28 29.0 

Note: The tests of sjgnificance are as follows: For Pafred t-statistic, t ~ 1.76 for five lanes (df = 14) and t ~ 1,75 for three lanes (df = 1 S); for Wilcoxon 
statistic, T' <; 30 for five lanes (number of sites= 15) and T' < 35 for three lanes (number of sites= 16), 

TABLES Accident Reduction by Type 

Five Lanes Three Lanes 

Percent Percent 
Type Before After Reduction Before After Reduction 

Left turn 275 185 32.7°~ 55 53 
3.6 f 1.77 1.28 

Rear-end 352 227 35.5 133 59 55.6 
Sideswipe (same direction) 181 134 26.0 l.95 15 9 40.0 0 .91 
Sideswipe (opposite direction) 16 12 25.0 0 ,77 18 9 50.0 l.73 

Note: Some of the rear-end accidents might have occurred as a result or left-turn movement by some vehicJes. Therefore, the left-turn and 
rear-end accidents should be considered together. Thus the reductjon in left-turn and rear-end accidents (combfoed) was 34.3 percent for 
five-lane and 40.4 percent for three-Jane sections. 
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TABLE 6 Unaffected Accident Reduction 

Five Lanes Three Lanes 

Percen t Percent 
Before After Reduction Before After Reduction 

Unaffected TA rate 15,3 15 12 ,059 21.3 
Unaffected FA + Pl rate 4,278 3,500 18.2 
Unaffected PD rate 11,034 8,559 22.4 

8 percent, n = 15 years, and T = 0 (salvage value) 
are given in the following table: 

Accidents 
Total 
Affected 

B/C Ratio 
Five Lanes 
2.65 
1.59 

Three Lanes 
1. 31 
0.63 

The results of the sensitivity analyses on B/C 
ratios with various interest rates (i), service life 
of improvement (n) , and percent salvage values (Tl 
are given in Tables 7-9 and shown in Fiqures 2-4. 

From the data in Tables 7-9 it becomes clear that 
the B/C values for five-lane sections remain well 
above acceptable level of 1.00 with various interest 
rates, service lives, and salvaqe values. 

TABLE 7 Interest Rate and 
B/C Ratio 

B/C Ratio 
i 
(%) Five Lanes Three Lanes 

6 3.00 1.48 
7 2.82 1.39 
8 2.65 1.31 
9 2.51 1.24 

IO 2.37 1.18 
11 2.24 1.12 
'1 2.! 3 1.06 
J3 2.01 1.00 
14 1.91 0.95 
15 1.84 0.92 
16 1.74 0.87 
17 1.66 0.83 
J8 l.5 9 0 ,79 
19 1.52 0.76 
20 1.48 0.75 

TABLE 8 Service Life and B/C 
Ratio 

B/C Ratio 
n 
(yr) Five Lanes Three Lanes 

20.0 3.03 1.49 
17 .5 2.86 1.41 
15.0 2.65 l.3J 
12.5 2.40 I. J 9 
10.0 2.10 1.05 

TABLE9 Salvage Rate and B/C 
Ratio 

B/C R~tin 
T 
(%) Five Lanes Three Lanes 

20 2.83 1.40 
JO 2.74 1.35 
0 2.65 1.3 J 

1.76 9,49 1 7 ,299 23.1 2.32 
1.59 2,436 2,J9 J JO.I 1.02 
1.58 7,055 5,288 25.0 1.99 

3.0 ' 

2 .5 5-LANE 

2.0 

LJ 

;:;, 1.5 -
1.0 

0.5 

10 12 111 15 18 20 

FIGURE 2 Interest rates versus B/C ratio. 
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FIGURE 3 Service life versus B/C rotio. 

However, the B/ C values for three-lane sections 
becomes only ma r ginally greater than 1.00 when the 
interest rates are 12 percent and hiqher and the 
service life of improvement is 10 years and lower. 
The B/C values for three-lane sections remain fairly 
high even with no salvage value. However, it must be 
remembered that the only benefit considered .i.n tliis 
B/C analysis is saving in traffic accidents. 

C/E Analysis 

The C/E values foe total as well as affected acci-

.. 
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FIGURE 4 Salvage value versus 
B/C ratio. 

dents on both five- and three-lane sections with i = 

8 percent, n = 15 years, and T 0 (salvage value) 
are given in the following table: 

Accidents 
Total 
Affected 

C/E Values 
Five Lanes 
1,352 
2,254 

CONCLUSIONS AND RECOMMENDATIONS 

($) 
Three Lanes 
2, 730 
5,733 

Based on the statistical and economic analysis of the 
'IWLTL, the following conclusions are drawn. 

1. The total accidents, their rates, and their 
severity for both five- and three-lane sections were 
reduced significantly after the installation of a 
'lWLTL. 

2. The affected accidents, their rates, and their 
severity were reduced significantly. The left-turn, 
rear-end, and sideswipe accidents were also reduced 
substantially. 

3. The unaffected (total minus affected) accident 
rates were reduced significantly for both five- and 
three-lane improvements. However, their severity was 
not reduced. 

4. The five-lane improvements are cost effective 
if only accident reduction benefits are considered, 
with varying interest rates, service lives, and sal
vage values. 

5. The three-lane improvements are cost effective 
if only accident reduction benefits are considered, 
with interest rates less than 12 percent, service 
lives longer than 10 years, and salvage values 
greater than or equal to 0 percent. 
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Overall, the 'IWLTL is found to be both safety and 
cost effective. In urban areas, where heavy demand 
for access to the abutting properties exists, the 
TWLTL becomes a desirable addition to the two- and 
four-lane urban roadways from safety and economic 
points of view. 
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Effect of Traffic and Geometric Measures on 
Highway Average Running Speed 
ABISHAI POLUS, MOSHE LIVNEH, and JOSEPH CRAUS 

ABSTRACT 

The objective of this study was to deal with 
two-lane rural highways and the effect of 
their geometry on flow characteristics. 
Several design measures that represent road 
geometrics and traffic were developed. The 
layout mee.!!ure!! that were adopted ao inde
pendent variables for the suggested models 
represented the horizontal and vertical 
alignmentsi they were the average curvature, 
average hilliness, and net gradient. The 
traffic parameters considered were the vol
ume, density, and percentage of trunks, and 
directional distribution of traffic. Based 
on tests of several alternative functional 
forms, it is demonstrated that multiple 
linear-regression models may be used for 
prediction of the average running speed on 
two-lane rural highways. It is also demon
strated that either volume or density can 
serve as independent traffic parameters 
along with the percentage of trucks and 
directional distribution of traffic. The 
calibration of results of the models is 
presented and evaluated. Calculations of 
two-way rural highway capacity trends for 
level, hilly, and mountainous terrains indi
cate that the values obtained are less sen
sitive to percentage of trucks than are 
currently recognized capacity values. Tne 
suggested capacities are also higher than 
the current values, particularly for the 
upper percentage range of trucks. 

The flow of traffic on two-lane rural highways is 
adversely affected by unfavorable geometric and 
topographic conditions, which results in nonuniform 
performance capabilities of vehicles and an overall 
reduction in traffic speed. These performance dif
ferences, particularly between loaded trucks and 
passenger vehicles, are most pronounced on grades 
and curved highways. Their influence on flow is 
twofold: first, the reduction in average running 
speed and capacity is significanti and second, the 
likelihood of traffic instabilities, accident poten
tial, and delays is increased. 

Considerable amounts of money are spent yearly on 
the construction of new two-lane rural highways and 
the improvement of exi!!ting ones. However, there is 
considerable lack of knowledge of the relationship 
between overall geometric measures and traffic-flow 
characteristics on two-lane rural roads. The speed/ 
flow relationships and level-of-service parameters 
normally used for rural highways are those derived 
from the 1965 Highway Capacity Manual (HCM) (1) , 
which makes no reference to specific geometric pa
rameters. 

A primary and a secondar~{ objective were estab-
lished for this study. The primary objective was to 
analyze speed characteristics of vehicles under 
various geometric and topographic conditions and to 
investigate the relationship of average running 
speeds to observed flows, densities, percentage of 

trucks, directional distribution of traffic, and 
road layout characteristics. The secondary objective 
was to derive average capacity trends for various 
horizontal and vertical highway layouts. 

