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Executive Summary

Ramp design is influenced by many factors including: the speed, volume,
and composition of traffic to be served, the standards and arrangement of the
local street system including traffic control devices, topography, right of way
controls, local planning, proximity of adjacent interchanges, community impact,

consistency in the pattern of interchange ramps along a freeway and cost.

Of the total of 478,569 accidents occurring during 1992-94 on California State
highways, approximately 15% occurred on ramps. Rural ramp accidents
accounted for 2.82% of the accidents on rural highways, and urban ramp accidents
accounted for 18.41% of the accidents on urban highways. The majority of ramps
experienced single vehicle accidents or only one multiple-vehicle accident in the

study period.

Ramp safety performances were compared with respect to a number of
different types of accident rates {fatal, fatal + injury, total, wet, and dark accidents).
A series of additional analyses were run where differences in mean accident rates
between each pair of ramp configurations were estimated. The comparisons of
accident rates were done for four groups of ramps stratified by ramp type (on/off),
and urban/rural settings. Finally, accident occurrence on a sample of half

diamond ramps was analyzed.

High accident ramps were summarized. Scissors ramps, rest area ramp,
and slip ramp configurations were the most common among the ramp sample
with high accident rates. Although, the percentage of the loop ramps with a left
turn was relatively low in the sample, it comprises an overwhelming portion of

loop ramp configuration (47%).

Accident rates for on-ramps were consistently lower than those for off-

ramps (as summarized in tables 13 through 16). Most fatal and injury type



accidents occurred on off-ramps, while on-ramps tended to be linked with the less

severe property damage only (PDO) accidents.

The independent variables, whose effects on accident frequency were most
often found by other studies to be statistically significant, were: ramp AADT,
mainline freeway AADT, area type (rural/urban), ramp type {off/on), ramp
configuration, length of speed change lane, ramp length. The general consensus
of many studies is that traffic volume is the strongest predictor of accidents on
ramps. Ramp geometry in studies that developed accident prediction models
found to be a much weaker variable than main line traffic volume and ramp
traffic volume. The studies did not suggest that geometric variables are
unimportant, rather, that they are generally improved to a point where further

variance in geometric variables has little influence on accidents.

As a whole, literature review indicated that it is better to design ramps with
flat horizontal curves (except in rural areas) avoiding the maximum degree of
curvature, speed, and superelevation. Sharp curves at the end of the ramps and
sudden changes from a straight alignment to sharp curves should be avoided.
Ramp curves tend to be more critical than highway curves. Substantial
downgrades leading to tight ramp curves may contribute to traffic accidents.
Steeper grade (positive or negative) can be associated with increased accident
rates. As the vertical grade of a highway increases, the accident involvement rate
also increases (depending on the length of the grade). More conservative grade
allowances of 3 or 4% for ramp down grades compared to the 8% found in the

AASHTO “green book” has been suggested.

Truck loss of control on ramps is predominantly due to rollover and
jackknifing. In designing horizontal curves to accommodate trucks, it is
important to check for both rollover and skidding potential to determine which
controls the design. Abrupt changes in compound curves lead to truck accidents.
Jackknife accidents occur mainly at sites with low pavement friction during wet

condition. Truck rollover accidents occur on ramps where truck speed is higher



than ramp design speed. Design of ramps must also provide for adequate width
to accommodate offtracking during low-speed and high-speed. Lowered friction
levels on high-speed ramps can contribute to truck accidents. Therefore, it
recommends the resurfacing of ramps with high-friction overlays. Poor
transitions to superelevation may contribute to truck accidents, such as rollovers
and jackknifing. Regardless of the urban/rural location of the highway, trucks

have more accidents on the off-ramps than on the on-ramps.

A good portion of the accidents associated with ramps occurs at the
entrance or exit of ramps. While additional lanes improve the safety at entrance
terminals, studies indicated no safety benefits as a result of auxiliary lanes at off-
ramps compared to direct off-ramp designs. Findings from literature review
indicated that off-ramps with speed-change lanes have a lower accident rate than
those ramps without speed-change lanes. Deceleration lanes are generally safer
than acceleration lanes, regardless of the length of the speed change lanes and the
percentage of diverging and merging traffic. Truck accident studies are even more
adamant about speed change lane, claiming that the current AASHTO

requirements for deceleration lane lengths are not sufficient for trucks.

The most common accidents in the entrance terminal is the rear-end
collisions. These accidents can be reduced by changing the merging maneuver at
the entrance terminal to a less complex lane-changing maneuver through the use
of a parallel acceleration lane. Other studies found that rear-end accidents on
urban off-ramps of four configurations (diamond, parclo loop, free-flow loop, and
outer connection ramps) were generally related to the operation of the cross-road

ramp terminal, rather than to the geometric design of the ramp itself.



Introduction

1.1 General
The ramp is an element of an interchange system that is designed at the

junction of two or more highways for the purpose of reducing or eliminating
traffic conflicts, to improve safety, and increase traffic capacity. Crossing conflicts

are eliminated by grade separations.

Ramp design is influenced by many factors including: the speed, volume,
and composition of traffic to be served, the standards and arrangement of the
local street system including traffic control devices, topography, right of way
controls, local planning, proximity of adjacent interchanges, community impact,
consistency in the pattern of interchange ramps along a freeway and cost.
Consistency in the placement of interchanges is sometimes achieved at the cost of
rearranging portions of the local street system. Figure 1 through 4 in Appendix
A, illustrate typical local street interchanges, and typical freeway-to-freeway

interchanges respectively.
1.2 Objective

This research project evaluates the effect of ramp configuration, type, and
geometry on accidents. The analysis is aimed at investigating the accident rates
and determining whether systematic differences exist between on-ramps and off-
ramps, rural ramps and urban ramps and between ramps of different
configurations. Since the different types of ramps are largely defined in terms of
their geometric configuration, the analysis will begin to provide clues about the

safety of certain geometric features.

First, a comprehensive literature review on this topic is conducted and
discussed. Second, an overview of the accident experience of the ramps on the
California State highways is given. Third, a statistical analysis of the accident

rates on the ramps is presented. In all, accident data for 13,325 ramps are used



with the main objective of updating Lundy’s study that was done for the Division

of Highways (or the current California Department of Transportation).

1.3 Methodology

Three years of accident data on the existing ramps (13,325 of them) on the
California State highways was retrieved. The ramp accident data and traffic
volume data was obtained from the California Department of Transportation
(Caltrans) Traffic Accident Surveillance and Analysis System (TASAS). The data
consists of accident frequency, and rate on different ramp configurations, ramp
traffic volume, ramp location, and information on urban/rural settings. The
accident types included: Total, Fatal, Fatal + Injury, accidents on Wet road
pavement, accident in Dark lighting condition, number of vehicles involved in
accidents. Accident location for the purpose of this report is described in figure 10
in section 3.2 of this report. Any accident in areas 1 through 4 described in figure

10 section 3.2 is considered a ramp accident.

The TASAS database does not contain detailed information on ramp
geometry, but rather just the code of the ramp configuration that best describes a
given ramp. For this reason, most of the analysis concentrates on characterizing
the systematic effects of ramp configuration on accident rates. The ramp
configuration and corresponding diagram describing these configurations are

provided in section 3.2

Several analyses were run on summary accident data from the years 1992
through 1994. The results from these analyses are organized as in the following:
First, descriptive statistics for every ramp configuration are derived using the data
retrieved from the TASAS database. The statistics include a series of tabulated

detail data on every ramp configuration that included ramp frequency



distribution, mean accident rate, ramp type (on/off), and geographic area (rural

and urban settingl). These tables are provided in Appendix B of this report

Second, a series of ANOVA models were run to look at the systematic
differences in accident rates between ramps of different design. These models can
tell that a certain factor is influential. The significant differences with respect to
ramp type (on/off), and urban vs. rural differences led to the decision to stratify
the data based on whether a ramp was in a rural or urban region, as well as
whether it was an on-ramp or an off-ramp. Then ramp safety performances were
compared with respect to a number of different types of accident rates (fatal, fatal
+ injury, total, wet, and dark). The accident rates were analyzed using analysis of

variance (ANOVA) and analysis of covariance (ANCOVA) methods.

Since previous studies indicated ramp traffic volume as a key variable
affecting ramp accidents, a series of ANCOVA models were run, again with
stratified data which included the measured ramp traffic volume as a covariate
and ramp geographical location as a predictor variable. All of the ANOVA and
ANCOVA analyses are followed by pairwise comparisons where differences in
mean accident rates between each pair of ramp configurations can be estimated
using a Tukey-Kramer adjustment method. Most of the analyses concentrated on

characterizing the systematic effects of ramp configurations.

Accident rates are typically expressed in terms of the number of accidents
per vehicle mile of travel to express the relative safety of road sections. Accident
rate for a ramp is defined by Breuning et. al. (1960) as the number of accidents per
million vehicles (MV) entering or leaving a ramp. This definition is shown to be

a practical basis for measuring accident experience on ramps. The average

! The terms rural and urban (as vicwed in Table 2) are not to be confused with inside and outside cities, since
they are not necessarily the same, Urban arcas are defined and approved by the Federal Highway Administration
(FHWA) on the general basis of urban charactenistics and do not necessarily coincide with city boundaries; all
areas not classified as urban are considered rural.
QUICC! : ¢ hig




accident rate for a particular ramp configuration is the average across that given
ramp configuration, rather than weighted according to their traffic volume. The
assumption here is that accident rates on ramps are related to the number of
vehicles entering or leaving the ramp without regard to the distance traveled on

ramps.

Although fatal accident data is included in the analysis, it is difficult to
draw sound conclusions based on results on this type of accident. The frequency
of fatal accident occurrence on ramps of any type is small, so that the mean
accident rates are highly variable. In other words, a few serious accidents can
badly skew the statistics. Therefore, the focus of the interpretation of the results
will be on, fatal + injury and total accident rates which are numerically more

stable.

The accuracy of the accident data is subject to reporting levels of the law
enforcement agencies supplying the collision reports. The department estimates
that it receives collision reports for approximately 100 percent of all fatal
accidents, 90 percent of all injury accidents, and 40 percent of all property-damage-
Only (PDO) accidents occurring on state highways2. Therefore, PDO is not the best
source of accurate accident statistics. Fatal + Injury, and Total accidents are better

measures for accident analysis.

In constructing the database on the geometric configuration of ramps, ramp
configurations that were particularly rare were excluded, unless they had

unusually high accident rates associated with them.




Literature Review

2.1 General

Ramp safety elements include acceleration lanes, deceleration lanes, weave
section, alignment and ramp terminals. The following literature review discusses
the relationship between ramp configuration and geometry, and traffic accidents.
Previously published research on this topic was reviewed and used in conjunction
with this report’s analysis to arrive at findings and conclusions. A literature

review discussion is provided in this section.

Among the literature reviewed, most citations pertain specifically to the
geometry of ramps, some discuss issues related to interchange, and other related
to highway geometry in general. Certain geometric characteristics may be
determined to affect accidents in the same way whether they belong to a regular
highway segment or to a ramp interchange, such as horizontal curvature. Many
of the geometric characteristics are unique to ramps. The literature review
identified whether the featured study is referring to highway geometry or
ramp/interchange geometry. While there are many ramp configurations defined
in the American Association of State Highway and Transportation Officials
(AASHTO), previous safety research basically has been focused on a limited

number of ramp configurations.

To find information from ongoing studies on this topic, letters were sent to
all the state DOTs inquiring whether the state agencies had conducted research on
this topic. Four state agencies replied--all indicating that they have not conducted
any recent research on this issue. However, as the draft of this report was ready
for review, a new report on this topic was published by Federal Highway
Administration (Bauer and Harwood, 1997). Special emphasis will be placed on
the most recent published report by Bauer and Harwood for its innovative

statistical modeling approach, and on an older report published by Lundy (1965) of



the California Division of Highways (currently California Department of

Transportation). This report was initiated as an update of Lundy’s study.

2.2 Literature Review Discussion

Maneuvering on ramps requires a vehicle to change speed and direction to
varying degrees based upon the particulars of the ramp and the interchange
design. The difficulty in maneuvering a vehicle along a ramp at speeds higher
than what the geometric characteristics of the ramp are suited for is a main cause
of truck accidents on ramps, according to Garber et al. (1992). Keller (1993), noted
that interchanges present the motorist with a complex set of decisions that require
quick evaluation and action. Oppenlander et. al (1970) noted that any
discontinuity or change in driver, vehicle, roadway, traffic, and environmental
conditions in the area of the interchange imposes greater demand on the highway
drivers. These discontinuities are: necessity for driver decisions; changing
proportion of vehicle types with different operating characteristics; roadway with
varying geometric arrangements; changing concentrations of vehicles with
resultant speed differentials; and varying environmental conditions within the
interchange ( ice on structural pavement). Cirillo (1968) quantified accidents rates
by proximity to interchange to examine the impact of the discontinuities on
interchanges. Cirillo tabulated the increases in accident rates as the distance to the
interchange decreased on the exit and entrance sides of interchanges in both rural

and urban locations.

Crashes not associated with ramp and interchange design can still happen
as a result of vehicular or human factors. Non-geometric characteristics, from
fixed road-side objects to interchange lighting, may be a factor associated with an
increases in accidents and/or their severity. In fact, ramp geometry is found to be
a much weaker variable than main line traffic volume and ramp traffic volume
in accident prediction models developed by Bauer and Harwood (1997), and
Cirillo (1968).



Several studies throughout the past 30 years have addressed the issue of
whether the design of the ramp has an effect on the safety of the interchange. In
the mid-1960s, Lundy (1965) produced a report for the California Department of
Transportation (then the Division of Highways) addressing this very issue. The
objective of Lundy’s study was to determine which geometric features play
important roles in ramp safety. The study involved 722 freeway ramps. Lundy
found a correlation between accident rates and ramp configurations, ramp grade,
fixed objects, speed change lane (5CL) lengths, possible safe entrance speeds at on-
ramp noses, and off-ramp radius. The study was not able to find a correlation
between ramp accident rates and on-ramp curvature, ramp lighting, ramp traffic
volume, and magnitude of the ramp central angle. Other findings of Lundy’s

study will be discussed in the following sections.

A study of freeway accidents in the southern California region (Golob and
Recker 1986) found that approximately 17% of accidents they reviewed occurred
on ramps (including connectors). This number is strikingly similar to the 18%
value Lundy found in his analysis 20 years earlier, but slightly higher than the
three-year (1992-1994) average value of 15% determined in this study for urban
and rural settings combined. Note however, that while combined urban-rural
accidents on California state highway ramps amounts to 15% of highway
accidents, the rural ramp accidents is only 2.82% of accidents on rural highways.
The corresponding percent for urban ramps is 18.41%. Higher travel on urban
roads in addition to other factors is responsible for this difference. Investigating
strictly the truck accidents, Bowman and Hummer (1989) in an FHWA study
found that up to 23.1% of accidents occurring on urban freeways happen at
interchanges, with 5.7% of the accidents occurring on ramp itself, and the

remainder on merging and exit areas.

As to the potential cause of some of the vehicle crashes at ramps and
interchanges, several studies have reviewed ramp geometry attributes that may

affect the safe operation of an interchange. Cirillo (1967) identifies sub-standard

10



design practices of urban interchanges as affecting the accident rate, Kihlberg and
Tharp (1968) link highway geometry particularly gradients, curves, and structures
to accident rates. Cirillo (1969) and Morgenstein et. al. (1978), find geometric
design features of ramps to be a smaller effect than traffic volume as a predictor
of accident occurrence. The general consensus of many studies is that traffic
volume is the strongest predictor of accidents on ramps. When interchanges
operate at or near capacity, the likelihood of increased speed differential between
upstream freeway sections and interchange sections is high. Cirillo (1969) found
no definitive correlation between capacity and safety other than the direct
relationship of volume increase and accident frequency. Other factors identified
by Cirillo associated with accident occurrence were the interchange spacing, where
accident rates were shown to increase as interchange spacing decreased in urban

areas as opposed to rural areas.

As many older interchanges reach the end of their design life, and are
redesigned and/or rehabilitated, the consideration of safety improvements is
crucial. The study by Harwood, and Graham (1983), documenting the evaluation
of the effects of thirty seven interchange rehabilitation projects. In the following
sections, findings of different literature on geometric and non-geometric variables

affecting accident occurrence on ramps are discussed.

2.2.1 Ramp configuration

The question of whether a particular ramp configuration is operationally
safer is addressed by many studies reviewed in this report, as well as the analyses
performed in this study. Lundy (1965) found a correlation between accident rates
and ramp configuration. According to his report, left side ramps, and scissors
ramps have higher accident rates than others ramp configurations and their use
is discouraged. Diamond ramps had the lowest rate, but these rates did not
account for crossroad/ramp intersection accidents. Lundy did not find any

significant design differences between accident-free and accident-prone ramps.
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Section 3 and 4 of the current report provides a comprehensive pairwise

comparison of ramps stratified by on/off and urban/rural settings.

Twomey's et al. (1992) report was primarily a literature review
investigating interchange safety. The study concluded that cloverleaf, scissors,
and left-side ramps should be avoided where possible. Collector distributor roads
should be considered in high volume interchange design and especially designs
where loop and cloverleaf ramps are used. Similarly, Leisch (1993) recommends
that full-cloverleaf interchanges not be considered for an interchange. Hall (1993)
studying the human factor impact suggests left-type ramps are prone to accidents.
Hence, the study recommends a curvilinear design for the exit, rather than
straight, to make drivers adjust their speed gradually before navigating the loop.
Collector-distributor roads is a safety feature suggested by Twomey et al. (1993) and
Hall (1993) to improve the safety and operation of cloverleaf interchanges.
According to Hall (1993) study most of the accident problem with interchanges is

related to the design of the inner loop ramps and outer connector ramps.

As a whole, research findings indicated that it is better to design ramps
with flat horizontal curves (except in rural areas) avoiding the maximum degree
of curvature, speed, and superelevation. Sharp curves at the end of the ramps

and sudden changes from a straight alignment to sharp curves should be avoided.

Cirillo et. al. (1969) developed various mathematical models relating
accidents to the a number of variables including geometric features. These
models were developed for both ramp elements and six different ramp
configurations. Of these variables, mainline traffic volume was found to be the
most important predictor and accounted for as high as 84% of total variance in
accidents while accident variance due to geometric factors accounted for 5 to 20 %.
As noted by Cirillo, these results do not suggest that geometric variables are
unimportant, rather that geometric factors are generally improved to a point

where the variance in geometric which do occur have little influence on
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accidents. Excluding other variables at the cost of loosing minor accuracy, Cirillo
et. al. (1969), developed a plot comparing the relative safety of the various

interchange types.

The most recent study by Bauer and Harwood (1997), however, stated that
the regression models developed by Cirillo et al. (1969) did not make use of
statistical models appropriate for accident analysis. The statistical models
developed by Bauer and Harwood also found mainline and ramp traffic volume

to be the most important predictors of accidents on ramps.

2.2.2 Ramp type (On-ramps vs. Off-ramps)

Lundy observed that accident rates of on-ramps were consistently lower
than off-ramps accident rates (0.59 Acc/MV vs. 0.95 Acc/MYV). This conclusion
has also been confirmed by several other studies, including Cirillo (1967), and
accident rate comparisons developed for individual ramp configurations in this
report. Golob and Recker (1986) indicated that 61% of the accidents occurred on
off-ramps. A study on truck accidents (Vallette et al. 1981) reveals that regardless
of the urban/rural location of the highway, trucks have more accidents on the off-
ramps than on the on-ramps. A truck accident study (Garber et al. 1992), analyzed
the severity of the accidents and identifies most fatal and injury type accidents
occurring on off-ramps, but on-ramps tended to be linked with the less severe
PDO accidents. In short, these studies seem to suggest that not only do most ramp

accidents occur on the off-ramps, but also the more serious accidents.

Some controversy however exists in regard to relative safety of on-ramps
and off-ramps. For example, in a study of urban freeways in Texas by Mullins et
al. (1961), on-ramps have higher accidents than off-ramps. This controversy is
clarified in part by Cirillo (1968), where she provides data attributing the
controversial results to the urban/rural differences influencing the accident rates.

In order to further clarify this controversy, accident experience on 13, 325 ramps
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stratified into four data sets based on ramp type (On/Off) and area type

(urban/rural) are presented in section 3 and 4 of this report.

2.2.3 Ramp Deceleration/Acceleration Lanes

Studies by Lundy (1965), Fisher (1961), Golob and Recker (1986) suggest that
a good portion of the accidents associated with ramps occur at the entrance or exit
of ramps. Mullins et al. (1961) found that 23% of all through-lane accidents occur
near entrance terminals. The entrance terminal accidents amount to 52% of the
on-ramp accidents according to Lundy (1965). Bauer and Harwood (1997)
considered the following factors as potential variables affecting accident
occurrence on acceleration/deceleration lanes:

e Ramp AADT

* Mainline freeway AADT,

* Average lane width,

* Right shoulder width,

o Acceleration/Deceleration lane length

e Ramp area type (urban/rural), and
* Ramp configuration.

Not all variables however, were found to be statistically significant
variables affecting accidents on speed change lanes (SCL). The key variables were
ramp AADT, main line AADT, and SCL length. Higher traffic volumes were
associated with higher accidents. The effect of acceleration lane length was more
complicated since on one hand longer lengths provide safer traffic maneuvering
and on the other hand corresponding increased length may provide longer

exposure and more accidents.

In studies by Cirillo (1967, 1968, 1970), it was shown that accident rates
decrease as length of weaving area, or acceleration and deceleration lane
increases. The statistical model developed by Cirillo provided a relationship
between the length of weaving and acceleration/deceleration lanes and traffic

volume levels and percentage of merging and diverging traffic. Increases in
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traffic volume was associated with an increase in accident rates. The effect of
acceleration lane length on accident rate was significant when merging traffic
percentage exceeded 6 percent of the main line traffic volume. As the percentage
of merging traffic increases beyond this volume, the additional length of
acceleration lane provides a significant reduction in accidents. The effect was not

as great for deceleration lanes compared to acceleration lanes.

Human factors research (Hall 1993) associates higher accident rates with the
inadequate length of acceleration and deceleration lanes, suggesting that the use
of collector/distributor roads enhance safety. A study on two-lane loop ramps
(Walker 1993) alludes many times to the fact that a speed trémsition zone design
that accommodates enough distance for vehicles to change their speeds is
important in the safety of the ramp. According to Lundy (1965), on-ramps with
acceleration lane lengths greater than 800 feet had below average accident rates.
The relationship between accident rate and acceleration lane length is

demonstrated in figure 5.

Truck accident studies are even more adamant about this subject. Ervin et
al. (1986) basically claims that the AASHTO “green book”? requirements for
deceleration lane lengths are not sufficient for trucks. Longer acceleration and
deceleration lanes are also a recommendation by Jackson (1985) to improve truck
safety on these highway segments, who also notes that a truck’s acceleration is in

general much slower than that of other vehicles on the roadway.

3 A Policy on Geometric Design of Highways and Strcets, American Association of State Highway and
Transporiation Officials, Washingion, D.C.
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Figure 5 Accident Rate and Acceleration Lane Length (On-Ramps)

Source: “The Effect of Ramp Type and Geometry on Accidents” by R. A. Lundy, Highway
Research Board Record 163, 1967, p.113

The most common accident in the entrance terminal is the rear-end
collision. These accidents can be reduced by changing the merging maneuver at
the entrance terminal to a less complex lane-changing maneuver through the use

of a parallel acceleration lane.

Lundy (1965) found that about 44 percent of the off-ramp accidents occurred
in the diverging area. Fifty percent of the off-ramp accidents are single vehicle
accidents. The off-ramps with the long (900 feet +) deceleration lane lengths had
lower rates than the ramps with shorter deceleration lengths. While additional
lanes improves the safety at entrance terminals, Mullins et al. (1961) indicated no
safety benefits as a result of auxiliary lanes at off-ramps compared to direct off-
ramp designs. The study however, found off-ramps with speed-change lanes

have a lower accident rate than those ramps without speed-change lanes.
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Accident rates increase for increasing volume of diverging traffic regardless of the
length of deceleration lane. A study by Cirillo (1969) shows very small benefits
resulting from increasing the length deceleration lane when the diverging traffic
is less than 6% of the main line traffic volume. Short deceleration lanes preceding
tight-radius exits are found to contribute to truck accidents, according to Firestine
et al. (1989).

Finally, Cirillo (1970) concludes that deceleration lane are generally safer
than acceleration lanes, regardless of the length of the speed change lanes and the

percentage of diverging and merging traffic.

2.2.4 Ramp grade.

Generally, the studies attempting to link vertical grades of ramps with
accident rates suggest that a steeper grade (positive or negative) can be associated
with increased accident rates. Miaou et al. (1993-1, 1993-2), used a Poisson
regression model to analyze truck accident data on highways, found that as the
vertical grade of a highway increases, the accident-involvement rate also

increases (depending on the length of the grade).

Lundy found ramps associated with an overcrossing had slightly lower
rates than those of undercrossings, especially the off-ramps. This may be
attributed to better speed reduction on upgrade vs. down grade. Based on Lundy’s
report, trumpet ramps, cloverleaf ramps without collector-distributor roads and
left side ramps have consistently higher accident rates than their ramps regardless
of grade situations. Ervin et al. (1986), suggests more conservative grade
allowances of 3 or 4% for ramp down grades compared to the 8% found in the
AASHTO “green book”. This would support the Firestine et al. (1989) conclusion
that substantial downgrades leading to tight ramp curves contribute to traffic

accidents.
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2.2.5 Ramp Curvature/Radius

Ramp curves tend to be more critical than highway curves. In terms of the
curvature of the ramps, Lundy (1965) makes only general observations stating a
higher accident rate for ramps that are designated as “curved” than on those
which were considered “straight.” The straight ramps according to Lundy have
lower accident rates than the curved classifications. However, he noted that the
short radius, large central angle curved off-ramps, seemed to have lower rates
than the ramps with medium range radii and deltas. He postulated that this was
perhaps a case where the tight turns appear as obvious to the drivers and they
take the necessary precautions; whereas, the medium range curves do not appear
dangerous and the drivers do not compensate. Fisher (1961) studying the on-
ramps without acceleration lanes, indicated that increasing ramp radius provided
little benefits in term of safety and that the important factor was whether or not

traffic slows down or stops before entering the freeway.

