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1.0 INTRODUCTION 

Crashes are random events and consequently, can occur at any location along the roadway. On 
roadways with higher traffic volumes, the more frequent occurrence of crashes allows for the 
direct identification of high crash locations using historical data. However, on local roads, crash 
occurrence, particularly fatal and serious injury crashes, is less frequent. This makes it difficult 
to identify trends and treat hazardous sites based on historical data. Geometric, traffic and other 
features may lend themselves toward crashes potentially happening in spot locations. Therefore, 
an approach to identifying these types of risk factors on low volume roads is necessary.  It is 
imperative to identify, develop and deliver such approaches for low-volume roads, both those 
operated by the Oregon Department of Transportation and local agencies (for example, counties), 
in order to reduce the number and severity of highway crashes and improve highway safety. 

In essence, the identification of such features and sites is a proactive approach to identifying 
locations where potential safety issues may exist but no/few crashes may have occurred to date.  
In identifying such sites, low cost safety countermeasures could then be applied, either at a 
limited number of locations or on a systemic basis, depending on identified concerns and needs 
as well as available budget.  This proactive approach can prevent or reduce the severity of 
crashes without waiting for a critical mass of such crashes to occur prior to identifying 
improvement locations.  In many cases, the improvements that can be made are low cost, which 
creates an opportunity to produce substantial benefits for a relatively small investment.  As a 
result, safety is improved on roadways that are often given lower priority or consideration given 
the traffic volumes they serve. 

There is a need to better understand the different risks associated with factors and features along 
low- and moderate-volume roadways.  In understanding where risks are present in the system, a 
proactive or reactive approach may be employed to make improvements that can translate into 
reduced (or prevented) crashes in the future.  To an extent, such an approach would be similar to 
a Road Safety Audit (RSA) in that it seeks to identify potential safety issues before they 
contribute to crashes or based on the occurrence of a significant number of crashes at a location.  
In Oregon, RSA are used as a reactive tool for crashes.  RSAs are limited in that they typically 
focus on one roadway segment of a finite length due to time, cost and labor constraints and 
require field site visits.  Consequently, similar features or factors that can contribute to crashes 
along other segments can typically go unidentified.  As a result, the systemic implementation of 
an improvement to address those features or factors is not achieved.   

Six major tasks have been completed to address these needs including 1) conducting a Literature 
Review to understand existing approaches and previously identified risk factors and features, 2) 
Collecting Data for a large sample of Oregon’s low-volume roads, 3) performing Data Analysis 
to understand what features may influence crash risk, 4) Developing a Risk Index that provides a 
means to quantify crash risk based on roadway and traffic characteristics, 5) investigating 
Economic Feasibility to determine which low-cost safety measures may be the best use of the 
agency safety improvement funds, and 6) performing Case Studies to illustrate how the risk 
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index can be used with real-world data from samples of Oregon’s low-volume roads. The 
following chapters will detail each of these tasks and the findings and results produced with each 
effort.
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2.0 LITERATURE REVIEW 

In order to develop an approach to identifying risk factors on low volume roads, it is necessary to 
first understand what approaches may exist, as well as what factors and features have been 
identified as presenting a risk in previous studies.  The literature review presented in the 
following sections develops such an understanding. 

2.1 LOW-VOLUME ROADS AND RISK FACTORS 

2.1.1 Low-Volume Roads 

Low-volume roads comprise a significant portion of roadway mileage in the U.S.  However, the 
definition of what constitutes a low-volume road can vary.  The Manual on Uniform Traffic 
Control Devices (MUTCD) states in Chapter 5A that “A low-volume road shall be a facility 
lying outside of built-up areas of cities, towns, and communities, and it shall have a traffic 
volume of less than 400 AADT [Annual Average Daily Traffic]” (FHWA 2009).  Alternatively, 
Chapter 2 of the MUTCD, specifically Section 2C.06 which pertains to horizontal alignment 
warning signs, establishes a cutoff between high and low volume roads of 1,000 AADT (FHWA 
2009).  Work by Iowa State University produced a similar 400 vehicle per day (vpd) value when 
defining low-volume roads (McDonald and Sperry 2013).  Gross et al. (Gross et al. 2011) cite a 
figure of 1,000 vehicles per day as constituting low-volume roads and less than 400 VPD for 
very low-volume roads. 

As many of the references presented in the following text indicate, the threshold of 400 to 500 
vehicles per day is a fairly common measure of a low-volume road.  In some cases, higher 
figures are used, reaching the point of 1,000 vpd similar to what is identified above.  For the 
purpose of the current project, it is reasonable to employ the higher threshold MUTCD guidance 
of 1,000 vpd or lower AADT as an appropriate traffic level to consider as a low-volume road. 

2.1.2 Risk Factors 

Researchers have extensively focused on identifying the different factors and features of 
roadways that contribute to crashes.  In a low volume, rural context, this includes work 
examining roadway aspects such as lane and shoulder widths, curve radius, intersection control, 
pavement markings, lateral clearance, side slope condition, driveway density and grades.  The 
literature in the following sections establishes the specific features and factors that pose a risk for 
serious crashes on rural roads and the extent to which they have impacted safety. 

2.1.2.1 Roadside 

As part of developing a roadside hazardousness index, Pardillo-Mayora et al. (Pardillo-
Mayora et al. 2010) focused on four roadside features that influenced the results of road 
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departure crashes.  These included roadside slope, distance from the roadside edge to 
obstacles, barrier presence and horizontal alignment.  These features were selected based 
on previous research results and no values associated with the risks they pose were 
provided by this work. 

Bendigeri et al. (Bendigeri et al. 2011) identified factors contributing to roadside tree 
crashes on different classes of roads in South Carolina. Approximately 48 percent of tree 
crashes in the state occurred on secondary routes, with drivers under the age of 36 
involved in over 57 percent of those crashes.  Using laser scan data of the roadside, it was 
determined that 48 of the 51 study sites that had experienced a crash did not meet clear 
zone requirements.  Specifically, critical side slopes and non-traversable ditches reduced 
effective clear zone distances.   

Cafiso et al. (Cafiso et al. 2010), in discussing the cost effectiveness of safety 
countermeasures on rural two lane roads in Italy, listed safety issues and their percentage 
increase in safety risk.  Roadway geometry issues were found to increase crash risk by 
700 percent.  Deficiencies in other areas also increased safety risks, including driveway 
presence by 135 percent, delineation by 30 percent, markings by 20 percent, pavement by 
10 percent, roadside features by 200 percent, sight distance by 50 percent and signage by 
20 percent.  As these figures indicate, various aspects of the rural roadway environment 
individually or in combination can present significant safety risks.   

Schrum et al. (Schrum et al. 2012) undertook a field study of low volume roads in Kansas 
and Nebraska to identify common fixed objects and geometric features that presented 
safety issues to drivers.  Features identified by this effort included culverts, bridges, 
driveways, trees, ditches, slopes, utility poles and public broadcast service routing 
stations.  Infrequent obstacles, including road and advertising signs, mailboxes, tree 
stumps, bushes, rock walls, boulders and water bodies were also identified as presenting 
issues.  The Roadside Safety Analysis Program (RSAP) was used to determine impact 
frequencies and treatment options for these features based on measurements made in the 
course of the field study.  The risks associated with the features identified by this work 
were not quantified however.   

Souleyrette et al. (Souleyrette et al. 2010) performed a safety analysis of low volume 
(400 vpd) rural roads in Iowa.  Among the relevant findings of this work was that crashes 
on rolling and hilly terrain were more frequent than on flat terrain.  Crashes were also 
more frequent during the night.  Fixed object crashes involved culverts, ditches, 
embankments, trees and poles at a higher frequency on low volume roads compared to 
their higher volume counterparts.  Finally, crashes occurred at higher frequencies at 
bridges, railroad crossings, driveways and T and Y configuration intersections, but at a 
lower frequency at four-way intersections.   

Peng et al. (Peng et al. 2012) evaluated the effects of roadside features on single vehicle 
crashes on rural two lane roads in Texas.  Results of the analysis showed that shoulder 
width, lateral clearance and sideslope condition had a significant effect on road departure 
crashes.  Crash frequency and severity increased when lateral clearance or shoulder width 
decreased or when a steeper sideslope was present.  As shoulder widths increased from 
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zero to 10 feet, the probability of an injury crash fell from 9.6 percent of total crashes to 
7.1 percent.  Similarly, as lateral clearance increased from 10 feet to 40 feet, the 
probability of an injury crash fell from 8.8 percent to 6.4 percent.  Finally, as slopes 
flattened, injury crash probability fell from 11.1 percent to 9.9 percent. 

2.1.2.2 Cross Section 

Gross et al. (Gross et al. 2011) identified general issues on low volume roads that present 
safety risks.  These issues included narrow lane widths between 8 and 10.5 feet, narrow 
or lack of paved shoulders, lack of turn lanes and pavement edge drop offs of greater than 
2 inches.  Note that these issues were identified during observations from Road Safety 
Audits as opposed to a statistical evaluation. 

Gross and Jovanis (Gross and Jovanis 2007)examined the safety effectiveness of lane 
and shoulder widths on rural, two lane highway segments in Pennsylvania, including low 
volume segments (below 500 vehicles average daily traffic (ADT).  Segment and crash 
data were evaluated using a matched case-control approach which paired case segments 
with control segments to compare safety.  Conditional logistic regression was used to 
investigate the relationship between the outcome (crashes) and risk factors (lane and 
shoulder width).  Results indicated that lane widths between 10 to 11.5 feet and greater 
than 13 feet were less safe than other lane widths (i.e. 12 feet).  Interestingly, lane widths 
less than 10 feet indicated a lower crash risk, which contradicts the findings of other 
studies.  Shoulder widths of 0 to 3 feet were found to increase crash risk, with that risk 
dropping as widths increased. 

Ivan et al. (Ivan et al. 1999) identified differences in causality factors for single and 
multi-vehicle crashes on two lane roads.  While the work did not specifically focus on 
low volume roads, its results are still of interest to this research.  The research found that 
single vehicle crash rates decreased with increased traffic intensity, wider shoulder 
widths and longer sight distances.  Multi-vehicle crash rates increased with the presence 
of signalized intersections and decreased shoulder widths.   

Wang et al. compiled a review of the effects of road characteristics on safety (Wang et al. 
2013).  This effort found that past evaluation of the relationship between speed and 
crashes produced mixed results, with some studies finding increased speeds reduced 
safety while other studies found the opposite trend.  Regarding road characteristics, the 
researchers noted past work had found roads with narrow lanes (less than 11.5 feet) and 
sharp horizontal curves had decreased numbers of crashes.  Similarly, increased shoulder 
width and pavement improvements had also been shown to decrease crashes.  While 
these findings were the result of previous studies on different types of roads, they offer 
insights into the factors that may present risk on low volume roads.   

Garber and Kassebaum (Garber and Kassbaum 2008) identified causal factors of crashes 
for high risk locations on rural and urban two lane roads in Virginia.  Major causal 
factors were identified using fault tree analysis, and generalized linear modeling (GLM) 
was used to develop models for prediction of crash occurrence at study sites.  Annual 
Average Daily Traffic (AADT) values for the routes examined ranged from 0 to over 
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10,000 vpd.  Overall, the variables associated with crashes did not vary between rural and 
urban roads.  The research found that grade, operational speed, lane width and passing 
zone presence were factors in run off the road crashes.  Lane width, ADT, turn lane 
presence and operating speeds were associated with rear end crashes.  Curvature, 
operating speed, grade, ADT and passing zone presence were factors in head on crashes.  
ADT, passing zone presence, speed, curvature and lane width were associated with 
sideswipe crashes.  Finally, grade, operational speed, ADT, curvature, lane width and 
passing zone presence were associated with crashes classified as “other”.  A specific level 
of risk associated with each type of feature was not determined by the work.   

As part of work to develop a quantitative assessment tool for local roads (under 500 vpd), 
Mahgoub et al. (Mahgoub et al. 2011) identified a series of issues to examine when 
conducting field reviews.  These included changes in land use, traffic or terrain, lane 
width, shoulder width, fixed object and guardrail presence, pavement surface, signage 
adequacy and railroad crossing presence.  These features were listed for evaluation 
purposes; no specific quantification of the risks associated with them was developed.   

Fitzpatrick et al. identified characteristics of low-volume two lane road crashes in Texas 
(Fitzpatrick et al. 2001).  Among the findings was that sites with higher crash rates had 
more vertical and horizontal curves, narrow lanes, narrow shoulders, higher 
driveway/access density or restrictive sight distances due to roadside development.   

Polus et al. estimated and quantified the contribution of infrastructure elements to crashes 
on two lane roads in Israel (Polus et al. 2005).  Using a crash rate prediction model, 
values for poor roadway infrastructure elements were identified.  These included lane 
widths of 10.5 feet or less, shoulder widths below 3.9 feet and shoulder drop-offs of 
greater than 4 inches.  Further, roads where only 20 percent of the necessary guardrail 
was present were prone to higher crash rates.  Finally, roads with 1.8 access points per 
0.6 miles were also likely to have higher crash rates.   

As part of a larger discussion of road safety inspections and the calculation of a safety 
index in Italy, Cafiso et al. (Cafiso et al. 2011) cited safety issues and respective risk 
values associated with them.  While the origin of these values was not provided by the 
researchers, they represent useful points for consideration.  Access points located within 
horizontal curves, vertical crests and in close proximity to one another were elements to 
identify during field evaluations, along with three or more access points within a 650 foot 
distance.  Lane widths less than 9 feet and greater than 14.7 feet were also cited as being 
a safety concern.  Missing or misplaced delineation and worn pavement markings were 
also an issue to consider.  Shoulder widths less than 1 foot were an issue, as were 
unshielded trees and ditches within 10 feet of the roadway.  Finally, sight distances less 
than 165 feet were considered problematic. 

Prato et al. identified risk factors associated with crash severity for low volume (less than 
2,000 vpd) rural roads in Denmark (Prato et al. 2014).  The researchers found that when 
a speed limit was above 50 mph, drivers in crashes were 30 percent, 50 percent and 60 
percent more likely to sustain light, severe and fatal injuries, respectively.  Unpaved 
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roads were found to have a 14 percent decrease in fatalities, while reduced sight distances 
increased fatal crashes by 20 percent. 

Austroads, the Australian transportation agency, reviewed relationships between crash 
risk and geometric design element standards (McLean et al. 2010).  Crash risk ratios were 
developed by this work, which were the relative change in crash rate attributable to 
differences in geometric standards, intersection configuration or traffic conditions.  On 
two lane rural roads, crash risk was observed to decrease as lane widths and paved 
shoulder widths were increased.  Indeed, an increase in combined lane and shoulder 
widths from 18 to 32 feet reduced the crash risk ratio by 2.7 times.  Similarly, sight 
distance deficiencies increased the risk ratio to 1.4 when the deficiency was more than 40 
percent of the design value.  Finally, crash risks were cited as being reduced by 35 to 47 
percent when roadside hazards were removed. 

In developing a safety improvement index, Montella (Montella 2005) identified general 
safety issues on rural roads in Italy.  This included percentages of increased risk for 
injury crashes based on existing literature.  Inadequate sight distance increased crash risk 
by 5 percent when stopping sight distance on horizontal curves was less than 656 feet and 
50 percent on vertical curves when stopping sight distance was less than 656 feet.  Lane 
widths less than 9 feet increased crash risk between 5 and 50 percent (depending on 
AADT), while lane widths less than 10.7 feet increased crash risk between 2 and 30 
percent.  Similarly, narrow shoulder widths increased risks between 9 and 40 percent 
(based on AADT) for shoulder widths less than 1 foot and between 6 to 20 percent for 
shoulder widths less than 3 feet.  The absence of a passing or climbing lane where one 
was necessary increased risk by 33 percent.  Missing or inadequate edgelines, centerlines 
or no passing zone markings increased crash risks by 8, 13 and 20 percent, respectively.  
Absence of edgeline rumble strips increased crash risk by 40 percent, while an absence of 
centerline rumble strips increased risk by 11 percent.  Missing or damaged chevron signs 
increased crash risk by 20 percent, missing or damaged guideposts increased risk by 8 
percent, and missing curve warning signs increased risk by 10 percent.  Inadequate 
pavement skid resistance increased risk by 30 percent.  Excessive access density (10+ 
accesses per 0.6 miles) increased risk by 75 percent.  Finally, the presence of unshielded 
obstacles, non-breakaway barrier terminals and inadequate bridge rail increased crash 
risk by 6 to 90 percent, depending on the feature. 

Stamatiadis et al. (Stamatiadis et al. 1999) examined the likelihood of crash involvement 
for young (> 35), middle age (35-64) and older (65+) drivers on low volume roads 
(AADT > 5000 vpd) in Kentucky and North Carolina.  Among the roadway 
characteristics examined were speed limits, lane widths, shoulder widths and AADT.  
Ratios were calculated to measure the relative crash propensity for the different driver 
groups.  This was done by establishing the ratio of drivers to vehicles in crashes for a 
given set of conditions, with a ratio above 1.0 indicating a higher likelihood of crash 
involvement.  Results for single vehicle crashes indicated that for speed limits above 45 
mph, all age groups were more likely to be involved in crashes.  For lane widths of 8 to 9 
feet, younger and middle age drivers were more likely to be involved in crashes, while 
only younger drivers were at risk for lane widths of 9 to 10 feet.  Shoulder widths of 0 to 
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1 foot presented a risk to younger drivers, while widths of 1 to 5 feet were a risk for 
younger and middle age drivers.  Finally, roads with an AADT of 0 to 1999 vpd were a 
risk to younger and middle age drivers.  When examining two vehicle crashes, both 
younger and older driver groups were at risk for all of these same features, while middle 
age drivers were found to be less at risk. 

Sun et al. (Sun et al. 2007) in evaluating pavement edge line on narrow, low volume (86 
vpd – 1,855 vpd ADT) roads in Louisiana, examined general crash trends.  It was found 
that fatal run off the road crashes comprised up to 75 percent of total fatal crashes on 
rural two lane roads where pavement widths were less than 20 feet.   

Cafiso et al. (Cafiso et al. 2011), in discussing the cost effectiveness of safety 
countermeasures on rural two lane roads in Italy, listed safety issues and their percentage 
increase in safety risk.  The work noted that deficiencies in cross section elements 
increased crashes by 15 to 100 percent (depending on the traffic volume for a segment).  

Wang et al. evaluated rural two lane roads (no traffic volumes cited) in Washington State 
to identify causal factors in crashes.  Shoulder and pavement widths decreased crashes as 
their width increased.  No specific values associated with these risks were cited by the 
researchers however. (Wang et al. 2008)  

2.1.2.3 Alignment 

Research by the FHWA on horizontal curves on two lane highways found that a curve 
with a radius of 500 feet was twice as likely to experience a crash, while a curve with a 
radius of 1,000 feet was 50 percent more likely to experience a crash compared to a 
tangent section of road (FHWA 2009, Zegeer et al. 1990).  Similarly, Harwood et al. 
found that when curve length and radius were both 100 feet, a crash rate more than 28 
times high than that of a tangent section occurred (Harwood et al. 2000). 

Findley et al., modeled the impacts of spatial relationships to horizontal curve safety, 
including distance to adjacent curves, radius and length of adjacent curves (Findley et al. 
2012).  The research evaluated data from rural two lane roads in North Carolina and 
found that the distance to adjacent curves was significant in estimating crashes, with 
curves more distant from one another having more predicted crashes. 

Van Schalkwyk and Washington identified characteristic features of two lane rural roads 
for crashes in Washington state (Van Schalkwyk and Washington 2008).  The rate of run 
off the road crashes was found to be higher in mountainous terrain than for other terrain 
types.  Segments with shoulder widths less than 5 feet had higher overall and severe 
injury crash rates, including on horizontal curves.  Finally, degree of horizontal curvature 
above 2 was found to be associated with higher crash rates.   

In evaluating the speed impacts of dynamic curve warning signs on low-volume roads 
(ADT of at least 100) in Minnesota, Knapp and Robinson identified a critical radius for 
crashes at horizontal curves (Knapp and Robinson 2012).  Curves with a radius of 800 
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feet or less were identified as having higher fatal and injury crash rates (3.86+ crashes per 
million vehicle-miles traveled). 

Austroads found the risk associated with horizontal curve radius increased with 
decreasing radius down to 4256 feet, and crash risk was six times higher in comparison to 
4256 foot curves when radius dropped to 328 feet (McLean et al. 2010).  Vertical grade 
crash risk was 1.1 times more likely for a grade of 6 percent compared to a level grade.   

Stamatiadis et al. examined the likelihood of crash involvement for young (> 35), middle 
age (35-64) and older (65+) drivers on low volume roads (AADT > 5000) in Kentucky 
and North Carolina (Stamatiadis et al. 1999).  Among the roadway characteristics 
examined were degree of curvature.  Degrees of curvature from 0.4 to 8.4 were a risk to 
younger drivers; degrees from 8.5 to 19.4 were a risk to younger and middle age drivers, 
and degrees of 19.5 and more a risk to younger and older drivers. 

Wang et al. evaluated rural two lane roads (no traffic volumes cited) in Washington State 
to identify causal factors in crashes.  Among the findings of the analysis was that degree 
of curvature increased crash risk, as did grade or the presence of a curb or roadside wall.  
No specific values associated with these risks were cited by the researchers however 
(Wang et al. 2008). 

Schneider et al. examined the severity of crashes at horizontal and vertical curves on rural 
two lane roads (Schneider et al. 2009).  Results of the analysis found that driver injuries 
were more likely to be severe on curves with a radius between 500 and 2,800 feet.  When 
examining parametric-specific elasticities to measure the impact of different parameters 
on the likelihood of injury outcomes, it was found that run off the road injuries increased 
by 7.7 percent on horizontal curves with a radius greater than 2,800 feet and 18.9 percent 
for curves with a radius between 500 and 2,800 feet.  The combination of horizontal and 
vertical curves increased the likelihood of fatal crashes by 560 percent on curves with a 
radius of radius 500 to 2,800 feet. 

Bauer and Harwood examined the safety effects of horizontal curve and grade 
combinations on two lane rural highways in Washington State (Bauer and Harwood 
2013).  This work found that short, sharp horizontal curves were associated with higher 
crash frequencies, as were short horizontal curves at sharp crest and sag vertical curves. 