Several significant reports on rural highway 
speed/flow relationships, as related to highway 
geometrics, were the product of recent research. In 
En<Jlana, Iltmc<1n (?) performed regression analysis 
and used several geometric parameters to find that 
the regressions explained about three-quarters of 
the between-sites variance of speed. He further 
found a marked flow effect, explained by differences 
in traffic behavior between the busy roads and the 
quieter ones, and generally pronounced effects of 
road hilliness and windingness. Farthing (3), also 
in England, performed similar research, although he 
concentrated on roads with steep gradients. He found 
that where there was a high proportion of heavy 
vehicles on steep gradients, regardless of type of 
road, speeds tended to be lower than those calcu
lated by Duncan. 

Both Farthing and Duncan found that the speed/ 
flow relationship is a linear two-regime model. For 
luw voluineB, up to aUoul:. 200 Lo 300 vehicles per 
hour per standard lane (depending on percentage of 
trucks, curvature, and hilliness), speed is not 
influenced by volume. For higher volumes, however, 
speed decreases linearly as volume increases. 

Wahlgren, who conducted speed observations in 
Finland (_!) , considered several independent vari-
ables. Average curvature proved to be the mcst sig-
nificant geometric feature in predicting average 
speed. 

In India (5) a recent study evaluated the effect 
of horizontal- curvature and sight distance on spot 
speeds of vehicles on curves of two-lane rural 
roads. Several regression models were calibrated and 
presented an increase of speed with an increase in 
curve radius and sight distance. 

In North America, Edie (~) was the first to pro
pose the idea of two-regime traffic-flow models. 
Other researchers also examined the validity of the 
non-congested-flow regime and the congested-flow 
regimei among them were Drake et al. (7) and Easa 
W· -

A recent Canadian study (9), which investigated 
capacities for two-lane rural highways, found that 
these capacities can far exceed the HCM limit of 
2,000 vehicles per hour if the directional flows are 
balanced. Employing an alternative structure for 
describing ultimate capacities, based on single-lane 
analysis, the study revealed capacity values greater 
than 3,000 vehicles per hour. Research conducted in 
California (10) indicated unsatisfactory agreement 
between HCM truck equivalency factors for two-lane 
roads and factors obtained by simulation runs. This 
work concluded that the Manual may overestimate the 
adverse effects of trucks on steeper grades. 

To date, the level of service is determined pri-
marily by a volume-to-capacity ratio, ~lthough uoe 
of operating speed is suggested as well. Unfortu
nately, engineers often have to estimate this mea
sure because an exact determination is impossible i 
level of service, therefore, is currently very much 
a one-dimensional concept. 

,.. 
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DEVELOPMENT OF MEASURES AND DATA COLLECTION 

The first step of this study was to develop desiqn 
measures that represent road geometrics and layout 
and that may be directly related to average running 
speed. Several measures were considered. The first 
was a horizontal one--average curvature--which was 
used in the past <1,11,12). It is given as 

n-1 
ex= :E a;/L 

i= J 

where 

(I) 

a= average curvature of a section (degree/km), 
L length of section (km), 

ai external horizontal angle between i and 
i + 1 tangents (degree), and 

n = number of tangents. 

The second measure adopted represented the verti
cal alignment. This was the average hilliness, which 
was also previously used <l,.!l.J. It is qiven as 

01 

f3 = :E 13;/L 
i = l 

where 

B average hilliness of a section (m/km), 
L length of section (km), 

Bi vertical distance between ith crest and 
following (i + l)th sag or vice versa (m), 
and 

m = number of successive crests and sags. 

(2) 

The effect of increased B may be an increa se in 
speed variability and some reduction in average 
speed, particularly for heavy vehicles and low
powered passenger cars. Greater gradients on hilly 
and mountainous terrains, therefore, are likely to 
be a ssociated with a reduction in average running 
speeds as well as some travel inconvenience. 

Another geometric measure was the net gradient 
(y), which was defined as 

'Y =h/L (3) 

where h is the vertical distance between the initial 
and final point of each section, and L is the length 
of the section. 

TABLE 1 List of Sites and Geometric Data 

Site Site Name Section Average 
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These three simple measures of alignment were 
adopted because they are easier to obtain for exist
ing highways and to estimate for new roads than are 
more complicated measures, such as sight-distance 
proportions and average highway speed. The latter 
measures, furthermore, were thought to be less 
likely to show significant effects unleE;s the sample 
of roads could be significantly increased. One po
tential shortcoming of the suggested measures, how
ever, is that they represent an average value and, 
as such, are not sensitive to the variability be
tween highways with similar average values. 

Several primar y measures of traffic were con
sidered for this study. The first was the hourly 
one-way traffic volume (0) on the two-lane rural 
roads under investigation. Density (D) in vehicles 
per kilometer per lane was the second measure: it 
was derived independently of the traffic volume, 
although it was found later to be highly correlated 
with volume. Traffic composition (!)--namely, the 
proportion of heavy vehicles expressed as a percent
age of total flow--was a third measure, as it was 
considered a major factor influencing traffic flow, 
particularly on two-lane rural roads. Another mea
sure was the directional distribution of traffic 
(E). Finally, the average running speeds over a 
specified section of highways were measured, this 
being the summation of distances divided by the 
summation of running time. 

The geometric and traffic data were collected on 
16 two-lane, two-way highway sections in northern 
Israel. All sections varied in length, being between 
1.0 and 3.4 km, and were at least 500 m removed from 
any intersection to avoid speed-change effects. The 
geometric data are given in Table 1: section length, 
average curvature, and average hilliness. The one
way flow data are illustrated in Figure 1. The data 
were collected with synchronized, timed videotape 
equipment at both ends of each section, so that the 
average running speed, volume , density, and percent
age of trucks could be derived for successive inter
vals of 2.5 min. Each site was recorded for 90 to 
120 min, and several hundred vehicles were observed 
at each. The highway geometrics were derived from 
detailed road maps of the Public Works Department of 
the Ministry of Housing. The speed limit on all 
highway sections in this study is 80 km/h. Because 
no other regulatory controls were located at the 
study sites, the speed limit was not considered an 
independent variable, and its effect on the average 
running speed was not evaluated; instead, more 
direct geometric measures were considered. The 

Average Net Lane 
Number Length Curvature Hilliness Gradient Width 

(km) (o/l!Jl!) (m/km) (m/km) (m) 

1 Kiryat Ata 3.0 23.6 6 . 7 6.1 3.65 
2 Yagur 2.2 32.9 0.0 0.0 3.65 
3 Yokneam 1 2 .0 4.9 7.5 5.7 3.60 
4 Nazareth 1 2.2 47.8 16 . 3 16.3 3.65 
5 Yokneam 2 1.3 11.3 10.4 2.9 3.60 
6 Yokneam 3 3.4 7 . 3 8 . 4 4 . 4 3 . 60 
7 Achihud 1.9 46.4 35 .o 12 . l 3.50 
8 Sargel 1 2 .0 o.o 1.0 0.0 3 . 50 
9 Afula 2.0 o.o 14.1 11.9 3.50 

10 Bat Shlomo 1 2 .o 47.2 37.5 37.4 3 . 65 
11 Sargel 2 1. 0 o.o 0.0 0.0 3 . 50 
12 Beit HaEmek 1.0 85.0 42.0 4 . 7 3.00 
13 Beit Shean 1. 4 14 . 5 23 . 4 21.2 3 . 50 
14 Yagur 2 1.2 30 .0 2.0 o.o 3 . 60 
15 Bat Shlomo 2 2. 1 30.8 29 . 0 28.7 3 . 65 
16 Na zareth 2 2.0 0.0 14 . 1 14.1 3.65 
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FIGURE 1 Observed average highway speed versus one-lane flow. 

matrices, which included all data for all sites, 
were later encoded and stored in the main computer 
at Technion--Israel Institute of Technology for 
further analysis by using the Statistical Package 
for the Social Sciences (SPSS) program. The details 
of the data-collection process are discussed in a 
Transportation Research Institute report (.!l_). 

The correlation matrix between the parameters of 
the geometric and flow data is presented in Table 2, 
and it can be observed that most correlation coef
ficients are low. However, the correlation coef
ficient between the a and B parameters was found 
to be relatively high (0. 785), which suggests that 
these two parameters may actually measure a combined 
geometric effect. This effect may be explained by 
hypothesizing that the horizontal alignment is actu
ally in some proportion to the vertical alignment; 
for example, severe constraints in one alignment 
will naturally cause similar conditions in the other. 

ANALYSIS OF DATA 

The immediate purpose of the data analysis was to 

establish the effect of road layouts and flow on 
average running speed and to investigate the use of 
these effects in determining a level of service. The 
importance of the length of the sampling period was 
extensively investigated and discussed by Wriqht 
(~). In the present study, a 15-min base was chosen 
for averaging speeds and flows; this choice was made 
to extend the range of flows covered and at the same 
time to minimize the dangers in inferring whole-hour 
relations from short-period data. 

