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Executive Summary

The aim of this study was to develop Colorado-specific Safety Performance Functions (SPFs)
and diagnostic norms for Colorado roundabouts. The research commences with a review of
extant literature from within the United States and abroad concerning the development of crash
prediction models and safety performance measures for application to roundabouts. It is widely
agreed in the literature that it is best when an SPF is developed specifically for the geographic
area to which it is to be applied using data directly from that area.

To achieve the ultimate results, all of the Safety Performance Functions (SPFs) in this report
were developed using original Colorado data. Crash data over a study period from 1/1/2015
through 12/31/2019 was used to capture safety performance characteristics of Colorado
roundabouts.

The greatest challenge as part of this effort was in data collection. Using Vision Zero Suite
(VZS), a listing of all crashes at roundabouts in Colorado between 1/1/2015 and 12/31/2019 was
made. Locations were then individually assessed for categorization into more specific facility
types. This enabled identification of facility types with a sufficient number of locations for
model development. The work on this project includes development of the Safety Performance
Functions (SPF) and diagnostic norms for the following facilities:

o Urban 3-leg 1 circulating lane,
o Urban 4-leg 1 circulating lane, and
o Urban 4-leg 2 circulating lanes.

Obtaining Annual Average Daily Traffic (AADT) counts on all legs of each facility posed the
most difficult challenge. When ‘CDOT MS2’ and local county and town sources of data were
exhausted, collaboration with the Colorado Department of Transportation (CDOT) on the use of
the STREETLIGHT software tool using connected vehicle and mobile phone location data for
AADT collection to supplement and confirm existing AADT data was pursued.

The primary use of SPFs is to assess the magnitude of the safety problem, while diagnostic
menus and pattern recognition analysis are used to identify its nature. New roundabout SPFs can
be applied statewide to identify locations with potential for crash reductions. Development of
roundabout SPFs enables CDOT to evaluate the magnitude of the safety problems using the
Level of Service of Safety (LOSS) concept. The LOSS concept applied to roundabouts uses
quantitative and qualitative measures that characterize the safety performance of a facility in
reference to its expected performance. The level of safety predicted by the SPF represents a
normal or expected number of crashes at a specific level of exposure, and the degree of deviation
from the norm is stratified to represent four specific levels of safety.
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LOSS I - Indicates low potential for crash reduction.
LOSS 1II - Indicates low to moderate potential for crash reduction.
LOSS III - Indicates moderate to high potential for crash reduction.

LOSS 1V - Indicates high potential for crash reduction.

Model parameters were estimated by the maximum-likelihood method using Generalized Linear
Modeling (GLM) methodology by maximizing log-likelihood function with negative binomial
distributional assumptions. The quality of fit was examined with the Cumulative Residuals
(CURE) method. Models were independently validated by Craig Lyon, a Canadian safety
researcher.

Implementation Strategy

The products of this research effort, Colorado specific roundabout SPF models and diagnostic
norms, are ready for immediate use within the VZS platform already employed by CDOT.
Application of the LOSS concept to the CDOT roundabouts enables CDOT to do the following:

¢ (Quantitatively assess and qualitatively describe the degree of safety or un-safety of
Colorado 3-leg 1-lane, 4-leg 1-lane and 4-leg 2-lane roundabouts,

e Effectively communicate the magnitude of the safety problem to other professionals,
traveling public, law enforcement personnel and elected officials,

e Provide a frame of reference for decision making on non-safety motivated projects
(operational improvements, resurfacing, reconstruction or widening, for instance)

e Provide a frame of reference from a safety perspective for planning systemic or corridor
improvements.

Enabled with SPFs for roundabout facilities CDOT can make better informed project selection in
terms of future construction alternatives, assisted by the determination of the LOSS of a
roundabout facility. Use of the developed models will enable CDOT to identify and address
existing safety problems with greater accuracy and effectiveness. Regarding existing facilities,
CDOT will be able to identify any areas for potential safety improvements. Systemic strategies
to improve safety at Colorado roundabouts will also be achievable through the use of SPFs and
diagnostics. Ultimately, CDOT will be better equipped to optimally invest limited resources,
which will result in greater crash reduction.
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1. Chapter 1 — Introduction And Literature Review

Roundabouts are a common feature in European cities which replace intersections and reduce the
number of intersecting conflict points, with the goal of crash reduction and improved operations.
Roundabouts are becoming increasingly more popular in the United States. The purpose of this
research is the development of crash prediction models to provide the Colorado Department of
Transportation (CDOT) with Colorado specific safety performance functions (SPFs) that can be
used to evaluate the safety performance of various roundabout facility classes within the state of
Colorado, as well as the development of diagnostic norms for those roundabout facilities.

To better inform the process of SPF development and crash prediction modeling, as related
specifically to roundabouts, we undertook a review of extant literature from within the United
States and abroad concerning the development of crash prediction models and safety
performance measures for application to roundabouts.

The review of literature in chronological order is followed by a brief summary of our findings.



Literature on the Topic of Crash Prediction Models and Safety Performance
Measures for Roundabouts

Daniels et al. Explaining Variation in Safety Performance of Roundabouts (2010)

In their 2010 paper, Daniels et al. explore the variation in safety performance of roundabouts
through cross-sectional risk modeling of crash, traffic, and geometric data of roundabouts in
Belgium. The authors discuss the efforts performed to date of publication (2010) which
attempted to reveal a relationship between roundabout geometric and traffic characteristics and
level of safety by way of before and after studies. The only commonality identified was a distinct
relationship between traffic volume (AADT) and crash frequency and efforts being characterized
by before-after studies. At the time of publication cross-sectional risk models based on the
parameters outlined above were state-of-the-art. One of the main goals of this study was to
investigate variables of a structural nature which might influence variation in crash rates at
roundabouts. Another goal was the investigation of crash variability due to characteristics of
cycle facilities at roundabouts.

