
 

 

ABSTRACT 

HARKEY, DAVID LEE. Effect of Intersection Angle on the Safety of Intersections. (Under 

the direction of Dr. Joseph E. Hummer.) 

The preferred design for intersections includes adjacent legs that intersect at 90 

degrees. However, there are occasions where physical constraints result in intersection angles 

less than 90 degrees, and thus produce skewed intersections. Such intersections create 

potential safety and operational problems for both motorists and non-motorists. To date, the 

research on such issues has been limited, which may explain the lack of consensus among the 

policies and guidance that now exists in practice. 

The objective of this study was to derive quantitative relationships between 

intersection angle and safety, where safety is defined by intersection crashes. The 

relationships were used to 1) determine appropriate crash modification factors for reducing or 

eliminating the skew angle of an intersection, 2) determine if there is a critical minimum 

angle at which safety is substantially diminished, and 3) assess the need for revision of 

current geometric design policies and practices. 

The data for this research were acquired from the Federal Highway Administration 

Highway Safety Information System and the Minnesota Department of Transportation. A 

supplemental data collection effort was undertaken to acquire additional key variables, 

including all measured angles at each intersection. The final database of minor leg stop-

control intersections included 1,669 4-leg locations and 1,109 3-leg locations. The numbers 

of crashes included in the analysis over a 7-year period were 8,482 and 4,746 for 4-leg and 3-

leg intersections, respectively. 

Data mining techniques were used to identify the most important predictor variables 

from a large list of independent variables. Negative binomial regression models were then 

developed using the identified variables. The models with the best fit were used to derive 

crash modification functions (CMFs) for 3-leg and 4-leg intersections separately. The shape 

of the relationship between CMF value and intersection angle differs from prior CMFs 

developed. It is also recommended that the minimum critical angle for intersections in 

roadway design policies be revised to 75 degrees. The results may change the way road 

safety professionals make decisions regarding improvements to skewed intersections.  
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CHAPTER 1.  INTRODUCTION 

1.1  Background 

The preferred design for intersections includes adjacent legs that intersect at 90 

degrees. However, there are occasions where physical constraints result in intersection angles 

less than 90 degrees, and thus produce skewed intersections. Such intersections create 

potential safety and operational problems for both motorists and non-motorists.  

Skewed intersections generally result in larger intersections. This additional space 

introduces several potential problems for drivers. First, they have a longer distance to travel 

when crossing the intersection or making certain turning maneuvers, which results in 

increased exposure within the intersection. Second, the increased surface area may result in 

driver confusion in terms of alignment on the approach to the intersection or while turning or 

crossing. Both of these issues may also apply to bicyclists.  

The angles introduced at a skewed intersection create additional issues. First, the 

orientation of crossing traffic to the waiting driver, bicyclist, or pedestrian may make it more 

difficult to detect and judge the speed of approaching vehicles on conflicting paths. Second, 

the intersecting legs with acute angles between them can adversely affect the turning radius, 

making it more difficult to accommodate large trucks. Third, the acute angles may introduce 

additional sight obstructions, including possible obstructions from the body of the driver’s 

vehicle. For older drivers, the acute angles introduce the problem of being able to physically 

turn their head, neck, or upper body to create the necessary sight lines for seeing crossing 

traffic. 

For pedestrians, skewed intersections present several more issues. First, the distances 

that must be crossed by a pedestrian are greater than at a right-angle intersection. This 

increases the exposure time for a crossing pedestrian. This problem is exacerbated for 

pedestrians, such as older persons, who may be traveling at a slower pace. Second, the sight 

lines between the pedestrian and driver are altered from a typical right-angle intersection. 

This creates an environment where the two parties may not be looking in the correct places 

for potential conflicts. Third, skewed intersections are problematic for visually-impaired 



2 

pedestrians, creating an environment in which it is difficult to align themselves for the 

crossing, properly ascertain the direction of traffic from sounds, and maintain alignment 

when crossing the street. 

Properly addressing the operational and safety problems that result from skewed 

intersections requires sound design policies and practices. The AASHTO Policy on 

Geometric Design of Streets and Highways – the Green Book (AASHTO, 2011) recommends 

that “intersecting roads should generally meet at or nearly at right angles.” The Green Book 

also states that some deviation from a 90-degree angle is permissible, but that an angle of at 

least 60 degrees provides most of the same benefits. The ITE Traffic Engineering Handbook 

(ITE, 2009) provides similar guidance. However, prior ITE guidance documents 

recommended a minimum intersection angle of 70 to 75 degrees (ITE, 2003; ITE, 1999; ITE, 

1984). The FHWA Highway Design Handbook for Older Drivers and Pedestrians also 

recommends right-angle intersections where right-of-way is not constrained and minimum 

intersection angles of 75 degrees where right-of-way is restricted (Staplin et al., 2001). There 

are also differences among state departments of transportation with respect to the minimum 

desired intersection angle. 

 To date, crash-based research on the safety and operational implications of 

intersection angle has been limited. This may explain the lack of consensus among the 

policies and guidance that now exists. There is a need to better understand the effects of 

intersection angle on crashes and to enhance the current design guidance. 

1.2  Magnitude of the Problem 

Intersections account for a large portion of the road safety problem in the U.S. Almost 

22 percent of the fatal crashes (see Figure 1) and more than 40 percent of the total crashes 

(see Figure 2) occur at or are related to intersections. These facts are not unexpected, given 

that intersections are the locations on our roadway system that have the most conflicts. The 

number of potential conflicts is also a function of traffic volume, thus urban intersections are 

likely to have more collisions than rural intersections. Kuciemba and Cirillo (1992) found   
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Figure 1. Percentage of Fatal Crashes in the U.S. by Location.  
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Figure 2. Percentage of Total Crashes in the U.S. by Location.  
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that intersections account for more than 50 percent of the total crashes in urban areas, while 

intersections account for just over 30 percent of the total crashes in rural areas. A study of 

California crashes found similar results, showing that, on average, 1.5 crashes per year occur 

at rural unsignalized intersections, and 2.5 crashes per year occur at urban unsignalized 

intersections (Bauer and Harwood, 1996).  

The number of these crashes that occur at skewed intersections is more difficult to 

determine. There is no national database that includes geometric data on intersections. 

Similarly, there are very few states that have this information readily available. The 

Minnesota Department of Transportation (MNDOT) is one state that has this information 

available for most of their state-maintained intersections. An analysis of their 2008 

intersection inventory data revealed that more than 16 percent of the intersections are skewed 

(see Figure 3). This percentage includes signalized and unsignalized locations. A review of 

the MNDOT crash data indicated that almost 18 percent of the intersection crashes occurred 

at these skewed locations (see Figure 4), indicating that such locations may be slightly 

 

Figure 3. Percentage of Minnesota Intersections by Number of Legs and Angle 

Classification (2008).  
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overrepresented in terms of the crash problem (HSIS, 2012). However, it should be noted 

that these statistics do not account for traffic volume, area type, or other factors that may 

contribute to the crash problem.  

In summary, intersections account for approximately 40 percent of the crashes on the 

U.S. road system. From the limited data available from the single State of Minnesota, more 

than 16 percent of the intersections may be classified as skewed, and these locations may be 

overrepresented in terms of total crash occurrence. Note that Minnesota may be considered a 

representative state with respect to intersection safety in the U.S. In 2010, an analysis of 

intersection-related fatalities was completed using three years (2007 to 2009) of data from 

the Fatality Analysis Reporting System (FARS). Minnesota’s fatality rates were 2.73 

fatalities per 100,000 population and 0.92 fatalities per 100 million vehicle miles travelled. 

The national median rates for these same years were 2.72 fatalities per 100,000 population 

and 0.93 fatalities per 100 million vehicle miles travelled. (FHWA, 2010) 

 

Figure 4. Percentage of Minnesota Intersection Crashes by Number of Legs and 

Angle Classification (2008). 
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Given these facts, careful consideration should be given to mitigation measures for 

skewed intersections when designing new roadways or retrofitting existing roadways. Such 

measures from the AASHTO Green Book, state highway design manuals, and other 

resources range in terms of complexity. Examples include 1) complete realignment of an 

intersection to generate a right-angle location, 2) addition of traffic signals or signs to 

prohibit or more closely control certain movements, 3) addition of auxiliary turning and 

acceleration lanes to lessen the severity of the angles and allow drivers to use their mirrors to 

detect conflicting traffic, 4) addition of channelization to provide better guidance through the 

intersection and accommodate pedestrians, and 5) installation of accessible pedestrian signals 

to meet the needs of the visually impaired. (AASHTO, 2011; Antonucci et al., 2004; Neuman 

et al., 2003; Neuman, 1985; Harkey et al., 2007)  

1.3  Objectives and Scope 

The objective of this study was to derive quantitative relationships between 

intersection angle and safety, where safety is defined by intersection crashes. The 

relationships were used to: 

 determine appropriate crash modification factors for reducing or eliminating the 

skew angle of an intersection, 

 determine if there is a critical minimum angle at which safety is substantially 

diminished (75 degrees, 60 degrees, or other), and 

 assess the need for revision of current geometric design policies and practices. 

This study was restricted to the analysis and interpretation of intersection crash data. 

There have been other observational studies that have examined specific aspects of skewed 

intersections, such as sight distance or pedestrian crossing behaviors (see Chapter 2). There 

are also resources available that discuss other aspects of the problem and subsequent 

countermeasure possibilities and costs (Antonucci et al., 2004; Neuman et al., 2003). The 

greatest need related to the topic of intersection angle and safety at this time is a sound crash-

based evaluation. 
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The statistics on the magnitude of the problem in the prior section did not fully 

differentiate among characteristics that may be used to further define and scope the problem, 

such as area type (rural vs. urban), number of legs, type of traffic control present, and other 

features. Many of these features were used to limit the scope of this study for both practical 

reasons related to supplemental data collection efforts and methodological reasons related to 

adequate sample size. Chapter 4 of the report discusses the scope of this research effort in 

more detail.  

As noted in the last objective bullet above, one of the anticipated outcomes of this 

study is possible new guidance for design policies and practices. This may include 

recommended changes to the AASHTO Green Book (AASHTO, 2011). The current policy, 

which includes the critical minimum angle of 60 degrees, has been in place for decades. The 

1965 AASHTO policy on geometric design notes that angles above 60 degrees produce only 

a small reduction in visibility, thus realignment may not be warranted (AASHTO, 1966). 

Other agencies and organizations, including ITE and FHWA, have recommended critical 

minimum angles of 70 to 75 degrees in recent years on the basis of behavioral and 

observational research. AASHTO policy makers have reviewed that same research, but have 

resisted changing the Green Book to date. In part, this may be a function of desiring 

definitive safety results on this issue. This study aims to fill this void.  

1.4  Organization of the Dissertation 

The report is structured as follows. Chapter 2 includes a review of the literature 

related to the topic of intersection angle. Studies are included that have attempted to quantify 

the crash effects of intersection angle as well as those that have addressed visibility (sight 

distance) and physiological issues of drivers and pedestrians. Chapter 3 includes a 

description of the methodology and analysis approach. Chapter 4 includes a detailed 

discussion about the data acquired for this project. The results of the analysis are included in 

Chapter 5. Chapter 6 includes a summary of the study and conclusions. Finally, ideas for 

additional research related to this topic are provided in Chapter 7. There are also several 

appendices included with additional information related to the data and analysis results.   



8 

CHAPTER 2.  LITERATURE REVIEW 

As noted in the introduction, addressing the potential safety and operational problems 

of skewed intersections requires sound design policies and practices. Provided in Section 2.1 

is a description of the design policies and guidance that currently exist in the U.S. These 

policies should be informed by or based upon research that has been conducted on the topic. 

The second part (Section 2.2) of the literature review discusses the limited research that has 

addressed intersection angle and its effect on safety.  

2.1  Current Design Guidance 

The AASHTO Policy on Geometric Design of Streets and Highways – the Green 

Book (AASHTO, 2011) – addresses the issue of intersection alignment and skew angle in 

several chapters. In the chapter on intersections, the recommendation is that “intersecting 

roads should generally meet at or nearly at right angles.” This chapter also includes 

recommendations related to the realignment of a skewed intersection, noting that “the angle 

of the realigned intersection should be as close to 90 degrees as practical.” However, the 

policy goes on to read that some deviation from a right angle is permissible, and that 

providing “an angle of 60 degrees provides most of the benefits of a 90-degree intersection 

while reducing the right-of-way takings and construction costs often associated with 

providing a right-angle intersection.” The foundation for this later statement regarding 

benefits is unclear. 

The intersection chapter of the Green Book also addresses the effect of skew angle on 

intersection sight distance, noting that the sight triangles at a skewed intersection will be 

larger or smaller, depending on the quadrant, than what is present at a right-angle 

intersection. The policy discusses the issues associated with longer crossing distances within 

the intersection and the effect this may have on sight distance computations. The issues of 

line-of-sight for the approaching driver are also discussed, and recommendations are 

provided for adjusting the sight distance computation. Finally, the effect of skew angle on 

turning radius is addressed later in the same chapter, with recommendations provided for 
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defining the control radius and point of tangency that should be used in the development of 

design alternatives for channelization at skewed intersections. 

In the chapter of the Green Book related to the design of intersections on local roads 

and streets, the recommended policy is for intersecting streets to “meet at approximately a 

90-degree angle” and for the alignment design to “avoid an angle of intersection of less than 

60 degrees.” For collector roads and streets, the recommendation specifically addresses stop-

controlled intersections. The policy reads that the intersecting legs “should intersect at right 

angles, wherever practical, and should not intersect at an angle less than 60 degrees.” 

The Green Book is a product of state transportation engineers, designers, and 

policymakers. Hence, state departments of transportation use the Green Book as the starting 

point for their own internal design policies. The policies of several states were examined with 

respect to intersection design and skew angle. Iowa’s design manual addresses the 

intersection of crossroads with rural, two-lane or multilane primary highways. The policy 

establishes an intersecting angle of 90 degrees as “ideal,” between 90 and 75 degrees as 

“desirable,” and between 75 and 60 degrees as “acceptable.” Any intersections with angles 

less than 60 degrees “will be realigned to provide a desirable intersection angle” (Iowa 

DOT). 

The Montana Department of Transportation (MDOT) policy reads that “roadways 

should intersect at or as close to 90 degrees as practical” and provides several reasons why 

skewed intersections are undesirable. The policy notes that the intersection angle should not 

exceed 30 degrees from perpendicular. With respect to realignment, the MDOT policy reads 

that “it will rarely be warranted to realign the intersection if its skew is within 30 degrees of 

perpendicular.” If the skew angle is greater than 30 degrees, the policy notes that “the 

intersection may require geometric improvements (realignment, auxiliary lanes, greater 

corner sight distance)” (MDOT, 2004).   

The policy for the Illinois Department of Transportation reads that, “Highways should 

intersect at right angles” and also provides several reasons why acute angles are undesirable. 

However, the policy goes on to note that the angle should be within 15 degrees of 

perpendicular, and that “this amount of skew can often be tolerated because the impact on 
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sight lines and turning movements is not significant.” The policy further notes that an 

intersection angle up to 30 degrees from perpendicular may be used under restricted 

conditions.  For a skew angle in excess of 30 degrees, it is noted that geometric 

improvements or more positive traffic control (e.g., all stop, traffic signals) may be warranted 

(ILDOT, 2005).  

Within the California Department of Transportation (CalTrans), the recommendation 

for 90-degree intersecting angles is also present. However, the minimum angle recommended 

when a right angle cannot be achieved is 75 degrees. The justification includes the following 

statement – “A 75 degree angle does not unreasonably increase the crossing distance or 

generally decrease visibility.” For intersecting legs that are less than 75 degrees, it is 

recommended that a series of retrofit improvement strategies be considered, including 

realignment, provision of acceleration lanes, and turning movement restrictions (CalTrans, 

2009). 

One of the references cited in the Iowa DOT design manual is the Intersection 

Channelization Design Guide (Neuman, 1985). This publication of the National Cooperative 

Highway Research Program (NCHRP) includes recommended guidance regarding 

intersection angle for both new construction and reconstruction/rehabilitation. The 

recommendation for new construction is to maintain angles of between 75 and 90 degrees 

unless there are “costly or severe constraints.”  If such constraints exist, it is recommended 

that angles as low as 60 degrees are acceptable. For reconstruction/rehabilitation projects, the 

recommendation is to examine crash rates and patterns that may be the attributable to the 

skew of the intersection. 

The Traffic Engineering Handbook (ITE, 2009) provides similar guidance to what is 

found in the Green Book and other resources with respect to the desire for right-angle 

intersections. The Handbook also acknowledges the safety and operational problems that 

may persist at intersecting angles less than 60 degrees. However, the document stops short of 

making a recommendation for minimum desirable angle. On the other hand, prior ITE 

guidance documents have recommended minimum intersection angles. The 1999 edition of 

the Traffic Engineering Handbook (ITE, 1999) recommends a minimum angle of 75 degrees. 
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The Neighborhood Street Design Guidelines (ITE, 2003) recommends a minimum angle of 

70 degrees. A recommended practice for subdivision streets reads “…in no case should the 

angle be less than 75 degrees” (ITE, 1984).   

The Federal Highway Administration (FHWA) has published a couple guidance 

documents in recent years that include recommendations related to skewed intersections. The 

Highway Design Handbook for Older Drivers and Pedestrians (FHWA, 2001) recommends 

right-angle intersections where right-of-way is not constrained. For those intersections where 

right-of-way is restricted, the recommendation is for a minimum intersection angle of 75 

degrees (Staplin et al., 2001). The Handbook also recommends the prohibition of right-turn-

on-red (RTOR) on approach legs where the intersecting angle to the driver’s left is less than 

75 degrees. In the publication titled Signalized Intersections: Informational Guide (FHWA, 

2004), the authors discuss several of the operational and safety issues associated with skewed 

intersections. A brief synopsis is also provided of the range of minimum intersection angles 

recommended in different sources, from 60 degrees to 75 degrees. However, the Guide stops 

short of making a recommendation on a minimum angle value. 

The AASHTO Guide for the Planning, Design, and Operation of Pedestrian 

Facilities (AASHTO, 2004) discusses the implications of skewed intersections on 

pedestrians. Concerns include longer crossing distances, increased exposure to traffic and 

possible conflicts, and proper location of the crosswalk. There is also a discussion of the 

navigational issues for the visually-impaired pedestrian including the ability to properly align 

for crossing the intersection and maintaining alignment while crossing. The Guide, however, 

does not make any recommendations regarding desirable or minimum intersection angles. 

The difficulties of visually-impaired pedestrians at skewed intersections are also addressed in 

a best practices guide on accessible pedestrian signals (APS) (Harkey, Carter, Barlow, and 

Bentzen, 2007). The guide includes a prioritization tool for rating intersections with respect 

to needing APS to help pedestrians cross the street. A skewed crossing receives the second 

highest number of points (more points equates to greater crossing difficulty) of any 

operational or geometric characteristic at a crosswalk. 
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2.2  Safety Research 

The research available on the safety effects of intersection angle is limited and by no 

means definitive. The work that has been conducted can be divided into three distinct types 

of studies – crash-based, visibility-based, and physiology-based. The crash-based research 

explored the relationships between the intersection skew angle and crash frequencies or rates. 

The visibility-based research focused on the sight lines and sight distance requirements using 

observational inputs from drivers. The physiology-based research primarily addresses the 

diminished physical skills of older persons and how this impacts their ability to negotiate 

skewed intersections. A summary of the studies discovered in each of these areas is provided 

below. 

2.2.1  Crash Research  

The Highway Safety Manual (HSM) includes the following crash modification factors 

(CMFs) as part of the predictive method for rural two-lane, two-way roads (AASHTO, 

2010):  

CMF (3-leg intersection) = EXP(0.0040  x  skew) (1) 

CMF (4-leg intersection) = EXP(0.0054  x  skew) (2) 

 

where: 

CMF = crash modification factor for total crashes 

skew = intersection skew angle in degrees; the absolute value of the difference  

 between 90 degrees and the actual intersection angle 

 

As an example of application, consider an intersection (either 3- or 4-leg) where the 

smallest angle between any two legs is 70 degrees; hence the skew angle is 20 degrees. The 

CMFs would be calculated using the above equations as follows: 

 

CMF (3-leg intersection) = EXP(0.0040  x  20) = 1.08 (3) 

CMF (4-leg intersection) = EXP(0.0054  x  20) = 1.11  (4) 
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Thus, a 3-leg rural stop-control intersection with a 70-degree intersection angle would be 

expected to have 8 percent more total crashes than a right-angle intersection. Similarly, a 4-

leg rural stop-control intersection would be expected to experience 11 percent more total 

crashes. 

These CMFs were developed as part of an FHWA study to develop an algorithm for 

predicting safety performance of a rural two-lane highway (Harwood et al., 2000). This 

algorithm became the initial crash prediction module within FHWA’s Interactive Highway 

Safety Design Model (IHSDM). The CMFs were derived from negative binomial regression 

models, which were developed using data from 382 3-leg and 324 4-leg stop-control 

intersections in Minnesota. The models took the following forms: 

 

N3-leg = EXP(-12.82 + 1.01lnADTmaj + 0.406lnADTmin + RHRI + 0.33RT + 0.0040SKEW3) (5) 

N4-leg = EXP(-9.34 + 0.60lnADTmaj + 0.61lnADTmin +  0.13NDmaj + 0.0054SKEW4) (6) 

 

where: 

N3-leg = predicted number of total crashes per year at a particular 3-leg 

 intersection and within 250 ft in either direction along the major road 

N4-leg = predicted number of total crashes per year at a particular 4-leg 

 intersection and within 250 ft in either direction along the major road 

ADTmaj = average daily traffic volume (vpd) on the major road 

ADTmin = average daily traffic volume (vpd) on the minor road 

NDmaj = number of driveways on the major road within 250 ft of the intersection 

RHRI = roadside hazard rating within 250 ft of the intersection on the major road 

RT = presence of right-turn lane on the major road (0 = no turn lane; 1 = turn 

 lane present) 

SKEW3 = intersection angle (degrees) minus 90 for the angle between the major-

 road leg in the direction of increasing stations and a leg to the right; 90 

 minus intersection angle (degrees) for the angle between the major-road 

 leg in the direction of increasing stations and a leg to the left 
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SKEW4 = intersection angle (degrees) expressed as one-half of the angle to the right 

 minus one-half of the angle to the left for the angles between the major-

 road leg in the direction of increasing stations and the right and left legs, 

 respectively 

 

The 4-leg model included all crash types and only variables that were significant at a 

significance level of 0.15 or less; skew angle was significant at a p-value equal to 0.108. The 

3-leg model included only those crash types generally related to intersection operations; the 

significance level (p-value) for skew angle in this model was 0.17. As part of this same 

study, a panel of road safety research experts evaluated these models and made the 

determination that the coefficients for skew angle were appropriate to be used for CMFs to 

ascertain the safety effect of intersection angle. However, the panel also recommended 

further research on this geometric characteristic. 

A study designed to develop guidelines for the realignment of intersections in 

Nebraska (McCoy, Tripi, and Bonneson, 1994) used crash data from 3-leg and 4-leg rural 

two-lane roadway intersections. Three years of crash data for 29 skewed intersections and 39 

comparable non-skewed intersections were used to develop the following Poisson regression 

model:  
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        (7) 

 

where: 

N = number of crashes per year 

ADTmaj = annual average daily traffic (vpd) on major roadway 

ADTmin = annual average daily traffic (vpd) on minor roadway 

 = intersection type factor = 0.129 + 0.260F 

F = 0 for 3-leg intersection; 1 for 4-leg intersection 

 = skew angle, in degrees 
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The model produces an increase in crashes as the traffic volume and skew angle 

increases, with 4-leg intersections having more crashes than 3-leg intersections for the same 

volumes and skew angle. 

Another study (Hanna et al., 1976) of 3-leg intersections found that wye (skewed) 

intersections had crash rates approximately 50 percent higher than tee (right-angle) 

intersections, suggesting an effect of intersection angle. A study of intersections in Finland 

found that acute and obtuse skew angles affected safety differently (Kulmala, 1995). This 

phenomenon was discussed by the expert panel in the Harwood et al. (2000) study noted 

above, but it was decided that this study alone “did not provide a sufficient basis for 

challenging the widely accepted view that any intersection skew that departs from a 90-

degree angle, whether positive or negative, is detrimental to safety.”   

2.2.2  Visibility Research 

Gattis and Low (1997; 1998) conducted a field study and measured the angles at 

which drivers’ lines of sight were obstructed by the body of their vehicles when looking to 

the right. Two driver positions (“sit back” and “lean forward”) were used. A 13.5-degree 

vision angle (with respect to a line perpendicular to the vehicle path) was selected to 

represent an intermediate posture, between the sit back and the lean forward positions.  The 

authors concluded that a 60-degree left-skewed intersection may result in an obstructed line 

of sight to the right for a driver for certain types of vehicles. Thus, the minimum angle 

present in the AASHTO Green Book may not be appropriate. Instead, a minimum 

intersection angle of 70 to 75 degrees is recommended to offer an improved line of sight.  

Son, Kim, and Lee (2002) also analyzed the right lateral visibility of drivers in both 

passenger cars and heavy trucks at left-skewed intersections. They calculated the available 

sight distance using driver positions similar to what Gattis and Low had used. They 

concluded that intersection angles below 70 degrees should not be used when the design 

vehicle is a large vehicle or semitrailer.  

Two studies from Spain (Garcia, 2005; Garcia and Libreros, 2007) studied visibility 

at skewed intersections and at merging areas. They combined field observations and 



16 

microsimulation results of the drivers’ behavior.  They concluded that an intersection angle 

of no less than 70 degrees should be used at intersections and no less than 7 degrees for 

merging areas.  

2.2.3  Physiology Research 

Angles between the legs of an intersection can impact one’s ability to make decisions 

at and maneuever through intersections. These impacts are most negative for those that have 

diminished physical capabilities. Older persons are one demographic who may experience 

problems at skewed intersections. The following discussion in this section is taken from the 

Draft FHWA 2011 Handbook for Designing Roadways for the Older Population (Harkey et 

al., 2011) and denotes some of the problems that older persons may experience. 

Many older drivers experience a decline in head and neck mobility, which 

accompanies advancing age and may contribute to the slowing of psychomotor responses.  

Joint flexibility, an essential component of driving skill, has been estimated to decline by 

approximately 25 percent in older adults due to arthritis, calcification of cartilage, and joint 

deterioration (Smith and Sethi, 1975).  A restricted range of motion reduces an older driver’s 

ability to effectively scan to the rear and sides of his or her vehicle to observe blind spots, 

and similarly may be expected to hinder the timely recognition of conflicts during turning 

and merging maneuvers at intersections (Ostrow, Shaffron, and McPherson, 1992).  For older 

drivers, diminished physical capabilities may affect their performance at intersections 

designed with acute angles by requiring them to turn their heads further than would be 

required at a right-angle intersection.  This obviously creates more of a problem in 

determining appropriate gaps.  

Isler, Parsonson, and Hansson (1997) measured the maximum head rotation and the 

horizontal peripheral visual field of 20 drivers in each of four age groups – less than age 30, 

ages 40 to 59, ages 60 to 69, and age 70 and older. The oldest subjects exhibited an average 

decrement of approximately one-third of head range of movement compared with the 

youngest group of subjects. The mean maximum head movement (in one direction) was 86 

degrees for the youngest drivers, 72 degrees for drivers ages 40 to 59, 67 degrees for drivers 
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ages 60 to 69, and 59 degrees for drivers age 70 and older. In addition, the percentage of 

drivers with less than 30 degrees of horizontal peripheral vision increased with increases in 

age, from 15 percent of the younger driver sample to 65 percent of the drivers age 70 and 

older. Three of the oldest drivers had less than 50 degrees of head movement and two of 

these drivers also had less than 20 degrees of horizontal peripheral vision.   

In a survey of older drivers conducted by Yee (1985), 35 percent of the respondents 

reported problems with arthritis and 21 percent indicated difficulty in turning their heads to 

scan rearward while driving. Excluding vision/visibility problems associated with nighttime 

operations, difficulty with head turning placed first among all concerns mentioned by older 

drivers participating in a focus group conducted by Staplin, Harkey, Lococo, and Tarawneh 

(1997) to examine problems in the use of intersections where the approach leg meets the 

main road at a skewed angle, and/or where channelized right-turn lanes require an 

exaggerated degree of head/neck rotation to check for traffic conflicts before merging. 

Comments about this geometry centered on the difficulty older drivers experience turning 

their heads to view traffic on the crossing roadway at locations with intersection angles less 

than 90 degrees. Several participants reported an increasing reliance on outside rearview 

mirrors when negotiating highly skewed intersections. However, they reported that the 

outside mirror is of no help when the roads meet at the mid-range of angles (e.g., 40 to 55 

degrees), and the driver is not flexible enough to physically turn to look for traffic.  

In an observational field study conducted as a part of the same project, Staplin et al. 

(1997) found that approximately 30 percent of young/middle-aged drivers (ages 25 to 45) 

and young-old drivers (ages 65 to 74) used their mirrors in addition to making head checks 

before performing a right-turn-on-red (RTOR) maneuver at a skewed intersection (a 

channelized right-turn lane at a 65-degree skew). By comparison, none of the drivers age 75 

and older used their mirrors; instead, they relied solely on information obtained from 

head/neck checks. In this same study, it was found that the likelihood of a driver making a 

RTOR maneuver is reduced by intersection skew angles that make it more difficult for the 

driver to view conflicting traffic. 
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The practical consequences of restricted head and neck movement on driving 

performance at tee (3-leg) intersections were investigated by Hunter-Zaworski (1990), using 

a simulator to present video-recorded scenes of intersections with various levels of traffic 

volume and sight distance in a 180-degree field of view from the driver’s perspective.  

Drivers in two subject groups, ages 30 to 50 and 60 to 80, depressed a brake pedal to watch a 

video presentation (on three screens), then released the pedal when it was judged safe to 

make a left turn; half of each age group had a restricted range of neck movement as 

determined by goniometric measures of maximum (static) head-turn angle. Aside from 

demonstrating that skewed intersections are hazardous for any driver with impairment in 

neck movement, this study found that maneuver decision time increased with both age and 

level of impairment. Thus, the younger drivers in this study were able to compensate for their 

impairments, but older drivers both with and without impairments were unable to make 

compensations in their (simulated) intersection response selections. 