Following is a discussion of several regression 
models based on observations of the relationships 
between the average running speed and a set of in
dependent variables expected to explain the observed 
variability. The average curvature (a), average 
hilliness (B) , and combined two-way flow (Q) each 
had a moderate negative correlation with average 
running speed (S). The effect of the percentage of 
trucks (!) was also investigated, and it was con
cluded that a strong definite trend cannot be estab
lished. The effect of road width on average running 
speed was insignificant. 

Following the initial analysis of the data, ob
servation of graphical trends, and further investi-

TABLE 2 Correlation Coefficients of Geometric and Flow Data 

s Cl a I 

s 1.000 0.584 0.537 0.220 0.198 -o. 271 

Cl 1.000 o. 785 -0. 232 0.048 -0.347 

1.000 -0.644 0.119 -0.501 

1.000 0.057 0.163 

I 1.000 -0.207 

Q 1.000 

.. 
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gation of other model forms, the general form of the 
regression model wa s established. Its formulation is 
given as 

(4) 

where a1_7 are the regression coefficients. 
The calibration results using the stepwise tech

nique gave the following results, in which the vari
ables are presented in order of their contribution 
to the explanation of speed variability (note that F 
values are in parentheses) : 

S = 88.714- 0.094.a - 0.282.(l- 0.069./' - 0.022.f - 3.981.E - 0.270Q (5) 
(6.71) (12.18) (4.03) (J.23) (2.89) (56.47) 

r = 0.799 

The F values and the correlation coefficient (r) are 
defined in the statistical literature (15). 

It is a widely held view that the speed/flow 
relationship is a closed parabola that ends up back 
at zero, having passed through capacity on the way. 
This study indicates a lack of curvature in the 
graph of speed against flow. It is believed that the 
lack of curvature is because the speed observations 
were of average running speeds and that the flow was 
counted and averaged for a relatively long period. 
This finding led to calibration of the speed model 
with data that fit the upper part of the normally 
assumed curved line, which is mainly calibrated by 
using spot speeds and short-period counts. 

Similar regression analysis was done on the rela
tionships between speed, density, and the geometric 
parameters. The following model was obtained for a 
prediction of average running speed: 

S = 86.844- 0.040.a- 0.399.(l- 0.198.f- 1.861.D (6) 
(2.99) (114.80) (12.64) (503.07) 

r = 0.798 

where D is the density in vehicles per kilometer. 
Note the large influence of density on speed, a 

finding that has been documented many times in the 
past. Also, the insignificance of the a parameter 
at the 5 percent significance level is explained 
most probably by the presence of B in the same 
prediction model. 

Further investigation of the graphical plots of 
data and correlation matrix lead to the calibration 
of a refined version of the model for a prediction 
of average running speed. This version is presented 
in Equation 7, in which all the insignificant vari
ables (at the 5 percent significance level) have 
been excluded: 

S = 85.510- O.OJ J 0.(l2 - 0.110.f - 1.761.D (7) 
(293.5) (29.3) (532.3) 

r = 0.809 

Observation of Equation 7 indicates that the 
geometric measure used for speed prediction is the 
average hilliness, and the horizontal measure is not 
used at all in this model. However, as previously 
suggested, each of these two parameters may actually 
measure a combined geometric effect. Nevertheless, 
there are some cases where this correlation is not 
obvious; for instance, on flat terrain where the 
road alignment is constrained by small towns, 
rivers, and so forth. When considering such flat 
alignments, another model should be employed that 
uses the horizontal measure and excludes the verti
cal alignment measure: 

S = 84.47 - O.l 6a- 0.11.f- 1.68.D 
(94.9) (l 8.9) (324.4) 

r = 0.720 
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(8) 

Further investigation of the data indicates that 
the speed/flow relationship appears to behave some
what differently in the low-flow range than in the 
moderate to high ranges: at low flows, speeds are 
not affected by an increase in flows; in dense traf
fic though, an increase in flow results in a de
crease in speeds. 

Based on tests of several alternative functional 
forms and visual observation of the speed/flow data, 
it was decided to calibrate a two-regime model for 
flows that are equal to or less than 200 vehicles 
per hour (one way) and for flows greater than 200 
vehicles per hour. A recent Indian study (2_) also 
analyzed free speeds on sections where the volume 
was less than 200 vehicles per hour. The best pos
sible models that were obtained in terms of their 
correlation coefficient and other statistical param
eters are presented as follows: 

S=90.485 - 0.010.a- 0.591.(l-0.029.'.Y- 0.231.f Q.; 200vph (9) 
(2.52) (40.73) (9.35) (5.47) 

r = 0.900 

S= 87.409- 0.137.a- 0.191.(l- 0.072.1'- 2.746.E- 0.027.Q 
(4.30) (8.20) (3.69) (2.40) (40.72) 

Q > 200 vph (I 0) 

r = 0.774 

When the one-regime model presented in Equation 5 
was compared with the two-regime models (Equations 9 
and 10), it did not appear to be substantially dif
ferent. Thus, although the visual appearance of the 
data confirms the view that a two-regime model fol
lows the data better, the one-regime model is likely 
to be sufficiently precise for practical applica
tions where the model is to be used, and it will 
certainly be easier to use. It is interesting to 
note that the percentage of trucks appears as a 
significant (at the 5 percent level) independent 
variable in Equation 9, where the volume is low. On~ 

possible explanation for this is that passenger-car 
drivers, whose preferred speed is higher than aver
age at low-volume situations, are forced along at 
lower speed as the proportion of heavy vehicles in
creases. When traffic becomes more dense, however, 
whether on level or hilly terrain, the speed is 
controlled primarily by volume and the geometric 
features of the highway. In this case truck per
centage is no longer a significant parameter. 

CAPACITY CONSIDERATIONS 

In order to investigate the appropriateness of the 
models developed for practical applications, an at
tempt was made to determine capacity trends of typi
cal two-lane rural highway sections. Toward this 
end, general definitions of terrain characteristics 
in terms of average curvature (a) and average 
hilliness (6) were adopted. These are presented in 
Table 3, which may be used for a determination of 
a and B on typical terrains. 

To compute the capacity of a given section, a 
one-regime linear model was adopted. By using the 
models given by Equation 7 or Equation 8, capacity 
values for various terrains can be obtained by cal
culating the product of optimal density and speed. 
Hence volume capacities for various terrains and 
percentages of trucks can be obtained, and it is 
suggested to adopt the most conservative value, 
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TABLE 3 Suggested Guide to Determine Type of 
Terrain by Average Curvature and Average Hilliness 

13, Average 
Hilliness (m/km) 

0 
JO 
30 
50 
80 

Type of Terrain by Q, Average 
Curvature (degrees/km) 

0 25 50 80 

L L 
L L-H L-H H 

L-H H H 
H H H-M 

H-M M 

120 

H-M 
M 
M 

Note : L =level, L-H = level-hiUy, H =hilly, H-M = hi!Jy-mountaino us, 
and M = mountainous. 

namely the lower value of the two models. usually, 
the capacities given by Equation 7 will be lower, 
except for extremely flat terrain with winding roads 
(note the previous discussion) , where the model 
given in Equation 8 should be used. This analysis is 
summarized and presented in Table 4 and Figures 2-4, 
and compared to capacity limits obtained by the 
conventional method of the HCM (1), and discussed in 
length in Chapter 10 therein. Specific values of a 
and S used in this comparison are shown in Figures 
1-3, whereas for general purposes, average a and 
B values may be obtained from Table 3 for various 
terrain types. Usually in a design process, the data 
in Table 3 may serve as a general guide for initial 
analysis; however, once the alignment is determined, 
the exact a and S values for the highway section 
should be calculated before predicting its capacity. 

TABLE 4 Suggested Capacities for Various Terrains and 
Comparison with Highway Capacity Manual Values 

Two-Way Capacity (vehicles per hour) 

Level Terrain Hilly Terrain Mountainous Terrain 
Trucks 
(%) 

0 
5 

10 
15 
20 

Suggested HCM Suggested HCM Suggested 

1,965 2,000 1,625 2,000 955 
1,940 1,900 1,600 1,620 940 
1,910 1,820 1,575 1,420 920 
1,885 1,740 1,555 1,250 900 
1,815 1,660 1,530 1,120 885 
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FIGURE 2 Two-way capacity versus percentage of 
trucks on level terrain. 
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trucks on hilly terrain. 
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FIGURE 4 Two-way capacity versus percentage of 
trucks on mountainous terrain. 