Other studies, though, analyze the curvature-accident relationship in more
detail. Garber et. at. (1992), for instance, developed a linear model showing that
an increase in the radius of a ramp curve produces a lower involvement of truck
accidents. Likewise, Heath and Kynaston (1981) noted that many tank truck
overturns occured on ramps where the sharpness of the curve increased at the
end of the ramp. The change in the curve-sharpness during the course of the
ramp is pointed out as a feature to be avoided by Twomey et al. (1992). Yates
(1970), investigated the accident rates for loop and outer connection ramps in
cloverleaf interchanges. Twomey (1992) summarized the findings of the study by

Yates as follows:

e except for loop ramps in rural areas, all right-hand side and outer-
connection ramps showed an increases in accident rates with increasing
maximum curvature; ’

e outer-connection ramps in urban areas tend to show increasing accident
rates with increasing average daily traffic (ADT);
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* straight outer-connections have lower accident rates than curved

connections in urban and rural areas for all ADTs, except 0 to 499 in urban

areas;

¢ rural loops with low curvature have higher accident rates than rural loops

with high curvature, while the reverse is true for urban loops.

Table 1 and table 2 provide accident rates on outer connections and loops by

curvature and ADT.

Table 1 Accident Rates on outer connections by curvature and ADT.

ADT Urban Straight | Urban Curved | Rural Straight | Rural Curved
Curvature< 1 deg | Curvature>] deg | Curvature< | deg | Curvature>1 deg

0-499 0.74 0.64

500-1000 0.34 0.72 0.13 0.4
1001-1500 0.64 0.84 0.00 0.61
1501-2000 0.15 0,93 0.00* 0.20
>2000 0.49 0.82 0.00* 0.72
all volumes 0.44 0.81 0.05 0.56

Source Cirillo (1992)
* Less than 10 units

Table 2 Accident Rates on loops by curvature and ADT.

ADT Urban Straight | Urban Curved | Rural! Straight | Rural Curved

Curvature< 1 deg | Curvature>1 deg | Curvature< |1 deg | Curvature>1 dc
0-499 0.00* 0.84 1.00 0.26
500-1000 0.00* 0.96 0.81 0.37
1001-1500 [Bas 0.69 0.00* 0.00
1501-2000 0.00 0.72 0.00* 0.00
>2000 0.14 1.00 0.00* 0.00
all volumes 0.20 0.94 0.63 0.25

Source Cirillo (1992)
* Less than 10 units

Sharp curves at the end of the ramps and sudden change from straight
alignment to sharp curves should be avoided. A decrease in sharp turning radii
is also recommended by the truck accident study by Jackson (1985). Twomey
(1992), found that in designing horizontal curves to accommodate trucks, it is

important to check for both rollover and skidding potential to determine which
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controls the design. Firestine et al. (1989) found that abrupt changes in compound

curves lead to truck accidents.

Recent studies on ramp geometric design involved truck accidents. The
general findings from the NCHRP Synthesis 241 (1997} study indicated that: 1)
truck loss of control on ramps are predominantly due to rollover and jackknifing;
2) jackknife accidents occur mainly at sites with low pavement friction during wet
condition; 3) truck rollover accidents occurs on ramps where truck speed is
higher than ramp design speed. Design of ramps must also provide for adequate
width to accommodate offtracking during low-speed and high-speed use as
described in detail in the NCHRP Synthesis 241 (1997). Ramps are usually
designed with adequate superelevation to reduce rollover during high-speed, but
with consideration to sliding during slow speed or stopping under slippery road
condition. Short radii curves such as those used on ramps may cause truck roll
over. The above report provides the relationship between swept path width and

ramp radius for low-speed offtracking analysis.

The selection of superelevation is part of the design process for horizontal
curves based on AASHTO (1990} policy. The policy provides for establishing
relationship among curvature, radius, superelevation, design speed, and length
of superelevation transition and tabulated the maximum friction factor and

minimum radii for various curves.

2.2.6 Ramp superelevation

Firestine et al. (1989) concludes that poor transitions to superelevation
contribute to truck accidents, such as rollovers and jackknifing. Improved
margin of safety in design, with special consideration of side friction factors, is
suggested by this study. Since superevelation is, in most cases, left to the
discretion of the highway design engineer, Keller (1993) suggests creating a larger

margin of safety by going beyond the standard criteria when designing ramps to
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better accommodate today’s truck traffic. This view is also supported by Zador et
al. (1985), who found that inadequate superelevation in the design of roadway
curves, particularly on curves with grades, affects the number of fatal rollover
incidents. The study suggests that care in the design must be taken to consider the
behavior of some drivers taking a curve at a sharper angle than the actual

curvature of the curve.

2.2.7 Non-geometric characteristics of ramps

Studies in the past have shown that accidents on ramps are not related
only to the design geometry, but to other physical characteristics of the ramps. For
example, Lundy (1965) stated that thirty two percent of the ramps investigated in
his report were accident free. No design differences were noted between the
accident-free ramps and ramps with accidents. Bauer and Harwood (1997} indicate
that the accident free ramps range between 50 to 80% depending on configuration,
type, and area type setting. A summary of the conclusions from various studies
on accidents and non-geometric characteristics of highway and ramps is presented

in this section.

2.2.8 Pavement surface conditions

Pavement design is also a factor that can be considered in the analysis of
traffic accidents. Firestine et al. (1989) in an interchange/ramp accident study
points out that lowered friction levels on high-speed ramps can contribute to
truck accidents. Therefore, it recommends the resurfacing of ramps with high-

friction overlays. The study does not give specific information on the overlays.

2..2.9 Ramp lighting

Lundy {1965) suggests that lighting is beneficial. He found that ramp areas,
that have illumination at night, have a lower nighttime accident rate than other
segments of freeways (generally non illuminated). It was not possible to separate

the positive effects that lighting alone had on these lower accident rates.

21



Examining a slightly different take on interchange illumination is a study
by Griffith (1994). The study compares accidents occurring on highway segments
with interchange lighting only versus accidents occurring on continuously-lit
segments (i.e., lighting beyond the interchange area). The study finds that the
night/day accident ratio is 12% higher on segments with interchange lighting
only, Therefore, the report concludes, illuminating urban freeway segments

between interchanges could theoretically reduce night accidents.

2.2.10 Traffic Volume Effect

There is strong consensus among studies attributing both the ramp traffic
volume and the through-lane traffic volume to the accident occurrence on
ramps. Cirillo et. al. (1969) developed various mathematical models relating
accident to the a number of variables including geometric features. Of these
variables, mainline ADT was found to be the most important predictor and
accounted for as high as 84% of total variance on average in accidents while
accident variance due to geometric factors accounted for 5 to 20 %. In a recent
study using more appropriate mathematical models of accident analysis, Bauer
and Harwood (1997) concluded that among all variables including geometric
variables, ramp volume and main line volume were the strongest predictors of
accidents on ramps. Oppenlander (1970) concluded that it is safer to merge or
diverge a given volume of vehicles from a freeway at several minor-flow ramps

than at a single high-volume on-and-off ramps.

Lundy (1965) reported a decrease in ramp accident rates with an increase in
daily traffic volume on the sample of ramps he studied. However, he did not
attribute the decrease to the volume and hypothesized that high volume ramps

were associated with better design standards.
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2.2.11 Signing, striping, and signal visibility

Advisories and guidance to drivers approaching and navigating along a
ramp is achieved through signs and striping. Walker (1993) noted that accidents
were occurring at a particular ramp that lacked an advisory speed sign. Ervin et
al. (1986) recommends proper placement of warning signs in advance of

challenging curves and curves designed with a downgrade.

FitzPatrick et al. (1992) points out that many ramps with tight curves have
posted speed signs that are inappropriate for trucks, not considering the dynamic
differences between passenger-cars and trucks. Furthermore, ramps with the
tight-flat-tight curve sequences should have special signing according to Ervin et
al. (1986). No examples of the special signing are given, but the study suggests

that the current signing practices warrant a careful evaluation.

Innovative signs are another feature for driver-waming that may help
improve the safety of an interchange. For example, Fitz Patrick et al. (1992)
suggest the implementation of active signs, which can alert drivers of their speed
as they approach or negotiate a ramp. Also, Bonneson and Messer (1989) suggest
marking and striping improvements to improve driver guidance for single-point
urban interchanges. Of course, not only are signs important, but so is signal

visibility, which is noted by Bonneson and Messer (1989).

2.2.12 Type of Collisions

Mullins et al. (1961) providing the accident breakdown on ramps reported
that rear-end accidents accounted for 82% of all accidents. Lundy (1965) found
that 42% of off-ramp accidents and 22% of on-ramp accidents involved fixed-
objects, with guardrails and signs being the most frequent fixed-objects involved
in accidents. Lundy groups freeway fixed objects along ramps into four types:
guardrails, light standards, signs, and piers, abutments, and bridge rails. Major

improvement projects initiated by California Department of Transportation in
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the years following the study cleared fixed objects that contributed to accidents on

ramps and other road sections.

Hall and Mulinazzi (1978) include the factor of roadside objects in their
analysis of highway safety. This interesting study calculated hazard indexes for
8000 combinations of speed, objects, distance, and geometric parameters for
various categories of roadway volume. The research found that each type of
object parameter used in the study (construction barrier, sign support, fence, curb
or wall, building, guardrail, culvert or ditch, embankment, bridge, poles, light
support, tree or shrubbery) appears in the top 150 hazard indices. The study also
notes that objects more than 3 meters from the edge of the roadway do not appear

in the top 150 indices, while most are within 1.5 meter from the road.

Some studies also focused on the effect of curbs on accidents. Two studies
in particular, Ervin et al. (1986) and Firestine et al. (1989), point out that curbs on
the outside of ramp curves (or, locations that have a high probability of truck

rollover) is undesirable.

2.2.13 Statistical Modeling of Ramp Accidents

Accident prediction models developed in the past (Cirillo et. al 1969)
modeled the dependent variable (Accident rate) as a function of highway -related
parameters using simple multiple-linear regression. The results from these
models have not been promising both in terms of the models ability to explain a
proportion of the variability in accident rates and the role of geometric design
variables as predictors of accidents in the models. The most recent effort in this
area by Bauer and Harwood (1997) used an innovative approach to modeling
accident analysis. These statistical models have greater reliability than previous
work and they explained between 10 percent and 42 percent of the variability in
the accident data. Developed statistical models establish relationship between

traffic accidents, geometric design elements, and traffic volumes for interchange
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ramps and speed change lanes. Poisson and negative binomial regression models
provide better representation of accident occurrences that are sporadic, random,
and discrete events. The models developed were for five ramp configurations:
diamond, parclo loop, free-flow loop, outer connection, direct or semi-direct

connection shown below.

— D

Diamond Parclo Loop Free-Flow Loop

—| A=

[}

Quter Connection Direct Connection® Semi-Direct
Connection®

Source: K.M. Bauer and D.W. Harwood {1997)

Two dependent variables most extensively used in the modeling effort
were: Total multiple-vehicle accidents, and fatal plus injury multiple-vehicle
accidents. Because of the limitation in availability of sufficient ramp sample sizes,
statistical modeling of accidents was performed for the following combination of

elements:

e Ramp proper (off- and on-ramp combined and off-ramp only)
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» Entire ramp (off- and on-ramp combined and off-ramp only)
* Acceleration lanes.

* Deceleration lanes.

» Entire ramps plus adjacent speed-change lanes.

¢ Selected types of urban off-ramps: diamond, parclo loops, free-flow loops
and outer connection ramps.

Accident prediction models for elements of ramps were initially done with
the intention of combining the predicted accidents from separate models to
determine the safety performance of ramps as a whole. The separate models
however, by themselves, did not provide an adequate fit to the data. The best
models explaining the safety performance of ramps however, were developed by
combining the ramps and their adjacent speed change lane into a single model.
The developed models were revised to include variables that were significant at
the 20-percent significance level or better. The independent variables included in
this model were:

» Ramp AADT.

* Mainline freeway AADT.

¢ Area type (rural/urban).

e Ramp type (off/on).

¢ Ramp configuration ( not statistically significant for fatal + Injury Model).

e Length of SCL.
¢ Ramp length.

The predictive accident occurrence model for 3-year total multiple vehicle
accident frequency for ramp, including the adjacent SCL, developed by Bauer and

Harwood was:

Y= [ e -7.27 (Xl) 0.78 ] [ e 0.13X2 ] [e 0.45 X3 ] [e 0.78 X4 ] [ e -0.0; X5 ]

. . , -2.59 62X1
[e069X6][e-037X7][e037X8][e 2.5 X9][e 1.62X 0]

where;
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Y = expected number of total multiple-vehicle accidents in a 3-year period for
entire ramp plus adjacent SCL

X1 = AADT of the ramp segment (veh/day)

X2 = mainline freeway AADT for the direction of travel in which the ramp is
located (veh/day)

X3 =1 if the ramp is a diamond ramp; 0 otherwise

X4 = 1 if the ramp is a parclo loop ramp; 0 otherwise

X5= 1 if the ramp is a free-flow loop ramp; 0 otherwise

X6 = 1 if the ramp is a outer connection ramp; ( otherwise

X7 = 1 if the area type is rural; 0 otherwise

X8 = 1 if the ramp is an off-ramp; 0 otherwise

X9 = Speed-change lane length (ml)

X10 = Ramp length (ml)

In the above model, the relative effect of each variable (all other variables
being constant) can be calculated by simply taking the exponent of the

corresponding coefficient. For example, the relative effect of the difference in

accident frequency between on-ramps and off-ramps is: e 037 — 1.44. In other
word, off-ramps have more fofal multiple vehicle accidents than on-ramps by a

factor of 1.44.

The expected 3-year fatal and injury multiple vehicle accident frequency for
ramp, including the adjacent SCL, was estimated using the following model:

Y= [e-9.67 (X1)0.78 ] le0.23X2 ] [e 2.85X3 ] [6-4'42)(4] [e0.48X5]

[ e -0.26X6 ]

where:

=  expected number of fatal and injury multiple-vehicle accidents in a 3-year

period for entire ramp plus adjacent SCL.

X1= AADT of the ramp segment (veh/day)

X2 = mainline freeway AADT for the direction of travel in which the ramp is
located (veh/day)

X3 = ramp length (ml)

X4 = Speed-change lane length (ml)

X5= 1 if theramp is an off-ramp; 0 otherwise

X6 = 1 if the area type is rural; 0 otherwise
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Since the level of significance for the above models are set at 20 percent,
caution should be exercised due to increased risk that some variables may appear
to be statistically significant due to chance alone. Statistical significance is

normally evaluated at 5 to 10 percent significant level.

Bauer and Harwood (1997) also modeled the expected values of accident
frequency for rural off-ramps with various ramp lengths, SCL length, ramp
configurations, and various levels of ramp and mainline freeway AADT.

Similar information is provided for rural and urban on-ramps.

Following is a summary of the findings and conclusions derived by Bauer
and Harwood (1997). Accident frequencies on interchange ramps and speed-
change lanes are so low at most locations that they are very difficult to model.
Between 50 percent and 80 percent of the ramps in the study experienced no
multiple-vehicle accidents or only one multiple-vehicle accident in the 3-year
study period; The ramp AADT was the strongest predictor of multiple-vehicle
accident frequency; the other variables, while they were generally statistically
significant, had much less predictive ability. This is consistent with the same
conclusion drawn in virtually every study of ramp accidents. By contrast,
geometric design features of ramps were found to have much less ability to
predict ramp accidents; The independent variables, whose effects on accident
frequency were most often found to be statistically significant, were: Ramp AADT,
Mainline freeway AADT, Area type (rural/urban), Ramp type (off/on), Ramp
configuration ( not statistically significant for fatal + Injury Model), Length of
SCL, Ramp length. Other geometric design variables considered in the modeling
were Traveled-way width, right shoulder width, and left shoulder width for ramp
and S5CL, ramp grade, and radii of horizontal curves on ramp. None of these
geometric design variables were found to have a statistically significant
relationship to accident frequency, except in limited situations in models that
were not ultimately recommended for use. The study indicated that rear-end

accidents on urban off-ramps of diamond, parclo loop, free-flow loop, and outer
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connection ramps were generally related to the operation of the cross-road ramp

terminal, rather than to the geometric design of the ramp itself.
The analysis presented in the next section of this report build upon many

of these conclusions by adding further insight into the potential safety issues

inherent in the various designs of ramps.
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Ramp Database Coding Instruction
3.1 Ramp Geometric Coding .
Figure 6 through 9 provide the ramp configuration as specified in TASAS

database. A brief description of these ramp configurations is provided in
Section 3.1.1.

— =

Figure 6 Frontage Roads designated as “A” in TASAS database

i
|

4

Figure 7 Collector roads designated as “B” in TASAS database
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E. Slip Off-Ramp H. Button hook J. Scissors Ramp

E
C. Direct or Semi-direct Connector D. Diamond Interchange Ramp
F. Direct or Semi-direct Connector G. Loop with Left Turn
K. Split Ramp L. Loop
D — G
\‘
eoli—
-*-
F / D
\ i

Figure 8 Ramp Configurations Designated in the TASAS data base
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M. Two-Way Ramp

\..

REST AREA,
TRUCK SCALE,
VISTA POINT,
ETC.

Figure 9 Ramp Configurations Designated in the TASAS data base

3.1.1 Ramp Description

The following ramp descriptions corrspond to the ramp codings shown in
figure 6 through 9 as specified in the TASAS database.
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A. Frontage Roads

City streets or county roads generally running parallel to the freeways and

providing local access.

B. Collector Roads
Separate from and generally parallel to the freeway main line and providing no

local access. They carry traffic from freeway off-ramp and/or to freeway on-ramps.

. Direct or Semi-direct nnector

Left Turning Traffic Direct connections with no left turning movements at the

intersecting street terminal.

D. Diamond Interchange Ramp

Carries traffic to or from the freeway (direct-not looping movement) and there
are turning and/or potential broadside accidents at the ramp terminal with the

local facility.

F. Direct or Semi-direct nnect

Right Turning Traffic Direct connections with no left turning movements at the

intersecting street terminal.

3. wit ft Turn
One-way traffic in which the turning movement is approximately 180 degrees or
more. These loops also have a left-turning movement at the cross street with

potential broadside accidents.

K. Split Ram
One-way traffic from a freeway where that traffic diverges to two separate ramps

or an on-ramp developed by a merge of two other ramps.

33



L. Loop

One-way traffic in which the turning movement is approximately 270 degrees.
There may be weaving on the main line, on a collector road or on the crossing

road. These loops do not have a left turning movement at the cross street.

E. Slip Ramp

Carries traffic to/from a one-way parallel facility and merges with the lane

nearest the freeway of that facility and not a street crossing.

H. Button Hook
One-way ramps with a general hook maneuver approximately 90 degrees which

usually terminate at streets other than the over/under crossing street.

|, _Scissors
Direct one-way thru ramp traffic to or from a local two-way facility where local
traffic can cross in front of the ramp traffic in generally a scissors movement

which can be an angle of 90 degrees or less.

M. Two-Way Ramp
Two-way ramp segment providing no local access and where the length is so

great that a separate accounting of accidents must be made for the ramp

movements to or from the freeway. This element is used very seldom.

R. Rest Areas, Vista Points and Truck Scal
This ramp type used for service within the freeway Ares right of way as
distinguished from interchanges which provide local ingress and egress to

the freeway.

Z. All Other

All ramps that cannot be categorized in any of the above.



3.2 TASAS Accident Coding Instructions

Accident location designation on ramps are specified in the TASAS
database by one of the four areas shown in figure 10. Some ramps however are
specified by 3 areas. Area 4 can only be specified for a ramp interchange on a state
road crossing a local road. In the case where a ramp is on a state route, any
accident on a local road is specified as area 4 and as a ramp accident. When a
ramp is on a state route that crosses another state route, the accident occurring in
area 4 is not coded as a ramp accident rather, it is coded an accident on the state
highway ( i.e. the second state route). The TASAS database is set up to
distinguish ramps with the above two characteristics by indicating whether the

ramp has a four area accident location field or a three area accident location field.

In the remainder of this analysis, ramps with three areas are described by a
Suffix "3”. For instance, loopleft3 designation refers to ramp configuration “Loop
with Left Turn” for which the accidents could occur in any of the 3 areas.
Similarly, loopleft4 means that accidents on this ramp configuration are coded in
areas 1 through 4. In the remainder of this report, the following ramp short

designation will be used in tabulating and plotting the results:

dir/semi = Direct or Semi-direct Connector

loopnoleft = Loop with no Left Turn

loopleft = Loop with Left Turn

buttonhook = Button Hook

twoway = Two-Way Ramp

restarea = R. Rest Areas, Vista Points and Truck Scales
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Statistical Analysis and Results

4.1 Introduction

The data analysis on ramp is organized in two parts: In part I, descriptive
statistics on ramps are provided for aggregated and stratified data. In part II, the
data was stratified into four subsets of data by ramp type (on/off), and ramp area
(urban/rural). Then, the four data set were analyzed with respect to accident rates
(fatal, fatal + injury, total, wet, and dark) using analysis of variance (ANOVA) and
analysis of covariance (ANCOVA) methods. The ANOVA and ANCOVA
analyses were followed by pairwise comparison of ramps. In the summary of
results that are presented in the following sections, the focus of the result

interpretation is fatal + injury and total accident rates as discussed before.

4.2 Descriptive Statistics on Ramps Distribution (Part I)

In aggregated level, table 3 provides distribution of ramp type (on/off) on
California State highways. As expected, the split between on-ramps and off-ramps
is just about 50/50, with two-way ramp segments only comprising 0.2% of the
ramp sample.

Table 3 Off-ramp vs. On-ramp--Frequency Distribution

Ramp Frequency Percent
Off 6,672 50.1%

On 6,621 49.7%
Total 13,325 100.09%

Table 4 provides ramp frequency distribution by urban and rural settings.

Table 4 Location and Frequency Distribution

Ramp Location Frequency Percent
Rural 2,739 20.6%
Urban '10,586 79.4%:
Total 13,325 100.0%
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Close to 20% of ramps are in rural areas and the remaining ramps in urban
areas. Table 5 provides ramp accident frequency distribution by urban and rural

settings within Caltrans districts (see map in Appendix E for Caltrans districts).

Table 5 Ramp Accident Frequency by Caltrans District and
Urban Rural Setting

Urban § Ramp No. Accidents
Dist | Rural | Freq | Total | Fat| F+1 {Mul Veh| Wet | Dark | MV
1 |Urban 84 104 o 42 66) 29 321 199
1 |Rural 243 gy )| 27 47 18 15 205
2 |Urban 114 303 o 125 226 56 824 358
2 |Rural 252 of o 34 48 21 33 21
3 |Urban 704 35415 15 1656 2689 858 911 4634
3 [Rural asd 358 131 1990 31 1000 500§
4 [Grban 2541 15208 SO 5768] 11307 3309 4359020581
4  |Rurat 11 o 1| 42 58 14 4 156
5 |Urban ao] 132y H 486 1013 17§ 358] 1605]
5 |Rural 254 254 A 86 170 22 71} 373
6 {Urban 4494 1559 11] 646 1059] 248 482 169
6 Rural 374 415 8136 251 46 123 4
7 |Urban 3014 1927 87 688) 13709] 29 6694]31
7  |Rural 142 199 1 70 0] 303 674 211
8  |Urban 784 5001 23 1828 399 623 1447 4872
8 |Rural 32 33q § 113 224 24 N9 447
9 |Urban 20 21 o 12 8 1 2 22
9  |Rural 8¢ 17 O 2 5 1 5l 2
10 |Urban 554 2414 16 933 1765 44  621] 2219
10 |Rural 239 334 3 128 1700 411 11 379
11 [Urban 1184 5611 33 2700 4115 785 163711422
11 |Rural 259 18§ 1| 47 1101 16 700 321
12 |Urban 724 6654 20 2282 5178 733 2058 7753
12 |Rural [ | 4 0 0 | 1 2]
All |Uban | 10,584 61,011 25812335 | 45,129 10,169 18,683}8696
All [Rural | 2,739 2364 28] 825] 1379 265 754 3239

Total 13.329 63,379 286{24.18 | 46,508 10,434 19,437§90206]

* Accidents/MV

Every ramp configuration can be located in both an urban and rural setting,
with the exception of the slip-3 ramps, which are only present in urban areas.

Note from Table 4 that most ramps occur in an urban setting. This is also
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reflected in Table 5, where the Districts with the most ramps contain the major
metropolitan areas of Los Angeles and Ventura counties (District 7), the San
Francisco Bay Area (District 4), San Diego county (District 11), and the Sacramento
metropolitan area (District 3). The only ramp configuration that is an exception is
the rest area/truck scale/vista point ramps. The majority of this type of ramp is

found in rural areas.

4.3 Ramp Accidents Frequency and Severity

Of the total of 478,569 accidents occurring during 1992-94 on California State
highway ramps, approximately 15% occurred on ramps as demonstrated in table
6. However, rural ramps accounted for 2.8% of the accidents occurring on rural
highways, where as the urban ramp accidents accounted for 18.41% of the

accidents of the urban highways.

Table 6 Ramp vs. Highways Accidents (1992-94)
State Highway Type Total Acc.| F+I Acc.

Ramps (Rural) 2,364 2a
Ramps (Urban) 61011 33,359
Ramps (Urban + Rural) 63.375 24,184
Ramp Acc. As % of % %

The accident frequency and severity ratio calculated based on 1992-1994
accident data on California are presented in table 7, and table 8 respectively. These

severity ratios show improvement from the severity rations measured by Lundy
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(1965) where the fatal, injury and PDO accounted for 1.8, 42.9, and 55.3 percent

respectively.
Table 7 Three year Accident Frequencies

Acc Type | Off-Rural | Off-Urban | On-Rural | On-Urban
Fatal 23 167 4 91
Injury 547 15115 248 7948
PDO 1058 23654 478 13931
Total 1628 38936 730 21970

1992-through 1994 accident data
Table 8 Accident Severity Ratio

Acc Type | Off-Rural | Off-Urban | On-Rural | On-Urban
Fatal 1.4 % 0.4 % 0.5 % 0.4 %
Injury 33.6 % 38.8 % 340 % 36.2 %
PDO 65.0 % 60.8 % 65.5 % 63.4 %

Attention should be paid to the level of aggregation of data

considered in tabulating or plotting data since some level of detail is lost

as a result of aggregating information. For example, in figure 11,

differences in urban vs. rural and differences in individual ramp

configurations are ignored in the interest of providing a comparison of

on-ramps vs. off-ramps in general.