Older and younger driver performance was compared at 10 intersections (5 improved 

and 5 unimproved) to test the effectiveness of the FHWA recommendations for intersection 

design to accommodate older road users (Classen et al., 2007). Thirty-nine drivers ages 25 to 

45 and 32 drivers ages 65 to 85 drove an instrumented vehicle on urban and residential 

streets in Gainesville, Florida, accompanied by a front-seat driving evaluator who recorded 

behavioral errors. The course took approximately one hour to complete, and included driving 

through five sets of improved and unimproved intersections. One set of intersections 

included roadways that met at a 90-degree angle (improved) and roadways that met at an 

angle less than 75 degrees (unimproved). Both kinematic data (vehicle control responses 

during the turn phase including longitudinal and lateral accelerations, yaw, and speed) and 

behavioral data (driving errors including vehicle position, lane maintenance, speed, yielding, 

signaling, visual scanning, adjustment to stimuli/traffic signs, and left-turn gap acceptance) 

were recorded. With the exception of speed during the turn, kinematic measures showed 

significantly better performance associated with the improved intersection, and there were 

significantly fewer behavioral errors with the improved design. The improved design was 

associated with lesser side forces, indicating improved lateral stability, and fewer deviations 



19 

from the idealized curved path during the turn, indicating greater vehicle control. There were 

no significant differences between age groups for either the kinematics measures or the 

behavioral measures.  

Age-related diminished capabilities, which may make it more difficult for older 

pedestrians to negotiate intersections, include decreased contrast sensitivity and visual acuity, 

reduced peripheral vision and “useful field of view,” decreased ability to judge safe gaps, 

slowed walking speed, and physical limitations resulting from arthritis and other health 

problems. Older pedestrian problem behaviors include a greater likelihood to delay before 

crossing, to spend more time at the curb, to take longer to cross the road, and to make more 

head movements before and during crossing (Wilson and Grayson, 1980).   

Older pedestrian walking speed has been studied by numerous researchers.  Most 

recently, ITE and AAA Foundation for Traffic Safety (Stollof, McGee, and Eccles, 2007) 

published a study on pedestrian walking rates of older persons and the effects of slower rates 

on signal timing operations. The study included a review of past studies and the collection of 

additional observational data in six cities throughout the U.S. The results showed the 15
th

 

percentile walking rates of older pedestrians to range between 3.4 and 3.8 ft/sec. The study 

recommended a walking speed of 3.5 ft/sec. However, additional guidance was provided to 

use a walking speed of 3.0 ft/sec at locations where pedestrians are routinely crossing at a 

slower pace. Under those conditions, it is also recommended that the crossing distance used 

in the calculation of the WALK and pedestrian clearance interval be measured from 6 ft back 

of the edge of curb (starting location assumption) to the far side of the travel way being 

crossed. This research formed the basis of the recommendation in the FHWA Handbook 

(Harkey et al., 2011) to use a walking speed of 3.0 ft/sec. This recommendation is less than 

the 3.5 ft/sec currently recommended in the Manual on Uniform Traffic Control Devices 

(FHWA, 2009).  
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2.3  Summary 

In summary, there is consensus among the policy and design guidance in the highway 

design field that intersecting roadways should be aligned to meet at 90 degrees. There is also 

a common recognition of the safety and operational problems that are introduced for different 

modes of travel once an intersection becomes skewed. However, there are differences among 

these documents regarding the critical minimum angle – the angle at which consideration 

should be given to realigning the intersection or implementing additional traffic control 

measures. That angle currently ranges from 60 degrees to 75 degrees, depending on the 

reference. 

There have very few studies that have attempted to define the safety implications of 

intersection angle using crash data. An expert panel of road safety researchers reviewed 

several of these studies as part of an effort for FHWA to quantify crash effects of specific 

design elements that could be used in the Interactive Highway Safety Design Model. The 

panel made the decision that the results from the Harwood et al. (2000) analysis were the 

most credible at the time. However, the panel also noted that more work was needed to better 

quantify the effects of intersection angle. 

Finally, there is evidence that intersection angle can impact those drivers and 

pedestrians whose physical capabilities have diminished. Older persons who have reduced 

flexibility may have difficulty turning their heads and necks to judge gaps in traffic at 

skewed intersections. Older or disabled pedestrians who walk at slower speeds will be 

exposed to traffic for a longer period of time at crossings that are lengthened as a result of the 

intersection angle. These research findings led to the 75-degree critical minimum angle 

recommendation in the FHWA Handbook (Harkey et al., 2011) as a practice to accommodate 

age-related performance deficits. 

The lack of consistency among current design policies and practices with respect to 

critical minimum intersection angle, the potential negative safety implications of skew angle 

on drivers and pedestrians with diminished capabilities, and the limited crash-based research 

to date justify the need for the research conducted in this study.  
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CHAPTER 3.  METHODOLOGY AND APPROACH 

3.1  Analysis Approach 

The approach for this evaluation was to develop a series of cross-sectional models 

using the latest state-of-the-practice statistical method for developing crash prediction models 

in the road safety field. Currently, the favored modeling choice is negative binomial (NB) 

regression. However, prior to model development, random forest (RF) and classification and 

regression tree analyses were used to help identify the most appropriate variables for the 

models (Breiman et al., 1984; Breiman and Cutler, 2001; Strobl et al., 2009; Loh, 2011). This 

data mining approach offers some unique advantages over the traditional iterative approach 

to variable selection when building predictive models. Finally, crash modification factors 

(CMFs) for intersection angle were derived from the NB models. The CMFs developed were 

then used to make recommendations for policy and design guidance documents, such as the 

AASHTO Green Book. 

This approach to the analysis required a large sample of intersections that are skewed 

and not skewed. To determine if there is a “minimum critical safety angle,” it was also 

desirable that the sample of intersections range in terms of skew severity. The next chapter 

on data acquisition and preparation discusses the data collected, including key data elements 

acquired through a supplemental data collection effort.  

The remainder of this chapter includes a discussion of road safety modeling, data 

mining, and CMF development. Section 3.2 includes a discussion of the evolution of 

modeling in the road safety field. The data mining techniques applied in this study are 

discussed in Section 3.3, including examples of their application in road safety studies and 

other disciplines. Section 3.4 provides the justification for and discussion of the NB 

regression models chosen for this research. Finally, Section 3.5 describes the approach 

followed for the development of CMFs for intersection angle. 
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3.2  Evolution of Road Safety Model Development  

As this research effort included the development of road safety models, it is important 

to understand how these models have evolved over time within the highway safety field. This 

section of the dissertation provides a summary of this evolution. 

Much of the research exploring relationships between crashes and roadway 

characteristics has relied on the development and interpretation of cross-sectional or 

regression models. More than 20 years ago, the approach often selected was conventional 

linear regression taking the form (Jorgensen, 1978; Abess et al., 1981; Zegeer et al., 1987): 

 

                              (8) 

 

where: 

Yi =  response variable (e.g., crash frequency or crash rate occurring at location i 

 during the specified time period) 

 = constant (i.e., intercept) 

n) = estimated regression coefficients 

X(1…n)i = observed values of covariates or explanatory variables (e.g., lane width,  

 shoulder type, curvature, etc. at location i) 

i =  unexplained variation in the response variable (i.e., error term)  

  

The method most commonly used to develop the estimated parameters for such linear 

models is ordinary least squares (OLS) estimation. However, it has been documented that 

conventional linear regression is not appropriate for modeling crash frequencies for the 

following reasons (Jovanis and Chang, 1986; Joshua and Garber, 1986; Miaou and Lum, 

1993):  

1) First, crashes are not continuous data, which is an underlying assumption for a 

normal distribution and required for linear regression. Instead, they are discrete 

random events and are always non-negative occurrences. The assumption of a 
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normal distribution allows for the prediction of negative crashes, which can bias 

the estimated coefficients. 

2) The variance is not constant throughout the distribution (i.e., homoscedastic). This 

problem does not affect the estimated parameters, but does affect the confidence 

intervals of the estimates that are used for significance testing. 

To overcome the problems with conventional linear regression models, Poisson 

regression models came into favor for modeling the relationship between crashes and 

roadway geometrics. The underlying assumed distribution is Poisson, which is a discrete 

probability distribution that is very appropriate for representing “infrequent event” data (e.g., 

crashes) that may occur over a large number of trials (e.g., number of vehicles traveling 

through any given location). The Poisson distribution takes the following form: 
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where: 

P(yi) = probability of yi crashes occurring at location i during the specified time  

 period 

i  = Poisson parameter (expected number of crashes at location i during the  

 specified time period) 

 

The Poisson parameter is defined as a function of the explanatory variables as 

follows: 
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where: 

 = constant (i.e., intercept) 

j = estimated regression coefficients 

Xj = observed values of covariates or explanatory variables (e.g., lane width,  

 shoulder type, curvature, etc.) 

 

Maximum likelihood estimation (MLE) is used to produce the estimated regression 

coefficients. The likelihood function is of the form (Washington et al., 2003): 
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Two research efforts applied both linear regression and Poisson regression models to 

study the relationship between truck crashes and roadway geometrics (Joshua and Garber, 

1986; Miaou and Lum, 1993). In both efforts, it was found that the linear regression models 

did not define the relationships very well. In the latter study, two types of Poisson regression 

models were developed: 1) multiplicative with an exponential rate function, and 2) 

multiplicative with non-exponential rate function. The use of an exponential rate function 

ensures that the crash rate is always non-negative, and was the preferred model. The authors 

also concluded that linear models may seriously overestimate or underestimate the number of 

crashes.   

For Poisson regression to be considered an appropriate approach, it is also required 

that the mean and variance of the distribution are equal. In some of the research literature, 

this requirement may be met or was simply assumed (Griebe, 2003; Hubacher and 

Allenbach, 2004). In many of the recent crash-roadway models that have been developed, it 

has been shown that this assumption is not correct and that a different type of model is 

required (Hadi et al., 1995; Abdel-Aty and Radwan, 2000; Donnell et al., 2002). It is more 

likely that the variance is greater than the mean, which is known as overdispersion.  
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Overdispersion can be handled by choosing a different model form or by making a 

statistical correction within the Poisson regression model. The latter is referred to as the 

quasi-Poisson (QP) model and makes an adjustment to the variance term to create equality 

with the mean (Wedderburn, 1974). Two studies were found that examined the use of this 

method and compared it to the results from other models (Maher and Summersgill, 1996; 

Berhanu, 2004). The earlier effort examined a number of historical data sets to assess the 

quality of validity of QP vs. negative binomial (NB) models. While both models produced 

similar parameter estimates, the NB model was the preferred choice for estimating the 

uncertainty associated with the model. The latter study was a safety evaluation of roadways 

in Addis Ababa, Ethiopia. In this effort, the NB models were also preferred over the QP 

models for the vehicle crash data that was shown to be overdispersed. For the pedestrian 

crash model however, the QP model was preferred choice as the overdispersion was less 

significant. 

 NB models are indeed the next generation of regression models to account for 

overdispersion. The NB distribution is also a discrete probability distribution, but is more 

general than the Poisson distribution and allows the variance to exceed the mean. The NB 

distribution is represented as a gamma function [(.)] and takes the form: 
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where: 

P(yi) = probability of yi crashes occurring at location i during the specified time 

 period 

i  = expected number of crashes at location i during the specified time period 

= overdispersion parameter 

 



26 

The expected number of crashes is similar to the Poisson parameter (i), but now includes a 

gamma-distributed error term, i, as follows: 
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where: 

 = constant (i.e., intercept) 

j = estimated regression coefficients 

Xj = observed values of covariates or explanatory variables 

i  = gamma-distributed error term with mean equal to 1 and variance = 
2
  

 

The error term allows the variance, Var(yi), to differ from the mean, E(yi), as follows: 
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The likelihood function is of the form (Washington et al., 2003): 
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In recent years, most of the crash-roadway characteristic regression models that have 

been developed are of the NB form (Donnell et al., 2002; Bligh et al;, 2006; Austin and 

Carson, 2002; Oh et al., 2004; Dumbaugh, 2006). Several studies have produced Poisson and 

NB models for comparison. Miaou compared the Poisson, zero-inflated Poisson (ZIP), and 

NB models in an evaluation of truck crashes and geometric design elements. Each model had 
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a range of crash frequencies on the road sections in which it performed best. The NB models 

were best for estimating the number of road sections with 0 crashes; ZIP models were best 

for those with 1 to 3 truck crashes; and the Poisson model was best for those with 4 or more 

crashes. In conclusion, the author recommended starting with the Poisson model. If 

overdispersion is present and greater than 1.3, the NB and ZIP models should be considered 

(Miaou, 1994). 

In the past decade, more research studies have applied zero-inflated models, either 

ZIP models or zero-inflated negative binomial (ZINB) models (Shankar et al., 1997; Lee and 

Mannering, 2002; Kumara and Chin, 2003; Qin et al., 2004). The appeal of these models is 

the improved statistical fit that can be produced because of the manner in which excess zero 

counts are handled within the modeling framework. However, the validity of such models 

has been questioned as it applies to crash data. The underlying theory behind zero-inflated 

models requires a dual state. For crashes, the states are either 1) unsafe – those locations with 

crashes, or 2) safe – those locations without crashes. It has been argued that the latter state 

does not exist, i.e., no road section can be considered inherently safe. The presence of road 

sections with a large number of zero crashes is more likely to be a function of low exposure, 

high heterogeneity in crash counts, and the selection of spatial and temporal scales (Lord et 

al., 2005; Lord et al., 2007). 

On occasion, it is possible for the crash data to be underdispersed. This condition was 

discovered in a recent analysis of rail-highway crossings in Korea (Oh et al., 2006). The 

authors applied a gamma model that can be used for count data that are either overdispersed 

or underdispersed. The expected mean function can be written as follows (Winkelman and 

Zimmerman, 1995): 
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where: 

E[yi|Xi] = expected number of crashes y at location i, given explanatory 

 conditions represented by X 

 = dispersion parameter 

j = crash count (0, 1, 2, …) 

i = EXP(Xi), where  are the estimated coefficients 

 

The authors originally produced Poission, NB, and ZIP models. Once underdispersion 

was discovered, they opted for the gamma model. It was noted that the model offered a good 

statistical fit, while accounting for the underdispersion. The function of this model is such 

that it may also be used to account for overdispersion. However, no studies were discovered 

that used the model to account for this phenomenon.  

While the standard NB model takes care of the overdispersion problem, it does not 

address another problem that has come to light in recent years – serial or temporal 

correlation. In other words, crash counts from the same sections of roadway over multiple 

years may produce temporal correlation that is not accounted for in the model estimates. 

Several modeling approaches have been explored to account for both overdispersion and 

serial correlation. A study of Washington State median crashes used a random-effects NB 

(RENB) model in an examination of median-crossover collisions (Shankar et al.; 1998). The 

RENB model assumes that the crashes are randomly distributed across locations and that any 

location-specific effect deviates over time. Both NB and RENB models were produced for 

several scenarios to account for spatial and temporal effects. The authors concluded that the 

RENB model did improve the statistical fit to the data over the NB model. However, if 

spatial and temporal effects are accounted for within the NB model, the RENB model does 

not offer any advantages.   

Another approach to addressing serial correlation is the generalized estimating 

equations (GEE) procedure. This procedure is an extension of the generalized linear models 

(e.g., NB) that allows for the analysis of data that may be temporally or spatially clustered. 

At least three studies have applied GEE to examine the relationships between crashes and 
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geometrics/operations at signalized intersections (Lord and Persaud, 2000; Wang and Abdel-

Aty, 2006; Wang et al., 2006). While the modeling results appear intuitive, it is not clear if 

the GEE procedure produces better results when compared to the NB or negative 

multinomial models (discussed below). That research does not appear in the literature at the 

present time.  

Finally, another approach to addressing serial correlation is the use of negative 

multinomial (NM) models. A NM model was fit to the Washington State median-crossover 

collision data described above, and the results were compared to the previously developed 

NB and RENB models. The NM model outperformed the prior models in terms of likelihood 

and was considered to be the best choice for modeling median-crossover collisions over 

multiple-year periods (Ulfarsson and Shankar, 2003).  

Another effort developed NM models to predict the safety of urban four-lane 

undivided roadways (Hauer et al., 2004). Models were developed for both on-road and off-

road crashes. One of the unique features of the NM models developed in this study was the 

effort taken to define the functional form of the explanatory variables. An innovative iterative 

building-block approach for modeling that was relatively new to the highway safety field at 

that time was applied to determine variable functional form and selection. The key elements 

of the approach are 1) choosing the correct functional form of the explanatory variables, 2) 

checking for the appropriate influence of these variables within the model, and 3) assessing 

goodness of fit. While these elements may not sound different from what has been or should 

have been done in previous efforts, it is the iterative approach to model building that makes it 

unique (Hauer, 2004). 

With respect to functional form, Hauer (2004) concludes that safety models should 

have both additive and multiplicative components. The additive components should account 

for point hazards (e.g., driveways), while the multiplicative components should account for 

longitudinal features (e.g., shoulder type and width). However, functional form is not limited 

to the overall model. It is important that the correct functional form be selected for each 

explanatory variable. Determining the correct functional form of an explanatory variable and 
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determining whether it should be included is done in an iterative manner – hence, the name 

of the approach. 

The variable in question (V) is partitioned into bins (e.g., lane widths may include 

bins of 10 ft, 11 ft, 12 ft, etc.). The number of recorded crashes (Nrecorded) associated with 

each bin is determined. The number of predicted crashes (Npredicted) is also determined on the 

basis of the model prior to the addition of this variable. The ratio (R(Vi)) of recorded vs. 

predictive for multiplicative forms and the difference (D(Vi)) of the two values for additive 

forms are then computed as follows: 
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Plots of the explanatory variable bins vs. the ratios or differences resulting from these 

equations can then be produced and examined to determine what, if any, function can be 

applied to capture the relationship. If no orderly relationship can be found, the explanatory 

variable in question is not considered to add value to the model and is not included. This 

differs from the traditional modeling building approach of adding the variable to the model 

and then testing for significance. 

It is also important to consider the order in which the variables are added to the 

model. The author notes that the order will change the Npredicted and R(Vi) values. In turn, this 

may change the functional form for the variable in question. Several iterations may be 

required to determine the correct order of entry and the proper functional forms. The author 

recommends introducing the dominant variable first (typically traffic volume), followed in 

order of contribution to the increase in the log-likelihood parameter, which is given by: 
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where: 

aij = crash count for location i in period j 

Yij = average crash count for all locations with same measured traits as   

 location i (but differing in other traits) 

i =  x (segment length), where 1/ is the variance of the gamma ()   

 distribution  

 

As new variables are introduced, the value of ln(γ) will change. The magnitude of this 

change divided by the number of parameters in the model can be used as a guide to when 

variables should be introduced – the larger this value, the earlier the introduction. This 

formulation of the likelihood function addresses the issue of serial correlation discussed 

previously by correctly accounting for changes in traffic flow and other variables that occur 

at each location over time. 

Assessment of the goodness of fit of regression models has traditionally been done 

using a number of statistical indexes. Examples from many of the NB and NM models 

previously discussed include scaled deviance, R
2
 variations (e.g., Tukey-Freeman), Akaike 

information criterion (AIC), overdispersion, and Pearson chi-square. All of these measures 

provide a single value that can be used to assess the overall fit of the model developed for all 

parameters included. For checking the fit of individual explanatory variables, plots of 

residuals (i.e., difference between recorded and predicted crashes) have traditionally been 

used. Hauer and Banfo (1997) propose the use of the cumulative residual (CURE) method 

because it can examine the fit of individual parameters throughout the range of data. 

Cumulative residuals plotted against a variable, like the plot shown in Figure 5, can help 

ascertain if the chosen functional form for that variable is appropriate. A CURE plot, like the 
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one shown in Figure 6, can be used to determine if there are data ranges where the fit is poor 

and if there are outliers. The plot should oscillate around zero, end near zero, and not exceed 

the + 2*bounds, where  is given as:  
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where: 

n = integer between 1 and N 

N = total number of residuals 

 

 

Figure 5. Example of a Cumulative Residual Plot (Hauer, 2004). 
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In summary, the method proposed by Hauer requires multiple iterations for each 

explanatory variable considered. What is not clear at this time is whether the end result 

produces a better model, both in terms of statistical fit and prediction accuracy. There have 

been no studies completed to compare this model building approach to the traditional 

approach. A recent evaluation of multilane highways with and without curbs successfully 

applied this iterative model building approach and utilized CURE plots for checking model 

fit (Baek, 2007).  

3.3  Variable Selection via Data Mining 

Traditionally, the selection of variables for inclusion in a regression model is done 

through an iterative process in which variables are added or deleted in a sequential one-at-a-

time manner. Backward elimination is the process of including all independent variables 

 

Figure 6. Example of a Cumulative Residual Plot with + 2 Bands (Hauer, 2004). 
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under consideration in the model and deleting those that are not significant. Forward 

selection is the opposite approach, adding one variable at a time and testing for a significant 

contribution to the predictive ability. Stepwise regression is a modification on forward 

selection in which non-significant variables are removed as new variables are added.  This 

process can be time-consuming with a large number of variables, even if the procedure is 

largely automated in the software.  The need to select the order of entry or removal of 

variables in the model can also affect the final set of independent variables, and the 

interactions among the independent variables must still be defined by the analyst.  

Alternatively, other approaches to variable selection focus on the relationships among 

the variables available for the model. The approach promoted by Hauer (2004) and described 

in the previous section explores the functional form of the possible explanatory variables and 

requires careful consideration of how the variables are introduced. Another approach is to 

methodically examine the relationships among all of the independent variables before 

choosing those for inclusion in the model and the appropriate functional form for each (Bauer 

and Harwood, 2013). Both of these approaches offer advantages over the traditional 

techniques noted above in terms of variable selection and more deliberate model 

development. However, both techniques require a substantial investment of time, particularly 

if the number of variables under consideration is large, as is the case in the current study. 

As part of this effort, a data mining approach was applied for variable selection that is 

believed to be a more efficient way of identifying the most relevant variables from a large 

list. This approach also allowed for the identification of interactions between variables in a 

systematic way prior to the development of the NB regression models. Both random forests 

(RF) and regression trees were used in the analysis in combination to identify the 

independent variables that are believed to be the best predictors for the NB regression 

models. Tree analysis was also used to determine the interactions that exist among these 

variables. These techniques and past applications are further described below.  

RF was used to determine the variables that are most likely to be the best predictors. 

The RF algorithm was developed by Breiman and Cutler (2001) and works in the framework 

of classification and regression trees. Instead of having one tree, multiple trees are produced 
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using a resampling method (500 trees by default in RF package in R), and the aggregate 

results are then combined. Breiman and Cutler (2001) believed that a single decision tree 

may not reveal all the important variables that contribute to the dependent variable (e.g., 

crashes) in that some important variables can be masked by other important variables at a 

specific splitting node. In this case, RF can help identify important predictors that may not 

appear in the output of a single classification or regression tree but are nevertheless highly 

predictive of the target variable.  

There are very few studies in the road safety field literature that have applied random 

forest methods. Harb et al. (2009) employed RF to explore pre-crash maneuvers that are 

associated with rear-end, angle, and head on crashes. The technique has been more broadly 

applied in the field of psychology, where its value as a tool for determining variable 

importance has been critiqued. The RF variable importance rankings are more stable than 

those produced by stepwise logistic regression (Rossi et al., 2005). Strobl, Malley, and Tutz 

(2009) also note that high-ranked variables on an importance list from RF may appear on that 

list as a result of a complex interaction that cannot be captured in a regression model. 

Classification and regression tree analysis was the data mining method used for this 

study to explore interactions among independent variables. Tree analysis is a robust data-

mining and data-analysis tool that automatically searches for important patterns and 

relationships and quickly uncovers hidden structure even in highly complex data. It has been 

an active analytical technique in many scientific areas for many years. The analysis method 

does not require any predefined underlying relationship between target (dependent) variable 

and predictors (independent variables) and has been shown to be a powerful tool to find the 

more important factors that contribute to the target variable. It also provides the ability to 

determine the level and type of interaction between independent variables, as opposed to 

having to predefine such interactions when developing regression models.   

There are two types of tree analysis. One is a classification tree where the dependent 

variable is binary, and the other is a regression tree where the dependent variable can be 

continuous or count data. The output is a tree that shows the most important predictor 

variables at the top of the tree in addition to combinations of variables that best predict the 
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outcome variable. The analysis can also identify and explain the complex patterns associated 

with crash risk; it can effectively handle multi-collinearity problems and observations with 

missing values.  

There have been limited applications of tree analysis and other similar classification 

techniques in transportation. Council et al. (2010) employed classification trees to develop a 

speed-related crash typology to identify the crash, vehicle, and driver characteristics that are 

associated with speeding-related crashes. In this effort, the target variable was a binary 

variable crashes that were either speeding-related or not speeding-related. Classification trees 

were also used in a more extensive study for NHTSA on this same topic in which the goal 

was the development of a speed-related crash taxonomy for different types of crashes 

(Thomas et al., 2012). 

A few studies have used regression trees to examine the safety of different roadway 

features. For example, Abdel-Aty et al. (2005), used regression trees to identify factors 

associated with different types of crashes at signalized intersections. Park and Saccomanno 

(2005) used a tree-based partitioning method to classify intersections and then applied 

generalized linear regression techniques to identify contributing factors associated with 

crashes at railroad grade crossings. 

Kuhnert, Dob, and McClure (2000) employed logistic regression, classification and 

regression trees (CART), and multivariate adaptive regression splines (MARS) to analyze 

motor-vehicle injury data. The aim of the study was to determine if risk-taking was a 

significant contributor to crashes resulting in serious injury or death.  By comparing the 

analysis results from logistic regression, they demonstrated that CART and MARS, which 

are capable of graphically displaying the analysis results and identifying the groups of people 

with potential high-crash risk, are informative and attractive models for motor-vehicle crash 

analysis. They also suggested that CART and MARS can be used as a precursor to a more 

detailed logistic regression. However, they did not combine these methods for their study. 

Other studies have used classification and regression trees for the purposes of relating 

injury levels or specific types of crashes to driver, vehicle, and environmental variables 

(Miller et al., 2010; Chang and Chen, 2006, 2005; Karlaftis and Golias, 2002; Mohaymany et 
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al., 2010; Yan and Radwan, 2006; Stewart, 1996). All of these studies used the classification 

tree method where the dependent variable was a binary variable. 

3.4  Safety Prediction Model Development 

Much of the research exploring relationships between crashes and roadway 

characteristics has relied on the development and interpretation of cross-sectional or 

regression models. As previously discussed in this chapter, modeling in road safety has 

evolved. Currently, the state-of-practice for road safety models attempting to define 

relationships between crashes and geometric/roadside characteristics is NB regression. Thus, 

NB regression was selected as the modeling approach for this research. This approach has 

recently been used to develop many of the predictive models included in the Highway Safety 

Manual (AASHTO, 2010).  

NB models were developed using the most important predictor variables, as identified 

through the data mining analysis. The models were estimated using maximum likelihood 

methods. While NB modeling is the current state-of-the-practice, it is important to recognize 

that these models do have some limitations: 

 Requires a large sample size of data, which can sometimes be costly or otherwise 

impractical for certain crash types and categories. 

 Makes assumption that crashes fit the NB regression distribution; some recent studies 

have argued for the use of other distributions (e.g., Lord and Mannering, 2010). 

 Difficult to handle multivariate correlation distributions, which can be problematic 

when crash data with different levels of severity/different types are available for 

safety evaluation. Intuitively, there should be some correlation between crashes of 

different severity levels, and disregarding this correlation may lead to biased results. 

The range of models produced in the current study was very much dependent upon 

the range and depth of the final data set. At the start of the analysis, the goal was to produce 

separate total crash prediction models for 3-leg and 4-leg intersections. Further model 

development on the basis of factors such as injury severity and rural/urban designation was a 
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function of sample size and range of data for some of the variables (e.g., intersection angle) 

in the final database.  

Another outcome from the models developed was the identification of other potential 

contributing factors, other than intersection angle, that impact safety at intersections. These 

results provide insight into the geometric and operational characteristics of intersections, as 

well as non-roadway factors that may contribute to safety problems at both skewed and non-

skewed intersections.  

3.5  Crash Modification Factors Derivation 

The regression coefficients of the independent variable, intersection angle, in the NB 

safety prediction models were used to derive crash modification factors (CMFs). The 

approach to this derivation was similar to what was described in the literature review for the 

Harwood et al. (2000) study. This same approach to CMF development has been applied to 

numerous studies in recent years. Many of the CMFs contained in the CMF Clearinghouse, 

an online repository of CMFs, were derived in this manner from cross-sectional models 

(FHWA, 2013). The number of models developed during the analysis dictated the number of 

CMFs produced.  

3.6  Summary 

In summary, the approach chosen to evaluate the effect of intersection angle on safety 

consisted of the following steps. First, data mining tools such as random forest and 

classification and regression techniques were used to identify the most important predictors 

of intersection crashes from the relatively long list of independent variables. These 

techniques were also used to identify potential interactions among these same variables. 

Second, NB regression models were developed for 3-leg and 4-leg intersections separately. 

The most important predictors identified with the data mining techniques served as the initial 

set of variables for the models. Finally, the regression coefficients for the variables 

associated with intersection angle were used to develop CMFs. An assessment of the critical 

minimum angle was made on the basis of the derived CMF values.   
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CHAPTER 4.  DATA ACQUISITION AND PREPARATION 

4.1  Data Source and Assessment 

The data required for this study include crash data, intersection geometric data, and 

traffic volumes that can be linked by location. The FHWA Highway Safety Information 

System (HSIS) includes such data for two of the states included in system – Minnesota and 

California. HSIS is a roadway-based system that was first developed in 1990 and provides 

quality data from seven states and one urban center on a large number of crash, roadway, and 

traffic variables. The data are acquired annually, processed into a common format, 

documented, and prepared for analysis. The data from HSIS can be used to analyze a large 

number of safety problems, including the development of models that attempt to predict 

future crashes from roadway characteristics and traffic factors. (HSIS, 2012) 

A review of the HSIS Guidebooks revealed that the Minnesota intersection data 

includes a unique data element to indicate if an intersection is skewed. Specifically, the 

element “TYPEDESC” or Intersection Description includes the following attributes: 

 31 = 'Tee Intersection' (TEE) 

 32 = 'Wye Intersection' (WYE) 

 33 = 'Crossing at Right Angles Intersection' (CROSS) 

 34 = 'Crossing Skewed Intersection' (SKEW) 

These attributes were used to distinguish skewed and non-skewed intersections. The 

first two attributes were used to separate skewed and non-skewed 3-leg intersections. The last 

two attributes were used to make this separation for 4-leg intersections. This variable allowed 

for a quick assessment of the number of intersections in each of these four categories.  