By observation of the capacity trends presented 
in Table 4, two important observations can be made. 
First, the two-way capacities given by the suggested 
model are lower than the HCM values for a low per
centage of trucks, but higher for percentages 
greater than about 5 percent (level and hilly ter
rains) or about 10 percent (mountainous terrain). 
Second, the suggested model is less sensitive than 
the Manual's model to the percentage of trucks and, 
particularly, to the reduction of capacity with an 
increase in truck percentage. This is because of the 
moderate influence of f on the average running 
speeds, which may be explained by the improved 
weight/power ratio in new trucks and the strict 
control of weight regulations. Another possible 
explanation is the high estimate of passenger-car 
equivalents given by the Manual, which has been 
documented in the past (!Q_,.!§_), and which results in 
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an overestimation of the adverse effects of trucks 
on highway capacity. 

CONCWSIONS 

This study presented several models for a prediction 
of average running speed on two-lane rural highways 
through overall geometric data and flow parameters. 
The layout characteristics considered were average 
curvature, average hilliness, and net qradient. The 
flow parameters were the two-way volume, traffic 
density, percentage of trucks, and directional dis
tr~bution of traffic. A one-regime regression model, 
which was chosen from numerous models tested, en
abled the prediction of average running speeds and 
densities and therefore permitted the calculation of 
two-way capacities for various terrain conditions 
and percentages of trucks. Finally, the suggested 
values obtained for rural highway capacity may be 
more realistic than currently accepted values be
cause the suggested values more closely represent 
current flows on high-speed, modern, two-lane rural 
highways. However, it is suggested to use the capac
ities presented as general values that present a 
certain trend, rather than firm values, until 
further analysis of this issue is completed. 

Further research is suggested on (a) rural high
way speed/flow relationships at or close to roadway 
capacity, and (b) the effect of other geometric and 
flow parameters, such as consistency of horizontal 
and vertical design and superelevation, on averaqe 
running speed and capacity. 
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An Improved Bridge Safety Index for Narrow Bridges 

B.V. RADHAKUMARI GANDHI, ROBERT L. LYTTON, and BIMAN DAS 

ABSTRACT 

An improved safety index model is developed 
for narrow bridges by using data collected 
on 78 bridges in Texas by the Texas Trans
portation Institute. Cluster analysis was 
used to classify the bridges into more-safe 
and less-safe groups. Correlation and factor 
analyses were used to find the interrela
t i nnRhi pR hPtWPPn thP. i ndP.pP.ndP.nt variahles 
of bridge and approach roadway characteris
tics. Stepwise regression was used to find 
the most important variables related to 
accident rate. On the groups developed by 
cluster analysis, logistic regression was 
used to develop a model that is a function 
of several variables that were found to be 
significantly related to accident rate. The 
enhanced safety index model consists of the 
following variables: bridge width, length, 
average daily traffic, and speed, as well as 
the subjective safety factors F6 (grade 
continuity), F 7 (shoulder reduction), and 
F 9 (traffic mix). The model was arrived at 
scientifically by using more objective pro
cedures of classification and by having a 
stronger correlation with the accident rate 
than the previous models used by other re
searchers. The fewer variables used yield a 
much higher R2 when accident rate is used 
as the response variable in multiple regres
sion. It is sensitive to changes or improve-
ments in the constituent factors. The model 
yields the fraction of concordant pairs of 
predicted probabilities and responses as 
0.91 and a high rank correlation of 0.81 be
tween predicted probability and response, 
which indicates the goodness of the model. 
It also gives the safety index directly and 
can be used to identify a potentially haz
ardous narrow bridge. 

Many bridges built on U.S. highways before 1930 pose 
a safety hazard because they are structurally and 
geometrically deficient with respect to modern high
speed, high-volume traffic. Oglesby and Hicks (1_) 

state that, on the Federal-Aid highway system alone, 
of the 240, 000 bridges recently inventoried there 
are about 9,000 structurally obsolete and 31,000 
functionally obsolete bridges. Several articles have 
been written in professional journals and news maga
zines discussing the gravity of this problem. The 
Better Roads inventory (2) noted that there are 
close to 90,000 substanda~d bridges in the United 
States. To bring even a fraction of the bridges to 
modern design standards involves billions of dollars. 

In addition to structurally unsafe bridges, there 
are several other bridges in the United States that 
are structurally safe but narrow in width compared 
to the approach roadway width. Narrowing of the 
roadway on the bridge imposes a significant accident 
potential on the driving public. These accidents 
result from the impact of vehicles on bridge abut
ments, approach guardrails, and bridge railings and 
from the collisions with oncoming vehicles because 
of the narrowness of the bridge. Public awareness of 

the narrow bridge problem escalated after two major 
accidents at narrow bridges in New Mexico and Texas 
took a toll of 28 lives. These accidents resulted in 
a subcommittee hearing (3) in the U.S. Congress from 
June 12 to 14, 1973, and the narrow bridge problem 
attained nationwide attention. 

A comprehensive analysis of safety at narrow 
bridges was conducted recently at the Texas Trans
portation Institute (4), and a bridge safety index 
(BSI) was formulated to distinguish between safe and 
l&ss-saf& bridg&s on th& basis of s&veral subjective 
factors related to the bridge and the approach road
way character is tics. The research reported here is 
related to the improvement of the BSI model for 
better classification of narrow bridges. Additional 
data were collected on factors that affect safety, 
and analyses using modern statistical techniques 
such as cluster, discriminant, and factor analysis 
and logistic regression were used to develop and 
arrive at an improved BSI model. 

REVIEW OF RELATED STUDIES 

A survey of narrow bridges (4) 
Texas Transportation Institut; 

conducted by the 
(TTI) noted that 

Uifferent states had different criteria for defining 
narrow bridges. The questionnaire summary indicates 
that a large number of state bridges (7, 211) are 
considered narrow if they are 18 ft or less in 
width, and a large number of city and municipal 
bridges (7,905) are considered deficient if they are 
16 ft or less. Southwest Research Institute (SwRI) 
of San Antonio, -.it".xa::;, in ii:.s study on narrow 
bridges (5), defined narrow bridges as 18 ft or less 
in width for one lane and 24 ft or less in width for 
two lanes. According to Johnson (6), any bridge that 
changes driver behavior with r;gard to speed or 
lateral positioning of the vehicle can be considered 
narrow. It appears, in general, that anything less 
than a 24-ft clear bridge width for a two-way bridge 
operation, or reduction of shoulder on the bridqe or 
parameters that causes changes in drivers' la.teral 
position and speed, leads to a narrow bridge con
dition. 

One of the earliest studies of bridge accidents 
was conducted by Raff (7) for the Bureau of Public 
Roads in 1954. His analysis noted that traffic vol
ume was found to have a major effect on accident 
rates. For roads carrying the same amount of traf
fic, sharp curves had higher accident rates than 
flat curves. Extra width in relation to the approach 
pavement definitely reduced accident hazard on 
bridges. Behnam and Laguros (8) attempted to relate 
accidents at bridges to roadway geometrics at bridge 
approaches. Multivariate regression and stepwise 
regression procedures were used in developing the 
models. The predictor models indicated that average 
daily traffic (ADT) was one of the most significant 
variables and that the relationship between t r aff i c 
accidents and geometric elements of a roadway were 
not linear but could be expressed by logarithmic 
transformation. On two=lane roadways - : ............ ..:I:_ ... --- -

O.L"::ILI\... U.J.O\...C11JL..;C 

was found to be important for night driving, whereas 
the degree of curvature became critical during the 
day time. Using bridge accident data from Texas and 
Alabama, Turner (9) developed a probability table 
that predicts the- number of accidents per million 
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vehicles for various combinations of roadway width 
and bridge relative width (the difference between 
bridge width and approach roadway width). 

A comprehensive analysis of safety specifically 
at n11r ruw bridges was conducte~ by 'l"J' l for NCH RP 
(4). Data were collected at 25 bridge sites through
out the United States. Ten important factors related 
to approach roadway, bridge geometry, traffic, and 
roadside distractions were identified. Ivey et al. 
<i> developed a linear model combining these factors 
and called it the bridge safety index (BSI). The BSI 
was expressed as the sum of the factors Fi to F10· 

F1 is a function of clear bridge width. The value 
of F1 is determined by looking up the value on the 
graph in Figure 1. The clear bridge width was mea
sured in the field perpendicular to the centerline 
of the highway. 
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FIGURE 1 Weighting of bridge width factor (F1 ). 

F 2 is the ratio of the bridge lane width to the 
approach roadway lane width. The ratio of bridge 
lane width to the approach lane width, expressed as 
a decimal, is used in Table l to determi ne F2 • For 
example, if the ratio is ~1.2, F 2 is g iven a value 
of 20. 