Ninety roundabouts in Belgium were studied, all of which were constructed between 1994 and
2000. Geometric data collection included:

. Raised central island,

. Traversable truck apron,

. An oval shape of the central island,

. A gated roadway through central island to accommodate oversized trucks,
. Right turn by-pass lane,

. Located inside/outside built-up area,

. Number of circulating lanes,

. Road width,

. Central island diameter,

. Inscribed circle diameter, and
. Number of legs

The facilities were divided into four types to describe pedestrian and cyclist facilities:

. Mixed traffic roundabouts (vehicle and bicycle use same road),

. Cycle lanes (cycle lanes close to roadway),

. Cycle paths (dedicated bike paths more than 1 meter from roadway), and
. Grade-separated roundabouts (tunnels for bikes)



Other variables which were considered included the presence of pedestrian sidewalks around the
roundabout or “zebra” crosswalk markings on the entry/exit lanes. The ADT was estimated from
performing 1-hour traffic counts which comprised traffic volume data for six different traffic
modes, of which passenger cars, heavy vehicles and motorcycles were considered motorized, fast
traffic. This is notably one limitation of the study. Furthermore, the count was performed in the
daytime, as such daytime traffic is unlikely to be representative of a 24-hr traffic volume,
although nighttime crashes were included.

Registered injury crash data was obtained from the Belgian Ministry of Mobility and Public
Works for 1996-2004. In this study crashes that occurred within 100 meters (approx. 328 ft) of
the center of the roundabout were considered applicable roundabout related crashes. Crash
history showed around 83% of injury crashes involved light vehicles and 30% involved bicycles.
The crash history confirmed the findings of previous reports which were referenced in the study,
and which indicated that cyclists and pedestrians, as well as motorcyclists, were more frequently
involved in crashes in comparison with their average share in traffic. Furthermore, about 80% of
crashes were found to be multi-vehicle crashes.

The study included a chi-squared test of homogeneity of vehicle populations and revealed that
mopeds, bicycles, and motorcycles were more frequently involved in single vehicle crashes than
would be expected based on their traffic share. Additionally, in 60% of multiple vehicle crashes,
a bicyclist or moped was involved. It should be observed that the traffic profiles in terms of
roadway users in Belgium is likely different to that of roadway users in the U.S., where the
proportion of cyclists is probably much lower.

Both Poisson and gamma modeling were used in this study. The average number of crashes per
roundabout was the dependent variable in modeling. In this study over-dispersion of data was not
present, and in some circumstances, data was even observed to be under-dispersed. As such
Poisson loglinear models were fitted, with exposure variables transformed to their natural
logarithms. Interestingly, the relative shares of traffic modes were initially considered as
explanatory variables but eventually omitted when they were shown to not bring any
improvements to the models. The chosen model form was as is seen below.

EQQ) = e%.Q,%.Q,F2. eZieavii
with  E(k) =expected annual number of crashes
Q, = ADT (motor vehicles)
@, = traffic volume for particular vehicle types (bicyclists, mopeds,...)

x; = other explanatory variables

da, By, P2 ¥; = model parameters

Figure 1-1: Model Form Implemented by Daniels et al. (Daniels, 2010)

The authors used some additional gamma probability models to account for the observed under-
dispersion. Explanatory variables were gradually removed based on an inspection technique
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involving strength of correlation, variables with well-established grounds of importance and
significance values. Goodness of fit of the models was performed using the Akaike Information
Criterion (AIC). The authors developed interaction terms to ensure that only variables that were
relevant in specific cases were modeled appropriately, e.g., physical elements between roadway
and cycle facilities were only recorded in the case of roundabouts with cycle lanes.

The results of the modelling performed by Daniels et al. revealed that ADT and bicyclist volume
were two significant exposure variables. In relation to this, the number of bicycle lanes was
found to affect a higher number of crashes. Another interesting finding was that where
roundabout replaced signalized intersections, there was a correlation with a higher number of
crashes, however this was not seen to be consistent across Poisson and gamma models and it was
found to not always be strongly significant.

The models further revealed single vehicle crashes to be explained by ADT, the presence of a
central road through the roundabout for oversized vehicles and by cases of oval roundabouts. In
terms of multi-vehicle crashes, it was found that these were affected by ADT, the presence of
bicycles and mopeds, the presence of cycle paths or cycle lanes, cases of 3-leg roundabouts and
signals. The authors note the mutual interchangeability of some explanatory variables, for
example cycle lane and cycle path.

Daniels et al. found that their gamma models fit systematically better than the Poisson models in
terms of AIC values. The former also included more variables than the latter.

The findings indicated that variations in crash rates were small and rooted in differences in
traffic exposure, with ADT being a significant predictor of most fitted models. ADT as a
predictor was only less significant in models with a low number of observations. Daniels et al.
conclude that ADT was “the most important variable in the models, which corresponds with
many earlier findings in traffic safety research.” The results of the research indicate some
ambiguity around the relationship exactly between ADT and crash rate, while most Poisson
models indicate a positive but less than proportional relationship (i.e., as ADT increases crash
rates increases but not in direct proportion), nearly all gamma models showed that as ADT
increases, crash rates increase at an increasing rate.

Furthermore, it was found that vulnerable road users, such as pedestrians and cyclists, may be
more likely to be involved in crashes than at traditional intersection facilities, with the volume of
each being a significant predictor of crashes, not just across models for bicycles and mopeds but
also for light vehicle and multi-vehicle crashes. Due to the limited numbers of certain types of
facilities amongst the data which was analyzed, the authors indicate it is unclear as to how
exactly roundabouts with cycle lanes versus roundabouts with cycle paths perform when
compared to other roundabout facilities. While the findings by Daniels et al. provide interesting
results in terms of the influence of roundabouts of bicycle crashes and in terms of the influence
of the presence of bicycle lanes on bicycle crashes, it is worth reiterating that the modal traffic
profile in the United States likely differs strongly from that in Belgium in terms of the volume of
cyclists.



This study asserts that the findings conform with the results of other research efforts which
indicate that in cases where roundabouts replace signalized intersections, those roundabouts
perform worse than other roundabouts. Daniels et al. offer a plausible explanation for this:
locations are not randomly assigned to different treatments in the real world, as an unbiased
investigation would dictate. That is when signals are installed or when a roundabout replaces a
signalized intersection, those decisions are made on specific locations and as such there may be
other confounding variables present which are less well understood, and for which the variable
of “signals” may be acting as a proxy and masking the true underlying relationships.

Another interesting finding of the research was that the 3-leg roundabouts which were studied
performed worse than roundabouts with 4 or more legs. The authors spend some time discussing
variables which were found to not carry importance, those turned out to be specifically geometric
features, e.g., central island diameter, inscribed circle diameter, number of lanes etc. They
recognize that this is a departure from the results of previous research performed by others and
also by Daniels et al. in an earlier study, in particular regarding the number of lanes which was
previously found to be an important variable in terms of worse performance. Daniels et al.
hypothesis is that the number of lanes could be acting as proxy for traffic volume, i.e., more
lanes mean higher ADT. This is a point which merits further research and investigation.