Note that off ramps are clearly more accident prone than on ramps

both in terms of frequency of accident occurrence and the average

accident rates. The total number of accidents on off-ramps are

approximately twice the number of accidents on the on-ramps

aggregating all configurations in urban and rural settings.
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Figure 11. On-Ramp vs. Off-Ramp Average Accident Frequencies

Legends

TACC = Total Accident,

IACC = Injury Accident ,

FIACC = Fatal + Injury (F+]) Accidents,

WACC = Accidents occurring in wet pavement surface conditions,
DACC = Accidents occurring during dark lighting conditions,
TRATE = Total Accident_(No. of Accidents/MV)

FIRATE = Falal + Injury Accident Rare (No. of Accidents/MV)

When interpreting the gverage accident rates, the reader should take into
consideration the wide variability in number of accidents occurring on ramps
within a particular configuration. For example, while the average frequency of
total accident for the off-ramps is 6.08 accidents, its variability ranges from a
minimum of zero accidents to a maximum of 117 accidents in the three year

period.

For the remaining analyses, the data is stratified into 4 groups of data:

1) on ramps in rural area;
2) on-ramps in urban area;
3) off-ramps in rural area;
4) off-ramps in urban area.
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4.3 Accident Frequency and rate (Urban/Rural Differences)

Aggregating ramps of different configurations, figure 12 and 13 and
corresponding tables 9 demonstrate that accident rates on urban ramps are lower
for both on-ramps and off-ramps. When accident frequencies are considered
however, the opposite is true, meaning that accident frequencies are significantly

higher on urban ramps (see figure 14 and 15).

Figure 12 Rural vs. Urban Accident Rate, All Off-Ramps Combined
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Figure 13 Rural vs. Urban Accident Rate, All On-Ramps Combined
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Table 9 Urban vs. Rural Ramp Accident Rate
Off- Ramp On- Ramp
Accident{Mean| Std | Min.|Max.|Mean| Std | Min. | Max.
Type Dey Dev
[Rural |Fatal +Injury] 0.75 § 3.65 | 0.00 | 82.19] 035 | 2.82 | 0.00 | 8294
Rural Total 1.87 5.63 0.00 | 82.19| 0.88 4,13 0.00 § 8294
[Urban |Faal+Injury| 0.53 | 1.81 | 0.00 | 96.08 | 0.30 | 102 | 0.00 | 30.44
Urban Total 1.39 5.34 0.00 | 198.39] 0.81 3.7 0.00 | 23445

Total number of ramps in urban area = 10,564 and in rural area =2729
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Figure 14 Average Accident Frequency (Off-Ramps Combined)
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Figure 15 Average Accident Frequency (On-Ramps Combined)
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4.5 Descriptive Statistics on Individual Ramp Configurations

Table 10 provides a sample of descriptive statistics on individual ramps.
Complete statistics similar to the information in table 10 on 15 ramp
configurations is provided in Appendix B. This includes a total of 60 tables [15x4
settings : on/off by urban/rural) All statistics are based on averaging three years of
accident data (1992-1994).
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Table 10 Sample of Descriptive Statistics on buttonhook Ramps
(see Appendix B for other ramp configurations)

Ramp Type= Off Urban/Rural =Rural DEscR=buttonhook

Variable N Mean 5td Dev Minimum Maximum
TACC* 111 1.3513514 1.7666025 0 £.0000000
FACC* 111 0.0090090 0.0945158 0 1.0000000
IACC™H 111 0.4774775 0.9327072 0 5.0000000
FIACC* 111 0.4864865 0.9328828 0 5.0000000
MVACC* 111 0.55855886 1.3258595 0 8.0000000
WACC™* 111 0.0630631 0.2441787 0 1.0000000
DACC* 111 0.3963964 0.6505841 0 2.0000000
XVOL* 111 0.7531532 0.8146187 0 3.7000000
RVOL* 111 0.8185586 0.8891281 0.,0200000 4.0500000
FRATE* 111 0.0433063 0.4562602 0 4.8070000
FIRATE* 111 1.6695495 8.1557984 0 §2.190000¢0C
TRATE™ 111 4.1284685 11.3893260 0 82.1900000
WRATE™ 111 0.1269562 0.7101832 Q 6.5200000
DRATE™* 111 1.3286379 5.5941815 0 54.7933333
* Legend

N = Number of ramps for this configuration

TACC = Total Accidents

FACC = Fatal Accidents

TIACC = Injury Accidents

FIACC = Fatal + Injury Accidents

MVACC = Multi-vehicle Accidents

WACC = Wet Accidents

DACC = Dark Accidents

XVOL = Ramp Cross Street Traffic Volume (MV)

RVOL = Ramp Traffic Volume (MV)

FRATE = Fatal Aceident Rate (Acc/MV)

FIRATE = Fatal + Injury Accident Rate (Acc/MV)

TRATE = Total Accident Rate (Acc/MV)

WRATE = Wet Accident Rate (Acc/MV)

DRATE = Dark Accident Rate (Acc/MV)

Part 1I of the statistical analysis that follows provides accident rates
comparison of the stratified data after adjustment is made for ramp volume, and
geographical effect (Caltrans districts) is included in the ANOVA analysis as a

predictor.



4.6 Statistical Analysis Part II ( Stratified Data)

It is important to realize that an apparent ramp-type effect might be
explainable in terms of other systematic factors, such as traffic patterns differing
between rural and urban regions, differences attributed to Caltrans districts. The
types of ramps that are predominantly featured can differ between urban and
rural freeways or among Caltrans districts. For instance, although approximately
80% of ramps are in urban areas, nearly 85% of diamond ramps are in rural area.
This could result in rural/urban differences in accident rates being falsely

attributed to the types of ramps that are common in those areas.

In response to this possibility, a series of analysis of variance (ANOVA) and
analysis of covariance models were run in which urban and rural differences,
differences between districts, and differences between on-ramps and off-ramps
were taken into account. The statistically significant differences in ramp
configurations, type, and urban/rural setting resulting from these models led to
the decision to split the data into four groups. The analysis in Part 11 dealt with

analysis of each group separately.

Each separate analysis included a comparison of ramp configurations with
respect to different types of accident rates (fatal, fatal + injury, total, wet, and dark).
These analyses were performed to determine if in fact the apparent difference
between ramps are statistically significant. In the following section only a
summary of ANOVA and ANCOVA results are provided. More detail
information but, still in a summarized format extracted form the statistical
analyses is provided in Appendix C of this report. All ANOVA/ANCOVA
analyses in Appendix C are followed by pairwise comparison tables. To present
the results in a usable format for engineers, only the pairwise comparisons data
that provide average accident rates are presented in the report. Complete
ANOVA and ANCOVA tables can be made available upon request from the

author of this report.
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4.6.1 Example of Ramp Pairwise Comparison

Table 11 is presented as a sample of pairwise comparison. Notice that
rarely a value of the accident mean is calculated as negative. This due to the very
small number of accidents or accidents, and a higher than average ramp volume,
in the subgroup and how the software program performing the LSMEAN provide
relative comparison of the subgroups. In other word the program may figure that
"if the ramp volume was even lower, the accidents would be negative". Of
course, this makes no practical sense, but since the program knows nothing about
the data being bounded below by zero, some LSMEANSs are translated into
negative values. In a way, the means have relative values. One option is to
assume the negative means as zero and adjust the other means when comparison
is made. This compensation is made in figure 16 through 19 and corresponding
tables 13 through 16. As noted before, statistical analysis that follows provides
accident rates comparison of the stratified data after adjustment is made for ramp

volume, and the geographical effect (Caltrans districts) is included in the ANOVA

analysis as a predictor.

Table 11 Sample of Least Squares Means for Fatal + Injury Accident Rate

(see Appendix C for other cases)
Adjustment for multiple comparisons: Tukey-Kramer
DESCR** FIRATE* LSMEAN***

LSMEAN Number
buttonhook 0.20219715 1
diamond3 0.17053038 2
diamondd 0.37598087 3
dir/semil 0.24141925 4
dir/semid 0.26064053 5
direct 0.34373484 6
looplefrd 0.30416232 7
loopleftd 0.40222718 8
locpnoleftl 0,19102482 9
loopnoleftd 0.26318905 10
restarea -0.03051604 11
scigsors 0.20071572 12
slipd 0.29200270 13
slipd 0.53264205 14
splic 0.19501126 15

* FIRATE= Fatal + Injury Accident Rate
** DESCR = Ramp Description
*»* LSMEAN = Least Mean Square accident rate
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Table 12 provides the p-value matrix. Each entry determines whether the
pairwise comparison is significant. For example, from table 11, the mean fatal +
injury accident rate (FIRATE) for diamond4 and direct ramp (row 3, and 6) are
0.37598087 and 0.34373484 respectively. The entry in row 3 and column 6 of table
12 provide a p-value = 1.0 which is greater than 0.05. Therefore, the difference

between the two mean accident rates is not statistically significant.
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Table 12 Matrix of Statistical Significance (p-values <0.05) for i/j Ramp Pairs

Pr > |T| HD: LSMEAN{i)=<LSMEAN{j]
i’/ 1 2 3 4 5 [ 7 ] ] 10 11 12 13 14 1%

1 . 1.0000 ©.0697 1.0200 00,9998 0.9679 1.0000 0.4036 1.0000 0.9998 0.9833 [ .0000 1.000¢ 0.3318 1.4000
2 1.0¢co . 0.7i68 1.0000 0,9999 0.9851 1.0000 0,763 1.0000 ©,9999 0.9%%2 1.0000 1.0000 ©0.4823 1.9000
1 0.0697 0.7168 . f.7514 0.3928 1.0000 1.0000 1.0000 O0.6918 0.5628 O0.4567 0.7%92 1.0000 ©.9920 0.1372
s 1.0040 1.0000 0.7514 - 1.0000 0©0.9992 1.G000 ©.8791 1.0000 1.0000 O.9558 1.0400 1.0000 O.6242 1.0000
5 0.9998 0.3999 0.3%28 1.0000 . 0.9998 1.0000 0,.8372 1.0000 1.0000 O0.9186 1.0030 1.000¢ 0.6305 0,3399
6 0.9579 0.9851 1.0000 0.9992 0.9998 . 1.6004 1.¢000 0.9907 0©.5999 0.7529 0.995% 1.0000 0.9896 0.7£02
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 F 1.0000 1.0000 1.0000 0.9998 1.0000 1.0000 1.0000 1.0000
8 0.403&8 ©.76313 1.0000 O0.8791 0.8373 1.0000 1.Cn00 H 0.2?715 0,B797 0.4492 0.8446 1.0000 0.9997 0.5248
9 1.0000 1.0000 O0.6%i8 1.000¢ 1.0000 0.9907 1.0C00 0.771S8 " 1.0000 0.9949 11,0000 1.¢000 0.4996 1.00o00
10 0.9998 0.929% O0.5&28 1.0000 1.0000 ©.9999 1.0G0C 0.8797 1.0000 : 0.%18% 1.0000 1.0000 0.6640 0.7999
11 0.9893 0,993z O0.45%67 0.9658 0.9186 0.7525 0.9998 0.44%2 0.9962 0.9165 - 0.9954 D.%655 0.2316 0.3%40
12 1.¢ooD 1.0000 O.749%2 1.0000 1.0000 0.995% 1.0C00 0.B446 1.0000 1.0000 0.9954 1.0000 0.56856 1.0000
13 1.0400 1.0000 L1.0600 1.0000 1.0000 1,0000 1.0000 .0000 L1.0000 1.0000 O0.95355 1,.0000 i 0.9858 1.0000
le 0.3318 0.4823 0.9920 0.6242 0.46305 0.9896 1.0000 0.9997 0.4996 0.6640 0.2316 0.5486 0.9858 . 0.3478
15 1.0000 1.0000 0.2372 1.0000 D0.9%99 0.9602 1.0000 0.5248 1.0000 0.9999 0.9940 1.0000 1.8000 0.3478

In the absence of a statistically significant difference between a particular pair of ramp types, any of the following

explanations is plausible:

. there is no difference between the ramp types;

. there 1s a difference, which went undetected due to the conservatism of the post hoc analysis;

. there is a difference, which went undetected because the magnitude of the difference was smali; or

. there is a difference, which went undetected because there were relatively few ramps for the two types being
compared.

In view of these four possibilities, it's appropriate that the distinction between a significant difference and an
insignificant one should be interpreted as being between those differences for which there was sufficient evidence to

declare a difference, and those for which there simply was insufficient evidence.

Similar tabtes to table 11 and 12 are presented in Appendix C, organized into four sets of tables as follows:
1) Analysis of Off-ramps in rural area
2) Analysis of Off-ramps in urban area
3) Analysis of On-ramps in rural area

4) Analysis of On-ramps in urban area

For each of the above analyses, a summarized ANOVA table is first presented. These tables provide information as to
whether the factors in the model are significant or not. These tables are then followed by pairwise comparison similar
to table 11 and 12 where average accident rates for different ramp configurations are compared. The matrix of p-values

similar to table 12 indicate whether the difference in mean accident rates are significant.

Because the ANCOVA analyses for urban areas (Appendix C}) indicated district effect as being significant {
meaning some accident rate differences in ramps attributed to Caltrans district and not just to ramp volumes),
comparison tables for urban ramps were selected from ANCOVA analyses that accounted for the geographical effect
{Caltrans Districts). Results for rural ramps were extracted from ANCOVA analyses with ramp volume as covariate,

but without the district effect as a predictor in the model.
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Figure 16 Comparison of Accident Rates for Off-Ramps in Rural Areas *
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Notes: 1) For suffix 3 and 4 in ramp designation (i.e. looplefi3, ect.) see section 3.2,

2) dirfsemi = Direct or Semi-direct Connector; loopnoleft = Loop with no Left Turn; loopleft = Loop with Left

Tum: buttonhook= Bulion Hook; iwoway = Two-Way Ramp: reslarea= Rest Areas, Vista Points and Truck
Scales

Figure 17 Comparison of Accident Rates for Off-Ramps in Urban Areas
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* (With Ramp Volume Adjusted)
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Figure 18 Comparison of Accident Rates for On-Ramps in Rural Areas
[=#——F+ Acc. Rate = = Total Acc. Rate = Wet Acc Rale ~—#=—Dark Acc. Rale |

2.500

2.000

1.500

1.000

Accidents/MVY

0.500

<
o
c
S
E
g
=

buttonhook -
diamond3
dir/semi3
dir/semi4
loopleftd
loopleft4
loopnolet3
loopnoleftd
restarea
scissors

Notes :1) For suffix 3 and 4 in ramp designation (i.e. looplef13, ect.) see section 3.2.
2) dir/semi = Direct or Semi-direct Connecior; loopnoleft = Loop with no Left Turn; loopleft = Loop with Left

Turn; buttonhook= Bution Hook; lwoway = Two-Way Ramp; restarea= Rest Areas, Vista Points and Truck
Scales

Figure 19 Comparison of Accident Rates for On-Ramps in Urban Areas
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Table 13 Comparison of Accident Rates for Off-Ramps in Rural Areas

F+I Acc. Rate |Total Acc. Rate |Wet Acc Rate Dark Acc. Rate

uttonhook 1.758 4,325 0.132 1.424
fdiamond3 0.348 1.057 0.028 0.452
diamond4 0.878 1.961 0.200 0.804
dir/semi3 1.111 2.005 0.027 0.845
ir/semi4 0.661 1.549 0.083 0.726
lKirect 0.590 1.328 0.055 0.564
Poopleftd 0.952 5.833 0.278 1.843
llooplefi4 0.995 3.881 0.062 0.462
lloopnoleft3 0.385 1.531 0.099 0.783
[oopnoleft4 4,568 4.745 0.059 0.129
lrestarea 0.301 2.472 0.055 1.198
[scissors 0.750 1.627 0.081 0.816
Islip4 0.000 0.000 0.000 0.000
Isplit 0.984 2.106 0.090 0.980

Notes: 1) For suffix 3 and 4 in ramp designation (i.e. loopleft3, ect.) see scction 3.2.

2) dirfsemi = Direct or Semi-direct Connector; loopnoleft = Loop with no Left Turn; loopleft = Loop with Left

Turm; buttonhook= Button Hook; iwoway = Two-Way Ramp; restarca= Rest Areas, Vista Points and Truck
Scales

Table 14 Comparison of Accident Rates for Off-Ramps in Urban Areas

F+1 Acc. Rate [Total Acc. Rate |Wet Acc Rate  |Dark Acc. Rate
uttonhook 0.503 1.43 0.24 0.50
ldiamond3 0.429 0.921 0.126 0.221
ldiamond4 0.72 1.808 0.239 0.501
Kir/semi3 0.246 0.633 0.085 0.22
[dir/semi4 0.399 1.024 0.102 0.304
Kirect 0.393 1.352 0.148 0.29
foopieft3 0.307 0.765 0.126 0.24
floopleft4 0.68 1.531 0.16 0.546]
foopnoleft3 0.293 0.821 0.171 0.288]
loopnoletta 0.438§ 1.197 0.164 0.329
frestarea 0.394 1.759 0.238 0.793]
lscissors 0.431 1.096 0.184] 0.42
Islip3 0.441 0.764 0.066 0.26
lip4 0.211 0.554 0.085| 0.145
plit 0.257 0.717 0.059 0.221
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Table 15 Comparison of Accident Rates for On-Ramps in Rural Areas

F+I Acc. Rate |[Total Acc. Rate |Wet Acc Rate  |Dark Acc. Rate
buttonhook 0.243 1,172 0.061 0.598}
Kiamond3 0.214 0.532 0.042 0.17¢]
[diamond4 0.256 0.761 0.110 0.243
Kir/semi3 0.600 0.914 0.08 0.498f
Kir/semi4 0.889 1.127 0.090; 0.129
Kirect 0.528 1.137 0.091 0.473]
floopieft3 0.002 0.65 0.000 0.002
floopleft4 0.48(¢ 0.84(0 0.062 0.076]
Boopnoleft3 0.175 0.88§ 0.455 0.02
oopnolefta 0.356 0.624 0.167] 0.221
[restarea 0.81 1.518 0.091 0.925
fscissors 0.080 0.703 0.042 0.081
Islipa 1.06 2.023 0.160 0.879
fsplit 0.379 0.777 0.114 0.313

Notes : 1) For suffix 3 and 4 in ramp designation (i.c. loopleft3, cct.) sec section 3.2.

2) dirfsemi = Direct or Semi-direct Connector: loopnoleft = Loop with no Left Turn; loopleft = Loop with Left

Tum; buttonhook= Button Hook:; iwoway = Two-Way Ramp; restarea= Rest Areas, Vista Points and Truck
Scales

Table 16 Comparison of Accident Rates for On-Ramps in Urban Areas

F+I Acc. Rate |Total Acc. Rate |Wet Acc Rate  |Dark Acc. Rate

uttonhook 0.389 0.817 0.109 0.144
ldiamond3 0.327 0.4793 0.075 0.088
[giamond4 0.548 1.108 0.153 0.261
Kir/semi3 0.428 0.663 0.129 0.147
Kir/semia 0.451 0.713 0.143 0.141
ldirect 0.520 0.928 0.188 0.201
floopleft3 0.464 0.762 0.029 0.056
looplefta 0.568 0.937 0.176 0.204
hoopnolett3 0.381 0.798 0.242 0.198
loopnoleft4 0.45 0.807 0.185 0.151
lrestarea 0.149 0.714 0.000 0.04¢
fscissors 0.398 0.653 0.119 0.105|
lstip3 0.486 1.023 0.075 0.106|
Istipa 0.719 0.934 0.352 0.098]
fsplit 0.38 0.649 0.101 0.122
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4.7 Ramps with Relatively High Accident Rates

As stated earlier in this report, not all ramps experienced accidents. On the other
hand, certain ramps did experience multiple accidents or had higher accident
rates. This section provides some information on selected sample of ramps that
have relatively high accident rates for future close monitoring purpose. The
process by which these ramps were selected started by defining cutoffs for the fatal,
fatal/injury and total accident rates (these cutoff points were specific to any ramp
configuration under consideration), and then picked a handful of ramps that
figured prominently on one or more of these lists. In essence, approximately the
top 2.5% were analyzed here as a subset sample. A complete list of these ramps is
provided in the Appendix D. Table 17 below summarizes information on high

accident ramp. Appendix D provide the complete list of high accident ramps.

Table 17 Ramps with a relatively high accident rate

mp Ramp High Rate P % o
konfiguration population Sample [€2)/(1)] (2)/381 (1)/13325
(1) (2) =(3)
[oopleft3 34 16 47.06 % 4.2% 0.3%
slip3 145 34 2345 % B.9% 1.1%
wowaysegd 32 6 18.75 % 1.6% 0.2%
estarea 316 a0 1266 % | 10.5% 2.4%
SCISSOrS 352 42 11.93 % 11.0% 2.6%
lip4 176 14 7.95 % 3.7% 1.3%
oopnoleft3 318 21 6.60 % 5.5% 2.4%
@ecl 470 24 511 % 6.3% 3.5%
ldiamond3 447 22 492 % 5.8% 3.4%
looplefid 544 22 4.04 % 5.8% 4.1%
ir/semi3 738 23 3.12 % 6.0% 5.5%
split 870 21 241 % | 5.5% 6.5%
oopnoleftd4 881 21 238 % 5.5% 6.6%
uttonhook 1,179 27 2.29 % 7.1% 8.8%
Fiir/semi4 1,205 23 1.91 % 6.0% 9.0%
1amond4 5,618 25 0.44 % 6.6% 42.2%
Total Ramps 13,325 381 2.86 % 100% 100%

Notes : 1) For suffix 3 and 4 in ramp designation (i.c. looplef13, ect.) sce section 3.2,

2} dir/semi = Dircct or Semi-direct Connector; loopnoleft = Loop with no Left Tum; loopleft = Loop with Lefi
Turn; buttonhook= Button Hook: twoway = Two-Way Ramp; restarea= Rest Areas, Vista Points and Truck
Scales
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Notice that the scissors, rest area, and slip3 ramp configurations are the
most common ramp among the ramp sample with a high accident rate. They
comprise 11, 10, and 9 percent of the sampled 382 ramps respectively. Although,
the percentage of the loop ramps with a left turn is relatively low in the sample, it
comprises an overwhelming portion of this specific ramp configuration (47%).
The other three types of ramps with over 10% of their population present in the
sample are: slip3-ramp (23.45%), the two-waySeg4 ramp (18.75%), and the rest
area/truck scale/vista point type of ramp (12.66%).

The rural/urban split for high accident sample is approximately 30/70,
which is slightly different than the rural/urban split ratio (20/80) for all ramps
population, From table 18, almost 80% of all ramps are found in an urban
location, while only 70% of the ramps in the sample are high accident rates

ramps.

Table 18 High Accident Rate Ramp Sample Distribution by Rural/Urban

Ramp All Ramps Percent of | Sampled High Percent of
Group All Ramps Acc. Rate Total Sample
Rural 2,739 20.6% 113 29.7%
Urban 10,586 79.4% 268 70.3%
Total 13,325 100.0% 381 100.0%

This may also indicates that rural ramps have a higher share of the ramps
with high accident rates than urban ramps. The distribution between the ramps
with relatively high rates grouped by on/off ramps is not much different than the
distribution found for all the ramps. As seen in the table 19, off-ramps comprise
the majority of the high accident rate ramp sample, at almost 51%. At first glance
this may seem to contradict the previous findings of this report that off-ramps
have higher accident rates. However, a closer look at the variability of accident

occurrence between different ramp configurations and within each configuration
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clarifies this point. Although, off-ramps have higher accident rates than on-
ramps in their aggregate form the vast variability among and within each
configuration lead to an equal selected sample size of on-ramps and off-ramps

which have higher accident rates among the entire 13, 325 ramps in California.

Table 19 Higher Accident Rate Ramp Sample--Distribution by Off/On
" Ramp Group Total ~ % of Higher Acc. %0 of

population| population| Rate Sample| Sample

Off 6,672 50.1% 103 50.9%
On 6,621 49.7% 181 47.5%
Two-Way Ramp 32 0.2% 6 1.6%
[Totad 13,325 | 100.0% 381 100.0%

Another important observation from table 19 is that while the top five
ramps comprise a very small portion of the ramp population, they make
relatively a much higher percentage of the high accident ramp sample and
especially a much higher percentage of their corresponding ramp configuration
( e.g. two-way ramps make up only 0.2% of the entire ramp population, 1.6% of
high accident rate sample, and over 18% of two-way ramps). Furthermore, two-
way ramp segments stand out as being problematic, as seen earlier in the high

accident rate ramp.
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Findings

Approximately 15% of accidents on California state highways occurred on
ramps. The rural ramp accidents were only 2.82% of accidents on rural highways,
but the urban ramps accounted for 18.41% of the accidents on urban highways.
The majority of ramps experienced no multiple-vehicle accidents or only one

multiple-vehicle accident in the study period.

Accident rates of on-ramps were consistently lower than off-ramps accident
rates as summarized in tables 13 through 16. Most fatal and injury type accidents
occur on off-ramps, but on-ramps tended to be linked with the less sever PDO
accidents. Not only do most ramp accidents occur on the off-ramps, but so do the
more serious accidents. Fatal accidents constituted between 0.4 to 1.4 percent of
ramp accidents; injury accidents between 34 to 38.8 percent, and property damage

accidents between 60.8 to 65 percent as detailed in Table 8.

Descriptive statistics for every ramp configuration is derived and presented
in Appendix B of this report. A series of analysis of variance models were run to
determine the systematic differences in accident rates between ramps of different
designs. These statistical models included the measured ramp traffic volume as a
covariate and ramp geographical location as a predictor variable. The statistical
models were followed by pairwise comparison where differences in mean
accident rates between each pair of ramp configurations were estimated (see
Appendix C). The comparisons are done for four sets of ramp groups stratified by
ramp type (on/off ), and ramp area (urban/rural)as presented in figure 16 through

19 and corresponding tables 13 through 16.

A list of ramps on California state highways with relatively higher than
average accidents are summarized in table 17. Scissor ramps, rest area ramps, and
slip ramps configurations are the most common among the ramp sample with
high accident rates. They comprised 11, 10, and 9 percent of the high accident

ramp sample respectively. Although, the percentage of the loop ramps with a
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left turn is relatively low in the sample of ramp configurations, it comprised an
overwhelming portion of its own ramp configuration (47%). The other three
types of ramps with over 10% of their population present in the sample were:
slip-ramps (23.45%), the two-way ramps (18.75%), and the rest area/truck
scale/vista point ramps (12.66%).