F3 is related to the approach guardrail and 
bridge rail structural factor. The approach guard
rail, transition from the approach quardrail, and 
the bridge rail are inspected to determine if each 
meets currently acceptable standards. The nomogram 
shown in Figure 2 is used to convert from the word 
description to a quantitative value for the F3 
factor reading. 

F4 is related to the ratio of approach sight 
distance (feet) to B5 percent approach speed (miles 
per hour). The approach sight distance is measured 
from the point where the bridge is clearly discern
able to the nearer end of the bridge. The B5th per
centile approach speed is determined by radar mea
surement or fi;,om any reliable source. The ratio is 
used in Ta ble l to determine the F4 factor rating. 

F 5 is relate<! to the ratio of 100 ft + tangent 
distance to the curve (feet) 7 cuxva ture (degrees). 
This ratio was found for both approaches, and the 
smaller ratio was used in Table l to determine the 
Fs factor rating. 

F6_ is related to the grade continuity factor 
(percent) and denotes average grade throughout the 
bridge zone and the algebraic difference in approach 
and departing grades. F6 grade continuity is the 
sum of the average of the grades approaching and 
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TABLE 1 Factors Used to Determine Bridge Safety Index 

Eva 1 uated Assigned Factor Rating for F2 and F3 in the model 
Factor 
For: 0 5 10 15 20 

f 2 ~0.8 0.9 1.0 1.1 1.2 

F 3 Critical Poor Average Fair Ex ce 11 ent 

Assigned Factor Rating for F 4 - F lU in the model 

l 2 3 4 5 

F 4 ~ 5 7 9 11 14 

F 5 ~1 0 60 100 200 300 

F6 lU 8 6 4 2 

F 7 100 75 50 25 None 

FB 0 .5 0.4 0 .3 U.l 0.05 

F 9 Wide Dis- Non - Norma 1 Fa irly Uni form 
conti nu i ties Uni form Uniform 

FlO Continuous Heavy Moderate Few None 

leaving the bridge plus the absolute value of the 
difference in the two grades. Th is sum is used in 
Table l to determine the F 6 factor ratinq (e.q., 
if this grade continuity is equal to 10, F 6 is 
eva l uated as being ~qual to 1). 

F7 is related to shoulder reduction (percent) 
on the bridge compared to approach roadway. At the 

Index 
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FIGURE 2 Nomogram used to determine F3. 
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time lane widths were measured, shoulder width was 
also measured, and the percentage that the shoulder 
width on the approach is reduced was noted. This 
percentage is used in Table 1 to determine the value 
of factor F 7 • For example, if there is a 50 per
cent reduction, F7 is given a value of 3. 

F 8 is related to the ratio of volume to capac
ity and is an indirect way of accounting for the 
number of conflicts on the bridge. Annual average 
daily traffic (AADT) for the bridge was determined 
by using a current traffic map or by a physical 
count. The capacity of the bridge was also deter
mined by taking into consideration that the basic 
capacity of a two-lane road is 2,000 vehicles per 
hour and will never exceed 48,000 vehicles per day. 
The ratio of volume to capacity is used in Table 1 
to determine the Fa factor rating. 

F9 is a factor related to the traffic composi
t. ion. tf the traffic composition includes a rela
tively high percentage of trucks, narrow bridges can 
become critically narrow. The traffic mix was esti
mated as having wide discontinuities or as being 
nonuniform, normal, fairly uniform, or uniform. This 
description of the traffic mix was arrived at by 
inspection and by interviews with local people. The 
descriptive term is entered into Table 1 to get a 
value for F9 • For example, if the traffic mix is 
un:lform, F9 is evaluated as 5. 

F1 0 is the distraction and roadside activities 
factor and its evaluation is similar to F9 • Any 
unusual activity or environment can distract the 
driver. Distractions and roadside activities were 
determined by inspection to be continuous, heavy, 
moderate, few, or none. The description is entered 

Ivey et al. (_!) considered the first three fac
tors to be 4 times more important than the factors 
F1 through F1o· The data in Table l give the evalua
t1on o f factors F2 through F10 • In this fi rst BSI 
model, the factors F1 , F2 , and F3 are rated f rom 0 to 
20, whereas the factors F4 through F10 are ra~ed f r om 
l to 5. The most ideal br i dge site conditions would 
produce a BSI of 95, and critically hazardous sites 
would have values of less than 20. Ivey et al. (4) 
suggested that this first BSI model was prelimi
na.ry and would be improved as more data and informa
tion became available from different states. Tseng 
et al. (10) attempted to improve the first BSI 
model. They used data collected in 1978 and 1979 by 
TTI at 78 bridge sites where corrective treatments 
were recommended in 15 districts of the State of 
Texas. Information was available for these 78 
bridges for the 10 factors F1 through F10 as de
scribed previously. For the purpose of statistical 
analysis, Tseng et al. divided the first three fac
tors by four so that all factors had a maximum value 
of 5. Tseng et al. (10) added to the analysis two 
new factors, F11 and F12· 

F:i, 1 is a factor that deals with paint markings 
and is related to the combined effect of centerline, 
no-passing-zone stripes, edge lines, and diagonal 
lines on the shoulder of the pavement. Figure 3 
shows a way of determining the factor F 11 in the 
field. A check mark indicates the conditions of the 
centerline, edge line, and diagonal lines as ade
quate, marginal, or inadequate. Figure 4 was then 
used to arrive at a judgment of the overall condi
tion being excellent, fair, average, poor, or none. 
The F11 factor was evaluated as 5 for excellent, 4 
for fair, and so on. 

F1 2 is a factor involving warning signs or 
reflectors and is defined in terms of narrow bridge 
signs, speed signs, reflectors on the bridge, and 
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black-and-white panels on the bridge ends. Figure 5 
shows a way of evaluating the F12 factor. The 
condition of the warning signs or reflectors was 
determined as excellent, fair, average, poor, or 
none by observing available slides at TTI. Values 
ranging from 5 to l were given to F12 , with excel
lent condition having a rating of a maximum of 5. 

Tseng et al. (10) divided the bridges into two 
reasonable groups by trial and error and used dis
criminant analysis to categorize bridges as safe or 
unsafe and used stepwise regression analysis with 
accident rate as the response variable to determine 
the factors that significantly affect bridge safety. 
They found only 2 of the 12 factors (F1 and F6 ) to be 
significant. 

SwRI (j) conducted an extensive study to evaluate 

. 
"' Ill 
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F12 Warning Sign or Reflectors 

Excel lent 

Fair 

Average 

Poor 

None 

FIGURE 5 Evaluation of F12. 

the effectiveness of measures for reducing accidents 
and accident severity at narrow bridge sites. Sev
eral statistical analyses were conducted to relate 
bridge characteristics to accidents. One of their 
conclusions was that bridge narrowness, as defined 
in terms of shoulder reduction, had a significant 
effect on accident rates for two-lane undivided 
structures. 

The literature review yielded a wealth of infor
mation regarding the factors that affect safety at 
bridges in general and narrow bridges in particular. 
Reduction of the roadway width on the bridge is 
considered to be the most important factor. Geo
metric characteristics of the approach road such as 
3lignment, sight distance, type and location of 
guardrails, transition of guardrails to bridge 
rails, and traffic factors are all considered im
portant. The researchers were not completely suc
cessful in developing a reliable model relating 
accident rate at the bridges to all of the pertinent 
features mentioned. Some researchers explained this 
problem as resulting from variability in accident 
data. Not only road and bridge features but vehicle 
and driver characteristics entered into the problem. 

RESEARCH APPROACH 

The aim of this research effort was to develop an 
enhanced safety index model for narrow bridges as 
objectively as possible and to include variables 
that would have a high degree of contribution to 
accident rate or that could be readily improved in 
actual practice and thus make a significant contri
bution in refining the model. To achieve this objec
tive, readily available information was initially 
analyzed with modern statistical techniques, and 
additional data relative to bridge geometrics and 
accidents were collected as deemed necessary by the 
results of the preliminary analyses. 

The bridge sites considered are the same as those 
used in the second BSI model. Data were taken from 
the information file about the 78 narrow bridges in 
Texas. The accident rate for each selected bridge 
was obtained from the accident data available at TTI 
in a computer file. It was gathered from the Texas 
State Department of Highways and Public Transporta
tion (TSDHPT). Data on 655 accidents at the 78 
bridge sites during the 6 years were considered. All 
of the accident cases at a particular bridge natu
rally had the same bridge and road character is tics 
but different accident-related data. 