The California intersection file does not contain any similar data elements to make 

the skewed vs. non-skewed distinction. Thus, only the HSIS State of Minnesota was selected 

for this analysis. A request was made through the HSIS website (www.hsisinfo.org) for the 

latest 10 years of Minnesota data, including crash, roadway, and intersection data. At the 

time of the request, this period was 1999 to 2008. 
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Upon receipt of the data, the next step in the assessment was to determine the number 

of intersections with the attributes listed above. Using data from the latest year (2008), the 

number of 3-leg and 4-leg intersections available for the analysis was determined by skew 

category and traffic control type. As shown and highlighted in Table 1, the majority of the 

intersections are locations with minor leg stop-control. The number and diversity of 

intersections available for the analysis within the other categories of intersection traffic 

control are limited. Thus, the scope of this research was limited to minor leg stop-control 

intersections.  

The next step in the assessment was to make sure that the primary characteristic of 

interest (i.e., skew) had not changed over the analysis period of interest. At the time of this 

assessment, the analysis period had not been determined. Based on experience with similar 

studies, it was likely to require between 5 and 10 years of data to accumulate enough crashes 

for the analysis. A count of crashes across the four classes of intersections for the first and 

last year of a 10-year period (1999 to 2008) was requested from HSIS and is shown in Table 

Table 1. Number of Minnesota Intersections by Traffic Control Type and Skew 

Classification (2008 Data). 

       Intersection 

        Type 

Traffic Control 

3-leg 

Right-Angle 

3-leg 

Skewed 

4-leg 

Right Angle 

4-leg 

Skewed 

Total 

Yield Control 12 4 0 0 16 

Minor Leg Stop-Control 2573 387 2642 599 6201 

All-way Stop-Control 4 0 39 4 47 

Amber/Red Flashers  3 2 32 14 51 

Red/Red Flashers 0 0 19 6 25 

Signalized 72 9 709 156 946 

Other 3 2 4 1 10 

Total 2667 404 3445 780 7296 
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2. The number of crashes per intersection during these two years for each of the intersection 

classifications is shown in Table 3. Realizing that the sample of sites may be further reduced 

for a variety of reasons once the analysis is conducted, a 10-year period (1999 to 2008) was 

chosen to check for consistency across all possible years.  

This check was conducted by examining the classification indication each year for 

each site over the 10-year period. If the indication remained consistent through the entire 

period (e.g., “CROSS” for all ten years), the site was retained as a “consistent” intersection. 

If the indication changed at all (e.g., “WYE” to “TEE”), this was taken as an indication that 

something about the intersection geometry may have changed during the 10-year period, and 

the site was deemed “inconsistent.” The results of this analysis are shown in Table 4. 

Between 75 and 80 percent of the intersections in each of the four classification categories 

Table 2. Number of Crashes by Intersection Type for the First and Last Years (1999 

and 2008) of the Potential Analysis Period. 

    Intersection 

    Type 

Year 

3-leg 

Right Angle 

3-leg 

Skewed 

4-leg 

Right Angle 

4-leg 

Skewed 

Total 

1999 4349 724 5509 1230 11812 

2008 4073 733 5128 1254 11188 

 

 

Table 3. Number of Crashes per Intersection by Intersection Type for the First and 

Last Years (1999 and 2008) of the Potential Analysis Period. 

    Intersection 

    Type 

 Year 

3-leg 

Right Angle 

3-leg 

Skewed 

4-leg 

Right Angle 

4-leg 

Skewed 

Total 

1999 1.69 1.87 2.09 2.05 1.90 

2008 1.58 1.89 1.94 2.09 1.80 
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remained consistent in terms of traffic control (minor leg stop-control) and skewed or not. It 

is this set of 4,780 consistent intersections that served as the starting point for the 

supplemental data collection effort discussed later in this chapter.  

4.2  HSIS Data Acquisition 

The data available within HSIS are documented in guidebooks and are available on 

the HSIS website (www.hsisinfo.org). The Minnesota Guidebook was accessed to determine 

which data elements to request for the proposed analysis (Council and Mohamedshah, 2007).  

The data available and of interest for this study are in three separate files – crash, roadlog, 

and intersection/interchange.  

The list of possible elements from these files is included in Appendix A. Crash data 

elements were selected to allow models to be developed for total crashes, injury crashes, and 

specific collision type crashes (e.g., rear-end crashes). Additional data elements were 

selected from all files that were needed for further model disaggregation or that could 

potentially be important safety predictors within the models. The final variables selected are 

highlighted in the appendix tables, including those variables required to link information 

from the various files for each intersection. Provided below is a descriptive list of the HSIS 

data elements acquired for analysis consideration, excluding the linkage variables. 

 

 

Table 4. Number of Minor Leg Stop-Control Intersections without Changes in the 

Skew/Non-skew Attributes over Time (1999 – 2008). 

       Intersection 

        Type 

Traffic Control 

3-leg 

Right-Angle 

3-leg 

Skewed 

4-leg 

Right Angle 

4-leg 

Skewed 

Total 

Minor Leg Stop-Control 1930 305 2095 450 4780 

% of Original Total  

(as shown in Table 1)  

75% 80% 80% 76% 78% 
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HSIS Minnesota Crash File 

 Date, year, hour, and day of week 

 Collision type (e.g., rear-end, sideswipe, etc.) 

 Roadway type 

 Location type 

 First harmful event location 

 Light conditions 

 Number of vehicles involved 

 Urban/rural designation 

 Alignment characteristics (curve and grade) 

 Road surface conditions 

 Roadway classification 

 Road work characteristics (work zones) 

 Route system classification 

 Severity 

 Posted speed limit 

 Traffic control devices 

 Travel direction 

 Weather conditions 

HSIS Minnesota Roadlog File 

 Annual average daily traffic (AADT) 

 Commercial AADT 

 AADT year 

 Curb presence 

 Functional classification 

 Number of lanes 

 Lane width 

 Shoulder type and width 
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 Median type and width 

 Parking presence and type 

 Number of vehicles involved 

 Urban/municipal code 

HSIS Minnesota Intersection File  

 Intersection type 

 Intersection description (used for skew indication) 

 Number of legs 

 Leg direction (e.g., north, northeast, south, etc.) 

 Type of traffic control 

 Lighting 

 Number of through lanes 

 Travel description (one-way vs. two-way) 

 Surrounding land use  

 Intersection AADT 

 Major road AADT 

 Minor road AADT 

 AADT year 

Data were requested from HSIS for the years 2003 to 2009. On the basis of 

experience with prior cross-sectional studies and the large sample of intersections noted in 

Table 4, seven years of data were enough to produce reliable and meaningful results without 

introducing concerns about the age of the data (e.g., effects of an older vehicle fleet on crash 

experience at intersections). The requested HSIS data were received in four Microsoft Excel 

files: 1) 4-leg skew, 2) 4-leg cross, 3) 3-leg wye, and 4) 3-leg tee. The number of 

intersections in each file matched the numbers previously shown in Table 4. Each file 

included a separate record for each leg of each intersection along with the attributes for all of 

the data elements listed above. The roadlog data elements were appended to each intersection 

leg using the appropriate linkage variables in each file. Similarly, the number of crashes on 
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each leg (within 250 feet of the intersection) for each of the seven years requested (2003-

2009) were added to each intersection file. Crash totals were provided for fatal, injury and 

property-damage-only (PDO) crashes.   

4.3  Supplemental Geometric Data Collection 

The critical missing element from the list above is the actual intersection angle. 

Without this piece of information, it is not feasible to determine if there is a critical minimum 

angle at which safety is compromised nor is it possible to develop a crash modification factor 

for a change in the angle of the intersection. Both of these needs are key objectives of the 

research. Thus, a supplemental data collection effort was required to obtain this particular 

data element. 

While the intersecting angle between legs was deemed to be the most critical element 

to be collected in the supplemental data acquisition effort, it was not the only element 

believed to be important for this analysis. The other elements collected as part of this 

supplemental effort (some for confirmation of the HSIS data) are provided in the following 

list. These data elements were acquired for each approach leg of each intersection. 

 Number of intersections within 250 feet 

 Sight obstructions on corner clockwise from approach leg (yes, no, maybe, N/A) 

 Curve on approach within 250 feet of intersection (none, slight, sharp) 

 Terrain on approach (level, crest, sag) 

 Number of through lanes  

 Number of exclusive left-turn lanes  

 Number of exclusive right-turn lanes  

 Type of channelized right-turn lane (none, raised, painted, depressed, present but 

unknown type) 

 Median presence/type (none, two-way left-turn lane, raised, painted, depressed, 

present but unknown type) 

 Right turning traffic from this leg has acceleration lane? (y/n) 
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 Ramp or street 

 Traffic flow (two way, one way in, one way out) 

 Crosswalk on approach (y/n) 

 Sidewalk along approach (yes, no, unknown) 

 Number of major commercial/industrial driveway(s) on approach within 250 feet 

of intersection 

 Number of minor commercial/industrial driveway(s) on approach within 250 feet 

of intersection 

 Number of multi-family residential driveways(s) on approach within 250 feet of 

intersection 

 Number of single family residential driveways(s) on approach within 250 feet of 

intersection 

 On-street parking presence (painted spaces visible or parked cars, y/n) 

The approach selected to acquire these data made use of two sources of information – 

geographic information system (GIS) data and aerial images. Two GIS data components 

were required. The necessary base layer was the roadway network for the State of Minnesota. 

The GIS BaseMap is available for download from the Minnesota Department of 

Transportation (MNDOT) Website for each county (MNDOT, 2013). The individual county 

files were downloaded and then merged into a single shape file that included the state 

roadway network. The second layer required was a point file of the intersections. This 

information was also acquired from the MNDOT; it is part of their GIS point file that 

includes intersections, interchanges, bridges, and ramps. The aerial images were acquired 

from Google Maps. 

A Microsoft Excel workbook was developed for the purpose of recording the 

supplemental data elements. The workbook was initially populated with the intersection 

identification numbers and approach leg cardinal directions from the HSIS data received. 

Fields were then added for the supplemental data elements. The data collection protocol 

included the following steps for all intersections classified as skewed: 
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1) Copy the intersection ID number from the Excel file and locate the intersection in 

the Minnesota GIS layer. Use the info tool in ArcGIS to find the intersection 

coordinates (latitude and longitude). Record the coordinates in the Excel file.  

2) Copy the intersection coordinates from Excel to maps.google.com.  

3) Check to make sure the visual information between the spatial file and the aerial 

image match in terms of the number and direction of the intersecting legs. If they 

do not match, flag the intersection, make a note in the Excel file about the 

inconsistency, and continue to the next intersection. 

4) Determine which legs in the Excel file correlate to which legs in ArcGIS. Use the 

cardinal attribute within the “Direction” data element in the Excel file to match 

the intersecting legs. 

5) Access the COGO tool for measuring angles (see discussion below for how this 

tool was applied). Beginning with the leg with the cardinal direction of “North” or 

to the right of North, measure each angle between adjacent legs. Record the 

values in the Excel workbook. 

6) Collect the information about nearby intersections using the 250-ft buffer in 

ArcGIS. Record the information in the Excel workbook. 

7) Collect the remaining supplemental data using Google Maps (maps.google.com). 

As necessary, use StreetView™ to insure that the information is accurate. (See 

example of how the aerial imagery was used in the discussion below.) Record the 

information in the Excel workbook. 

The protocol followed for non-skewed intersections was the same with one additional 

step to determine if the intersection was indeed not skewed. Between steps 4 and 5 above, the 

COGO tool was accessed, and the most acute angle between all of the intersecting legs (as 

determined by visual inspection) was measured. If that angle was 85 degrees or greater, the 

intersection was deemed to be not skewed, and the data collector proceeded to step 6. If the 

angle was less than 85 degrees, the data collector proceeded to step 5 and collected angle 

measurements for all legs of the intersection. This decision expedited the data collection 

process and allowed more data to be collected for intersections with lesser angles. In part, 
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this value was chosen because it is likely that an angle of 85 to 89 degrees is not discernible 

from a 90-degree angle to a driver, pedestrian, or bicyclist and thus not likely to impact their 

behaviors at such intersections.   

 As noted in step 5 above, ArcGIS includes a tool labeled COGO (name derived from 

coordinate geometry) that allows one to measure angles between lines. This tool was used to 

obtain the angle between all legs at each intersection. During the test phase of experimenting 

with this tool, it was discovered that the measured angle between adjacent legs could range 

widely, depending on the points chosen on each leg to represent the end points of the arc. For 

two legs that continue in straight lines from the intersection, the distance matters little. 

However, for a leg with a curve starting close to the intersection, the angle measurement 

could vary depending on how far along the leg the data collector chooses to select the arc 

points. Figures 7 and 8 illustrate this issue with ArcGIS screenshots for one of the study 

intersections. Figure 7 shows a 50-ft buffer drawn around the intersection and used as a guide 

to locate the endpoints of the arc for measuring the angle. Figure 8 shows a 100-ft buffer for 

the same intersection. One of the legs of the intersection includes a curve near the junction 

point. The angle measured at the 100-ft radius is 62 degrees, while the angle measured at the 

50-ft radius is 67 degrees. On the basis of these initial tests, a decision was made to employ a 

50-ft distance from the point of intersection for all angle measurements. This distance 

ensured that angle measurements 1) did not include nearby curves (or only a portion of the 

curve), 2) most closely matched the angle experienced by the first couple drivers in the 

queue, and 3) provided a consistent method for all intersections. 

Per step 7 in the data collection protocol above, many of the supplemental data 

elements were collected using using a combination of aerial (satellite) view and street-level 

images (StreetView™) within Google Maps. The quality of the image available at a given 

intersection determined whether all of the data could be acquired from the aerial view only or 

if the street-level view was required. Figure 9 shows a high-quality satellite image for one of 

the study intersections. From this aerial image, all of the supplemental data elements were 
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Figure 8. Measured Intersection Angle with the ArcGIS COGO Tool and a 100-foot 

radius (62 degrees). 
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Figure 7. Measured Intersection Angle with the ArcGIS COGO Tool and a 50-foot 

radius (67 degrees). 
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collected, including the presence of right-turn legs on the major leg approaches, no sight 

obstructions, and no sidewalks, crosswalks, or nearby driveways. Figure 10 shows a lower-

quality satellite image for one of the study intersections. While some of the supplemental 

data element features could be determined from this image, the resolution was not high 

enough to acquire all of the data. This image also illustrates the use of the measurement tool 

within Google Maps that was used to determine the number of driveways within 250 feet of 

the intersection. Figure 11 shows this same intersection with a split level view of the satellite 

image and the StreetView™. For this location, the street-level view was necessary to record 

any sight obstructions, check for turning lanes, crosswalks, sidewalks and other features, and 

to confirm the type of driveways that are present. 

 

 

Figure 9. Google Maps High-Quality Satellite Image for a Study Intersection. 
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One of the lessons learned in this supplemental data collection effort was the amount 

of time it takes to acquire information from this source of aerial imagery. At the start of this 

supplemental data collection effort, it was estimated that the additional data elements could 

be acquired and entered into the Excel workbook at a pace of five minutes per intersection. 

For the 4,780 intersections in the sample set, the effort would require approximately 400 

hours. Within the first month of data acquisition, it became apparent that the initial estimate 

was not accurate. The number of low resolution satellite images and the need to use street-

level views to acquire many of the elements kept the pace closer to 12 minutes per 

intersection. As a result, the number of intersections with all of the supplemental data for this 

study had to be reduced in order to meet budget and time constraints. Using the 12-minute 

 

Figure 10. Google Maps Lower-Quality Satellite Image for a Study Intersection and 

Use of the Distance Measurement Tool for Counting Driveways. 
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pace, a goal was established to spend no more than 600 hours, resulting in collection of 

supplemental data for 3,000 intersections.  

There were other issues discovered in the course of the data collection effort related 

to the accuracy and completeness of the spatial data. The issues ranged from intersections 

that were misclassified as skewed locations to intersections that were grade-separated. 

Appendix B includes images and descriptions of these issues and reaffirms the advantages of 

verification with respect to roadway data as well as the benefits of using multiple data 

sources (e.g., spatial data and aerial imagery). 

At the conclusion of the data collection effort, data were acquired for 2,960 

intersections – 1,185 3-leg and 1,775 4-leg locations. While the supplemental data 

intersections were randomly selected from the original pool of locations, care was taken to 

 

Figure 11. Google Maps Split Screen Format with Satellite Image and StreetView™. 
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ensure that the skewed and non-skewed intersections had similar geographic distributions 

across the State of MN. As shown in Figure 12, the goal of similar distributions for skewed 

and non-skewed locations was obtained for both 3-leg and 4-leg intersections. It is important 

to note that the MN data within HSIS only includes the roadways and intersections that are 

part of the state-owned highway network. Thus, the intersections included in the analysis are 

typically more rural and are located along routes that are classified as collector and higher in 

the roadway functional classification scheme. 

The primary reason for the supplemental data collection effort was acqusisiton of the 

measured intersection angle. Otherwise, the analysis would have been limited to an 

assessment of safety based only on the attributes of skewed or non-skewed in the HSIS MN 

database. The collection of the measured angles provided additional insight into the value of 

data verification. The reliability and accuracy of the skewed vs. non-skewed attributes was 

 

Figure 12. Geographic Distribution of Skewed and Non-skewed Intersections by the 

Number of Legs. 
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unknown to MNDOT and HSIS staff, as it had not been verfied for an extended period of 

time. The results of the supplemental data collection effort illuminated the following. 

Approximately 24 percent of the 4-leg intersections and 30 percent of the the 3-leg 

intersections that are classified as right-angle intersections in the HSIS database had 

measured angles of 85 degrees or less. Misclassification in the other direction was also 

present. Approximately 3 percent of 4-leg intersections and 15 percent of 3-leg intersections 

that are classified as skewed in the HSIS database had measured angles of between 86 and 94 

degrees. The reasons for these misclassifications are not known but have been sent to the 

HSIS database administrators and MNDOT staff for further investigation. The analysis 

conducted in this study relied only on the measured results.  

4.4  Data Preparation 

The supplemental data collected were merged with the HSIS data acquired for the 

2,960 intersections. A series of quality control checks were then undertaken to produce a 

clean quality data set for the analysis. The series of quality control checks included the 

following steps:  

1) Check the sum of the measured angles at each intersection, which should be 360 

degrees. Intersections with summations less than 350 degrees or greater than 370 

degrees were dropped. (Seven intersections were deleted.)  

2) Check to make sure the number of stop-controlled legs is correct – one at 3-leg 

intersections and two at 4-leg intersections. (Sixty-nine intersections were 

deleted.)  

3) Eliminate intersections where the traffic control includes anything other than 

minor street stop-control. (Ten intersections were deleted.) 

4) Check the comments field in the supplemental data collection Excel workbook for 

any issues that may warrant deletion of the intersection. (Nineteen intersections 

were deleted.) 

5) Eliminate intersections that are on a ramp. (One intersection was deleted.) 
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6) Eliminate intersections that have one-way traffic flow. (Six intersections were 

deleted.)  

7) Eliminate intersections with a right-turn acceleration lane. (Fifteen intersections 

were deleted.) 

8) Check to make sure there were no changes in the intersection description data 

element from 2008 to 2009; years 1999-2008 were used to initially categorize the 

intersections with respect to being skewed. (One intersection was deleted.) 

9) Eliminate intersections with multiple acute adjacent angles or where any angle 

between adjacent legs exceeded 95 degrees. (Seven intersections were deleted.) 

10) Check for missing values for key variables known to be significant safety 

predictors (e.g., AADT). (Forty-five intersections were deleted.) 

11) Eliminate intersections with outlier crash frequencies across the 7-year period and 

intersections with abnormally high frequencies in any of the 7 years. (Two sites 

were deleted.) 

At the conclusion of this series of quality control checks, the final data set included 

2,778 intersections. The quality control checks resulted in six percent of the initial locations 

being eliminated. The next section of the report provides a more complete description of this 

final set of intersections.  

4.5  Data Description 

The data files produced for the analysis included 1,109 3-leg intersections and 1,669 

4-leg intersections. Provided in this section of the report are a limited number of tables 

intended to provide an overview of the data characteristics for the final database. Additional 

tables are provided in Appendix C. Tables 5 and 6 show the distribution of the study 

intersections by angle classification (skewed vs. right angle) and area type (rural vs. urban) 

for 4-leg and 3-leg intersections, respectively. Recall that the protocol for the supplemental 

data collection effort classified any intersection with an angle of 85 degrees or greater as a 

right-angle intersection. The descriptive tables that follow reflect this fact. Approximately 22 

percent of the 4-leg intersections in rural areas are skewed compared to almost 25 percent of 
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the intersections in urban areas. For 3-leg intersections, 20 percent of the rural intersections 

are skewed compared to almost 39 percent of the urban sites. For 3-leg intersections, almost 

20 percent of the sites are located in urban environments compared to only 12 percent of the 

4-leg intersections.  

One of the primary reasons for the supplemental data collection effort was to acquire 

the measurement of the intersection angle for each location. Tables 7 and 8 show the 

distributions of the study intersections among 10 categories of intersection angle for 4-leg 

and 3-leg intersections, respectively. As shown in Table 7, just over 60 percent of the 4-leg 

intersections in both rural and urban areas are categorized as right-angle locations. The 

remaining sites in the rural area are fairly evenly distributed across the other angle categories. 

In the urban area, the skewed intersections tend to be less concentrated in the smaller angle 

categories. For both rural and urban areas, the fewest number of sites is present in the less-

than-40 degree category.  

 

Table 5. Distribution of 4-Leg Intersections by Angle Classification and Area Type. 

Angle Classification 
Rural Intersections Urban Intersections 

Total 
No. % No. % 

Right Angle 1153 78.3 148 75.1 1301 

Skewed 319 21.7 49 24.9 368 

Total 1472 100.0 197 100.0 1669 

 

 

 

Table 6. Distribution of 3-Leg Intersections by Angle Classification and Area Type. 

Angle Classification 
Rural Intersections Urban Intersections 

Total 
No. % No. % 

Right Angle 710 80.0 136 61.5 846 

Skewed 178 20.0 85 38.5 263 

Total 888 100.0 221 100.0 1109 
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Table 7. Distribution of 4-Leg Intersections by Intersection Angle Category and 

Area Type. 

 Intersection Angle 

(degrees) 

Rural Intersections Urban Intersections Total 

No. % No. %   

< 40 42 2.9 2 1.0 44 

40-49 67 4.6 10 5.1 77 

50-54 50 3.4 6 3.0 56 

55-59 67 4.6 5 2.5 72 

60-64 63 4.3 6 3.0 69 

65-69 75 5.1 10 5.1 85 

70-74 79 5.4 13 6.6 92 

75-79 70 4.8 12 6.1 82 

80-84 67 4.6 10 5.1 77 

> 85 (right angle) 892 60.6 123 62.4 1015 

Total 1472 100.0 197 100.0 1669 

 

Table 8. Distribution of 3-Leg Intersections by Intersection Angle Category and 

Area Type. 

Intersection Angle 

(degrees) 

Rural Intersections Urban Intersections 
Total 

No. % No. % 

< 40 53 5.9 17 7.7 70 

40-49 24 2.7 9 4.1 33 

50-54 30 3.4 10 4.5 40 

55-59 32 3.6 5 2.3 37 

60-64 30 3.4 9 4.1 39 

65-69 39 4.4 17 7.7 56 

70-74 41 4.6 16 7.2 57 

75-79 48 5.4 20 9.0 68 

80-84 53 6.0 17 7.7 70 

> 85 (right angle) 538 60.6 101 45.7 645 

Total 888 100.0 221 100.0 1109 
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For 3-leg intersections (see Table 8), the percentage of sites categorized as right-angle 

locations is 61 percent in rural areas but only 46 percent in urban areas. The distribution of 

the remaining rural sites among the skew angle categories is fairly evenly distributed, ranging 

from about 3 to 6 percent in each category. The range is wider for the urban sites, from just 

over 2 percent to 9 percent among the skewed categories with the smallest number of sites 

present (5) in the 55-59 degree category. 

Table 9 provides a more detailed breakdown of the skewed intersections in the 

database for each 5-degree category of intersection angle between 5 and 84 degrees. For 4-

leg intersections, there are no intersections in the database with angles less than 20 degrees. 

Only 9 intersections (1.38 percent of the total number of skewed 4-leg intersections) have 

Table 9. Distribution of Skewed Intersections by Intersection Angle for 4-Leg and 3-

Leg Intersections. 

Intersection Angle 

(degrees) 

4-Leg Intersections 3-Leg Intersections 

No. % No. % 

5-10 - - 4 0.85 

10-14 - - 6 1.28 

15-19 - - 11 2.34 

20-24 2 0.31 4 0.85 

25-29 7 1.07 10 2.13 

30-34 16 2.45 15 3.19 

35-39 19 2.91 20 4.26 

40-44 29 4.43 18 3.83 

45-49 48 7.34 15 3.19 

50-54 56 8.56 40 8.51 

55-59 72 11.01 37 7.87 

60-64 69 10.55 39 8.30 

65-69 85 13.00 56 11.91 

70-74 92 14.07 57 12.13 

75-79 82 12.54 68 14.47 

80-84 77 11.77 70 14.89 

Total 654 100.00 470 100.00 
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angles between 20 and 29 degrees, while 35 intersections (5.36 percent) have angles between 

30 and 39 degrees. Over 93 percent of the 4-leg skewed intersections have angles between 40 

and 84 degrees. The 3-leg intersections have a different distribution. There are sites with 

extremely acute angles, including 10 intersections (2.13 percent of the total number of 

skewed 3-leg intersections) with angles less than 15 degrees. An additional 25 sites (5.32 

percent) have angles between 15 and 29 degrees. Over 85 percent of the 3-leg skewed 

intersections have angles between 40 and 84 degrees. 

The number and percentage of total crashes for the 7-year study period are provided 

in Tables 10 and 11, as distributed across the intersection angle categories. Approximately 50 

percent of the rural crashes at 4-leg intersections occurred at right-angle intersections 

compared to 65 percent of the urban crashes (see Table 10). The highest percentage of rural 

crashes in a skewed category was almost 10 percent for the 65-69 degree category. For urban 

sites, the highest percentage of crashes in a skewed category was 7 percent for the 70-74 

degree category. The lowest percentage of crashes (less than 2 percent) for both rural and 

urban locations occurred in the less-than-40 degree category. 

Table 10. Distribution of Total Crashes at 4-Leg Intersections by Intersection Angle 

Category and Area Type. 

Intersection Angle 

(degrees) 

Rural Intersections Urban Intersections 
Total 

No. % No. % 

<40 114 1.9 35 1.3 149 

40 - 49 259 4.4 93 3.6 352 

50 - 54 328 5.6 82 3.1 410 

55 - 59 250 4.3 79 3.0 329 

60 - 64 330 5.6 57 2.2 387 

65 - 69 582 9.9 122 4.7 704 

70 - 74 378 6.4 186 7.1 564 

75 - 79 404 6.9 123 4.7 527 

80 - 84 295 5.0 129 4.9 424 

> 85 (right angle) 2928 49.9 1708 65.3 4636 

Total 5868 100.0 2614 100.0 8482 

 



60 

The distribution of crashes for 3-leg intersections is shown in Table 11. For rural and 

urban intersections, 62 percent and 54 percent of the crashes, respectively, occur at right-

angle intersections. Unlike 4-leg intersections, almost 7 percent of the crashes in each area 

type occur at 3-leg intersections with angles less than 40 degrees. In fact, this angle category 

has the highest percentage of rural crashes among the skew angle categories. For 3-leg urban 

sites, the highest percentage of crashes in a skew angle category occurs in the 75-79 degree 

category (8 percent). 

The traffic volume characteristics at the study intersections are shown in Tables 12 

and 13. Intersection AADTs for 4-leg intersections ranged from a low of 163 vehicles per 

day (vpd) to over 53,000 vpd (see Table 12). The average AADT for rural and urban right-

angle intersections was 3,847 and 15,022 vpd, respectively. Average AADT values for 

skewed rural intersections ranged from 3,875 vpd for the less-than-40 degree category to 

6,221 vpd for the 65-69 degree category. For skewed urban intersections, the average AADT 

values ranged from 9,395 vpd for the 40-49 degree category to 21,785 vpd for the 70-74 

degree category.  

Table 11. Distribution of Total Crashes at 3-Leg Intersections by Intersection Angle 

Category and Area Type. 

Intersection Angle 

(degrees) 

Rural Intersections Urban Intersections 
Total 

No. % No. % 

< 40 191 6.8 129 6.8 320 

40-49 51 1.8 108 5.7 159 

50-54 81 2.9 24 1.3 105 

55-59 90 3.2 53 2.8 143 

60-64 62 2.2 63 3.3 125 

65-69 123 4.3 95 5.0 218 

70-74 153 5.4 113 5.9 266 

75-79 156 5.5 158 8.3 314 

80-84 180 6.4 141 7.4 321 

> 85 (right angle) 1742 61.6 1017 53.5 2759 

Total 2829 100.0 1901 100.0 4730 
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Table 12. Range of Intersection AADT for 4-Leg Intersections by Intersection Angle 

and Area Type. 

Intersection 

Angle (degrees) 

Rural Intersections Urban Intersections 

Min Avg Max Min Avg Max 

< 40 622 3875 26514 18772 22943 27114 

40-49 163 4911 25985 5113 9395 19839 

50-54 640 5678 26462 4586 13737 36710 

55-59 805 4258 25467 6369 11369 21563 

60-64 787 4675 22204 4642 13903 37000 

65-69 643 6221 30172 5821 13225 29631 

70-74 995 4984 28146 10632 21785 52827 

75-79 527 4987 19683 5491 11753 32625 

80-84 767 4812 17869 2474 18215 36781 

> 85 (right angle) 178 3847 31056 3440 15022 53108 

Average 613 4825 25356 6734 15135 34720 

 

Table 13. Range of Intersection AADT for 3-Leg Intersections by Intersection Angle 

and Area Type. 