The independent variables most often found by studies to be statistically
significant were: ramp AADT, mainline freeway AADT, area type (rural/urban),
ramp tvpe (off/on), ramp configuration, length of SCL, ramp length. Ramp
geometry in studies that developed accident prediction models found to be a
much weaker variable than main line traffic volume and ramp traffic volume.
The studies did not suggest that geometric variables are unimportant, rather
geometric factors are generally improved to a point where further variance in
geometric features has little influence on accidents. The general consensus of
many studies is that traffic volume is the strongest predictor of accidents on
ramps. Potential variables affecting accident occurrence on
acceleration/deceleration lanes according to a study were: ramp AADT; mainline
freeway AADT; average lane width; right shoulder width; acceleration/
deceleration lane length; ramp area type (urban/rural), and; ramp configuration.
The key variables were ramp AADT, main line AADT, and SCL length. Higher
traffic volumes were associated with higher accidents. The effect of acceleration
lane length on accident rate was significant when merging traffic percentage
exceeded 6 percent of the main line traffic volume. As the percentage of merging
traffic increases beyond this volume, the additional length of acceleration lane
provides a significant reduction in accidents. The effect was not as great for
deceleration lanes compared to acceleration lane. Truck accident studies are even
more adamant about speed change lane, claiming that the current AASHTO

requirements for deceleration lane lengths are not sufficient for trucks.
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As a whole, research findings indicated that it is better to design ramps
with flat horizontal curves {except in rural areas) avoiding the maximum degree
of curvature, speed, and superelevation. Sharp curves at the end of the ramps
and sudden changes from a straight alignment to sharp curves should be avoided.
Ramp curves tend to be more critical than highway curves. Studies indicated
that except for loop ramps in rural areas, all right-hand side and outer-connection
ramps showed an increases in accident rates with increasing curvature. Outer-
connection ramps in urban areas showed an increase in accident rates with
increasing average daily traffic (ADT). Straight outer-connections have lower
accident rates than curved connections in urban and rural areas for all ADTs,
except 0 to 499 in urban areas. Rural loops with low curvature have higher
accident rates than rural loc;ps with high curvature, while the reverse is true for
urban loops. In designing horizontal curves to accommodate trucks, it is
important to check for both rollover and skidding potential to determine which
controls the design. Abrupt changes in compound curves is associated with truck
accidents. Many tank truck overturns were produced on ramps where the

sharpness of the curve increased at the end of the ramp.

A good portion of the accidents associated with ramps occurs at the
entrance or exit of ramps. Entrance terminal accidents estimated by a previous
study to be as high as 52% for the on-ramps. About 44 percent of the off-ramp
accidents occurred in the diverging area. While additional lanes improve the
safety at entrance terminals, studies indicated no safety benefits as a result of
auxiliary lanes at off-ramps compared to direct off-ramp designs. Studies found
off-ramps with speed-change lanes have a lower accident rate than those ramps
without speed-change lanes. Deceleration lanes are generally safer than
acceleration lanes, regardless of the length of the speed change lanes and the

percentage of diverging and merging traffic.
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The most common accident in the entrance terminal is the rear-end
collision. These accidents can be reduced by changing the merging maneuver at
the entrance terminal to a less complex lane-changing maneuver through the use
of a parallel acceleration lane. Other studies found that rear-end accidents on
urban off-ramps of four configurations (diamond, parclo loop, free-flow loop, and
outer connection ramps) were generally related to the operation of the cross-road

ramp terminal, rather than to the geometric design of the ramp itself.

Steeper grade (positive or negative) can be associated with increased
accident rates. As the vertical grade of a highway increases, the accident-
involvement rate also increases (depending on the length of the grade).
Substantial downgrades leading to tight ramp curves contribute to traffic
accidents. More conservative grade allowances of 3 or 4% for ramp down grades

compared to the 8% found in the AASHTO “green book” has been suggested.

Truck loss of control on ramps is predominantly due to rollover and
jackknifing. Jackknife accidents occur mainly at sites with low pavement friction
during wet condition. Truck rollover accidents occur on ramps where truck
speed is higher than ramp design speed. Design of ramps must also provide for
adequate width to accommodate offtracking during low-speed and high-speed.
Lowered friction levels on high-speed ramps can contribute to truck accidents.
Therefore, it recommends the resurfacing of ramps with high-friction overlays.
Poor transitions to superelevation contribute to truck accidents, such as rollovers
and jackknifing. Regardless of the urban/rural location of the highway, trucks

have more accidents on the off-ramps than on the on-ramps.

Finally, a separate analysis of half diamond ramps with discussion of

analysis results is presented in Appendix F.
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Appendix A
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Figure 1 Typical Local Street Interchanges
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Figure 2 Typical Local Street Interchanges
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Appendix A

Direct connections Three quadrant cloverleaf
Two-loop, two-direct connection Cloverleaf with collector-distributor roa

Figure 3 Typical Freeway-to-Freeway Interchange
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Figure 4 Typical Freeway-to-Freeway Interchange
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Appendix B Descriptive Statistics on Individual Ramp Configurations

Appendix B
Descriptive Statistics on Individual Ramp Configurations

Note: 60 tables provided in this Appendix provide detail information on 15 ramp configurations.
(Each configuration occurs in urban and rural setting and as on-ramp or off-ramp, thus 15 x 2 x 2 =60).
Each table precedes with a line of information specifying the ramp configuration and information on

ramp type {on/off) and area location {urban/ rural setting). The following legends apply to each table.

* Legend

N = Number of ramps for this configuration
TACC = Total Accidents

FACC = Fatal Accidents

IACC = Injury Accidents

FIACC = Fatal + Injury Accidents

MVACC = Multi-vehtcle Accidents

WACC = Wet Accidents

DACC = Dark Accidents

XVOL = Ramp Cross Street Traffic Volume
RVOL = Ramp Traffic Volume

FRATE = Fatal Accident Rate

FIRATE = Fatal + Injury Accident Rate
TRATE = Total Accident Rate

WRATE = Wet Accident Rate

DRATE = Dark Accident Rate



Appendix B Descriptive Statistics on Individual Ramp Configurations

Ramp Type= Off Urban/Rural =Rural DESCR:buttonhqok

Variable N Mean Std Dev Mindmum Faimum
TACC 111 1.3513514 1.7a66025 0 b I TE B T
FROC 111 O, QDa0cS0 0.094%L58 1] 1, 0000000
LACC 111 0.3747TE 0.9327072 0 5. cRodd0od
FLAZ 111 0.4864065 0.93288258 o] 5, GOO0000
MYROD 111 05585586 1. 3358595 o A.0DRo000
WalCC 111 0. 0630421 0.2441787 5] 1. 6200000
Dok 111 G.39631%64 ¢ . 6505841 L] 2.,0300000
AL 111 0.7531532 0.814€187 [+} 3.7000000
RVCL 111 G-9189586 0.839123] 0.0200000 4.0500000
FRATE 111 0.0432063 0.4562602 o 4. 8070000
FIRATE 111 1.6535495 8.1557%84 Q B2 . 1500000
‘TRATE 111 4.1139685 11.3893260 1] A2, 180000
WRATE 111 0. 1269562 ¢.71¢2A32 ] 6. 5200000
DRATE 111 1,3286179 5.59241815 Q 54.7333133

Ramp Type= Off Urban/Rural =Rural DESCR=diamond3}

Yariable N Maan Std Dev Minimum Haximm
TAOZ 92 1.0102694 1.8126210 4] 9.0000000
FaoC 92 a +] ] o]
£ Ta i 92 0.3260870 0.7428530Q a 4.0000000
Flacc 92 0.3260870 0.7428590 [+] 4.0200000
MVRLC 92 0.7717391 1.5342483 Q 7.0000000
WAL 92 0.0652174 0.2482620 4] 1.C000000
DACC 92 0.2608696 0.6266879 0 3.0300000
O 92 1.3391304 1.5618749 o] 7.5000000
RVCL 92 1.4567391 1.7100402 0,0200000 8.2100000C
FRATE 92 0 ] 4] Q
FIRATE 92 0.183260% 0.5633307 0 4.3500000
TRATE 52 0.6898913 1.425310C1 1] %.4500000
DIST 92 5.8369565 3.1000786 1,0000000¢ 11,0000000
WRATE 92 0.0184510 0.0757196 [+} 0,4950000
DRATE 92 0,2745892 1.2458816 Q 9.4500000

Ramp Type= Off Urban/Rural =Rural DESCR=diamond4d

Variable N Mean Scd Dev HMinimzm s i
TACC 841 1.0927a67 2.0790219 0 17.0000400
FACC B41 0.01%0250 0.1366940 0 1. 0040000
IACC 841 0.38238775 0.8470632 0 7. 0000300
FlacC 841 0.4019025 0.8702469 0 7. GLO0S00
MVACC 841 0.7203707 1.8045360 0 17, (L0300
WADC 841 0.1379310 0.44721136 Q 4.0000000
DAQC 841 0.3305589 0.7512724 Q 5.0000000
ONCL 841 0.8777646 1.2325516 0 9.3000000
RYOL 841 0.9472295 1.3464071 0 10.1800¢00
FRATE 841 0.0417015 0.4603627 0 8.2650000
F1RATE Bdl 0,7737931 3.1071513 0 45. 6600000
TRATE B41 1.7295006 4.31968616 (0] 45. 6600000
WRATE 841 0.1937981 1.0447615 0 15.6600000
DRATE 941 0.6928683 2.7112742 0 316.5300000

Ramp Type= Qff Urban/Rural =Rural DESCR=dir/semi3l

Variable N Moan Scd Dev Minimum i o zm
THIC 40 0.8C00000 1.1591332 0 5.0000000
FacC 40 [+] Q 0 0
TacC 40 0.4500000 0.8458041 [+] 4, 0000000
FLACC 40 0.4500000 0.8458041 [+] 4.0000000
MUACT 40 0.2250000 0.6196564 4] 1, 0000000
WACT 40 0.0500000 0,2207214 aQ 1, 0300000
DacC 40 0,3500000 0.533491¢6 4] 2. 0300000
NOL 40 3.3575000 5.3689940 0.1000000 27, (3DO000
RVOL 40 3.5%72500 5.9066985 &.0900000 29.5700000
FRATE 40 0 Q 4] 0
FIRATE 40 0.6%12500 2.5939448 [} 15. 2200000
TRATE 40 1.0672500 2.9171298 4] 15.2200000
WRATE 40 0.0030833 0.0137414 Q Q.070000Q
DRATE 40 0.3922917 1.5071332 0 9.4500000



Appendix B Descriptive Statistics on Individual Ramp Configurations

Ramp Type= Off Urban/Rural =Rural DESCR=dir/semid

Variable |4 Mean sStd Duwr Mirimam Mace i
TACC 49 1.2448980 L.7740093 4] 7. 0000000
FaCC 49 0 a 4] Q
IACC 49 0.4693878 Q.7932539 Q 3.0000000
FIACC 49 0.4693878 Q.7932539 0 3, 0000400
MVACC a9 0.4693878 0.8190961 0 3. 000040040
WACC 49 0.12244%8 0.4844521 0 3., 0000200
DACC 49 0.4489796 0.6738846 a 2. 0000a00
.atie 49 1.9224390 2.6830692 0.1600200 13.3000000
RVOL 49 2.1032653 2.94517210 0.0700000 14.6000000
FRATE 49 Q a 0 1}
FIRATE 49 0.4195918 1.4801829 0 10. 15000300
TRATE 49 L.009795% 2.0473382 a 10, 1590000
WRATE 49 0.0688309 0.3027513 0 1. 9600000
DRATE 49 0.4662119 1.4515969 Q 9.7800000

Ramp Type= 0ff Urban/Rural =Rural DESCR=direct

varisble N Menn S5td Dev Minimmem Mo muo
TACC 19 2.2105263 2.7804665 0 9.0000000
FaCC 19 0,0526316 0.2294157 0 1.0000000
IACC 19 0.9473684 1.2681432 0 4.0000000
FLACC 19 1.0000000 1.3743685 0 4 .0000000
MVACC 19 0.8421053 1.1672931 0 4,0000000
WACC 19 0.1578947 0.3746343 +] 1.0000000
DACC 19 0.8421053 1.25999865 0 4 .0000000
XL 19 2.85708947 1.8771479 0. 1000000 6.1000000
RVOL 19 3. 0500000 1.9432533 0. 0760000 &.6800000
FRATE 19 0.0085789 0.0373948 0 0.1630000
FIRATE 19 0.2352632 0.2969917 (v} 0.9900000
TRATE 19 0.53631588 0.5852370 4] 2.0300000
WRATE 19 0.034974L 0.0846815 0 0.2537500
DRATE 19 0.1820175 0.2408631 ] 0.6533333

Ramp Type= Off Urban/Rural =Rural DESCR=loopleftl

Variable N Maan Std Dev Minimen Masei mum
TMOC 4 4.0000000 3.5590261 1.0000000 8.0000000
FAROC 4 0.2500000 0.50304000 4] 1.0000000
IACC 4 0.5000000 0.5773503 4] 1.Q00Q0000
FIACC q 0.7500000 0.9574271 a 2.0000000
MVACC H 1.25C0000 1.2583057 [¢] 3.0000000
WACC 4 0.2500000 0, 5000000 4] 1.0000000
DACC 4 1.5000000 1,.9148542 Q 4.0000000
KoL - 0.5500000 0.2645751 0.2000000 Q. 8000000
RVOL q 0.6150000 0.2859%487 0.2400000 0.9100000
FRATE 4 0.2740000 0.5480000 [+ 1.0960000
FIRATE 4 0.8875000 1.0791632 Q 1.1900000
TRATE A 5.6%00000 3.3413470 1.7600000 a.,7700000
WRATE 4 0.2740625 0.5481250 a 1,0962500
DRAYTE 4 1.77453833 2.1597700 a 4.385G000

Ramp Type= 0ff Urban/Rural =Rural DESCR=loopleftd

Variable N Mean Scd Dev Mind mem Maximm
TACC 25 2.1600000 4.4128600 a 21 . 0000000
FaCC 25 0.0400000 0.2000000 ] 1.0000000
LACC a5 0.8400000 2.0550750 4] 10.0000000
FIACC 25 Q.8A800000 2.0477630 Q 1¢.0000000
MVACC 25 1.5200000 4.3312816 [+] 21.00C0000
WACC 25 0.1600C00 0.5537749 Q 2.0000000
DACC 25 0.2400000 0. 4358899 v] 1.0000000
AVOL 25 1.2320C00 1.8254497 ] &.5000000
RVOL 25 1.3372C00 2.0013215 0.0300000 9 .2900000
FRATE 25 0.0332¢00 0.1660000 Q 0.8300000
FIRATE 25 0.8444000 1.5678491 1] §5.5900000
TRATE 25 3.5464000 T.9889647 0 39.1300000
WRATE 25 Q.0533511 0.1883771 e 0.7960000
DRATE 25 0.3001137 0.8737495 0 3.5133333
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Appendix B Descriptive Statistics on Individual Ramp Configurations

Ramp Type= 0ff Urban/Rural =Rural DESCR=loopnoleft3

Variable N HMean Sl Dew Minimum Haximao
TACC 14 1.2142857 .2592910 Q 8.0000000
FACC 4 0 i} 4] 1]
LACC 14 0.4285714 1.0894096 0 4.0000000
FIACC 13 0.4385714 10894096 0 4. 00000600
MVACD 14 0. 1428571 2.3831365 0 1. Gogon0o
WAOC 14 0.2142857 0.5TEI342 1] 2.0000000
5" 14 0.642857L 1. 4468609 [#] 4. 0ODan0d
fyle 14 1.1928571 1.0380931 0 3. 6Q0o0000
ROl 14 1.3014286 1.1350151 0.0400000 3.9400000
FRATE 14 [} 0 0 1]
FIRATE 14 0.2385714 0. 6189055 0 2.,2800000
TRATE 14 1.2050000 2.6930907 0 9.4500000
WRATE L4 0.0905357 0.2492068 ] 0.8775000
DRATE 14 0.6257141 1.3901520 0 4.72500C0

Ramp Type= Off Urban/Rural =Rural DESCR=loopnoleftd

Variable N Mean Sed Dev Minimum Maxirwm
TACC 11 0.6363636 1.2060454 a 3. 0000000
FACC 11 0.0909091 0.30151123 0 1.0000000
IACC 11 0.4545455 0.9341987 0 3, 0000400
FLACC 11 0,5454545 1.0357255 Q 1.0000a00
MVRCC 11 0.0909091 0.3015113 0 1.0000000
WACC 11 0.0909091 0.3015113 0 1,0000:000
DACC 11 0.0905091 0.3015113 0 1.0000200
V0oL 11 0.6000000 0.7523297 0 2.4000000
RVOL 11 0.6572727 0.8327916 0.0200000 2.6600000
FRATE 11 0.0915455 0.3036219 1] 1.0070000
FIRATE 11 4.4990909 13.6710688 o 45, 6600000
TRATE 11 4,5905091 13, 6580653 0 45.6600000
WRATE 11 Q.0581515 0.1829169 1] D,6066667
ORATE 11 ¢.0551515 0.1829169 0 0.6066667

Ramp Type= Off Urban/Rural =Rural DESCR=restarea

Variable N Mean Std Dev Minirm Maximm
TACC 119 1.4453782 2.2349211 0 11. 00000500
FACC 113 0.0084034 0.09166%8 0 1. 0000000
IACC 119 0.1512605 0.4041869 0 2. 0003400
FIACC 119 0.1596619 0.4113474 0 2.0006000
MVACC 119 0.9495798 1.7066606 0 9.0000000
WACC 119 0.0924370 0.2908665 0 1.0000000
DACC 119 0.6134454 1.1055273 ¢ 7.0000000
IOL 119 1.3193277 1.4120713 0 6.3000000
RVOL 119 1.4410924 1.5374653 [+] 6.9000000
FRATE 119 0.0020168 0.0220008 0 Q. 24000400
FIRATE 119 0.1384874 £.5055315 0 3.1100000
TRATE 119 2.1096639 7.7883665 1] 78.2700000
WRATE 11% 0.04534%43 Q.,1522043 0 0.7000000
DRATE 11% 1.0227620 «-1060696 0 39.1250000

Ramp Type= O0ff Urban/Rural =Rural DESCR=scissors

Variable N Mean Scd Dev Minimum Maximum
TACC ki 1.7027027 2.2343886 ] #.0000000
FalC 37 0.0270270 0.1643990 Q 1.0000000
IACC 37 0.7837838 L.0576477 0 1. 0000000
FLACT 7 0.8108164 1.0498105 Q 3.0000000
MVACC 7 1.0810811 1.3764384 Q 7.0000000
WACC 37 0.1351351 0,3465835 0 1.000200Q
DACC 7 0.6756757 1,1560001 0 6.0000000
xeL a7 1.5864865 1,3258270 Q.1000000 7 .0000000
RVOL i7 1,7275a476 1.4555324 0.0500000 7 .6700000
FRATE 37 0.0667027 0.4057367 0 2 ,4680000
FIRATE 7 0.5532432 0.68636741 Q 4.12003040
THATE 37 1.188108] 2.4513317 [ 14.4200000
WRATE 7 0.0692342 0.1671631 0 0.7900000
DRATE a7 0.6037741 2.0436827 0 12 .3600000



Appendix B Descriptive Statistics on Individual Ramp Configurations

Ramp Type= Off Urban/Rural =Rural DESCR=slip3
Variable N Mean Std Dev Minlsas Max i mgm

Yariable N Mean Std Dev Hinkmem Masximmmm
TR 1 [+] a 0
Falcc L a 0 u}
AT 1 o] 4} o]
FLACC 1 0 a 0
MVACC 1 0 Q o]
WACC 1 0 . 0 @
DkC 1 Q - [+] ]

L 1 0.10C0000 s 0.1000000 0.1000000
VDL 1 Q. 0BHG00 H 0. CECDOI) 0.0800000
FRATE 1 o} . 0 Q
FIRATE 1 o 0 Q
TRATE 1 Q a 0
WRATE 1 0 , a 0
DRATE 1 0 0 Q

Ramp Type= Off Urban/Rural =Rural DESCR=split

Variable N Mean Sed Dev Minimmm Maximim
TAIC 2 1.0000000 1.4142136 0 2.0000000
FAOC 2 Q Q o] 0
IACC 2 L. 0o00000 1.4142136 8] 2.48000000
FIAalC 2 1. 0003060 1.4142136 0 2. 0000000
MVACT 2 0, 5030000 0.7071068 0 1.0000000
WACC 2 0. 5004000 0.7071068 0 1.0000000
i e 2 0 /] 0 1]
DL 2 7.0500000 6.7175144 2.3408000 11.8000000
RVCL 2 7. 70493000 7.18219%48 2.4300000 12.9200000
FRATE 2 0 L] [+] 0
FIRATE 2 0.0750400 Q.1060660 ] 0.1500000
TRATE 2 0.07504900 0.1060660 0 0. 1500000
WRATE 2 0.0375000 0.0510330 [+ 0.0750000
DRATE 2 ¢} 0 [+] 0

Ramp Type= Off Urban/Rural =Urban DESCR=buttonhook

Variable N Mean Sed Dev Minimum Max i mum
TRCC 299 5.4108216 5.672589% u} 42 .0000000
FALC 499 0.0160321 2.1257248 [b] 1.00CQ000
IACC 299 1.8296593 2,39750%8 0 19, 0000000
FIACT 499 1.8456914 2.4111181 0 19.0300000
MVACC 499 3.2184369 4,3669971 0 30. 0000000
WACC 499 0.,8396794 1.6520490 0 24.0000000
DRCC 299 1.8416814 2.3722344 a 25.0000000
XvOL 499 4.7458918 31.8627765 o] 22.9000000
RWOL 499 5.0327455 4.2256676 Q. 0350020 25. 0800000
FRATE 499 G.0114790 0,1288163 9] 2.1230000
FIRATE 499 0.5677756 1.2226280 0 L4.%900000
TRATE 499 1.6131864 2.6071293 Q 33.7700000
WRATE 499 0.2634204 0.8534159 4] 13,5080000
DRATE 499 0.5802%522 1.3424963 0 18.260000Q
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Appendix B Descriptive Statistics on Individual Ramp Configurations

Ramp Type= Off Urban/Rural =Urban DESCR=diamond3

Variable N Moan Sed Dev Minimun Maximm
TACC 160 6.6937500 6. 1859091 0 37. CRO0000
FACC 160 0.0375000 0. 1505800 Q 1. 0000000
IACC 158 2.6625000 2. 9670887 0 19. CGORO0CD
FIAQC 180 2.7000000 2,%923311 0 19 . ¢000000
MVACC 1&D %.1437500 5.5010257 0 35.¢a00000
WACC 150 0.59337500 1, 79970595 1] 12. 0400000
DACC 160 1.7375000 2. 1026713 1] 12 . 4200000
xXxval 160 6.B331250 5.3123059 0.5000000 29, 2000000
RVOL, 160 7.3558750 5.84539524 0.5400000 32.0160000
FRATE 160 0.0111125 0.0856336 1] 1.0150400
FIRATE 160 2.4668750 0.6671560 4] 6. 0900000
TRATE 160 1.1195625 1.3669823 Q 9. 8300000
WRATE 160 0.1518493 Q.3454330 "] 3.01000800
DRATE 150 0.2915496 0.3768905 0 1. 55404000

Ramp Type= Off Urban/Rural =Urban DESCR=diamond4

Variable N Hean Std Dw Minires Maw i mum
TACC 2193 9.3693570 10.83437¢6 Q 99.0C00000
FACC 2191 0.0259918 0.1619882 o 2.0000000
TACC 23191 31.9010448 4,6318640 0 46 . 0000500
FLACC 2193 3.9270406 4.6461627 o 460000800
HYVACC 2193 7.9844961 10.1331346 ] 98 . COO0200
WACC 2193 1.3210214 2.3668946 [+ 33.Co0ncan
DACC 21913 2.5253078 1.0871500 [+] 22.000aape
XVOL 2193 6.1149111 4.6661472 0.1000000 45.0000900
RVOL 2193 6.5119535 5.0997772 0.010000¢ 492800000
FRATE 2193 0.0062535 0.0749332 L] 2.9780000
FIRATE 2191 0.7665253 2 .567T951% 0 96.0800000
TRATE 2191 1.9674008 7.676T981 0 196. 3900000
WRATE 2193 0.2645482 1.4687084 0 54.1050009
[RATE 2193 0.5596604 2.8390527 0 94, 0440000

Ramp Type= Off Urban/Rural sUrban DESCR=dir/semi3

Variable "N Mean Std Dev Minimum Maximun
TACC 163 5.4710744 8.7416015 0 117.0000000
FaCC 363 G.046A320 0.2362451 ] 2.0400000
TACC 3161 2.0798898 3.0104253 0 26, 0000000
FIACC 3163 2.1267218 1.0266636 0 26. 0000000
MVALC 16} 2.7217631 4.7567626 0 32, o000
WACC 163 1.0192R837 1.%867413 i} 14 . 0000003
BACC 163 2.3498623 5.0299016 0 82.000CO00
XVOL 163 13.1752066 11.7355291 0. 1000000 64 ,0000000
RVCL 163 13.95916253 12.9668716 0.0804000 7¢.0800000
FRATE 363 0.0035014 0.0211857 aQ 0.2370000
FIRATE 183 0.l884848 0.2661193 1] 2.6a00000
TRATE 383 0.4555372 0.6696474 0 9. 1300000
WRATE IEd 0.0832336 0.1470661 0 1.1175000
DRATE 383 0.1898803% 0.3124045 ] 3.6520000
Ramp Type= Off Urban/Rural =Urban DESCR=dir/semid
Variable N Mean 5cd Dev Minirmmm Maximm
TACC 87 5,6692506 6.6946085 0 47.0000000
FACC 387 0.0310078 0.1878975 0 2,0000000
IACC 187 2.2144701 2.7500348 Q 23, 0000000
FIACC 187 2.2454780 2.7886147 0 23.000000C
MVACC 387 3.9431525 5.9395343 0 47.0000000
WACC 387 0.8087855 1.4122430 a 11.0000000
DACC 187 1.7545220 2.1878608 0 18, 0000000
XVOL a7 6.1586561 4.8878401 s ] i4.000g000
RVOL 387 B.6673902 5.313927% 0.08500000 17.2300000
FRATE 387 0.0057364 0.0652740 Q 1.218C000
FIRATE 387 0.4249354 0.6717873 4] 7,6106G000
THATE 187 1.0619121 1.4592982 0 15.2200000
WRATE 287 0.13313667 0.24664853 0 1,8800000
DRATE 87 0.3272626 0.49184384 o] 3, 8066667
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Appendix B Descriptive Statistics on Individual Ramp Configuralions