A final point to note regarding the reliability of this research is that the under-dispersion
witnessed by Daniels et al. in their data is not typical of crash data and it is unclear if it is due to
the data itself or a due to a large degree of similarity structurally across the locations which were
examined. On the topic of data quality, the report itself admits data quality issues due to
incomplete reporting of crash data and possible biases in crash data reporting. Additionally, the
study was based on a small number of samples from a single European country, and as such may
not have a large degree of transferability to the United States.

Montella, A. et al. International Overview of Roundabout Design Practices and Insights for
Improvement of the Italian Standard (2013)

An article published in 2013 by the Canadian Journal of Civil Engineering reviewed roundabout
design standards and guidelines across several international locations including the USA, UK,
Australasia, Switzerland, France, and Italy, in order to identify differences across procedures and
potential areas of improvement in the Italian methods specifically. While the research was not
directly concerned with the development of SPFs, the article serves to highlight some worthwhile
aspects of current roundabout design and guidelines which may relate to SPF development.

As discussed in more detail in other articles which were consulted as part of the literature review,
there are several geometric parameters involved in roundabout design which can impact the
operational performance in terms of safety. The article points out that, although guidelines and
standards may differ globally, all locations which were studied “agree that achieving appropriate
vehicular speeds through the roundabout is the most critical design objective” (Montella A.,
2013) and from the point of view of SPF development could have an important effect on the
safety performance of a facility. Montella et al. indicate that previous research has shown that
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high entering speeds is associated with broadside crashes and rear-ends, when entering vehicles
do not give way to circulating vehicles.

The authors assess how several geometric parameters are dealt with across the locations outlined
previously, including: radius of deflection, entry path radius, sight distance, entry width, entry
angle and circulatory roadway width. The authors conclude that rather than the individual impact
of each geometric design element, it is their interaction with each other that is more important in
terms of capacity and safety.

The article ends with the recommendation of further research on the relationship between
geometric design, driver behavior and safety, and suggest one aspect of research should include
the calibration of safety performance functions by incorporating geometric design parameters.

Dixon, K. and Zheng, J. Developing Safety Performance Measures for Roundabout
Applications in the State of Oregon (2013)

A 2013 report published by Oregon State University details the research efforts undertaken by
Dixon and Zheng in order to develop SPFs for Oregon Department of Transportation (ODOT) to
evaluate single-lane four-leg roundabouts within the state. Dixon and Zheng highlight the wide
variability in Crash Modification Factors (CMFs) in use for roundabout implementation and
reason that this is due to “little consideration of detailed information for explaining how
geometric design features and other characteristics of the roundabout directly affect the safety
performance” (Dixon, 2013). This research focused on empirical investigation of the relationship
between crash frequency and severity and geometric features of roundabouts.

The report recognizes that most safety assessment studies of roundabouts include AADT as a key
variable. Dixon and Zheng list the following geometric features as potentially influencing safety
performance at roundabouts:

. Inscribed circle,

. Central island,

. Truck apron,

. Circulatory lane,

. Bicycle lane / path,

. Sidewalk,

. Landscape buffer,

. Entry alignment,

. Offset alignment,

. Angle between intersection legs,



. Presence of splitter island and number of crosswalks,

. Number of approach curves,
. Number of approaches with bypass for right turn, and
. Entry curve

From their assessment of extant literature regarding roundabout CMFs, Dixon and Zheng found
that conversion of a traditional intersection to a roundabout can yield 35-40% crash reduction in
total crashes and 52% crash reduction at high-speed rural locations. In a review of CMFs for the
conversion of STOP-controlled intersections to a roundabout, the report hypothesizes that the
wide variability seen across CMFs suggests site specific features are critical to resulting safety
benefits after conversion. The report then draws attention to the findings of international research
which indicate that crashes involving pedestrians and cyclists appear to increase when
roundabouts replace traditional intersections.

The report critiques two common assessment techniques for road safety modeling: the before-
after study and the cross-sectional study. Dixon and Zheng argue the former has a flaw in that it
does not directly assess cause and effect, because other influential factors such as changes in
traffic volumes through the study period, are difficult to separate, but suggest the use of a
comparison group (i.e., a control group) with the treatment group, be assessed in both the before
and the after period, so that any differences observed between analysis periods could be
attributed to the treatment. The authors refer to a paper by Hauer (Hauer E. , 2010) which points
out another detractor of the before-after study, which is that one treatment may introduce
multiple changes at the same time, with the result being that the safety effects cannot be
measured by one change. For these reasons the authors assert a before-after study can only give
us a “general interpretation that the difference in crash frequency is associated with the
construction of a roundabout” (Dixon, 2013). On the other hand, the authors are proponents of
the cross-sectional study and regard it as a reliable way to evaluate the expected safety
performance of a facility. The cross-sectional study uses statistical regression to relate crash
frequency to facility features. The report discusses how the nature of crash data as being over-
dispersed (variance is greater that mean), means it lends itself well to use of a negative binomial
regression or alternatively Poisson regression.

For their study, Dixon and Zheng used available and observational data for geometric features,
traffic volume and crash history to assess the safety performance of single-lane four-leg
roundabouts in Oregon. Figure 1-2 provides an example of the geometric data used to develop
SPFs which was expected to influence operational and safety performance. In their study, Dixon
and Zheng presumed widths and turning radii to have the most direct impact on safety due to
their direct impact on speed within the roundabout. Table 1-1 shows the average roundabout
geometric characteristics for features such as circulating width. The authors indicate that
“circulating width” and “truck apron width” may be amalgamated and considered as “total
traversable width.”



Source: Google Maps

Basic Information

Bt Nl Mt Washington Dr.