Intersection 

Angle (degrees) 

Rural Intersections Urban Intersections 

Min Avg Max Min Avg Max 

< 40 531 4606 22026 1735 12903 27057 

40-49 658 4999 25755 4817 14772 40475 

50-54 549 5193 25849 6210 10854 20770 

55-59 1055 4042 20593 8179 19052 35955 

60-64 710 4399 19196 5689 10736 27724 

65-69 674 3937 17110 5821 15232 36971 

70-74 380 6200 24998 4066 14268 43288 

75-79 400 6547 31433 4836 17418 40718 

80-84 1005 5591 25643 6228 16352 36857 

> 85 (right angle) 322 5393 31520 3480 20255 57975 

Average 628 5091 24412 5106 15184 36779 
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For the 3-leg intersections in the study data set, intersection AADTs ranged from 322 

to 57,975 vpd (see Table 13). The average AADTs for rural and urban right-angle 

intersections were 5,393 and 20,255 vpd, respectively. The average AADT for rural skewed 

intersections ranged from 3,937 vpd for the 65-69 degree category to 6,547 vpd for the 75-79 

degree category. For urban skewed intersections, the average AADT ranged from 10,736 vpd 

for the 60-64 degree category to 19,052 vpd for the 55-59 degree category.  

The crash frequencies and traffic volumes were combined to develop intersection 

crash rates. Shown in Figure 13 are the annual average total crash rates per 100 million 

entering vehicles for each intersection angle category. Separate crash rates are included for 3-

leg rural and urban intersections and 4-leg rural and urban intersections. The 4-leg 

 

 

Figure 13. Annual Average Total Crash Rate by Intersection Angle Category, 

Number of Legs, and Rural/Urban Classification. 
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intersections consistently exhibit higher crash rates than the 3-leg intersections. The rural 

crash rate patterns follow the total crash patterns very closely since the sample of 

intersections in the database is predominately rural (88 percent for 4-leg intersections and 80 

percent for 3-leg intersections) The highest crash rates for all and rural 4-leg locations are 

present in the 50-54 degree and 65-69 degree categories. Urban 4-leg intersections have the 

highest rates in the 50-54 degree and 55-59 degree categories. The highest crash rates for all 

and rural 3-leg intersections occur in the 55-59 and less-than-40 degree categories. Urban 3-

leg intersections experience the highest rate in the 40-49 degree category.  
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CHAPTER 5.  ANALYSIS AND INTERPRETATION OF RESULTS 

The application of the methodology and the results of the analysis are presented in 

this chapter, which is organized as follows. The results of the data mining efforts to identify 

the most important independent variables and interactions among the variables are presented 

in Section 5.1. Section 5.2 discusses the negative binomial (NB) regression models that were 

developed. The development of crash modification factors or functions (CMFs) for 

intersection angle is described in Section 5.3. Section 5.4 includes the interpretation of results 

related to critical minimum intersection angle. Section 5.5 includes a comparison of the 

recommended CMFs to previously developed CMFs for intersection angle. 

The framework for the analysis is shown in Table 14. At a minimum, the objective 

was to produce results for 3-leg and 4-leg intersections separately for total crashes. 

Additional efforts were explored to further disaggregate on the basis of area type (rural vs. 

urban) and collision severity. Collision severity levels for the analysis are defined as follows: 

Table 14. Analysis Framework – Summary of Crashes by Collision Severity and 

Intersection Classification in the Final Database. 

Collision Severity  

Intersection Classification 

4 Legs 3 Legs 

All 

(1669 sites) 

Rural 

(1472 sites) 

Urban 

(197 sites) 

All 

(1109 sites) 

Rural 

(888 sites) 

Urban 

(221 sites) 

Total 

7-yr Total 8482 5868 2614 4730 2829 1901 

7-yr Avg 5.08 3.99 13.27 4.27 3.19 8.60 

Ann Avg 0.73 0.57 1.90 0.61 0.46 1.23 

Injury 

7-yr Total 3202 2335 867 1682 1029 653 

7-yr Avg 1.92 1.59 4.40 1.52 1.16 2.95 

Ann Avg 0.27 0.23 0.63 0.22 0.17 0.42 

PDO 

7-yr Total 5204 3484 1720 3007 1784 1223 

7-yr Avg 3.12 2.37 8.73 2.71 2.01 5.53 

Ann Avg 0.45 0.34 1.25 0.39 0.29 0.79 
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 Total includes all crashes. 

 Injury includes only those crashes in which a vehicle occupant, pedestrian, or 

bicyclist was killed or injured. 

 Property-damage-only (PDO) includes only those crashes in which there were 

no injuries or fatalities. 

5.1  Data Mining 

The data mining efforts in this study were undertaken for two purposes: 1) determine 

the most important predictor variables from the large number of available independent 

variables in the final database, and 2) determine the interactions among the important 

predictor variables. The results of the data mining analysis were then used in the 

development of the safety prediction models.  

The final raw database included more than 60 possible predictor variables from HSIS 

and the supplemental data collection effort. Each variable was examined to determine if it 

should be included in the analysis as a continuous or categorical variable or eliminated from 

further consideration. For some variables, such as intersection angle, the continuous data 

variable was retained, but categorical variables were also derived for further exploration in 

the data mining analysis. Other variables were very unbalanced (i.e., more than 90 percent of 

the intersections were associated with one attribute of the data element). For example, the 

number of intersections in the database with sight obstructions was 43 out of 2,778 (97 

percent). These unbalanced variables would not likely contribute to the safety prediction 

models, and thus were eliminated from the analysis database. Still other variables were 

eliminated because they had missing values, which cannot be supported in the development 

of the NB regression models. The final modified database used in the data mining analysis 

included 39 and 34 potential predictor variables for 4-leg and 3-leg intersections, 

respectively. Table 58 in Appendix D includes the complete list of variable names, 

descriptors, definitions, and attributes. The variable names are included in the tabular and 

graphical results from the data mining analysis and the NB regression models in the 

remainder of this report. 
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Random forest methods were applied for determining the most important predictor 

variables. Two different statistical packages were explored for this analysis – Package 

randomForest, version 4.6-7 (Breiman and Cutler, 2013; Liaw and Wiener, 2002) and cforest 

within Package party in R, version 1.0-6 (Hothorn, 2013; Hothorn, Buehlmann, Dudoit, 

Molinaro, and Van Der Laan, 2006; Strobl, Boulesteix, Zeileis, and Hothorn, 2007; Strobl, 

Boulesteix, Kneib, Augustin, and Zeileis, 2008). The two packages are similar in that they 

use random subsets of the input data to do recursive partitioning of the data and develop 

multiple classification or regression trees. The aggregated result of these multiple trees is 

then used to estimate the importance of each predictor variable in modeling the dependent 

variable. There are, however, key differences in these packages as it relates to determining 

predictor variable importance. First, randomForest is best suited to predictor variables of the 

same type (e.g., continuous or categorical). When variables of different types are included, 

the randomForest algorithm tends to be biased toward the continuous variables and variables 

with many categories (Strobl et al., 2007). Second, randomForest does not accurately account 

for correlation among predictor variables. The end result is an overestimation of the 

importance of highly correlated predictors (Strobl et al., 2008). The cforest algorithm 

overcomes these shortcomings by the use of a conditional permutation-importance measure 

(Strobl, Hothorn, and Zeileis, 2009). Third, randomForest requires that the continuous 

dependent variables be normally distributed. Crashes are commonly known to have a 

negative binomial distribution. In brief, the cforest algorithm can better handle predictor 

variables of different types and does not tend to introduce the biases described above. The 

algorithm also considers the marginal measure of importance of each predictor variable on 

the basis of intercorrelation with other predictors. 

Given that the database for this study includes both continuous and categorical 

variables, the fact that some of the variables are likely correlated, and the fact that the 

dependent variable (number of crashes) is not normally distributed, cforest within Package 

party in R was selected for the random forest analysis to determine the most important 

predictor variables. Using the analysis framework previously described, conditional random 

forest (CRF) results were produced separately for the following six conditions: 
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 4-leg total crashes,  

 4-leg injury crashes,  

 4-leg PDO crashes, 

 3-leg total crashes, 

 3-leg injury crashes, and  

 3-leg PDO crashes. 

The parameter settings within the cforest algorithim were set to fit the type of 

predictor variables in the data and to develop the most robust results within the limits of the 

available computational power. For data sets that include different types (e.g., continuous vs. 

categorical) of predictor variables, the recommendation is to use the default options controls 

= cforest_unbiased and permutation importance varimp(obj) (Strobl et al., 2009). For 

predictor variables that may be highly correlated, it is also recommended that the permutation 

importance setting be changed to conditional – varimp(obj, conditional=TRUE). The 

computational power necessary for this latter condition is much greater than the default 

option. The computer on which the analysis was initially conducted included 16GB of RAM 

and was unable to produce results with the conditional permutation importance option as a 

result of the size of the database. A second attempt was made using a computer with 600GB 

of RAM on the University of North Carolina campus; this attempt also failed to produce 

results. The program developer, Dr. Torsten Hothorn, confirmed through correspondence 

with another user that the application may not scale well. Thus, this option was not selected 

in the final analysis. Other options selected for the development of the CRF results was the 

generation of 1500 trees, use of 15 randomly selected variables for each tree, and a splitting 

criterion based on a 5 percent significance level. In other words, 1500 trees were produced 

for each random forest analysis; the collective output from those 1500 trees produced the 

final importance ranking of the predictor variables. For each of those 1500 trees, 15 variables 

were randomly selected from the 39 and 34 variables available as candidates at each node, 

and the permutation test statistic of 95 percent must have been exceeded in order to include a 

split in the computation of the importance value. 
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In addition to the above parameter settings, the method of sampling also had to be 

established. The two options are bootstrap sampling with replacement and subsampling 

without replacement. The former is the traditional method used in random forest analysis, but 

it has recently been shown to artificially introduce associations between variables and 

produce bias toward the selection of predictor variables with more categories (Strobl et al., 

2007). Thus, subsampling without replacement was selected as the chosen method. 

Specifically, the suggested default setting in function cforest_unbiased () was adopted, where 

63.2% of the data were randomly sampled without replacement and were used as a training 

dataset while the rest (36.8%) were used as a test dataset.  

The output from the CRF analysis for 4-leg intersections with total crashes as the 

dependent or response variable is shown in Figure 14. The most important variables or 

strongest predictors are shown at the top of the plot. All variables to the right of the dashed 

line that extends the length of the chart are considered to be significant at a 5 percent 

significance level. However, the further a variable is from the top of the plot, the less 

predictive it is with respect to the response variable (i.e., total crashes).  

The goal of this analysis was to reduce the number of variables to a reasonable 

number for further consideration in the next phase of the analysis – development of NB 

models. Two criteria were established to produce this reduced list of variables. First, the 

number of variables selected had to be less than 50 percent of the starting number. For 4-leg 

intersections, this meant the number of variables chosen could not exceed 19. For 3-leg 

intersections, the maximum number of variables was 17. Second, the change in significance 

at the cutoff point between selected and non-selected variables was visually apparent on the 

plot. The goal of this criterion was to ensure that the breakpoint was not being chosen within 

a subset of variables with near identical importance values. 

As shown in Figure 14, the cutoff point was selected below the 16
th

 most important 

predictor variable. There is an obvious change in the importance value between variables 16 

and 17 in this list, and the final number of variables selected is less than 19. Thus, both 

selection criteria are met. All of the cforest plots for the six scenarios (3-leg and 4-leg; total, 

injury, and PDO crashes) are provided in Appendix D. Each plot shows the chosen cutoff  
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Figure 14. Results of Conditional Random Forest (cforest) Analysis for Total 

Crashes at 4-Leg Intersections.  

16 most important predictors
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point. Tables 15 and 16 provide lists of the top predictor variables selected for each of these 

six scenarios. A total of 16, 15, and 15 predictor variables, as shown in Table 15, were 

selected for total, injury, and PDO crashes, respectively, for 4-leg intersections. For 3-leg 

intersections, a total of 10, 12, and 10 predictor variables were selected for total, injury, and 

PDO crashes, respectively, as shown in Table 16. 

Table 15. Most Important Predictor Variables for 4-leg intersections (Results from 

cforest Analysis). 

Total Crashes Injury Crashes PDO Crashes 

Intersection AADT Intersection AADT Intersection AADT 

Major Road AADT Minor Road AADT Major Road AADT 

Minor Road AADT Major Road AADT Minor Road AADT 

Roadway Class (major road) Intersection Angle 

(categorical) 

Roadway Class (major road) 

Intersection Angle 

(categorical) 

Speed Limit (minor road) Area Type (urban/rural) 

Land Use Roadway Class (major road) Speed Limit (major road) 

Area Type (urban/rural) Land Use Commercial Driveways 

(major road) 

Speed Limit (major road) Speed Limit (major road) Crosswalk Presence (major 

road) 

Commercial Driveways 

(major road) 

Curb Presence (major road) Land Use 

Number of Thru Lanes 

(intersection) 

Right-turn Lane Presence 

(major road) 

Right Shoulder Width 

(major road) 

Left-turn Lane Presence 

(major road) 

Number of Thru Lanes 

(intersection) 

Number of Thru Lanes 

(intersection) 

Crosswalk Presence (major 

road) 

Sidewalk Presence (major 

road) 

Crosswalk Presence (major 

road) 

Right Shoulder Width 

(major road) 

Left-turn Lane Presence 

(major road) 

Commercial Driveways 

(major/minor) 

Left Shoulder Width (major 

road) 

Area Type (urban/rural) Adjacent Intersections 

(major road) 

Speed Limit (minor road) On-Street Parking (minor 

road) 

Intersection Angle 

(categorical) 

Right-turn Lane Presence 

(major road) 
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With the most important predictor variables identified through the CRF analysis, the 

next step in the data mining process was the development and review of regression trees to 

either support or counter the CRF relative importance findings and to identify interactions 

among these variables. The ctree algorithim within Package party in R is the tool that was 

used to develop the conditional inference trees within cforest. Thus, the same variable sets of 

39 and 34 variables for 4-leg and 3-leg intersections, respectively, were used in the ctree 

analysis.  

Three stopping criteria were established to define when the tree should no longer add 

branches. First, any split in the tree must be significant at a 95 percent confidence level (p < 

0.05). Second, there must be a minimum number of data points present in a node (Nnode) to 

allow splitting to be considered. Third, there must be a minimum number of data points in a 

terminal node (Nterminal) to allow for a meaningful but not overly complicated tree to be 

generated.  The starting number of data points for 4-leg intersections was 11,683 (1,669 

Table 16. Most Important Predictor Variables for 3-leg intersections (Results from 

cforest Analysis). 

Total Crashes Injury Crashes PDO Crashes 

Intersection AADT Intersection AADT Intersection AADT 

Minor Road AADT Minor Road AADT Minor Road AADT  

Major Road AADT Major Road AADT Major Road AADT 

Speed Limit (major road) Roadway Class (major road) Speed Limit (major road) 

Roadway Class (major road) Land Use  Roadway Class (major road) 

Intersection Angle 

(categorical) 

Speed Limit (minor road) Lane Width (major road) 

Land Use Speed Limit (major road) Land Use  

Curb Presence (major road) Left-turn Lane Presence 

(major road) 

Intersection Angle 

(categorical) 

Lane Width (major road) Intersection Angle 

(categorical) 

Curb Presence (major road) 

Speed Limit (minor road) Residential Single Family 

Driveways (minor road) 

Right Shoulder Width 

(major road) 

 Curb Presence (major road)  

 Driveways (major road)  
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intersections multiplied by 7 years). The starting number of data points for 3-leg intersections 

was 7,763. For 4-leg intersections, Nnode and Nterminal were set at 500 and 210, respectively. 

For 3-leg intersections, Nnode and Nterminal were set at 300 and 140, respectively. 

The results that follow are from the ctree output for total crashes at 4-leg 

intersections. Figure 15 shows the tree produced for this scenario. The first node in the tree is 

intersection AADT, showing that it is the most important predictor for total crashes at 4-leg 

intersections. The tree splits at an intersection AADT value of 8,213 vehicles per day (vpd). 

For those intersections with an AADT greater than this value, intersection AADT enters the 

tree again as the most important predictor for this subset of intersections and branches at a 

value of 12,391 vpd. For those locations with an intersection AADT greater than this value, 

the tree then terminates. Termination of a branch occurs when any of the previously 

described stopping criteria are met. For those intersections with an intersection AADT less 

than or equal to 12,391 vpd, the tree splits again on the basis of minor road AADT. This is 

followed by a split for intersections with a minor road AADT equal to or less than 925 vpd 

on the variable indicating presence of a median on the major road. That side of the tree 

terminates at that branch. The other side of the tree can be traced with a similar interpretation 

of the results.  

The value from this analysis is three-fold. First, the results confirm what was 

previously found from the CRF analysis – the AADT values are the most important predictor 

variables. The first three levels of the tree split only on intersection AADT or minor road 

AADT. Six of the 10 nodes in the next two levels are these same two variables. Second, there 

is a strong association between these two variables within the tree. Five of the branches 

within the trees that extend between levels are between intersection AADT and minor road 

AADT, which may indicate the need for an interaction variable within the negative binomial 

model that will be developed later. Finally, the intersection angle variable enters the tree as a 

significant variable for total crashes and injury crashes for both 4-leg and 3-leg intersections 

and for PDO crashes for 3-leg intersections. The variable does not enter the PDO tree for 4-

leg intersections. These results confirm what was previously found from the CRF analysis
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Figure 15. Results of Regression Tree (ctree) Analysis for Total Crashes at 4-leg Intersections. 
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with respect to this last result; intersection angle for PDO crashes at 4-leg intersections was 

the last variable selected before the cutoff point (see Table 14). It should be noted that less 

significant variables entering a single tree at the lower levels can be sensitive to small 

changes in the input variables. For this reason, CRF results, which combine the predictions of 

many different trees to produce an aggregated prediction, are more stable and robust and 

provide better indicators of variable importance.  

Additional regression trees were produced for injury and PDO crashes at 4-leg 

intersections and total, injury, and PDO crashes at 3-leg intersections. The results for all 

regression trees are provided in Appendix D. All of the trees replicate the key findings noted 

above – the importance of the AADT variables and the strong association between 

intersection AADT and minor road AADT. 

5.2  Safety Prediction Models 

The NB regression models were developed using the GENMOD procedure within 

SAS, Release 9.3. (SAS, 2011). The goal of the analysis was to develop models for each of 

the cells in the analysis framework that was presented in Table 13. Small sample sizes and 

limited data ranges for some variables prevented the development of models for some of the 

scenarios. The most important predictor variables from the data mining analysis, as 

previously shown in Tables 15 and 16, provided the candidate variables considered for each 

developed model. The remainder of this section of the report describes the models developed 

for each scenario. The models developed for 4-leg intersections are presented first, followed 

by the 3-leg intersection models.  

The focus of the discussion is on the models developed for predicting total crashes, 

given that the CMFs described later in this chapter are also for total crashes. However, 

models were also developed for injury and PDO crashes when sample sizes permitted their 

development. Additional tables describing these supplemental models are provided in 

Appendix E. 
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Two criteria were used to assess the goodness of fit for each model developed – 

Akaike information criterion (AIC) and Bayesian information criterion (BIC) or the Schwarz 

criterion (Akaike, 1973; Schwarz, 1978). The criteria are expressed as follows: 

 

AIC = 2k - 2ln(L) (21) 

BIC = kln(n) - 2ln(L) (22) 

 

where: 

k  = number of free parameters in the model 

n  = sample size 

L  = maximized value of the likelihood function 

A smaller value for either criterion indicates a better model fit to the data. A larger 

maximized value of the likelihood function (L) produces a smaller value for both metrics. 

Likewise, fewer parameters in the model (k) also produces a smaller value for both criteria. 

The difference in the two criteria is the magnitude of the penalty assigned for the number of 

parameters in the model. The AIC uses a multiplier of 2.0 and does not account for sample 

size. The BIC accounts for the size of the sample with the multiplier ln(n). For example, a 

sample size of 10,000 has a loge value of 9.2. In this example, the BIC adds 9.2 to the value 

for each additional parameter, while the AIC adds 2.0. The goal is to select the model with 

the best fit and the fewest parameters. Thus, the BIC was chosen as the preferred criterion for 

comparison of models. However, the AIC was also used when there was no or little change in 

the BIC. The magnitude of the change in these criteria when choosing among models must 

also be considered. The values in Table 17 provide general guidance on interpreting the 

change in value for the two criteria. 

5.2.1  All 4-Leg Intersections – Base Models for Total Crashes 

The first set of models developed for 4-leg intersections was for total crashes, 

including all rural and urban sites. The database included 8,482 crashes distributed across 

1,669 intersections over a 7-year period. Intersection AADT, major road AADT, and minor 
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road AADT were among the 16 most important predictors from the conditional random 

forest analysis. Scatterplots of these variables are shown in Figures 16 and 17. Major road 

AADT and intersection AADT are highly correlated, with a Pearson Correlation Coefficient 

(r) equal to 0.995. Minor road AADT and intersection AADT do not share the same level of 

correlation (r = 0.380). Intersection AADT and minor road AADT were also the two AADT 

variables that most frequently appeared in the regression tree results. Thus, intersection 

AADT and minor road AADT were selected for inclusion in the models. Major road AADT 

was not selected due to its strong correlation with intersection AADT. 

The initial base model, with only the significant variables (p < 0.05) retained, is 

shown in Table 18. Both intersection AADT and minor road AADT are significant, 

predicting an increase in crashes as either value increases. Intersection angle (min_angle) is 

significant with a p-value of 0.0203. For each one degree increase in angle (i.e., moving 

toward a right angle), total crashes are estimated to decrease by 0.0021.  

Major roadway class (ma_rodwycls_cat) is also significant for the category of urban 

two-lane roads compared to rural multilane roads. However, urban multilane roads and rural 

two-lane roads are not significantly different from rural multilane roads. Adjacent land use 

(spec_env_cat) is another significant variable, indicating significant differences between the 

rural agricultural land use and the other categories of central business district,  

  

Table 17. General Guidance for Interpretation of Models Using AIC and BIC 

Criteria. 

Change in AIC Model Difference 

Interpretation
A
 

Change in BIC Model Difference 

Interpretation
B
 

0 – 2 Indistinguishable 0 – 2 Negligible 

4 – 7 Substantial 2 – 6 Positive 

> 10 Very Strong 6 – 10 Strong 

  > 10 Very Strong 
A
 Burnham and Anderson, (2002) 

B
 Raftery, (1999) 
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Figure 16. Scatterplot of Intersection AADT versus Major Road AADT for All 4-Leg 

Intersections. 

 

Figure 17. Scatterplot of Intersection AADT versus Minor Road AADT for All 4-Leg 

Intersections. 
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commercial/strip development, and other. The speed limit on the major roadway 

(ma_ap_spd_cat) is significant, indicating a difference between intersections with a major 

road speed limit of 30 mph or less and those greater than 50 mph. Finally, the right shoulder 

width on the major road is also significant, indicating a decrease in crashes as the shoulder 

width increases. 

The next model developed was an alternative base model that included an additional 

variable for the ratio of minor road AADT to intersection AADT (mi_int). All other variables 

from the initial base model were retained. The results are shown in Table 19. The added 

Table 18. Initial Base Model Results for Total Crashes at All 4-Leg Intersections. 

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -9.1045 0.2269 -9.5493 -8.6597 1609.38 <.0001 

lgint_aadt 0.7757 0.024 0.7287 0.8228 1042.83 <.0001 

lgmi_aadt 0.4127 0.0161 0.3811 0.4443 655.73 <.0001 

ma_rodwycls_cat (1) 0.2081 0.0575 0.0954 0.3209 13.09 0.0003 

ma_rodwycls_cat (2) 0.0957 0.0618 -0.0255 0.2168 2.39 0.1218 

ma_rodwycls_cat (3) -0.0402 0.0476 -0.1335 0.053 0.71 0.3979 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.1283 0.0549 -0.2359 -0.0208 5.47 0.0194 

spec_env_cat (1) -0.1251 0.0539 -0.2308 -0.0194 5.38 0.0203 

spec_env_cat (2) -0.4892 0.0575 -0.6018 -0.3765 72.44 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle -0.0021 0.0009 -0.0039 -0.0003 5.38 0.0203 

ma_ap_spd_cat (1) -0.2434 0.0584 -0.3579 -0.1289 17.36 <.0001 

ma_ap_spd_cat (2) -0.0814 0.0526 -0.1845 0.0218 2.39 0.1221 

ma_ap_spd_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.021 0.0049 -0.0305 -0.0115 18.79 <.0001 

Dispersion 0.4323 0.0247 0.3866 0.4834   

       

Goodness of Fit Parameters      

AIC (smaller is better) 22985     

BIC (smaller is better) 23088     
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variable is significant with a p-value of 0.0014. As the proportion of traffic on the minor road 

increases relative to total intersection AADT, total crashes are predicted to increase using this 

model. All variables that were significant in the initial base model are also significant in this 

alternative model. The parameter estimate for intersection angle is the same (-0.0021) in both 

models. There was very little change in the BIC for the two models, from 23088 for the 

initial model to 23087 for the alternative model. However, the improvement in the AIC was 

Table 19. Alternative Base Model Results for Total Crashes at All 4-Leg 

Intersections. 

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -9.3507 0.2401 -9.8213 -8.88 1516.36 <.0001 

lgint_aadt 0.8458 0.0325 0.7821 0.9096 676.14 <.0001 

lgmi_aadt 0.3383 0.0282 0.283 0.3936 143.63 <.0001 

mi_int 0.7304 0.2288 0.282 1.1788 10.19 0.0014 

ma_rodwycls_cat (1) 0.2213 0.0576 0.1083 0.3343 14.74 0.0001 

ma_rodwycls_cat (2) 0.1003 0.0618 -0.0209 0.2215 2.63 0.1048 

ma_rodwycls_cat (3) -0.044 0.0476 -0.1373 0.0494 0.85 0.3558 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.1166 0.055 -0.2243 -0.0088 4.49 0.034 

spec_env_cat (1) -0.1194 0.054 -0.2251 -0.0136 4.89 0.0269 

spec_env_cat (2) -0.4781 0.0576 -0.5909 -0.3652 68.98 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle -0.0021 0.0009 -0.0039 -0.0003 5.39 0.0202 

ma_ap_spd_cat (1) -0.241 0.0584 -0.3555 -0.1265 17.02 <.0001 

ma_ap_spd_cat (2) -0.0894 0.0527 -0.1927 0.0139 2.88 0.0898 

ma_ap_spd_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0206 0.0049 -0.0302 -0.0111 18.12 <.0001 

Dispersion 0.4326 0.0246 0.3869 0.4836   

       

Goodness of Fit Parameters      

AIC (smaller is better) 22977     

BIC (smaller is better) 23087     
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substantial, from 22985 for the initial model to 22977. Thus, the alternative model is 

considered to be an improved model.  

5.2.2  All 4-Leg Intersections – Flexible Form Models for Total Crashes 

The base models assume a log-linear relationship between crashes and intersection 

angle. From the plot of crash rate (per 100 million entering vehicles) versus intersection 

angle category in Figure 13 (page 62), it is apparent that this is not a log-linear relationship. 

For all 4-leg intersections (rural and urban combined), the highest crash rates occur in the 

categories of 65 to 69 degrees and 50 to 54 degrees. Crash rates for intersections with angles 

less than 40 degrees are less than the crash rates for right-angle intersections. Given this non-

log-linear relationship, a more flexible model form was desired that better replicated the raw 

data. The alternating peaks and valleys in the data as one moves from a right angle to angles 

less than 40 degrees requires a functional form that accounts for these changes in the data. 

Several variations of the angle parameter were tried to determine which form most closely 

matches the shape of the raw data. The final form chosen was 1+cos(angle). For right-angle 

intersections, the value of the function becomes 1.0, as the cos(90 degrees) equals 0.0. As the 

intersection angle decreases, the value of the function increases. Figure 18 shows the plot of 

this functional form when multiplied by the average intersection AADT values from the 

angle categories and the plot of the average number of total crashes per intersection for 4-leg 

intersections in these same categories. The patterns of peaks and valleys in the two lines 

across the range of intersection angles are very similar. The correlation coefficient (r = 

0.519) indicates a strong association.  

Figure 19 shows the plot of 1+cos(angle) multiplied by the average minor road 

AADT values from the angle categories and the plot of the average number of total crashes 

per intersection for 4-leg intersections in these same categories. Again, the patterns exhibited 

for the two lines across the range of intersection angles are very similar. The strength of 

association between these two variables is also strong (r = 0.476). On the basis of these 

strong associations, the variable 1+cos(angle) was included in the flexible form model. 
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Two models were developed using the 1+cos(angle) term. The first model, referred to 

hereafter as flexible form model 1, incorporated the term as shown in the Figures 18 and 19 

since this was the association drawn with the raw data. The term was added to the AADT 

variables previously used in the base model. The new variables were structured as follows: 

 

lgcos_int = ln[(intersection aadt)  x  (1+cos(angle))] (23) 

lgcos_mi = ln[(minor road_aadt)  x  (1+cos(angle))] (24) 

 

The form of the variable structure allows the parameter estimates for these two variables to 

be summed and applied to the angle term 1+cos(angle). The following shows the derivation 

that allows for the separation of the terms within the above variables and the application of 

 

Figure 18. Average Total Crashes per Intersection for All 4-Leg Intersections and 

Functional Form of [(1+cos(angle))  x  Intersection AADT] as Distributed Across the 

Range of Intersection Angles. 
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the sum of the parameter estimates to produce the estimated crash predictive effect of this 

component within the model: 

 

Np  = EXP{[ln[(int_aadt) x (1+cos())]]1}  x  EXP{[ln[(mi_aadt) x (1+cos())]]2} (25) 

 = [(int_aadt)  x  (1+cos())]^ 1  x  [(mi_aadt)  x  (1+cos())]^ 2 

 = (int_aadt)^ 1  x  [1+cos()]^ 1  x  (mi_aadt)^ 2  x  [1+cos()]^ 2 

 = (int_aadt)^ 1  x  (mi_aadt)^ 2  x  [1+cos()]^( 1+2) 

 = (int_aadt)^ 1  x  (mi_aadt)^ 2  x  [1+cos()]^ 3 

 

where: 

Np =  partial crash prediction using the parameters shown 

int_aadt =  intersection AADT, vpd 

 

Figure 19. Average Total Crashes per Intersection for All 4-Leg Intersections and 

Functional Form of [(1+cos(angle))  x  Minor Road AADT] as Distributed Across the 

Range of Intersection Angles. 
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mi_aadt =  minor road AADT, vpd 

 =  intersection angle, degrees 

1, 2, 3 =  parameter estimates from the regression model 

3 = 1 + 2 

 

The second model, or flexible form model 2, incorporated the term 1+cos(angle) as a unique 

variable (lgcos_1). The original AADT variables (lgint_aadt and lgmi_aadt) used in the base 

models were retained. 