Ramp Type= Off Urban/Rural =Urban DESCR=direct

Variable N Haan std Dev Mirilenmm Maximum
TROC 260 B.7040000 12.1543117 0 B3 . 000000
FROC 250 0, 1180000 0.3989746 0 1, 0900000
IACC 250 3.1440000 4.1762457 Q 25, 0000000
Flaoo 250 3. 2600000 4.32982%6 0 27, Da00na0
b T 450 4. 3600000 8.6405481 4] 67 . 00000ad
WACT 251 1. 3368000 31.5403446 o 31 - 00400ac
(15,1 o 250 320000006 4.91943512 it 42 . 0003000
iyl 250 15.13152000 11.2061224 D AG . O0CReaa
EWOL 250 160500800 14. 5995841 L] A7, G00LH09
FRATE 250 0.08%13860 0.0%34637 0 0, 3850000
FIRATE 250 0. 3070830 0.8322610 o 10. 0000000
TRATE 250 L. 0975200 £.9351034 0 1. 3300000
WRATE 250 0.1399853 0.3166131 U] 3.7515789
DRATE 250 0.2323961 0.%5410222 (3] 7.5031579

Ramp Type= 0ff Urban/Rural =Urban DESCR:loopleﬁpa

Variable N Hean Std Dev HMinimam Moo L emim
TROC 12 7. 000000d 9.0453403 & 32.0000000
FACC 12 4] 0 ¥ [}
IACC 12 1.7500000 2.3011855 (i) 8. 00030600
FLALT 12 1. 7500000 2.30118585 i} 8. 000CC00
MUALC 12 5.8333333 9.0134580 0 31,06000000
WACC 12 0.8333333 0.8348471 o 2. 0000000
DACC 12 1.3331333 1.5659979 0 5, 0000000
Xt 13 5.5916647 5. 352762] 0.5000000 22, 0000000
RVCL 12 61143647 .5253651 0.5100000  24.0200000
FRATE 12 o 0 0 ¢
FIRATE 12 0.3966687 0.5912244 i} 1. 9700000
TERTE 12 1.010a000 0.6495117 4] 1. 9708000
WEATE 12 0.1699033 0.2101437 o 05700000
DEATE 12 0.3134090 0._.3306719 0 1.1400000
Ramp Type= Off Urban/Rural =Urban DESCR=loopleft4
Variable N Mean Std Dev Minimum Maximum
TRCC 185 7.20106811 7.9205922 6 39.0000000
FRoT 188 0.0162162 ©.1266489 0 1.00000040
AT 185 2.7297297 3.1142087 0 17.0000000
FIACC 185 2. TE59459 3.1094636 +] 17.00Q0000
MVACC 185 5.0270270 6.5958093 0 31.0000007
WALT: 185 1.0162162 1.5758906 0 10.0000000
DRCT 185 2.2810811 2.7695783 [+] 18, 00000045
WVOL 185 5.3344595 1.9016036 0.1000000  22.0040003
RVOL 185 5.6355919 4.3454501 0.0800000 241300005
FRATE 185 0.00750%4 0.0862270 0 1.1610000
FIRATE 185 ©.7392432 2.1656808 ¢ 27.4000000
TRATE 185 1.6637297 3.1605463 0 36.5300000
WRATE 185 0.1916954 0.3227278 a 2.3725000
DRATE 185 0.5903754 1.1866396 0 9. 1325060
Ramp Type= Off Urban/Rural =Urban DESCR=loopnoleft3
Yariable N Hean Scd Dev Hininm Masimm
TACC 111 5. 6717557 6.2590768 0 32.0000900
FaCC 131 0.0229008 9.1501614 0 L.0004000
IACC 131 1.5083969 2.01322710 0 10.0000000
FIACT 131 1.9312977 2.0199661 0 10.0000000
HUROC 131 2.6412214 4.2154819 0 21.00000€0
WACT 131 1.1374046 2.3195047 o} 19 .0000000
DACC 131 1.9618321 2.2647961 0 13.8000000
XVOL, 131 6.9761359 5.3137388 0.1000030 28 C00BGCO
R 131 7,3060305 5.4927639 0. 1600CC0 24.2000000
FRATE 131 0.0027919 0.0223051 Q 0.2400000
FIRATE 131 0.3176336 0.4173042 o 2.2500000
TRATE 131 0.8915247 0.9091564 Q 5.2600000
WRKTE 131 0.207B579 0.5534739 0 4.9800800
DRATE 131 0.3152949 0.4076692 o 2.2506900
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Appendix B Descriptive Statistics on Individual Ramp Configurations

Ramp Type= Qff Urban/Rural =Urban DESCR=loopnoleftd

Ramp Type= Off

Variable M Mean Std Dew Minirum Maximum
TR 255 7.5803922 2.56579C2 Q 42.0000000
FACT 255 0.0156863 Q,1245030 Qg 1.C000000
TA0C 255 2.7137255 3.5891909 o] 30.GQ00000
FlaoC 255 2.7294118 1,60%0053 Q 30.0000C00
MURDC 255 5.3529412 A.8651034 0 78.0000C00
WRCC 285 1.2666667 2.14610618 0 17.0000000
DACT 255 2.0627451 2.4583107 0 17.00000C0
XCL 255 5.7266667 3.8102631 0.2020000 27 .8000C00
RVOL: 255 6.1716471 4.1823531 0.17004Q00 30.4400000
FRATE 255 0.0041176 0.0403884 0 0.57100C00
FIRATE 255 0.4759608 0.5579467 0 3.11000¢C0
TRATE 255 1.2716863 1.2898174 0 8.900C000
WRATE 255 0.2029027 0.3089501 Q 2.030G000
DRATE 255 0.3505607 0.4084097 Q 2.49C000Q0
Ramp Type= Q0ff Urban/Rural =Urban DESCR=restarea
Variable N Mean St D Hinimen e M
ThRCC 1] 2.5750000 3.1040709 [+] 14 .0000000
FACC 40 D.0250000 0.158113% 4] 1.0C00¢000
1400 a0 0.3750000 0.7741828 0 3.000000¢
FLAIC 40 0.4000000 0.77785%99 0 3.000000¢0
MVACC 40 1.7300060 2.9369442 Q 14 .0000000
WhOC 4a 0.200000Q 0. 4050957 4] 1.0000000
DaCT 40 0.9250000 1.31085028 4] 5.0000000
VoL 40 2.2975000 2.5231734 4] 9 .600G000
RVOL, 40 2.5100000 2.7606326 Q 10.5100000Q
FRATE 40 0.05%600Q 0.376%415 0 2.3840000
FIRATE 49 0.5227500 1.5333188 4] 9.0400000
TRATE 40 2.0845000 3.4797487 4] 18.0800000
WRATE 40 0.2923453 1.431619% 4] 9, 0400000
DRATE 40 0.89084646 1.7703154 Q 9.0400000
Ramp Type= QOff Urban/Rural =Urban DESCR=scissors

variable N Hean 5td Dev Hinimum Maximm
THEC 135 4.9407407 4.9742065 0 23, 0000000
FACC 1315 0.0296296 0.1701948 Q 1. 0000000
a0 135 1,7259259 2.0494990 0 11.0000000
FIacC 115 1.,7555556 2.060526% 0 11.000000C0
MVROC 135 Z.8414815 3.T087712 i ] 18 . 0000000
WACC 135 0.9518519 1.5670036 9] %, 0000000
DACC 135 1.7703704 2.0440695 0 12. 000000
XVoL 135 5.419259% 4.1649120 0. 2000000 21.0000000
RVOL 135 5.9762222 4.5704275 0.1500000 23,0300000
FRATE 1315 0.066%704 0.0479944 +] Q.4810000
FIRATE 135 0.4678519 D.8034964 0 5.1700000
TRATE 135 1.1990370 1,4885929 0 7.4800000
WRATE 135 0.2167232 0.4840192 a 3.4250000
DRATE 135 0.46%4709 0.8711206 ] 6.23333133
Urban/Rural =Urban DESCR=slip3

Variable N Mean Std Dev Hinimm Max |
TACC T9 2.6962025 4.0330507 0 17.0000000
FACC 79 0.0379747 0.1923564 0 1.0000000¢
IALCC 79 Q.8481013 1.3017602 0 7.0C00000
FIACC 79 0.8860759 1,.3396071 Q 7.0Q00000
MUVRCC 79 1.%9367089 1.4094205 Q 16.0000000
WACT 79 0.5063291 1.27975748 0 %.0000000
DR 79 0.9240506 1,5087110 [1] 7.0000000
b an 79 13.9556962 14.939585%¢6 Q.102Q000 73.1000000
HVOL 79 14.8993671 16.5906629 0.0800000 B0O. 0500000
FRATE 79 0.1152532 1.0172272 0 $.0420000
F1RATE 79 0.3558228 1.7000246 Q 12.2%00000
TRATE 79 0.5165823 1.7088059 Q 12.2908000
WRATE 79 2,04360948 0.1188707 0 G .7000000
DRATE 79 0.2118783 1.0303544 0 9.0400000



Appendix B Descriptive Statistics on Individual Ramp Configurations

Ramp Type= Off Urban/Rural =Urban DESCR=slip4

Variable N Mean std Dev Miridnam Mo i mim
TAOC 96 3.3958333 3.9349424 a 19.0000000
FACC a6 0.01041587 .1020621 b} 1, 0000000
TACC 36 1.2604147 1.4B885160 0 7.04000000
FIACC 96 1.2708333 1.5112154 ] 7. GOOLO00
MVACC 96 2.58132333 3.2008771 a 16, Co09000
WACC 11 0.59375C0 1.4979152 0 11. 00065000
DACC 95 1.2083333 1.7285G20 Q 9. 0GO0000
XWoL 96 9.02081250 6.B731314 0, 7000400 50, 0000C00
RVOL 96 9.7757292 7.6103671 0. 7ROOCGD 54.7500000
FRATE 96 0.000427083 0.0041845 Q 0.0410000
FIRATE 96 0.1864583 0.2947255 0 1.%9100000
TRATE 56 0,4558313 0.6523152 o 4.4200000
WRATE 96 0.0755679 0.1799204 0 0.9100000
DRATE 36 0.1464949 0.2267652 ] 1.1775000

Ramp Type= Off Urban/Rural =Urxban DESCR=split ----—————=—~-—-——— -~ m = —

Variable N Mean Scd Doy Minimum Masim
TACC 522 5.4521073 $.9112475 0 92.00350C00
FaCC 522 0.0363985 0,2069261 0 2.00C0000
IACC 5é2 1.7605364 3.01597138 0 30,000000C0
FIACC 522 1.7969349 3.0531049 0 31¢.0000C00
HVACC 522 3.7432950 7.9378103 a 90.0000000
WHCC 52 0.8H12261 3.1036589 0 58.0000000
DACC 522 1.9923372 1.,8273612 0 37.0000000
VoL 522 19,.63444828 1%.2471576 0, 1000C00 99,5000000
RVOL 522 20.1913027 16.0025263 0. 0200000 91.7600000
FRATE 522 0.0036954 0.0495117 4] 1.0740000
F1RATE 522 0.1074138 0.3070750 Q 1,7500000
TRATE 522 0.2833333 0.6468865 Q 8.9200000
WRATE 52 0.0383917 0.1062506 0 1.3200000
DRATE 522 0.1021197 0.2384433 ] 3.2200000

Ramp Type= ©On Urban/Rural =Rural DESCR=buttonhoock

Variable i Mecan Scd Dev Miniman Ay immm
TALC 109 0.6055046 1.3334607 Q 8.0000000
FACC 109 0 0 [¢] Q
TACC 109 0.2110092 0.5785261 [} 3.0000000
FLACC 109 0.2110092 0.5785261 [+] 31.0000000
MVACC 109 0.4587156 1.2287611 Q@ 8.00000C0
WACC 109 0.0550459 0.2291232 aQ 1,0000000
DACC 109 0.1192661 0.3528920 (¢} 2.0000000
XVCL 109 0.9642202 1. 1480679 0 5 .5000000
RVOL 10% 1.0495413 1.2534607 0.0200000 &.0600000
FRATE 109 0 ] o] 0
FIRATE 109 0.2535780¢ 1.0168265 o 7.5%400000
TRATE 109 1.191100% 5.1214439 0 49.8200000
WRATE 109 0.0627248 0.4296977 [¢] 4.3560000
DRATE 109 C.6067164 4.8017690 0 4% .8200000
Ramp Type= On Urban/Rural =Rural DESCR=diamond3
Variable N Mean Scd Dev Mi i mem ¥ax imum
TACC 78 0.6025641 1.3420254 [} 10.0000000
FACC 74 0 [¢] 0 ]
IACC 78 0.2307692 0.7548062 0 6.0000000
FILACC 78 C.2307692 0.7546062 0 6. 0060000
MVACC 78 0.1666667 0.4082483 ¢} 2.,0000000
WHEC 78 0.0512821 0.2743321 Q 2,0000000
DACC 78 0.2435897 0.5390202 1] 2.0000000
MVOL 748 1.3756410 1.2208157 a 4.6000000
RVOL 78 1.5082051 1.3355496 ¢.0200000 5.0700000
FRATE 78 0 o] i} (+]
FIRATE 7B 0.186025¢ 0.6186377 a 4.1700000
TRATE 78 0.4715388 1.0527356 a 6.9600000
WRATE 78 0.0375897 0.2106962 Q 1. 3920000
DRATE 74 0.1502607 0.3966029 0 2.0800000
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Appendix B Descriptive Statistics on Individual Ramp Configurations

Ramp Type= On Urban/Rural =Rural DESCR=diamond4
Variable N Mean Sed Dev Minimmmm Maximin
TAOC 759 0.4479578 1.0142092 1] 9. 0000000
FaDC 759 Q.0026350 0.0512988 o] 1. 0000000
1ACT 759 0.1581028 0.4886950 ] 5._000000¢
PIACC 759 0.1607378 0.4932125 0 5. 0006000
MVACT 758 0.2542819 0.7755529 o] 7. GOT0000
WalC 159 0.0474308 0,2417299 0 3.0050000
DACC 759 0.1475626 0.4615464 [»] 4 .000Cogo
AVOL 759 0.8096179 1.13992091 )] 11. 30040000
RVOL 759 0.872476% 1.2427067 0.0100000 12.3400000
FBATE 759 0.0068419 0.1649592 o] 4.4910000
FIRATE 758 0.2826087 1.6227174 4] 26 . 090000
TRATE 759 0.8111199 1.5156941 a 68 4900000
WRATE 75% 0.1144566 1.2941216 0 23.8300000
DRERTE 759 0.2643806 1.5125195 (4] 23.8300000
Ramp Type= On Urban/Rural =Rural DESCR=dir/semi3
variable N Hean Sed Dav Minimum Mast | fimam
TACE 41 0.9268293 1.438579% 4] 6. 0000000
FRIC 41 0.0243902 0.1561738 1] 1. 0000000
TADC 41 0.4878049 1.2066887 Q &, 000000
FIACC 41 0.5121951 1.2066887 Q & 30000
MVACC 41 0.2682927 0.5012180 0 4.0000000
WACC 41 0.1951220 0.45%3208 4] 2. 0008000
DROC 41 0,3658537 0.,3875837 (4] 5. 000000
XJoL 41 2. 1878049 2.4864808 Q 10. 6000000
RVOL 41 2.393658% 2.7274665 0.0300Q00Q 11.6400000
FRATE 41 0.0032683 0.0209273 a] 0.1340000¢
FIRATE 41 0.4875610 L.6754325 (4} 10, 1500000
TRATE 41 Q.,6992681 1.7003785 Q 19, 1500000
WRATE 41 Q.08743%0 0.1655790 [¢] 0.6100000
DRATE 41 0.4046341 1.6359082 4] 10.1500000
Ramp Type= On Urban/Rural =Rural DESCR-dir/semid
Variable N Menn Szd Dev Minimm Maximum
TACC 65 0.6153846 1.1949413 0 7.c000000
FALC 65 0 V] 0 0
IACC 65 0.2615385 0.7131997 b] 4.000000C0
FIACC 65 0.2615185 0.7131997 0 40000000
MVACC 65 0.2769231 0.9602684 0 7.0090000
WACC 65 0.1538462 0,4412611 o 2.0000000
DACC 65 0.2153846 0.5151549 0 20006000
KoL 65 1.2969231 1.3763374 r] 5. 0000000
RVOL [ 1.39346923 1.4777248 0.0200000 5.4800000
FRATE 65 0 [H] u] Q
FIRATE 65 0.8681538 4.2318402 a 310.2140000
TRATE 65 1.0867692 4.2699580 0 30.2100000
WRATE 65 0.0872125 0.29%00626 a 1.717142%
DRATE &5 0.1116484 0.2984670 0 1.7171429%
Ramp Type= ©On Urban/Rural =Rural DESCR=direct
Variable N Hean Std Dev M1nimam Maximman
TACC 20 1.2000000 1.8524521 a #.0000C00
FACC 20 0 0 Q 0
IACC 20 0.4000000 0.50262a7 ] 1.0000000
FIAOC 20 0.4000000 0.5026247 ] L.0000000
HVACC 20 0,4500000 0.6048053 ] 2.0000000
WADC 20 0. 1500003 0.4891605 Q 2.0000000
DACT 20 C. 4000000 0.9403247 Q 4.00CC500
LW, 20 4.925G000 6.3806348 0. 2000000 25,5000000
RYOL 20 5.3905000 6$.9885007 0. 2300000 27.9%200000
FRATE 20 0 Q Q a
FIRATE 20 0. 1405000 0.3017401 ] 1.30C00Q0
TRATE 20 Q.4000000 0.6008678 0 1.94C0000
WRATE 20 0.0322500 0.1123859 0 0.48590000
DRATE 20 Q. 1535000 0.3589645 o} 1.30000C9
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Ramp Type= On Urban/Rural =Rural DESCR=loopleft3
Variable N Hean Std Dev Minlisees Mancimum
TACC 7 0.7142857 07559289 0 2.0000000
FNCC 7 0 [+] 0 o]
TACE 7 s] 1] 0 a
FIALCC ? 0 o 0 0
MUACC 7 0.1428571 0. 3779645 0 1.0000000
WAoo 7 0 0 0 a
LA 1 0 0 o 0
AVOL 7 1, 1008000 0.9380832 & 2.6000000
RVOL 7 1.1924571 1.06056294 & DS00Q0D0 2.8100000
FRATE 7 0 4] 0 0
FIRATE 7 0 o 0 o
TRATE 7 0.6528571 0.8438545 a 2.0000000
WRATE 7 0 0 0 o
DRATE 7 0 0 0 0
Ramp Type= On Urban/Rural =Rural DESCR=loopleftd
Variable N Mean Std Dev 101 ma Max imum
TACC 72 0.58333313 0.96043870 0 4 .,0000000
FASC 72 0.0138889 0.1178511 o 1.0000000
IaCC 72 0,2361111 0.4594257 0 2, 0000000
FLAT 72 0.2500000 0.4964664 0 2.0000000
MVAHCC 72 0.4027778 Q.7250007 0 3. 0000000
WACC 72 0.0972222 0.2983392 0 1,0800000
DRXC 72 0.1388889 0.3865906 0 2.0000000
oL 72 1.1013889 1.2942444 0 8.B000000
RO 72 1.2002778 1.4084333 0.0300009 9. 6000000
FRATE 72 0.0044444 0,0377124 ] @.3200000
FIRATE 72 0.4768056 2.6967084 0 22 .8300000
TRATE 72 0.8334722 2.8771159 0 22.8300000
WRATE 72 0.061%444 0,2298952 0 1,2850000
DRATE 72 0.0731944 0.22280%1 0 1.0850000
Ramp Type= ©On Urban/Rural sRural DESCR=loopnoleft3
Variable N Moan Std Dev Minimm Maxium
TACC 21 1.2380952 3.2543012 0 I15.000600G0
Facc 1 0 0 o 0
IACT 21 0.4285714 1.53529489 4] 7.0000Q0090
FTACE 21 0.4285714 1.5352989 Q 7.000Q0000
HVACC 21 0.2380952 0.8490873 0 4.0000000
WACC z1 0.4285714 1.1212238 0 5.0000000
Dace 21 0.0952381 0.4364358 a 2.0000000
HVOL 21 1.3142857 2.7492337 o 10.0000000
RVOL 21 1.4338095 3.0242825 0.0300000  10.9300000
FRATE 21 4] 0 (4] 0
FIRATE 21 0.1504762 9.41031959 4] 1.6200000
TRATE 21 0.8385714 1.4136346 0 5.6000000
WHRATE 21 0.4510317 1.286053¢ (4] 5.6000030
DRATE iyl 0.0086984 0.0398611 (4] 0,1826667
Ramp Type= On Urban/Rural =Rural DESCR=loopnocleftd
Yariable N Hean Srd Gev Hindmum May i mum
TACC 34 0.5294118 1.4613256 0 7.0000000
FACC 34 0 0 0 0
IACC 34 0.1764706 0.4586270 0 2.0000000
FIACC 34 0.1764706 0,4586270 0 2., 0000000
MVACC 34 0.1176471 0,3270350 0 1.0000000
WACC 34 0.2647059 1.1364171 0 6. 0000000
DACC 33 0.0882353 0.2879022 a I.000Q000
ACL 34 0.6970588 0.9366236 a 3.8000000
RVCL 14 0,7385294 1.0194477 0. 020¢000 4.1600000
FRATE 34 0 ] 0 ]
FIRATE 34 0.3950000 1.4724670 0 4.0600000
TRATE 34 0.6979412 1.8789533 0 d. 0600000
WRATE 14 0.1729664 0.7524581 0 4.0340000
DORATE 35 0.2931513 1.3810035 0 8. 0600000
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Ramp Type= On Urban/Rural =Rural DESCR=restarea
Variable N Maan Std Darv Minimun Mo h e
TACC 118 0.5762712 1.1723800 0 &. 3000800
FACC 118 L] 0 0 [s]
TALCC 118 0.0593220 D.2372138 Q 1. 9040000
FIACC 11g 0.0593220 0.237231a Q 1.000C0080
MVARCC 118 0.4067797 0.9717135 Q 8. 0000000
WACC 118 0.0254237 0.158073% ] 1. 0000000
DACC 118 0.3050847 0.9291493 0 8. 0000000
VOL 118 1.3313559 1.3913410 a 6.3000000
RVOL 118 1.4538983 1.5154611 0.0100000 6. 9000000
FRATE 118 (4] 0 4] 0
FIRATE 118 0.7870339 7.6395954 0 A2,9400000
TRATE 118 1.4667797 9. 6516262 0 B2.0400000
WRATE 118 0,.0873051 0.%355936 o 9., 0420000
DRATE 118 0.9024294 7.6404105 0 B2,%400000
Ramp Type= On Urban/Rural =Rural DESCR=g8cissors
Variable R Mean Scd Dev sinimam Maximum
TACC 16 0,4166667 0.6491753 0 2. 0000000
FACC 6 Q 0 [¢] ¥]
IACC i6 0.0833333 0.316831942 Q 2. 0000090
FIACC k13 0.0833333 0.3683942 Q 2.0000020
MVACC 8 0.2500000 0. 5020000 0 2.0000200
WACC 38 0.0555556 0.2323107 o 1.0000¢00
DACC 16 0.0555556 9.2323007 Q 1.0000000
XVOL 36 1.1006000 0.97423%4 0. 1000000 3. 8000000
RVOL 6 1.1969444 1.0651213 0.1100000 4.2000009
FRATE 16 o 0 0 0
FIRATE 16 0.0769444 0.3643297 o 2.1000060
TRATE 16 0.6972222 1.4240377 0 5.5300000
WRATE 6 0.0411111 0.1872018 0 1.0500000
DRATE 36 0.0780556 0.3372a78 o 1.7600000
Ramp Type= On Urban/Rural =Rural DESCR=glip3
Variable H Mean Std Dev Minimamn Faot i mem
TACC Q
FACC 0
IACC 0 .
FIACC 0
MVACC 0
WACC 0 .
DACC 0
KVOL 0 .
RVOL Q
FRATE 0
FIRATE 0
TRATE 0
WRATE 0
DRATE 0
Ramp Type= On Urban/Rural =Rural DESCR=slip4
Variable N Mean Std Dev HMinimm Mawimum
TACC 1 Q [} 0
FACC 1 o 0 0
IACC 1 o 0 0
FIACC 1 Q Q 0
HVACC 1 0 0 s}
WACC 1 0 0 0
DACC 1 o] . Q 0
oL 1 11,7000000 . 11.7G00C00 11.7000C20
RVCL 1 12.7800000 . 12.7800000 12,7800000
FRATE 1 0 . 0 0
FIRATE 1 0 . 0 0
TRATE 1 0 0 0
WRATE 1 0 a 0
DRATE 0 a 0
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Ramp Type= On Urban/Rural =sRural DESCR=split

Variable N Mean Std Dev M i e Faximim
TROT 3 0.3333133 Q.5773503 o 1.0000000
FalC 3 (V] o 0 o
INCC 3 [+ 0 0 o
FlacD 3 1] 0 0 1]
NVROC 1 0 0 [+] 1]
WhCS 3 0.3333333 0.5773503 0 1.0400000

e 3 Li] Q o 0
AL 3 4 .8666667 0.9191573 3. 8000900 5.5000000
FVEL 3 S. 3000000 0.9945351 4. La000en 5.9900000
FRATE 3 4] V] 9 o
FIRATE 3 L] +] ¢ 0
TRATE 3 0, 0568867 0.0981495 0 0.1700000
WRATE 5 0.0566667 0.098149% L+ 0.1700000
[HATE 3 7] Q L] o