NW Shevlin Park Rd.
County Deschutes
State OR
Type Single
Number of Legs 4
Year of Completion 2000
Inventory of Presence (1=presence; O=abzence)
Raised Central Island 1 Marked Crosswalk 1
Truck Apron 1 Pedestnian Refuge Area 1
Bicyele Lane 0 Splitter Island 1
Bicycle Path 1 Signal Control 0
Sidewalk 1 Lighting 1
Combination of Sidewalk and Bicycle Path 1
Geometnic Design Information
Insenbed Circle Diameter (ft) 127 Mimimum Distance between Sidewalk and 8
Central Island Diameter (ft) 106 Entry Alignment Center
Truck Apron Width (ft) 10 Offset Aliznment 0
Minimum Lane Width (ft) 10 Minimum Angle between Legs (degrees) 75
Bicvele Lane/Path Width (ft) 6 Number of Crosswalks 4
Sidewalk Width (ft) 6 Number of Approach Curves 2
Number of Approach with Bypass for Right | 0

Figure 3.1: Example Geometmc Feature Summary (Site 24 -- OR-54-4)

Figure 1-2: Geometric Features Assessed by Dixon & Zheng (Dixon, 2013)

Table 1-1: Geometric Characteristics of Roundabouts Assessed by Dixon & Zheng (Dixon,
2013)

Table 3.2: Description of Roundabout Geometric Characteristics
Geometric Feature Minimum Maximum Average ;':‘::;::
Inscnibed Circle Diameter (ft) 104 192 1344 2541
Central Island Diameter (ft) 70 165 99.6 2641
Truck Apron Width (ft) 0 20 12.0 4.06
Circulating Lane Width (ft) 10 20 16.6 278
Truck Apron + Lane Width () 18 38 286 5.01

This report recognizes entering traffic volume as a key parameter for base condition safety
performance functions and expects the same degree of influence for roundabouts. Dixon and
Zheng populated gaps in the available ADT data using supplemental counting, volume
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estimation and projection techniques. For existing data, the authors used changes in regional
population over 10 years as a predictor for annual traffic growth rate. For data collection, the
authors obtained peak hour traffic volume, a proportion of the daily traffic occurring during the
peak hour. Table 1-2 shows the traffic volume characteristics encountered as part of the
research. The authors stress that their findings should only be applied to facilities of similar
volumes.

Table 1-2: Roundabout Traffic Volume Characteristics Seen by Dixon & Zheng (Dixon,
2013)

Table 3.8: Description of Roundabout Traffic Volume Characteristics
Representative Traffic Volume Minimum Maximum Average ;:::;::
ADT on Major Street (vpd) 6,430 19,350 11,697.1 3,837.73
ADT on Minor Street (vpd) 1,400 13,285 6,704.4 3,540.22
Total ADT (Major plus Mmor) (vpd) 8,371 29,732 18,4015 6,597.25

The report describes the process used to decide upon a “functional area” within which crashes
are considered to be roundabout related crashes, similar to the limitations placed on intersection
facilities. The approach involved an assumption of a four-vehicle storage area with an average
distance of 100 feet beyond the inscribed circle, combined with the stopping sight distance which
was calculated according to the AASHTO guidance for perception-reaction time and
deceleration rate. In this case a conservative estimate of 10 mph above the average posted speed
limit was utilized, resulting in an assumed speed of 50 mph for all facilities. The authors used a
rounded estimate of 800 ft to define the upstream boundary for inclusion in roundabout related
crashes.

In terms of crash history used for this research, it should be noted that total crashes were very
low for the five-year crash period (131) and averaged only 1.1 crash per roundabout annually.
This was a limiting factor in the development of severity models as part of this research effort.
Furthermore, property-damage-only (PDO) crashes in Oregon are self-reported crashes and as
such this further affected the reliability of the crash data used in terms of being a true reflection
of expected crash frequency. The most common crash types encountered in the research were
rear-end collisions, followed by fixed or other object collisions, followed by angle collisions, and
turning movements.

Data Analysis

This research effort developed a base model grounded on the following baseline conditions:

. Single lane roundabout,

. Four approach legs,

. Raised central island present,
. Truck apron present,

. No bicycle lane,



. Sidewalk present,

. Splitter island associated with a pedestrian refuge area,

. Lighting system present,

. No bypass lane,

. Center alignment design,

. Circular roundabouts (no ovals),

. Inscribed circle diameter of approximately 135 feet

. Circulating lane width of approximately 16 to 17 feet, and
. A 15-mph circulating speed limit.

The authors recognized a poor fit between their data and the models for traditional intersections
used the Highway Safety Manual SPFs, as such to account for the concave shape they added a
quadratic term to improve the fit.

The authors used a cross-sectional model approach to develop Poisson and negative binomial
regression statistical models that represent predicted number of crashes at a roundabout in
Oregon in terms of both total crashes and injury crashes. A cumulative residual plot (CURE) was
used to assess the model. The Total Crashes baseline model developed from a negative binomial
model was described as an appropriate model, and CURE plots showed a random walk
oscillating around zero. The authors used total traffic volume as an explanatory variable as part
of their regression equation. A resulting high significance level for total traffic volume as a
variable indicated it is an appropriate variable in explaining variation in crash data. An Injury
Crashes baseline model was also produced. Both models are explicitly valid only for entering
volumes of 8,975 to 29,732 vpd.

The report used the Empirical Bayes (EB) procedure to predict the safety of similar roundabouts.
Dixon and Zheng identified that the procedure could be enhanced with the development of CMFs
for non-baseline condition configurations, at the time of publication there were not enough of
these configurations within the state to extend the procedure. The report outlines the multi-step
procedure for roundabout safety assessment in Oregon, summarized as follows:

1. Check baseline conditions for target roundabouts (i.e., geometric, and operational
configurations),
2. Identify traffic volumes for major and minor streets and compare to the minimum and

maximum ranges for model application,

3. If baseline and volume criteria are met, estimate the annual total crashes or injury crashes
using the roundabout models,

4. Report the results in terms of annual total crashes or annual total injury crashes.
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The modeling results showed a strong positive relationship between traffic volumes and number
of crashes. A limitation of the procedure developed by Dixon and Zheng is that the user must
estimate the number of PDO crashes by subtracting the number of injury crashes from the
number of total crashes. Comparison of the roundabout models with traditional rural 4-leg
STOP-controlled and rural 4-leg signalized controlled intersection models available in the
Highway Safety Manual (HSM) indicated the overall predicted crashes were fewer at
roundabouts than for traditional intersections under similar settings.

Data from roundabouts in Washington state was used to assess the transferability of the Oregon
model. While data were similar between groups, they were not identical, which presented
another limitation. However, the report demonstrated that the SPFs when expanded to site-
specific applications using the EB procedure, had reasonable transferability to sites in the state of
Washington.

Geometric features such as the width of the circulating lane and the inscribed circle radius were
ultimately found to not be statistically significant factors for the model, however this may be
attributable to the similarity of the roundabouts used to develop the model.

In general, the research performed was a credible effort in the development of roundabout SPFs
for the state of Oregon. However, it is not without its limitations, particularly in terms of data
breadth and depth. The models developed as part of this research are limited in application to
low-volume (< 30,000 vehicles per day) facilities with single circulatory lanes.