The target was to develop an enhanced safety 
index model that would classify a narrow bridge into 
a more-safe or less-safe group. To arrive at a model 
and predict safety at a bridge site, independent 
variables such as bridge lane width, length, and 
approach road width are considered with the depen
dent variable as the accident rate at a bridge. The 
accident rate is determined as follows: 

accident rate per 1,000 vehicles 
1,000 (Total number of accidents in the 6 
years 1974-1979)/6 (Average daily traffic) 
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(1) 

To choose the proper independent variables to be 
used for predicting accident rate, correlation and 
factor analyses were first done. Correlation analy
sis indicates the measure of association between the 
variables. Factor analysis investigates the correla
tion matrix to see which of the variables or vari
able combinations contributed most to the variabil
ity in the data. Factor analysis makes it possible 
to rearrange or reduce the data to a smaller set of 
factors or components that may be taken as the 
source variables accounting for the observed varia
tion. The bridge characteristics of the 78 bridges 
were used both for factor analysis and for correla
tion analysis. 

Multiple regression is used to analyze the rela
tionship between a dependent variable and a set of 
independent or predictor variables. It describes and 
quantifies the relationship between the dependent 
and independent variables. The collinearity diag
nostics in the regression procedure of the Statis
tical Analysis System (SAS) (11) indicate which of 
the independent variables are highly correlated. The 
data from the 655 accidents were used in the step
wise regression procedure, with accident rate as the 
dependent variable and with bridge and approach 
roadway characteristics as well as driving environ
ment factors as independent variables. Because the 
full R2 procedure is expensive, it was done only 
on the bridge characteristics on the smaller data 
set of 78 bridges instead of on the 655 accidents on 
which stepwise procedure was done. It should be 
noted that in this research regression is used only 
to select the relevant variablesi it was not used to 
model safety. The correlation, regression, and fac
tor analyses have been exploratory, and the signifi
cant values of different variables are indicative of 
their importance. 

After the independent variables are selected 
there still remains the problem of classifying given 
bridges as more safe or less safe. First, the given 
bridges had to be divided into two distinct groups 
with different degrees of safety. For this purpose 
cluster analysis was done with accident rate as the 
differentiating variable. Once there are two dis
tinct groups in the given data with different de
grees of safety, the remaining task is to develop an 
equation that classifies a bridge into one of the 
two groups. 

To classify a bridge into one of the groups, 
discriminant analysis or logistic regression can be 
used. Discriminant analysis yields a function made 
up of explanatory independent variables that predict 
the response variable that is categorical and un
ordered (12). It assumes a multivariate normal dis
tribution for the explanatory variables, which makes 
it sometimes difficult to apply, al though the pro
cedure is considered to be robust with a large sam
ple. An alternative method of classification is by 
logistic regression in which the assumption of nor
mality of variables is not required (13). The clus
ter analysis is used to get two distinct groups on 
which discriminant and logistic procedures are ap
plied to develop an equation that will yield a 
safety index. 

COLLECTION OF ADDITIONAL DATA 

Several statistical techniques (such as correlation 
analysis) were applied to the data that were readily 
available at TTI to understand the relationships 
between the variables, which did not reveal much 
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useful information. The researchers believed that 
more data needed to be collected. The sources of 
additional information about the 78 sample bridges 
were (a) the Bridge Inventory, Inspection, and Ap
praisal Program (BRINSAP) files of TSDHPT (14), (b) 
the files on bridge and road characteristics avail
able at TTI, and (c) the accident files for the 
years 1974 through 1979, also available at TTI. 

By using BRINSAP microfiche, information was 
obtained as to whether the bridge was rural or 
urban, whether the bridge had shoulders, and the 
length of each bridge. Actual road width, actual 
shoulder reduction in feet, actual shoulder reduc
tion in percent, actual grade continuity, sight 
distance, relative width as a difference of bridge 
lane width and approach lane width, ADT, and 85th 
percentile approach speed were tabulated manually 
from the f;i.les available at TT!. Factors F 2 and 
F8 were catios . They were each transformed into a 
non ratio form, and the transformed variables were 
considered as factors. Instead of the ratio factor 
F2 , the difference between its numerator and de
nominator was considered as the variable of relative 
width. F 8 , which is a ratio of average daily tr a f
f ic to capacity, was considered as ADT because the 
capacity was the same for most of the bridges. This 
was done because several statistical procedures do 
not assume that the independent variables are ratios. 

Additional data concerning each accident, which 
involved environmental factors such as light condi
tion, road condition, surface condition, and time of 
the accident, were collected. Also collected was 
information about traffic control, alignment, curva
tu!'e, !!t1mbe!' i!'ljt1rea; .;:inn n11mber- killea in e~ch of 
the 655 accidents during the years 1974 through 1979 
on the 78 bridge sites. The relevant information 
collected about the accidents and the bridge charac
teristics were made into a data file to be used for 
statistical analysis. On the data set constructed 
initially, several statistical procedures were con
sidered that would give an insight into the inter
relationships. 

BRIEF DESCRIPTION OF STATISTICAL METHODS USED 

A brief description of the statistical methods used 
in the analyses is presented here. Analysis of the 
results is given in a later section. 

Testing Statistically for Effect of TyPe of Bridge 

Before other analyses were done, information about 
the road type (rural or urban) was gathered by using 
BRINSAP files (14). There were 69 bridges in rural 
areas and 9 bridges in urban areas. An analysis of 
variance done with accident rate as the dependent 
variable and type of bridge as the independent vari
able did not indicate significant differences. 

•resting Statistically for Effect of Sidewalks 

The BRINSAP file (~) also yields information about 
whether the bridges have sidewalks or not. Often 
sidewalks may imply a curb, and the effect of curb 
or no curb on accidents was of interest; There were 
12 bridges with sidewalks and 66 without sidewalks. 
An analysis of variance did not indicate a signifi
cant difference in accident rate between bridges 
with sidewalks and bridges without sidewalks. 

Stepwise Regression and R- Square Procedures 

Polynomial and logarithmic models were tried at the 
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outset but were not found particularly beneficial 
for this research. Linear-regression analyses, in
cluding the stepwise and R-square procedures of SAS, 
were used to relate accident rate to bridge geo
metrics. The coefficient of multiple determination 
(R2) measures the total variation in the dependent 
variable explained by the regression model. The R2 

varies between 0 and 1, and higher values of R2 

indicate a better fit of the model. The stepwise 
procedure of SAS with the maximum R2 option is 
simply a one-variable-at-a-time model selection 
procedure, and at each step a variable that contrib
utes most to the R2 is chosen. The R-square pro
cedure of SAS (11) gives all possible regressions 
but is expensive -;hen there are many variables. The 
stepwise procedure gives a subset of the full R2 

procedure. In this research stepwise regression was 
used with the total data including the accident 
data, and a full R2 procedure was done on bridge 
geometrics, conditions, and approach characteris
tics. Results are discussed in detail in the next 
section. 

Multicollinearity and V;,uiance Inflation Factors 

Multicollinearity (~ is a high degree of linear 
relationship among independent variables that makes 
interpretation of partial regression coefficients 
difficult in regression analysis. One formal method 
of detecting the presence of multicollinearity is by 
means of variance inflation factors (VIFs) • These 
factors indicate how much the variances of the esti
mated regression coefficients are inflated. A VIF in 
excess of 10 indicates multicollinearity. However, 
for these data, no multicollinearity was observed. 

Factor Analysis 

Factor analysis (16,17) is a term tor a mathematical 
and statistical technique that is designed to in
vestigate the nature of the relationship between 
variables in a specified set. The basic problem is 
to determine whether the n variables in a set ex
hibit patterns of relationships with one another, 
such that the set can be broken down into m subsets, 
each consisting of a group of variables tending to 
be more highly related to others within the subset 
than to those in the other subsets. 

The single most distinctive characteristic of 
factor analysis is its data-reduction capability. 
When the correlation coefficients in a set of vari
ables are known, factor analysis techniques enable 
researchers to see whether some underlying pattern 
of relationship exists, such that the data may be 
rearranged or reduced to a smaller set of factors or 
components that may be taken as source variables 
accounting for the observed interrelations in the 
data. Factor analysis consists of two more steps 
after the initial step of calculating the appropri
ate measurement of association between the relevant 
variables. 

The next step in factor analysis is to explore 
the data-reduction possibilities by constructing a 
set of new variables on the basis of interrelations 
exhibited in the data. The new variable may be de
fined as a mathematical transformation of the origi
nal data. A principal component analysis performs 
the extraction of initial factors. The principal 
component analysis is a method of transforming a 
given set of variables into a new set of composite 
variables or principal components that are ortho
gonal or uncorrelated to each other and that explain 
as much of the total variation as possible. 