Ramp Type= On Urban/Rural =Urban DESCR=buttonhook

Varisble N Mean St D Minimm Maximam
TR 460 2.8152174 4.4880647 0 $1.0000000
FACC 460 0.013043% 0. 1135643 0 1,0000000
AT 460 1.0021739 1,7156195 0 11, 0000000
FiaCC 460 L.0153174 L.72h%448 0 11, 0000000
WRCC 450 2.2065217 4.0678E27 0 4%, 0000000
WA 450 0.4695632 1.07108235 0 14 . 0000000
nacC 460 Q. 7826087 1.2561430 1] 8. 0400000
oL 460 4.61586%6 3. E4RIVED 0 21, 9000000
RVCL 460 4.88%46304 3. 9506633 0.0300000 23.9R80000D
FRATE 460 0, 0045196 0.0583989 0 1.171002¢
FIHATE 460 0.2289565 £.5204801 o 6.990000¢
TRATE 460 0,7879348 2.83952068 0 54.,7900000
WRATE 460 0.1044082 0.4671305 0 9.1316667
ORATE 460 0.2123784 0.7013309 0 - 9.1316667

Ramp Type= On Urban/Rural =Urban DESCR=diamond3

Variable N Maan Std Dey Minimum Meximon
TRDC 117 Z2.4529915 3,0300100 1] 18, 0000000
Falt 117 0.0256410 0.1587417 Q 1.0000000
TACT 117 0.8547009 1.3407728 0 8.0000030
F1acC 117 0.REDI419 1.3656020 1] 8. 0040030
MVACC 117 1. 7008547 2.6022050 0 16.0000000
WROC 117 0. 4288004 0.9413869 0 5. 0000000
naoc 117 0.9059829 1.3832926 0 %.0000000
XUoL 117 5.6675214 4.3474493 0.2000009 26, 5000020
Ryl 117 6.0690598 4.76823572 0.25%00000 29.0260000
FRKTE 117 0.0081282 0.0582421 0 0.50T0aED
FIRATE 17X 0.1833846 0.3209188 0 1.7400000
THATE 117 0.4611966 0.6186389 0 4.78000C0
WEATE 117 0.0580635 0.119%8827 0 0.6100000
[EATE 117 0.1630225 0.2665691 0 1.8300000

Ramp Type= On Urban/Rural =Urban DESCR=diamond4

Variablae N Mearn Std Dev Mintmam Maximm
TACZ 1825 4.7452055 5.8692124 Q 51.00004020
Faoe 1925 0.0131507 0.1139511 o 1. 08000440
JACC 142 1,841008585% 2.5887660 0 23.0000000
FIADC 1825 1.8542464 2.601043 0 23 . 0000000
MVALC 1925 3,9041095 5.3341391 0 46 . 00da0D
WROC 1825 0.7150685 1.470438% 0 18, 0000000
BACT 182% 1,4043836 2.1720873 0 26, 0000000
O 1825 5.82080548 4.4483392 0 45, 0000030
RVOL 182% 6.1903342 4.8358753 0.0100000 49 . 2800000
FRATE 1825 0. 0032460 0.0490180 V] L.77930000
FIRATE 1825 0,.31B3ELL0 1.3121398 0 30.4400000
TRATE 182% 1.0%67123 5.9605134 0  234.4500000
WRATE 1825 0.1393%05 0.6:355333 0 18.0346154
LFATE 1825 0.3400819 2.315%457 2 90.1730769
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Ramp Type= ©On Urban/Rural =Urban DESCR=dir/semi3
Variable N Hean 5td Dev Minimm Masimom
THRIC 294 4.5850340 6.4658110 0 51, 0000000
FaCC 294 0.0374150 0.2072775 v] 2.0000000
TACC 294 1.6292517 2.367T212 0 23.0000000
F1ACC 294 1.5666667 24448400 0 24.0000000
MVACC 294 3.2953184 4.1107761 0 43. 0000200
WACC 294 1.0204082 2 .6099557 0 28. 0000000
DACC 294 1.8095238 2.5554154 Q 14.000G000
NOL 294 11.8612245 12.3476460 [+] 85, 1000000
HVOL 294 12.4763265 13.5733202 0.010002¢C 93.1900000
FRATE 294 0.00314796 0.03123873 3] 0.5070CG00
FLRATE 294 0.191598%6 0,4345095] 0 5.6200000
TRATE 294 0.4622789 0.7181831 0 5.7100000
WRATE 294 0.099357¢% 0.26735540 o 31.20600000
CRATE 294 0.1726593 0.2828240 1] 2.8553000
Ramp Type= ©On Urban/Rural =Urban DESCR=dir/semid
variable N Mean Std Dev Minimom M raum
TACC T04 3.5042614 31.9919476 Q 4. 0030000
FACC 704 0.0156250 0, 1350840 0 20400000
1AaCC J04 1.3281250 1. 7354160 o] 12. 000000
FIACC 204 1.3437500 1.757249% 0 12. 0000000
MVROC 704 2.3764205 1.1800517 aQ 320000000
WRCC 704 0.7116477 1.4264842 [v] 15. 00003000
DACC 704 1.0440341 1.561107& L] 12, 0000000
XvoL T04 5.6170455 4.0716512 0.1000000 32 30004500
RVOL 704 6.0266051 4.4733361 0. 0600000 35.370G000Q
FRATE 704 0.0021974 0.0233021 0 0.4760000
F1RATE 704 0.2759233 0.4724064 ] 4.8100000
TRATE 704 0.6806108 0.8%68501 0 5,6100000
WRATE 704 0.1342215 0.34504024 fe] 4. 8050000
CRATE 704 0.2063812 0. 4460250 0 6. 0900000
Ramp Type= On Urban/Rural =Urban DESCR=direct
Variable N Mean vd Dev Minimm Max imm
TACC 181 8.4254144 13.2296475 0 98, 0000000
FACC 181 0.0994475 0.3512671 [i] 2.0400000
IACC 181 2.7624309 4.2653543 0 33.0000000
FIACC 181 2.8618785 4.3624124 Q 35.0000200
MUVALC 181l 4.4198895 7.9036168 4] 55%,00Q0000
WACC 181 2,2928177 S.4444062 4} 50.0Q00000
DACC 181 1,1535912 5.8534748 [¢] 45, 0000000
XVOoL 181 14.3475138 11,0017048 0.7000000 52.0000000
RVODL 141 15,064419%% 12.321048% 0,3100000 56.9400000
FRATE 181 Q.0081326 0,0328428 1] 0.2540000
F1RATE 181 Q.267790L 0.9715478 0 12,7700000
TRATE 181 Q,6595580 1.8737019 0 23.9400000
WRATE 181 0.1508528 0.3880652 0 1.3650000
DRATE 181 0.211319S 0.3354149 Q 1.1920000
Ramp Type= On Urban/Rural =Urban DESCR=loopleft3
Variable N Mean 5cd Dey Minimum Maximm
TACC 11 4.2727273 5.7635217 b} 1%. 0000000
FACC il 0 1] 0 0
IRCC 11 1.00000Q0 1.0000000 Q 3,0000000
FIACC 11 1.000QG00 1. 00GO00% Qg 3, 0000000
MVACC 11 3.,7272727 5.3120789 o 17. 0000000
WARCC 11 0.1418182 0.4045199 Q 1.000Q0Q0
DACC 11 1.3636364 1.7477258 o §.0000000
VoL 11 5.70Q0000 5.4713801 0.4000000 18.200000G
RVQL 11 6.2418182 5.9960088 0.4700000 19.9300000
FRATE 11 Q Q Q 0
FIRATE 11 0.3172727 0.6101490 Q 2.1100000
TRATE 11 0.8627271 1,1964121 Q 4.2100C00
WRATE 1} Q.0172727 Q.0433799 Q 0.1400C00
DRATE 11 0.180%368 Q,1524541 0 0.4933313
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Ramp Type= On Urban/Rural =Urban DESCR=loopleft4d
Variable ) Hanan Scd Lev Minimm Maximzn
TACC 262 4.8135038 5.8846071 0 4% 000000
Faos 262 0.0114504 0 1065957 0 1.0000003
TR 262 1.7538931 1.6077326 8 27.00006000
FLAOT 282 1.8053435 1.6122849 D 27 . 00000040
VAT 262 1.5725191 5.2164152 0 47.0000000
WACD 262 0.7977099 1.4625316 0 9.0000000
ThOG 262 1.3091603 2.1752344 0 10.0000000
VoL 262 5.2083969 J1:85098319 0. 1002000 20 00060
RVOL 152 5.568B1679 4.31213418 0. 07¢H000 21 . 5%000000
FRATE 252 0.0061641 o DEE3IT57 [} 9, 8090000
FIRATE 262 0.4221374 0. 9271722 0 10. 6500000
TRATE 262 0.5328244 1.3298309 4 13,7000000
WRATE 262 0.1669900 0.1475415 0 1. 0800000
DRATE 262 0.2715564 0.4837937 a 4. 5666667
Ramp Type= ©On Urban/Rural =Urban DESCR=loopnoleft3
Variable N Mean std Dev Minimum Mo i muam
TACC 152 4.9605263 9.4110556 0 89 . 4000600
FACC 152 0.0171579 0.1143274 o 10000400
TACC 153 1.3730000 2.7855172 4] 24 . 0000000
FIace 152 1.3881579 2.790830z2 8 24.5000000
WUROD 152 2.31815789 f.9224026 0 B0.DOOODOO
WADD 152 1.1842105 1.9203175 0 L1.0000CE0
Bace 152 1.B61B421 3.5918402 0 30.80000800
V0L 152 6,7782895 7.2437922 0.2000000 50. 0000000
RUOL 152 7.0621053 7.0777432 0.1600000  54,7500000
FRATE 152 0.0029671 0.0308677 0 0.3730000
FIRATE 152 0,1958553 0.3065880 [+] 1. 7700000
TRATE 152 0.7202632 0.9224657 0 7. 6600000
WRATE 152 0,2251360 0.4396908 o 3.5351846
DRATE 152 0.2560791 0.3689140 o 1.9114286
Ramp Type= ©On Urban/Rural =Urban DESCR=loopnoleftd
Variable N Mean Std Dev Minimum Maxi suem
TACC 581 3.6643718 4.4600820 0 34.0000000
FALC 581 0,0051635 0.0717136 [+] 1.0000Q000
IACC sa1 1.2530120 2.0543508 0 20.0000000
FIAC 581 1.2581756 2.0549661 0 20.0000900
MUACC 581 2.4647160 3.5638313 0 36.0000000
WACC 581 0.9535284 1.8771518 0 20.0000000
DACC sS4l 0.9896720 1.5051280 0 9.0000060
AVOL 581 5,.0271945 3.6544707 0 25.5000000
RVOL 581 5.3875387 4.0392559 0.0500000  27.9200000
FRATE 581 0.0013012 0.0234061 0 0.5370000
FIRKTE 581 0,2849225 1.2115448 0 27.4000000
TRATE 581 0.7857659 2.0336718 0 45.6600000
WRATE 581 0,1770545 0.4859096 0 9.1320000
HEATE 581 0.2172759 0.5326046 0 9.1320000
Ramp Type= On Urban/Rural =Urban DESCR=restarea
Variable N Masan Scd Dev Minimum M i mum
TAOC 39 1.1282051 2.7926547 0 16, 0000000
PACC 33 0 0 0 0
IACC 19 0.0769211 0.3542684 0 20060300
FIACC 39 0.0769231 0.3542684 0 2.0000300
MUACT 39 0.5384615 1.1885780 0 6. 0000050
WACT 39 0.0769231 0.3542694 0 2.0000000
DACC 39 0.4358974 1.5007870 a 9.0000000
XVOL 19 2.4179487 2.6511042 0 9.6000000
RVOL 39 2.6376923 2.9083459 0 10.5100000
FRATE 3% 0 (i 0 o
FIRATE 39 0.0189744 0.0827165 o 0.3800000
TRATE 19 0.7758974 2.7266354 0 16.5000000
WRATE 19 0.0159402 0.0710806 o 0.3766667
DRATE 19 0.1413942 0.4726420 0 2.7393750
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Ramp Type= On Urban/Rural =Urban DESCR=scissors
Variable H Mean Std Dev Minimm A imum
TACC 144 3.1402778 4.3903314 ] 27.0000000
FACC 144 Q [+] Q i}
IAOC 144 1.1388889 1. 7644949 (o} 11.000G000
Flatc 144 1.1388RB9 1.7644949 0 21.0000000
MUACC 144 2.5347222 1.7823905 o 26 .0000000
WAL 144 0.53HEBEY 1.2381529 Q 9.0002000
DACT la4 0. 350000 1.3320944 0 7.000000Q0
XVOL 144 6.0173611 5.2394994 0.4009000 31310000000
RVOL 144 6.4695139 5.74668211 0.4400000 36. 1400000
FRATE 144 ] 0 o 0
FIRATE 144 0.2115278 Q.4197724 Q 3.6500000
THRATE 144 0,5310417 0.7650181 o} 1.9600000
WEATE 144 0.1093061 0.2302294 0 1.2876923
DRATE 144 0. LE57466]3 0.2799748 0 1.8250000
Ramp Type= On Urban/Rural =Urban DESCR=slip3
Vuriable N Haan Std Dev Minimam Max izmim
TAOC 68 2.3030303 1.0833C34 ¢ 13.0000000
FACC 66 0.0361I030 0.1727334 Q 1.0000000
IACC 66 0. 5666061 Q.8966397 o 4.00¢0000
FLACC 66 0. 5309031 0.9110817 0 4.0000000
MURCC 66 1.7424242 2.4388560 0 11.0000000
WACC &6 0.3787879 0.9074928 Q 5.0000Q00
DACC 66 0,7121212 1.1371054 (0] 6. 0000000
patie 66 14.2651515 13.2502017 0.100CC00 46.31000000
RVOL 66 14.1034848 1id.3114306 0.080C000 50. 7000000
FRATE 66 0.0010455% 0.0059754 [+] 0.0370000
FIRATE 66 0.2257576 1.1370502 4] 9,0400000
TRATE 66 0.7713636 2,2527063 a 12.2900000
WRATE 66 0.0396120 0.1293264 0 9.9123077
DRATE 66 0.111%434 0.3600892 [¢+] 2.2807892
Ramp Type= On Urban/Rural =Urban DESCR=slip4d
Variable N Mean 8rd Dev Minimm Haximm
TALCC 78 2.4487179% 2.4844040 0 13. 0000000
FACC 78 0.0128205 0.1132277 0 1.0000000C
IACC 78 0.8205128 1.1018708 0 4.0000000
FINT 78 0.8333333 1.0980108 Q 4.0000000
MVRCC 78 1.9358974 2,24091399 0 11.0000000
WACC T8 0.3333333 0.8477115 0 6.0000000
DACC i 0.8589744 1.0778087 0 4.0000000
XVOL 78 8.9320513 8,4231359 Q. 1000000 50.0000000
RVUOL 74 9.5170513 9.3052037 0.0430000 54.7%00000
FRATE T8 0.0334615 0.2955243 0 2.6100000
FIRATE 74 0.5%126923 2.6253983 0 22.6100000
TRATE 78 0.7679487 2. 6BB81406 4] 22.6100000
WRATE 78 0.3296317 2.5571140 Q 22.6100000
DRATE T4 0.129940% 0,2261726 Q 1.2800009
Ramp Type= On Urban/Rural =aUrban DESCR=split
Variable N Hean Std Dev Minimen Hax Lmum
TACC 3433 4.0262391 6.9300523 0 74 .0000000
FAaCC 343 0.0204082 0,1415985 0 1.0000000
TACC 143 1.2448980 1.9098303 L] 15.0000000C
FLACC 343 1.2853061 1,93687613 0 15.0000000
MVACC 341 2.7521866 5.7312%70 0 70.0000000
WACC 343 Q.8454810 1.6796081 0 15.0000000
DACC 343 1.4285714 2.6863310 ] 29,0000000
XvoL 343 17.80845438 13,604%876 0.8000000 $2.9000000
RVOL 343 18.3916910 14,34105899 0,9100000 82.3400000
FRATE 343 0.0024371 0.,0255238 D] 0,4490000
FIRATE 341 0.0854810 0.1675407 Q 2.2000000
TRATE 343 0.24008735 0.3601945 0 4.4000000
WRATE 343 0,0599630 0.2038571 0 3.3000000
DRATE 343 0.0879887 Q.2071668 i} 3.30000Q00



Appendix C Analysis Variance and Covariance Models

Appendix C

Analysis Variance and Covariance Models
( Detail Description)

This portion of the analyses included a series of ANOVA and
ANCOVA models, again stratified by rural/urban and on/off-ramp, where
the ramp traffic volume were specified as a covariate. The analyses were
done after performing a linear adjustment for ramps traffic volume effect
(ANCOVA). The rational for doing this analysis was that previous studies
indicated traffic volume as a strong predictor of accidents. A series of
ANCOVA models were run where location of ramp (Caltrans district) was
used as a predictor. The motivation for these latter analyses was to account
for district differences could otherwise be attributed to differences in ramp
volumes. In these later analyses, if the differences in ramps were significant,
then pairwise comparisons from ANCOVA with district as predictor were
selected.

While the ANOVA/ANCOVA can tell that a certain factor is
influential, they don’t tell the nature (direction) of any significant effects that
are detected. For example, from ANOVA tables which will be discussed later
in this report, we know that there are systematic differences between two
ramp configuration, but we can not tell which of the two have higher overall
accident rates. For this reason, the ANOVA/ANCOVA analyses were
followed by post hoc analyses.

The post hoc analysis used for the pairwise comparisons is Tukey'st
method which exercises extra caution in declaring differences as significant.

1 Sratistical comparisons ordinarily involve an inherent false positive error rate of 5%, this
means that you would expect on the order of 10 false positive comparisons among the 210
comparisons. Since the purpose of this analysis is to identify differences according to ramp type
with some degree of confidence, this high error rate is unacceptable. Tukey's method exercises
extra caution in declaring differences as significant, and consequently the overall Type I error
rate will be approximately 5%. By exercising this caution however, the likelihood of a false
negative (Type II} error increases, and for this reason, it's important to remember that in the
absence of a statistically significant difference between a particular pair of ramp types, any of
the following explanations is plausible: (i) there in fact {3 no difference between the ramp
types, (ii) there is a difference, which went undetected due to the conservatism of the post hoc
analysis, (iii) there is a difference, which went undetected because the magnitude of the
difference was small, or (iv) there is a difference, which went undetected because there were
relatively few ramps for the two types being compared. In view of these four possibilities, it's
appropriate that the distinction between a significant difference and an insignificant one
should be interpreted as being between those differences for which there was sufficient
evidence to declare a difference, and those for which there simply was insufficient evidence.
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Since the pairwise comparison were done after adjustment for the covariate,
comparisons method used was the least square means, (L5M). The results
from LSM were printed as a matrix of p-values for comparing each pair of
ramps.

In pairwise comparisons, the overall Type I error rate will be
approximately 5%; in other words, the probability that any of the differences
found to be statistically significant among the comparisons will be 5% or less.
By exercising this caution, however, the likelihood of a false-negative (Type
II) error increases. For this reason, it is important to remember that in the
absence of a statistically significant difference between a particular pair of
ramp types, any of the following explanations is plausible:

* there is no difference between the ramp types;

* there is a difference, which went undetected due to the
conservatism of the post hoc analysis;

» there is a difference, which went undetected because the magnitude
of the difference was small; or

* there is a difference, which went undetected because there were
relatively few ramps for the two types being compared.

In view of these four possibilities, it is appropriate that the distinction
between a significant difference and an insignificant one should be
interpreted as being between those differences for which there is sufficient
evidence to declare a difference, and those for which there simply is
insufficient evidence.

In the post hoc results, many of the ramp types that are comparatively
rare fail to be significantly different from any of the other ramp types. All this
means is that there is too little information available on those ramp types to
draw meaningful conclusions.

Interpretation of ANOVA/ANCOVA Results

In reading the ANOVA/ANCOVA tables, the F-values reflect the size of a
systematic effect. The p-value is used to determine whether the effect in
question is statistically significant. In other words, the p-value represents the
probability that the result in question could have occurred by chance alone,
and it’s customary to ascribe statistical significance to any tests with p-values
less than or equal to 0.05. The smaller a p-value, the less likely a result could

have occurred simply by chance. The following analyses consists of two sets
of ANCOVA models. :

» ANCOVA for stratified data by on/off, urban/rural, with adjustment for
traffic volume

*» ANCOVA for stratified data by on/off, urban/rural, with adjustment for
traffic volume and district as predictor.
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Appendix C Analysis Variance and Covariance Models

Each of the two models were run with the following four data sets:

ONOFF=oft
ONOFF=off
ONOFF=on
ONOFF=0n

RURAL=r-------- >(off-ramps in rural area)

RURAL=u~------- >(off-ramps in urban area)
RURAL=r-------- >(on-ramps in rural area)
RURAL=u-------- >(on-ramps in urban area)

For each of the above eight cases, mean accident rate tables and p-value

matrix is provided for four accident rate types (total, fatal+injury, wet, and
dark accident rates). Because the ANCOVA analyses indicated district effect as
being significant ( meaning some differences attributed to Caltrans district and
not just to ramp volumes) in urban area, comparison tables for urban settings
were presented from ANCOVA models that modeled district as predictor.

The tables for rural settings are from ANCOVA models without district as
predictor.
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Appendix C Analysis of Off-Ramps in Rural Area

Comparison of Accident Rates by Type of Ramp Stratified by on/off, urban/rural, Adjusting for Traffic Volume

General Linear Mcdels Procedure
Clags Level Information

Clazns Latriosl Valuas
[EFTR 14 buttonhook diseord) disssadd dic/semil dir/semid direct loopleftd loopleftd locproleftd leopnelaftd restarea
sciamors alipd spliz

thanber of observaticns in by group : 1369

Dependent Variable: FIRATE

Scarca CF Sum of Squares Yeon Square F Value Pr » F
Mol 14 400.84198626 28.63157045 2.18 0.C370
Error 1334 17758.53283108 13.15446877
Corrected Total 1364 18159. 17481934
R-Gguarg c.V. Foot MSE FIRATE Msan
G.UZ2074 485.2659 3.626908338 0.7474C659
Fourca bF ™pe I S5 Mean Square F Value Pr » F
DESCR 13 340.37527522 26.18271344 1.99 0.0185
mOL 1 60.46671103 60.465671102 4.60 0.0322
Source DF ™pe IIL 55 Mean Souare P Vmlie Pr » F
DESCR 11 310.65%85084 27.91198853 1.83 €¢.0353
L 1 60.46671103 60.46671101 «.60 ¢.0322
Dependant Variable: TRATE
Bowirca = Sum of Squares Mean Squarae P Yalue Pr > F
Model 14 1358.85731752 97.06123697 10 0.0001
Error 1350 +1822.423128248 30.97957260
Corrected Total 1364 43181, 28060007
R-Geguare c.v. Raot. HSE TRATE Mean
Q.03L4e3 297.6413 5.56592964 1,4700C200
BOUETE oF T™yps I 55 Mean Squarc F Walues Pr » F
pEscR 13 1056 . 9665126¢ 81.30511635 282 0.0013
PO 1 101.890804%2 301.89080492 9.74 g.031l8
Source oF Typa III S5 Hean Square F value Pr » F
DESCR 13 926.265410113 71.25118519 2.30 0.0352
RVCL I A01.89080492 301.489080492 9.74 ¢.0018
Cepandent Variable:. WRATE
Source DF Sun of Squares Mean Square F Yalue Pr » F
Hodl 14 6.87386262 £.49099019 Q.67 0.8020
Error 1350 984.11029018 0.72B97059
Corrected Total 1164 990.98415279
R=Gunrs =L Root HMSE WRATE Mean
0, ouE%35 596.8256 0.85379774 0.14305650
Source e 4 Type [ S5 Hean Square F Yalue Pr > F
DESCR 13 §.67198867 0.51322990 0.70 0.7608
RYOL 1 0.20187395 0.20187395 0.28 0.5984
Source DF T™ypa II1 §5 Mean Square F vValue Pr » F
DESCR 13 5.89030530 0.45314656 0.62 9.8377
HYOL 1 0.201487395 0.20187195 Q.28 0.5988
Cwpendent Variable: DRATE
p=E oF Sum of Squares Hean Sguare F Yalue Pr » F
Mo 1 14 16983452327 12.13103738 1.1 0.1674
Error 13159 12076. 588942613 8.94562144
Corrected Total 1364 12246 .42346591
R=Scuare €.M. Root MSE DRATE Hean
0.0131868 4228695 2.99092318 0.70729217
Source CF Type [ &5 Mean Square F Value pr > F
DESCR 13 99.52629849 7.65%86911 0,46 Q.60013
FVoL 1 70. 30822479 70.30822479 7.86 0.0951
Fource TF Type L[II 55 Mean Square F Value Pr > F
DESCR 13 97 . 69801995 6.438309213 0.7z 0.7451
oL 1 70.30822479 70.30822479 7.86 0.00%1
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Appendix C

Dependent Variable: WRATE

Analysis of Off-Ramps in Rural Area

Dependent Variable: WRATE
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Appendix C Analysis of On-Ramps in Rural Area

Comparisen of accident rates by type of ramp stratified by on/off, urban/rural, adjusting for traffic volume
Claze Lavel Intormacion
Clans Lansnls Val s
TR 14 buteorieok dissomndd disscosdd dic/semild dir/somid direct locplefrl looplelcd loopnoleftl loopowleftd restarea
eciesary alipd aplic
Narber of chasrvations in by group = 1367

NOTE: All dependlont varisbls are conyistent with respest to the pressncs or shammce of missing values. Howsver
znly L3644 chesrvations con be used in thiz analywis.