Chiu, L. The Development of Safety Performance Functions for Roundabouts in Wisconsin
(2014)

In a 2014 master’s thesis submitted to the University of Wisconsin, Chiu reviews the benefits of
replacing intersections with roundabouts and provides a literature review of findings on the
associated effects on safety performance. Chiu states that research shows that roundabouts, in
general, perform better in terms of safety than conventional intersections, and experience
different crash types due to their geometric characteristics.

The research performed by Chiu focused on the development of Wisconsin-specific safety
performance functions (SPFs) for roundabouts which could build on the generic models found in
the 2010 AASHTO Highway Safety Manual. The author reminds us that the reliability of SPFs
rests on the goodness of fit of the model with local characteristics and features. The wide use of
the Empirical Bayes method to estimate crash frequency is pointed out in this paper, as is the
benefit in accounting for overdispersion of data by use of the negative binomial distribution for
modeling.

A sample of 25 roundabouts in Wisconsin were used in conducting this research, and all were
previously signalized or stop-controlled intersections. Roundabout configurations varied from
typical four-leg to three-leg to ramp interchange roundabouts. The specific geometric features of
all 25 roundabouts fed the model development as part of this research. Features were either
obtained from plans or manually measured and included:
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. AADT

. Inscribed circle diameter

. Center island radius

. Minimum circulating lane width,
. Number of circulating lanes

. Number of approaches and

. Crash frequency

In addition to developing SPFs for the 25 roundabouts sampled statewide, Chiu also developed a
SPF for single approaches based on characteristics such as geometry and entering volume. Some
limitations of the latter are that the roundabouts selected varied in geometry across different
sectors of the same roundabout, while other roundabouts had a varying number of circulatory
lanes. Features included as part of this model were:

. Entry angle,

. Entry width,

. Flare length,

. Turning radius,

. Circulatory AADT,
. Entering AADT and
. Crash frequency

Crash data employed as part of this research covered four years following construction of each
roundabout and included crashes within 250 feet of the roundabout. Similar to other literature
reviewed as part of this report, Chiu considered the total entering volume of traffic for model
development.

The author used the forward step selection method to determine which variables were suitable
for inclusion in the model, adding one variable at a time to the model, choosing the next variable
based on the likelihood ratios test, which Chiu describes as “a statistical method that provides an
objective standard for selecting better models” (Chiu, 2014). This was combined with Cook’s
Distance Leverage, which examines the result that removal or inclusion of a data point has on the
regression model in order to determine its influential significance.

Another limitation of this research was that relatively low levels of injury crashes were found in
the crash data history, such that the general SPF model developed was limited to total crash
frequency only. Chiu’s SPF models were developed using the negative binomial regression
model. The form of the model as depicted in the paper published by the University of Wisconsin,
is below in Figure 1-3.
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4 year crashes = exp(Intercept) - AADT?1 exp(c X1 + ¢, X5 + -+ Xp)
Where
AADT : annual average daily traffic entering the intersection
X; + - X,,: other geometric features that affect the crash frequency

by...by, cq ... Cp : calibration coefficient

Figure 1-3: SPF Model Used by Chiu (Chiu, 2014)

Interestingly, the research performed by Chiu found that only AADT, in this case, was a
significant variable to the model. The model developed to analyze single approaches took the
same format and was implemented on 8§ of the 25 locations, with results showing that a wider
entry lane width was associated with decreased crashes, in comparison when the number of
entering and exiting lanes increased the number of crashes was found to increase. While the
single approach model did not find AADT to be a significant predictor of crashes, Chiu did note
that entry lane width and the number of entering/exiting lanes, which were significant factors, are
often directly related to volume.

This paper supports general assertions in the field of research regarding the negative binomial
regression model being a highly suitable model for crash data and roundabout SPF development.

Giuffre et al. An Italian Experience on Crash Modeling for Roundabouts (2015)

In a 2015 paper published in the Journal of Engineering and Applied Sciences, Giuffre et al.
concern themselves with the transferability of a SPF to sites outside of the geographic region for
which it was developed. They investigate the calibration of an urban roundabout SPF in the
Italian context for comparison with other SPFs available in literature to test transferability.

Giuffre et al. begin by emphasizing the importance and value of SPFs in highway safety analysis
and the question of transferability of SPFs outside of the geographic area within which they were
developed. The latter being called into question due to parameters such as crash history, traffic
volume, geometric characteristics, differences in driver population, crash reporting and climate
etc. varying across geographic areas. The authors describe the two traditional options for
procuring an SPF for a particular area: calibration of an existing SPF for conditions within the
area of interest using CMFs, or development of an area specific SPF. This study is concerned
with calibration of an Italian SPF for transferability to other available SPFs.

The paper highlights the differences seen in urban/suburban roundabout SPFs used across
various countries including Italy which were developed between 2007 and 2011. As seen in
Figure 1-4 there are similarities between Canada and Trento, and between New Zealand and
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Sweden, but the U.S. models are concave downwards which the others are concave upward. The
authors assert that differences are due to specific geographic characteristics such as geometry,
speed, climate etc., as well as crash reporting characteristics (e.g., PDO crashes are under
reported in Italy) and small sample sized across the Italian models.

The study expanded the sample size of Italian roundabouts to 177 from 36 in order to develop an
Italian SPF roundabout model which extended the original Trento model seen in Figure 1-4,
with crashes observed from 1997 to 2020. The authors used GenStat software to produce a
“flow-only” model using a Poisson distribution. This was supplemented by performing tests for
overdispersion and ordinary least-squares regressions, which confirmed that a Poisson
distribution was the most appropriate for the new extended model.
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Figure-1. Comparison of safety performance functions for
roundabouts from around the world.

Figure 1-4: Comparison of SPFs for Roundabouts from Various Countries by Giuffre et al.
(Giuffre, 2015)

To compare the Trento model and the new model for goodness of fit (GOF), the indicator of
Mean Prediction Bias (whether the model over or under predicts crashes), Mean Absolute
Deviance (the average misprediction of the model) and Mean Squared Predictive Error (assesses
the error associated with external data sets) were used. The results of the analysis showed that
the new model had a better GOF, that is estimated crashes well and that it has better prediction
capacity.