2.1.3 Summary of Identified Risk Factors 

As the work presented in this section has illustrated, a number of roadside, cross section and 
alignment features of roadways have been identified over time as posing varying risks to drivers.  
The features identified include: 

 Clear zone / lateral clearance to obstacles 

 Roadside features – trees, culverts, ditches, slopes, utility poles, etc. 

 Lane width 
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 Shoulder width 

 Pavement edge drop off 

 Sight distance 

 Signage and marking 

o Speed limit 

o Passing zone presence / frequency 

o Signage adequacy 

o Pavement marking condition 

 Land use 

 Pavement surface condition 

 Driveway density 

 Horizontal curves 

 Vertical curves 

Lane and shoulder widths were recurring elements that were cited in literature as being related to 
crash risk, particularly on low volume roads where design standards are lower.  Consequently, 
the items listed above primarily constitute the majority of factors that should be focused on as 
posing risk on two lane and low volume roads in the current research.  Based on the features 
identified here, the following chapter discusses different low cost countermeasures that may be 
employed to address specific issues or concerns. 

2.2 LOW-COST COUNTERMEASURES TO MITIGATE RISK 

There have been many evaluations of countermeasures attempting to mitigate crash risk factors 
commonly found on low volume roads. For the purposes of this study, emphasis has been placed 
on low cost countermeasures that focus on roadways that share characteristics with typical low 
volume road settings. The countermeasures have been organized into four main categories: 
alignment, road cross section, roadside features and other countermeasures. This section 
identifies and describes the countermeasures discovered in the literature, while benefit/cost 
evaluations of using those measures are detailed in the following section. 

2.2.1 Alignment 

The alignment of the roadway can create increased risk for crashes under certain circumstances. 
Methods to mitigate risky alignments can often be costly (e.g. flattening sharp curves), but some 
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low cost countermeasures have been documented including curve delineation improvements, 
curve pavement warnings and curve warning signs. 

2.2.1.1 Curve Delineation 

Installing or improving horizontal curve delineation can be achieved using many 
techniques including enhanced lane markings, reflectors, post mounted delineators, raised 
pavement markers, pavement inset lights, and chevrons either individually or in 
combination. These countermeasures do not change the physical alignment of the 
roadway, but attempt to make the driver aware of the alignment especially at sharp 
horizontal curves. Delineation techniques have been studied extensively (Knapp and 
Ferrol 2012; ATSSA 2006; Austroads 2012; Austroads 2010; Bahar et al. 2004; Elvik et 
al. 2009; FHWA 2013; Gan et al. 2005; Hallmark et al. 2013a; Lord et al. 2011; McGee 
and Hanscom 2006; Montella 2009; Neuman et al. 2003; Zador et al. 1982; Zador et al. 
1982). In general, curve delineation improvements are recommended as a low cost 
countermeasure and have been shown to improve in-lane vehicle placement, speed 
variance, and lane encroachment. Figure 2.1 shows examples of chevrons (a), post 
mounted delineators (b), barrier reflectors (c), pavement inset lights (d), and raised 
pavement markers (e).  

Figure 2.1: Curve Delineation Examples (a, b, c - (McGee and Hanscom 2006); d - (FHWA 
2012); e - (FHWA 2013)) 

2.2.1.2 Curve Warning Pavement Markings 

Another method used to alert drivers of a potentially risky alignment feature is the use of on-
pavement curve warnings. These warnings are pavement markings laid directly in the driving 
lane on approaches to horizontal curves. These markings have been the focus of studies that have 
determined them to reduce vehicle speeds, but no crash reduction studies for these measures 
have been identified (ATSSA 2006; Hallmark et al. 2013a; Lord et al. 2011; McGee and 
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Hanscom 2006). Similar markings have also been used outside of curves for transition zones 
entering small communities (see section on Transverse Lane Markings and Warnings). Figure 
2.2 shows examples of curve warning pavement markings.  
 

Figure 2.2: Curve Warning Pavement Marking Examples (a –(ATSSA 2006), b – (Hallmark et 
al. 2013a)) 

 

2.2.1.3 Curve Warning Signs 

The last category of low cost countermeasures to mitigate risky alignments involves the 
use of curve warning signs. These signs vary in complexity from static signs with and 
without speed advisory plaques to dynamic signs equipped with radar detection to warn 
drivers that may be traveling too fast for the curve. In general, curve warning signs are a 
low cost countermeasure that alert drivers of the alignment, reduce vehicle speeds, and 
ultimately reduce crashes (Knapp and Robinson 2012; ATSSA 2006; Austroads 2012; 
Elvik et al. 2009; Gan et al. 2005; Hallmark et al. 2013a; Lord et al. 2011; McGee and 
Hanscom 2006; Montella 2009; AASHTO 2010). Dynamic signs might be more 
expensive than traditional static signage and therefore might be considered only for 
locations with extensive crash histories. Figure 2.3 shows examples of a static curve 
warning sign with advisory speed, a static curve warning sign with flashing beacon, a 
speed actuated sign and a dynamic curve warning sign.   
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Figure 2.3: Curve Warning Sign Examples (a, b – (Hallmark et al. 2013a); c, d – (McGee and 
Hanscom 2006)) 

2.2.2 Road Cross Section 

Elements of the roadway cross section can have an effect on the risk associated with crashes. A 
number of countermeasures to mitigate these risks have been documented including lane 
widening, pavement friction improvements and shoulder improvements. 

2.2.2.1 Lane Widening 

Increasing the width of the driving lanes provides the driver with more opportunity to 
safely correct in the event they are leaving their travel lane. Drivers can also more easily 
use the wider lane to avoid a possible oncoming or passing vehicle that is encroaching 
into their travel lane. This increased margin of error has been shown to reduce crashes, 
but may be too costly for widespread use and therefore be limited to specific problematic 
locations (Gan et al. 2005; Lord 2011; AASHTO 2010; Harwood et al. 2000; Labi 2011). 
Special circumstances may also provide the opportunity for widening lanes without 
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adding pavement width by reducing shoulder width, if adequate shoulders exist at certain 
locations. A weighing of benefits of wider lanes and shoulder widths may be possible 
(see effectiveness of lane and shoulder widths in next section). 

2.2.2.2 Pavement Friction 

High friction pavement treatments can be used to reduce crashes especially at known 
problem areas. Specifically, places that commonly experience wet pavement, have high 
occurrence of intersection crashes, have high occurrence of severe crashes, and/or a high 
occurrence of rear-end crashes have been shown to be good candidates for pavement 
friction treatments (Erwin 2007). Other uses for high friction surfacing have been 
documented to address roadway departure crashes (FHWA 2013; Neuman et al. 2003; 
Veneziano and Villwock-Witte 2013; Julian and Moler 2008) problematic horizontal 
curves (Lord et al. 2011; McGee and Hanscom 2006), as well as locations that may 
become wet, snowy and/or icy (Hallmark et al. 2013a; Lyon and Persaud 2008). Figure 
2.4 shows pavement friction improvement measures.  

Figure 2.4: Pavement Friction Improvement Measures (a – (Veneziano and Villwock-Witte 
2013), b – (Veneziano et al. 2011) 

2.2.2.3 Shoulder Improvements 

Different types of road shoulder improvements have been examined for their 
effectiveness including making wider shoulders, paving shoulders, and stabilizing 
shoulders (Harwood et al. 2000; Knapp and Robinson 2012; Austroads 2010; Gan et al. 
2005; AASHTO 2012; Labi 2011; Hallmark et al. 2013; Hallmark et al. 2010). Shoulder 
paving and shoulder widening are considered “proven” crash mitigation measures by an 
NCHRP Report for addressing run-off-road crashes (Neuman et al 2003). Similar to lane 
widening, shoulder treatments can be somewhat costly depending on the methods used 
and length of treatment, therefore widespread improvements may not be feasible. Figure 
2.5 shows an example of a roadway that may be a good candidate for shoulder 
improvements. 
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Figure 2.5: Example of Road that may Benefit from Shoulder Improvements (Sun and Das 2012) 

2.2.3 Roadside Features 

Low cost countermeasures have also been explored for their use in mitigating crash risk factors 
associated with roadside features. A number of countermeasures to mitigate these risks have 
been documented including clear zone improvements, side slope flattening, and reducing 
pavement edge drops. 

2.2.3.1 Clear Zone Improvements 

Clear zone improvements documented include removing fixed objects near the roadway, 
relocating fixed objects near the roadway, using breakaway posts for hardware, installing 
impact attenuators or guardrails to avoid direct impacts with fixed objects, and signing 
for fixed objects near the roadway (Gan et al. 2005; McGee and Hanscom 2006; Neuman 
et al. 2003; AASHTO 2010; Jurewica and Troutbeck 2012). While guardrail may be 
considered a fixed object itself, it functions and is used as a shield traffic from more 
severe hazards, such as bridge piers, steep roadside slopes, waterbodies, etc. These 
improvements can often result in reducing the number of crashes as well as the severity 
of crashes. 

2.2.3.2 Flattening Side Slopes 

Side slope flattening can provide an improved ability for drivers to recover an errant 
vehicle. This improvement can translate to fewer and less severe crashes (Gan et al. 
2005; FHWA 2012). Flattening side slopes can significantly reduce the likelihood of a 
vehicle rolling, which is often a major factor in severe crashes (Neuman et al. 2003). Side 
slope flattening is often done as part of other road works, and therefore may occur at 
more of a program level, rather than a site specific improvement. A combination of clear 
zone, side slope, and guardrail considerations are included in the Roadside Hazard Rating 
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(RHR) system. The RHR for a roadway segment is a value from 1 (safest) to 7 (least 
safe) that describes the state of the clear zone, side slopes, and guardrail presence. 
Improvements in RHR have also been tied to quantifiable improvements in safety 
(AASHTO 2010). 

2.2.3.3 Prevent Pavement Edge Drops 

Pavement edge drops can develop from roadside erosion and/or pavement buildup from 
resurfacing projects. When these drops become too abrupt or too deep, crashes result 
from drivers’ inability to recover errant vehicles. Reducing pavement edge drops can be 
beneficial  (Lord et al. 2011; Neuman et al. 2003; FHWA 2011; Hallmark et al. 2012) 
and is considered low cost especially when resurfacing is taking place as it may only 
require a modification to the existing surfacing equipment. Figure 5.6 shows a pavement 
edge drop.  

Figure 2.6: Example of Pavement Edge Drop (Kirk 2008) 

2.2.4 Other Measures 

Many other low cost countermeasures that don’t fall in the previous three categories have been 
employed and experimented with in the documented literature. These countermeasures include 
centerline and edge line marking improvements, centerline and shoulder rumble strips and 
stripes, lighting improvements, other warning signs, transverse lane markings and warnings, and 
transverse rumble strips. 

2.2.4.1 Centerline and Edge-line Marking Improvements 

Installing, widening, and/or improving the reflectivity of edge lines and centerlines are 
improvements that have produced beneficial safety results (ATSSA 2006; Austroads 
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2010; Elvik et al. 2009; Gan et al. 2005; Lord et al. 2011; Neuman et al. 2003; Sun and 
Das 2012; Al-Masaeid and Sinha 1994; Donnell et al. 2009; Park et al. 2012; Potts et al. 
2011). Pavement line markings provide valuable guidance for drivers especially at night. 
Typical line widths used are 4 inches, but wider markings up to 8 inches have been tried 
as well (Park et al. 2012). Enhanced line markings have also been used successfully as 
part of larger statewide safety improvement programs like the Missouri DOT Total 
Stripping and Delineation Program (Potts et al. 2011). 

 
2.2.4.2 Centerline and Edge-line rumble Strips / Stripes 

Rumble strips have been used and studied extensively in the documented literature. 
Centerline rumble strips are used on two lane undivided roadways to alter drivers 
encroaching into oncoming traffic. Shoulder rumble strips and edge line rumble stripes 
are used to alert drivers that may be leaving the roadway. Centerline and shoulder/edge 
line rumble strips have been used alone and in combination both on curves and tangent 
roadway sections to improve safety (ATSSA 2006; Lord et al. 2011; McGee and 
Hanscom 2006; Neuman et al. 2003; AASHTO 2010; Hallmark et al. 2010; Kirk 2008; 
Abdel-Rahim and Khan 2012; Datta et al. 2012; Hallmark et al. 2013; Monsere 2002; 
NCHRP 2005; Olson et al. 2013; Persaud et al. 2003). Both types of rumble 
strips/stripes have been shown to reduce crashes. Centerline rumble strips have also been 
shown to improve in-lane vehicle placement (Mahoney et al. 2003), and rumble stripes 
have also been shown to improve daytime and nighttime edge line visibility (Filcek et al. 
2004). (See Figure 2.7) 

Figure 2.7: Example of Centerline and Shoulder Rumble Strips (a – (Datta et al. 2012), b - WTI) 
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2.2.4.3 Lighting Improvements 

The installation and enhancement of lighting has also been used to improve safety. The 
installation of lighting is typically targeted at intersections, but has also been envisioned 
for problematic horizontal curves (Austroads 2012; Gan 2005; Lord et al. 2011; 
AASHTO 2010; ITE 2007). Typically lighted intersections are mostly in urban and 
suburban areas, but lighting rural intersections may also have significant benefits 
(Isebrands et al. 2010). 

2.2.4.4 Other Warning Signs 

Other warning signs have also been tried and documented ranging from traditional static 
intersection warnings with and without flashing beacons to dynamic signs that warn of 
speeding vehicles via flashing LEDs on borders of speed limit signs and intersection 
warnings that flash when a vehicle is entering the roadway. The cost of these systems can 
vary greatly based on the complexity of the system and therefore dynamic signs that 
utilize radar equipment may not be feasible on a widespread basis. Traditional static 
advance warning signs provide benefits and are recommended for use upstream of the 
intersection to alert drivers of the presence of the intersection (Knapp and Robinson 
2012; Gan et al. 2005; McGee and Hanscom 2006). More advanced systems have also 
shown promise in improving safety, including the lights activated sign which flashes 
LED lights in the border of a speed limit sign when vehicles are detected to be traveling 
above a set threshold (Hallmark et al. 2013), and the “vehicle entering when flashing” 
intersection warning signs (Simpson and Troy 2013). Figure 2.8 shows examples of these 
two dynamic warning signs. 

B  
Figure 2.8: Example of other Dynamic Warning Signs (a – (Hallmark et al. 2013d), b – (Simpson 

and Troy 2012)) 
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2.2.4.5 Transverse Lane Markings and Warnings 

Transverse lane markings, also known as optical speed bars or dynamic striping, are the 
painting of lines horizontal to the traffic flow direction at varying distances apart to create 
the perception that the vehicle is traveling faster as it continues along the treated path.  
The intent is to influence the driver to slow down through their perceived higher speed.  
Many of the installations studied have been aimed at two lane roadways, especially in 
transition zones to small communities (ATSSA 2006; Hallmark et al. 2013a; Lord et al. 
2011; Balde 2011; Hallmark 2007; Latoski 2009; Martindale and Urlich 2010;Vest et al. 
2005; Wang et al. 2003). Pavement warning markings are used in a similar fashion and 
warn drivers of changing speed environments, curves and intersections (McGee and 
Hanscom 2006; Hallmark et al. 2007; Gross et al. 2008). Figure 2.9 shows examples of 
transverse lane markings and warnings. In general these measures have been shown to 
reduce driver speeds at potentially hazardous roadway features. 

Figure 2.9: Example of Transverse Lane Markings and Warnings (a – (Arnold and Lantz 2007), 
b – (Gross et al. 2008)) 

2.2.4.6 Transverse Rumble Strips 

Transverse rumble strips are rumble strips installed in the roadway perpendicular to the 
travel direction and in the lane. These rumble strips are typically used to warn drivers to 
slow down for an unexpected intersection or curve. Most installations of transverse 
rumble strips are on rural two lane roads where an intersection or sharp curve may 
surprise drivers unfamiliar with the route. In general these measures have been found to 
reduce driver speeds and improve safety on approaches to intersections and curves 
(Austroads 2010; Elvik et al. 2009; McGee and Hanscom 2006; Neuman et al. 2003; 
Hallmark et al. 2007; Fitzpatrick et al. 2003; Harder et al. 2006; Moore 1987; 
Srinivasan et al. 2010; Thompson et al. 2006). Figure 2.10 shows examples of transverse 
rumble strips. 
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Figure 2.10: Example of Transverse Rumble Strips (a – (Fitzpatrick et al. 2003), b – (Harder et 
al. 2006)) 

2.2.5 Countermeasure Effectiveness and Benefit/Cost 

Many documented studies have evaluated the effectiveness of the previously identified low cost 
countermeasures. Crash reduction factors and crash modification factors are often reported and 
occasionally a benefit / cost analysis for the countermeasure is also included in the reporting. The 
effectiveness values cited in this section are focused on those that may best represent lower 
volume roads. 

 
2.2.5.1 Alignment Countermeasures Effectiveness 

 
Table 2.1 provides the results from evaluations of countermeasures mitigating for 
alignment risk factors.
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Table 2.1:Evaluations of Countermeasures Mitigating for Alignment Risk Factors   

Treatment (Source) Setting Analysis Effectiveness and/or Benefit : Cost 

Advanced curve 
warning sign (Gan et 

al. 2005) 

Statewide (curves) – 
KY, MO 

State of practice survey 

CRF for all crashes 30% (MO) 

CRF for fatal crashes 55% (MO) 

CRF for injury crashes 20% (MO) 

CRF for head-on crashes 29% (MO) 

CRF for run-off-road crashes 30% (KY, MO) 

Advanced curve 
warning sign with static 
advisory speed (Gan et 

al. 2005) 

Statewide (curves) – 
CA, MT 

State of practice survey CRF for all crashes 20% (CA), 29% (MT) 

Advanced curve 
warning sign with 

curve arrow (Gan et al. 
2005)  

Statewide (curves) – MT State of practice survey CRF for all crashes 23% 

Chevrons (Gan et al. 
2005)  

Statewide (curves) – 
CA, MO, MT 

State of practice survey 
CRF for all crashes 20% (CA), 35% (MO),        

50% (MT) 

Combination/Variations 
of Chevrons, Arrow 

Signs, Advanced 
Warning Signs and 

Fluorescent Sheeting 
(Srinivasan et al. 2009) 

89 rural two lane curves 
in CT and 139 rural two 

lane curves in WA 

Empirical Bayes before 
and after with an average 
of 5.6 years before data 

and 5.4 years of after data 

Reduced injury and fatal crashes by 18%; 

Reduced night-time crashes by 27.5%; 

Reduced lane departure night-time crashes by 25%; 

Conservative benefit to cost ratio 8.6 : 1  

Dynamic Speed 
Feedback (Hallmark et 

al. 2013b) 

Rural two lane roads on 
22 curves in 7 states 

(AZ, FL, IA, OH, OR, 
TX, WA) 

Empirical Bayes before 
and after with up to 4 

years data before and up to 
3 years data after 

CMF for all crashes in direction of sign 0.93; 

CMF for single vehicle crashes in direction of sign 
0.95 

Flashing Beacon on Statewide (curves) – OK State of practice survey CRF for all crashes 30% (OK) 
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Curve Warning (Gan et 
al. 2005)  

Install horizontal 
alignment and advisory 
speed signs (AASHTO 

2010) 

Unspecified Combination of studies  
CMF for injury crashes 0.87* 

CMF for non-injury crashes 0.71* 

Post Mounted 
Delineators (McGee 
and Hanscom 2006)  

Rural two lane curves in 
OH 

Unknown Reduced run-off-road crashes by 15% 

Post mounted 
delineators (Gan et al. 

2005)  

Statewide (curves) – 
AK, MO, MT 

State of practice survey 
CRF for all crashes 20% (AK), 25% (MO),        

30% (MT) 

Raised Pavement 
Markers (FHWA 2013) 

10 rural roadways 
(tangents and curves) in 
Mobile County, AL with 

documented high run-
off-road crashes 

Simple before and after 
with 4 years data before 

and 4 years data after 

Total crashes reduced from 224 to 33; 

Fatalities from 7 to 0; 

Injuries from 152 to 10 

  



 
 
 

23 

Raised Pavement 
Markers (Gan et al. 

2005)  

Statewide (tangents and 
curves) – AZ, IN, KY, 

MO, OK, VT 
State of practice survey 

CRF for total crashes 4% (IN), 10% (MO),        
11% (AZ), 16% (VT); 

CRF for head on crashes 12% (AZ), 20% (MO); 

CRF for side-swipe crashes 13% (AZ), 20% (MO); 

CRF for fixed object crashes 10% (MO); 

CRF for run-off-road crashes 10% (MO),           
33% (AZ); 

CRF for wet pavement crashes 25% (KY, MO); 

CRF for nighttime crashes 16% (AZ),              
20% (KY, MO), 30% (OK) 

Raised Pavement 
Markers (Zadot et al. 

1982) 

662 two lane horizontal 
curves in GA with 

curvature > 6 degrees 

Before and after with 
statistical testing 

Reduction in nighttime crashes of 22%; 

Raised Pavement 
Markers (Neuman et 

al. 2003) 

184 high accident 
locations (including 

curves, narrow bridges, 
and intersection 

approaches) 

Before and after with 1 
year before and 1 year after 

data 

Reduced all accidents by 9%; 

Reduced injuries by 15%; 

Benefit to cost ratio of 6.5 : 1 

Raised Pavement 
Markers (Neuman et 

al. 2003) 

8 rural two lane roads in 
NJ, selected for high 

crash history 

Before and after with 2 
years before and 1 year 

after data 

Unspecified reduction in crashes resulting in benefit 
to cost ratios ranging from 15.5 : 1 to 25.5 : 1 

* Indicates CMF (or equivalent CMF based on CRF) is reported in the Highway Safety Manual (HSM). 
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2.2.5.2 Road Cross-Section Countermeasures Effectiveness 

Table 2.2 provides the results from evaluations of countermeasures mitigating for road cross-section related risk factors. 

Table 2.2: Evaluations of Countermeasures Mitigating for Road Cross-Section Related Risk Factors 

Treatment (Source) Setting Analysis Effectiveness and/or Benefit : Cost 

Adding Paved 
Shoulders (Hallmark 

et al. 2013c) 

220 road segments (both 
2-lane and 4-lane) in 

Iowa 

Before-and-after with 
comparison to expected 

crashes with control 
sections and generalized 

linear models 

CRF for total crashes 4%,                       
and CRF for run-off-road crashes 8%              

per every additional foot of shoulder added. 