The results from flexible form model 1 are shown in Table 20. The same variables 

that were significant in the base models remain so in this model. Intersection angle 

(min_angle) is included in the model as before and is significant with a p-value of <0.0001. 

The estimate for this variable is 0.0124. The additional variables incorporating the 

1+cos(angle) terms and AADT are both significant with p-values of <0.0001. The sum of the 

estimates for these two parameters is 1.1816. 

The results from flexible form model 2 are shown in Table 21. Again, the same 

variables that were significant in the base models remain so in this model. Intersection angle 

(min_angle) is included in the model as before and is significant with a p-value of <0.0001. 

The estimate for this variable is 0.0269. The additional variable 1+cos(angle) is significant 

with a p-value of <0.0001 and an estimate of 2.3765. 

The BIC and AIC for flexible form model 1 are 23073 and 22963, respectively. For 

flexible model form 2, the BIC and AIC are 23078 and 22960, respectively. The goodness of 

fit parameters are in opposing directions. The BIC shows a positive improvement in model 1 

over model 2, while the AIC shows the two models to be close to indistinguishable. 

Considering both criteria, flexible form model 1 is considered to be the better of the two. The 

alternative bases model values for BIC and AIC were 23087 and 22977, respectively. The fit 

metrics for the flexible form model 1 were much lower, indicating a very strong 

improvement in the model fit. 
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Table 20. Flexible Form Model 1 Results for Total Crashes at All 4-Leg 

Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -10.6485 0.2614 -11.1607 -10.1363 1660.09 <.0001 

lgcos_int 0.8454 0.0325 0.7818 0.909 678.11 <.0001 

lgcos_mi 0.3362 0.0282 0.281 0.3915 142.44 <.0001 

mi_int 0.7427 0.2284 0.295 1.1904 10.57 0.0011 

ma_rodwycls_cat (1) 0.2258 0.0576 0.1129 0.3386 15.38 <.0001 

ma_rodwycls_cat (2) 0.1068 0.0617 -0.0142 0.2278 2.99 0.0836 

ma_rodwycls_cat (3) -0.0403 0.0476 -0.1336 0.053 0.72 0.397 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.1225 0.0549 -0.2301 -0.0149 4.98 0.0257 

spec_env_cat (1) -0.1233 0.0539 -0.229 -0.0177 5.24 0.0221 

spec_env_cat (2) -0.4814 0.0575 -0.5941 -0.3687 70.11 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle 0.0124 0.001 0.0104 0.0143 158.92 <.0001 

ma_ap_spd_cat (1) -0.2349 0.0583 -0.3492 -0.1207 16.23 <.0001 

ma_ap_spd_cat (2) -0.0899 0.0526 -0.193 0.0133 2.92 0.0877 

ma_ap_spd_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0218 0.0049 -0.0313 -0.0123 20.13 <.0001 

Dispersion 0.4294 0.0245 0.3839 0.4802 
  

       

Goodness of Fit Parameters      

AIC (smaller is better) 22963     

BIC (smaller is better) 23073     
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Table 21. Flexible Form Model 2 Results for Total Crashes at All 4-Leg 

Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -11.9219 0.6447 -13.1855 -10.6584 341.98 <.0001 

lgint_aadt 0.8421 0.0325 0.7785 0.9058 672.49 <.0001 

lgmi_aadt 0.3331 0.0282 0.2779 0.3883 139.73 <.0001 

lgcos_1 2.3675 0.5474 1.2945 3.4405 18.7 <.0001 

mi_int 0.7586 0.2283 0.3111 1.2061 11.04 0.0009 

ma_rodwycls_cat (1) 0.2302 0.0576 0.1174 0.3431 15.99 <.0001 

ma_rodwycls_cat (2) 0.1154 0.0618 -0.0057 0.2366 3.49 0.0619 

ma_rodwycls_cat (3) -0.0402 0.0476 -0.1335 0.053 0.72 0.3975 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.1275 0.0549 -0.2351 -0.0199 5.4 0.0202 

spec_env_cat (1) -0.1267 0.0539 -0.2322 -0.0211 5.53 0.0187 

spec_env_cat (2) -0.4842 0.0575 -0.5969 -0.3716 70.98 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle 0.0269 0.0068 0.0136 0.0402 15.67 <.0001 

ma_ap_spd_cat (1) -0.2283 0.0583 -0.3426 -0.114 15.32 <.0001 

ma_ap_spd_cat (2) -0.0897 0.0526 -0.1928 0.0133 2.91 0.0879 

ma_ap_spd_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0227 0.0049 -0.0323 -0.0132 21.8 <.0001 

Dispersion 0.428 0.0245 0.3825 0.4788  

        

Goodness of Fit Parameters      

AIC (smaller is better) 22960     

BIC (smaller is better) 23078     
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5.2.3  All 4-Leg Intersections – Interaction Model for Total Crashes 

The final model developed built on the results found in the flexible form models. The 

objective was to develop a model with an improved fit, but with parameters that accounted 

for the interaction between angle and traffic volume, knowing that traffic volume is 

commonly known to be the strongest predictor of crashes. These parameters could then be 

used to develop a more robust crash modification function for intersection angle that 

accounts for changes in traffic volumes. 

Through a series of trial and error experiments with varying interaction forms, the 

final set of interaction terms used in the model are as follows: 

 

cos1_lgint = [1 + cos(angle)]  x  ln(intersection aadt) (26) 

cos1_mmiint = [1 + cos(angle)]  x  (minor road aadt/intersection aadt) (27) 

angR1_mint = [1 + (90–angle)/180]  x  ln(intersection aadt) (28) 

 

In all three of these variables, the angle term becomes 1.0 when the intersection angle is 90 

degrees. Thus, the predicted effect on crashes for right-angle intersections is a function of the 

intersection and minor road AADT terms in the three variables. 

The interaction model is provided in Table 22. The same set of significant variables 

for roadway classification, land use, speed limit, and right shoulder width exist in this model 

with the same directional effects as was previously included in the flexible form models. The 

variable min_angle was not significant in the final model. Instead, the effects of intersection 

angle are being accounted for within the three interaction terms, all of which are significant 

(p-values of <0.0001).  

The BIC and AIC for this interaction model are 23072 and 22954, respectively. The 

flexible form model 1 values for BIC and AIC were 23073 and 22954, respectively. The lack 

of a difference in these two criteria indicates a negligible improvement in the model fit. 
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Table 22. Interaction Model Results for Total Crashes at All 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -9.4339 0.2234 -9.8719 -8.996 1782.7 <.0001 

cos1_lgint 0.4688 0.0965 0.2797 0.6579 23.61 <.0001 

lgmi_aadt 0.3438 0.0263 0.2923 0.3954 170.86 <.0001 

lgint_aadt 0.7836 0.0361 0.7129 0.8543 471.96 <.0001 

angR1_mint -0.4219 0.0882 -0.5947 -0.249 22.87 <.0001 

cos1_mmiint 0.5369 0.1712 0.2014 0.8725 9.84 0.0017 

ma_rodwycls_cat (1) 0.2299 0.0575 0.1173 0.3426 16 <.0001 

ma_rodwycls_cat (2) 0.1145 0.0619 -0.0069 0.2358 3.42 0.0645 

ma_rodwycls_cat (3) -0.0354 0.0475 -0.1286 0.0578 0.55 0.4566 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.1286 0.0549 -0.2363 -0.0209 5.48 0.0192 

spec_env_cat (1) -0.1273 0.0539 -0.2329 -0.0217 5.58 0.0182 

spec_env_cat (2) -0.48 0.0576 -0.5928 -0.3672 69.55 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

ma_ap_spd_cat (1) -0.229 0.0583 -0.3432 -0.1147 15.42 <.0001 

ma_ap_spd_cat (2) -0.0898 0.0527 -0.1931 0.0135 2.9 0.0884 

ma_ap_spd_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0221 0.0049 -0.0317 -0.0126 20.8 <.0001 

Dispersion 0.4259 0.0244 0.3806 0.4766   

       

Goodness of Fit Parameters      

AIC (smaller is better) 22954     

BIC (smaller is better) 23072     
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5.2.4  4-Leg Intersections – Additional Models 

Additional 4-leg intersection models were developed for the following subsets of data 

and are provided in Appendix E: 

 All Intersections – Injury Crashes 

 All Intersections – PDO Crashes 

 Rural Intersections – Total Crashes 

 Rural Intersections – PDO Crashes 

An attempt was made to also develop urban models for total crashes. The sample of urban 

intersections, especially the number of skewed intersections, in the database was not large 

enough to produce separate models for urban crashes. 

5.2.5  All 3-Leg Intersections – Base Models for Total Crashes 

The first set of models developed for 3-leg intersections was for total crashes, 

including all rural and urban sites. The database included 4,730 crashes distributed across 

1,109 intersections over a 7 year period. Intersection AADT, major road AADT, and minor 

road AADT were among the 10 most important predictors from the CRF analysis. 

Scatterplots of these variables are shown in Figures 20 and 21. Major road AADT and 

intersection AADT are highly correlated, with a Pearson Correlation Coefficient (r) equal to 

0.990. Minor road AADT and intersection AADT do not share the same level of correlation 

(r = 0.296). Intersection AADT and minor road AADT were also the two AADT variables 

that most frequently appeared in the regression tree results. Thus, intersection AADT and 

minor road AADT were selected for inclusion in the models. Major road AADT was not 

selected due to its strong correlation with intersection AADT. 
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Figure 20. Scatterplot of Intersection AADT versus Major Road AADT for All 3-Leg 

Intersections. 

 

Figure 21. Scatterplot of Intersection AADT versus Minor Road AADT for All 3-Leg 

Intersections. 
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The initial base model, with only the significant variables (p < 0.05) retained, is 

shown in Table 23. Both intersection AADT and minor road AADT are significant, 

predicting an increase in crashes as either value increases. Lane width on the major road is 

significant with a p-value <0.0001 and indicates an increase in crashes as the lane width 

increases. Adjacent land use (spec_env_cat) is another significant variable, indicating 

significant differences between the rural agricultural land use and the other categories of 

central business district, commercial/strip development, and other. 

The next model developed was an alternative base model that included an additional 

variable for the ratio of minor road AADT to intersection AADT (mi_int). All other variables 

from the initial base model were retained. The results are shown in Table 24. The added 

variable is significant at a p-value of 0.0169. As the proportion of traffic on the minor road 

increases relative to intersection AADT, total crashes are predicted to increase using this 

model. All variables that were significant in the initial base model are also significant in this 

alternative model. The goodness of fit metrics move in opposing directions for the two 

Table 23. Initial Base Model Results for Total Crashes at All 3-Leg Intersections. 

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -9.1882 0.1962 -9.5726 -8.8037 2194.21 <.0001 

lgint_aadt 0.8246 0.0217 0.782 0.8672 1438.19 <.0001 

lgmi_aadt 0.2527 0.0162 0.2209 0.2845 242.04 <.0001 

ma_lane_wd0 0.0087 0.0019 0.005 0.0124 21.34 <.0001 

spec_env_cat (0) -0.2407 0.0599 -0.3581 -0.1233 16.14 <.0001 

spec_env_cat (1) -0.3289 0.0512 -0.4293 -0.2284 41.2 <.0001 

spec_env_cat (2) -0.5306 0.0537 -0.6359 -0.4254 97.65 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

Dispersion 0.5938 0.0407 0.5191 0.6792   

       

Goodness of Fit Parameters      

AIC (smaller is better) 14274     

BIC (smaller is better) 14329     
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models. The BIC for the initial model is 14329 compared to 14332 for the alternative model, 

indicating that the initial model is a positive improvement over the alternative model. 

However, the AIC changed from 14274 for the initial model to 14270 for the alternative 

model. The magnitude of the change in the AIC is considered to be substantial. Thus, the 

alternative model is considered to be an improved model.  

The variable that was not significant and included in either model is intersection 

angle (min_angle). When this variable was added to the initial model, its p-value was 0.4149. 

When added to the alternative model, its p-value was 0.4957.  

5.2.6  All 3-Leg Intersections – Flexible Form Models for Total Crashes 

No log-linear relationship between total crashes and intersection angle was 

established from the base models since the variable for intersection angle was not significant. 

From the plot of crash rate (per 100 million entering vehicles) versus intersection angle 

Table 24. Alternative Base Model Results for Total Crashes at All 3-Leg 

Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -9.4144 0.2185 -9.8426 -8.9862 1856.81 <.0001 

lgint_aadt 0.8726 0.0296 0.8146 0.9306 868.93 <.0001 

lgmi_aadt 0.2024 0.0265 0.1505 0.2542 58.49 <.0001 

mi_int 1.1477 0.4803 0.2063 2.0891 5.71 0.0169 

ma_lane_wd0 0.0087 0.0019 0.005 0.0124 21.13 <.0001 

spec_env_cat (0) -0.2341 0.06 -0.3517 -0.1164 15.21 <.0001 

spec_env_cat (1) -0.3296 0.0513 -0.43 -0.2291 41.34 <.0001 

spec_env_cat (2) -0.5161 0.054 -0.622 -0.4102 91.23 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

Dispersion 0.5939 0.0407 0.5193 0.6793   

       

Goodness of Fit Parameters      

AIC (smaller is better) 14270     

BIC (smaller is better) 14332     
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category in Figure 13 (page 62), it is apparent that this is not a log-linear relationship. For all 

3-leg intersections (rural and urban combined), the highest crash rates occur in the categories 

of 55 to 59 degrees and less than 40 degrees. Crash rates for intersections with angles 

between 70 and 84 degrees are less than the crash rates for right-angle intersections. Similar 

to what was done for 4-leg intersections, a more flexible model form was desired that better 

replicated the raw data. Recall that the final term chosen for the 4-leg intersections was 

1+cos(angle). For right-angle intersections, the value of the function becomes 1.0, as the 

cos(90) equals 0.0. As the intersection angle decreases, the value of the function increases.  

Figure 22 shows the plot of this functional form when multiplied by the average 

intersection AADT values for 3-leg intersections within the angle categories and the plot of 

the average number of total crashes per intersection for 3-leg intersections across the same 

 

Figure 22. Average Total Crashes per Intersection for All 3-Leg Intersections and 

Functional Form of [(1+cos(angle))  x  Intersection AADT] as Distributed Across the 

Range of Intersection Angles. 
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categories. The patterns of peaks and valleys in the two lines across the range of intersection 

angles are very similar. The correlation coefficient (r = 0.385) indicates a moderate 

association.  

Figure 23 shows the plot of 1+cos(angle) multiplied by the average minor road 

AADT values from the angle categories and the plot of the average number of total crashes 

per intersection for 3-leg intersections. The patterns exhibited for the two lines across the 

range of intersection angles are less similar for minor road AADT than for intersection 

AADT. The strength of association (r = 0.281) between this variable and crashes is much 

smaller when compared to the same variable comparison for 4-leg intersections (r = 0.478). 

However, the strength of the association between intersection AADT and crashes was strong 

enough to justify inclusion of the variable 1+cos(angle) into the model.  

  

 

Figure 23. Average Total Crashes per Intersection for All 3-Leg Intersections and 

Functional Form of [(1+cos(angle))  x  Minor Road AADT] as Distributed Across the 

Range of Intersection Angles. 
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The results from flexible form model 1 are shown in Table 25. The same variables 

that were significant in the alternative base model remain so in this model. However, 

intersection angle (min_angle) is now included in this model and is significant with a p-value 

of <0.0001. The estimate for this variable is 0.011. The additional variables incorporating the 

1+cos(angle) terms and AADT are both significant with a p-value of <0.0001. The sum of 

the estimates for these two parameters is 1.0707. 

The results from flexible form model 2 are shown in Table 26. The same variables 

that were significant in the alternative base model remain so in this model. Intersection angle 

(min_angle) is included in the model as before and is significant with a p-value of 0.011. The 

estimate for this variable is -0.0125. The additional variable 1+cos(angle) is significant with 

a p-value of 0.0143 and an estimate of -1.0909. 

  

Table 25. Flexible Form Model 1 Results for Total Crashes at All 3-Leg 

Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -10.4104 0.2515 -10.9034 -9.9175 1713.46 <.0001 

lgcos_int 0.8717 0.0297 0.8135 0.9299 862.72 <.0001 

lgcos_mi 0.199 0.0265 0.1471 0.2509 56.47 <.0001 

mi_int 1.187 0.4819 0.2425 2.1314 6.07 0.0138 

ma_lane_wd0 0.0087 0.0019 0.005 0.0124 21.16 <.0001 

spec_env_cat (0) -0.2377 0.0601 -0.3555 -0.1199 15.63 <.0001 

spec_env_cat (1) -0.3307 0.0514 -0.4315 -0.2299 41.34 <.0001 

spec_env_cat (2) -0.5184 0.0542 -0.6246 -0.4121 91.46 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle 0.011 0.001 0.009 0.0131 113.73 <.0001 

Dispersion 0.6031 0.041 0.5279 0.689 
  

       

Goodness of Fit Parameters      

AIC (smaller is better) 14289     

BIC (smaller is better) 14358     
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The BIC and AIC for flexible form model 1 are 14358 and 14289, respectively. For 

flexible model form 2, the BIC and AIC are 14344 and 14267, respectively. The differences 

in the goodness of fit parameters clearly show model 2 to be the better of the two flexible 

form models. The alternative base model values for BIC and AIC were 14332 and 14270, 

respectively. The fit metrics for the flexible form model 2 are higher than those for the 

alternative model. Thus, the flexible form model does not indicate an improvement in the 

model fit. Instead, the alternative base model without the intersection angle variable is the 

better predictive model for total crashes. 

5.2.7  All 3-Leg Intersections – Interaction Model for Total Crashes 

While the flexible form model did not result in an improvement over the base model, 

an interactive model was developed to see if the addition of the interaction terms resulted in 

Table 26. Flexible Form Model 2 Results for Total Crashes at All 3-Leg 

Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -8.2597 0.5037 -9.2469 -7.2726 268.94 <.0001 

lgint_aadt 0.8707 0.0296 0.8127 0.9286 866.96 <.0001 

lgmi_aadt 0.2036 0.0265 0.1517 0.2554 59.23 <.0001 

lgcos_1 -1.0909 0.4454 -1.9639 -0.2179 6 0.0143 

mi_int 1.0752 0.4812 0.1322 2.0183 4.99 0.0254 

ma_lane_wd0 0.0087 0.0019 0.005 0.0124 21.17 <.0001 

spec_env_cat (0) -0.2301 0.06 -0.3478 -0.1124 14.69 0.0001 

spec_env_cat (1) -0.3224 0.0513 -0.4228 -0.2219 39.55 <.0001 

spec_env_cat (2) -0.5144 0.0541 -0.6204 -0.4085 90.56 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle -0.0125 0.0049 -0.0222 -0.0029 6.47 0.011 

Dispersion 0.5884 0.0406 0.5141 0.6736 
  

       

Goodness of Fit Parameters      

AIC (smaller is better) 14267     

BIC (smaller is better) 14344     
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significant intersection angle terms within an improved model The same three terms 

previously used for the 4-leg models were used for the 3-leg model: 

 

cos1_lgint = [1 + cos(angle)]  x  ln(intersection aadt) (29) 

cos1_mmiint = [1 + cos(angle)]  x  (minor road aadt/intersection aadt) (30) 

angR1_mint = [1 + (90–angle)/180]  x  ln(intersection aadt) (31) 

 

In all three of these variables, the angle term becomes 1.0 when the intersection angle is 90 

degrees. Thus, the predicted effect on crashes for right-angle intersections is a function of the 

intersection and minor road AADT terms in the three variables. 

  

Table 27. Interaction Model Results for Total Crashes at All 3-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-

Square 

Statistical 

Significance 

Intercept -9.1818 0.1959 -9.5657 -8.7979 2197.31 <.0001 

lgint_aadt 0.847 0.0245 0.799 0.895 1194.87 <.0001 

lgmi_aadt 0.2497 0.0163 0.2178 0.2816 235.68 <.0001 

cos1_lgint -0.1685 0.0579 -0.282 -0.055 8.46 0.0036 

angR1_mint 0.1476 0.0491 0.0513 0.2439 9.03 0.0027 

ma_lane_wd0 0.0086 0.0019 0.0049 0.0123 20.85 <.0001 

spec_env_cat (0) -0.2396 0.0599 -0.357 -0.1221 15.99 <.0001 

spec_env_cat (1) -0.318 0.0512 -0.4184 -0.2176 38.52 <.0001 

spec_env_cat (2) -0.528 0.0537 -0.6333 -0.4227 96.65 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

Dispersion 0.5865 0.0405 0.5122 0.6716 
  

       

Goodness of Fit Parameters      

AIC (smaller is better) 14268     

BIC (smaller is better) 14338     
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The interaction model is provided in Table 27. The same significant variables for land 

use and major road lane width exist in this model with the same directional effects as was 

previously found in the flexible form models. The variable min_angle was not significant in 

the final model. Instead, the effects of angle are being accounted for within the two 

interaction terms that are significant.  

The BIC and AIC for this interaction model are 14338 and 14268, respectively. The 

alternative base values for BIC and AIC were 14332 and 14270, respectively. The difference 

in the BIC values indicates a positive improvement in model fit for the base model over the 

interaction model. The AIC difference indicates an indistinguishable difference in the two 

models. Thus, the alternative base model without a variable for intersection angle is still 

considered to be the best predictive model.  

5.3  Development of Crash Modification Factors and Functions 

One of the principal goals of this study was to develop crash modification factors or 

functions (CMFs) that could be used by road safety professionals to assess the change in 

crashes associated with changes in intersection angle. The coefficients from the NB models 

were used to derive the CMFs and show the relationship between crashes and intersection 

angles. The CMFs derived from the base models include a single regression coefficient 

applied to the intersection angle variable and can easily be described as a CM “factor.” The 

CMFs from the flexible form and interaction models include multiple regression coefficients 

applied to different forms of the variable intersection angle as well as AADT variables. 

These CMFs are better described as CM “functions.” Thus the term CMF applies to both 

factors and functions in the remainder of the report. Many of the comparative plots simply 

use CMF value on the vertical axis, which is consistent with the presentation of the CMFs in 

the HSM (AASHTO, 2010).  

The remainder of the discussion in this section of the report focuses on intersection 

angle CMFs developed for total crashes for 4-leg and 3-leg intersections. Intersection angle 

in all of the CMFs developed is defined as the smallest angle between any two adjacent legs 

at an intersection. This angle is denoted as  in the CMF equations that follow, and the units 
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for the variable are degrees. Additional CMFs were developed for injury crashes and PDO 

crashes at 4-leg intersections. Appendix F provides a discussion of these supplemental 

CMFs.  

Each CMF developed has a nominal value of 1.0 for the base condition of intersection 

angle equal to 90 degrees. A CMF with a value greater than 1.0 indicates that more crashes 

would be expected when compared to the base condition. A CMF with a value less than 1.0 

indicates that fewer crashes would be expected when compared to the base condition. Each 

CMF was calculated as follows: 

 

CMF(model form) = F()/F(90) (32) 

where: 

CMF = crash modification factor or function for a specific model form 

F() = effectiveness factor for intersection angle , expressed in degrees 

F(90) = effectiveness factor for intersection angle of 90 degrees 

 

The calculations in the remainder of the report are simply expressed as a CMF for each 

model form, with an understanding that the CMF values produced are normed to the nominal 

base condition of intersection angle equal to 90 degrees. The conditions under which each 

developed CMF is applicable are clearly indicated in the appropriate figures and tables in the 

remainder of this report. These conditions include crash level (total, injury, PDO) and 

intersection level (all, rural, urban). 

5.3.1  4-Leg Intersections – Total Crashes at All Intersections 

The first CMF developed for total crashes across all 4-leg intersections (both rural 

and urban) is from the alternative base model and takes the following form:  

 

CMF(base) = EXP() (33) 

where: 

 =  intersection angle in degrees 
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 = - 0.0021 for 4-leg total crashes 

 

The linear relationship between the derived CMF(base) values and intersection angle 

is shown in Figure 24. As the angle of the intersection decreases from 90 degrees to 20 

degrees, the CMF increases at a constant rate. At an angle of 65 degrees, total intersection 

crashes are predicted to increase by 5.4 percent over what would be expected at a right-angle 

intersection. At 45 degrees, the predicted increase is 9.9 percent. The largest CMF value is 

1.158 at 20 degrees, which is the smallest angle in the database for 4-leg intersections. 

The next CMF derived for total crashes at all 4-leg intersections is from the flexible 

form model 1 and is structured as follows: 

CMF(flex1) = EXP(1)  x  [(1+cos()]^(2+3)  (34) 

 
 

Figure 24. CMF Derived from the Alternative Base Model for Total Crashes at All 4-

Leg Intersections. 

CMF (65) = 1.054

CMF (45) = 1.099
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where: 

 =  intersection angle, expressed in degrees 

1 =  0.0124 for total crashes at all 4-leg intersections 

2 =  0.8454 for total crashes at all 4-leg intersections 

3 =  0.3362 for total crashes at all 4-leg intersections 

 

The CMF as distributed across the range of intersection angles is shown in Figure 25. 

The results are nonlinear and in the shape of an upward convex parabola. As the angle of the 

intersection decreases from 90 degrees to approximately 65 degrees, total crashes increase. 

At that point, the direction of the curve turns downward, and crashes continue to decrease as 

the intersection angle decreases. At an angle of 65 degrees, total intersection crashes are 

predicted to increase by 11.2 percent over what would be expected at a right-angle 

intersection. At 45 degrees, the predicted increase is 7.7 percent. It is also worth noting that 

the CMF is less than 1.0 for intersections with angles approximating 30 degrees or less. 

Recall from Figure 13 (page 62) that the crash rate for 4-leg intersections with angles of 40 

degrees or less is lower than the rate for right-angle intersections. Thus, the fact that the CMF 

curve is below 1.0 at this end of the angle distribution is not unexpected. 

The CMF values produced from the base model are also shown in Figure 25. The 

CMF from the flexible form model 1 produces greater values for intersections with angles 

between 90 and approximately 48 degrees when compared to the CMF from the base model. 

In other words, the CMF(flex1) function predicts a larger effect for changing the intersection 

angle in this upper range compared to the CMF(base) function for the same angle. For 

intersections less than approximately 48 degrees, the opposite is true. The CMF(flex1) 

function predicts a smaller effect when compared to the CMF(base) function for the same 

angle.  
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The CMF derived next for total crashes at all 4-leg intersections is from the flexible 

form model 2, which takes the following form: 

 

CMF(flex2) = EXP(1)  x  [1+cos()]^2  (35) 

where: 

 = intersection angle, expressed in degrees 

1 =  0.0269 for total crashes at all 4-leg intersections 

2 =  2.3675 for total crashes at all 4-leg intersections 

 

The CMF as distributed across the range of intersection angles is shown in Figure 26. 

The shape of the function is similar to that produced for CMF(flex1). As the angle of the 

 
 

Figure 25. CMFs Derived from the Flexible Form Model 1 and Alternative Base 

Model for Total Crashes at All 4-Leg Intersections. 

CMF (65) = 1.112

CMF (45) = 1.077
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intersection decreases from 90 degrees to approximately 65 degrees, total crashes increase. 

The rate of increase for CMF(flex2) is greater than for CMF(flex1). The result is higher CMF 

values for the flex2 function compared to the flex1 function in this upper range of angles. For 

example, total intersection crashes are predicted to increase by 17.6 percent at an intersection 

with an angle of 65 degrees over what would be expected at a right-angle intersection using 

the flex2 function. This value compares to 11.2 percent when using the flex1 function (see 

Figure 25).  

At approximately 65 degrees, the direction of the curve turns downward, and crashes 

continue to decrease as the intersection angle decreases. The rate of decrease for the flex2 

function is greater than the rate for the flex1 function. This results in lower predicted CMF 

values for the flex2 function when compared to the flex1 function in this lower range of 

intersection angles. At 45 degrees, the predicted increase over a right-angle intersection is 5.7 

 
 

Figure 26. CMFs Derived from the Flexible Form Models 1 and 2 and Alternative 

Base Model for Total Crashes at All 4-Leg Intersections. 

CMF (65) = 1.176

CMF (45) = 1.057
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percent from CMF(flex2) compared to 7.7 percent from CMF(flex1). Finally, this increased 

rate of decrease for CMF(flex2) results in CMF values of less than 1.0 for intersections with 

angles approximating 40 degrees or less. By comparison, CMF(flex1) does not result in 

values of less than 1.0 until the angles approximate 30 degrees or less. 

The final CMF developed for total crashes at 4-leg intersections is from the 

interaction model. This CMF includes three interaction terms that require intersection and 

minor road AADT information. The CMF(intr) is structured as follows: 

 

CMF(intr) = int_aadt^[1(1+cos()) + 2(1+(90-)/180)]  

x  EXP[3(1+cos())  x  mi_int] (36) 

where: 

 =  intersection angle, expressed in degrees 

int_aadt = intersection aadt, expressed in vpd 

mi_int = minor road aadt / intersection aadt 

1 =  0.4688 for total crashes at all 4-leg intersections 

2 =  -0.4219 for total crashes at all 4-leg intersections 

3 =  0.5369 for total crashes at all 4-leg intersections  

 

The CMF developed from the interaction model is very similar in shape to the 

flexible form model 2 as shown in Figure 27. The interaction model CMF shown in the 

figure uses an intersection AADT value of 5,553 vpd and a minor road to intersection AADT 

ratio of 0.14. These numbers represent the average values from the database for all 4-leg 

intersections. As the angle of the intersection decreases from 90 degrees to approximately 60 

degrees, the CMF values increase. At that point, the direction of the curve turns downward, 

and the CMF values continue to decrease as the intersection angle decreases. At an angle of 

60 degrees, total intersection crashes are predicted to increase by 16.6 percent over what 

would be expected at a right-angle intersection. Similar to the CMF(flex2) curve, the 
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CMF(intr) curve produces values less than 1.0 for intersections with angles approximating 40 

degrees or less.  

The value of the CMF from the interaction model is the ability to develop a more 

precise estimate of the effect of intersection angle on safety by using traffic volume 

information for the intersection. Figure 28 shows the CMF (intr) values for a range of 

intersection AADT values while holding the minor road AADT to intersection AADT ratio 

constant at the mean value for 4-leg intersections in the database of 0.14. As the intersection 

AADT increases, the CMF increases for the same intersection angle value for those 

intersections between 45 and 90 degrees. For intersections with an intersection angle less 

than 45 degrees, the CMF decreases as the intersection AADT increases. The maximum 

CMF value for each curve consistently occurs between 60 and 65 degrees. For the range of 

curves shown in the plot, the maximum CMF values range from approximately 1.14 for an 

 
 

Figure 27. CMFs Derived from the Interaction Model, Flexible Form Models 1 and 

2, and Alternative Base Model for Total Crashes at All 4-Leg Intersections. 
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intersection AADT of 1000 vpd to approximately 1.20 for an intersection with an intersection 

AADT of 40,000 vpd. 