The new extended model used by Giuffré et al. was similar to the U.S. model seen in Figure 1-4
found in literature. When both models were compared, the results showed that the differences in
models increased as AADT increased, and as the number of legs increased. The study followed
this comparison up with using the HSM calibration procedure to test the transferability of the
USA model in an Italian context. The study used the CURE method to determine the GOF of the
USA model and the extended Italian model to the observed data, to assess if calibration of a
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model from outside their jurisdiction performed as well as development of a jurisdiction specific
model. Results indicated that both models oscillate around zero, indicating a good fit, however
the Italian extended model had a lower standard deviation boundary width (see Figure 1-5).
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Figure 1-5: CURE Plots for Italian Extended Model and U.S. Model by Giuffré et al.

Further GOF indicators were employed, such as Mean Prediction Bias, Mean Absolute Deviance
and Mean Squared Predictive Error, which further confirmed that the Italian extended model was
a better fit than the calibrated U.S. model.

The results of this study suggested that there is good transferability of SPF models between
jurisdictions using the HSM calibration procedure, however, there is a better GOF when a SPF is
developed specifically for the geographic area to which it is to be applied using data directly
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from that area. Giuffre et al. conclude a jurisdiction specific SPF gives more reliable parameter
estimates.

Gbologah, F.E. The Impacts of Illumination Levels on Nighttime Safety at Roundabouts
(2016)

In his 2016 doctoral dissertation Gbologah evaluates the impact of illumination on nighttime
safety at roundabouts, wherein he also develops a rapid measurement protocol for intersection
illumination and applies the method to case studies in the state of Georgia. While Gbologah
extols the more obvious benefit in terms of safety that roundabouts offer in comparison to
intersections, that is the reduced number of conflict points, his review of literature regarding the
specific degree of total and severe crash reduction that can be expected reveals that studies vary
widely in their results. Gbologah’s research was undertaken to address contemporary U.S.
guidelines for the systematic illumination of all roundabouts to allow drivers to comprehend the
layout and operation of the roundabout in enough time to maneuver appropriately. Gbologah
argues this may not be a cost-effective policy and ignores the effects of ambient lighting.

The paper highlights several key reasons to consider illumination of roundabouts which include:
the presence of pedestrian crossing in advance of the yield line for entering traffic and beyond
the intersection point for exiting traffic, the necessity to see traffic approaching from the left and
the necessity to negotiate the roundabout in dark conditions when headlights are tangential to the
path, adequate lighting reduces delays and aids progression, lack of familiarity with geometrics
is improved upon by adequate lighting. Gbologah argues that the geometric characteristics of
roundabouts, that is deflected travel paths and sometimes raised splitter island with aprons, mean
roundabouts require “visibility enhancing treatments...(...)...to ensure they can be safely
negotiated, especially during nighttime conditions” (Gbologah, 2016).

An evaluation of contemporary literature by Gbologah along with a survey led to the assertion
that most countries do not have a policy of systemic illumination of all roundabouts, that most
rural roundabouts remain unlit, with that decision being largely left up to the local authorities. He
goes on to highlight studies which have indicated reduced illumination may be equally effective
in terms of nighttime safety. The author reviewed literature on both before-and-after studies and
on cross-sectional studies regarding intersection illumination, his findings show that there is not
conformity across studies in regard to the effects of intersection illumination on crash rates.

This paper asserts that the negative binomial regression is the traditional means of assessing the
impact of illumination on safety because it does not require data to be split into before and after
data, but into illuminated and unilluminated sets of data and accounts for overdispersion.
Gbologah points to a paper by Bhagavathula et al. (Bhagavathula, 2015) which argues that using
only nighttime crashes as a dependent measure in the model discounts day crashes and results in
over or underestimation of other explanatory variables, and as such the number of day crashes
should be incorporated as an offset variable in any model.
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This paper highlights the wide variability across both studies and states in terms of selection of a
“safety influence area” for intersection crashes, i.e., up to what extent do we consider crashes to
have occurred at the intersection or to be related to the intersection on each approach. Studies
reviewed by the author showed ranges from approximately 65 feet up to 500 feet, depending on
the approach speed, while state practices outlined by the author indicate a range of 50 feet to
1320 feet.

Using qualitative intersection illumination data and crash data between 2003-2010 from
Minnesota, Gbologah found that nighttime crash rates were approximately 61% lower in the
presence of lighting compared to unlit conditions. Furthermore, findings indicated the most
benefit in terms of nighttime crash reduction was found from the illumination of the roundabout
circle alone when illumination of the circle and the approaches are considered. Empirical Bayes
(EB) procedure could not be applied however, as data limitations in the date of illumination
meant a before and after period could not be established. Another limitation was that all locations
were on state or U.S. routes. Gbologah’s method however showed only a 3.6% difference in
estimated illumination between his method and existing methods.

Nighttime crash rates at roundabouts in Minnesota were observed to fall over the study period,
however this may have been due to improvements in roundabout design over time, with many
locations having “NONE” for illumination data being amongst the oldest data and those having
“FULL” for illumination data being amongst the most recent. Nighttime and daytime adjustment
factors were used to normalize crash rates. A limitation of the data set used by Gbologah is that it
is unknown if there was bias in the lighting policy, that is some locations may have been chosen
to be illuminated based on high crash history, while another limitation is a lack of information on
any design or operational differences between the lighted and unlighted roundabouts. A further
limitation of the analysis was that data could not be split into urban versus rural locations.

Roundabouts studied by the author had ‘no,” “partial’ or ‘full’ illumination. It was observed that
the crash rate for nighttime crashes at unlit roundabouts was about 2.5 times as high as the crash
rate at lighted roundabouts. Gbologah’s analysis led him to infer that nighttime crashes are
reduced by 55% with partial illumination compared to no illumination and by 66% by full
illumination compared to no illumination, although the degree of illumination is not quantified.
An important finding by Gbologah was that about 80% of the benefits achieved from full
illumination can be achieved by only partial illumination (central circle), which contradicts other
studies which recommended increasing the length of the illumination zone. The findings of this
paper regarding severe crashes stated that illumination can “significantly reduce or eliminate the
occurrence of fatal and severe crashes” at roundabouts. However, this should not be over
emphasized as the author’s dataset included only one fatal crash over the study period.

The author, seeking an efficient quantitative method of measuring intersection illumination
developed a protocol with a view to the development of an illumination level crash modification
factor. The protocol involved a photographic method and two digital cameras for measurement
of nighttime luminescence at intersections. The new protocol was applied to measure intersection
illumination at 100 intersections and roundabouts in Georgia, with crash data from 2009-2014, to
provide an initial estimate for a roundabout illumination crash modification factor. Limitations in
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this study included a small sample size and potential selection biases. Nonetheless, the
application of quantifying illumination using the newly developed protocol showed a
relationship between illuminance and nighttime crash rate, whereby a higher level of illuminance
saw a reduction in nighttime crash rate.