Change Shoulders 
from Turf to 

Pavement 

(Harwood et al. 
2000; AASHTO 2010) 

Rural two lane roads 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

CFRs for run-off-road, side-swipe, and opposite 
direction crashes: 

for 1ft shoulder:   1%* 

for 2ft shoulder:   3%* 

for 3ft shoulder:   4%* 

for 4ft shoulder:   5%* 

for 6ft shoulder:   8%* 

for 8ft shoulder:   11%* 

High Friction Overlay 
(Veneziano and 

Villwock-Witte 2013) 

Rural two lane highway 
segment with high crash 

history – PA.  

Simple before and after 
with 9 years before data 
and 1 year of after data. 

Total crashes reduced from 22 in before period to 0 
in the after period (limited timeframe reported). 

High Friction Surface 
Treatment (FHWA 

2013) 

75 targeted rural two lane 
roads – KY  

Simple before and after 
with 3 years before and 3 

years after data 

Wet-weather roadway departure crashes reduced 
from 357 to 33; 

Dry-weather roadway departure crashes reduced 
from 126 to 28 
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Increase pavement 
friction number - 5 
unit increase (Labi 

2011) 

540 rural two lane road 
segments in IN 

(effectiveness for rural 
major collectors shown): 

empirical analysis using 
negative binomial 

modeling technique 

CRF for fatal and injury crashes 8%; 

CRF for injury crashes 8%; 

CRF for PDO crashes 9% 

Pave Shoulder (Gan 
et al. 2005) 

Statewide  – KY, MO State of practice survey CRF for total crashes 15% (KY, MO) 

Pave Shoulder 
(Austroads 2010) 

Statewide – Australia  Meta-analysis CRF for total crashes 30% 

Resurface with skid 
resistant pavement 
(Gan et al. 2005)  

Statewide (curves) – CA, 
MO, MT 

State of practice survey 

CRF for all crashes 10% (CA), 24% (MT); 

CRF for head-on crashes 86% (MO); 

CRF for wet pavement crashes 51% (MO) 

Resurface with skid 
resistant pavement 
(Gan et al. 2005)  

Statewide  – IN, NY State of practice survey 

CRF for all crashes 7% (IN), 8% (NY); 

CRF for right-angle crashes 31% (NY); 

CRF for wet pavement crashes 35% (NY) 

Skid Resistant 
Improvements (Lyon 
and Persaud 2008) 

Rural two lane road 
segments identified as 
high wet-road crash 

locations and having low 
friction numbers – NY. 

Empirical Bayes before 
and after with an average 
of 5 years before data and 

4 years of after data 

CRF for all crashes 4%; 

CRF for wet-road crashes 15%; 

Rear-end and dry-road crashes showed slight 
increases in crashes after treatment. 

(These values were not found to be statistically 
significant at the 5% level.) 

Skid Resistant 
Improvements with 
curve warning sign 

(McGee and 
Hanscom 2006) 

Rural two lane curve 
Simple before and after 

with 13 months before and 
6 months after 

Wet-pavement crashes reduced from 16 in before 
period to two in after period. 
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Skid treatment with 
overlay (Gan et al. 

2005)  
Statewide – MN, NY State of practice survey 

CRF for all crashes 13% (NY); 

CRF for head-on crashes 19% (MN fatal+inj),   
30% (MN pdo), 43% (NY); 

CRF for rear-end crashes 12% (MN fatal+inj),   
21% (MN pdo); 

CRF for right-angle crashes 11% (MN fatal+inj), 
23% (NY), 31%(MN pdo); 

CRF for side-swipe crashes 12% (MN fatal+inj), 
27% (MN pdo), 43% (NY); 

CRF for left-turn crashes 34% (MN pdo),          
41% (MN fatal+inj); 

CRF for fixed-object crashes 43% (NY); 

CRF for pedestrian crashes 3% (MN fatal+inj); 

CRF for run-off-road crashes 28% (MN fatal+inj), 
29% (MN pdo); 

CRF for wet pavement crashes 23% (NY) 

Stabilize Shoulder 
(Gan et al. 2005) 

Statewide  – KY, MO State of practice survey CRF for total crashes 25%, (KY, MO) 

Widen Lanes 

(Harwood et al. 
2000; AASHTO 2010) 

Rural two lane highways 
with ADT < 400 vpd 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

CFRs for run-off-road, side-swipe, and opposite 
direction crashes: 

9ft to 10ft:   3%* 

9ft to 11ft:   4%* 

9ft to 12ft:   5%* 

Widen Lanes 

(Harwood et al. 
2000; AASHTO 2010)  

Rural two lane highways 
with ADT approximately 

1000 vpd 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

CFRs for run-off-road, side-swipe, and opposite 
direction crashes: 

9ft to 10ft:   10%* 

9ft to 11ft:   18%* 

9ft to 12ft:   20%* 
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Widen Lanes 

(Harwood et al. 
2000; AASHTO 2010)  

Rural two lane highways 
with ADT > 2000 vpd 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

CFRs for run-off-road, side-swipe, and opposite 
direction crashes: 

9ft to 10ft:   20%* 

9ft to 11ft:   45%* 

9ft to 12ft:   50%* 

Widen Lanes (Gan et 
al. 2005)  

Statewide  – MO State of practice survey 

 Widen Each Lane by 

CRF for crash type 1ft 2ft 3ft 4ft 

head on 12% 23% 32% 40% 

side-swipe 12% 23% 32% 40% 

run-off-road 12% 23% 32% 40% 

Widen Lanes (Labi 
2011) 

540 rural two lane road 
segments in IN 

(effectiveness for rural 
major collectors shown): 

empirical analysis using 
negative binomial 

modeling technique 

 Widen Each Lane by 

CRF for crash type 1ft 2ft 3ft 4ft 

fatal and injury 8% 17% 24% 30% 

injury 9% 17% 25% 32% 

PDO 5% 12% 17% 22% 
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Widen Paved 
Shoulder (Gan et al. 

2005)  
Statewide  – MO State of practice survey 

 Widen Each Shoulder by 

CRF for crash type 2ft 4ft 6ft 8ft 

fixed-object 16% 29% 40% 49% 

run-off-road 16% 29% 40% 49% 

Widen Paved 
Shoulder by 

unspecified amount 
(Gan et al. 2005)  

Statewide  – AZ, CA, IA, 
MI, MT, VA 

State of practice survey 

CRF for total crashes 8% (IA), 20% (CA), 32% 
(MT), 57% (AZ); 

CRF for fatal crashes 50% (VA); 

CRF for injury crashes 50% (VA); 

CRF for PDO crashes 50% (VA); 

CRF for head-on crashes 15% (MI), 75% (AZ); 

CRF for side-swipe crashes 15% (MI), 41% (AZ); 

CRF for fixed-object crashes 15% (MI); 

CRF for pedestrian crashes 71% (AZ); 

CRF for run-off-road crashes 60% (AZ) 

Widen Shoulder by 1 
foot each (Labi 2011)  

540 rural two lane road 
segments in IN 

(effectiveness for rural 
major collectors shown): 

empirical analysis using 
negative binomial 

modeling technique 

% reduction shown Widen Each Shoulder by 

CRF for crash type 1ft 2ft 3ft 4ft 5ft 6ft 

fatal and injury 4 5 9 12 15 18 

injury 4 5 9 11 14 16 

PDO 1 2 4 5 6 7 

  



 
 
 

29 

Widen Shoulders 

(Harwood et al. 
2000; AASHTO 2010)  

Rural two lane highways 
with < 400 ADT 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

CFRs for run-off-road, side-swipe, and opposite 
direction crashes: 

0ft to 2ft:   4%* 

0ft to 4ft:   9%* 

0ft to 6ft:   12%* 

0ft to 8ft:   15%* 

Widen Shoulders 

(Harwood et al. 
2000; AASHTO 2010)  

Rural two lane highways 
with ADT approximately 

1000 vpd 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

CFRs for run-off-road, side-swipe, and opposite 
direction crashes: 

0ft to 2ft:   8%* 

0ft to 4ft:   18%* 

0ft to 6ft:   24%* 

0ft to 8ft:   30%* 

Widen Shoulders 

(Harwood et al. 
2000; AASHTO 2010)  

Rural two lane highways 
with > 2000 ADT 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

CFRs for run-off-road, side-swipe, and opposite 
direction crashes: 

0ft to 2ft:   20%* 

0ft to 4ft:   35%* 

0ft to 6ft:   50%* 

0ft to 8ft:   63%* 
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Widen Shoulders 

(Harwood et al. 
2000; AASHTO 2010)  

Rural frontage roads 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

CFRs for run-off-road, side-swipe, and opposite 
direction crashes: 

0ft to 2ft:   15%* 

0ft to 4ft:   27%* 

0ft to 6ft:   38%* 

0ft to 8ft:   48%* 

Widen Unpaved 
Shoulder by 2 foot 

each (Gan et al. 
2005)  

Statewide  – MO State of practice survey 

 Widen Each Shoulder by 

CRF for crash type 2ft 4ft 6ft 8ft 

fixed-object 13% 25% 34% 43% 

run-off-road 13% 25% 34% 43% 

Widen Unpaved 
Shoulder by 

unspecified amount 
(Gan et al. 2005)  

Statewide  –CA, IA State of practice survey 
CRF for total crashes 15% (CA - two lane roads),    

30% (CA - in rural areas),                       
and 22% (IA - unspecified) 
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2.2.5.3 Roadside Features Countermeasures 

Table 2.3 provides the results from evaluations of countermeasures mitigating for risk factors related to roadside features. 

Table 2.3: Results from Evaluations of Countermeasures Mitigating for Risk Factors related to Roadside Features 

Treatment (Source) Setting Analysis Effectiveness and/or Benefit : Cost 

Flatten Side-Slopes   
(Harwood et al. 

2000; AASHTO 2010) 
Rural two lane roads 

Combine approach using 
historical crash data, 

regression analysis, before-
and-after studies, and 

expert judgment 

 
CFRs for all 

crashes 
CFRs for single 
vehicle crashes 

2:1 to 4:1 6%* 10%* 

2:1 to 5:1 9%* 15%* 

2:1 to 6:1 12%* 21%* 

2:1 to 7:1 15%* 27%* 

3:1 to 4:1 5%* 8%* 

3:1 to 5:1 8%* 14%* 

3:1 to 6:1 11%* 19%* 

3:1 to 7:1 15%* 26%* 

4:1 to 5:1 3%* 6%* 

4:1 to 6:1 7%* 12%* 

4:1 to 7:1 11%* 19%* 

5:1 to 6:1 3%* 6%* 

5:1 to 7:1 8%* 14%* 

6:1 to 7:1 5%* 8%* 
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Flatten Side-Slopes in 
General (Gan et al. 

2005) 

Statewide  – AZ, IA, 
KY, MT, NY, OK 

State of practice survey 

CRF for total crashes 25% (IA), 30% (KY, OK), 
32% (MT), 43% (NY); 

CRF for fixed-object crashes 62% (NY); 

CRF for run-off-road crashes 10% (AZ) 

Flatten Side-Slopes in 
General (Neuman et 

al. 2003) 

All roads with grade 
improvements 

completed 1986 – 1991 
in WA 

Before and after with 
statistical significance 

testing 

CRF for total crashes 3% to 50%; 

Median CRF for run-off-road crashes 25% to 45% 

Improve Roadside 
Hazard Rating 

(AASHTO 2010) 
Rural two lane roads Not Specified 

CMF for total crashes 

RHR 7 to 6: 0.94* 

RHR 7 to 5: 0.87* 

RHR 7 to 4: 0.82* 

RHR 7 to 3: 0.77* 

RHR 7 to 2: 0.72* 

RHR 7 to 1: 0.67* 

Increase Clear Zone 
(AASHTO 2010) 

Rural two lane roads Combination of studies 

CMF for total crashes  

increase clear zone 3.3ft to 16.7ft: 0.78* 

increase clear zone 16.7ft to 30.0ft: 0.56* 

Increase Clear Zone 
(Gan et al. 2005) 

Statewide  – MO State of practice survey 

CFRs for fixed object and run-off-road crashes: 

increase clear zone 5ft:   13% 

increase clear zone 8ft:   21% 

increase clear zone 10ft:   25% 

increase clear zone 15ft:   35% 

increase clear zone 20ft:   44% 

Install Object Markers 
(Gan et al. 2005) 

Statewide  – AZ, MO State of practice survey 

CRF for total crashes 16% (AZ, MO); 

CRF for fatal crashes 41% (MO); 

CRF for injury crashes 17% (MO); 
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CRF for PDO crashes 14% (MO); 

CRF for pedestrian crashes 29% (MO); 

CRF for run-off-road crashes 29% (AZ) 

Installing Safety Edge 
(FHWA 2011) 

Two lane highways in GA 
and IN 

Empirical Bayes before and 
after with treatment, control 

and reference sites 

CRF for total crashes 6%; 

Minimum benefit to cost ratio for paved shoulders of 
4 : 1 to 44 : 1; 

Minimum benefit to cost ratio for unpaved shoulders 
of   4 : 1 to 63 : 1 

Relocate Fixed Objects 
Near Roadway (Gan et 

al. 2005) 

Statewide  – AK, KY, MI, 
MO, MT, OK 

State of practice survey 

CRF for total crashes 25% (KY, MO, OK),        55% 
(MT); 

CRF for fatal crashes 40% (KY, MO); 

CRF for injury crashes 25% (KY, MO); 

CRF for fixed-object crashes 40% (MI), 90% (AK) 

Remove Fixed Objects 
Near Roadway (Gan et 

al. 2005) 

Statewide  – AK, AZ, CA, 
KY, MI, MO, MT, NY, 

OK 
State of practice survey 

CRF for total crashes 18% (NY), 20% (CA),     25% 
OK), 30% (KY, MO, MT), 61% (AZ); 

CRF for fatal crashes 50% (KY, MO); 

CRF for injury crashes 30% (KY, MO); 

CRF for rear-end crashes 42% (NY); 

CRF for fixed-object crashes 75% (MI),           100% 
(AK); 

CRF for run-off-road crashes 71% (AZ); 

CRF for over-turn crashes 42% (NY) 



 
 
 

34 

2.2.5.4 Other Countermeasures Effectiveness 

Table 2.4 provides the results from evaluations of countermeasures mitigating for risk factors related to other features not 
included in the previous sections. 

Table 2.4: Results from Evaluations of Countermeasures Mitigating for Risk Factors related to Other Features Not Included 
in the Previous Sections. 

Treatment (Source) Setting Analysis Effectiveness and/or Benefit : Cost 

Install Centerline and 
Shoulder Rumble 

Strips (Olson et al. 
2013) 

Rural two lane roads in 
WA 

Before and after with 8 
years of crash data total 

CRF for lane departure crashes 66% 

CRF for cross-over crashes 71% 

CRF for run-off-the road (right) crashes 62% 

Install Centerline 
Markings (Gan et al. 

2005) 

Statewide  – KY, MO, 
OK 

State of practice survey CRF for total crashes 30% (OK), 35% (KY, MO); 

Install Centerline 
Rumble Strips 

(AASHTO 2010; 
Persaud 2003) 

210 miles of rural two 
lane roads in CA, CO, 

DE, MD, MN, OR, WA 

Empirical Bayes before 
and after with an average 
of 5 years before data and 

3 years after data 

CRF for all crashes 14%* 

CRF for opposite direction crashes 21%* 

CRF for night time crashes 19%*; 

CRF for day time crashes 9%* 

Install Edge Line 
Markings (Sun and 

Das 2012) 

Narrow (pavement less 
than 22ft) rural two lane 

highways in LA 

Before and after with 3 
years before data and 1 

year after data and using 
control sites and statistical 

testing 

CMF for total crashes 0.78 
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Install Edge Line 
Markings (Gan et al. 

2005) 

Statewide  – AZ, IA, KY, 
MO, NY, OK, TX 

State of practice survey 

CRF for total crashes 4% (IA),                   
15% (KY, MO, OK), 25% (TX), 30% (AZ),      

44% (NY); 

CRF for injury crashes 15% (MO); 

CRF for PDO crashes 8% (MO); 

CRF for rear-end crashes 45% (NY); 

CRF for fixed-object crashes 66% (NY); 

CRF for run-off-road crashes 30% (AZ, KY, MO); 

CRF for overturn crashes 45% (NY) 

Install Flashing 
Beacon at or in 

Advance of 
Intersection (Gan et 

al. 2005) 

Statewide  – KY, MO, 
MT, OK 

State of practice survey 
CRF for total crashes 25% (KY, MO, OK),        

27% (MT), 30% (OK, MO) 

Install Lighting 
(Isebrands et al. 

2010) 

33 isolated rural 
intersections in MN 

Before and after with 3 
years of before data and 3 

years of after data with 
statistical testing 

CRF for night crashes 37% 

Install Lighting 
(AASHTO 2010) 

All road types Combination of studies 

CMF for nighttime crashes 0.80* 

CMF for nighttime injury crashes 0.72* 

CMF for nighttime non-injury crashes 0.83* 

Install Lighting at 
Intersections (ITE 

2007) 

FHWA / ITE toolbox 
value for non-signalized 

intersections 
Not Specified CRF for total crashes 47% 

Install or Improve 
Street Lighting at 

Intersections (Gan et 
al. 2005) 

Statewide  – AK, CA, 
KY, MO, MT, OK 

State of practice survey 
CRF for total crashes 30% (KY, MO), 36% (CA); 

CRF for night time crashes 50% (AK, KY, MO, 
OK), 64% (MT), 67% (CA) 



 
 
 

36 

Install or Improve 
Street Lighting in 

General (Gan et al. 
2005) 

Statewide  – AZ, IN, KY, 
MO, OK 

State of practice survey 

CRF for total crashes 19% (AZ), 25% (IN, KY, 
MO), 37% (IN); 

CRF for night time crashes 30% (AZ),             
50% (KY, MO, OK) 

Install or Improve 
Street Lighting on 
Roadway Segment 
(Gan et al. 2005) 

Statewide  – AK, IA, 
KY, MO, OK 

State of practice survey 
CRF for total crashes 20% (IA), 25% (KY, MO); 

CRF for night time crashes 20% (AK),             
45% (KY, MO, OK) 

Install Shoulder 
Rumble Strips 

(Abdel-Rahim and 
Khan 2012) 

Rural two lane highways 
in ID  

Before and after with 
Empirical Bayes analysis 

for some road types  

CRF for run-off-road crashes 15% - 23%; 

CRF for sever run-off-road crashes 74%; 

CRF for all crashes on road with less than 1000 
AADT 33% 

Install “Vehicle 
Entering When 
Flashing” Post 

Mounted Sign in 
Advance of 

Intersection (Simpson 
and Troy 2013) 

74 (mostly rural) 2-way 
stop controlled 

intersections in NC 

Empirical Bayes before 
and after with 3 years 

before data and 1 years 
after data 

CMF for total crashes 0.68; 

CMF for injury crashes 0.73; 

CMF for severe injury crashes 0.70 

Install Warning Signs 
in Advance of 

Intersections (Gan et 
al. 2005) 

Statewide  – KY, MO State of practice survey 
CRF for total crashes 25% (KY, MO - general); 

CRF for total crashes 40% (MO – rural) 
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Pavement Marking 
Improvements (Al-
Masaeid and Sinha 

1994) 

Hazardous two lane rural 
road segments in IN 

Empirical Bayes before and 
after 

CRF for total crashes 14% 

“Stop Ahead” 
Pavement Warning 
(Gross et al.  2008) 

175 intersections in AR, 
MD, MN 

Empirical Bayes before and 
after with more than 7 years 
before data and 2 years after 

data 

CRF for total crashes at 3-legged int. 60% 

CRF for total crashes at 4-legged int. 23% 

Transverse Rumble 
Strips (Moore 1987) 

26 approaches to rural, 
low-volume, two lane, stop 
controlled intersections in 
LA selected for high crash 

history 

Before and after analysis 
with 2 years before and 2 

years after data 
CRF for all crashes 29% 

Transverse Rumble 
Strips (Srinivasan et al. 

2010) 

154 approaches to rural 
two way stop controlled 

intersections in IA and MN

Empirical Bayes before and 
after with an average of 13 

years before data and 6 years 
after data 

CRF for evident injury or worse crashes 21% 

CRF for incapacitating injury or worse crashes 39%

CRF for PDO crashes -19% 

Overall economic crash harm reduction of $6,600 
per year per intersection 

Wider Edge Line 
Markings (Park et al. 

2012) 

Rural two lane highways 
in IL, KS, MI 

Multiple approaches 
including Empirical Bayes 

before and after and 
observational analysis  

CRF for total crashes 18%, 19%, 27%, 30%; 

CRF for fatal and injury crashes 15%, 16%, 37%, 
38%; 

CRF for PDO crashes 12%, 20%, 24%, 31%; 

CRF for night crashes 4%, 19%, 30%, 31%; 

CRF for wet crashes 23%, 35%, 63%, 67%; 

CRF for fixed-object crashes 19%, 30% 

Wider Marking on 
Centerline and Edge 

Line (Potts et al. 2011) 

Statewide stripping 
improvements on two lane 

rural roadways in MI 

Before and after with 3 years 
before data and 3 year after 
data and statistical testing 

CFR for fatal and injury crashes 38% 

Benefit cost ratio (for all road types) 11 : 1 
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Treatment (Source) Setting Analysis Effectiveness and/or Benefit : Cost 

Install Centerline and 
Shoulder Rumble 

Strips (Olson et al. 
2013) 

Rural two lane roads in 
WA 

Before and after with 8 
years of crash data total 

CRF for lane departure crashes 66% 

CRF for cross-over crashes 71% 

CRF for run-off-the road (right) crashes 62% 

Install Centerline 
Markings (Gan et al. 

2005) 

Statewide  – KY, MO, 
OK 

State of practice survey CRF for total crashes 30% (OK), 35% (KY, MO); 

Install Centerline 
Rumble Strips 

(AASHTO 2010; 
Persaud 2003) 

210 miles of rural two 
lane roads in CA, CO, 

DE, MD, MN, OR, WA 

Empirical Bayes before 
and after with an average 
of 5 years before data and 

3 years after data 

CRF for all crashes 14%* 

CRF for opposite direction crashes 21%* 

CRF for night time crashes 19%*; 

CRF for day time crashes 9%* 

Install Edge Line 
Markings (Sun and 

Das 2012) 

Narrow (pavement less 
than 22ft) rural two lane 

highways in LA 

Before and after with 3 
years before data and 1 

year after data and using 
control sites and statistical 

testing 

CMF for total crashes 0.78 
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Install Edge Line 
Markings (Gan et al. 