Figure 29 shows the CMF (intr) values for a range of minor road AADT to 

intersection AADT ratios while holding the intersection AADT constant at the mean value 

for 4-leg intersections in the database of 5,553 vpd. The effects of this variable on the CMF 

value are more pronounced than for intersection AADT. As the AADT ratio increases, the 

CMF increases for the same intersection angle value across the range of angles. The only 

exception to this pattern is for the ratios of 0.01 and 0.1 for angles less than 50 degrees; the 

CMFs for the lower ratio in this lower angle range is slightly greater than the CMFs for the 

higher ratio. The maximum CMF value for each curve occurs between 60 and 65 degrees for 

 
 

Figure 28. CMF Values from the Interaction Model for a Range of Intersection 

AADTs and a Constant Minor Road AADT to Intersection AADT Ratio for Total 

Crashes at All 4-Leg Intersections. 
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every curve on the plot with one exception; the maximum for the highest ratio (0.7) occurs 

closer to 55 degrees. For the range of curves shown in the plot, the maximum values range 

from 1.14 for a minor road to intersection AADT ratio 0.01 at 65 degrees to 1.55 for a ratio 

of 0.70 at 55 degrees.  

5.3.2  4-Leg Intersections – Total Crashes at Rural Intersections 

The first CMF developed for total crashes at 4-leg rural intersections is from the 

alternative base model with the following form:  

 

CMF(base) = EXP() (37) 

  

 
 

Figure 29. CMF Values from the Interaction Model for a Range of Minor Road 

AADT to Intersection AADT Ratios and a Constant Intersection AADT for Total 

Crashes at All 4-Leg Intersections. 
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where: 

 =  intersection angle, expressed in degrees 

 = - 0.0029 for total crashes at rural 4-leg intersections 

 

The linear relationship between the derived CMF and intersection angles is shown in 

Figure 30. As the angle of the intersection decreases from 90 degrees to 20 degrees, total 

crashes increase at a constant rate. At an angle of 65 degrees, total intersection crashes are 

predicted to increase by 7.5 percent over what would be expected at a right-angle 

intersection. At 45 degrees, the predicted increase is 13.9 percent. The largest CMF value is 

1.225 at 20 degrees, which is the smallest angle in the database. Note that the rate of increase 

for rural intersections is greater than what was previously shown for all intersections (see 

 
 

Figure 30. CMF Derived from the Alternative Base Model for Total Crashes at 

Rural 4-Leg Intersections. 

CMF (65) = 1.075

CMF (45) = 1.139
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Figure 24); hence, the CMF value for any given intersection angle less than 90 degrees is 

larger for rural intersections compared to all intersections.  

The next CMF for total crashes at rural 4-leg intersections was derived from the 

flexible form model 1, which is structured as follows: 

 

CMF(flex1) = EXP(1)  x  [1+cos()]^(2+3)  (38) 

where: 

 =  intersection angle, expressed in degrees 

1 =  0.0118 for total crashes at rural 4-leg intersections 

2 =  0.7531 for total crashes at rural 4-leg intersections 

3 =  0.4364 for total crashes at rural 4-leg intersections  

 

The CMF as distributed across the range of intersection angles is shown in Figure 31. 

The results are nonlinear and in the shape of an upward convex parabola. As the angle of the 

intersection decreases from 90 degrees to approximately 60 degrees, total crashes increase. 

At that point, the direction of the curve turns downward, and crashes continue to decrease as 

the intersection angle decreases. At an angle of 65 degrees, total intersection crashes are 

predicted to increase by 13.2 percent over what would be expected at a right-angle 

intersection. At 45 degrees, the predicted increase is 11.1 percent. The CMF is less than 1.0 

for intersections with angles approximating 25 degrees or less. The CMF(flex1) function for 

rural intersections produces CMF values that are greater than those produced by the same 

function for all intersections (see Figure 25). 
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5.3.3  3-Leg Intersections – Total Crashes at All Intersections and Rural Intersections 

The model with the best fit for total crashes at 3-leg intersections did not include 

intersection angle as a significant variable using a 95 percent confidence level. The fact that 

intersection angle is not significant for 3-leg intersections is not totally unexpected. A review 

of the crash rates for all 3-leg intersections in Figure 13 (page 62) reveals that there is not a 

large difference in rates across the range of intersection angles. The lowest and highest rates 

among the 10 categories are 2.96 and 4.29 crashes per 100 million entering vehicles, 

respectively. For comparison, the total crash rates for all 4-leg intersections ranged from 4.17 

to 6.99 crashes per 100 million entering vehicles. Given the fact that intersection angle was 

not a significant variable in the best-fit NB regression model, the recommended CMF for 

total crashes at all 3-leg intersections is 1.00.  

 
 

Figure 31. CMFs Derived from the Flexible Form Model 1 and Alternative Base 

Model for Total Crashes at Rural 4-Leg Intersections. 

CMF (65) = 1.132

CMF (45) = 1.111
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The same pattern in crash rates across the range of intersection angles is also present 

for total crashes at rural intersections. The NB regression model results were also similar. 

The model with the best fit showed intersection angle not to be a significant variable. Thus, 

the recommended CMF for total crashes at rural 3-leg intersections is 1.00.  

5.3.4  Summary of Crash Modification Factors and Functions 

The matrix of CMFs produced from each NB model form is shown in Table 28. Due 

to the small number of urban intersections, especially skewed intersections, in the database, 

no models and subsequently no CMFs were developed for urban 4-leg or 3-leg intersections. 

The interaction model was considered to be best fitting model for only the 4-leg total crash-

all site scenario. However, the difference in the model fit metrics between the interaction 

model and the flexible form 1 model for that scenario could be considered indistinguishable 

(i.e., BIC(intr) = 23072 and BIC(flex1) = 23073). For all but one scenario (rural injury 

Table 28. Crash Modification Functions Derived by NB Model Form. 

Intersection &  

Collision Category 

NB Model Form 

Alternative 

Base 

Flexible 

Form 1 

Flexible 

Form 2 

Interaction 

4-Leg, All Sites, Total Crashes 
    

4-Leg, All Sites, Injury Crashes  
 

  

4-Leg, All Sites, PDO Crashes 
  

  

4-Leg, Rural Sites, Total Crashes 
  

  

4-Leg, Rural Sites, Injury Crashes     

4-Leg, Rural Sites, PDO Crashes 
  

  

3-Leg, All Sites, Total Crashes 
    

3-Leg, Rural Sites, Total Crashes 
    

Blank cells indicate that no CMF was derived for a given model form. 
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crashes) for 4-leg intersections, CMFs were derived from the flexible form 1 model. The 

CMFs developed for 3-leg intersections were simply equal to 1.00 as a result of intersection 

angle not being a significant variable in the NB base models, which were the better fitting 

safety prediction models.  

The CMFs for the five 4-leg scenarios are plotted in Figure 32 and form the basis of 

the critical angle analysis in the next section of this chapter. The CMF values for intersection 

angles less than 40 degrees are shaded with a note indicating that the results for that part of 

the graph are based on a small sample of intersections. Recall from Table 9 (page 58) that the 

total number of skewed 4-leg intersections in the database was 654. Only 44 (6.7 percent) of 

those locations have intersection angles less than 40 degrees. This fact is further addressed in 

the recommendations in Chapter 6.   

 
 

Figure 32. CMFs Derived from the Flexible Form Model 1 for 4-Leg Intersections. 

Results for skewed 
intersections < 40 
degrees are based on 
a small sample of 
intersections

dharkey
Rectangle
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5.4  Critical Angle Assessment 

In addition to the development of CMFs, the other objective of this research was to 

determine if there is a critical minimum angle at which safety is substantially diminished. 

Recall from the literature review that the AASHTO Green Book currently recommends a 

minimum angle of 60 degrees and reads “…an angle of 60 degrees provides most of the 

benefits of a 90-degree intersection while reducing the right-of-way takings and construction 

costs often associated with providing a right-angle intersection.” The purpose of this 

assessment was to determine if that 60-degree minimum angle policy is appropriate. 

This assessment is based on the results from the 4-leg intersection models developed 

for all intersections and rural intersections across all injury categories. The CMFs produced 

from the flexible form model are illustrated in Figure 32. The CMF values for each of these 

scenarios are shown in Table 29 for a range of intersection angles between 55 degrees and 75 

degrees. The shaded cells indicate the intersection angles at which the maximum CMF value 

is obtained under each of these scenarios. Depending on the scenario, the maximum value 

occurs between 65 degrees and 55 degrees. The peak of the CMF function is relatively flat in 

this range of angles, as illustrated by the fact that the CMF values are often the same across 

this range of angles when rounded to two decimal places.  

Table 29. CMF Values Derived From the Flexible Form Model for 4-Leg 

Intersections. 

 

Intersection and  

Collision Type Scenarios 

75 

Degrees 

70 

Degrees 

65 

Degrees 

60 

Degrees 

55 

Degrees 

All Sites, Total Crashes 1.09 1.10 1.11 1.11 1.11 

All Sites, Injury Crashes 1.08 1.09 1.10 1.09 1.09 

All Sites, PDO Crashes 
1.09 1.10 1.12 1.12 1.12 

Rural Sites, Total Crashes 
1.10 1.12 1.13 1.14 1.13 

Rural Sites, PDO Crashes 
1.10 1.12 1.13 1.14 1.14 
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The fact that the largest angle at which the CMF values peak is 65 degrees warrants 

consideration of choosing a critical minimum angle that is greater than this value if the goal 

is to select an angle at which safety is not substantially compromised from what is 

experienced at a right-angle intersection. It can be argued, and in fact it is true from the 

predictive models developed and CMFs derived, that any angle between 90 degrees and the 

current design policy value of 60 degrees in the Green Book will have a negative impact on 

safety. For that reason, the policy of right-angle intersections being preferred still holds. The 

question is what intersection angle should be established as a minimum for those exceptions 

where a right-angle intersection cannot be achieved. Selection of this angle is subjective and 

based on the level of diminished safety that is considered acceptable. From the results of this 

analysis, an angle on no less than 75 degrees is considered to be an appropriate choice for 

this minimum or critical angle. From the CMFs derived and the results shown in Table 23, an 

intersection angle of 75-degrees will result in a CMF no greater than 1.10 for any of the 

intersection types and collision categories shown. An angle of 75 degrees would result in the 

number of crashes at an intersection being estimated to be no greater than 10 percent more 

than what would be expected at a right-angle intersection.  

5.5  Comparison of Results to Prior Crash Modification Factors 

Previously developed CMFs for intersection angle are few. As previously discussed 

in the literature review chapter, there are CMFs currently present in the AASHTO Highway 

Safety Manual (HSM) for total crashes at stop-controlled intersections on rural two-lane 

roads. These CMFs were derived from cross-sectional regression models in a manner similar 

to the approach used in this research. These CMFs are for use in chapter 10 of the HSM to 

develop safety predictions for two-lane rural roads. Separate CMFs are available for 4-leg 

and 3-leg intersections as shown in Figure 33. The predicted impact of intersection angle on 

safety is greater for 4-leg intersections compared to 3-leg intersections. Both CMFs assume a 

log-linear relationship between crashes and intersection angle. 

The other model discussed in the literature chapter that included a component for 

intersection angle was from a study by McCoy, Tripi, and Bonneson (1994). After further 
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review of the study, it was determined not to be appropriate for comparison to the models of 

the current study. The model developed had a small sample size (29 skewed and 39 non-

skewed intersections), had a limited range of traffic volumes on the major roadway (up to 

5,200 vpd), and was for 3-leg and 4-leg intersections combined. 

Given that the HSM models assume a log-linear relationship between crashes and 

intersection angle, the first comparison made was with the log-linear model result that was 

developed in this research. While this is not the recommended model and subsequent CMF 

from this research study, it allows for a more direct comparison with the HSM models as the 

assumed relationship between crashes and intersection angle is the same.  

Figure 34 shows the HSM 4-leg CMF and the base CMF from this research for rural 

roadways. Both CMFs are for total crashes. The HSM function produces higher CMF values  

 
 

Figure 33. CMFs from the Highway Safety Manual for Total Crashes at Rural Two-

Lane Roadway Intersections (Developed by Harwood et al., 2000). 
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compared to the base CMF function for the current study. For example, the CMF from the 

HSM for an angle of 60 degrees is 1.176. For this same angle, the CMF from the base model 

in the current study is 1.091.Part of this difference is likely due to the differences in the 

roadway classes included in each function. The HSM CMF is for intersections on two-lane 

roadways only, while the base CMF from the current research includes both two-lane and 

multilane roadways. The CMF in the HSM was also derived from a NB regression model 

requiring all variables to be statistically significant at a significance level of 0.15 or less. 

Skew angle in that model had a p-value of 0.108. The comparative model from this study 

required all variables to be statistically significant at a significance level of 0.05 or less. 

Intersection angle in this model had a p-value of 0.0202. This difference in the statistical 

significance requirements can obviously affect the parameters included in the NB models and 

the regression coefficients of the derived CMFs. Regardless of the reasons, the base CMF 

 
 

Figure 34. CMFs for Total Crashes at 4-Leg Intersections from the HSM Function 

and the Linear Function in the Current Study. 

CMF (2L/ML) = 1.091

CMF (HSM) = 1.176
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from the current study produces more conservative values of the effect of intersection angle 

on safety. 

The next comparison added the CMF function from the flexible form model, which is 

the CMF that is recommended for application by road safety professionals. The flexible form 

CMF function is shown in Figure 35 along with the two linear functions previously shown in 

Figure 34. The CMF(flex) function produces values greater than the CMF(base) function. 

This fact was previously discussed in this chapter, was shown to result in a better model fit, 

and better reflects the raw crash data. The CMF(flex) function also produces greater CMF 

values compared to the HSM function for angles between 70 and 90 degrees, but lower 

values for angles less than 70 degrees.  

 

 
 

Figure 35. CMFs for Total Crashes at 4-Leg Intersections from the HSM Function 

and the Linear and Flexible Functions in the Current Study. 
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In summary, the comparison of the CMFs derived from the log-linear model for rural 

roadway 4-leg intersections in the current study to the comparable CMFs from the HSM are 

reasonable. The differences in the two functions and the subsequent CMF values may simply 

be a reflection of differences in statistical rigor of the two models or the fact that the rural 

model in the current study includes both two-lane and multilane roads, while the HSM CMF 

only includes two-lane rural roads. 

The final point of discussion returns to the recommendation to use the CMFs derived 

from the flexible form model for 4-leg intersections. As previously noted in this chapter, this 

model has a much improved fit over the base model that assumes a log-linear relationship 

between crashes and intersection angle. One of the implications of this flexible form model 

and the subsequent CMFs is a change in how road safety professionals view the impact of 

intersection angle on safety. Figure 36 shows the two CMF functions from this research for 

total crashes at all intersections. Prior to this study, the limited research attempting to relate 

crashes to intersection angle produced linear relationships between CMFs and intersection 

angle, similar to the one shown in the figure as CMF(base). The current study recommends 

the curvilinear function represented in the figure as CMF(flex). For angles between 50 and 

90 degrees, an assumption of a linear relationship may be an underestimation of the effects of 

intersection angle on crash predictions. For angles below 50 degrees, the linear relationship 

assumption may be an overestimation the effect of intersection angle. However, as previously 

noted and as illustrated in the figure, the number of skewed intersections in the database with 

angles less than 40 degrees was limited. Thus, the CMF values for both models and the 

subsequent differences between them should be viewed with caution for intersections with 

angles below 40 degrees. 

Another result of the shape of the CMF(flex) curve is the fact that the curve peaks 

near 65 degrees and is relatively flat on either side of this point. As shown in Figure 36, the 

greatest potential for achieving crash reductions on the basis of this CMF-angle relationship 

is between the intersection angles of approximately 50 degrees and 70 degrees. The CMF 

values in this range are at or above 1.10. At the other end of the spectrum are the acute angle 

intersections where there may be no substantial crash reductions, even if the intersection 
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were to be converted to a right-angle location. As shown in the figure, intersections below 

approximately 30 degrees appear to be as safe (CMF = 1.0 or less) as a 90-degree 

intersection. While the reasons for these results are not completely understood, one possible 

explanation may be human behavior and an understanding by drivers that these locations 

require one to exercise additional caution. Another reason could be that many of the 

intersections in the lower intersection angle categories that had poor safety records have 

actually been improved over time. Thus, the safety performance for the intersections that are 

left in these low-angle categories is better than the safety performance in the higher-angle 

categories. 

 

  

 
 

Figure 36. Comparison of the Predictive Estimates from the Recommended 

CMF(flex1) Compared to the Linear CMF(base).  
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Chapter 6. Summary and Conclusions 

6.1  Summary 

The preferred design for intersections includes adjacent legs that intersect at 90 

degrees. However, there are occasions where physical constraints result in intersection angles 

less than 90 degrees, and thus produce skewed intersections. Such intersections create 

potential safety and operational problems for both motorists and non-motorists. To date, the 

crash-based safety research on this issue has been limited. 

A review of geometric design policies confirmed that there is consensus within the 

highway design field that intersecting roadways should be aligned to meet at 90 degrees. 

There is also a common recognition of the safety and operational problems that are 

introduced for different modes of travel once an intersection becomes skewed. However, 

there are differences among these policies regarding the critical minimum angle – the angle 

at which consideration should be given to realigning the intersection or implementing 

additional traffic control measures. That angle currently ranges from 60 degrees to 75 

degrees, depending on the reference. 

A review of the research literature revealed that there have been very few studies that 

have attempted to define the safety relationship of intersection angle to crashes. One study 

(Harwood et al., 2000) that derived crash modification factors (CMFs) for intersection angle 

did so for rural two-lane roads only and assumes a log-linear relationship between crashes 

and the angle of the intersection. Those CMFs are present in the Highway Safety Manual as 

part of the safety prediction methodology for rural two-lane road intersections 

(AASHTO,2010).  

Additional non-crash-based research has produced evidence that intersection angle 

can impact those drivers and pedestrians whose physical capabilities have diminished. Older 

persons who have reduced flexibility may have difficulty turning their heads and necks to 

judge gaps in traffic at skewed intersections. Older or disabled pedestrians who walk at 

slower speeds will be exposed to traffic for a longer period of time at crossings that are 
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lengthened as a result of the intersection angle. These research findings led to the 75-degree 

critical minimum angle recommendation in the FHWA Highway Design Handbook for Older 

Drivers and Pedestrians as a practice to accommodate age-related performance deficits 

(Staplin et al., 2001). 

The objective of this study was to derive quantitative relationships between 

intersection angle and safety, where safety is defined by intersection crashes. The 

relationships were used to 1) determine appropriate crash modification factors for reducing or 

eliminating the skew angle of an intersection 2) determine if there is a critical minimum 

angle at which safety is substantially diminished, and 3) assess the need for revision of 

current geometric design policies and practices. 

The data for this research was acquired from the FHWA Highway Safety Information 

System (HSIS) and the Minnesota Department of Transportation (MNDOT). HSIS includes 

intersection files from MN that allow the crash data, intersection geometric data, and traffic 

volumes to be linked by location. MNDOT provided the GIS base map and the GIS point file 

that allowed for the collection of supplemental data elements, including the measured angle 

of each intersection. The scope of the research was limited to minor leg stop-control 

intersections. The final database included 1,669 4-leg intersections and 1,109 3-leg 

intersections. The numbers of crashes included in the analysis over a 7-year period were 

8,482 and 4,746 for 4-leg and 3-leg intersections, respectively. 

The approach for this evaluation was to develop a series of cross-sectional models 

using negative binomial (NB) regression. Prior to the development of the models, data 

mining efforts were undertaken to 1) determine the most important predictor variables from 

the large number of available independent variables in the final database, and 2) determine 

the interactions among the important predictor variables. The results of the conditional 

random forest and regression tree data mining analyses were then used in the development of 

the safety prediction models.  

NB regression models were developed for total crashes for 4-leg and 3-leg 

intersections separately. Where sample sizes permitted, additional models were developed for 

rural intersections and for injury (including fatal) and PDO crashes. Several combinations of 
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variables related to intersection angle were explored to determine which models resulted in 

the best fit of the data. The model form that was most often the best fit for 4-leg intersections 

was one that incorporated two angle variables – minimum intersection angle and 

1+cos(angle). For 3-leg intersections, the model form with the best fit was the alternative 

base model; however, intersection angle was not significant in the model. 

The regression coefficients or estimates from the models were used to derive CMFs 

for 4-leg intersections. The 4-leg intersection CMFs included the following collision 

categories and intersection types: 

 Total crashes, all intersections, 

 Injury crashes, all intersections, 

 PDO crashes, all intersections, 

 Total crashes, rural intersections, and 

 PDO crashes, rural intersections. 

For 3-leg intersections, CMFs equal to 1.00 were established on the basis of the fact 

that intersection angle was not a significant variable in the best-fit NB regression models. 

This CMF for 3-leg intersections applies to the following collision categories and intersection 

types: 

 Total crashes, all intersections, and 

 Total crashes, rural intersections. 

6.2  Research Conclusions 

The first objective of this research was to determine the relationship between 

intersection angle and safety. The NB regression models developed and the subsequently 

derived CMFs establish this relationship for minor leg stop-control 4-leg and 3-leg 

intersections for the combinations of intersection types and collision categories noted above. 

The CMFs for each of these scenarios are provided in Table 30. Due to the fact that the 

sample of skewed 4-leg intersections with intersection angles less than 40 degrees was 

limited in the database, it is recommended that a value of 40 degrees be used as the 

intersection angle value in the appropriate function for all angles less than 40 degrees.  
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The other objectives of the research were to determine if there is a critical minimum 

angle at which safety is substantially diminished and assess the need for revision of current 

geometric design policies and practices. The results of the analysis indicated that the largest 

CMF values for total, injury, or PDO crashes at all intersections occur at an angle of 65 

degrees. For total and PDO crashes at rural intersections, the largest CMF values occur at 60 

degrees. The critical minimum angle value should be greater than the largest angle at which 

the CMF values peak – 65 degrees. The current AASHTO policy reads that provision of 

“…an angle of 60 degrees provides most of the benefits of a 90-degree intersection angle…” 

(AASHTO, 2011) The results of this research do not support that position. It is recommended 

that an intersection angle of 75 degrees be established as the critical minimum angle. From 

the CMFs derived and the results previously shown in Chapter 5, an intersection angle of 75 

degrees will result in a CMF no greater than 1.10 for any of the site types and collision 

categories shown in Table 29 (page 112). Thus, an angle of 75 degrees would result in the 

Table 30. Recommended Crash Modification Functions for 4-Leg and 3-Leg 

Intersections (Minor Leg Stop-Control). 

 

Intersection Type and 

Collision Category Scenarios 
Recommended Crash Modification Function 

A,B
 

4-leg, All Sites, Total Crashes CMF = EXP(0.0124)  x  [1+cos()]^1.1816 

4-leg, All Sites, Injury Crashes CMF = EXP(0.0129)  x  [1+cos()]^1.1769 

4-leg, All Sites, PDO Crashes CMF = EXP(0.0119)  x  [1+cos()]^1.1609 

4-leg, Rural Sites, Total Crashes CMF = EXP(0.0118)  x  [1+cos()]^1.1895 

4-leg, Rural Sites, PDO Crashes CMF = EXP(0.0113)  x  [1+cos()]^1.1552 

3-leg, All Sites, Total Crashes CMF = 1.00 

3-leg, Rural Sites, Total Crashes CMF = 1.00 

A
  = intersection angle (degrees), defined as the smallest angle between any two adjacent 

legs at an intersection. 
B 

 For intersection angles less than 40 degrees, it is recommended that  be entered into 

the function as 40 degrees. 
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number of crashes at an intersection being estimated to be no greater than 10 percent more 

than what would be expected at a right-angle intersection.  

The recommended change to 75 degrees as the intersection angle at which 

consideration should be given to realignment or other engineering countermeasures is 

consistent with some of the policies that are already in place in States such as California and 

Illinois. This increased angle is also in line with the physiology research showing difficulties 

for older persons at angles below 75 degrees and the visibility research on line-of-sight issues 

that has recommended minimum angles of 70 to 75 degrees. 

6.3  Methodology Conclusions 

In addition to the research results noted above, there were two elements of this 

research project that should be noted for future efforts. First, the supplemental data collection 

effort made use of GIS files combined with traditional intersection inventory data to locate 

the intersections of interest for the study. Once located, the COGO tool within ArcGIS was 

used to acquire all of the angles at each intersection. The tool proved to be very accurate and 

easy to use. The GIS data were also used with online aerial imagery from Google Maps to 

confirm the accuracy of the information and to collect supplemental data. The use of the 

aerial images did identify errors in the GIS data for a small number of locations. Finally, the 

aerial images were used to acquire several supplemental data elements. The collection of 

these data was efficient unless the image resolution was low enough that the street level view 

was required. In the latter cases, the collection time required for an intersection can be 

increased several fold, depending on the number of elements to be collected. 

The other unique component of this research was the use of data mining tools for 

determination of variables to be included in the development of the safety prediction models. 

Classification and regression trees are not unique to the field of road safety. Several 

references were cited in Chapter 3 that made use of these methods in road safety. However, 

the use of conditional random forest methods and conditional regression trees for assessing 

variable importance and interaction effects is unique. The approach used in this study 

allowed the list of predictor variables for consideration in the NB models to be trimmed from 
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between 34 and 39 to a manageable number of 10 to 16, depending on the intersection 

scenario being modeled. There is a learning curve to use these tools efficiently, including 

understanding the limitations of computer memory on the ability to set certain analysis 

parameters. Once mastered, the tools are very effective at allowing a researcher to create a 

short list of most important predictors and visually ascertain some of the interaction effects 

that may warrant further consideration during the development of cross-sectional regression 

models.  
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Chapter 7. Future Research 

This research study developed new CMFs for intersection angle and recommended a 

change in policy with respect to the critical minimum angle currently used in the AASHTO 

Green Book and other resources. Several recommendations follow that build on the work of 

this study  

First, the data acquired and used for the study was limited to the state road network in 

MN. There are always concerns with crash-based research about the transferability of results 

from a single state to the other states or the nation as a whole. It is recommended that the 

methodology applied in this study be replicated in additional states to determine if similar 

results can be obtained and support the recommendations of this effort.  

Second, the intersections in the study were predominately rural as a result of the fact 

that the sites were part of the MN state road network. The result was a lack of separate 

models and CMFs for urban intersections. It is recommended that additional urban data be 

acquired to supplement the urban data collected for MN or that a separate study be conducted 

using sites from an urban area only. The city of Charlotte, NC, which is now part of HSIS 

and whose data includes GIS information, may be a candidate for a supplemental study. 

Third, the analysis conducted in this study was at an intersection level. In other 

words, the dependent variable in the study was crash frequencies for the intersection as a 

whole, which was defined as any crash on any approach within 250 feet of the intersection. 

This was done because it is difficult to assign crashes to a specific approach using only the 

information available in the HSIS database. It is recommended that a feasibility study be 

conducted to determine if an approach level analysis is possible and if it might result in more 

refined results regarding the effect of intersection angle on safety. For example, it might be 

possible to determine specific collision types and vehicle maneuvers that are most susceptible 

to problems at skewed intersections. Other data that would be beneficial to such an analysis 

are intersection turning movement counts. As a first step in this feasibility study, a sample of 

police crash reports from both skewed and non-skewed intersections should be reviewed to 
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determine if there are any collision patterns that appear to be related to the angle of the 

intersection.  

Finally, alternative analysis methods using these same data should be explored. One 

specific method that is recommended is the development of full Bayesian (FB) regression 

models. The Bayesian method has the ability to provide reliable results for before-after 

studies using small sample sizes (Persaud et al, 2010). While the methodology in this effort is 

a cross-sectional analysis, a FB regression model may be a potential option to develop 

consistent and meaningful models for the smaller sample sizes in some of the cells. For 

example, this method may allow for the derivation of CMFs for intersection angle for urban 

intersections. The software WinBUGs (Spiegelhalter et al., 2003) is recommended for the 

development of the FB models. 
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APPENDIX A.  HSIS DATA VARIABLES 

The FHWA Highway Safety Information System (HSIS) was one source of data for 

this project. As discussed in Chapter 4, a preliminary assessment of the HSIS guidebooks 

showed that the State of Minnesota is the only HSIS State that includes an intersection file 

with a geometric variable to indicate if an intersection is skewed (Council and 

Mohamedshah, 2007). Requested data for this study included variables from the crash, 

roadlog, and intersection files for the State of Minnesota. Provided in this appendix are the 

variables that are available from HSIS in each of these files. The variables required for 

linkages between files or deemed most appropriate for this analysis are highlighted in each of 

these tables and were acquired from HSIS.   
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Table 31. List of Variables Available from the HSIS Minnesota Crash File. 

Variable Name Description 

Variables selected for this study are highlighted. 

ACC_DATE Date Accident Occurred 

ACCDIGM Diagram of Accident Code (Collision Type) 

ACCTYPE Type of Accident 

ACCYR Year Accident Occurred 

AMBL_NBR Ambulance Number 

CASENO Accident Number 

COUNTY County 

DIV_CODE Road Design 

HAZMAT Hazardous Material Carried 

HIT_RUN Hit And Run 

HOUR Hour Accident Occurred 

INTERCH Interchange Element Code 

LIGHT Light Conditions 

LOC_BIKE Location of Pedestrian/Bike Accident 

LOC_HARM Location of First Harmful Event 

LOC_NARR Location Description 

LOC_TYPE Relation to Intersection 

LOC_WRK_ZNE Location of Acc in Workzone 

LOCN_REL Location Reliability 

MILEPOST Modified Reference Point 

NUMVEHS Number of Vehicles Involved 

OBJECT1 Fixed Object Struck 

OFF_TYPE Type of Investigating Officer 

ON_BRDG Accident Occurred On Bridge 

POP_GRP Urban/Rural Population Codes 

PUBDMG Public Property Damage 
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Table 31. Continued. 

Variable Name Description 

Variables selected for this study are highlighted. 