Dependent Variable: FIRATE

S bF Sum of Squares Hean Squacs ¥ Value Pr > F
Model 14 B3 . TH260263 5. 90447162 0.75 B.7264
Ercor 1149 10792. 16957450 8.00012541
Corrected Total L1318l 10875, 35L77713
R-Squars £:4 Rogt MGE FIRATE Mestn
C.00FY03 799 . 6859 2.82R44929 0.153695011
Souroe oF Typm 1 55 Mean Square F Ualus Pr» F
DEZCR 13 54.2T630398 4. 17509261 n-52 0.9134
RIAL 1 2% 5067196465 29 50630855 1.69 0, 0550
Souroe oF Typ=s LII 58 Bean Spare F Value o S
CEECR i3 £1. 18545553 4. 706881132 o 59 0,345
R'AL 1 29 . 506138565 29 Sae313E6% 1.69 0.0550

Dependent Variable: TRATE

Gource ¥ Sum of Sguaros Mean Squace F Value Pr>Fr
Hodel 14 138, BE4580L8 13,49932715 0.79 0. 6414
Exrror 1349 23046 B2544001 17.08437764
Corrested Total 1363 2321%. 69002016
R-Square V. Root HSE TRATE Mean
0.008128 472,2495 4.13332525 0.87524194
Souroe D¥ Tyee 1 53 Mean Square F Value Pr > F
DESCR 13 M. ATETaa32 §.32144125 0.37 0.978
RUTL 1 106, AF5E4193 106, 68504193 £.24 0.0124
Source oF Typa III 55 Mean Square F Valua Fo > ¥
DESCR 13 86.51583703 0. E5507TRE6T 435 0.9735
UL 1 106, 56584393 106 . 66584393 §.24 0.0126

Dependent Variable: WRATE
o

Souroe Sun of Sguares Mean Square F Value Pr » F
Hondm] 14 4.53064701 0.32361764 0.30 0.9937
Error 1349 1437.12527162 1.0G6547463
Correcte! Toral 1343 1441 B5591537
R-Scuare c.V. Root HSE WRATE Mean
0.003142 1024.071 1.03221830 ©. 10079536
Fonrrom bF Type I §5 Mean Square F VYalue Pr » F
LESTH 13 1.86139897 0.297¢3069 0.28 0.9945
AL 1 0.66924804 0.66924604 0.63 0.4262
Soarce oF Typs 1II S8 Hesn Square ¥ Value Pr » ¥
CESTR 13 3.42350045 0.27473080 0.26 0.59%60
oL i 0.549%4804 0.66924804 0.63 0.4282
Dependent Variable: DRATE
Sourcl oF Sum of Souares Mesn Square F Value Pr » F
Mol 14 #7.13382083 §.223684434 0.75 0.7270
Erpar 1349 11231 . 896009932 8. 32608303
Correctsd Total 1363 11319.013831075
R-Square C.V. Root HSR DRATE Hean
0.007698 917 . 2869 2.88549528 0.31436284
Foures DF Type 1 55 Mean Squacs F Yalue Pr » F
DEFCR 13 67.017111R4 5.15516404 0.62 0.8398
FVOL i 20.11665799 20.1166879% 2.42 0.1203
Soarow DF Typs 1II 88 Mean Squarw F Value Pr > F
DESTR 13 70 5TEFTIL0 5.42899778 0.65 0.68107
RUOL 1 20.11668799 20.11668799 2.42 0.1203
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Dependent Variable. FIRATE

Dependent Variable: FIRATE
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Appendix C

Analysis ef On-Ramps in Rural Area

Dependent Variable: WRATE
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Appendix C

Analysis of Off-Ramps in Urban Area

Comparison of accident rates by ramp configuration, traffic volume as covariate, and district= predictor
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Analysis of Off-Ramps in Urban Area

Dependent Variable: FIRATE
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Appendix C Analysis of Off-Ramps in Urban Area

Dependent Variable:. WRATE
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14 0.:9382 1.0000 O0.9067 1.0000 1.0000 1.0000 1.0000 0.9447 1.0000 1.0000 0.90L0 0.%¥31 . oono . 1.0000
15 0.6674 1.0000 0.2935 1.000d | 0000 1.4G00 1.0460 0 3455 1.0000 1.0090 0.9014 0.9933 1.0800 1.0000 .



Appendix C

Analysis of On-Ramps in Urban Area

Comparison of accident rates by ramp configuration, traffic volume as covariate, and districi= predictor

Class Lavwl Inforsscion

Clage Lamis Valums
CISTRICT ]
DESTH 15

1334567891012

buttonhook dissond] dlemondd dir/semid dir/semid divect loopleftd locplafrd lospnoleftd lospnolefrd restarea
scimsorg Alipd alipgd wpliz

Mumbar of ebsarvacionm in by group = 5259

NOTE: ALl depsniésc variable are consistent sith sesgpect o the prewencs or absencs of Diaming values. Hossreer
enly 5247 abssrvations can be used in this analywis.

Dependent Variable:

Sosroa

Hodael

Errer
Corrected Tocal

Sourca
DISTRICT
AYOL

SonETa
bI=TRicT
RVCL
DESCR

o

i6

5210
5256
R-Eqpiazs
0.010303

EF
11

1
14
LF
11

1
s

Dependent Variable: TRATE

Source

Hocei]

BError
Correctad Total

Source
DISTRICT

DESCR

DISTRICT

or

i

52310
5254
f-Souare
B.Giz102

¥
11

1
14
¥
11

1
14

Dependent Variable: WRATE

BaurTe
Bodal
Exrror
Corrected Total

Eourts
DISTRICT

DESTR
Sounce
OISTRICT
ROoL

C¥

26

5230
5244
R-Spiare
5.012536

¥
11

1
L4
bF
11

1
14

Dependent Variable: DRATE

Sources (=
Mowim] 8
Exvor 5330
Corrected Total 5354

R-Scpaxwe

0.009434
BT R cr
DISTRICT 11
L 1
TESTR L4
FourcE ¥
DISTHICT 11
RVGL 1
DESCR 14

FIRATE

S of Squares
165. 32157264
SZ250. MO03615
545% . 62LRO37Y
C.V.

1365098

Typaw 1SS
100.11534546
32. 89377267
32. J0B45451
Type 111 85
8598862751
22, 14185661
32. 10645451

Sum of Zguaren
9031, TEGE1289
TITIR.LETI4I01
T4SA1. 97315552
e 2

461 .2413

Typa I 58
430. 19509526
29923430332
174.35%01131

Type II1 25
377.27845756
191 .4476426]
174.35701131

S of IKuares
2d. 6535232
1616, 318035214
1637 01394546
C.V.

§13.8275

155

7. 83406017
3.37069613
9.47919¢07
Typs TIL 55
7. 56404923
1.95356511
9.47919602

Siam of Sguares
99. 1CAQARAT
10427.7T82352444
16527 . 03041331
E.V.

576.2335

Type 1 EE
54.53748459
22.571745418
18. 19315009
Typa III 58
51.61639499
14. 55346620
18. 19315009

Magnn Sguang
§.35853202
1.01153984

Roct MSE
1.00574510

Mean
9.101750ER
128917287
2.307T487E
Mean Sooare
T.8L7LATIS
22.14391661
2.30774674

Mean Sopiare
34.78102157
14.10672795

Root KSE
3.7558%243

Mean Sqguare
319 108E4530
299.21450112
12.45407224
Mean Sguars
34.29804523
191 . 44764281
12.45407234

Mean Sguars
0. 79561355
G 204933

Roat MSE
0.555%2206

Mean Sqoare
0.712369%1
3.37069613
0. 67708543

Hean Squeare

0. 62834993

1.95356511

0.47708543

Mean GHguars
3.81954108
1.99353963

Rooz MSE
1.41203391

Melitn  SCLATW
8,32158951
1357145418
1.29951072
Maani
4.5%3239951
14. 58346420
1.2p851072

93

F

F

o]

Value
6.29

Value

32.52
i.i8

Vlue

21.489
i.28

Value
2.46

Value
1.17
21.21
0.8/
Valus
2.43
13.57
0.88

Yalue
2.57

Value
2.31
10.91
2,19
Yalue
2.26
6,32
2.1%

Yalue
1.92

Value

11.32
0.65
Value
2.35
731
0.6%

Pr > F
VR0

FIRATE  Masusi
0.29714052

Fr =P
¢ 0091
0O.000L
& 0042
Pr = F
0ty
6.0
G, 0042

0.000L

TRATE Mean
0.81430093

Pr > F
0.0014
Q.0801
5775
Pc- = F
[ |
G. 0002
05775

Pr » F
0.0001

WRATE Mean
0.134336465

Pc > F
0.008z
C.o010
0. 0063
P> F
o007
1.0120
0. 0063

¢.0034

DRATE Mean
0. 24504542

Fr»F
0. G20
Q.0008
0. 5238
Pr = F
[ ]
0. 0049
08228



Appendix C Analysis of On-Ramps in Urban Area

comparisen of accident rates by ramp configuration, traffic volume as covariate, and district= predictor

Least Squares Means
Adjustment for multiple comparisons: Tukey-Kramer

Dependent Variable:. FIRATE

CESCR FIRATE LEMEAN

LEMERN Rumber
bt torhook 0.38%0TI 82 1
di ssonelld 0.3265199]1 2
i oy 0. 54638554 1
dir/semil 0. 42981529 3
dar/sdmid 0. 45081843 5
direet 0.52a04423 [
looplefcd 0. 446790134 7
looplated 0. 56583071 [}
loopmaleftl 0.38117742 9
loopnoleftd 0. 45400042 10
reRtared 0. 14467324 11
BolESOTS 0.319647271 13
slip3 0. 48531635 13
slipd D.7L471024 14
mplit 0.1F2189448 15

Dependent Variable: FIRATE

Pr > [T| HO: LSMEAN{i) «L2EN{1)
6 )

i/a 1 2 3 4 5 [ ] 3 i 11 12 11 14 13
1 . 1.0000 ©€.1671 1.0000 O .53%¢ 0.9832 1.0000 O0.6196 1.0000 O0.9932 0.9822 1.0000 L.0000 0.31487 1.0000
2 1.00G0 - 0.6043 0.9999 0.49%:0 0.9592 1.0000 0Q.7i63 1.0000 0.95%5 0,9997 1.0000 0.99%6 0.3555 1.00400
3 O0.1871 0. 8043 8 0.8693 0.71%6 1.0000 1.0000 1.0400 ©O.831A ©0.8884 O0.4683 0.3291 1. 00040 0.9417 0. 4047
4 1.00d00 0.2393% 0.8693 p 10000 0.9997 1.0000 ©O.9534 1.000) 1.0000 0.9527 Ll.000d L1.0000 ©. 6230 1.04000
5 M.GFIE 0.9948 0.7354 1.0000 . 1.0000 1.0000 0.9643 1.0000 1.0000 0.8794 L.¢0aA0 1.G000 0.6739 4. 9398
6 0.9832 0.8553 1.0040 0.9997 1.¢000 7 1.0000 ).Q000 0.%%62 1.0000 0.7401 0.9991 1.0000 0.9856 O0.9735
7 1.0030 1.0 1.0040 1.0000 1.4004 1.0d000 ¥ 1.0¢00 1.GOCG 1.0003 0.999%98 1.0000 1.0000 1.0400 1.000Q
8 0.619% 0.7143 Y.000d ©0.9554 03643 L1.0{00C 1.0000 . 0.5%000 0.%229 0.4871 0.9551 1.:000 0.9%34 0.7219
9 1.¢aa0 Y.0000 0.8338 1.0000 §.0000 0.9962 1.0000 0.3000 i 1.0000 0.9936 1. 0000 1 0000 B, %31E  1.0000
10 0.99%3 0.9355 0.8834 1.0000 [ 0002 1.0000 1.0000 ©.382% 1.0000 . 0.8674d 1.0000 1.0000 0.726F 10, 9996
11 0.9822 ©.9997 0.4483 0.9527 0.47%4 0.7401 0.9998 O.4E71 0.9%16 0.8474 " 090948 Q. 8430 Q.2069 00,9836
13 1.¢000 1.4000 0.9291 1.0000 L. 0000 0.92991 1.0000 0.3%551 1.0000 1.0400 0O.9B88 : 1.0090 0.46132 1. 0000
13 1.0000 0.9996 1.0000 1.0000 1.0000 1.9000 1.0000 1.0000 )1.CO00Q 1.0d000 0.9430 1.0000 " a.9907 ). o0
14 0.3487 ©.355% 0.9817 0.6350 0. &73F O0,9856 1.0000 O. %334 0.5314 O0.7288 0.2069 0©0.6332 0.9907 % 0.31¢88
15 10008 10003 0.4047 1.0000 ©. 993 O0.9785 1.0000 0.7219 1.0000 0.939G 0.9896 1.0000 1.0C00 O.3668
Dependent Variable:. TRATE
DESCR TRATE  LGMEAN
LEMEAN Kol
but conhook 0. 81705397 1
diamondd 0.47146185 2
diamondd 1.10762758 3
dar/ewmll 0.66347515 3
dir/ sesld 0.71276431 5
direck 0.92782892 [
looplefEl 0,.76173667 7
loopiefed 0,93664120 b
loognalefcl 0.79430198 9

lospmolafcd 0.80708579 10

THETATEE 0.71435337 il
scissors 0.65281127 12
whipd 1.02250976 13
slipd 0.%37737%6 14
splic 0.64860854 15

Dependent Variable. TRATE
i3 1 2 3 4 5 6 7 3 9 10 11 12 13 12 15

1 B 0.9999 0.9806 1.0000 1.0000 1.0000 ).0c00 1 G000 1 QoG0 1.6000 1.0000 L.0000 1.0600 1.0000 1.0000
2 0.999%% . 0.9128 1.0000 1.0600 0.99%6 1.0000 0.93G3 1.0000 0.9999 1.0000 L1.0000 0.9998 1.0000 1.3000
3 0.980¢ 0.39128 - 0.8807 0.5729 1.0000 1.0000 1.0000 0.9397 @.9495 11,0000 O.9H30 1.0000 1.0090 0,8490
4 1.0600 1.0000 0.8807 X L.0000 1.0000 1.0000 1l.0000 1.0000 1.0000 1.0000 1.0040 1.04000 1.0000 1.0000
S 10009 L0000 0.57I9 1.0000 . 1.0000 1.0000 1.0G000 1.0000 1.0000 1.0000 4.0000 ).0000 1.0000 1.0000
6 1.00040 0.9936 1.0000 1.0000 1.0000 . 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.000Q0 1.0000 1.0000
7 16000 1.0800 1.0000 1.000{) L1.0000 1.000Q . L0000 1.G004 Y.0000 1.0000 1.0000 1.0000 1.0080 1.0000
8 l.0000 0.9989 1.0000 1.0000 1.0000 1.0000 1.0300 . 1.0000 1.0000 1.0000 Y1.0000 L.0000 )1.008D 0.9999
9 L0000 3.003G 0.9997 1.0000 L0000 1.0000 1.0000 1.e¢dco . L.0o00 Y.0000 1.0000 1.0000 1.0000 1.0000
10 10000 0.939% ©0.9495 L.(0N0 1.0000 1.0000 1.0000 1.0000 ), 00480 . 1.0000 1.0000 L.0000 1.0000 1. GOOD
1L 10000 1L.0006 1.0000 1. 0000 10000 1.0000 10000 1.0000 1.0000 L.0000 . 1.0000 1.0000 1.0G40 1.0000
12 Ll.opdoo 1.D00d 098¢ 1.0000 1.0000 1.0000 1.0000 1.0000 1.6004 1.5040 1.0000 ) 1.0040 )1.0600 1, 0080
13 1.0020 0.9998 1.0000 1.0000 1.0000 1.0000 1.0000 1.4000 1.0000 1.0000 1.0000 1.0000 . 1.0030 1.00D
14 100w 1.0000 L.000f 1.0000 3.00¢0 1.0000 1.0000 1.0000 1 0400 1.6000 L,0000 1.0000 1.0000 . L. 00o)
15 L.0000 1.0000 0.8430 1.0000 1.0000 1.0000 1.0000 0.99%% 1.0000 1.0000 1.0000 1.0000 1.0020 |.0GOQ .
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Appendix C

Dependent Variable. WRATE

Analysis of On-Ramps in Urban Area

DESCR WRATE L
LEMERN Tl
it conbesk Q.07585713 1
dismand]) 0.04107749 2
di amorcd 0.11912743 3
dir/gemil 0.09493567 4
dirismid 0. 13965142 5
direct 015373463 &
loopleftl -0 . 00504351 7
Lepplaftd 0.1423914%3 a
loopnateftl . 2085914 9
lospnolattcd 0. 15ETETES 10
regtares -0, 03357439 11
soigsorw & 085084732 12
slip3 Q. DS1ER5TSE 13
alipd 0.31581993 14
split . 06733281 15

ooorooD QO

== -]

1l

878

#1355

L5933
BG5S
8618
- DOo)
LEELOD

4391

JTRT

HT
Doog
(i ]
3933

11

Dependent Variapble: WRATE
Pt o> [T HO: LSMEAN(L)=L3MERN(])
is3 1 2 3 4 5 3 7 i ? 10
J T 1.0000 0.978% 1.0000 0.0996 0.9708 1.0000 0,908 0.4079 0.6861
2 l.opOon . 09809 0.9939 0.9%63 0.9423 1. 0000 D.9539 0.4300 O.H3dS
3 0.97E3 0.9809 i 1.0800 1.0000 1.0800 1.C000 1.0000 O.8510 0.9972
4 1.0400 0.9999 1.poo0 L.000D 0.9990 1.0000 4,353 0.7777 0.967%
5 0,336 0.9968 1.0000 11,0030 0.9999 1.0000 1.0006 0 6074 ©.9911
& 0,9708 0.9423 1.0000 0.9930 0.9999 0.9999 1.000% O3.5999 1,000
7 L0000 1.0000 1.0020 L1.0000 1.0000 ©0.99%% . 0.59%) 0.%0M6 0.9939
8 0.965% 0.953% )1.0000 0.9997 L1.0000 L1.0000 0.9999 . 0.9%86 1. 0008
9 0.4079 0.49%00 0.4510 0.Y777 0.8074 0.9999 N 9966 §.99EO 0. 9987
10 0,802 0.8345 0.%972 0. 9879 9 9911 1.0000 ©.999% 10000 O0.0987
11 0.9978 L1.0000 0.335% 09913 O0.9665 O0.8638 1.0000 0 381 O0.3931 0.7927
120 19003 1.0000 1. 0000 L1.0000 1.0000 0.9992 L.0DO0 0.9997 0.5495 0.9946
13 10000 1.0000 O0.998% L0000 O.99%8 0.5886 1. 0000 0.9337 0.76IT 0.0749
14 0.0299% 0.0506 ©.1237 D.1036 0.1080 0.6723 0.B976 0,.4804 O0.%880 0.4613
15 1.0000 1.0000 0.5%620 1.0000 0.5991 0.9438 1.0000 0 9856 0.412% 0.7497
Dependent Variable:. DRATE
DESCR DRATE  LSMEAN
LEHEAR  Fusshér
bt tomhook 014420832 1
i amoneid 0. 08817077 2
Al mmcacdd G, 26074289 k)
dir/eemid 0. 147314718 4
Air/mamid 0.14118838 5
direct 0. 20073626 &
loopleftl 0. 096101 88 7
Loopleftd 0. 20397013 8
loconnleied 0. 15750445 9
Lonpmbleftd Q. 15065034 10
T e, Q. 04812046 11
ECissors 010548876 12
dlip3 0. 10644084 13
alipd 0. 09832058 14
splie 0.12196675 15
Dependent Variable: DRATE
Pr > |T| HO: LSMEAN(1]sLSHEAN({)
i3 1 2 3 4 L | ] 7 g | 10
L., .= 1.0000 ©0.9459% 1.0000 1.0000 1.0060 1.6000 1.0000 1.0000 1.0000
2 l.000G . 0.9950 1.0G00 1.0000 1.0000 1.00060 1.0000 1.0000 1.0000
3 0.96%9 0.9950¢ . 0.95%8 (0.8577 1.0000 1.0000 L.0000 1.0000 0.9591
4 1.000C 1.0000 O.%3%E 1.0000 1.0080 l.0004 L1.0000 1.0000 ).o00o
5 1.0000 1.0000 0,8477 1.0000 . 1.0000 1.0000 L.0000 1.0000 1.0000
6 1.0400 1.0000 l.o000 1.0000 1.0000 . 1.6000 1.0000 1.0000 11,0000
7 100866 1.0000 1.0000 1.0000 100800 1.0000 . 1.0000 1.0000 1.06400
8 1.0060 1.0000 1.0000 1.0000 1.0000 1.0800 10600 1.0000 1.0000
9 1.000¢ 1.0004 18000 1.0000 1.0000 1.0000 L.0000 L.pddo 1.0000
10 1.0000 1.9000 O0.%%8L 1.6G00 1.0000 1.0000 1.0000 I.0000 1.0000
11 1.3000 1.5000 G.9308 10000 1.0000 1.0000 1:0000 L1.0000 1.0009 1.00Q0
12 1.00060 1.6000 09954 1.0000 1.0000 1.00G0 1. 0000 1.0000 1.0004 1.0004
13 10000 Y0004 0.939% 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
14 1.0600 1.0000 0.9257 1.0000  1.0000 1.Q000 1.0000 1.0400 1.0000 1.0000
15 1.0400 1.00400 O0.971L 1.0000 1.0000 1.0000 1.G000 L.0800 1.0000 1.0000
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Appendix D Ramps with Relatively High Accident Rtaes

Appendix D
Ramps with a relatively high accident rate
Dist Route | County | Post Mile | Rural | Descrition | On/Off

1 101 DN 3.6 r buttonhook]  off
1 101 DN 476 r diamond3| on
! 101 HUM 85.129] u dir/semid]  off
1 101 HUM 27973 r loopleft3]  off
1 101 HUM 64.404 r loopleftd]  off
1 101 HUM 61.384 u scissory  off
1 101 HUM 61.38 u scissorsl  off
1 101 HUM 70.851 r twowaysegdl

| 101 MEN 8243 r restareal  off
1 101 MEN 8243 r restareal  off
2 5 SHA 66 T dir/semid] off
2 5 SHA 49375 = dir/fsemid{ on
2 5 SIS 19.61 r diamond3]  off
2 5 SIS 253451 restarea]  off
2 5 SIS 25345 r restarea]  off
3 5 SAC 12188 r loopnoleft4  on
3 5 YOL 0.67 buttonhook] on
3 5 YOL 8.191 u loopleft3]  off
3 50 SAC 15.811] loopnoleft on
3 51 SAC 6.181] u scissors]  off
3 51 SAC 6.181 u scissors]  off
3 80 NEV 886 1 diamond4| off
3 80 NEV 2039 diamond4{ off
3 80 NEV 5983 loopnoleft3|  off
3 80 PLA 2845 r buttonhoo on
3 80 PLA 3793 buttonhook]  on
3 80 PLA 4327 T diamond4]  off
3 80 PLA 33.08f r loopleft off
3 80 PLA 56.755] r loopnoleftd{  off
3 80 YOL 11.0 u diamond3]  off
3 80 YOL 11.219 u loopleft] on
3 99 SAC 5925 r loopleftd]  off
3 99 SAC 1971] u loopnoleft on
3 99 SUT 5.534 « twowaysegd)

3 113 YOL 10.07 u loopleit] on
3 160 SAC 44983 u dir/semi on
3 505 YOL 1084 r dir/semi on
3 505 YOL 067 r dir/semi on
3 80 PLA 3611 wu dir/semi on
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Appendix D Ramps with Relatively High Accident Rtaes

Dist Route | County | Post Mile | Rural | Descrition | On/Off
3 99 SAC 17.913] u dir/semi4]|  on
4 i SM 47.604] u dir/ser3|  off
4 l SM 46.884 u dir/semi3 on
4 1 SM 46.811] u directf  off
4 4 CC 4627 u scissors|  off
4 4 CC 3627 u scissors]  off
4 12 SON 14.255) u dir/semid4]  on
4 13 ALA 548 u buttonhook on
4 80 ALA 2.17 u direct on
4 80 ALA 5811 u scissors]  off
4 30 ALA 5.81 u SCISSOr off
4 R0 CC 12.535 u diamondgr on
4 80 CC 9.99 u dir/semi3 on
4 85 SCL 7960 u buttonhook]  off
) 85 SCL 4031 u dir/semid]  on
4 87 SCL 1.53] u buttonhook on
4 87 SCL 4.99Lu directf  off
4 87 SCL 6.097 u slip3| on
4 87 SCL 6.097 u slip3l on
4 92 SM 11321 u dir/semi3]  off
4 92 SM 7361 u loopnoleft3]  off
4 101 MRN 18.725] u direcf  on
4 101 MRN 0312 u scissors]  on
4 101 MRN 03121 u scissors{  on
£ 101 MRN 19.036¢ u splif  on
4 101 MRN 19257 u splif  on
4 101 SCL 30.15 u buttonhook on
4 101 SCL 50.401] u dir/serud]  off
L) 101 SCL 33171 u loopnolefid]  off
4 101 SCL 50271 u loopnoleftd]  off
4 101 SCL 36.078 u slip3] on
4 101 SCL 36.078] u shp3] on
4 101 SF 27411 u slipd]  off
4 101 SM 25844 u loopnoleftd]  on
4 101 SM 23.261 u scissors{  off
4 101 SM 23.261 u scissors|  off
4 101 SM 11.354 u splif  on
4 101 SON 3747 u looplefi3]  off
4 101 SON 1882} u scissorsl  on
4 101 SON 18.824 u scissorsy  on
4 101 SON 264760 u splif on
4 280 SM 8416 r restareal  off
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Appendix D Ramps with Relatively High Accident Rtaes

Dist Route | County | Post Mile | Rural [ Descrition | On/Off
4 280 SM 7.562 restarea] on
4 280 SM 8.871 r restareal on
4 280 SM 8416 r restareal]  off
4 280 SM 7.562] restareal on
4 280 SM 8.871 r restare on
4 580 ALA 283¢ u loopleft4] on
4 580 ALA 45.581 u slip3] off
4 580 ALA 45581 u slip3|  off
4 580 CC 4898 u slip3]  off
4 580 CC 4.8981 u slip3|  off
4 580 MRN 46221 u slip3]  off
4 580 MRN 4.622] u slip3]  off
4 680 ALA 7481 u loopleft oft
4 680 ALA 8.684 1 restarea]  off
4 680 - ALA 8.861 r restareal on
4 680 AL A 8684 r rest.area{ oft
4 680 ALA 8.861 r restareal on
4 680 CC 10.211} u dir/semid{  off
4 680 CC 19.704 u dir/semud] on
4 680 CC 16.251] u restareal  off
4 680 CC 16.70 u rcstarea] on
4 680 CC 16.251] u restare off
4 680 CcC 16,70 u restareal  on
4 680 SCL 3713 dir/semid]  off
4 ~ 680 SCL 3.547 u splif  off
4 880 ALA 27.882] u direc on
4 880 ALA 15.5160 u loopnoleft off
4 880 ALA 27,541 u scissors]  off
E 880 ALA 27.5411 u scissors]  off
4 880 ALA 32.0890 u splif on
4 880 SCL 10,484 u loopleft4]  off
4 880 SCL 8.613 u loopnoleft3]  off
4 85 SCL 8.234 u diamond on
5 | SLO 2984 u scissory on
5 | SLO 29.8 u scissors|  on
5 68 MON 422 u sphf  off
5 101 MON 63.166 r diamond4] on
5 101 MON 6149 r loopleftd]  off
5 101 MON 209 r loopleftd]  oft
5 101 MON 6045 r loopleftd]  off
5 101 MON 1.94 1« scissorsy on
& 101 MON 1.94 r scissors]  on
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Appendix D Ramps with Relatively High Accident Rtaes