2005) 

Statewide  – AZ, IA, KY, 
MO, NY, OK, TX 

State of practice survey 

CRF for total crashes 4% (IA),                   
15% (KY, MO, OK), 25% (TX), 30% (AZ),      

44% (NY); 

CRF for injury crashes 15% (MO); 

CRF for PDO crashes 8% (MO); 

CRF for rear-end crashes 45% (NY); 

CRF for fixed-object crashes 66% (NY); 

CRF for run-off-road crashes 30% (AZ, KY, MO); 

CRF for overturn crashes 45% (NY) 

Install Flashing 
Beacon at or in 

Advance of 
Intersection (Gan et 

al. 2005) 

Statewide  – KY, MO, 
MT, OK 

State of practice survey 
CRF for total crashes 25% (KY, MO, OK),        

27% (MT), 30% (OK, MO) 

Install Lighting 
(Isebrands et al. 

2010) 

33 isolated rural 
intersections in MN 

Before and after with 3 
years of before data and 3 

years of after data with 
statistical testing 

CRF for night crashes 37% 

Install Lighting 
(Isebrands et al. 

2010) 
All road types Combination of studies 

CMF for nighttime crashes 0.80* 

CMF for nighttime injury crashes 0.72* 

CMF for nighttime non-injury crashes 0.83* 

Install Lighting at 
Intersections (ITE 

2007) 

FHWA / ITE toolbox 
value for non-signalized 

intersections 
Not Specified CRF for total crashes 47% 

Install or Improve 
Street Lighting at 

Intersections (Gan et 
al. 2005) 

Statewide  – AK, CA, 
KY, MO, MT, OK 

State of practice survey 
CRF for total crashes 30% (KY, MO), 36% (CA); 

CRF for night time crashes 50% (AK, KY, MO, 
OK), 64% (MT), 67% (CA) 
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Install or Improve 
Street Lighting in 

General (Gan et al. 
2005) 

Statewide  – AZ, IN, KY, 
MO, OK 

State of practice survey 

CRF for total crashes 19% (AZ), 25% (IN, KY, 
MO), 37% (IN); 

CRF for night time crashes 30% (AZ),             
50% (KY, MO, OK) 

Install or Improve 
Street Lighting on 
Roadway Segment 
(Gan et al. 2005) 

Statewide  – AK, IA, 
KY, MO, OK 

State of practice survey 
CRF for total crashes 20% (IA), 25% (KY, MO); 

CRF for night time crashes 20% (AK),             
45% (KY, MO, OK) 

Install Shoulder 
Rumble Strips (ITE 

2007) 

Rural two lane highways 
in ID  

Before and after with 
Empirical Bayes analysis 

for some road types  

CRF for run-off-road crashes 15% - 23%; 

CRF for sever run-off-road crashes 74%; 

CRF for all crashes on road with less than 1000 
AADT 33% 

Install “Vehicle 
Entering When 
Flashing” Post 

Mounted Sign in 
Advance of 

Intersection (ITE 
2007) 

74 (mostly rural) 2-way 
stop controlled 

intersections in NC 

Empirical Bayes before 
and after with 3 years 

before data and 1 years 
after data 

CMF for total crashes 0.68; 

CMF for injury crashes 0.73; 

CMF for severe injury crashes 0.70 

Install Warning Signs 
in Advance of 

Intersections (Gan et 
al. 2005) 

Statewide  – KY, MO State of practice survey 
CRF for total crashes 25% (KY, MO - general); 

CRF for total crashes 40% (MO – rural) 
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Pavement Marking 
Improvements (Al-
Masaeid and Sinha 

1994) 

Hazardous two lane rural 
road segments in IN 

Empirical Bayes before and 
after 

CRF for total crashes 14% 

“Stop Ahead” 
Pavement Warning 
(Gross et al.  2008) 

175 intersections in AR, 
MD, MN 

Empirical Bayes before and 
after with more than 7 years 
before data and 2 years after 

data 

CRF for total crashes at 3-legged int. 60% 

CRF for total crashes at 4-legged int. 23% 

Transverse Rumble 
Strips (Gross et al.  

2008) 

26 approaches to rural, 
low-volume, two lane, stop 
controlled intersections in 
LA selected for high crash 

history 

Before and after analysis 
with 2 years before and 2 

years after data 
CRF for all crashes 29% 

Transverse Rumble 
Strips (Gross et al.  

2008) 

154 approaches to rural 
two way stop controlled 

intersections in IA and MN

Empirical Bayes before and 
after with an average of 13 

years before data and 6 years 
after data 

CRF for evident injury or worse crashes 21% 

CRF for incapacitating injury or worse crashes 39%

CRF for PDO crashes -19% 

Overall economic crash harm reduction of $6,600 
per year per intersection 

Wider Edge Line 
Markings (Gross et al.  

2008) 

Rural two lane highways 
in IL, KS, MI 

Multiple approaches 
including Empirical Bayes 

before and after and 
observational analysis  

CRF for total crashes 18%, 19%, 27%, 30%; 

CRF for fatal and injury crashes 15%, 16%, 37%, 
38%; 

CRF for PDO crashes 12%, 20%, 24%, 31%; 

CRF for night crashes 4%, 19%, 30%, 31%; 

CRF for wet crashes 23%, 35%, 63%, 67%; 

CRF for fixed-object crashes 19%, 30% 

Wider Marking on 
Centerline and Edge 

Line (Potts et al. 2011) 

Statewide stripping 
improvements on two lane 

rural roadways in MI 

Before and after with 3 years 
before data and 3 year after 
data and statistical testing 

CFR for fatal and injury crashes 38% 

Benefit cost ratio (for all road types) 11 : 1 



 
 
 

42 

2.3 EXISTING RISK AND SAFETY INDICES 

In order to develop an approach to identifying risk factors on low volume roads, it is necessary to 
first understand what approaches may exist, as well as what factors and features have been 
identified as presenting a risk in previous studies.  To date, different approaches have been 
developed to characterize risk on low volume roads.  In general, there is an awareness of the 
need to proactively identify features that can be addressed systemically to reduce or prevent 
future crashes.  Typically, the approaches developed to address this need characterize the relative 
crash risk associated with safety factors or features based on its adequacy or deficiency.  The 
following sections summarize the different approaches of interest that have been developed to 
date. 

2.3.1 Existing Approaches 

Matirnez et al. used a simple risk index to identify hazardous sections as part of a larger research 
effort testing low cost countermeasures (Matirnez et al. 2013).  The risk index was computed 
using the total number of injury crashes on a segment over a five year period, as well as traffic 
(AADT) and the length of the segment being examined.  The index was calculated as: 

ࡾ  ൌ	 ૡ	∙	ࢁ

ࢎ࢚ࢍࢋ	࢚ࢋࢍࢋ࢙∙	∙	ࢀࡰ
    (2.1) 

Where: 

 R = Risk factor 
 U = Total number of injury crashes (over 5 years) 
 AADT = Annual Average Daily Traffic 

Segments with risk were identified as those which met one of two criteria: U ≥ N or R ≥ P.  For 
U ≥ N, N = integer (ߪ2 + ߤ), where ߤ is the mean and ߪ the standard deviation of the maximum 
number of accidents for all segments with similar characteristics.  For, R ≥ P, (ߪ2 + ′ߤ′), where 
 the standard deviation of the risk index of all segments with similar ′ߪ is the mean and ′ߤ
characteristics.  While this approach does offer a straightforward method to identifying 
hazardous segments, including those on low volume roads, it does not account for the hazardous 
features that may be present within the segment itself. 

Gregoriades and Mouskos identified high crash locations in Cyprus using Bayesian Networks to 
develop an accident risk index (Gregoriades and Mouskos 2013).  Essentially, a probabilistic 
model was developed using historical crash records, roadway features and dynamic traffic 
assignment simulations (for traffic condition estimates) to quantify crash risk for a road.  While 
this approach produced estimates of crash risk at different road locations at different time 
intervals, it did not necessarily identify specific features that contribute to that risk.  In other 
words, locations with the potential for crashes were identified, but these may not possess features 
that can readily be addressed by certain countermeasures.  Additionally, the approach employed 
by the researchers was highly sophisticated and data intensive, making it less attractive for use 
outside of a more compact geographic area such as a city. 
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Pardillo-Mayora et al. examined crash records and roadside data for two lane roads in Spain to 
calibrate a roadside hazardousness index (Pardillo-Mayora et al. 2010a;Pardillo-Mayora et al. 
2010b).  Slope, non-traversable obstacle distance from roadside, barrier installation and 
alignment were the four indicators used to characterize the roadside features influencing the 
outcomes of departure crashes.  Cluster analysis was applied to group the combinations of these 
four indicators into categories with homogeneous effects on road departure crash frequency and 
severity (Pardillo-Mayora et al. 2010b). Based on this, a 5-level roadside hazardousness index 
was developed, which is summarized as follows: 

 Index 1: 0 – 4.5 fatalities/100 departure crashes and 0 – 31.9 severe injuries/100 
departure crashes. 

 Index 2: 4.6 – 5.4 fatalities/100 departure crashes and 32.0 – 34.3 severe 
injuries/100 departure crashes. 

 Index 3: 5.5 – 5.7 fatalities/100 departure crashes and 34.5 – 37.2 severe 
injuries/100 departure crashes. 

 Index 4: 5.8 – 6.8 fatalities/100 departure crashes and 37.3 – 37.9 severe 
injuries/100 departure crashes. 

 Index 5: 6.9 – 12.9+ fatalities/100 departure crashes and 38.0 – 40.2+ severe 
injuries/100 departure crashes. 

The approach that was developed by the researchers offers a straightforward method to quantify 
hazardousness/risk for fatal and injury crashes for a given set of roadside features.  However, the 
work only considered roadside features and additional investigation would be needed to 
determine if other features such as lane widths, shoulder types, etc. could be employed within the 
analysis framework and produce similar results/output.   

Nodari and Lindau (2006) discussed a proactive method for evaluating the safety of rural two 
lane road segments in Brazil by estimating a potential safety index (Nodari and Lindau 2006).  
The approach developed by the researchers assigned weights and scores to 34 road features (too 
numerous to list here), with the scores assigned based on field inspections.  The approach 
developed consisted of the following steps: 

 Identify the features impacting safety. 

 Select features that compose the Potential Safety index (PSI). 

 Estimate the weights of the selected PSI features. 

 Calculate the PSI for 1 km road sections (also incorporating a safety score from 
field inspections). 

Features impacting safety were identified through a literature review.  Estimation of the PSI 
weights was made by considering Brazilian experience and through use of the knowledge of a 
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panel of road safety professionals.  The entire approach was done to account for sparse crash 
data.  The professionals that were consulted included highway patrol, road designers, Brazilian 
road safety experts and international safety experts.  Input levels from 0 to 10, with 10 indicating 
a great influence, were used to estimate the weight of each feature.  Finally, the collective PSI for 
the segment was calculated as the geometric average of individual PSI scores from all features to 
account for the good and poor performance of these features.   

While it may require a local calibration of weights and scores associated with the safety of 
different features on roads such as those in Oregon, this approach is one worth considering for 
further analysis in the current research.  It does not require the development and calibration of 
extensive prediction models and can accommodate the potential for sparse crash data, a 
particular issue on low volume roads.  The drawback of this approach is that it was developed for 
roadway segments and does not address intersections.  However, alternative approaches that do 
account for intersections could potentially be combined with the approach outlined here to 
provide comprehensive coverage of low volume roads. 

Polus and Cohen developed models to analyze crashes on low volume (below 3,000 ADT) rural 
roads in Israel (Polus and Cohen 2010).  A Poisson model was developed to predict the number 
of crashes expected on a roadway segment, with a road-safety score subsequently produced using 
this information.  The road-safety score was based on the probability that a highway would 
experience a higher number of crashes than predicted by the model or that the number of crashes 
was significantly lower than predicted by the model.  The road-safety score was derived by 
identifying probabilities below 5 percent or above 95 percent (the low and high end of crashes, 
respectively) of the mean of expected crashes estimated by the model.  This approach, while 
targeted at low volume roads (which by the researchers’ definition was quite high) requires 
sufficient crash data to develop an accurate model, which is typically an issue on roads of 
interest to the current research. 

Evans et al. in discussing the implementation of Wyoming’s rural road safety program, touched 
upon how high risk rural locations were identified (Evans et al. 2012).  This identification 
process consisted of five steps: 

 Crash data analysis; 

 Level I field evaluation; 

 Combined ranking to identify potential high risk locations; 

 Level II field evaluation; 

 Benefit/cost analysis. 

Crash data from a 19 year period were used to identify road segments with a proportionally 
higher number of crashes during the time period compared to other segments.  Based on these 
identified segments, a field evaluation was performed to assign an initial rating score from 0 
(worst) to 10 (best).  This score was combined with the initial ranking from the crash data 
analysis to identify the prioritized list of high risk locations.  These sites received a Level II field 
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evaluation to identify safety improvement alternatives.  Finally, a benefit/cost analysis was 
performed to evaluate the potential countermeasures selected to address safety and identify those 
that would most effectively reduce crashes at the lowest cost.   

This approach is straightforward and may warrant consideration for use in the current research.  
However, its limitation is the need for field visits during the course of identifying priority sites, 
which may be time-consuming and not practical on a systemwide basis.  However, if the 
approach to field evaluations can be modified to employ databases such as GIS as opposed to 
field visits, this methodology might be adaptable, particularly the benefit/cost analysis 
component.   

Mahgoub, et al. presented a quantitative assessment of local road (<400 VPD) safety by 
developing a rural road safety index in South Dakota (Mahgoub et al. 2011).  The index ranked 
the road network according to the safety issues present along it. Safety issues present along 500 
foot segments were identified and graded from 1 (needs treatment) to 4 (no treatment needed).  
The index was calculated by subtracting the sum of “deduct” points (the grading of a feature).  
The lowest index value then became the top rated segment to address via countermeasures. 

This approach, while developed to rely on field site evaluations to assign deduct points, is quite 
attractive for use in the current research.  The approach to assigning values to certain features or 
characteristics could be adapted for use with existing databases, reducing or eliminating the need 
for any site visits.  Further, the length of segments could be adjusted as needed and sites such as 
intersection incorporated into the approach as well.  Finally, the approach does not rely on 
existing crash history to identify locations, but rather, is proactive in nature.   

Qin and Wellner developed a safety screening tool for high risk rural roads (traffic not specified) 
in South Dakota (Qin and Wellner 2011).  The approach developed used an empirical Bayes 
sliding window technique in a GIS environment to identify high risk locations within segments 
and at points.  This approach estimated the expected number of crashes for a site per year to 
compare to the observed crash frequency based on roadway features.  From this, crash rates were 
then calculated to identify high risk crash locations.   

The approach developed by this work was robust and addressed statistical issues present in crash 
data such as regression to the mean.  It would be an approach warranting consideration by the 
current research should the GIS code developed by the project be available for experimental use.  
However, its use would still require evaluation of Oregon roadway features to identify the 
significant variables contributing to crashes, which could be limited by low crash numbers on the 
roads of interest.  This in turn would impact the accuracy of the prediction models being used in 
the overall process.  Further, those models would require local calibration or entirely new 
development in order to be used in a different geographic setting. 

Waiby et al. discussed the development of a proactive road safety assessment tool in New 
Zealand based on road assessment programs from Europe, the U.S. and Australia developed 
since the early 2000s (Waiby et al. 2012).  Historical traffic and crash data were used to [produce 
color coded maps of the level of personal and collective risk on a road segment.  Star ratings 
were then assigned to segments based on an assessment of the road’s engineering for safety.  
Collectively, performance over time was then tracked to determine if measures to improve safety 
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were effective.  While the approach was automated, it has the drawback of being dependent on 
crash data for a portion of the identification of risk. Consequently, its transferability to low 
volume roads that may not have an extensive crash history is not clear.  However, this approach, 
particularly under the auspices of the usRAP (U.S. Road Assessment Program), may be feasible 
at some point in the future when that approach moves beyond the research and evaluation stage. 

Habibian et al. ranked hazardous road locations where no crash records were available on two 
lane rural roads in Iran (Habibian et al. 2011).  Roads were decomposed into size elements: 
straight segments, horizontal and vertical curves, bridges, tunnels, merges and intersections, and 
roadside land use.  These elements were established during the first stage of the process by 
identifying the most common occurring aspects of the road environment.  Next, the identification 
of factors associated with each element that may have affected safety, such as pavement and 
shoulder widths, lighting, etc. were identified.  Following this, weights were assigned to the 
identified elements and factors using an Analytical Hierarchy Process (AHP) which found the 
contribution of each item (element/feature) in a problem using pairwise comparisons to 
systematically scale the items.  This was done by calculating eigenvalues of the Relative Weight 
Matrix (RWM) and determining the relative weights by calculating the eigenvector.  Next, a field 
survey was conducted to perform a road safety audit and establish the actual safety condition of 
the road.  The results of rankings produced by this survey were then combined as a weighted sum 
with the results of the AHP to produce a safety index value for the road.  Roads with a low safety 
index value would warrant improvements and countermeasures.   

This approach is intriguing as it employs a specific series of calculations to establish weights 
rather than relying on a panel of expert or other approaches to develop such values.  
Consequently, the use of such calculations combined with the features/steps of other approaches 
discussed in this section offer a potential approach to identifying low volume road locations for 
improvement in the absence of or with limited crash data available.  Such an approach should be 
considered when developing methodological approaches in subsequent tasks. 

Chen, et al. developed an intelligent decision support system for proactively implementing 
strategies to improve traffic safety (Chen et al. 2013).  The approach used a decision support 
system within a GIS framework that employed an optimization model to minimize the total 
expected number of crashes when applying countermeasures while working within defined 
budget constraints.  The empirical Bayes method was used to estimate the expected number of 
crashes for a site with and without a certain treatment being made.  This was then used as an 
input into the optimization model to develop an optimized scenario of sites and countermeasures 
that could be treated for a given budget. 

While this approach is proactive, it is a tool that was developed for a certain state (Minnesota) 
and its corresponding datasets.  The approaches to estimating expected crashes are similar to 
those employed by work discussed elsewhere in this section, so their consideration is not reliant 
on the tool developed here.  Finally, while it does optimize improvements given a specific 
budget scenario and the expected reductions in crashes resulting from them, the approach does 
not necessarily identify and prioritize the most critical sites on low volume roads that may need 
improvement.  Instead, the approach focuses on the entire network.  As a result, this approach 
may not be the best to consider when focusing on low volume roads. 
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Montella and Mauriello developed a procedure for ranking unsignalized rural intersections in 
Italy in order to select and implement safety improvements (Montella and Mauriello 2012).  The 
safety index that was developed by the researchers could be used with or without crash data.  The 
index itself consisted of the exposure of road users to hazards and the probability of being 
involved in a crash.  Exposure was determined by multiplying the major and minor leg AADT’s 
(vehicles per day/1,000).  Crash probability was determined by summing different safety scores 
for features (developed by experts with experience in road safety engineering and consisting of a 
score from 0 (no problems) to 1 (high level problem)) multiplied by an estimated change in crash 
risk (again developed by experts).  The result of these two figures when multiplied together was 
a safety index value which, when arranged in descending order, provided a ranking of sites from 
worst to best. 

This approach would be complementary to the other approaches discussed elsewhere in this text 
that only focus on roadway segments.  The drawback of this approach is that it currently relies on 
field/manual observations to assign risk ratings to features.  Whether such ratings can be 
generally applied to an existing database for intersections rather than through observations would 
require additional investigation.   

Cafiso, et al. looked at the use of road safety inspections as a tool to manage safety on low 
volume (volume not specified) roads in Italy (Cafiso et al. 2011).  Similar to other efforts, a 
safety index was developed that combined an exposure factor, an accident frequency factor and 
an accident severity factor.  Exposure was calculated as the length of a segment times AADT.  
The accident frequency factor was the road safety index value times the geometric design 
accident frequency factor (both values established by safety experts).  The accident severity 
factor was a function of the 85th percentile speed divided by base operating speed for the 
segment times a roadside severity factor.  When all calculations were combined, the result was 
the severity index.  This index was then sorted in descending order to rank segments from worst 
to best.   

The drawback to this approach is that it relies heavily on field observations and reviews to 
establish current conditions.  Whether the ratings used during these reviews could be transferred 
for application to existing databases requires further investigation.  However, it would appear 
that other approaches reviewed in this text that do not rely extensively on field observations may 
be more attractive.   

Montella, as part of a discussion on performing safety reviews of existing roads in Italy, 
presented a potential for safety improvement index (PFI) (Montella 2005).  The PFI was a 
function of exposure, estimated increase in injury crashes due to an issue and the proportion of 
crashes affected by the issue.  The PFI was calculated by multiplying the AADT for a segment 
(raised to an exponent of AADT from an accident prediction model) times the sum of relative 
risk values for features along the segment.  A higher PFI value indicated a greater opportunity to 
make safety improvements.   

This approach, in part, relies on crash models to aid in calculating the PFI. Consequently, in 
areas where a low number of crashes have occurred, such as on low volume roads, the approach 
may not be the best option for consideration.  This is particularly true when the goal is to 
proactively identify potential improvement locations.   
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deLeur and Sayed developed a road safety risk index in Canada using a four step approach 
(deLeur and Sayed 2002).  The initial step was to identify the factors to be considered in the 
index.  Next, guidelines for the index were formulated, namely the consideration of exposure, 
probability and consequence.  This was followed by developing the procedures to obtain the risk 
index values, including quantifying the components of risk.  Finally, the risk index was 
calculated as risk exposure, probability and consequence scores multiplied together.  The 
exposure score was a function of traffic volumes on a corridor and at the point of a feature.  The 
probability score was produced by assigning a score for each feature being evaluated on the 
segment from 0 to 3 (3 representing a high crash probability).  Finally, the consequence score 
was a function of speed limits at the point of concern and on the overall segment being 
evaluated.   

This approach is straightforward and does not rely on existing crash data, and it can be used on 
both segments and intersections.  However, it does rely on a manual identification and 
interpretation of conditions, specifically at point locations, in order to assign values associated 
with risks.  As a result, further investigation would be needed to determine transferability of the 
approach for use with archived data in existing databases.  Given the straightforward nature of 
the approach itself, it may warrant consideration for use in the current research. 