. 
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The last step is to rotate the factors to a ter
minal solution in order to achieve simple factor 
patterns to ease the interpretation of results. 
Complex overlapping factor loadings are not useful. 
The matrix of loadings is rotated to a mathemati
cally equivalent matrix that has only a few high 
loadings for each factor and low loadings for the 
rest. By inspecting the high loadings of the fac
tors, the importance of the original variables can 
be determined. Loadings can be considered as similar 
to correlation coefficients. 

In this study the factors are explored to see 
which of the original variables contributed to most 
of the variability in the data and eliminate those 
that did not contribute. The first four factors that 
accounted for 66 percent of the total variability 
did not receive significant contribution from fac
tors F3 , F10 , and F11· 

Cluster Analysis 

Cluster analysis (18,19) is an exploratory procedure 
to understand the -;a~e of data. It is a statisti
cal technique that objectively groups together ob
jects or variables based on their similarities and 
differences. In most practical applications of clus
ter analysis the investigators know enough about the 
problem of distinguishing good groupings from bad. 
In this research the objective is to group the 
bridges into more-safe and less-safe groups as ob
jectively as possible. These groups will be used to 
develop a criterion to classify a new bridge into 
one of the groups. 

Because type of bridge or having a sidewalk did 
not make a difference in accident rate, all the 
bridges were considered together for cluster analy
sis in this research. Cluster analysis was attempted 
by using the cluster procedure and Fastclus proce
dure of SAS. The cluster procedure, designed to help 
identify clusters of observations that have similar 
attributes, performs a hierarchial cluster analysis. 
The technique begins by forming one cluster for each 
observation in the analysis. The two closest clus
ters are combined into a single cluster and so on. 
The Fastclus procedure is designed for disjoint 
clustering of a large data set and can find good 
clusters with only two or three passes of the data. 

The analysis yielded a reasonable division of the 
78 bridges into two clusters that had 5? bridges in 
the more-safe (less accident-prone) group and 26 in 
less-safe (more accident-prone) group. The two 
groups yielded by the cluster procedure were sig
nificantly different with regard to accident rate. 
All bridges that had an accident rate of more than 
0.41 (1,000 vehicles per year) classified into the 
less-safe group. 

Discriminant Analysis 

Discriminant analysis (20) and classification are 
multivariate techniques that deal with separation of 
distinct sets of objects and with allocating a new 
object into previously defined groups. As opposed to 
cluster analysis, a classification model is used to 
categorize an object on the basis of a profile of 
its characteristics. Fisher (_?.l) developed a solu
tion for the two-group case that is known as the 
linear discriminant analysis. More generally, when 1 
(P x 1) denotes a vector of observed characteristics 
of ar;i object that belongs to exactly one of the 
mutually exclusive populations rr 1 , rr 2 , ••• , rrk, then 
discrimination models are developed to classify the 
object into one of the population groups. 

For the two-group case, when the populations de-
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noted by rr 1 and rr 2 are multivariate normal with mean 
vectors ~l and ~ 2 and covariance matrices are r 1 and 

r 2 and the costs of misclassification are given by 
C12 and C21• the rule is to classify~ into rr 1 if 

[(~ - Q1)'Li1 (~ - Q1)- (~ - Qi) 'Lj1 (~ - Qi)] ;;.2Qn 

[(IL1 l/IL21) 112 cP2/Pi) (C12/C21)] (2) 

If r 1 = r 2 , a linear discriminan t f unction is ob
tained. Otherwise a quadratic discr imi na n t function 
is the result. If a linear discriminant function is 
to discriminate effectively between two groups, then 
it is expected that their mean values are far apart 
relative to the variation within the groups. This 
distance from each individual observation to each of 
the group centroids is used as a criterion for as
signing observations to a particular group. 

After a discriminant function is developed, it 
needs to be evaluated to determine how well it is 
classifying. One of the ways of gauging the effi
ciency of the function developed is to find the 
apparent error rate that is obtained by reclassify
ing the data used in developing the equation and 
noting the number of misclassifications. Fewer mis
classifications indicate a better discriminatory 
function. 

In this research the objective is to develop a 
model to classify a given bridge into a more-safe or 
less-safe group when bridge geometrics and charac
teristics are known. In this situation discriminant 
procedures can be applied to the two groups in ques
tion if most of the assumptions hold true. Discrimi
nant analysis was attempted by using the Discrim 
procedure of SAS because it is a robust procedure. 
Results of discriminant analyses are presented in 
the next section. 

Log i s tic Regress i o n 

Sometimes the dependent variable of interest has 
only two possible outcomes and therefore can be 
represented by an indicator variable taking on 
values O and 1. A dependent variable taking on the 
value of 0 and 1 is considered to be binary or di
chotomous and is a categorical variable with two 
categories, in which case logistic models are of 
interest. 

Log is tic regression ( 22) is often used in sur
vival data analysis. If aparticular drug is used on 
n cases, the survival cases can be considered as 
successes and the others as failures. Let Yi = 1 
when the individual case is a success and Yi = 0 
otherwise. Let Xil• Xi2• ••• , Xim be the characteris
tics of the individual case, the variables being 
qualitative or quantitative. The dependent variable 
Yi is to be related to the independent variables 
xi. In a situation of successes and failures, the 
linear logistic model is applicable. The model is 
given by 

Pi= expc~1 ~i Xii)/[!+ exp(L ~i X;;)] (3) 

where Pi= Prob(Yi = 1) or 1 - Pi= Prob(Yi = 0). The 
logarithm of the quantity [Pi/(l - Pi)] i s a simple 
linear function of the xj's given by 

p 

Jog [P;/(l - Pi)] = L ~i X;i 
j=l 

( 4) 

Pi yields the probability of success, which is the 
probability of being a safe bridge in this research. 
Harrell's LOGIST procedure (11_) is used to develop 
the final logistic model. 
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ANALYSES AND RESULTS 

Some of the most important results from 
regression and discriminant and logistic 
are discussed in this section. 

Stepwise Regression 

stepwise 
analysis 

A stepwise regression proc·edure was applied with 21 
variables in order to determine their contribution 
to R2 , although it is not the only criterion on 
which variable selection is made. The data in Tables 
2 and 3 give the regression coefficients and steps 
in order in wnich the variables entered the regres
sion model, which yielded an R2 of 0.65. 

From the data in Table 3 it can be observed that 
the first three variables to enter--lenqth, F6 , 
and bridge width (in that order) --con tr i bu ted we 11 
to R2 and accounted for about 49. 9 percent of the 
variability. Sight distance was the fourth variable 
to enter and is significant with the sign of regres
s ion coefficient being positive, which implies that 
the accident rate increases with sight distance, 

TABLE 2 Regression Coefficients of Stepwise 
Regression 

Variable 

Intercept 
Bridge width 
ADT 
Speed 
Length 
F6 
F9 
L(light) 
W(width) 
R (road) 
S (surface) 
F" F; 
F7 
Fm 
Fil 
F12 
Relative width 
Sight distance 
Alignment 
Traffic control 
Curvature 

Value 

0.89847349 
-0.03857594 

0.00867674 
U.UU /Uo234 
0.00014109 

-0 .07169020 
0.00784998 
0.00740 584 

- 0.01491 271 
0.00487835 
0.01102201 
0.00173885 

-0.00511092 
-0.00764914 

0.04080974 
- 0.01802289 

0.04170525 
0.04365003 
0.00004724 

-0.02755675 
0.00236779 
0.01 818683 

Prob>F3 

0.0001 
0.0006 
U.U0! 2 
0.0001 
0.0001 
0.3476 
0.6017 
0.5709 
0.8376 
0.6977 
0.9195 
0.4982 
0.3221 
0.0001 
0.0426 
0.0004 
0.0063 
0.0001 
0.1114 
0.6330 
0.4758 

3 Indicetes the probability of obtaining this value of For one 
larger by chance alone . Smaller numbers indlcate higher 
significance of the coefficients (not obtained by chance). 

TABLE 3 Steps of Stepwise Regression 
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which is not expected. This occurred because there 
were a lot of missing data for the sight-distance 
variable. Hence this variable could not be con
sidered in the final model. Environmental factors of 
light condition, road condition, surface condition, 
and weather condition did not prove to be signifi
cant in the stepwise model. Alignment, traffic con
trol, and curvature were also considered in the 
model but they did not contribute significantly. 
Regression was considered here only on an explora
tory basis but not for developing the final model. 