Dist Route | County | Post Mile | Rural [ Descrition | On/Off

5 101 MON 05484 u twowaysegH
5 101 SB 29.7 r buttonhook]  off
5 101 SB T8R3 T buttonhook]  off
5 101 SB 11.74 u dir/sem3|  off
5 101 SB 34.2 r dir/semid{  off
5 101 SBT 4.70 r diamond3! on
5 101 SBT 2.74 T dir/semi3 on
5 101 SBT 288 r loopnoleft3}  off
5 101 SLO 54264 u diamond3|  off
6 5 FRE 0.41 r diamond3] on
6 5 FRE 30.11 r diamond3] on
6 5 FRE 5986 r diamond4]  off
6 5 KER 4749 r buttonhook] on
6 5 KER 1983l r diamond3f  off
6 5 KER 56.525 r diamond4] on
6 5 KER 10281 r loopnoleftd]  off
6 5 KER 0.691 r restareal  off
6 5 KER 1.512f r scissors]  on
6 5 KER 0.691 r restarea]  off
6 5 KER 151 r scissorsy  on
6 65 TOL 18.041[ u toognoleft3]  off
6 99 FRE 25.81 u buttonhook]  off
6 99 FRE 16.698 u diamond4 on
6 99 FRE 26419 u dir/semid] on
6 99 FRE 107770 r scissors]  on
6 99 FRE 10.777 r scissors] on
6 99 FRE 20.908] u slipdf  off
6 99 KER 5100 1 buttonhook]  off

6 99 KER 57453 u buttonhook]  off
6 99 KER 10.531 r direcf on
6 99 KER 44319 r loopleft3]  off
6 99 KER 2528 r loopleft3] on
6 99 KER 5414 r loopleftd]  on
6 99 KER 26.874 u twowaysegd]
6 99 MAD 22.88 r diamond3]  off
6 99 MAD 12.722] u looplefid]  off
6 99 TUL 18.39] r loopleft3] on
6 99 TUL 9.105] r scissory  off
6 99 TUL 9105 r scissory]  off
6 198 KIN 8679 1 dir/semi3d] off
6 198 KIN 4981 r looplefidf  on
6 198 TUL 951 u slip3] on

99




Appendix D Ramps with Relatively High Accident Rtaes

Dist Route | County | Post Mile | Rural | Descrition | On/Off
6 198 TUL 951 wu slip3] on
6 198 TUL 10.187 u slip off
7 | LA 34829 u slip3|  off
7 1 LA 34829 u ship3]  off
7 | VEN 13611 scissors]  off
7 ] VEN 16.001] u scissors|  on
7 I VEN 13.611 r scissors|  off
T 1 VEN 16.001] u scissors|  on
7 2 LA 14989 u slip3]  off
7 2 LA 14989 u slip3]  off
7 2 LA 14851 u splitf  off
1) 5 LA 204524 u dir/serm3]  off
7 5 LA 18.208] u direcf on
7 5 LA 36.155) u loopleft3] on
7 5 - LA 55531 wu loopleft3] on
7 3 LA 52460 u loopleftd]  on
v 5 LA 25852 u loopnoleft3]  on
7 5 LA 15.165] u scissors{  off
7 5 LA 20.802f u slip3]  on
7 b} LA 15165 u scissors]  off
¥/ 5 LA 20.80 u slip3{ on
[} 5 LA 44175 u shi off
7 10 LA 312 wu loognoleft3] on
7 10 LA 23288 u loopnoleftAL off
7 10 LA 23376 u loopnoleftd]  off
7 10 LA 25296 u loopnoleftd]  off
7 10 LA 2.34 u ship3]  off
7 10 LA 42,5 u slip3] on
7 10 LA 21,6360 u slip3]  on
7 10 LA 2.347 u shp3|  off
¥/ 10 LA 42.5 v slip3] on
7 10 LA 21.636 u slip3]  on
T 10 LA 14.985] u sphy  off
7 10 LA 0.090 u spif  on
7 14 LA 5438 buttonhook]  off
i 14 LA 5175 r buttonhoo on
7 14 LA 2850 u diamond3|  off

i 14 LA 73.8 r diamond3{ on
7 14 LA 5997 u dir/semi3] on
7 14 LA 73965 r loopnoleft3] on
T 14 LA 56.783] u restareal of f
7 14 LA 56.783] u restar off
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Appendix D Ramps with Relatively High Accident Rtaes

Dist | Route | Countly | Post Mile | Rural | Descrition | On/OfT |
7 23 VEN 7.135 u loopnoleftdf  on
7 33 VEN 0.453] u directf  off
7 60 LA 2974 u sphf  off
7 60 LA 0511 twowaysegd|
7 90 LA 1.589 u dir/semid] on
7 101 LA 546 u diamond3| on
7 101 LA 0.606f u splif on
7 103 LA 1.429( u dir/semi3] on
7 103 LA 1.488] u loopnoleft3d]  off
7 105 LA 13.018 u direc  on
7 105 LA 13.999 u sip3l  on
7 105 LA 13.999 u slip3l on
7 105 LA 14901 u slip]  on
7 105 LA 4 u sphy  on
7 110 LA 14.093 u direcd  off
7 110 LA 29989 u directf  off
7 110 LA 24727 u scissorsy  off
7 110 LA 24727 u scissors]  off
7 110 LA 18.8290 u slipd] ~ off
7 110 LA 1431 u slipd  on
7 110 LA 18.647] u slip  on
7 110 LA 25418 u splif  on
7 110 LA 26.176 u sphil  on
7 118 LA 10.21] u diamond3]  off
7 118 LA 12375 u loopleft on
7 126 VEN 1.564f u loopnoleftd]  off
7 126 VEN 5.143] u loopnoleftd]  off
7 134 LA 11.425( loopleft off
7 170 LA 15031 u buttonhooki  on
7 210 LA 36.2060 u dir/semi3{ on
7 210 LA 04 u direct{  off
7 405 LA 2029 u buttonhook]  off
7 405 LA 2034 u buttonhook] on
7 405 LA 21.190 u buttonhookl on
7 405 LA 20354 u dir/semi3] on
7 405 LA 17.625 u loopleft3]  on
7 405 LA 46.286 u loopnoleft3]  on
7 405 LA 203531 u loopnoleft on
7 405 LA 22201 w loopnoleftd  on
7 405 LA 32,134 u scissors|  off
7 405 LA 32134 u scissory]  off
7 605 LA 858 u diamond3| off

101



Appendix D Ramps with Relatively High Accident Rtaes

Dist Route | County | Post Mile | Rural [ Descrition | On/OIT |
7 605 LA 19.296] u direcy on
7 505 A 686 u | loopnoleR3d| on
7 605 LA 22366 u shpd on
7 605 LA 14234 u splif on
7 710 LA 23500 u butionhook] on
7 710 LA 12.156] u dir/semud)  off
7 710 LA 21.808] u dir/semmd]  off
7 710 LA 15899 u direct on
8 10 RIV 12690 u diamond3]  off
8 10 RIV 26.07 r restareal  off
8 10 RIV 15.408] u restareal on
8 10 RIV 26.0’;HI r restan off
8 10 RIV 15408 u restarea) on
8 10 SBD 25.62] u buttonhook]  off
8 10 SBD 11,465 u splif  off
3 70 SBD 29687 u splifloff
8 15 SBD 55795 r diamond4|  off
8 15 SBD 76.25 r diamond4|  off
8 15 SBD 55.815 r diamondd| on
8 15 SBD 31256 r directf  off
g 15 SBD 41499 u loopleftd]  off
8 15 SBD 87.157 r restareal of f
8 15 SBD 60996 r restan on
8 15 SBD JOTH restareal  on
8 15 SBD 87.157 r restar off
8 15 SBD 60.996 r restare on
8 15 SBD 7072 r restar on
8 30 SBD 26.521 u diamond4{  off
8 30 SBD 27.063] u diamond4|  off
8 30 SBD 26.644] u diamond4]  on
8 40 SBD 99469 r diamond#d{ on
8 40 SBD 388124 u direcf  off
8 40 SBD 0769 u loopleft3  on
] 40 SBD 48.988 r restareal  off
8 40 SBD J.641 r restare on
8 40 SBD 48.988 r restaregl  off
8 40 SBD 5.641 r restare on
8 60 RIV 30.41 u dir/semi3 on
8 60 RIV 20368 u loopleft on
8 71 SBD 0.198] u dir/semid]  off
8 91 RIV 25731 u direcf on
8 215 RIV 26.4 u diamond3|  off
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Appendix D Ramps with Relatively High Accident Rtaes

Dist Route | County | Post Mile | Rural | Descrition | On/Off
8 215 RIV 235450 u loopleft3}  off
8 215 RIV 2371 u loopleft4]  on
8 215 RiV 43342 u loopnoleft3] on
g 215 RIV 36.47 u loopnoleft4{  on
8 215 SBD 0.055 u scissoryl  on
8 215 SBD 0.055 u scissors]  on
8 30 SBD 29216 u diamond off
9 14 KER 0.17] u diamond4] on
9 58 KER 42819 T loopleftd]  on
10 4 S 17969 u slipdf  on
10 5 MER 1738 r dir/fsemi3{  off
10 5 MER 17.57 r loopnoleft3]  off
10 5 MER 17.488] r loopnoleft3] on
10 5 SJ 2349 u diamond4]  off
10 5 SJ 3175 dir/semi3]  off
10 5 SJ 393 = dir/semu3] on
10 5 SJ) 26454 u sphf on
10 12 SOL 4277 u dwect|  off
10 80 SOL 289 u buttonhook] off
10 80 SOL 5.8 u diamond3|  off
10 80 SOL 38.18 T dir/semi3|  off
10 80 SOL 43483 u dir/semi3|  off
10 80 SOL 54420 u dir/semid]  off
10 80 SOL 0.954 u direcy  off
10 8O SOL 12981 u loopnoleft3] on
i0 80 SOL 1219 u scissors|  off
10 80 SOL 12190 u scissory{  off
10 99 MER 1593 u diamond3| off
10 99 MER 1565 u diamond3l  on
10 99 S 2207 u buttonhook]  off
10 99 SJ 6.84 u diamond3| on
10 99 SJ 11.655 r diamond on
10 99 S 19.13¢¢ u dir/semid] on
10 99 SJ 18.443 u direct]  off
10 99 SJ 21723 v direct  on
10 99 SJ 2751 u loopleftd]  on
10 99 SJ 16.684] u splif  off
10 99 STA 15377 u slipd  off
10 99 STA 15454 u slipd]  on
10 99 STA 13617 u splif  off
10 120 St 4087 u diamond4{ off
10 120 S 3.03]] u diamond4{ on
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Appendix D Ramps with Relatively High Accident Rtaes

Dist Route | County | Post Mile | Rural | Descrition | On/Off
10 505 SOL 10.35] r buttonhook]  off
10 505 SOL 10431 r buttonhook] on
10 505 SOL 10.383] r looplefid]  off
11 5 SD 024 u buttonhook] on
11 5 SD 3355 u dir/semi3] on
1] 5 SD 1113 u loopleftd]  off
11 5 SD 12.688] u loopnoleft3]  off
11 5 SD 51.2520 loopnoleft3]  off
11 5 SD 157720 u slipf{  off
11 8 IMP 41.166 r dir/semi3] on
11 8 IMP 373 r restareal  off
11 8 IMP 373 0« restare off
i1 8 SD 26420 u dir/semi3|  off
11 8 SD 356231 restareal on
11 8 SD 10.699 u scissors{  off
11 8 SD 35623 restareal on
11 8 SD 1069 u scissors{  off
11 8 SD 5726 u slip3] on
11 10 RIV 4901 r diamond3| on
11 10 RIV 59.06 u diamond3 on
11 15 SD 6.205 u loopnoleft3] on
11 15 SD 4311 loopnoleft4y  on
11 67 SD 4856 u loopnoleft4]  on
11 94 SD 27030 u looplefid]  on
11 125 SD 15208 u direct  on
Il 125 SD 15.4 u loognoleft3]  off
11 163 SD 157 u direct]  off
11 163 SD 2699 u directf on
11 163 SD 0.753] u twowaysegd]

11 209 SD 7.76 u loognoleft3]  off
11 805 SD 21499 u dir/semi3|  off
11 805 SD 8.592] u loopnoleftd]  off
12 5 ORA 28456 u diamond4]  off
12 5 ORA 237724 u diamond4] on
12 5 ORA 28417 u diamond4] on
12 5 ORA 28.2241 u loopleftd]  off
12 55 ORA 25121 u ship3]  off
12 55 ORA 35060 u slip3{ off
12 55 ORA 25121 slip3]  off
12 55 ORA 3.506 u slip3]  off
12 55 ORA 3091 u slip3]  on
12 55 ORA 3589 o slip3f on
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Appendix D Ramps with Relatively High Accident Rtaes

Dist | Route | County | Post Mile | Rural | Descrition [ On/OfT |
12 55 ORA 3988 u slip3l on
12 57 ORA 174131 o shipd{  oft
12 405 ORA 20851} u dir/semid]  off
12 405 ORA 304 u dir/semi on
12 405 ORA 7758 u loopleft3] on
12 405 ORA 9.631] u loopnoleftd]  off
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Appendix E

CALTRANS DISTRICT WMAP
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Appendix F

Accident Analysis for Half Diamond Ramps

Analysis of the following half diamond ramp sample is included in this
appendix at the request of Caltras Office of Project Planning and Design (OPPD).
Five years of accident data for the following 50 half diamond ramps was included
in this analysis. The ramp identification designation number and corresponding
location of ramps are shown in Table 20. All the ramps in the table are in urban
or suburban area®. Since fatal accidents are very rare on ramps their random
occurrence could not provide a reliable means of describing the safety of a ramp.
Therefore, this analysis focused on tofal and fatal + injury accidents. Accident
frequency, accident rate, and traffic volume for ramp cross street and ramp itself
are plotted in figure 20 through 25. Consideration of either accident frequency or

accident rate alone may lead to unrealistic assessment of how safe a ramp is.

Since the accident occurrence for off-ramps are significantly different than
on-ramps, comparison of ramp accident frequency, accident rate and traffic
volume are done separately. Figure 20 through 22 correspond to off-ramps and
figure 23 through 25 correspond to the on-ramps. Each of the above plots are
accompanied by descriptive statistics which provide the mean, standard
deviation, maximum and the minimum for the ramps specified with ramp

identification numbers.

Notice that in figure 21 and figure 24, total, and fatal + injury accident rates
are compared to their corresponding average accident rates. The average values
plotted are slightly different than the mean values in the descriptive statistics
provided with each of above figures. The mean values in the descriptive statistics

represent the average accident rate of the ramp sample specified in the plots

3 Suburban is defined as urbanized area (population over 50,000) which is entirely insise city limit.
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(Ramp Identification No.). The average accident rate lines plotted in figure 19
through 25 however, are based on averaging much larger number of ramps in
TASAS database. TASAS database provides the mean values for every single
ramp based on averaging accident rates for the entire population of ramps on

California state highways which has similar characteristics to the specific ramp.
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Table 20 Half Diamond Ramp Location and Characteristics

Ramp 1.D.[ Dist [Routq CO. PM ON/OFF | Rural/Urban
| B 9l RIV 10.6 WB ON (1)
2 8 91 | RIV 10.6 EB OFF )
3 8 91 RIV 20.7 wB OFF 19)]
4 8 91 | RIV 20.7 EB ON U)
5 8 60 | RIVIR]| 1.51 EB OFF (S)
6 8 60 RIV |R| 1.56 WB ON {5)
T 8 60 RIVIR]| 2.22 EB ON (S)
8 8 60 RIV | R| 2.23 WB OFF (S)
9 8 215 RIV 43 NB ON (L8)]
10 8 215 RIV 43 NB OFF w
1 8 215 | RIV 43 SB OFF L)
12 2 5 SHA|R| 4.42 NB ON )
3 2 5 SHA |R] 4.45 SB OFF [L8)]
14 4 4 CC 26.8 EB OFF [9)]
15 4 4 CC 26.8 WB ON )
16 8 10 RIV 8.42 EB ON )
17 8 10 RIV 5.44 WB OFF {n
18 i 5 SAC 18.8 NB ON ()
19 3 5 SAC 18.8 SB OFF 19)]
20 8 10 SBD 33 WB ON ()
21 8 10 SBD 33 FB OFF [(9)]
- 8 10 SBD 31.2 WB OFF [L8)]
23 8 10 SBD 31.2 EB ON )
24 8 10_| SBD 31.7 EB OFF L)
25 8 10 SBD 31.8 WB ON [19)]
26 8 10 SBD 32.3 WB OFF [19)]
27 8 10 | SBD 32.3 EB ON L)
28 8 10 SBD 34.4 WB OFF {S)
29 8 10 SBD 34.4 EB ON (S)
30 4 580 | ALAJR| 40.2 WB ON [(9)]
| 4 580 | ALAJR| 40.2 EB OFF U
32 4 580 | ALA|R]| 408 EB OFF [L8)]
33 4 580 | ALA|R]| 40.8 WB ON ()
34 4 85 SCLIR]| 11.2 NB ON ()]
35 4 85 SCL|R| 11.2 SB OFF [(9)]
36 4 680 CC |R| 124 SB ON {0
37 4q 680 CC: | R 1235 NB OFF (U)
38 11 125 SD 14.6 NB OFF (U
39 11 125 | SD 14.6 SB ON @)
40 7 3 LA 36.2 SB ON (8))]
41 7 5 LA 36.4 SB OFF )
42 7 5 LA 36.6 ‘NB ON (L)
43 7 210 LA R} 204 WB ON U
44 7 210 LA |R]| 204 EB OFF [19)]
45 7 210 | LA [R{ 21.1 EB ON )
46 % 210 LA |R| 21.2 WB OFF {)
47 7 101 | LA 24.7 NB OFF L
48 7 101 LA 24.7 SB ON (18]
49 1 101 LA 16.7 NB OFF {1
50 T 101 LA 16.8 SB ON ()
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_ Figure 20 Comparison of Accident Frequencies for Half Diamond Off-Ramps
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Figure 21 Comparison of Accident Rates for Half Diamond Off-Ramps
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Figure 22 Comparison of Accident Frequencies for Half Diamond
On-Ramps
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Figure 23 Comparison of Accident Rates for Half Diamond
On-Ramps
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Figure 24 Traffic Volume on Half Diamond Off-Ramps and Cross Street
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Figure 25 Traffic Volume on Half Diamond On-Ramps and Cross Street
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Discussion of results on half diamond ramps

Figure 20 through 25 along with their descriptive statistics are self
explanatory. When considering a half diamond ramp safety performance, both
accident frequency and accident rate along with the traffic volume on ramp and
cross street should be taken into account with engineering judgment. Notice that
there is a great deal of variability both in accident frequency and accident rate for

the sample of ramps.

As a general rule, a ramp with accident or accident rate greater than mean
plus two standard deviation is said to have significantly higher accident or
accident rate (with 95 percent confidence level). For example, famp number 10,
and 32 in figure 20 has fatal + injury accident frequencies which are significantly
higher than the average half diamond off-ramp accident frequency. The same
two ramps show higher than average accident rate in figure 21. However, their
accident rates increase above the average is not statistically significant. Therefore,
the significant accident frequency on these ramps can be attributed to higher ramp

volume as suggested in figure 24.

113



References

AASHTO: A Policy of Geometric Design of Highways and Streets, American Association of State
Highway and Transportation Officials, Washington, D.C., (1950).

Bonneson, J. A. and Messer, C.]. “A National Survey of Single-Point Urban Interchanges” research
report no. 1148-1, Texas Dept. of Highways and Public Transportation, College Station, TX,
March 1989.

Bowman, Brian L. and Hummer, Joseph E. “Examination of Truck Accidents on Urban Freeways”

publication no. FHWA-RD-89-201, FHWA, McLean, VA, August 1989.

Cirillo, J. A. 1967. “Interstate System Accident Research Study II” an interim report, Part I,
Highway Research Record, no. 188.

Cirillo, J. A. 1968. “Interstate System Accident Research Study 1I” an interim report, Part 11, Public
Road.

Cirillo et. al 1969. Analysis and modeling of relationships between accidents and the geometric and

traffic characteristics of the interstate system.

Cirillo, J. A. 1970. “The relationship of Accidents to Length of Speed-Change Lanes and Weaving
Area on Interstate Highways,” Highway Research Record 312.

Cirillo et. al 1992. Safety Effectiveness of Highway Design Features, Vol. IV.

Ervin, R.; Barnes, M.; MacAdam, C.; Scott, R. “Impact of Specific Geometric Features on Truck
Operations and Safety at Interchanges--Volume 1: Technical Report” FHWA-RD-86-057,
Federal Highway Administration, U.S. DOT, Washington, D.C, 1986, (see also; Ervin, R. D.;
MacAdam, C. C.; Bames, M.; and Scott, R. “Influence of the Geometric Design of Highway

Ramps on the Stability and Control of Heavy Duty Trucks” Transportation Research Record, no.
1052, 1986.

Firestine, M; McGee, H.; and Toeg, P. lmwglﬂ&ck_ﬁdﬂxﬂlnlmh@gﬁ report no. FHWA-IP-
89-024, Federal Highway Administrations, U. S, DOT, Washington, D.C., September 1989.

114



FitzPatrick, K.; Middleton, D.; and Jasek, D). “Countermeasures for Truck Accidents on Urban
Freeways: A Review of Experiences” an abridg_mént in Transportation Research Record, no. 1376,

Washington, D.C.: National Academy Press, 1992, pp. 27-31.

Garber, N. J., Chowdhury, M. A, and Kalapulapu, R. “Accident Characteristics of Large Trucks on
Highway Ramps,” AAA Foundation for Traffic Satety, Washington, D.C., July 1992,

Golob, Thomas F. and Recker, Wilfred W. “An Analysis of the Salient Characteristics of Truck-
Involved Freeway Accidents Using the Method of Log-Linear Modeling” UCI-ITS-WP-86-13,
Univ. of California, Irvine, August 1986.

Griffith, M. S. “Comparison of the Safety of Urban Lighting Options on Urban Freeways,” in Public
Roads, vol. 58, no. 2, Autumn 1994, pp. 8-15.

Hall, ]. W. and Mulinazzi, T. E. “Roadside Hazard Model” (abridged) Transportation Research
Record, no. 681, Transportation Research Board, Washington, D.C., 1978. pp. 50-53

Hall, G.W. “Human Factors Research in Highway Safety” Transportation Research Circular , no.
414, 1993,

Harwood, D. W. and Graham, J. L. “Rehabilitation of Existing Freeway-Arterial Highway
Interchanges” in Transportation Research Record, no. 923, 1983, pp. 18-26.

Heath, W. M. and Kynaston, E. California Tank Truck Accident Survey California Highway

Patrol, Enforcement Services Division, Sacramento, CA, December 1981.

Jackson, L. E. “Truck Accident Studies” in Transportation Research Record, no. 1052, Transportation

Research Board, Washington, D.C., 1985, pp. 137-145.

Keller, ]. A, “Interchange Ramp Geometric Alignment and Superelevation Design” Transportation
Research Record, no. 1385, pp. 148-154, 1993.

Kihlberg, ]. K. and Tharp, K. ]J. “Accident Rates as Related to Design Elements of Rural Highways”

National Cooperative Highway Research Program, research report no. 47, Highway Research
Board, Washington, 1968,

115



Lamm, R.; Psarianos, B.; Choueiri, E. M.; Mailaender, T. “Interchange Planning & Design: An
International Perspective” Transportation Research Record, no. 1385, pp. 69-83, 1993,

Leisch, J. P. “Freeway and Interchange Design: A Historical Perspective” Transportation Research
Record, no. 1385, pp. 60-68, 1993,

Lundy, R. A. (1966) The Effect of Ramp Type and Geometry on Accidents 2nd ed. Traffic
Department, Division of Highways, Department of Public Works, State of Califoria.

Miaou, 5.-P. et al. “Development of Relationship Between Truck Accidents and Geometric Design:
Phase I” a Federal Highway Administration report, no. FHWA-RD-91-124, U. S. DOT,
Washington, D.C,, 1993,

Miaou, $.-P. and Lum, H. “Statistical Evaluation of the Effects of Highway Geometric Design on
Truck Accident Involvements” in Transportation Research Record, no. 1407, Washington, D.C.:

National Academy Press, 1993, pp. 11-23.

Mullins, B., F. K., and Keese, C. ]., Freeway Traffic Accident Analysis and Safety Study, Highway
Reserach Board, Bulletin 291, 1961, pp26-78.

Twomey, J., Heckman, M., and Hayward, ]. Safety Effectiveness of Highway Design Features,
Volume 1V: Interchanges, Federal Highway Administration, Minnesota Division, Publication

No. FHWA-RD-91-047, November 1992.

Twomey, J. M; Heckman, M. L.; Hayward, J. C., and Zuk, R. ]. ”“Accidents and Safety Associated
with Interchanges” Transportation Research Record, no. 1385, pp. 100-105, 1993,

Vallete, G. R.; McGee, H.; Sanders, J. H.; and Enger, D. ]. The Effects of Truck Size and Weight on
Accident Experience and Traffic Operations, Volume I f Large
final report no. FHWA /RD-80/137, Federal Highway Administration, U.S. DOT, Washington,
D.C., July 1981.

s €N XPELNENCE Q

LI

116



Walker, R. . “Two-Lane Loop Ramps: Operation and Design Consideralions” Transportation
Research Record, no. 1385, TRB, pp. 133-138, 1993,

Yates, J. G. “Relationship between Curvature and Accident Experience on Loop and Outer Connection

on Ramps” Highway Research Record, no. 312, 1970.

Zador, P. L.; Stein, H; Hall, J.; Wright, P. “Superelevation and Roadway Geometry: Deficiency at
Crash Sites and on Grades” Transportation Research Record, no. 1026, TRB, 1985, pp. 43-50.

117