Cafiso, et al. developed a safety index for evaluating two lane rural roads in Italy (Cafiso et al. 
2007).  The safety index that was developed measured the relative safety performance of a 
segment based on exposure, crash frequency and crash severity.  Similar to other work by the 
same researchers, the exposure factor was calculated by the segment length multiplied by 
AADT, while the crash severity factor was a road safety inspection crash frequency factor 
multiplied by a geometric design crash factor.  Both of these factors were based on rankings 
completed on checklists during field inspections of road segments. Finally, the crash severity 
was a function of 85th percentile and base operating speeds for the segment multiplied by a 
roadside crash severity factor.  

The approach developed by the researchers was straightforward and does not rely on crash data, 
making it a potential option to consider for adaptation in the current research.  Similar to the 
approaches discussed previously from the same researchers, it relies on field reviews of 
segments.  As a result, further investigation into the transferability of the approach using data 
from database to characterize segment safety would need to be investigated. 

Isebrands discussed a systematic approach to rural road safety as part of an FHWA presentation 
on general safety improvements (Isebrands 2013).  The approach presented has been employed 
by Minnesota counties and consists of four steps.  First, targeted crash types and risk factors 
were identified by examining statewide (or countywide) trends.  The second step screened and 
prioritized candidate locations by identifying those where the targeted crash types and risk 
factors were present on the network.  The Minnesota approach assigned a star to the segment or 
site when certain conditions that met the criteria of concern were present.  The greater the 
number of stars assigned, the more at risk the segment or site was.  Following these two primary 
steps, the remaining steps involved selection of low cost countermeasures and prioritizing 
projects.  Prioritization required a decision-making process to determine which countermeasures 
and projects should be pursued (although no guidance was provided on this aspect). 
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The approach discussed by this presentation was straightforward and could be easily adapted.  
While field reviews of conditions have been used in Minnesota, it is just as feasible to apply 
similar star (or numerical) ratings to features on a segment or at a site within a database.  The 
drawback to this approach is that it does not account for the varying levels of risk inherent with 
certain roadway and roadside features.  As a result, some adaptations to this type of approach 
would be required before applying it to the current research. 

2.3.2 Summary of Existing Risk Indices 

This section has outlined different approaches that have been developed to establish risk or 
safety indices.  These approaches range from simple to complex. Simpler approaches tend to rely 
on assigning points, scores or weights to a risk or safety value to a particular feature.  Depending 
on the approach, a riskier or less safe feature may be assigned a high or low value.  Once values 
have been assigned to features, the collective risk of a segment (or point location such as an 
intersection) is established by approaches such as subtraction from an overall “ideal” score or by 
weighted summing.  In some cases, factors such as traffic and past crash history may be included 
in the approach.  These simpler approaches offer an attractive option to consider adaptation to 
the current research as they do not rely on crash history (in most cases) to identify segments with 
more risk or where safety is reduced.  This is a benefit on local roads where a proactive approach 
to addressing potential issues is preferable to waiting until a critical mass of crashes may occur to 
identify improvement locations.   

At the other end of the spectrum, several sophisticated approaches have been developed.  These 
approaches typically rely on crash prediction models to establish what the expected safety for a 
segment should be based on its existing features.  If the crash history for a segment exceeds this 
expected number of crashes, then the segment (or point) is identified as being a concern.  More 
complex approaches can go so far as to identify specific characteristics or features of the 
roadway that are an issue.  While these approaches can be statistically rigorous, they rely on 
historical crash data, which may not be available for low volume roads where crashes are less 
frequent. These existing approaches are considered during the development of the risk index for 
this project. 

2.4 LITERATURE REVIEW SUMMARY 

There is a need to better understand the different risks associated with factors and features along 
low and moderate volume roadways.  In understanding where risks are present in the system, a 
proactive approach may be employed to make improvements that can translate into reduced (or 
prevented) crashes in the future.  In order to develop an approach to identifying risk factors on 
low volume roads, this literature review was conducted.  It sought to first identify what factors 
and features have been identified in past work as presenting a risk to drivers as well as what 
prospective countermeasures exist to address them.  Additionally, this literature review has 
identified and summarized existing approaches to developing risk or safety indices that can be 
used in identifying where current features pose a potential risk to drivers.   
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A review of roadside, cross section and alignment features found that several have been 
identified through past research as posing varying risks to drivers including: 

 Clear zone / lateral clearance to obstacles 

 Roadside features – trees, culverts, ditches, slopes, utility poles, etc. 

 Lane width 

 Shoulder width 

 Pavement edge drop off 

 Sight distance 

 Signage and marking 

 Speed limit 

 Passing zone presence / frequency 

 Signage adequacy 

 Pavement marking condition 

 Land use 

 Pavement surface condition 

 Driveway density 

 Horizontal curves 

 Vertical curves 

 
These features are those which should be focused on as posing risk on two lane and low volume 
roads as the current research progresses.  Based on this list, a review of the various 
countermeasures available to address the various safety issues associated with each feature was 
completed.   

Finally, different approaches were reviewed and summarized that have been developed to 
establish risk or safety indices.  These approaches range from simple to complex. Simpler 
approaches tend to rely on assigning points, scores or weights to a risk or safety value to a 
particular feature and could also apply a similar score or ranking to crashes that have occurred 
along a segment or at a point.  Once values have been assigned to features and crashes, the 
collective risk of a segment (or point location such as an intersection) is established by 
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approaches such as subtraction from an overall “ideal” score or by weighted summing.  More 
sophisticated approaches have used crash prediction models to establish what the expected safety 
for a segment should be based on its existing features.  If the crash history for a segment exceeds 
this expected number of crashes, then the segment (or point) is identified as being a concern.  
Past crashes that have occurred along a segment or at a point could also be considered outside of 
a modeling environment to account for historical performance.  More complex approaches can 
go so far as to identify specific characteristics or features of the roadway that are an issue.   

The findings from this literature review provided a basis for understanding which road 
characteristics may influence crash risk on Oregon’s low-volume roads. These risk influencing 
features were then investigated along with other potential factors not cited in the literature during 
the data collection and analysis tasks.
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3.0 DATA COLLECTION 

Extensive and detailed road characteristics and crash data have been collected and analyzed for a 
large representative sample to fully understand the features that may affect crashes on low-
volume roads throughout Oregon. The following sections detail the data collection process and 
methods used. 

3.1 SAMPLE SELECTION 

Following the Literature Review and in consultation with the Technical Advisory Committee 
(TAC), it was decided that roads with annual average daily traffic (AADT) of 1,000 vpd or less 
would be included in the data analysis. A total sample target of approximately 600 - 800 miles 
was deemed appropriate to ensure large geographic coverage while recognizing the labor and 
cost limitations that an extensive data collection effort require. Low-volume state-owned roads 
were used because the required data was available for these routes, and was not as readily 
available for roads at the county level.  

Consultation with the TAC indicated that the state should be considered from the perspective of 
two distinct regions: Western Oregon and Eastern Oregon. The roads in these two regions are 
somewhat different due to the geographic differences in terrain between the rainy, mountainous 
and winding roads included in the west and the drier (desert), flatter and straighter roads in the 
east. All state-owned roads with AADT less than or equal to 1,000 vpd were queried using online 
GIS data, and then random selections were made from that query to arrive at the target length of 
road sample.  The sample was comprised of approximately half in the western region and half in 
the eastern region. Figure 3.1 shows the roads included in the selected sample.  
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Figure 3.1: Sample Definition (Map Source: Google Maps) 
 
The original sample is comprised of a total of 831.75 miles of road (435.55 miles western, 
396.20 miles eastern). For more details about the roads included in the sample see Appendix A. 
A 680.85 mile subsection (323.70 miles western, 357.15 miles eastern) was then used for road 
segment analysis. This subsection was compiled by removing intersection areas from the original 
sample. Intersection areas were considered to be the 0.05 mile segment which contained the 
intersection(s) and the two, 0.05 mile segments on either side of the intersection-containing 
segment. This road segment analysis subsection is comprised of all 55mph posted speed limit 
road segments. Geometric and road characteristic data for these road segments were then 
collected, as well as 10 years of crash data for these roadways.  Ten years of crash data were 
selected as this duration would provide an accurate representation of trends over time on each 
roadway. 

3.2 DATA SOURCES AND GATHERING 

Oregon Department of Transportation (ODOT) online databases and video logs were used to 
identify and compile roadway geometrics and roadside characteristics of interest for the sample 
of roads. AADT, lane type and width, shoulder type and width, percent grade, driveway density, 
side slope rating, fixed objects near the roadway rating, guardrail presence, horizontal curve 
presence, degree of curvature, length of horizontal curve, spiral curve presence, vertical curve 
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presence and type, and length of vertical curve were determined for the sample with 0.05 mile 
resolution. The 0.05 mile resolution was selected because that increment allowed for video log 
data to be comprehensive without missing characteristics of interest between video log images. 
Ten years of crash records (2004 – 2013) from ODOT online databases were also gathered for 
the sample. Over 20 individual crash characteristics including crash location, road character, 
impact location, traffic control, crash type, crash severity and vehicle type involvement data were 
collected and combined with the geometric data into a unified database for analysis. The 
resulting comprehensive data set is very rich and includes all road characteristics described 
combined with all crash data for the 680.85 miles of low-volume state-owned roads in Oregon at 
0.05 mile resolution. The database prepared for this purpose consists of over 13,000 records, 
each representing a 0.05 mile sub-segment with 62 individual road and crash characteristics for 
each sub-segment.    

The data gathered in this effort were then used for data analysis which made the development of 
the risk index possible. The sample data were also used during the economic feasibility analysis 
task.
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4.0 DATA ANALYSIS 

In order to understand overall road and crash characteristics for Oregon’s low-volume roads, 
descriptive statistics of the total road sample and crash population were compiled. Section 4.2 
details the analyses and results of this work. When determining more detailed relationships 
between an individual road segment characteristic and crashes, crash rates normalized by 
segment length and volume in the form of vehicle miles traveled (VMT) were employed. The 
raw crash rate for each category of road character is included in sections 4.3.1 through 4.3.8. 
Additionally crash rates by crash severity, location relative to the roadway, crash type and 
vehicle involvement were analyzed and are included in the following sections. Lastly, 
multivariate linear regression and correlation analyses are included in section 4.4. 

4.1 METHODS 

Most of the road characteristics gathered from ODOT databases required no interpretation and 
could be used as recorded by ODOT including lane type and width, shoulder type and width, 
AADT, grade, horizontal curve data (degree of curvature, length, spiral presence), and vertical 
curve data (type, length). Other data necessary for analysis required manual video log review and 
data entry. Driveway density, side slopes, amount of fixed objects present in the clear zone and 
guardrail presence were all recorded manually while reviewing video log images at 0.05 mile 
increments. Side slope ratings and fixed object ratings are somewhat subjective, requiring the 
data collector to assign values from video log images. Side slope ratings were characterized as 1 
(flat), 2 (moderate), or 3 (steep). Fixed object ratings were 1 (few fixed objects in the clear zone), 
2 (some), or 3 (many). Side slope and fixed object ratings were collected for each side of the 
roadway independently then averaged. The same data collector was used for recording both 
ratings for the entire sample to limit any variability that may have been introduced had multiple 
persons been used. All crash data gathered was used as recorded in the ODOT database, 
requiring no subjective interpretation. 

4.2 OREGON’S LOW VOLUME ROADS: CHARACTERISTICS AND 
CRASHES 

4.2.1 Road Characteristics 

All 680.85 miles of roadway included in the segments sample are paved (over 99% of pavement 
is asphalt), two-lane, two-way roads with speed limits posted 55 mph. The sample is mostly 
comprised of 12 ft lanes with a variety of shoulder widths, as shown in Figure 4.1. 
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Figure 4.1: Sample Lane and Shoulder Widths 
 
Twenty percent (20%) of sample segments have no shoulders, 68% have pavement shoulders and 
11% have gravel shoulders. There are no instances of “turf” shoulders recorded in the ODOT 
databases for the sample.  

AADT categories indicate that the sample represents varying traffic levels under 1,000 vpd with 
around 65% of the sample having daily volumes less than 500 vpd. Additionally, driveway 
densities throughout the sample are also represented in an even manner from zero driveways to 
7+ driveways per mile, as shown in Figure 4.2. 

Figure 4.2: Sample AADT Ranges and Driveway Densities 
 
The sample includes fixed object ratings mostly in the few to some range, with the highest 
amount of fixed objects in the clear zone rating only comprising 2% of the total population. 
Similarly, very few roadway sections fell into the steepest side slope category with most 
represented in the moderate and flat side slope categories as shown in Figure 4.3. 
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Figure 4.3: Sample Fixed Object and Side Slope Ratings 
 
The degree of curvature for horizontal curves throughout the sample varies significantly. The 
western region comprises the majority of the curves from the sample, especially curves with 
higher degrees of curvature as shown in Figure 4.4.  This is the result of the western region being 
more mountainous terrain. 

Figure 4.4: Sample Degree of Curvature 
 
Horizontal and vertical curve lengths are distributed throughout the sample as shown in Figure 
4.5. 
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Figure 4.5: Sample Horizontal and Vertical Curve Lengths 
 
The grade categories of the road are distributed as shown in Figure 4.6. The geographic 
differences between the western segments and eastern segments are evident and expected; flatter 
grades are more common in the east and steeper grades are more common in the west.  

Figure 4.6: Sample Grade Distribution 

4.2.2 Overall Crash Characteristics 

Over the ten year crash history period, the sample roads experienced 1251 segment crashes. The 
majority of crashes involve passenger cars (78%) and many involve a vehicle striking a fixed 
object (55%) as shown in Figure 4.7. Approximately two thirds of the crashes were run-off-the-
road crashes. Motorcycles are involved in 11% of all crashes throughout the sample and large 
trucks are involved in 10%. 
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Figure 4.7: Crash Types and Vehicle Involvement 
 
The severities of crashes and driver involvement ages are shown in Figure 4.8. 

Figure 4.8: Crash Severity and Driver Age Involvement 
 
Over half of all crashes (55%) involve some form of injury or a fatality. Young drivers, those 
under 20 years of age, are involved in 13% of crashes in the sample. Similarly 15% of crashes 
involved an elderly driver whose age was 65 or older. 

Forty-two percent (42%) of crashes involved a driver that was within 25 miles of home, as 
shown in Figure 4.9. Crashes occurred most often on Saturdays compared to other days of the 
week. 
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Figure 4.9: Distance from Home and Day of Week 
 
Western region road segments experience higher traffic volumes, experience more crashes, and 
have higher crash rates than Eastern region road segments as shown in Table 4.1.  

Table 4.1: Region Comparison 
 Western Region Eastern Region 

Length (miles) 323.70 357.15 

Crashes 844 407 

Ave. AADT (vpd) 580 382 

Crashes/MVMT 1.23 0.82 
 

4.3 CRASH OCCURRENCE AND ROAD CHARACTER 
RELATIONSHIPS 

Roadway segment characteristics were examined individually to determine their potential effects 
on crash occurrence. The following eight sections detail the analysis results showing the 
relationships between road characteristics and the crashes observed on road segments between 
2004 and 2013. 

4.3.1 Lane Width 

The majority of the roads in the sample have 12 foot lanes, but some segments have narrower 
lanes, down to 9 feet in some locations. Crash rates were observed to increase as lane widths 
narrowed, except for the 9-ft category. Figure 4.10 shows the crash rate (crashes per MVMT) 
observed for each lane width. Shaded columns in this figure and all following crash rate figures 
indicate that the rate for that category is based on a small sample size (less than 5% of the sample 
- 35 miles of road). Values based on small sample size may be less reliable than the other values. 
Crashes occur at a rate of 0.90 per MVMT when lanes are at least 12 feet wide, but increased to 
1.48 for 10-ft lanes.  
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Figure 4.10: Crash Rate by Lane Width 

 
The characteristics of crashes observed also tend to vary by the lane width category. Figure 4.11 
shows the proportion of each crash characteristic (severity, on-road / off-road, type, and vehicle 
involvement) occurring by lane width category.  
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Figure 4.11: Crash Characteristics by Lane Width 
 
Crash severity relationships do not exhibit large differences across lane width categories. Lane 
width categories of 10 feet and greater experience 65% to 70% of crashes off the roadway, while 
9 feet lanes experience 50% of crashes off the roadway. Fixed object crashes are the most 
common crash type occurring with 42% to 64% of crashes. Opposite direction crashes occur 
more often on 9 foot lanes (28%) and decrease with increasing lane width to a low of 5% on 
lanes 12 feet or wider. This trend may be attributed to the closer proximity that opposing 
vehicles must travel to one another on segments with a lower design standard. A similar but less 
obvious pattern is observed with the same direction collisions (e.g. sideswipe crashes). The type 
of vehicles involved in crashes also vary by lane width with passenger car only crashes being 
most common followed by motorcycle crashes (defined as those involving at least one 
motorcycle) and truck crashes (defined as those involving at least one large truck).  It is evident 
that the narrowest roadways (9 foot lanes) have much higher instances of crashes involving 
motorcycles, and somewhat higher instances of crashes involving trucks when compared to the 
other lane width categories. 
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4.3.2 Shoulder Width 

Shoulder width varies greatly throughout the sample, from no shoulders present to wide 
shoulders over 7 feet in some locations. Throughout approximately 90% of the sample, left 
shoulder and right shoulder widths are equal. The shoulder width categories shown below 
represent the average width in instances with unequal shoulders. Crash rates do vary by shoulder 
width as shown in Figure 4.12. Crashes occur at a rate of approximately 1 per MVMT or less 
when shoulders are 2 to 5 feet, and at a rate much higher (1.43) when no shoulders are present. 
This underscores the importance of shoulders in providing an opportunity for errant vehicles to 
recover if leaving the roadway. Surprisingly, roads with wide shoulders (those over 6 feet) are 
observed to have higher crash occurrence than roads with shoulders of 4 and 5 feet. This may be 
attributed to the fact that wider shoulders may encourage higher speeds on these segments of 
rural roads. It should be noted that the sample size for shoulders greater than 5-ft is small (less 
than 35 miles) and therefore crash rates associated with those categories may be less reliable.  

 
Figure 4.12: Crash Rate by Shoulder Width 

 

The characteristics of crashes observed also tend to vary by the shoulder width. Figure 4.13 
shows the proportion of each crash characteristic (severity, on-road / off-road, type, and vehicle 
involvement) occurring by shoulder width category. 
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Figure 4.13: Crash Characteristics by Shoulder Width 
 
Crash severity relationships do not exhibit large differences across shoulder width categories. 
Off-road crashes are least common on roads with 3 foot shoulders (58%) and most common on 
roads with 6 foot shoulders (78%). Fixed object crashes range from 48% to 63% of crashes. 
Other crash types vary by shoulder width category, but in no predictable manner. The type of 
vehicles involved in crashes also vary by lane width, but in no patterned fashion. 

4.3.3 Grade 

The grade of the roadway varies throughout the sample and has significant impact on the crash 
rates observed. Figure 4.14 shows the crash rates observed for different road grades. In general, 
crashes occur at lower rates on flatter roadways and higher rates on steeper grades. 
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Figure 4.14: Crash Rate by Percent Grade 

 
A substantial increase in crash rate is evident when grades exceed 4%. 

The characteristics of crashes observed also tend to vary by percent grade. Figure 4.15 shows the 
proportion of each crash characteristic (severity, on-road / off-road, type, and vehicle 
involvement) occurring by road grade.   
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Figure 4.15: Crash Characteristics by Percent Grade 
 
Crash severity relationships vary by road grade, but not in a predictable fashion. Off-road crashes 
range from 64% (on the flattest road grades) to 74% (on road grades of 2-2.99%). Crash types 
vary by road grade in no discernable manner, except for opposite direction crashes which are 
least common on flatter grades (5%) and become increasingly common as grades increase up to 
15% on the steepest grades category. The type of vehicles involved in crashes also vary by lane 
width, with truck and motorcycle crashes increasing with increasing road grade. This may be 
partly due to decreased stopping ability on downgrades as well as large speed differentials 
between trucks climbing grades and smaller vehicles. 

4.3.4 Side Slope 

Crashes occur at different rates depending upon the side slope rating of the roadway. Figure 4.16 
shows the crash rates associated with the different side slope ratings from flatter (1) to steeper 
(3). It should be noted that the sample size for category 3 side slopes is small (less than 35 miles) 
and therefore crash rates associated with that category may be less reliable.  
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Figure 4.16: Crash Rate by Side Slope Rating 

 
The flatter side slopes experience lower crash rates compared to steeper side slopes. This 
observation could be explained by the principle of recoverable lane departures. If a vehicle 
leaves the roadway, the driver has a better chance to recover without experiencing a crash if the 
side slopes near the roadway are flatter. 

The characteristics of crashes observed also tend to vary across side slope rating categories. 
Figure 4.17 shows the proportion of each crash characteristic (severity, on-road / off-road, type, 
and vehicle involvement) occurring by side slope rating. 
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Figure 4.17: Crash Characteristics by Side Slope Rating 
 
Crash severity relationships do not exhibit large differences across side slope rating categories. 
Fixed object, and opposite direction crashes are most common on roads with steeper side slopes. 
Vehicle involvement crash proportions don’t vary across side slope rating categories, except for 
the steepest (rating 3) category which has a higher proportion of truck crashes than the other 
categories. 

4.3.5 Fixed Objects in Clear Zone 

Crashes were not observed to occur at vastly different rates depending upon the fixed object 
rating of the roadway. Figure 4.18 shows the crash rates associated with the different fixed object 
ratings from few fixed objects in the clear zone (1) to many fixed objects in the clear zone (3). It 
should be noted that the sample size for categories over 2 fixed object rating is small (less than 
35 miles) and therefore crash rates associated with those categories may be less reliable. 
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Figure 4.18: Crash Rate by Fixed Object Rating 

 
Most of the characteristics of crashes don’t vary greatly across fixed object rating categories. 
Figure 4.19 shows the proportion of each crash characteristic (severity, on-road / off-road, type, 
and vehicle involvement) occurring by fixed object rating. 
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Figure 4.19: Crash Characteristics by Fixed Object Rating 
 
Crash severity relationships do not exhibit large differences across fixed object rating categories. 
Off-road crashes range from a low of 56% on roads with fixed object ratings of 2 to a high of 
81% on roads with fixed object ratings of 3. Crash types vary across all categories, with fixed 
object crashes being most common on the highest rating roads (70%) and least common on the 
lowest rating roads (52%). Vehicle involvement crash proportions don’t vary greatly across 
categories. 