Discriminant Analysis 

In the groups obtained by the cluster procedure of 
26 less-safe bridges and 52 more-safe bridges, a 
discriminant analysis conducted by the Discr im pro
cedure of 6A6 wu.s u.pplied, However, come of the 
variables were found to be non-normal when tested by 
the univariate procedure of SAS. The discriminant 
analysis, which assumed that the independent vari
ables are normally distributed, was attempted on an 
exploratory basis because it was a robust procedure. 
The linear discriminant functions developed with 
various variable combinations either classified 
poorly or did not result in the appropriate coef
ficient signs. Hence logistic regression was con.,
sidered because it does not assume normality. 

Logistic Regression 

Logistic regression was considered because it yields 
the degree of safety directly, is a good model for 
the safety index, and the variables need not have a 
normal distribution. Several models were tried with 
several combin~tions of variables. In order to be 
able to make a meaningful interpretation of the 
mo_del, the signs of the coefficients of the vari
ables in the model must be appropriate. After exam
ining several, the following was accepted as the 
final model (Table 4) : 

Probability of safety (safety index) 
= exp(y) (1 + exp(y)] 

where 

y = (-1.790 + 0.441 (bridge width) 
- 0.107 (average daily traffic) 
- 0.246 (speed) - 0.001 (length) 
+ 0.954 (F9) + 0.567 (F6) + 0.332 (F7)] 

(5) 

(6) 

Step Variable Entered Variable Replaced By 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
l'.1 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Length 
F6 
Bridge width 
Si~ht distance 
F10 
F12 
F10 
ADT 
Speed 
F11 
Alignment 
Fg 
F7 
F3 
CurY2t1.!re 
Traffic control 
Light condition 
Road condition 

Road condition 
F1 

F 10 replaced by F 2 

F2 replaced by relative width 

Road condition replaced by surface condition 

0.268 
0.450 
0.499 
0.591 
0.606 
0.623 
0.632 
0.642 
0.648 
0.65i 
0.653 
0.653 
0.654 
0.654 
0.6 '\4 
0.654 
0.654 
0.654 
0.655 
0.655 
0.655 
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TABLE 4 Logistic Model Coefficients 

Variable Xi 

Intercept 
Bridge width 
ADT 
Speed 
Length 
F9 
F6 
F1 

(J 

- I. 78999897 
0.44123886 

-0.10753546 
-0.24633482 
- 0 .00101675 

0.95457213 
0.56696522 
0.33232235 

Probability 

0.3936 
0.0000 
0.0055 
0.0000 
0.0000 
0.0000 
0.0000 
0.0014 

Partial R 

0.294 
-0.080 
-0.207 

0.260 
0.204 
0.212 
0.095 

The equation obtained has an R (akin to the mul
tiple correlation coefficient) of 0.62. The fraction 
of concordant pairs of predicted probabilities and 
responses is 0.91 out of a maximum possible value of 
1.0. The rank correlation (which is similar to Ken
dall's correlation coefficient) between predicted 
probability and response is 0.81, which indicates 
the goodness of the model. All the y variables are 
highly significant. Individual R statistics (partial 
R's) computed for the logistic model provide a mea
sure of the contribution of the variables and are 
not to be confused with the regression coefficients. 
From partial R's given in Table 4, it is apparent 
that according to the logistic model, bridge width 
is the most important variable in the determination 
of the safety index, and the second most important 
variable is length. ADT and F 7 are less-important 
variables. 

By taking randomly one individual observation and 
changing each of the independent variables by 10 
percent, it was observed that speed is the most 
sensitive to changes and improvements (Table 5) • 
Percent change in the safety index was highest for 
speed where percent change for all other variables 
was a constant 10 percent. 

TABLE 5 Sensitivity Index 

Variable 

Speed 
Bridge width 
F9 
F6 
ADT 
F1 
Length 

Sensitivity 
Rank 

1 
2 
3 
4 
5 
6 
7 

Percentage Change 
of Variable(+) 

JO 
JO 
10 
JO 
JO 
JO 
JO 

Sensitivity lndex• (%) 

Plus(+) 

0 .71 
0.23 
0.05 

0.03 

Minus(-) 

1.81 

0.04 

0.01 

8Sensitivity index= (Percentage change fo safety index) + (Percentage change of 
var iable). 

Discussion of Regression, Discriminant, and Logistic 
Mode ls Wit h t he I ndepe nde nt Variables Selected in 
the Final Model 

By using the data of 655 accidents and the bridge 
and roadway characteristics of the 78 bridges, a 
multiple regression model was fitted to the indepen
dent variables bridge width, ADT, length, speed, 
F6 , F7 , and F9 • This model yielded an R2 of 0.52 with 
the dependent variable as accident rate. All the 
variables were signific a nt, except F7 and Fg. 

A linear di s c rimi nan t model with all of the same 
variables classified 42.3 percent of the unsafe 
bridges correctly. A quadratic discriminant model 
with the same variables classified 65.38 percent of 
the uqsafe bridges as unsafe correctly and 88. 46 
percent of the safe bridges correctly. The logistic 
regression model with the same variables had a rank 
correlation (between predicted probabilities and 
responses) of 0.81 out of a maximum possible value 

of 1.0. The logistic model yielded directly 
index that is sensitive to changes in the 
and hence was concluded to be the best 
model·. The safety index is the number 
bounded between 0 and 1. 

SUMMARY AND CONCLUSIONS 
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a safety 
variable 
possible 
that is 

The findings of this research are summarized as 
follows. 

1. An enhanced BSI model was developed , bearing 
in mind at all times the experience and expertise of 
the bridge engineers, which resulted in the first 
model. This new model is considered enhanced because 
(a) the bridges were divided into more-safe and 
less-safe groups scientifically with the use of 
cluster analysis and not arbitrarily as in previous 
research; (b) the model is parsimonious (or has 
fewer variables and terms) with only 7 independent 
variables as against 12 variables in the previous 
BSI model; (c) even with only approximately half the 
number of variables it yields more than twice the 
R2 compared to the previous model; (d) the safety 
index developed yields a higher and more significant 
correlation of -0. 53 with accident rate as compared 
with the previous models; and (e) the logistic model 
used does not need the assumption o f normality o f 
variables as compa r ed with the previous model, which 
is importa nt because most of the variables a r e f ound 
to be non-normal in these data. 

2. The goodness of the final model is apparent 
from the fact that it yields the fraction of con
cordant probabilities and responses as 0.91 compared 
to a maximum possible value of 1.00 and has a high 
rank correlation of 0.81. 

3. The developed model yields a safety index 
directly when the relevant factors are known and can 
be readily used to establish priorities for improve
ment or repairs of bridges. 

4. The important variables related to accident 
rate appeared to be bridge width, length of the 
bridges, speed, traffic mix, and grade continuity. 
The fi nal model adopted gives the pr:obability of 
safety o f a bridge and incl udes the variables F6 
(grade continuity), F 7 (shoulder reduct i on}, and 
F9 (traf.f ic mix) as well as bridge width, speed, 
length, and ADT. 

5. The model is sensitive to improvements and 
results in higher probabilities of safety when the 
factors mentioned in 4 are improved. 

6. To improve the safe t y as per the mode l, speed 
limits should. be decr eased by posting appropriate 
signs at and before the bridge or consideration may 
be given to use of rumble strips or similar devices 
for speed reduction. The other factors--bridqe 
width, length, shoulder reduction, grade continuity, 
ADT, and traffic mix--are not easy to change; never
theless, it is possible to make some improvements in 
these factors. 

7. The model yields a safety index that can be 
used to identify a potentially hazardous narrow 
bridge. 

FUTURE RESEARCH 

To realize maximum benefit from an improved safety 
index model, research is suggested as follows. 

1. More comprehensive accident data for each 
bridge site, as well as actual measurements of all 
factors involved in the F-factors instead of ratios, 
should be collected. This would facilitate the anal-
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ysis by enabling the use of the constituent var i
ables of a ratio directly. 

2. If more information can be collected on in
juries incurred during accidents, it may be possible 
to relate the bridge safety index not only to the 
accident rates but also to the severity of accidents 
on bridges. 

3. It is necessary to obtain another carefully 
taken sample of bridges to validate the conclusions 
and the model d e veloped in this research. In addi
tion, more comprehensive data should be collected 
about each accident. 

4. A cut-off point of probability or norm was 
not arrived at in this research, although a low 
probability of safety or low safety index indicates 
a hazardous bridge . This is anothe r a r ea o f in t erest . 

5. Speed was determined to be one of the most 
influencing factors of the safety index. The tech
niques suggested to reduce speed, such as advisory 
signs and rumble strips, were only preliminary. 
There is much scope to investigat e t his aspect. 
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