The CMF developed by Gbologah used negative binomial regression to model changes in
expected number of nighttime crashes and the associated illumination CMF for roundabouts with
greater than 10,000 AADT. His findings showed that increasing luminance by 1 lux,
implementing a 4-leg rather than a 3-leg roundabout configuration and locating the roundabout
on a state road, decreased the expected number of nighttime crashes. It was also found that
approach speeds greater than 45 mph or skew angles of 20 degrees or more had the effect of
increasing the expected number of crashes. Gbologah’s CMF indicated a 4.72% reduction in
expected nighttime crashes when illumination is increased by 1 lux, with the results being very
statistically significant (p = 0.000915).

The paper makes note of some findings which might be considered expected, being that facilities
found to have a higher level of illumination were those that had higher volumes, higher approach
speeds and a bigger skew angle. This paper further iterates a point which has been made in other
papers regarding vulnerable road users: where roundabouts replace previously signalized
intersections crashes involving vulnerable road users, e.g., pedestrians, can be seen to increase.

Gbologah makes the point that the unique geometric nature of roundabouts means that a change
in one geometric parameter which positively affects one crash type may negatively affect another
crash type. This is an interesting point to consider regarding the development of roundabout
SPFs in general.

Despite limitations to the analysis performed by Gbologah, the findings provide evidence that
direct safety benefits that are not insignificant can be achieved by roundabout illumination
regarding nighttime crashes. The research also confirms findings made by other researchers
regarding the effects of intersection replacement on vulnerable road users.

National Academies of Sciences, Engineering and Medicine. Development of Roundabout
Crash Prediction Models and Methods (TRB Report 888) (2019)

The NCHRP Research Report 888 (National Academies of Sciences, Engineering and Medicine,
2019) presented the findings of a team which developed crash prediction models for
urban/suburban and rural single lane and multilane roundabouts. Data was gathered from 350
U.S. roundabouts and the results produced three crash prediction models: planning level,
intersection level, and leg-level. The crash prediction models provide Safety Performance
Functions (SPFs) and Crash Modification Factors (CMFs) to estimate frequency and severity of
crashes expected to occur at roundabouts.

The primary objective was to discern how geometric and operational features of roundabouts
affect crash frequency, severity, and type, in order to develop SPFs and CMFs. Other goals of
this research effort included the evaluation of the effects of driver learning curves on crash
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frequency and severity at roundabouts and to fill in the gap in the Highway Safety Manual
(HSM) first edition, which contained SPFs for traditional intersections but lacked any SPFs for
roundabouts.

In their literature review the authors reiterate the widely accepted view that the negative binomial
regression model is the dominant statistical modeling technique for SPFs because it accounts
well for overdispersion of data which is typical with crash events. All crash prediction models
which were developed by the team were developed using binomial regression modeling. The
authors refer to the usefulness of the Empirical Bayes (EB) method which can be employed by
use of the overdispersion factor, k, to adjust expected crash frequencies by accounting for
observed crash counts also. This is presented in concert with a cautionary warning that the
overdispersion parameter might vary as a function of site characteristics and any roundabout
modeling should consider this. In terms of CMF development, because of limited before and
after data due to the relative newness of roundabouts as a feature in the U.S., the cross-sectional
method was used.

The review of U.S. and international literature which the team performed as part of this research
effort found that the following roundabout features are commonly considered to be influential on
crash frequency and severity:

. Volume Characteristics
o Vehicle AADT
° Pedestrian, bicycle, and motorcycle volume data
. Configuration Characteristics
o Number of approaching or entering lanes and
o Number of circulating lanes.
. Geometric Characteristics
o Entry width,
° Central island diameter,
o Angle between approach legs,
° Inscribed circle diameter,
o Circulating width, and
. Approach lane width.
. Speed-Related Characteristics
. Entering, exiting, and circulating vehicle speed
o Variation in vehicle speed (e.g., between vehicles, and for a single vehicle
traveling through).
. Other Characteristics
J Sight distance of approaching vehicle.

From the SPF models identified within their literature review (Figure 1-6) the authors observed
that predicted crash frequency increases with an increasing entering volume and with two-
circulating lanes, observations which were echoed in their own research which followed.
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Figure 1-6: Figure 2-2 from NCHRP Report 888 (TRB 2019)

Like Gbologah (Gbologah, 2016), the authors outline the different approaches to SPF
development: on the one hand developing SPFs with AADT-only variables and using CMFs to
adjust the predictions when site-specific conditions differ from the base condition; and on the
other hand, developing SPFs which are fully specified to site conditions.

The models developed here follow the former process which is also the process described in the
HSM. Roundabout crashes were defined in a similar manner to HSM criteria and broadly used
reporting practices, such that a roundabout crash is a crash which occurred at the intersection or
is intersection-related within 250 feet. The intersection-level crash prediction models which were
developed as part of this research used traditional crash-type definitions observed in U.S.
databases (e.g., sideswipe, rear-end etc.), while leg-level crash prediction models which were
developed used crash-type definitions unique to roundabouts (e.g., entering-circulating, exiting-
circulating etc.).

The database which was assembled included roadway inventory, speed, traffic volume and crash
data (3 or more years) from U.S. databases and local agencies. The data collection process itself
appears to have been underpinned by a robust quality control and quality assurance procedure
developed by the authors, which involved frequent checks for consistency and re-examination of
data elements. A “Data Reduction Procedures Guide” was developed to ensure consistency in the
method of data collection during the project, for example a step-by-step procedure for taking
measurements from aerial imagery.
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Figure 1-7 shows the number of sites used by state in the database, which suggests good
diversity of conditions across sites used.
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Figure 1-7: Figure 4-1 from NCHRP Report 888 (TRB 2019)

The geometric characteristics of the final database used by the authors shows most roundabouts
were single lane in an urban/suburban setting and predominantly 4-leg (Table 1-3).