4.3.6 Driveway Density 

In general driveway densities greater than two driveways per mile experienced higher crash rates 
than less dense segments. Figure 4.20 shows crash rates for different driveway densities.  
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Figure 4.20: Crash Rate by Driveway Density 

 
Most of the characteristics of crashes don’t vary greatly across driveway density categories. 
Figure 4.21 shows the proportion of each crash characteristic (severity, on-road / off-road, type, 
and vehicle involvement) occurring by driveway density. 
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Figure 4.21: Crash Characteristics by Driveway Density 
 
Crash severity relationships do not exhibit large differences across driveway density categories. 
Off-road crashes don’t exhibit any discernable crash proportion pattern by driveway density. 
Crash types vary across all categories, but again in no apparent pattern. Also vehicle involvement 
crash proportions don’t vary greatly by driveway density. 

4.3.7 Horizontal Curves 

The degree of curvature of horizontal curves has a large impact on crash rates. Figure 4.22 shows 
the crash rates for different degree of curvature categories.  As curvature increases, crash rate 
increases from the lowest rate of 0.36 crashes per MVMT on curves with degree of curvature 
less than 5 degrees, up to 3.81 crashes per MVMT on curves with degree of curvature 30 or 
greater. 
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Figure 4.22: Crash Rate by Degree of Curvature 

 
Some of the characteristics of crashes vary with degree of curvature, but in no distinct patterns. 
Figure 4.23 shows the proportion of each crash characteristic (severity, on-road / off-road, type, 
and vehicle involvement) occurring by degree of curvature. 
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Figure 4.23: Crash Characteristics by Degree of Curvature 
 
Crash severity relationships vary somewhat by degree of curvature, but in no discernable pattern. 
Off-road crashes don’t exhibit any discernable crash proportion pattern by degree of curvature. 
Crash types vary across all categories, but in no apparent pattern. Vehicle involvement crash 
proportions also vary by driveway density, but again in no discernable pattern. 

Crash rates are also dependent on horizontal curve length. Figure 4.24 shows the observed crash 
rates for different horizontal curve length categories. Shorter curves tend to experience higher 
crash rates than longer curves. This is logical as longer curves present drivers with a more 
gradual roadway transition, potentially translating into a decreased risk of performing an errant 
maneuver resulting in a crash. It should be noted that the sample size for horizontal curves less 
than 100 feet is small (less than 15 miles of curves) and therefore crash rates associated with that 
category may be less reliable. 
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Figure 4.24: Crash Rate by Length of Horizontal Curve 

 
Some of the crash characteristics vary by horizontal curve length but in no discernable pattern. 
Figure 4.25 shows the proportion of each crash characteristic (severity, on-road / off-road, type, 
and vehicle involvement) occurring by horizontal curve length. 
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Figure 4.25: Crash Characteristics by Length of Horizontal Curve 

4.3.8 Vertical Curves 

Crash rates are also dependent on vertical curve length. Figure 4.26 shows the crash rates 
observed for different vertical curve lengths.  Shorter curves tend to experience higher crash 
rates than longer curves. It should be noted that the sample size for vertical curves 401 to 500 
feet is small (less than 15 miles of curves) and therefore crash rates associated with that category 
may be less reliable. 
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Figure 4.26: Crash Rate by Length of Vertical Curve 

 
Some of the characteristics of crashes vary with vertical curve length, but in no discernable 
pattern. Figure 4.27 shows the proportion of each crash characteristic (severity, on-road / off-
road, type, and vehicle involvement) occurring by vertical curve length. 
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Figure 4.27: Crash Characteristics by Length of Vertical Curve 

4.4 REGRESSION AND CORRELATION 

Multivariate linear regression and correlation analyses were also performed to better understand 
possible relationships between road characteristics and observed crashes as well as the relative 
significance of those relationships.  These analyses were performed using the same 680.85 miles 
of roadway segments that had experienced 1251 crashes during the ten year study period. The 
independent variables considered for these analyses included: lane width, shoulder width, grade, 
degree of curvature, side slope rating, fixed object rating, guardrail presence, vertical curve 
presence, and driveway density. The dependent variables were crash rate (crashes per MVMT) 
and crash severity rate (equivalent PDO per MVMT; using weights from crash cot estimates 
established in the Highway Safety Manual – HSM – see section 6.3.3). The crash rate and the 
crash severity rate analyses were performed separately and on three unique samples for each 
analysis.  The regression and correlation analyses were performed on the entire 680.85 mile 
sample (all geometries), then on the tangents sample which included only those 0.05 mile sub-
segments with no horizontal curves present, and on the curves sample which included only those 
0.05 mile sub-segments with horizontal curves present.  
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4.4.1 Crash Rate Regression 

This project was initiated with the knowledge that crashes are random events and identifying 
hazardous locations based on crash experience requires a crash frequency that is unlikely to be 
observed on low volume roads. The regression analysis results shown in Table 4.2 reflect this 
fact.  

Table 4.2: Summary of Crash Rate Regression Results 

 

 All Tangents Curves 

R square 0.072 0.010 0.013 

F (significance) 1.7E-213 1.6E-20 6.4E-5 

Statistically Significant 
Variables – 90% Conf.  

(corresponding 
coefficient) 

Lane Width 

(-0.163) 

Side Slope Rating 

(0.156) 

Fixed Object 
Rating 

(0.091) 

Guardrail Presence 

(-0.057) 

V. Curve Presence 

(-0.042) 

Driveway Density 

(0.029) 

Degree of 
Curvature 

(0.020) 

Shoulder Width 

(0.009) 

Grade 

(0.005) 

Guardrail Presence 

(1.298) 

Lane Width 

(-0.809) 

Driveway Density 

(0.293) 

Shoulder Width 

(0.144) 

 

Shoulder Width 

(0.138) 

Degree of 
Curvature 

(0.063) 

Length of H. Curve 

(-0.003) 

 

 

 

 

 
The R square values for all samples is small indicating that the linear regression models using the 
independent variables don’t account for any considerable portion of the observed crash rate 
variability.  It is important to note that, while the low R-square values do not allow any 
reasonable prediction of crash occurrence using the explanatory (independent) variables, 
predicting crash rate was not the objective of the regression analysis.  The low F significance 
numbers indicate that the regressions were not obtained by chance and were generated using a 
considerable sample size.  
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All independent variables were found to be statistically significant at the 90% confidence level 
for all geometries. The signs (+ or -) of the regression coefficients of most of these variables 
suggest logical relationships with the dependent variable (i.e. crash rate).  Specifically, increases 
in lane width correspond to decreases in crash rate and increases in side slope rating, fixed object 
rating, driveway density, degree of curvature, and grade all correspond to increases in crash rate. 
The presence of guardrail corresponds to a reduction in crash rate. The presence of vertical 
curves also corresponds to reductions in crash rate, a result that may be counterintuitive. 
Similarly, an increase in shoulder width corresponds to increases in crash rate which seems 
counterintuitive, but somewhat in agreement with the individual crash rate analysis for shoulder 
widths above 5 ft. Complete regression analysis results are included in Appendix B. 

4.4.2 Crash Severity Rate Regression 

Similar to the crash rate regression analysis, the crash severity rate regression analysis shows that 
the independent variables considered don’t explain much of the variability in the observed crash 
severity rates. Table 4.3 shows the results of the crash severity rate regression analysis.  

Table 4.3: Summary of Crash Severity Rate Regression Results 

 

 All Tangents Curves 

R square 0.005 0.007 0.003 

F (significance) 5.1E-11 4.3E-13 6.3E-1 

Statistically Significant 
Variables – 90% Conf.  

(corresponding 
coefficient) 

Fixed Object 
Rating 

(9.47) 

Guardrail Presence 

(-5.14) 

V. Curve Presence 

(-3.40) 

Side Slope Rating 

(-2.71) 

Lane Width 

(2.22) 

Shoulder Width 

(-0.560) 

Guardrail Presence 

(42.85) 

Lane Width 

(-14.46) 

Side Slope Rating 

(-13.45) 

Driveway Density 

(6.90) 

Shoulder Width 

(2.61) 

Degree of 
Curvature 

(1.08) 

 
The F significance numbers are low for all geometries and tangents, but exceed the 90% 
confidence level for the curves sample. Six of the independent variables (fixed object rating, 
guardrail presence, vertical curve presence, side slope rating, lane width, and shoulder width) 
were found to be statistically significant at the 90% confidence level for crash severity rate. The 
regression coefficients show that increases in fixed object rating correspond to increases in crash 
severity which is expected. Also the presence of guardrail corresponds to a reduction in crash 
severity which is also expected. Vertical curve presence corresponds to reduced crash severity 
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which seems counterintuitive. Increased lane width corresponds to increased crash severity, 
which may be related to the fact that wider lanes may result in higher operating speeds on these 
highway segments, and thus more severe crashes.  Lastly, increases in shoulder width correspond 
to reduced crash severity, a pattern that is expected given the wider recovery area for errant and 
out-of-control vehicles. 

4.4.3 Correlation Analysis 

Correlation analysis results for crash rate and severity rate are shown in Table 4.5 where Cr R is 
crash rate, Sv R is severity rate, LW is lane width, SW is shoulder width, SS is side slope rating, 
FO is fixed object rating, GR is guardrail presence, G is grade, VC is vertical curve presence, 
DD is driveway density, and DC is degree of curvature. Correlations of ± 0.10 or greater are 
bold. 

Table 4.4: Correlation Results 
 Cr R Sv R LW SW SS FO GR G VC DD DC 
Cr R 1    
Sv R -- 1    
LW -0.19 -0.01 1   
SW -0.10 -0.03 0.44 1   
SS 0.10 0.00 -0.06 -0.16 1   
FO 0.13 0.05 -0.33 -0.30 0.32 1   
GR 0.00 -0.01 0.10 0.05 0.31 0.15 1   
G 0.06 0.01 -0.05 -0.03 0.06 0.06 0.02 1   
VC 0.07 -0.01 -0.23 -0.20 -0.02 0.12 -0.05 0.04 1  
DD 0.10 0.00 -0.22 -0.26 -0.05 0.10 -0.05 -0.02 0.13 1 
DC 0.20 0.01 -0.32 -0.25 0.19 0.23 0.04 0.11 0.12 -0.01 1

 

 
Crash rate is correlated to some degree with the geometric and roadside features. As would be 
expected, increases in lane width and shoulder width are correlated with lower crash rates and 
increases in the side slope rating, fixed object rating, driveway density, and degree of curvature 
are correlated with higher crash rates. It is also evident that certain independent variable are 
somewhat correlated with each other. For instance, lane width is positively correlated with 
shoulder width indicating that roads with wider lanes tend to also have wider shoulders.  

Severity rate has only very small correlations with the geometric and roadside features which 
may be a result of the equivalent PDO severity weights used from the HSM. Multipliers, which 
are based on comprehensive crash cost estimates, range from approximately 6 (for injury C 
crashes) up to 568 (for fatal crashes). These large distortions coupled with low traffic volumes 
which result in lower crash frequencies may contribute to the very weak correlations with crash 
severity rates. Complete correlation results are included in Appendix C. 

4.5 DATA ANALYSIS SUMMARY 

Through an extensive and detailed data collection and analysis effort, Oregon’s low volume 
roads have been sampled and characterized along with crash rate relationships, regressions and 
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correlations in an effort to understand geometric and other roadway characteristics.  This work 
has been done to determine what roadway characteristics may contribute to crash occurrence and 
aid in risk identification. The relationships established herein have aided other project tasks, 
especially Task 4 Risk Index Development, which develops a methodology for identifying safety 
hazards on low volume roads. The analyses conducted have shown which factors may influence 
crash risk and roughly the extent to which the risk may be increased for different situations. 
Table 4.5 shows a summary of the road characteristics and the resulting crash rate differences 
between categories of road character.  

Table 4.5: Road Character Summary 

 

Road Character Category Change Crash Rate Change 

(Cr/MVMT) 

Difference

(%) 

Length of Horizontal Curve (ft) > 600 to ≤ 100 0.24 to 4.87 1929 

Degree of Curvature < 5 to ≥ 30 0.36 to 3.81 958 

Length of Vertical Curve (ft) > 600 to ≤ 100 0.34 to 3.38 894 

Grade (%) < 1 to 4-5 0.88 to 1.64 86 

Shoulder Width (ft) 4 to 0 0.78 to 1.43 83 

Lane Width (ft) 12 to 10 0.90 to 1.48 64 

Side Slope Rating 1 to 2.5 0.80 to 1.28 60 

Driveway Density (driveways / mile) 1 to 5 0.84 to 1.34 60 

Fixed Object Rating Variable Variable Variable 

 
The difference in crash rate expressed in Table 4.5 is due partly to the road characteristics listed, 
but is also expected to be the result of multiple factors acting in conjunction. For example degree 
of curvature and length of horizontal curve are related and thus some of the difference in crash 
rate between degree of curvature categories may be due to curve length. Similarly, multiple road 
characteristics are expected to be present at any given location, and this makes it unrealistic to 
state that all of the change in a particular crash rate is due to a single characteristic. The 
regression analysis does consider multiple characteristics simultaneously and therefor may be a 
useful illustration showing multiple factors related to crash risk.
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5.0 RISK INDEX DEVELOPMENT 

This task’s goal was to develop a numerical index which could serve as an indicator of the level 
of risk associated with any particular site along low-volume roads.  As defined earlier in this 
project, low-volume roads are roads with average daily traffic (ADT) of less than 1000 vpd.  
These roads usually consist of “secondary” two-lane highways serving less developed rural areas 
and are generally classified as class II two-lane highways per the Highway Capacity Manual 
(HCM) classification.  The risk index developed and presented in this report can be used to 
assess the level of risk at any particular site along low-volume road segments and is not 
applicable to evaluating intersections alone. The geometric data gathered and analyzed in the 
previous project task are related to cross section characteristics of road segments.   

5.1 GENERAL FORM 

The proposed risk index considers three major elements that are known to influence the relative 
crash experience: geometric features, crash history, and traffic exposure.  Each of the three major 
elements contributes to the overall crash risk as defined by the risk index shown in a general 
form: 

ࡵࡾ ൌ ሻࡳ࢞ሺࡳࢃ ࢃሺ࢞ሻ ࢀࢃሺࢀ࢞ሻ   (5.1) 

Where: 
 

 ܫܴܥ is the crash risk index; a numerical expression of the relative crash risk,  

 ீܹ  is the geometric features weight; the contribution of geometric features to the 
total crash risk, 

 ܹ is the crash history weight; the contribution of crash history to the total crash 
risk, 

 ்ܹ is the traffic exposure weight; the contribution of traffic exposure to the total 
crash risk, and 

 ீݔ, ,ݔ  are percentile scores which reflect site characteristics in regards to the ்ݔ
three major elements; equations defined in the following sections. 

While it may be argued that traffic level is more associated with crash frequency (as opposed to 
risk), it was included in the crash risk index to allow for using the index in ranking sites 
deserving safety countermeasures.  Further, some phenomena associated with traffic level could 
affect crash risk (e.g. increased passing maneuvers on two-lane two-way highways could 
increase the risk of head-on collisions).   
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The weights used in the risk index formula should reflect agency priorities and preferences.  For 
example, if only limited crash data are used, the weight used in this formulation could be 
lowered and more weights are assigned to the other two elements.  For the purpose of this report, 
the weights used for geometric features, crash history and traffic exposure are 45%, 25%, and 
30% respectively.  Those weights were selected based on the engineering judgment of the 
research team. The resulting expression reflecting these weights is then: 

ࡵࡾ ൌ . ሺࡳ࢞ሻ  . ሺ࢞ሻ  . ሺࢀ࢞ሻ   (5.2) 

While the aforementioned weights were set based on the engineering judgment of the research 
team, ODOT respective staff have the choice to adopt those weights or adjust them to better 
reflect agency experience and other considerations. 

5.2 GEOMETRIC FEATURES 

The geometric features that contribute to increased crash risk for this risk index are included 
based on prior data analyses detailed in the Task 3 report for this project. The general form of the 
geometric features equation is: 

ࡳ ൌ ሻࢉࢊ࢟ሺࢉࢊࢃ ࢉ࢜ࢃሺࢉ࢜࢟ሻ ࢝ࢃሺ࢝࢟ሻ ࢍࢃ൫ࢍ࢟൯ ࢙࢝ࢃሺ࢙࢝࢟ሻ ࢊࢊࢃሺࢊࢊ࢟ሻ 
ሻ࢙࢙࢟ሺ࢙࢙ࢃ ࢌࢃ൫ࢌ࢟൯   (5.3) 

Where:  
 ܹ terms refer to weights associated with specific geometric features, 

 ݀ܿ is degree of curvature; ݈ܿݒ is length of vertical curve;	݈ݓ is lane width; ݃ is 
grade; ݓݏ is shoulder width; ݀݀ is driveway density; ݏݏ is side slope rating; ݂ is fixed 
object rating 

 ݕ terms are numerical ratings associated with site geometric features and are 
defined in the Geometric Feature Values section of this document. 

5.2.1 Geometric Feature Weights 

The weights associated with each individual geometric and roadside feature were determined 
using the crash rate descriptive statistics and regression analyses. The weight of each geometric 
feature from the crash rate descriptive statistics analysis is set proportional to the deviation or 
difference in crash rates between the most restrictive value/rating of that geometric feature and 
the overall crash rate for the study sample.  This method ensures that geometric features that 
exhibited larger influences on observed crash rates are weighted more heavily than those features 
that showed less influence on crash rates. The geometric feature weight from descriptive 
statistics is determined using the following formula: 

ሻࢃሺ	࢚ࢎࢍࢋࢃ	ࢋ࢛࢚࢘ࢇࢋࡲ	ࢉ࢚࢘ࢋࢋࡳ ൌ ࡰ
ࡰ∑

∗ ሺ%ሻ (5.4) 
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Where ܦ is the deviation/difference described earlier for geometric feature i.   Length of 
horizontal curves and degree of curvature are not independent of each other, and therefore 
special consideration of their interrelatedness was necessary. The degree of curvature and length 
of horizontal curve relationship was further analyzed by varying one against the other in order to 
ensure that horizontal curve effects were not overestimated. 

The weight of each geometric feature is also dependent upon the regression analysis results. In 
the regression analysis, all features were found to be significant in terms of explaining the 
variation in crash rates at the 90% confidence level, therefore all features have a regression 
weight associated with them. While the regression results found all features to be significant, the 
overall regression models did not adequately explain the crash rates observed in the data (i.e. 
models had very low coefficient of determination).  For that reason, the regression results are 
deemed less reliable overall compared to the crash rate descriptive statistics analysis results. 
Therefore, in calculating the total geometric feature weight, it was deemed necessary for 
regression weights to have lower contribution compared to the weights found using descriptive 
statistics.   The total resulting overall geometric feature weights are shown in Table 5.1.  The 
total weight is calculated as a weighted average with the descriptive statistics weight column 
being 75% and the regression weight column being 25% of the total geometric feature weight. 

Table 5.1: Overall Geometric Features Weights 

 

Feature Rate Weight Regression 
Weight 

Total 

Degree of Curvature 43% 12.5% 36% 

Length of Vertical Curve 37% 12.5% 30% 

Lane Width 3% 12.5% 6% 

Vertical Grade 4% 12.5% 6% 

Shoulder Width 6% 12.5% 7% 

Driveway Density 3% 12.5% 6% 

Side Slope Rating 3% 12.5% 5% 

Fixed Object Rating 1% 12.5% 4% 

Total 100% 100% 100% 

 
Using the proposed geometric feature weights the overall geometric features equation becomes: 

ࡳ ൌ . ሺࢉࢊ࢟ሻ  . ሺࢉ࢜࢟ሻ  . ሺ࢝࢟ሻ  . ൫ࢍ࢟൯  . ૠሺ࢙࢝࢟ሻ  . ሺࢊࢊ࢟ሻ 
. ሺ࢙࢙࢟ሻ  . ൫ࢌ࢟൯  (5.5) 
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5.2.2 Geometric Feature Values 

The numerical ratings associated with each geometric feature are the y terms in the ܩ	equation of 
the overall crash risk index.  These terms establish site-specific values for each individual 
geometric feature based on the observed crash rate analysis.  The crash rate and geometric 
feature relationships were plotted and scaled proportionately to ensure a maximum y value of 1.0 
for each geometric feature. Trend lines were then fit to the plots to establish the best suited 
equation for each y term. Linear, parabolic, exponential, logarithmic, and power curve trend lines 
were fit for all relationships. The best fitting curve line was then chosen as the applicable model 
and logical minimum and maximum values were defined when necessary. Figure 39 shows an 
example of the chosen trend line and applicable maximum value that defines the geometric 
feature value for degree of curvature (ݕௗ).  

Figure 5.1: Geometric Feature Value for Degree of Curvature 
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The equations of all geometric features are shown in Table 5.2. 

Table 5.2: Equations for Geometric and Roadside Features 
Geometric Feature Equation Condition 

Degree of Curvature 
 ݕௗ ൌ 0.029 ∗ ሺ݀ܿሻ  0.033 
 ݕௗ ൌ 1.00 
 ݕௗ ൌ 0.00 

 
dc ≤ 33 
dc > 33 
no horizontal curve present 

Length of Vertical Curve 
 ݕ௩ ൌ െ0.365 ∗ lnሺ݈ܿݒሻ  2.386 
 ݕ௩ ൌ 1.00 
 ݕ௩ ൌ 0.00 
 ݕ௩ ൌ 0.00 

 
50 ft ≤ lvc ≤ 690 ft 
lvc < 50 ft 
lvc > 690 ft 
no vertical curve present 

Lane Width 
 ݕ௪ ൌ െ0.110 ∗ ሺ݈ݓଶሻ  2.227 ∗

ሺ݈ݓሻ െ 10.270 
 ݕ௪ ൌ 0.86 
 ݕ௪ ൌ 0.61 

 
9 ft ≤  lw ≤ 12 ft 
lw < 9 ft 
lw > 12 ft 

Grade 
 ݕ ൌ 0.510݁.ଽ∗ሺሻ	 
 ݕ ൌ 1.00 

 
g ≤ 7% 
g > 7% 

Shoulder Width 
 ݕ௦௪ ൌ 0.025 ∗ ሺݓݏଶሻ െ 0.199 ∗

ሺݓݏሻ  1.000   
 ݕ௦௪ ൌ 0.83 

 
sw ≤ 7 ft 
sw > 7 ft 

Driveway Density 
 ݕௗௗ ൌ െ0.010 ∗ ሺ݀݀ଶሻ  0.125 ∗

ሺ݀݀ሻ  0.611  
 ݕௗௗ ൌ 1.00 

 
dd ≤ 7 driveways/mile 
dd > 7 driveways/mile 

Side Slope  
 ݕ௦௦ ൌ െ0.106 ∗ ሺݏݏଶሻ  0.593 ∗

ሺݏݏሻ  0.173 

 
all ss ratings 

Fixed Object Rating 
 ݕ ൌ െ0.181 ∗ ሺ݂ଶሻ  0.763 ∗

ሺ݂ሻ  0.195    

 
all fo ratings 

 

The ீݔ  term, which defines the geometric component of the CRI, is scaled as a result of 
investigating the range of possible ܩ values for the entire 680.85 mile sample. The average and 
standard deviation of the ܩ term for the sample was found to be 0.32 and 0.121 respectively. The 
scale is defined as shown in Figure 5.2 such that one standard deviation below the mean is ீݔ  = 
0 and three standard deviations above the mean is ீݔ  = 1.  
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Figure 5.2: XG Definition 
 
Geometric Features (XG) 

 ீݔ ൌ 2.083 ∗ ሺܩሻ െ 0.417      [0.20 ≤  G ≤ 0.68],  

 ீݔ ൌ 0.00        [G < 0.20], or 

 ீݔ ൌ 1.00        [G > 0.68]. 