RD_CHAR1 Road Characteristics 

RDSURF Road Surface Conditions 

RDWORK Road Work Being Performed 

RODWYCLS Roadway Classification 

RTE_NBR Route Number 

RTE_SYS Route System 

RTSYSNBR Combined Route System/Route Number 

SCHLBUS School Bus Involved Accident 

SEVERITY Accident Severity 

SPEED Posted Speed Limit 

TOT_INJ Number of Persons Injured 

TOT_KILL Number of Persons Killed 

TRF_CNTL Traffic Control Devices 

TRFCNTLW Traffic Control Working 

TRVL_DIR Travel Direction 

TWNSHIP Township Number 

VEH_MOV1 Vehicle Movement 

WAST_MAT Waste Material Carried 

WEATHER Weather Conditions 

WEATHER1 Weather Conditions 

WEATHER2 Weather Conditions 

WEEKDAY Day of Week Accident Occurred 

WORK_ZONE Workzone Marked 

WRKS_PRESNT Worker Present 
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Table 32. List of Variables Available from the HSIS Minnesota Roadlog File. 

Variable Name Description 

Variables selected for this study are highlighted. 

AADT  Calculated Average AADT  

ACCESS  Control of Access  

ADLN_RD1  Additional Lanes - Road 1  

ADLN_RD2  Additional Lanes - Road 2  

BAS_TKR1  Base Thickness - Road 1  

BEGMP  Calculated Begin Milepost  

BRK_CD  Break Code  

COMM_ADT  Calculated Average Commercial AADT  

COUNTY  County  

CURB1  Curbs - Road 1  

CURB2  Curbs - Road 2  

DIR_CDE  Direction Code  

ENDMP  Calculated Ending Milepost  

FED_AID  Federal Aid System  

FED_SYSD  Federal Aid System - Designated  

FED_SYSR  Federal Aid System - Regular  

FUNC_CLS  Functional Class  

H_COUNT  Number Of Count Stations Per Section  

INTE_CAT  Intersection Category  

INV_DTE  Inventory Date  

LANEWID  Lane Width  

LSHL_TY2  Left Shoulder Type - Road 2  

LSHL_TYP  Left Shoulder Type - Road 1  

LSHL_WD2  Left Shoulder Width - Road 2  

LSHLDWID  Left Shoulder Width - Road 1  

MED_TYPE  Median Type  

MEDWID  Median Width (In Feet)  

MVMT  Million Vehicle Miles Traveled  
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Table 32. Continued. 

Variable Name Description 

Variables selected for this study are highlighted. 

NBRVOLB  Number Of Blank Traffic Volume Counts  

NBRVOL  Total Number Of Traffic Volume Counts  

NBRVOLF  Number Of Full Traffic Volume Counts  

NO_LANE1  Number Through Lanes Towards Increasing Milepoints  

NO_LANE2  Number Through Lanes Towards Decreasing Milepoints  

NO_LANES  Total Number Of Lanes  

ONEWAY  Divided And One-Way Code  

PARKING1  Parking On Road 1  

PARKING2  Parking On Road 2  

REF_PST  Reference Post  

REMARK  Remarks - Type Of Record  

RODWYCLS  Roadway Classification  

ROW  Right Of Way Width  

RSHL_TY2  Right Shoulder Type - Road 2  

RSHL_TYP  Right Shoulder Type - Road 1  

RSHL_WD2  Right Shoulder Width - Road 2  

RSHLDWID  Right Shoulder Width - Road 1  

RTE_NBR  Route Number  

RTE_SYS  Route System  

RTSYSNBR  Combined Route System/Route Number  

SEG_LNG  Calculated Section Length  

SIDE_WLK  Sidewalks  

STM_SEW  Storm Sewers  
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Table 32. Continued. 

Variable Name Description 

Variables selected for this study are highlighted. 

SUF_TYP1  Surface Specification Number - Road 1  

SUF_TYP2  Surface Specification Number - Road 2  

SUR_TKR1  Surface Thickness – Road 1  

SUR_TKR2  Surface Thickness – Road 2  

SURF_TY2  Surface Type - Road 2  

SURF_TYP  Surface Type - Road 1  

SURF_WD2  Surface Width - Road 2 (In Feet)  

SURF_WID  Surface Width - Road 1 (In Feet)  

TURN_LN  Turning Lanes Toward Increasing Mileposts  

TURN_LN2  Turning Lanes Toward Decreasing Mileposts  

UPDATE_  Date Of Update  

URB_MNC  Urban/Municipal Code  

VOLGRP  Traffic Volume Group  

VOLTYP  Traffic Volume Type  

YEAR  Year Of Traffic  
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Table 33. List of Variables Available from the HSIS Minnesota Intersection File. 

Variable Name Description 

Variables selected for this study are highlighted. 

RTE_SYS Route System 

RTE_NBR Route Number 

INT_SYNB Combined Rte_Sys/Rte_Nbr 

MILEPOST Modified Reference Point Location 

REF_PNT Reference Point 

ELEM_NBR Interchange Element Code 

ENDMP Calculated Ending Milepost 

INT_TYPE Intersection Type 

DESC_ Intersection Description 

TYPEDESC Intersection Description-Revised 

RAIL_NBR Railroad Crossing Number 

TRAF_DEV Traffic Control Devices 

TRF_CNTL Traffic Control Devices-Revised 

SIGN_PRO Traffic Signals Progression 

SIGN_TIM Traffic Signals Timing 

SIGN_CON Traffic Signals Construction 

SIGN_PLA Signal Head Placement 

SIGN_PED Traffic Signals Pedestrian Signals 

TRAF_TMO Flashing Signal Time On 

TRAF_TMF Flashing Signal Time Off 

TRAF_PHS Traffic Signals Number Of Phases 

TRAF_PRE Traffic Signals Preemption 

RDWY_LGH Roadway Lighting 

GEN_ENIV General Environment 

SPEC_ENV Specific Environment 

DIST_CAT Category Assigned By District 

CNTL_CAT Central Office Category 

SFTY_IMY Safety Improvement Year 

SFTY_IMD Safety Improvement District 

SFTY_PRJ Safety Improvement Project Number 

SFTY_CLS Safety Improvement Classification 

EFEC_DTE Date Of Accident Geocoding 
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Table 33. Continued. 

Variable Name Description 

Variables selected for this study are highlighted. 

NBR_RTES Number Of Routes into Intersection 

NBR_LEGS Number Of Legs into Intersection 

TRAFCNTL Traffic Control Devices 

Segment (Route) Specific Variables 

RTESYS1 Route System - Route 1 

RTENBR1 Route Number - Route 1 

REFPNT1 Reference Point-Route 1 

RDESC1 Road Description 

LOLIMT1 Segment 1 Lower Limit 

UPLIMT1 Segment 1 Upper Limit 

NBR_LEG1 Number Of Legs On Segment 1 

Leg (Approach) Specific Variables 

LEGNBR11 Segment 1, Leg Number 1 

DIRECT11 Segment 1, Leg 1 Direction 

AADT111 Segment 1, Leg 1, Year 1 Aadt 

ADTYR111 Segment 1, Leg 1, Year 1 

AADT112 Segment 1, Leg 1, Year 2 Aadt 

ADTYR112 Segment 1, Leg 1, Year 2 

AADT113 Segment 1, Leg 1, Year 3 Aadt 

ADTYR113 Segment 1, Leg 1, Year 3 

AADT114 Segment 1, Leg 1, Year 4 Aadt 

ADTYR114 Segment 1, Leg 1, Year 4 

AADT115 Segment 1, Leg 1, Year 5 Aadt 

ADTYR115 Segment 1, Leg 1, Year 5 

AP_SPD11 Segment 1, Leg 1, Approach Speed Limit 

APCNTL11 Segment 1, Leg 1, Approach Traffic Control 
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APPENDIX B.  SUPPLEMENTAL DATA COLLECTION ISSUES 

During the supplemental data collection, several issues were discovered that warrant 

discussion and may benefit future researchers using spatial data and aerial imagery. In brief, 

these issues were discovered because the GIS shape files and the aerial images did not match. 

Thus, one of the lessons learned was the importance of using two sources of information to 

verify the data collected. Whenever these issues were discovered in this study, the 

intersection in question was simply flagged and a comment was added in the Excel workbook 

describing the problem. No further data were collected for the flagged intersections, as they 

were eliminated from the final data set. In total, approximately eight percent of the 

intersections viewed were flagged for various reasons.  

Provided in the remainder of this appendix are five specific issues that were 

discovered during the supplemental data collection effort. For each issue, a figure is provided 

that shows both the roadway network lines from ArcGIS and the aerial image from Google 

Maps.   

Issue 1 – Corrected Skewed Intersection 

Shown in Figure 37 is an intersection that appears to be a typical skewed intersection 

from the GIS data, with the roadway network files showing a 4-leg intersection with two 

roadways crossing at intersecting angle approximating 30 degrees. However, the aerial image 

shows two 3-leg intersections. The intersection appears to have been converted at some point 

in time from a skewed 4-leg intersection to two 3-leg intersections with right-angle 

approaches.  

Issue 2 – Missing Approach Legs 

In some cases, one or more of the approach legs was missing from the GIS roadway 

network. The example in Figure 38 illustrates an intersection where the GIS file shows a 

divided roadway with a 3-leg intersection on one side of the roadway. The aerial image, 



147 

however, shows a 4-leg intersection, including a paved connector in the median to allow 

turning movements in all directions.  

Issue 3 – Misclassification 

On divided roadways, there were a few cases where the spatial data incorrectly 

indicated that the intersection had full access to all turning movements. As shown in the 

example in Figure 39, the GIS roadway network shows a 4-leg intersection at a divided 

roadway, complete with a paved connector in the median to allow crossing and left turns 

from the minor road in each direction. It is clear from the aerial image that no such connector 

exists. The image shows the location to consist of two 3-leg intersections on either side of the 

divided roadway. The approaches just happen to be aligned with each other. 

 

Figure 37. Intersection Shown as Skewed 4-Leg Location in the GIS Roadway 

Network and as Two 3-Leg Intersections in the Aerial Image. 
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Issue 4 – Grade Separation 

The original HSIS data acquired for this study was filtered on the basis of minor leg 

stop-control. Thus, a grade-separated intersection should not have been included in the 

original data set. As shown in Figure 40, that is exactly the type of intersection that is present 

in this example.  The GIS roadway network correctly shows the two roads crossing. 

However, the aerial image clearly shows that this is not at at-grade crossing. This example 

illustrates the value of aerial images for confirming the accuracy of traditional digital data 

sources.  

 

Figure 38. Intersection Shown with a Single Minor Leg Approach in the GIS 

Roadway Network but with Two Minor Leg Approaches and a Median Connector 

in the Aerial Image. 
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Issue 5 – Incorrect Classification 

The Minnesota HSIS data includes an intersection descriptor to indicate whether the 

intersection is skewed or not. This variable was used in this study to preliminarily determine 

the number of sites available in each of these categories for 3-leg and 4-leg intersections. 

Shown in Figure 41 is an example of an intersection that was categorized as a skewed 4-leg 

intersection within the HSIS data. Both the GIS roadway network and the aerial image show 

the intersection to be a right-angle location.  The supplemental data collection effort was 

 

Figure 39. Intersection Shown as a Full Access 4-Leg Location in the GIS Roadway 

Network but as Two 3-Leg Intersections (No Median Connector) in the Aerial 

Image. 
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used to correct these misclassifications in both directions – skewed to right angle and vice 

versa. 

 

 

 

 

 

  

 

Figure 40. Grade-Separated Intersection That Should Not Have Been Included in 

the Original HSIS Data Received. 
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Figure 41. Intersection That Was Classified as Skewed in the HSIS Database but is 

Obviously a Right-Angle Intersection in Both the GIS Roadway Network and the 

Aerial Imagery. 
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APPENDIX C.  DATA TABLES 

Included in this appendix are several tables that were developed from the final 

database used in this research study. The tables provide descriptive statistics for many of the 

key variables used in the analysis.    
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Table 34. 4-Leg Intersections by Angle Classification and Area Type. 

Angle Classification 
Rural Intersections Urban Intersections 

Total 
No. % No. % 

Right Angle* 1153 78.3 148 75.1 1301 

Skewed 319 21.7 49 24.9 368 

Total 1472 100.0 197 100.0 1669 

* Right Angle defined as intersecting angle > 85 degrees 

 

 

Table 35. Total Crashes (2003-2009) at 4-Leg Intersections by Angle Classification and 

Area Type. 

Angle Classification 
Rural Intersrction Crashes Urban Intersection Crashes 

Total 
No. % No. % 

Right Angle* 4349 74.1 2124 81.3 6473 

Skewed 1519 25.9 490 18.7 2009 

Total 5868 100.0 2614 100.0 8482 

* Right Angle defined as intersecting angle > 85 degrees 

 

 

Table 36. 4-Leg Intersections by Intersection Angle and Area Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections Total 

No. % No. %   

< 40 42 2.9 2 1.0 44 

40-49 67 4.6 10 5.1 77 

50-54 50 3.4 6 3.0 56 

55-59 67 4.6 5 2.5 72 

60-64 63 4.3 6 3.0 69 

65-69 75 5.1 10 5.1 85 

70-74 79 5.4 13 6.6 92 

75-79 70 4.8 12 6.1 82 

80-84 67 4.6 10 5.1 77 

> 85 892 60.6 123 62.4 1015 

Total 1472 100.0 197 100.0 1669 

  



154 

Table 37. Total Crashes (2003-2009) at 4-Leg Intersections by Intersection Angle and 

Area Type. 

Intersection Angle (degrees)  
Rural Intersection Crashes Urban Intersection Crashes 

Total 
No. % No. % 

<40 114 1.9 35 1.3 149 

40 - 49 259 4.4 93 3.6 352 

50 - 54 328 5.6 82 3.1 410 

55 - 59 250 4.3 79 3.0 329 

60 - 64 330 5.6 57 2.2 387 

65 - 69 582 9.9 122 4.7 704 

70 - 74 378 6.4 186 7.1 564 

75 - 79 404 6.9 123 4.7 527 

80 - 84 295 5.0 129 4.9 424 

> 85 2928 49.9 1708 65.3 4636 

Total 5868 100.0 2614 100.0 8482 

 

 

Table 38. Injury (including Fatal) Crashes (2003-2009) at 4-Leg Intersections by 

Intersection Angle and Area Type. 

 Intersection Angle (degrees) 
Rural Intersection Crashes Urban Intersection Crashes Total 

No. % No. %   

< 40 48 2.1 11 1.3 59 

40-49 96 4.1 29 3.3 125 

50-54 117 5.0 25 2.9 142 

55-59 108 4.6 31 3.6 139 

60-64 141 6.0 20 2.3 161 

65-69 267 11.4 42 4.8 309 

70-74 157 6.7 68 7.8 225 

75-79 167 7.2 44 5.1 211 

80-84 110 4.7 44 5.1 154 

> 85 1124 48.1 553 63.8 1677 

Total 2335 100.0 867 100.0 3202 
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Table 39. Property-Damage-Only Crashes (2003-2009) at 4-Leg Intersections by 

Intersection Angle and Area Type. 

Intersection Angle (degrees) 
Rural Intersection Crashes Urban Intersection Crashes Total 

No. % No. No. % 

< 40 66 1.9 23 1.3 89 

40-49 160 4.6 63 3.7 223 

50-54 205 5.9 55 3.2 260 

55-59 141 4.0 47 2.7 188 

60-64 188 5.4 37 2.2 225 

65-69 310 8.9 79 4.6 389 

70-74 218 6.3 117 6.8 335 

75-79 232 6.7 79 4.6 311 

80-84 183 5.3 85 4.9 268 

> 85 1781 51.1 1135 66.0 2916 

Total 3484 100.0 1720 100.0 5204 

 

 

Table 40. Intersection AADT for 4-Leg Intersections by Intersection Angle and Area 

Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 622 3876 26514 18772 22943 27114 

40-49 163 4912 25985 5113 9395 19839 

50-54 640 5678 26462 4586 13737 36710 

55-59 805 4258 25467 6369 11370 21563 

60-64 787 4675 22204 4642 13904 37000 

65-69 643 6222 30172 5821 13226 29631 

70-74 995 4985 28146 10632 21786 52827 

75-79 527 4988 19683 5491 11753 32625 

80-84 767 4812 17869 2474 18215 36781 

> 85 178 3847 31056 3440 15023 53108 

Average 613 4825 25356 6734 15135 34720 
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Table 41. Minor Road AADT for 4-Leg Intersections by Intersection Angle and Area 

Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 13 318 1951 650 1011 1372 

40-49 5 443 2418 650 1480 2543 

50-54 33 627 4035 129 860 1603 

55-59 14 684 11195 539 1079 1495 

60-64 20 562 5632 128 608 824 

65-69 23 630 2657 456 748 1881 

70-74 23 549 2677 377 1296 3225 

75-79 22 617 3183 552 1114 2375 

80-84 42 542 3168 56 651 1348 

> 85 4 505 3421 34 1057 2953 

Average 20 548 4034 357 990 1962 

 

 

Table 42. Major Road AADT for 4-Leg Intersections by Intersection Angle and Area 

Type. 

Intersection Angle 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 588 3558 25662 17400 21932 26464 

40-49 125 4469 25662 2821 7915 17300 

50-54 492 5051 25662 3788 12878 35107 

55-59 529 3574 20161 5245 10291 20069 

60-64 601 4113 19525 4116 13295 36286 

65-69 600 5592 29893 5171 12478 27750 

70-74 835 4436 27043 9275 20490 50429 

75-79 498 4371 18996 4937 10639 30250 

80-84 685 4270 17596 1917 17564 35433 

> 85 124 3343 30118 2515 13966 52071 

Average 508 4278 24032 5719 14145 33116 
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Table 43. Total Crash Rates (per 100M Entering Vehicles) for 4-Leg Intersections by 

Intersection Angle and Area Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 0.00 29.13 200.25 24.54 31.03 37.53 

40-49 0.00 32.65 211.67 0.00 36.17 74.93 

50-54 0.00 48.24 299.69 12.07 54.68 140.39 

55-59 0.00 34.47 161.56 11.09 52.71 106.82 

60-64 0.00 37.62 177.05 5.33 34.46 59.02 

65-69 0.00 49.09 237.99 0.00 29.54 68.69 

70-74 0.00 43.01 285.27 0.00 32.66 120.84 

75-79 0.00 37.55 178.93 0.00 34.00 74.86 

80-84 0.00 33.10 165.44 9.58 34.03 116.03 

> 85 0.00 34.17 216.64 0.00 39.34 160.73 

Average 0.00 37.90 213.45 6.26 37.86 95.98 

 

 

Table 44. Injury (including Fatal) Crash Rates (per 100M Entering Vehicles) for 4-Leg 

Intersections by Intersection Angle and Area Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 0.00 11.31 72.82 7.22 9.86 12.51 

40-49 0.00 14.60 125.08 0.00 12.39 32.11 

50-54 0.00 14.60 61.15 0.00 20.25 54.94 

55-59 0.00 14.12 80.78 5.54 20.00 41.09 

60-64 0.00 15.32 68.85 0.00 10.85 23.87 

65-69 0.00 24.21 216.36 0.00 10.94 23.36 

70-74 0.00 18.80 120.80 0.00 12.68 65.32 

75-79 0.00 14.70 107.36 0.00 11.75 27.25 

80-84 0.00 13.75 118.17 3.19 12.55 42.19 

> 85 0.00 13.24 119.14 0.00 12.98 49.33 

Average 0.00 15.47 109.05 1.60 13.43 37.20 
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Table 45. Property-Damage-Only Crash Rates (per 100M Entering Vehicles) for 4-Leg 

Intersections by Intersection Angle and Area Type. 

Intersection Angle 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 0.00 17.82 127.43 17.32 20.13 22.93 

40-49 0.00 17.81 87.59 0.00 23.13 55.05 

50-54 0.00 32.77 239.75 8.53 33.23 79.35 

55-59 0.00 20.28 80.78 3.17 32.35 65.74 

60-64 0.00 22.11 108.20 5.29 23.61 50.59 

65-69 0.00 24.75 100.82 0.00 18.39 47.55 

70-74 0.00 23.89 213.95 0.00 19.82 55.52 

75-79 0.00 22.39 89.58 0.00 22.25 54.44 

80-84 0.00 19.17 85.83 0.00 21.47 73.84 

> 85 0.00 20.61 144.42 0.00 25.86 118.98 

Average 0.00 22.16 127.84 3.43 24.02 62.40 
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Table 46. 3-Leg Intersections by Angle Classification and Area Type. 

Angle Classification 
Rural Intersections Urban Intersections 

Total 
No. % No. % 

Right Angle* 710 80.0 136 61.5 846 

Skewed 178 20.0 85 38.5 263 

Total 888 100.0 221 100.0 1109 

* Right Angle defined as intersecting angle > 85 degrees 

 

 

Table 47. Total Crashes (2003-2009) at 3-Leg Intersections by Angle Classification and 

Area Type. 

Angle Classification 
Rural Intersection Crashes Urban Intersection Crashes 

Total 
No. % No. % 

Right Angle* 2236 79.0 1341 70.5 3577 

Skewed 593 21.0 560 29.5 1153 

Total 2829 100.0 1901 100.0 4730 

* Right Angle defined as intersecting angle > 85 degrees 

 

 

Table 48. 3-Leg Intersections by Intersection Angle and Area Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections Total 

No. % No. %   

< 40 53 6.0 17 7.7 70 

40-49 24 2.7 9 4.1 33 

50-54 30 3.4 10 4.5 40 

55-59 32 3.6 5 2.3 37 

60-64 30 3.4 9 4.1 39 

65-69 39 4.4 17 7.7 56 

70-74 41 4.6 16 7.2 57 

75-79 48 5.4 20 9.0 68 

80-84 53 6.0 17 7.7 70 

> 85 538 60.6 101 45.7 639 

Total 888 100.0 221 100.0 1109 
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Table 49. Total Crashes (2003-2009) at 3-Leg Intersections by Intersection Angle and 

Area Type. 

Intersection Angle (degrees)  
Rural Intersection Crashes Urban Intersection Crashes 

Total 
No. % No. % 

<40 191 6.8 129 6.8 320 

40 - 49 51 1.8 108 5.7 159 

50 - 54 81 2.9 24 1.3 105 

55 - 59 90 3.2 53 2.8 143 

60 - 64 62 2.2 63 3.3 125 

65 - 69 123 4.3 95 5.0 218 

70 - 74 153 5.4 113 5.9 266 

75 - 79 156 5.5 158 8.3 314 

80 - 84 180 6.4 141 7.4 321 

> 85 1742 61.6 1017 53.5 2759 

Total 2829 100.0 1901 100.0 4730 

 

 

Table 50. Injury (including Fatal) Crashes (2003-2009) at 3-Leg Intersections by 

Intersection Angle and Area Type. 

 Intersection Angle (degrees) 
Rural Intersection Crashes Urban Intersection Crashes Total 

No. % No. %   

< 40 82 8.0 49 7.5 131 

40-49 20 1.9 36 5.5 56 

50-54 26 2.5 10 1.5 36 

55-59 30 2.9 15 2.3 45 

60-64 21 2.0 22 3.4 43 

65-69 37 3.6 34 5.2 71 

70-74 55 5.3 35 5.4 90 

75-79 57 5.5 59 9.0 116 

80-84 70 6.8 49 7.5 119 

> 85 631 61.3 344 52.7 975 

Total 1029 100.0 653 100.0 1682 
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Table 51. Property-Damage-Only Crashes (2003-2009) at 3-Leg Intersections by 

Intersection Angle and Area Type. 

Intersection Angle (degrees) 
Rural Intersection Crashes Urban Intersection Crashes Total 

No. % No. No. % 

< 40 109 6.1 77 6.3 186 

40-49 31 1.7 71 5.8 102 

50-54 55 3.1 14 1.1 69 

55-59 58 3.3 38 3.1 96 

60-64 41 2.3 40 3.3 81 

65-69 85 4.8 59 4.8 144 

70-74 97 5.4 75 6.1 172 

75-79 98 5.5 98 8.0 196 

80-84 108 6.1 90 7.4 198 

> 85 1102 61.8 661 54.0 1763 

Total 1784 100.0 1223 100.0 3007 

 

 

Table 52. Intersection AADT for 3-Leg Intersections by Intersection Angle and Area 

Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 531 4606 22026 1735 12903 27057 

40-49 658 5000 25755 4817 14773 40475 

50-54 549 5193 25849 6210 10855 20770 

55-59 1055 4043 20593 8179 19053 35955 

60-64 710 4400 19196 5689 10736 27724 

65-69 674 3938 17110 5821 15232 36971 

70-74 380 6200 24998 4066 14268 43288 

75-79 400 6548 31433 4836 17418 40718 

80-84 1005 5592 25643 6228 16352 36857 

> 85 322 5393 31520 3480 20256 57975 

Average 628 5091 24412 5106 15185 36779 
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Table 53. Minor Road AADT for 3-Leg Intersections by Intersection Angle and Area 

Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 11 850 4579 36 1006 8437 

40-49 20 595 2759 349 2996 19021 

50-54 31 720 4055 6 881 3686 

55-59 55 564 3362 747 2626 4605 

60-64 79 568 2261 397 950 2823 

65-69 24 523 2182 36 714 2701 

70-74 4 726 4391 95 1647 12184 

75-79 8 638 2793 73 842 2370 

80-84 6 865 7061 73 1101 7358 

> 85 3 640 7013 81 1191 7443 

Average 24 669 4046 189 1395 7063 

 

 

Table 54. Major Road AADT for 3-Leg Intersections by Intersection Angle and Area 

Type. 

Intersection Angle 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 318 3756 21936 1498 11898 26407 

40-49 287 4405 25662 4186 11777 24139 

50-54 519 4473 25662 3437 9974 20764 

55-59 779 3479 20179 7432 16426 33393 

60-64 365 3832 18729 5057 9786 24901 

65-69 624 3415 17056 5171 14518 36321 

70-74 370 5474 24850 3319 12621 42643 

75-79 318 5910 31343 4186 16576 39286 

80-84 644 4727 20161 5485 15251 36143 

> 85 318 4753 31464 3121 19065 55786 

Average 454 4423 23704 4289 13789 33978 
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Table 55. Total Crash Rates (per 100M Entering Vehicles) for 3-Leg Intersections by 

Intersection Angle and Area Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 0.00 30.26 107.13 0.00 19.67 52.08 

40-49 0.00 21.22 66.83 3.19 31.72 62.04 

50-54 0.00 26.75 190.74 0.00 8.67 21.78 

55-59 0.00 32.21 159.32 0.00 16.29 34.83 

60-64 0.00 24.48 76.00 0.00 17.36 59.29 

65-69 0.00 29.81 129.62 0.00 15.55 68.36 

70-74 0.00 23.56 168.40 4.60 22.70 86.23 

75-79 0.00 24.29 175.51 0.00 19.35 66.25 

80-84 0.00 20.69 92.49 2.57 20.76 63.43 

> 85 0.00 25.79 443.80 0.00 20.10 116.16 

Average 0.00 25.91 160.98 1.04 19.22 63.05 

 

 

Table 56. Injury (including Fatal) Crash Rates (per 100M Entering Vehicles) for 3-Leg 

Intersections by Intersection Angle and Area Type. 

Intersection Angle (degrees) 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 0.00 14.84 73.71 0.00 7.07 26.04 

40-49 0.00 7.47 54.59 0.00 10.77 21.73 

50-54 0.00 9.90 114.44 0.00 4.02 10.99 

55-59 0.00 10.09 51.50 0.00 4.52 10.47 

60-64 0.00 7.66 29.81 0.00 5.54 22.59 

65-69 0.00 9.05 44.82 0.00 5.46 19.14 

70-74 0.00 8.78 79.77 0.00 6.53 40.24 

75-79 0.00 11.17 175.51 0.00 7.02 27.10 

80-84 0.00 7.42 38.94 0.00 8.59 25.14 

> 85 0.00 9.31 169.07 0.00 7.09 38.72 

Average 0.00 9.57 83.21 0.00 6.66 24.22 
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Table 57. Property-Damage-Only Crash Rates (per 100M Entering Vehicles) for 3-Leg 

Intersections by Intersection Angle and Area Type. 

Intersection Angle 
Rural Intersections Urban Intersections 

RMin RAvg RMax UMin UAvg UMax 

< 40 0.00 15.42 67.89 0.00 11.80 37.75 

40-49 0.00 13.75 59.48 1.60 20.84 53.18 

50-54 0.00 16.86 95.60 0.00 4.65 13.07 

55-59 0.00 21.58 132.76 0.00 11.77 25.04 

60-64 0.00 16.82 57.00 0.00 11.66 35.29 

65-69 0.00 20.25 109.67 0.00 9.79 49.22 

70-74 0.00 14.56 98.27 3.62 15.76 45.99 

75-79 0.00 13.03 76.00 0.00 12.27 39.14 

80-84 0.00 13.16 64.37 0.00 11.96 44.57 

> 85 0.00 16.25 274.73 0.00 12.81 73.14 

Average 0.00 16.17 103.58 0.52 12.33 41.64 
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APPENDIX D.  DATA DESCRIPTORS AND DATA MINING RESULTS 

Table 58 includes the variable names, data descriptors, and definitions or attributes 

for the data elements used in the analysis. The variable names are included in the tabular and 

graphical results from the data mining analysis and the NB regression models.  

Graphical results from the data mining analysis are included in this appendix. The 

first six figures are the graphical results from the conditional random forest analysis. The 

statistical package used was cforest within Package party in R, version 1.0-6. The 4-leg 

intersections included 39 predictors in the data set, while 34 predictors were included in the 

3-leg analysis. The most important predictors considered for inclusion in the negative 

binomial models are shown in each figure. The last six figures are the regression trees from 

the ctree analysis. Figures are provided for the following intersection configurations and 

crash severity classifications: 

 4-leg, total crashes 

 4-leg, injury crashes 

 4-leg, PDO crashes 

 3-leg, total crashes 

 3-leg, injury crashes 

 3-leg, PDO crashes 
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Table 58. Variable Names, Descriptors, Definitions, and Attributes. 