 
5.3 CRASH HISTORY 

The crash history risk index values ሺݔሻ	are based on the average crash rate and the critical crash 
rate for the sample low-volume roads as defined in the Highway Safety Manual (10). The 
average crash rate for the sample was found to be 1.06 crashes per MVMT (million vehicle miles 
traveled). The critical rate is dependent upon the average rate at similar sites, traffic volume, and 
a statistical level of confidence associated with the Poisson distribution and can be estimated 
using the following equation:  

ࢉࡾ ൌ ࢇࡾ  ࡱ/ࢇࡾඥ	  ሺ ࡱ⁄ ሻ   (5.6) 

Where Rc is the critical crash rate, Ra is the average crash rate at similar locations, k is a 
constant determined by the confidence interval, and E is traffic exposure. 

The average critical rate for all segments of the low-volume roads sample was found to be 2.52 
crashes per MVMT for 90% confidence level. Data over the most recently available 10 year 
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period (2004 – 2013) was used in determining the average and critical rates. The minimum crash 
rate is selected as the half of the average crash rate and the maximum crash rate is selected as the 
average critical rate for 90% confidence level.  Figure 5.3 shows the crash history risk index 
value ሺݔሻ	model using a linear relationship. 

Figure 5.3: Crash History Value 
 
Crash History (Xc) 

 ݔ ൌ 0.502 ∗ ሺ݄ܿݏܽݎ	݁ݐܽݎሻ െ 0.266    [0.53 ≤  crash rate ≤ 2.52],  

 ݔ ൌ 0.00        [crash rate < 0.53], or 

 ݔ ൌ 1.00        [crash rate > 2.52]. 

Crash history values used for calculation in the CRI should be a rolling 1 mile value in order to 
be consistent with the data analysis methods used and to accommodate the reality that crash data 
reported mile posts may not be accurate to very small resolutions. 

5.4 TRAFFIC EXPOSURE 

The proposed crash risk index considers two aspects of traffic exposure in estimating the 
exposure risk index values: total vehicular traffic volume expressed as average daily traffic 
(ADT) and the percentage of heavy vehicles in the traffic stream (AASHTO class 4 or larger).  
The fundamental relationship underlying this component of the CRI is that crash risk increases 
with the increase of total vehicular volume as well as with the increase in the percentage of 
heavy vehicles.  The average percentage of heavy vehicles for the low-volume roads sample used 
in this study was found to be approximately 29% of the total traffic volume. The standard 
deviation of the percentage of heavy vehicles for the sample was found to be approximately 
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10%. The proposed scheme is shown in Table 5.3 which defines the ்ݔ values for different 
traffic volumes and truck percentages. 

Table 5.3: Traffic Exposure Values (ࢀ࢞) 

 

 Percent Trucks 

AADT (vpd) < 29% 29% - 39% >39% 

< 300 0.20 0.30 0.40 

300 – 499 0.40 0.50 0.60 

500 – 699 0.60 0.70 0.80 

700 – 900 0.80 0.90 1.00 

> 900 1.00 1.00 1.00 

  
The values for the traffic exposure component of the risk index are assumed to vary in the range 
of 0.2-1.0 depending on total traffic volume and the percentage of heavy vehicles. The selected 
thresholds for total traffic are 300, 500, 700 and 900 vpd respectively while the selected 
thresholds for percentage of heavy vehicles are the average and one standard deviation above the 
average. 

5.5 RISH INDEX DEVELOPMENT SUMMARY 

The proposed risk index considers three major factors: geometric features, crash history, and 
traffic exposure to define a relative crash risk to be used in proactively identifying locations or 
segments for potential safety improvements. The risk index draws heavily upon the previously 
completed data analyses for low-volume roads in Oregon. The overall risk index equation and its 
numerical limits are:  

 ܫܴܥ ൌ 0.45ሺீݔሻ  0.25ሺݔሻ  0.30ሺ்ݔሻ 

o ܫܴܥ varies from 0.06 to 1.00, 

o ீݔ  varies from 0.00 to 1.00 based on the ܩ values, 

 ܩ varies from 0.21 to 1.00 based on the geometric feature weights and values, 

o ݔ varies from 0.00 to 1.00 based on crash history, and 

o ்ݔ varies from 0.20 to 1.00 based on the traffic and truck volumes. 

This risk index can be used to compare multiple locations and quantify the crash risk of each 
relative to one another and is based on a large amount of local data. The quantified crash risk of a 
location could then become another piece of information available to ODOT personnel when 
making decisions about possible safety improvements. Case studies illustrating the use of this 
risk index are included in chapter 7.
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6.0 ECONOMIC FEASIBILITY 

This chapter examines the economic feasibility of safety countermeasures that could potentially 
be applied to Oregon’s low-volume rural roads. The costs of safety measures and crash reduction 
benefits of these measures are analyzed to determine which countermeasures may result in the 
highest return on investment for Oregon Department of Transportation (ODOT undated). 
Detailed benefit/cost results are determined using documented countermeasure costs, 10-year 
crash observations for the 680.85 mile, low-volume rural ODOT road sample, and expected 
crash reductions from the literature using Highway Safety Manual (HSM) methods. The 
following sections define the cost and benefit parameters, establish the methods used in 
performing the analyses, and present the results showing which countermeasures may be the 
most promising for use on Oregon’s low-volume rural roads. 

6.1 ROAD SAMPLE 

The economic feasibility analysis presented in this chapter is prepared considering the same 
sample of 680.85 miles of Oregon low volume rural road that has been used throughout the 
project including the previous task, Task 4: Risk Index Development. Ten years of crash data 
(2004-2013) have been analyzed for this sample. A total of 1251 crashes occurred during the ten 
years on the sample roads. Table 6.1 shows the crash rates per 100-million vehicle miles traveled 
(VMT) by crash type (property damage only - PDO, injury and fatal) for the sample.  

Table 6.1: Sample Crash Rates by Crash Type 

x 

Crash Type VMT No. of Crashes Crash rate (per 100 Million VMT) 

PDO 1.182 Billion 550 46.51 

Injury 1.182 Billion 665 56.23 

Fatal 1.182 Billion 36 3.04 

 

Nationally in 2012, urban roads experienced 0.72 fatal crashes per 100-million VMT and rural 
roads experienced 1.68 fatal crashes per 100 million VMT (1).The fatal crash rate for the study 
sample is much higher than the National average for rural highways (3.04 versus 1.68 fatal 
crashes per 100-million VMT).  This is somewhat expected considering the fact that low-volume 
roads (many in remote rural areas) are usually designed to lower standards compared with the 
well-travelled rural arterials and collectors. 

6.2 SAFETY COUNTERMEASURES 

During Task 1: Literature Review numerous studies were reviewed that showed promising crash 
reduction benefits from different low-cost countermeasures. Many of these low-cost 
countermeasures are directly applicable to low-volume road settings. The proposed 
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countermeasures considered for this economic feasibility analysis are separated into four 
categories based on the types of risks they mitigate: 1) highway alignment, 2) roadway cross 
section, 3) roadside features, and 4) other countermeasures.  Only those countermeasures with 
usable quantified crash reduction benefits are included, as the benefits are required to perform 
the economic analyses. 

Highway Alignment 

Altering the geometry of the road to mitigate risks associated with the road alignment is costly, 
but some lower cost alignment warning countermeasures have been successfully used. These 
countermeasures do not improve the physical layout of the road, but rather warn the driver of the 
presence of curves that may be unexpected. These low-cost treatments include: 

 Horizontal Alignment Signs 

 Horizontal Alignment Signs with Static Advisory Speeds 

 Flashing Beacons for Curve Warning 

 Chevrons 

 Post Mounted Delineators for Curves 

 Raised Pavement Markers (Curves and Other Features) 

 Dynamic Speed Feedback Displays on Approach to Curves 

 High Friction Surface Treatments for Curves 

 Roadway Cross Section 

 
Safety treatments that improve the roadway cross section can also be costly, but some moderate 
to low-cost options have been proposed for analysis. Adding, widening, or improving shoulders 
and lanes as well as improving the surface friction of the road can lead to crash reductions. The 
specific treatments documented and considered for this analysis include: 

 Widen Lanes 

 Widen Paved Shoulders 

 Widen Un-Paved Shoulders 

 Adding Paved Shoulders 

 Stabilizing Shoulders 

 High Friction Surface Treatments 
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Roadside Features 
 
Roadside features can also be improved using low-cost countermeasures. Edge drops, side 
slopes, and features in the clear-zone can all influence crash risk and severity. The specific 
treatments for roadside features proposed are: 

 Flatten Side Slopes 

 Install Safety Edge 

 Improve Roadside Hazard Rating 

 Install Object Markers for Objects Near the Roadway 

 Relocate Objects Near the Roadway 

 Remove Objects Near the Roadway 

Other Countermeasures 
 
A handful of other countermeasures that don’t fit into the prior categories are also considered for 
analysis. These treatments include: 

 Install Shoulder Rumble Strips 

 Install Centerline Rumble Strips 

 Install Edge-line Markings 

 Install Centerline Markings 

 Install Edge-line and Centerline Markings 

 Widen Edge-line Markings 

 Widen Centerline Markings 

6.3 BENEFIT-COST ANALYSIS 

To determine the economic feasibility of the proposed safety measures, both the costs of the 
treatments and the benefits reasonably expected from those treatments need to be established. 
The overall benefit-to-cost ratios (B/C) can then be determined to provide guidance on which 
treatments may be the best use of agency funds. 
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6.3.1 Costs of Countermeasures 

Comprehensive and up-to-date cost information for all the proposed safety measures was 
challenging to find, but an FHWA report (Atkinson et al. 2014), ODOT (ODOT 2014), Florida 
Department of Transportation, FDOT (Davis 2015), and Texas Department of Transportation, 
TxDOT (McDaniel 2015) all provided useful figures to complete the cost data when other 
published sources could not be found. Table 6.2. shows the alignment treatment costs and any 
associated maintenance and life cycle replacement type costs to arrive at an average equivalent 
1-year cost that is used in the economic analysis. Initial costs are amortized over 10 years when 
necessary for calculations. For all cost tables the initial cost sources are referenced individually, 
and all maintenance / life cycle type costs are from the FHWA report (Atkinson et al. 2014) 
unless otherwise noted. In reality many of the treatment cost could vary greatly from the 
numbers given due to local factors and circumstances. All costs are approximate and rounded to 
the nearest hundred dollars. Cost are adjusted for inflation to represent 2015 dollars using US 
Bureau of Labor Statistics, Consumer Price Index methods.  
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Table 6.2: Costs of Alignment Safety Measures 

x 

Treatment (Reference) Initial Cost Maintenance / Life 
Cycle Cost 

Average Equivalent 
1 Year Cost 

Horizontal Alignment Sign (Davis 
2015; McDaniel 2015) 

$300 to $3,500 per 
installation 

$1,300 / 5 years $500  

Horizontal Alignment Sign with 
Static Advisory Speed (Davis 2015; 
McDaniel 2015) 

$300 to $3,500 per 
installation 

$1,300 / 5 years $500  

Flashing Beacon for Curve Warning 
(Sperry et al. 2008) 

$2,400 per 
installation 

$1,000 / 2 years $700  

Chevrons (McGee and Hanscom 
2006; Atkinson et al. 2014) 

$600 to $7,200 per 
installation 

$3,600 / 5 years $1,100 

Post Mounted Delineators for Curves 
(Atkinson et al. 2014) 

$5,600 per 
installation 

Life ≥ 10 years $600  

Raised Pavement Markers for 
Curves (Jiang 2006) 

$6001 per 
installation 

$600 / 2 years 
(Error! Bookmark 

not defined.) 
$400  

Dynamic Speed Feedback Display 
on Approach to Curves (Hallmark et 
al. 2007; Davis 2015) 

$2,300 to $12,600 
per installation 

$1,0002 / 2 years $1,200  

High Friction Surface Treatment for 
Curves (Davis 2015; McDaniel 
2015) 

$13,6003 to $18,700 Life ≥ 10 years $1,600  

Most alignment related safety measures are inexpensive with 1-year costs under $1,600. 

  

                                                 
1 Calculated for a 500 foot horizontal curve and 40 foot marker spacing. 
2 No value given, but assumed to be equal to or greater than beacon maintenance. 
3 Calculated for a 500 foot horizontal curve with two 12-foot lanes, 1 inch mill, and 1 inch overlay.  
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Table 6.3 shows the roadway cross section treatment costs. 

Table 6.3: Costs of Roadway Cross Section Safety Measures 

x 

Treatment (Reference) Initial Cost Maintenance / 
Life Cycle Cost 

Average 
Equivalent 1 Year 

Cost 

Widen Lanes (McDaniel 2015) 
$77,700 per mi 
per ft of width 

Life ≥ 10 years $7,800 per mi per ft 

Widen Paved Shoulder 
(McDaniel 2015) 

$77,700 per mi 
per ft of width 

Life ≥ 10 years $7,800 per mi per ft 

Widen Un-Paved Shoulder 
(White et al. 2007) 

$54,400 per mi 
per ft of width 

Life ≥ 10 years $5,400 per mi per ft 

Add Paved Shoulder (McDaniel 
2015) 

$77,700 per mi 
per ft of width 

Life ≥ 10 years $7,800 per mi per ft 

Stabilize Shoulder (White et al. 
2007) 

$21,800 per mi Life ≥ 10 years $2,200 per mi 

High Friction Surface 
Treatment (Davis 2015; 
McDaniel 2015) 

$143,2004 per mi 
to $197,400 

Life ≥ 10 years $17,000 per mi 

Most roadway cross section treatments can be costly depending on the distance over which the 
treatment will be used. 

  

                                                 
4 Calculated for 12 foot lanes, 1 inch mill and 1 inch overlay. 
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Table 6.4 shows the roadside feature treatment costs. 

Table 6.4: Costs of Roadside Features Safety Measures 

x 

Treatment (Reference) Initial Cost Maintenance / 
Life Cycle Cost 

Average 
Equivalent 1 Year 

Cost 

Flatten Side Slopes (Davis 2015) $34,9005 per mi Life ≥ 10 years $3,500 per mi 

Install Safety Edge (Graham et al. 
2011) 

$500 to $2,300 per 
mi 

Life > 10 years $150 per mi 

Improve Roadside Hazard Rating 
(McDaniel 2015) 

$103,000 per mi Life > 10 years $10,300 per mi 

Install Object Markers for Objects 
Near the Roadway (Davis 2015) 

$5,300 to $8,5006 
per mi 

Life > 10 years $700 per mi 

Relocate Objects Near the 
Roadway (McDaniel 2015) 

$103,000 per mi Life > 10 years $10,300 per mi 

Remove Objects Near the 
Roadway (McDaniel 2015) 

$103,000 per mi Life > 10 years $10,300 per mi 

Some of the roadside features countermeasures are low-cost while others can be more expensive, 
and they are also highly dependent on treatment length.  

  

                                                 
5 Calculated for 3:1 to 6:1 flattening 30 ft width.  
6 Calculated assuming 1 marked object every 100 ft.  
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Table 6.5 shows the treatment costs for the countermeasures in the other category. 

Table 6.5: Costs of Other Safety Measures 

x 

Treatment (Reference) Initial Cost Maintenance / 
Life Cycle Cost 

Average 
Equivalent 1 Year 

Cost 

Install Shoulder Rumble Strips 
(McGee and Hanscom 2006) 

$2,100 per mi Life > 10 years $200 per mi 

Install Centerline Rumble Strips 
(McGee and Hanscom 2006) 

$2,100 per mi Life > 10 years $200 per mi 

Install Edge-line Markings 
(Massachusetts Traffic Safety 
Toolbox Series 2008) 

$1,800 to $5,000 
per mi per line 

$3,400 / 3 years $1,500 per mi 

Install Centerline Markings 
(Massachusetts Traffic Safety 
Toolbox Series 2008) 

$1,800 to $5,000 
per mi per line 

$3,400 / 3 years $1,500 per mi 

Install Edge-line and Centerline 
Markings (Massachusetts Traffic 
Safety Toolbox Series 2008) 

$1,800 to $5,000 
per mi per line 

$3,400 / 3 years $1,500 per mi 

Widen Edge-line Markings (Davis 
2015) 

$4,300 per mi per 
line 

$4,300 / 3 years $1,900 per mi 

Widen Centerline Markings (Davis 
2015) 

$4,300 per mi per 
line 

$4,300 / 3 years $1,900 per mi 

Most of the safety countermeasures in the other category are low cost per mile compared to 
roadway cross section and roadside feature treatments. 

6.3.2 Benefits of Countermeasures 

Literature reviewed during Task 1: Literature Review uncovered many crash reduction benefits 
for the safety countermeasures considered in this economic analysis. These benefits are 
expressed as crash reduction factors (CRFs) that represent the proportion of total crashes that can 
be expected to be avoided by using the treatment. Some of the measures also have documented 
CRFs for different severity levels of crashes be they property damage only (PDO), injury, or 
fatal. The CRFs included here are meant to be estimates using the best information available. As 
is common with most CRFs, local factors present during the studies can have great influence on 
the reported values, and vagueness in reporting can also affect the applicability of these values to 
this study. Table 6.6 shows the CRF benefits for the alignment safety countermeasures. When 
CRF ranges are cited, the average value is used for benefit-to-cost calculations.  
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Table 6.6: Benefits of Alignment Safety Measures 

*For B/C ratio calculations for Horizontal Alignment Signs with Advisory Speeds will not have 
lower CRF than Horizontal Alignment Signs alone despite minor differences between references. 
x 

Treatment (Reference) 
CRF 

All PDO Injury Fatal

Horizontal Alignment Sign (Gan et al. 2005) 23% to 30%  20% 55% 

Horizontal Alignment Sign + Static Advisory Speed (Gan 
et al. 2005; AASHTO 2010) 

20% to 29%  13% * 

Flashing Beacon for Curve Warning (Gan et al. 2005) 30%    

Chevrons (Gan et al. 2005) 20% to 50%    

Post Mounted Delineators for Curves (Gan et al. 2005) 20% to 30%    

Raised Pavement Markers for Curves (Gan et al. 2005, 
Neuman et al. 2003) 

4% to 16%    

Dynamic Speed Feedback Display on Curves (Hallmark 
et al. 2013) 

7%    

High Friction Surface Treatment for Curves (Gan et al. 
2005) 

10% to 24%    
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Table 6.7 shows the CRF benefits for the roadway cross section safety measures. 

Table 6.7: Benefits of Roadway Cross Section Safety Measures 

x 

Treatment (Reference) 
CRF 

All PDO Injury Fatal

Widen Lanes – 1 ft each (Labi 2011)  5% 9%  

   Widen Lanes – 2 ft each  12% 17%  

   Widen Lanes – 3 ft each  17% 25%  

   Widen Lanes – 4 ft each  22% 32%  

Widen Paved Shoulder – 1 ft each (Labi 2011)  1% 4%  

   Widen Paved Shoulder – 2 ft each  2% 5%  

   Widen Paved Shoulder – 3 ft each  4% 9%  

   Widen Paved Shoulder – 4 ft each  5% 11%  

   Widen Paved Shoulder – 5 ft each  6% 14%  

   Widen Paved Shoulder – 6 ft each  7% 16%  

Widen Un-Paved Shoulder – unspecified amount (Gan et al. 
2005) 

15% to 30%    

Add Paved Shoulder (Austroads 2010; Gan et al. 2005; 
Hallmark et al. 2013c) 

4% to 30%    

Stabilize Shoulder (Gan et al. 2005) 25%    

High Friction Surface Treatment (Gan et al. 2005,Labi 2011) 4% to 13% 8% 9%  
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Table 6.8 shows the CRFs for roadside feature safety treatments.  

Table 6.8: Benefits of Roadside Features Safety Measures 

x 

Treatment (Reference) 
CRF 

All PDO Injury Fatal

Flatten Side Slopes (Gan et al. 2005; FHWA 
2012;Neuman et al. 2003; FHWA 2012) 

3% to 50%    

Install Safety Edge (FHWA 2011) 6%    

Improve Roadside Hazard Rating (AASHTO 2010) 6%7 to 33%8    

Install Object Markers for Objects Near the Roadway 
(Gan et al. 2005) 

16% 14% 17% 41% 

Relocate Objects Near the Roadway (Gan et al. 2005) 25% to 55%  25% 40% 

Remove Objects Near the Roadway (Gan et al. 
2005;FHWA 2012) 

18% to 61%  30% 50% 

The CRF benefits for all other safety measures are shown in Table 6.9. 

Table 6.9: Benefits of Other Safety Measures 

*For B/C ratio calculations edge-line + centerline markings will not have lower CRF than edge-
line or centerline markings alone despite minor differences between references. 
x 

Treatment (Reference) 
CRF 

All PDO Injury Fatal

Install Shoulder Rumble Strips (Abdel-Rahim and Khan 
2012;) 

33%    

Install Centerline Rumble Strips (AASHTO 2010;Persaud 
et al. 2003) 

14%    

Install Edge-line Markings (Gan et al. 2005; Sun and Das 
2012) 

4% to 44% 8% 15%  

Install Centerline Markings (Gan et al. 2005) 30% to 35%    

Install Edge-line and Centerline Markings (Al-Masaeid 
and sinha 1994) 

14%   * 

Widen Edge-line Markings (Park et al. 2012) 18% to 30%    

Widen Centerline Markings (Gan et al. 2005) 38%    

                                                 
7 For RHR improvement from class 7 to class 6. 
8 For RHR improvement from class 7 to class 1. 
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6.3.3 Benefit / Cost Relationships 

The crash reduction benefits of the safety countermeasures can be quantified in monetary value 
using agency defined crash cost equivalencies for different crash severities. Table 6.10 shows the 
crash costs for different crash types as defined by both ODOT and the American Association of 
State Highway and Transportation Officials (AASHTO) in the Highway Safety Manual (HSM). 
More recent FHWA “value of statistical life” methods are not used here as those values use a six 
tier Abbreviated Injury Scale severity system which does not match well with the crash data used 
for analysis. Costs are adjusted for inflation to represent 2015 dollars using US Bureau of Labor 
Statistics, Consumer Price Index and Employment Cost Index methods as suggested in the HSM.  

Table 6.10: Crash Costs 
x Crash Type ODOT Cost9 (ODOT 

undated) 
HSM Cost (AASHTO 

2010) 

PDO $20,237 $10,040 

Injury C 
$85,884 

$62,153 

Injury B $110,313 

Injury A 
$1,766,395 

$301,989 

Fatal $5,702,325 

The ODOT crash costs have fatal and injury type-A crashes combined, which is slightly different 
than the HSM values used which have separate costs for fatal and injury crashes. Also ODOT 
data has injury B and injury C costs combined. 

Some safety treatments are targeted toward curves while others are applied to all road type 
segments. For benefit/cost analyses, the crash reduction cost savings for possible alignment 
safety measures are applied to all horizontal curves in the sample. All other safety treatments are 
targeted toward all road segments and the cost reduction benefits for those are therefore applied 
to all of the road sample. Table 6.11 shows the samples with crash characteristics and total 10-
year equivalent crash costs.  

Table 6.11: Estimated Crash Costs on Road Sample 

x 

Sample Quantity 
10 Year Crash Total ODOT 

Cost 
HSM 
Cost PDO Inj C Inj B Inj A Fatal Total

Curves 2841 curves 145 66 120 36 8 375 $96.6M $75.3M 

All 680.85 miles 550 199 349 117 36 1251 $328.5M $297.0M

To determine the potential crash reduction benefits for each treatment, the number of crashes 
prevented for each crash type per unit (either curve of mile of road) is calculated using the 

                                                 
9 Rural, non-Interstate, State Highway values 
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CRFs10. Then each treatment’s benefit can be calculated using the number of crashes prevented 
and the cost of each type of crash. This resulting 10-year unit benefit can then be normalized to 1 
year benefits for comparison to the 1-year unit cost for each treatment to calculate the B/C ratios. 
For more detailed B/C calculations see Appendix E. Table 6.12 shows the benefit/cost ratios for 
the alignment safety measures using both ODOT and HSM crash cost estimates. For all B/C ratio 
tables, ratios greater than 1 are in bold and underlined. 

Table 6.12: Benefit/Costs Ratios of Alignment Safety Measures 

x 

Treatment B/C (ODOT 
Values) 

B/C (HSM Values) 

Horizontal Alignment Sign (Gan et al. 2005) 1.64 1.10 

Horizontal Alignment Sign with Static Advisory 
Speed (Gan et al. 2005; AASHTO 2010) 

1.64 1.10 

Flashing Beacon for Curve Warning (Gan et al. 
2005) 

1.46 1.14 

Chevrons (Gan et al. 2005) 1.08 0.84 

Post Mounted Delineators for Curves (Gan et al. 
2005) 

1.42 1.10 

Raised Pavement Markers for Curves (Gan et al. 
2005; Neuman et al. 2003) 

0.85 0.66 

Dynamic Speed Feedback Display on Curves 
(Hallmark et al. 2013b) 

0.10 0.08 

High Friction Surface Treatment for Curves (Gan 
et al. 2005) 

0.36 0.28 

For the low-volume rural road sample, a few treatments have benefit to cost ratios slightly 
greater than 1. Horizontal alignment signs, flashing beacons, chevrons, and post mounted 
delineators are all potentially favorable treatments for alignment risks. Table 6.13 shows the B/C 
ratios for the roadway cross section safety treatments. 

  

                                                 
10 When CRF ranges are available, the average of that range is used to calculate benefits for B/C analysis 
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Table 6.13: Benefit/Costs Ratios of Roadway Cross Section Safety Measures 

x 

Treatment B/C (ODOT 
Values) 

B/C (HSM Values) 

Widen Lanes – 1 ft each  0.09 0.15 

   Widen Lanes – 2 ft each 0.09 0.14 

   Widen Lanes – 3 ft each 0.09 0.14 

   Widen Lanes – 4 ft each 0.08 0.14 

Widen Paved Shoulder – 1 ft each  0.04 0.07 

   Widen Paved Shoulder – 2 ft each 0.02 0.04 

   Widen Paved Shoulder – 3 ft each 0.03 0.05 

   Widen Paved Shoulder – 4 ft each 0.03 0.05 

   Widen Paved Shoulder – 5 ft each 0.03 0.05 

   Widen Paved Shoulder – 6 ft each 0.03 0.04 

Widen Un-Paved Shoulder – unspecified amount 2.01 1.82 

Add Paved Shoulder  1.05 0.95 

Stabilize Shoulder 2.74 2.48 

High Friction Surface Treatment  0.24 0.22 

Most of the roadway cross section safety treatments are too costly to result in B/C ratios greater 
than 1. Only widening unpaved shoulders, adding a paved shoulder, and stabilizing shoulders 
results in a B/C ratios greater than 1. Table 6.14 shows the B/C ratios for the roadside features 
treatments.  

Table 6.14: Benefit/Costs Ratios of Roadside Features Safety Measures 

Treatment B/C (ODOT 
Values) 

B/C (HSM Values) 

Flatten Side Slopes 1.83 1.65 

Install Safety Edge 9.65 8.72 

Improve Roadside Hazard Rating 0.91 0.83 

Install Object Markers for Objects Near the 
Roadway 

12.63 10.45 

Relocate Objects Near the Roadway 1.77 1.51 

Remove Objects Near the Roadway  2.19 1.86 
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x 
Flattening side slopes, installing safety edge, installing object markers, and relocating or 
removing objects near the roadway may be economically beneficial treatments. While these 
results are promising, the reader is cautioned that many of the roadside feature treatment costs 
could vary greatly from the costs used in this study due to local factors and circumstances. 
Installing safety edge and installing object markers are especially promising with their B/C ratios 
larger than 8 to 1. Table 6.15 shows the B/C ratios for all other safety treatments considered.  

Table 6.15: Benefit/Costs Ratios of Other Safety Measures 

x 

Treatment B/C (ODOT 
Values) 

B/C (HSM Values) 

Install Shoulder Rumble Strips  39.80 35.99 

Install Centerline Rumble Strips  33.77 30.54 

Install Edge-line Markings  3.56 3.07 

Install Centerline Markings  10.45 9.45 

Install Edge-line and Centerline Markings  3.48 3.15 

Widen Edge-line Markings  3.05 2.76 

Widen Centerline Markings  9.65 8.72 

All of the other safety measures considered result in B/C ratios greater than 1. Rumble strips, 
both shoulder and centerline, show very favorable economic results for the low volume rural 
road sample with B/C ratios over 30 to 1. 

6.4 ECONOMIC ANALYSIS CONCLUSIONS 

The economic analysis of the proposed safety measures for the low-volume rural road sample 
has shown certain treatments to be potentially economically beneficial and feasible for 
implementation. Despite differences in the crash cost estimates between ODOT and HSM, the 
overall results are in close agreement. The most economically beneficial safety treatments for the 
low-volume road sample include: 

 Install Shoulder Rumble Strips 

 Install Centerline Rumble Strips 

 Install Object Markers for Objects Near the Roadway 

 Install Centerline Markings 

 Install Safety Edge 

 Widen Centerline Markings 



 
 
 

106 

 Install Edge-line Markings 

 Install Edge-line and Centerline Markings 

 Widen Edge-line Markings 

 Stabilize Shoulders 

 Remove Objects Near the Roadway 

 Widen Un-Paved Shoulder 

 Flatten Side Slopes 

 Relocate Objects Near the Roadway 

 Horizontal Alignment Signs 

 Horizontal Alignment Signs with Static Advisory Speed 

 Flashing Beacons for Curve Warning 

 Post Mounted Delineators for Curves 

Safety treatments that are found economically infeasible for the study sample include: 

 Widen Paved Shoulders 

 Widen Lanes 

 Dynamic Speed Feedback Display for Curves 

 High Friction Surface Treatments 

Depending upon the challenges present at a location, these economic safety treatment analysis 
results can help determine which countermeasures may be the best use of agency funds. 
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7.0 CASE STUDIES 

Case studies, presented in this chapter, have been completed in order to illustrate the use of the 
proposed risk index.  

7.1 STUDY SITES AND METHODOLOGY 

Study sites from different terrain types and climatic regions were desired to cover a wide range 
of possible risk index and crash history situations. Three segments were chosen (semi-randomly) 
from known low-volume roads such that one would be from a mountainous region with winding 
roads and significant grades (highway 171; MP 33.6 to 49.5). Another was chosen from an 
eastern region containing straighter and flatter roads with adjacent farm land (highway 036; MP 
11.5 to 27.45). A third was added from a random central Oregon location (highway 380; MP 
1.75 to 17.3). These study sites were not included in the original sample used for risk index 
development. Figure 7.1 shows the three case study sites.  

Figure 7.1: Case Study Sites (Map Source: ODOT TransGIS System & ESRI) 
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In order to determine the crash risk index values for the three case study locations, data about the 
geometric and roadside features, traffic volumes and crash history were compiled. The crash risk 
index was then calculated as described in Chapter 5 for these study sites as well as the sliding 1-
mile crash rate for comparison. 

7.2 RESULTS 

Plotting the rolling 1-mile CRI values along the roadway shows the results and allows one to 
observe how the CRI changes along the road. Figure 7.2 shows the CRI along highway 171 (in 
black) as well as the average CRI for the section (in dashed red), the 95% confidence intervals 
(in dotted red), and the sliding 1-mile crash rate (in blue).   

Figure 7.2: Highway 171 Sliding One-Mile CRI and Crash Rate 
 
It is evident that certain portions of highway 171 have much higher crash risks than the average 
for that section. As an agency, certain CRI threshold values would likely be needed to determine 
if any of the CRI peaks shown for highway 171 warrant safety treatments when considered at the 
network level. A sliding 1-mile CRI mean value is used here and is suggested for use when 
screening segments or networks to eliminate excessive variations in CRI along the road. It is also 
evident that, while the CRI is influenced by the crash history, screening with CRI would most 
likely lead to the identification of slightly different locations than screening using the crash 
history alone. Also the CRI changes in magnitude differently than the crash history alone, which 



 
 
 

109 

is expected given that crash history is only one component contributing to the CRI value.   For 
example, while crash rate at MP 43 is notably higher than that at MP 40.8 and MP 37, the CRI at 
the latter site is the highest among the three sites, which confirms the fact that the use of CRI 
provide new information about the level of hazard along highway segments compared to using 
crash history alone.     

Figure 7.3 shows the sliding one-mile CRI and crash rate along highway 036.  

Figure 7.3: Highway 036 Sliding One-Mile CRI and Crash Rate   
 
A quick examination of this figure shows that the third peak in crash rate which occurs at MP 
15.8 correspond to a CRI value that is hardly above the average.  This suggests that while this 
location may well belong to the list of sites needing more attention using the crash history alone, 
it is very unlikely to be identified as such using the CRI value. 
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Figure 7.4 shows the sliding one-mile CRI and crash rate along highway 380. 

Figure 7.4: Highway 380 Sliding One-Mile CRI and Crash Rate 
 
In this case study, the CRI and the crash history vary significantly. Similar crash rates (MP 6 and 
MP 13) result in vastly different CRIs (0.30 and 0.50) due to differences in geometry and traffic 
exposure. Also the peak crash history value near milepost 8 doesn’t correspond to a large peak in 
CRI relative to the rest of the study segment.  

These three case study sites, have shown how the CRI varies along real-world roads and shows 
how the CRI would compare to more traditional analyses using crash history alone. The CRI is 
influenced by geometric features, crash history and traffic exposure in different ways and to 
varying degrees. The overall weights that define the proportion of the CRI that is due to 
geometric features (currently 45%) versus crash history (25%) versus traffic exposure (30%) 
may benefit from agency specific input and desires.  

Certain thresholds, perhaps using statistical approaches (e.g. one standard deviation above the 
mean CRI) will need to be determined by the agency in order to decide which locations may 
warrant consideration for safety treatments. The economic feasibility of treatments presented in 
Chapter 6 can then be used to determine which treatments may be the best options for locations 
identified by the CRI.
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8.0 SUMMARY 

There is a need to better understand the different risks associated with factors and features along 
low-volume roads.  In understanding where risks are present in the system, a proactive approach 
may be employed to make improvements that can translate into reduced (or prevented) crashes in 
the future. Overall, six main tasks were completed to address this need.  

First a literature review was conducted that sought to identify what factors and features have 
been identified in past work as presenting a risk to drivers as well as what prospective 
countermeasures exist to address them.  Additionally, this literature review identified and 
summarized existing approaches to developing risk or safety indices that can be used in 
identifying where current features pose a potential risk to drivers.   

A review of roadside, cross section and alignment features found that several have been 
identified through past research as posing varying risks to drivers including: 

 Clear zone / lateral clearance to obstacles 

 Roadside features – trees, culverts, ditches, slopes, utility poles, etc. 

 Lane width 

 Shoulder width 

 Pavement edge drop-off 

 Sight distance 

 Signage and marking 

o Speed limit 

o Passing zone presence / frequency 

o Signage adequacy 

o Pavement marking condition 

 Land use 

 Pavement surface condition 

 Driveway density 
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 Horizontal curves 

 Vertical curves 

 
Based on this list, a review of the various countermeasures available to address the various safety 
issues associated with each feature was also completed. Finally, different approaches were 
reviewed and summarized that have been developed to establish risk or safety indices. The 
findings from the literature review provided a basis for understanding which road characteristics 
may influence crash risk on Oregon’s low-volume roads. These risk influencing features were 
then investigated along with other potential factors not cited in the literature during the data 
collection and analysis tasks.    

The data collection process was extensive and included gathering road geometry data, roadside 
feature data, 10-year crash history, and 10-year traffic data for approximately 830 miles of 
Oregon’s low-volume roads at 0.05 mile resolution. These data were then used in the data 
analysis task to quantify their effects on crash risk.  

The data analysis task completed a number of analyses including overall descriptive statistics of 
the sample roads and crash characteristics, crash rate analyses leading to a quantification of the 
effects of individual features on crash risk, and multivariate regression and correlation analyses 
all of which helped define the crash risk index. The features effecting crash risk and the weights 
associated with each feature were quantified based on results of the crash analyses. 

The crash risk index development task defined an index based on the extensive data analysis 
efforts. The crash risk index is a function of the geometry of the road and roadside features, crash 
history, and traffic exposure. The crash risk index quantifies the crash risk and expresses it as a 
value from 0.15 to 1.0 with higher values corresponding to greater crash risk. The weights of the 
individual geometric features are based on data analysis and are not recommended for alteration, 
however, the overall weights that define the proportion of the CRI that is due to geometric 
features versus crash history versus traffic exposure may benefit from agency specific input.  

An economic analysis of potential low-cost safety countermeasures was also completed. The 
analysis of the proposed safety measures for the low-volume rural road sample has shown certain 
treatments to be potentially economically beneficial and feasible for implementation. Based on 
the cost and benefit data gathered and considering the low traffic volumes for these types of 
roads, the most economically beneficial safety treatments for the low-volume road sample were 
found to be: 

 Install Shoulder Rumble Strips 

 Install Centerline Rumble Strips 

 Install Object Markers for Objects Near the Roadway 

 Install Centerline Markings 
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 Install Safety Edge 

 Widen Centerline Markings 

 Install Edge-line Markings 

 Install Edge-line and Centerline Markings 

 Widen Edge-line Markings 

 Stabilize Shoulders 

 Remove Objects Near the Roadway 

 Widen Un-Paved Shoulder 

 Flatten Side Slopes 

 Relocate Objects Near the Roadway 

 Horizontal Alignment Signs 

 Horizontal Alignment Signs with Static Advisory Speed 

 Flashing Beacons for Curve Warning 

 Post Mounted Delineators for Curves 

 
The results of the economic analysis are highly depended upon the costs of the treatments. While 
all efforts were made to choose accurate treatment costs, again agency and region specific cost 
information could improve the localized benefit / cost ratio results that generated these 
recommended low-volume treatments.   

Lastly, three case studies were completed to illustrate the use of the crash risk index on real 
world roads in Oregon. Overall, this effort provides a quantification and guidance for improving 
the safety of low-volume roads. 
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Table A.1: Sample Definition 
Segment 

No. 
HWY No. Begin MP End MP Length 

1 102 9.50 41.70 32.20
2 103 0.00 7.60 7.60
3 046 0.05 18.00 17.95
4 130 0.00 9.25 9.25
5 181 1.00 22.95 21.95
6 180 0.00 19.15 19.15
7 027 11.10 38.60 27.50
8 229 0.05 31.35 31.30
9 200 25.40 32.05 6.65
10 200 37.90 42.05 4.15
11 015 56.10 91.25 35.15
12 138 27.20 83.05 55.85
13 233 0.05 23.75 23.70
14 241 3.90 19.10 15.20
15 242 2.50 17.80 15.30
17 110 0.50 11.85 11.35
18 102 46.20 54.20 8.00
19 153 0.00 5.80 5.80
20 191 10.95 30.65 19.70
21 201 0.00 9.45 9.45
22 038 3.75 19.30 15.55
23 021 6.50 49.30 42.80
24 028 23.70 120.10 96.40
25 005 191.30 270.50 79.20
26 049 0.05 90.00 89.95
27 442 3.70 91.55 87.85
28 011 0.00 42.80 42.80
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Statistically significant results (90% Confidence) are highlighted. 

Table B.1: Crash Rate Regression: All Geometries 
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Table B.2: Crash Rate Regression: Tangents 
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Table B.3: Crash Rate Regression: Curves 
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Table B.4: Crash Severity Rate Regression: All Geometries 
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Table B.5: Crash Severity Rate Regression: Tangents 
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Table B.6: Crash Severity Rate Regression: Curves 
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Correlations stronger than 0.10 are highlighted. Cr rate = crash rate; EPDO = equivalent property 
damage only crash; Ln Wd = lane width, Sh Wd = shoulder width; Deg Crv = degree of 
curvature; Ln H. Crv = length of horizontal curve; P. H. Crv = presence of horizontal curve; SS 
rate = side slope rating; FO Rate = fixed object rating; P Grdrl = presence of guardrail; Prc Grd = 
percent grade; Ln V. Crv = length of vertical curve; P. V. Crv = presence of vertical curve and 
Drv Dns = driveway density 

Table C.1: Crash Rate Correlation: All Geometries 

Table C.2: Crash Rate Correlation: Tangents 
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Table C.3: Crash Rate Correlation: Curves 

Table C.4: Crash Severity Rate Correlation: All Geometries 

Table C.5: Crash Severity Rate Correlation: Tangents 
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Table C.6: Crash Severity Rate Correlation: Curves 
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APPENDIX E
BENEFIT-COST SAMPLE CALCULATION 
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For Horizontal Alignment Signs on Sample: 
 2841 horizontal curves

 375 total crashes in 10 years on curves (145 PDO; 186 injury C/B; 44 fatal+injury A)

 ODOT crash costs: $20,237 PDO; $85,884 injury; $1,766,395 fatal+injury A

 Horizontal alignment sign CRFs: 26.5% PDO11; 20% injury; 55% fatal

 Average 1-year cost for a horizontal alignment sign: $500

Number of Crashes Prevented per Curve by Type for Horizontal Alignment Sign: 

ோܱܦܲ	 ൌ
.ܰ ܱܦܲ ∗ ைܨܴܥ
ݏ݁ݒݎݑܥ	݈ܽݐܶ

ൌ
145 ∗ 26.5%

2841
ൌ .  

ோܤܥ݆݊ܫ ൌ
.ܰ ܤܥ݆݊ܫ ∗ ூܨܴܥ

ݏ݁ݒݎݑܥ	݈ܽݐܶ
ൌ
186 ∗ 20%
2841

ൌ . ૢ 

ோܣ&ݐܽܨ ൌ
.ܰ ܣ&ݐܽܨ ∗ ி௧&ܨܴܥ

ݏ݁ݒݎݑܥ	݈ܽݐܶ
ൌ
44 ∗ 55%
2841

ൌ . ૡ 

Benefit per Curve per year for Horizontal Alignment Sign: 

ݐ݂݅݁݊݁ܤ	 ൌ
ሺܱܲܦோ ∗ ைሻݐݏܥ  ൫ܤܥ݆݊ܫோ ∗ ூ൯ݐݏܥ  ሺܣ&ݐܽܨோ ∗ ி௧&ሻݐݏܥ

ݏݎܽ݁ݕ	10

ൌ
ሺ0.0135 ∗ $20,237ሻ  ሺ0.0131 ∗ $85,884ሻ ∗ ሺ0.0085 ∗ $1,766,395ሻ

10
ൌ $, 	

Cost per Curve for Horizontal Alignment Sign: 

݁ݒݎݑܥ	ݎ݁	ݐݏܥ ൌ ሺݐݏܥ	݂	ܵ݅݃݊ ∗ ሻ݁ݒݎݑܥ	ݎ݁	ݏ݊݃݅ܵ ൌ $500 ∗ 2 ൌ $,  

B/C Ratio: 

ܤ
ܥ
ൌ
݁ݒݎݑܿ	ݎ݁	ݐ݂݅݁݊݁ܤ
݁ݒݎݑܿ	ݎ݁	ݐݏܥ

ൌ
$1,644
$1,000

ൌ .  

11 Use average of the range of CRFs for all crashes since no PDO specific value available. 