Variable Name Descriptor Definition and Attributes 

tot Total Crashes - yearly Total number of crashes occurring  yearly across 

the 7-year study period (2003-2009) 

pdo Property-Damage-Only Crashes 

- yearly 

Total number of property-damage-only crashes 

occurring  yearly across the 7-year study period 

(2003-2009) 

inj Injury Crashes - yearly Total number of injury crashes occurring  yearly 

across the 7-year study period (2003-2009) 

year Observation Year -Categorical 

Variable 

Crash and AADT observation year 

rel_angle Intersection Angle Complexity 

- Categorical Variable 

Relative pattern of intersection angles 

(intersection complexity): 0= no acute angle, 1 = 

1 acute angle, 20 = 2 acute angles opposing, 21 

= 2 acute angles  adjacent 

min_angle Minimum Angle Minimum angle of intersection - smallest 

measured angle at the intersection (defined as  

intersection angle) 

min_angle_cat Minimum Angle - Category 

Variable  

10 categories:  1=1-39, 2=40-49, 3=50-54, 

4=55-59, 5=60-64,6=65-69, 7=70-74, 8=75-79, 

9=80-84, 10=85+ 

cos_angle Cosine of the Minimum Angle Cosine of the intersection minimum angle 

(degrees) 

ma_int250_bin Intersection Presence in 250 

feet (minor road) - Binary 

Variable 

0=no, 1=yes 

mi_int250_bin Intersection Presence in 250 

feet (major road) - Binary 

Variable 

0=no, 1=yes 

mi_curve_bin Curve  presence within 250 feet 

of intersection (minor road) - 

Binary Variable  

0 = no curve, 1 = slight curve or sharp curve 

ma_minthrlane_bin Minimum Number of Through 

Lanes (major road) - Binary 

Variable 

0 = minimum number of through lanes on major 

approach is less than 3; 1 = otherwise 

ma_ltlane_bin Left-turn lane presence (major 

road) - Binary Variable 

0=no, 1=yes 

ma_rtlane_bin Right-turn lane presence (major 

road) - Binary Variable 

0=no, 1=yes 

ma_med_bin Median Presence (major road) - 

Binary Variable 

0=no, 1=yes 

ma_crosswalk_bin Crosswalk Presence (major 

road) - Binary Variable 

0=no, 1=yes 

mi_crosswalk_bin Crosswalk Presence (minor 

road) - Binary Variable 

0=no, 1=yes 

ma_sidewalk_bin Sidewalk Presence (major road) 

- Binary Variable 

0=no, 1=yes 
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Table 58. Continued. 

Variable Name Descriptor Definition and Attributes 

mi_sidewalk_bin Sidewalk Presence (minor road) 

- Binary Variable 

0=no, 1=yes 

ma_parking_bin parking presence on major 

street (painted spaces visible or 

parked cars) - binary variable 

0=no, 1=yes 

mi_parking_bin parking presence on minor 

street (painted spaces visible or 

parked cars) - binary variable 

0=no, 1=yes 

ma_curb_bin Curb Presence (major road) - 

Binary Variable 

0=no, 1=yes 

ur Urban or Rural - Binary 

Variable 

U=urban, R=Rural 

ma_rodwycls_cat Roadway Classification (major 

road)- Categorical Variable  

1=urban 2-lane roads, 2=urban multilane 

divided or non-divided non-freeway, 3=rural 2-

lane roads, 4=rural multilane divided or non-

divided non-freeway 

spec_env_cat Specific Environment - 

Categorical Variable 

1 = strip commercial area or shopping center,  

2= residential area ,  3 = agriculture, agriculture 

and isolated business/school, 0=  CBD or other 

mi_macomm_dwy_bin Major Commercial Driveway 

Presence(minor road) - Binary 

Variable 

0=no, 1=yes 

ma_micomm_dwy Number of Minor Commercial 

Driveways- major road 

Total number of minor commercial/industrial 

driveway(s) on the major-road approaches 

within 250 feet of intersection 

mi_micomm_dwy Number of Minor Commercial 

Driveways - minor road 

Total number of minor commercial/industrial 

driveway(s) on the minor-road approaches 

within 250 feet of intersection 

ma_comm_dwy Number of Commercial 

Driveways- major road 

Total number of commercial/industrial 

driveway(s) on the major-road approaches 

within 250 feet of intersection 

mi_comm_dwy Number of Commercial 

Driveways- minor road 

Total number of commercial/industrial 

driveway(s) on the minor-road approaches 

within 250 feet of intersection 

ma_sfamily Number of Single Family 

Residential Driveways(s) - 

major road 

Total number of single family residential 

driveways(s) on the major-road approaches 

within 250 feet of intersection 

mi_sfamily Number of Single Family 

Residential Driveways(s) - 

minor road 

Total number of single family residential 

driveways(s) on the minor-road approaches 

within 250 feet of intersection 

ma_mfamily Number of Multi Family 

Residential Driveways(s) - 

major road 

Total number of multifamily residential 

driveways(s) on the major-road approaches 

within 250 feet of intersection the 

mi_mfamily Number of Multi Family 

Residential Driveways(s) - 

minor road 

Total number of multifamily residential 

driveways(s) on the minor-road approaches 

within 250 feet of intersection the 
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Table 58. Continued. 

Variable Name Descriptor Definition and Attributes 

ma_family_dwy Number of Family Residential 

Driveways(s) - major road 

Total number of family residential driveways 

including single and multifamily driveways on 

the major-road approaches within 250 feet of 

intersection 

mi_family_dwy Number of Family Residential 

Driveways(s) - minor road 

Total number of family residential driveways 

including single and multifamily driveways on 

the minor-road approaches within 250 feet of 

intersection 

ma_driveway Number of Driveways - major 

road 

Total number of all driveways on the major-road 

legs including major commercial/industrial 

driveway(s), minor commercial/industrial 

driveway(s), single family residential 

driveways(s) and multifamily residential 

driveways(s) 

mi_driveway Number of Driveways - minor 

road 

Total numbero of all driveways on the minor-

road legs including major commercial/industrial 

driveway(s), minor commercial/industrial 

driveway(s), single family residential 

driveways(s) and multifamily residential 

driveways(s) 

ma_aadt Total Entering Annual Average 

Daily Traffic (AADT) - major 

road 

Average of  AADT on the two major-road legs 

mi_aadt Total Entering Annual Average 

Daily Traffic (AADT) - minor 

road 

Average of  AADT on the two minor-road legs 

int_aadt Total Entering Annual Average 

Daily Traffic (AADT) - 

intersection 

int_AADT = ma_AADT + mi_AADT 

ma_ap_spd_cat Speed Limit (major road) - 

Categorical Variable 

 1= average speed limit on major road =0-31, 2 

= average speed limit =31-54,  3 = average 

speed limit >=55 

mi_ap_spd_cat Speed Limit (minor road) - 

Categorical Variable 

 1= average speed limit on minor road =0-31, 2 

= average speed limit =31-54,  3 = average 

speed limit >=55 

ma_lshl_wd0 Major road left shoulder width Average left shoulder width in feet on the major 

road 

ma_rshl_wd0 Major road right shoulder width Average right shoulder width in feet on the 

major road 

ma_lane_wd0 Major road lane width Average lane width in feet on the major road 
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Figure 42. Conditional Random Forest (cforest) Results for Total Crashes at 4-Leg 

Intersections. 
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Figure 43. Conditional Random Forest (cforest) Results for Injury Crashes at 4-Leg 

Intersections.  
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Figure 44. Conditional Random Forest (cforest) Results for PDO crashes at 4-Leg 

Intersections. 
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Figure 45. Conditional Random Forest (cforest) Results for Total Crashes at 3-Leg 

Intersections.  
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Figure 46. Conditional Random Forest (cforest) Results for Injury Crashes at 3-Leg 

Intersections.  
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Figure 47. Conditional Random Forest (cforest) Results for PDO crashes at 3-Leg 

Intersections 



 175 

Figure 48. Regression Tree for Total Crashes at 4-leg Intersections (Results from ctree Analysis).  



 176 

Figure 49. Regression Tree for Injury Crashes at 4-leg Intersections (Results from ctree Analysis).   
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Figure 50. Regression Tree for PDO Crashes at 4-leg Intersections (Results from ctree Analysis).   
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Figure 51. Regression Tree for Total Crashes at 3-leg Intersections (Results from ctree Analysis).   
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Figure 52. Regression Tree for Injury Crashes at 3-leg Intersections (Results from ctree Analysis).   



 180 

Figure 53. Regression Tree for PDO Crashes at 3-leg Intersections (Results from ctree Analysis). 
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APPENDIX E.  SUPPLEMENTAL SAFETY PREDICTION MODELS 

The negative binomial (NB) regression models developed for total crashes for 4-leg 

and 3-leg intersections were presented and discussed in Chapter 5. Included in this appendix 

are the results for the remaining models developed as part of the analysis. The models 

included are those with the best goodness of fit parameters in each of the model categories 

(base, flexible form, and interaction). Models are only included if the intersection angle 

parameters were significant and the models converged. Table 59 below summarizes the 

models included in this appendix. 

 

 

Table 59. Summary of Models Included in Appendix E.  

Intersection 

Category 

Collision 

Category 

Model Type 

Initial Base Alt Base Flex Form Interaction 

4-Leg  

All Sites 

Injury NS
A
 NS Table 60 CV

B
 

PDO Table 61 Table 62 Table 63 Table 64 

4-Leg  

Rural Sites 

Total Table 65 Table 66 Table 67 Table 68 

PDO Table 69 Table 70 Table 71 CV 

3-Leg 

Rural Sites 

Total NS NS NS Table 72 

3-Leg 

Urban Sites 

Total NS NS NS Table 73 

A
 intersection angle was not significant in the best-fit model in that model category 

B
 model did not converge 
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Table 60. Flexible Form Model Results for Injury Crashes at All 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -12.7853 0.9572 -14.6614 -10.9092 178.41 <.0001 

lgint_aadt 0.6677 0.0355 0.5981 0.7373 353.7 <.0001 

lgmi_aadt 0.5009 0.0243 0.4533 0.5484 426.46 <.0001 

lgcos_1 2.5749 0.8197 0.9683 4.1815 9.87 0.0017 

ma_rodwycls_cat (1) 0.251 0.0828 0.0888 0.4132 9.2 0.0024 

ma_rodwycls_cat (2) 0.0056 0.0897 -0.1703 0.1815 0 0.95 

ma_rodwycls_cat (3) -0.1576 0.0677 -0.2903 -0.025 5.42 0.0199 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.2928 0.0831 -0.4557 -0.1299 12.41 0.0004 

spec_env_cat (1) -0.1395 0.0782 -0.2928 0.0138 3.18 0.0745 

spec_env_cat (2) -0.6159 0.087 -0.7864 -0.4453 50.1 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

ma_ap_spd_cat (1) -0.3668 0.0846 -0.5326 -0.2011 18.81 <.0001 

ma_ap_spd_cat (2) -0.253 0.0771 -0.4041 -0.1018 10.76 0.001 

ma_ap_spd_cat (3) 0 0 0 0 . . 

mi_parking_bin (0) 0.2242 0.0816 0.0643 0.384 7.56 0.006 

mi_parking_bin (1) 0 0 0 0 . . 

Min_angle 0.0302 0.0102 0.0101 0.0502 8.7 0.0032 

Dispersion 0.5522 0.0537 0.4564 0.6682   

      

Goodness of Fit Parameters      

AIC (smaller is better) 13206     

BIC (smaller is better) 13317     
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Table 61. Initial Base Model Results for PDO Crashes at All 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -9.7408 0.2789 -10.2874 -9.1941 1219.69 <.0001 

lgint_aadt 0.8244 0.0293 0.7669 0.8819 789.62 <.0001 

lgmi_aadt 0.3455 0.0195 0.3073 0.3836 314.84 <.0001 

ma_rodwycls_cat (1) 0.229 0.0671 0.0974 0.3606 11.63 0.0006 

ma_rodwycls_cat (2) 0.1592 0.0718 0.0185 0.2999 4.92 0.0266 

ma_rodwycls_cat (3) 0.0422 0.058 -0.0716 0.1559 0.53 0.4674 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.0524 0.0538 -0.1579 0.0532 0.95 0.3308 

spec_env_cat (1) -0.1191 0.0498 -0.2166 -0.0215 5.73 0.0167 

spec_env_cat (2) -0.4374 0.0561 -0.5473 -0.3276 60.9 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0204 0.0049 -0.0301 -0.0107 17.05 <.0001 

min_angle -0.0024 0.0011 -0.0045 -0.0002 4.68 0.0305 

Dispersion 0.4752 0.0362 0.4093 0.5517   

       

Goodness of Fit Parameters      

AIC (smaller is better) 17643     

BIC (smaller is better) 17731     
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Table 62. Alternative Base Model Results for PDO Crashes at All 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -10.0577 0.294 -10.634 -9.4815 1170.36 <.0001 

lgint_aadt 0.9153 0.0392 0.8385 0.9921 545.65 <.0001 

lgmi_aadt 0.2484 0.0338 0.1822 0.3145 54.13 <.0001 

mi_int 0.9698 0.2775 0.426 1.5137 12.22 0.0005 

ma_rodwycls_cat (1) 0.2451 0.0673 0.1132 0.3769 13.27 0.0003 

ma_rodwycls_cat (2) 0.1648 0.0718 0.0241 0.3054 5.27 0.0217 

ma_rodwycls_cat (3) 0.0358 0.0581 -0.0782 0.1497 0.38 0.5384 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.0371 0.054 -0.143 0.0688 0.47 0.4923 

spec_env_cat (1) -0.1134 0.0498 -0.211 -0.0159 5.19 0.0227 

spec_env_cat (2) -0.4237 0.0562 -0.5337 -0.3136 56.92 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0205 0.0049 -0.0302 -0.0108 17.18 <.0001 

min_angle -0.0023 0.0011 -0.0045 -0.0002 4.56 0.0327 

Dispersion 0.4751 0.0361 0.4094 0.5514   

       

Goodness of Fit Parameters      

AIC (smaller is better) 17633     

BIC (smaller is better) 17729     
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Table 63. Flexible Form Model Results for PDO Crashes at All 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -11.3261 0.3203 -11.9539 -10.6984 1250.5 <.0001 

lgcos_int 0.9144 0.0391 0.8377 0.9911 546.39 <.0001 

lgcos_mi 0.2465 0.0337 0.1805 0.3126 53.51 <.0001 

mi_int 0.9805 0.2771 0.4373 1.5237 12.52 0.0004 

ma_rodwycls_cat (1) 0.2481 0.0672 0.1164 0.3798 13.63 0.0002 

ma_rodwycls_cat (2) 0.1698 0.0717 0.0293 0.3103 5.61 0.0179 

ma_rodwycls_cat (3) 0.0376 0.0581 -0.0762 0.1515 0.42 0.5171 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.04 0.054 -0.1458 0.0659 0.55 0.4591 

spec_env_cat (1) -0.1153 0.0497 -0.2128 -0.0179 5.38 0.0204 

spec_env_cat (2) -0.4243 0.0561 -0.5344 -0.3143 57.12 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0219 0.0049 -0.0316 -0.0122 19.58 <.0001 

Min_angle 0.0119 0.0012 0.0096 0.0142 102.05 <.0001 

Dispersion 0.4728 0.036 0.4073 0.5489   

      

Goodness of Fit Parameters      

AIC (smaller is better) 17625     

BIC (smaller is better) 17721     
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Table 64. Interaction Model Results for PDO Crashes at All 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -10.1404 0.273 -10.6755 -9.6054 1379.83 <.0001 

lgint_aadt 0.8538 0.0434 0.7686 0.9389 386.28 <.0001 

lgmi_aadt 0.2597 0.0315 0.198 0.3214 67.97 <.0001 

cos1_lgint 0.4198 0.1163 0.192 0.6477 13.04 0.0003 

angR1_mint -0.3778 0.1063 -0.5861 -0.1694 12.63 0.0004 

cos1_mmiint 0.6907 0.2071 0.2848 1.0966 11.12 0.0009 

ma_rodwycls_cat (1) 0.2482 0.0671 0.1167 0.3798 13.68 0.0002 

ma_rodwycls_cat (2) 0.1723 0.0719 0.0313 0.3132 5.74 0.0166 

ma_rodwycls_cat (3) 0.0416 0.0581 -0.0722 0.1555 0.51 0.4734 

ma_rodwycls_cat (4) 0 0 0 0 . . 

spec_env_cat (0) -0.0435 0.054 -0.1494 0.0624 0.65 0.4209 

spec_env_cat (1) -0.1168 0.0497 -0.2142 -0.0195 5.53 0.0187 

spec_env_cat (2) -0.4204 0.0563 -0.5307 -0.3102 55.86 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0224 0.005 -0.0321 -0.0126 20.21 <.0001 

Dispersion 0.4707 0.0359 0.4054 0.5466   

      

Goodness of Fit Parameters      

AIC (smaller is better) 17622     

BIC (smaller is better) 17725     
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Table 65. Initial Base Model Results for Total Crashes at Rural 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -9.2301 0.2051 -9.6321 -8.8281 2025.23 <.0001 

lgint_aadt 0.7562 0.0235 0.7102 0.8023 1035.29 <.0001 

lgmi_aadt 0.4574 0.0175 0.4232 0.4917 685.52 <.0001 

spec_env_cat (0) -0.0514 0.064 -0.1769 0.0741 0.64 0.4222 

spec_env_cat (1) -0.0884 0.0632 -0.2122 0.0354 1.96 0.1616 

spec_env_cat (2) -0.3089 0.0725 -0.4511 -0.1668 18.15 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle -0.003 0.001 -0.005 -0.001 8.79 0.003 

ma_ap_spd_cat (1) -0.4054 0.0691 -0.5409 -0.2699 34.39 <.0001 

ma_ap_spd_cat (2) -0.169 0.0648 -0.296 -0.042 6.81 0.0091 

ma_ap_spd_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0123 0.0057 -0.0234 -0.0011 4.64 0.0313 

Dispersion 0.4035 0.0305 0.3479 0.468   

      

Goodness of Fit Parameters      

AIC (smaller is better) 18111     

BIC (smaller is better) 18191     
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Table 66. Alternative Base Model Results for Total Crashes at Rural 4-Leg 

Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -9.2329 0.2053 -9.6353 -8.8305 2022.48 <.0001 

lgint_aadt 0.7451 0.0229 0.7002 0.7901 1054.86 <.0001 

lgmi_aadt 0.457 0.0175 0.4228 0.4913 683.37 <.0001 

spec_env_cat (0) -0.0467 0.064 -0.1721 0.0787 0.53 0.4651 

spec_env_cat (1) -0.1039 0.0628 -0.227 0.0191 2.74 0.0979 

spec_env_cat (2) -0.3173 0.0724 -0.4592 -0.1753 19.19 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle -0.0029 0.001 -0.0049 -0.0009 8.27 0.004 

ma_ap_spd_cat (1) -0.3392 0.0618 -0.4604 -0.2181 30.13 <.0001 

ma_ap_spd_cat (2) -0.1587 0.0646 -0.2854 -0.032 6.03 0.0141 

ma_ap_spd_cat (3) 0 0 0 0 . . 

Dispersion 0.4055 0.0306 0.3498 0.4701   

      

Goodness of Fit Parameters      

AIC (smaller is better) 18114     

BIC (smaller is better) 18187     
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Table 67. Flexible Form Model Results for Total Crashes at Rural 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -10.5333 0.2268 -10.9778 -10.0887 2156.87 <.0001 

lgcos_int 0.7531 0.0234 0.7072 0.7989 1035.9 <.0001 

lgcos_mi 0.4564 0.0174 0.4223 0.4906 685.38 <.0001 

spec_env_cat (0) -0.0602 0.0639 -0.1854 0.0651 0.89 0.3466 

spec_env_cat (1) -0.0937 0.0631 -0.2173 0.0299 2.21 0.1374 

spec_env_cat (2) -0.3102 0.0724 -0.4521 -0.1682 18.34 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle 0.0118 0.0011 0.0097 0.0139 119.57 <.0001 

ma_ap_spd_cat (1) -0.3976 0.069 -0.5328 -0.2624 33.21 <.0001 

ma_ap_spd_cat (2) -0.1678 0.0647 -0.2946 -0.0411 6.73 0.0095 

ma_ap_spd_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0134 0.0057 -0.0245 -0.0022 5.51 0.0189 

Dispersion 0.3982 0.0304 0.343 0.4624   

      

Goodness of Fit Parameters      

AIC (smaller is better) 18096     

BIC (smaller is better) 18176     
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Table 68. Interaction Model Results for Total Crashes at Rural 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -9.3468 0.1817 -9.7029 -8.9908 2647.38 <.0001 

cos1_lgint 0.4977 0.1099 0.2823 0.713 20.51 <.0001 

lgmi_aadt 0.4536 0.0174 0.4194 0.4878 675.76 <.0001 

lgint_aadt 0.6741 0.0288 0.6176 0.7305 547.85 <.0001 

angR1_mint -0.4324 0.1004 -0.6291 -0.2357 18.57 <.0001 

spec_env_cat (0) -0.0664 0.0639 -0.1918 0.0589 1.08 0.2989 

spec_env_cat (1) -0.0989 0.0631 -0.2226 0.0248 2.46 0.117 

spec_env_cat (2) -0.3071 0.0724 -0.449 -0.1652 17.99 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

ma_ap_spd_cat (1) -0.386 0.0691 -0.5213 -0.2506 31.24 <.0001 

ma_ap_spd_cat (2) -0.1622 0.0647 -0.289 -0.0355 6.29 0.0121 

ma_ap_spd_cat (3) 0 0 0 0 . . 

ma_rshl_wd0 -0.0139 0.0057 -0.0251 -0.0027 5.96 0.0146 

Dispersion 0.3953 0.0303 0.3402 0.4593   

      

Goodness of Fit Parameters      

AIC (smaller is better) 18092     

BIC (smaller is better) 18179     
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Table 69. Initial Base Model Results for PDO Crashes at Rural 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -9.6523 0.2541 -10.1504 -9.1541 1442.38 <.0001 

lgint_aadt 0.776 0.0282 0.7207 0.8312 758.47 <.0001 

lgmi_aadt 0.3866 0.0213 0.3449 0.4284 329.49 <.0001 

spec_env_cat (0) -0.031 0.0582 -0.1452 0.0832 0.28 0.5948 

spec_env_cat (1) -0.1601 0.0571 -0.2721 -0.0481 7.85 0.0051 

spec_env_cat (2) -0.3015 0.0699 -0.4385 -0.1645 18.6 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle -0.0029 0.0012 -0.0053 -0.0005 5.49 0.0192 

Dispersion 0.4768 0.0483 0.391 0.5815   

      

Goodness of Fit Parameters      

AIC (smaller is better) 13635     

BIC (smaller is better) 13693     
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Table 70. Alternative Base Model Results for PDO Crashes at Rural 4-Leg 

Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -9.9273 0.2786 -10.4734 -9.3811 1269.31 <.0001 

lgint_aadt 0.8519 0.042 0.7696 0.9342 411.59 <.0001 

lgmi_aadt 0.3081 0.0385 0.2325 0.3836 63.89 <.0001 

mi_int 0.73 0.3008 0.1405 1.3195 5.89 0.0152 

spec_env_cat (0) -0.021 0.0584 -0.1356 0.0935 0.13 0.719 

spec_env_cat (1) -0.1593 0.0572 -0.2715 -0.0472 7.76 0.0053 

spec_env_cat (2) -0.2959 0.07 -0.4331 -0.1587 17.86 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle -0.0028 0.0012 -0.0052 -0.0004 5.24 0.0221 

Dispersion 0.479 0.0482 0.3933 0.5834   

      

Goodness of Fit Parameters      

AIC (smaller is better) 13632     

BIC (smaller is better) 13697     
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Table 71. Flexible Form Model Results for PDO Crashes at Rural 4-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -11.176 0.3035 -11.7709 -10.5811 1355.67 <.0001 

lgcos_int 0.8487 0.0419 0.7665 0.9308 410.05 <.0001 

lgcos_mi 0.3063 0.0385 0.2309 0.3817 63.39 <.0001 

mi_int 0.7378 0.3004 0.1492 1.3265 6.03 0.014 

spec_env_cat (0) -0.0197 0.0584 -0.1342 0.0947 0.11 0.7357 

spec_env_cat (1) -0.1589 0.0572 -0.2709 -0.0469 7.73 0.0054 

spec_env_cat (2) -0.2884 0.07 -0.4255 -0.1512 16.99 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

min_angle 0.0113 0.0013 0.0088 0.0139 74.05 <.0001 

Dispersion 0.4749 0.048 0.3896 0.579   

      

Goodness of Fit Parameters      

AIC (smaller is better) 13624     

BIC (smaller is better) 13689     
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Table 72. Interaction Model Results for Total Crashes at Rural 3-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -8.7457 0.2423 -9.2207 -8.2708 1302.61 <.0001 

cos1_lgint -0.1525 0.0149 -0.1817 -0.1233 104.63 <.0001 

cos1_lgmi 0.2284 0.0158 0.1975 0.2593 209.92 <.0001 

lgint_aadt 0.96 0.0293 0.9026 1.0175 1074.42 <.0001 

ma_ap_spd_cat (1) -0.3672 0.0911 -0.5458 -0.1886 16.24 <.0001 

ma_ap_spd_cat (2) -0.1934 0.0815 -0.3531 -0.0336 5.63 0.0177 

ma_ap_spd_cat (3) 0 0 0 0 . . 

spec_env_cat (0) -0.1556 0.0748 -0.3021 -0.009 4.33 0.0375 

spec_env_cat (1) -0.4542 0.092 -0.6346 -0.2738 24.36 <.0001 

spec_env_cat (2) -0.2878 0.0973 -0.4785 -0.097 8.74 0.0031 

spec_env_cat (3) 0 0 0 0 . . 

Dispersion 0.5102 0.0521 0.4176 0.6234   

      

Goodness of Fit Parameters      

AIC (smaller is better) 9864     

BIC (smaller is better) 9931     
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Table 73. Interaction Model Results for Total Crashes at Urban 3-Leg Intersections.  

Parameter 

Description 

Estimate Standard 

Error 

95% Confidence 

Limits 

Chi-Square Statistical 

Significance 

Intercept -9.0056 0.5895 -10.1609 -7.8502 233.39 <.0001 

cos1_lgint -0.0982 0.0212 -0.1397 -0.0567 21.48 <.0001 

cos1_lgmi 0.1643 0.0262 0.1129 0.2158 39.19 <.0001 

lgint_aadt 0.9328 0.0605 0.8142 1.0514 237.74 <.0001 

ma_lane_wd0 0.0084 0.0022 0.0041 0.0128 14.34 0.0002 

ma_ap_spd_cat (1) 0.2957 0.095 0.1096 0.4818 9.7 0.0018 

ma_ap_spd_cat (2) 0.0619 0.0898 -0.114 0.2379 0.48 0.4904 

ma_ap_spd_cat (3) 0 0 0 0 . . 

spec_env_cat (0) -0.1565 0.1283 -0.4079 0.095 1.49 0.2226 

spec_env_cat (1) 0.0741 0.108 -0.1376 0.2859 0.47 0.4927 

spec_env_cat (2) -0.4603 0.1041 -0.6644 -0.2562 19.54 <.0001 

spec_env_cat (3) 0 0 0 0 . . 

Dispersion 0.6127 0.0615 0.5033 0.746   

      

Goodness of Fit Parameters      

AIC (smaller is better) 4335     

BIC (smaller is better) 4404     
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APPENDIX F.  SUPPLEMENTAL CRASH MODIFICATION 

FUNCTIONS 

Chapter 5 of this report included the crash modification factors or functions (CMFs) 

developed for total crashes at 4-leg and 3-leg intersections. Unique CMFs were developed for 

all intersections and rural intersections. The recommendations in Chapter 6 include CMFs for 

injury and PDO crashes as well as total crashes. Provided in this appendix are the 4-leg 

CMFs developed for 1) injury crashes (including fatals) at all intersections, 2) PDO crashes 

at all intersections, and 3) PDO crashes at rural intersections. No CMF was developed for 

injury crashes at rural intersections, as the best model for this scenario did not include 

intersection angle as a significant variable. 

Injury Crashes at All 4-Leg Intersections 

Intersection angle was not a significant variable in the base models for injury crashes 

at all intersections. Thus, the only CMF for injury crashes at all 4-leg intersections was 

derived from the flexible form model 1, which is structured as follows: 

 

CMF(flex1) = EXP(1)  x  [1+cos()]^(2+3)  (39) 

where: 

 = intersection angle, expressed in degrees 

1 =  0.0129 for injury crashes at all 4-leg intersections 

2 =  0.6736 for injury crashes at all 4-leg intersections 

3 =  0.5033 for injury crashes at all 4-leg intersections 

 

The CMF as distributed across the range of intersection angles is shown in Figure 54.  

PDO Crashes at All 4-Leg Intersections 

The first CMF developed for PDO crashes across all intersections was from the 

alternative base model with the following form:  
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CMF(base) = EXP() (40) 

where: 

 =  intersection angle in degrees 

 = - 0.0023 for PDO crashes at all 4-leg intersections 

 

The second CMF for PDO crashes at all 4-leg intersections was derived from the 

flexible form model 1, which is structured as follows: 

 

CMF(flex1) = EXP(1)  x  [1+cos()]^(2+3)  (41) 

where: 

 = intersection angle, expressed in degrees 

1 =  0.0119 for PDO crashes at all 4-leg intersections 

 

Figure 54. Crash Modification Factors Derived from the Flexible Form Model for 

Injury Crashes at 4-Leg Intersections. 
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2 =  0.9144 for PDO crashes at all 4-leg intersections 

3 =  0.2465 for PDO crashes at all 4-leg intersections 

 

The CMF values derived from both models as distributed across the range of intersection 

angles is shown in Figure 55.  

PDO Crashes at Rural 4-Leg Intersections 

The first CMF developed for PDO crashes at rural intersections was from the 

alternative base model with the following form:  

 

CMF(base) = EXP() (42) 

 

Figure 55. Crash Modification Factors Derived from the Alternative Base Model and 

the Flexible Form Model for PDO Crashes at All 4-Leg Intersections. 
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where: 

 =  intersection angle in degrees 

 = - 0.0028 for PDO crashes at rural 4-leg intersections 

 

The second CMF for PDO crashes at rural 4-leg intersections was derived from the 

flexible form model 1, which is structured as follows: 

 

CMF(flex1) = EXP(1)  x  [(1+cos()]^(2+3)  (43) 

where: 

 = intersection angle, expressed in degrees 

1 =  0.0113 for PDO crashes at rural 4-leg intersections 

2 =  0.8487 for PDO crashes at rural 4-leg intersections 

3 =  0.3063 for PDO crashes at rural 4-leg intersections 

 

The CMF values derived from both models as distributed across the range of intersection 

angles is shown in Figure 56.  
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Figure 56. Crash Modification Factors Derived from the Alternative Base Model and 

the Flexible Form Model for PDO Crashes at Rural 4-Leg Intersections. 
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