Table 1-3: Table 4-4 from NCHRP Report 888 (TRB 2019)

Data Attributes (Geometry, Area Type, Opening Year) Number of Sites
Total Number of Single-Lane Roundabout Sites 235
Total Number of Multilane Roundabout Sites 120

Urban/Suburban = 250
AreaType (urban/suburban, rural)

Rural = 105

Yes = 30
Ramp Terminal Intersection

No = 325
Number of Roundabouts with Three Legs 104
Number of Roundabouts with Four Legs 251

) Yes = 44

Presence of Right-Turn Bypass Lane

No =311

Traffic volume data for sites used in the database indicate that the median AADT per leg for
single-lane roundabouts was 5,100 vehicles per day (vpd) and 7,900 vpd for multilane sites.

The authors did not consider driveways which entered onto the roundabout to be “legs” because
they had no splitter islands and considered one-way outbound legs which directed traffic onto a
freeway to be freeway ramps. There are multiple examples of the latter in Colorado, and this
presents an interesting point to note in the development of Colorado specific roundabout SPFs.

Planning-Level Crash Prediction Models

Planning level models have fewer data requirements and are intended for use in the early project
stages for the comparison of the safety performance of one type of control with another. Models
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in this category were developed using only AADT as a predictor variable, with a few cases using
additional variables which may be known at planning stages. The predicted crash frequency
includes crashes both circulating the roundabout and those on the approach leg. The authors
developed SPFs at the intersection-level for rural, urban single lane and urban multilane
roundabouts.

The model form seen in Figure 1-8, which is taken directly from Chapter 6 of the report, was
used for rural roundabouts. ‘a’ through ‘e’ are parameter estimates and k is the negative binomial
overdispersion parameter. Due to the small number of rural multilane sites, these were combined
with rural single lane sites for model development.

N = expa+STATEMAJAADT* MINAADT*

t‘.\'Pl dx NUMBERLEGS +e¢xCIRCLANES) l.‘qua[ion 6_ l

where

N =predicted average crash frequency,
crashes/yr;
STATE = an additive intercept term dependent on
state;
MAJAADT = total entering AADT on major road;
MINAADT = total entering AADT on minor road;
NUMBERLEGS =1 if a 3-leg roundabout; 0 if 4-legs;
CIRCLANES = 1 if a single-lane roundabout; 0 if more
than 1 circulating lane; and
MAJSPD = posted speed on the major road (mph).

Figure 1-8: Equation 6-1 from NCHRP Report 888 (TRB 2019)

The model forms seen in Figure 1-9 and Figure 1-10, which were both taken directly from
chapter 6 of the report, were used for urban single lane roundabouts and urban multilane
roundabouts, respectively. Again, ‘a’ through ‘e’ are parameter estimates and k is the negative
binomial overdispersion parameter.
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N = exp? MAJAADT® MINAADT ¢exp'®NUMBERLEGS)
Equation 6-2

where

N =predicted average crash frequency,
crashes/yr;
MAJAADT = total entering AADT on major road;
MINAADT = total entering AADT on minor road; and
NUMBERLEGS =1 if a 3-leg roundabout; 0 if 4-legs.

Figure 1-9: Equation 6-2 from NCHRP Report 888 (TRB 2019)

N = exp MAJAADT® MINAADT ¢exp'®NUMBERLEGS)
Equation 6-3

where

N =predicted average crash frequency,
crashes/yr;
MAJAADT = total entering AADT on major road;
MINAADT =total entering AADT on minor road;
and
NUMBERLEGS =1 if a 3-leg roundabout; 0 if 4-legs.

Figure 1-10: Equation 6-3 from NCHRP Report 888 (TRB 2019)

The models developed in these categories included total crashes, PDO crashes and ‘Fatal+Injury’
(FI) level crashes, as follows (KABC refers to the KABCO injury scale where K is Fatal, A is
Severe injury, B is Moderate injury and C is Minor injury):

. Rural single lane, total.
. Rural single lane, KABC.
. Rural single lane, (PDO).
. Rural multilane, total.
. Rural multilane, KABC.
. Rural multilane, PDO.
. Urban single lane, total.
. Urban single lane, KABC.
. Urban single lane, PDO.
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. Urban multilane, total.
. Urban multilane, KABC; and
. Urban multilane, PDO.

The models omitted bicycle and pedestrian crashes due to relative rarity of those events and
insufficient data.

Intersection-Level Crash Prediction Models

Intersection level models are intended to assist with design decisions, similar to the way crash
prediction models for signal and stop controlled intersections in the HSM do. These models are
intended to predict total crash frequency and crash severity at a roundabout, with subsets of
models used to achieve this. The models were intended to be used in the evaluation of alternative
features or designs during the preliminary and final design stages. Crashes of all types were
calibrated for, except those involving vehicle crashes with pedestrians or bicycles, due to
insufficient crash history. Crash frequency models follow the HSM procedure, whereby a
baseline SPF is adjusted using a CMF which accounts for individual site characteristics.
Applicability is for at intersection or intersection-related crashes with an approach length of 250
feet from the back of the yield line.

The authors used the KABCO injury level scale to categorize crash severity. For the crash
frequency subset, one group of models was calibrated to predict FI crashes while another was
used to predict PDO crash frequency. For the crash severity subset, models were calibrated to
predict the distribution of all FI crashes (K, A, B, and C). Both subsets can be used together to
predict the frequency and severity of all crash levels.

This paper asserts that models estimating total crash frequency by developing a single model for
predicting total (FI and PDO) crash frequency, have potential limitations when a less-than-
optimal function is used as a crash model, and that they could lead to biased estimates and
misleading conclusions. They further assert that the better approach is to calibrate a predictive
model for the PDO category, and the FI category separately and then combine the two. The
following subsets of models were developed as part of the intersection-level crash prediction
modeling:

1. FI Crash Frequency Prediction Model - 1 Circulating Lane.

2. FI Crash Frequency Prediction Model - 2 Circulating Lanes.

3. PDO Crash Frequency Prediction Model - 1 Circulating Lane; and
4. PDO Crash Frequency Prediction Model - 2 Circulating Lanes.

The report presents baseline SPF model forms for 3 and 4-leg roundabouts for Model Subset 1,
taken from Chapter 6 of the report and seen in Figure 1-11 below. AADT is the sum of all
entering vehicle volumes from all legs.
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The authors developed CMFs that could be applied to the baseline SPFs, so that the SPF
prediction can be adjusted when non-baseline conditions exist, i.e., to account for site-specific
conditions, this follows the method prescribed in the HSM. CMFs were developed for the

SPF for three-leg roundabouts.

Nsprs = exp [—4.404 +1.084 X LN ( EntAADT; /1000)

+0. 206 X !,r;,-m_' I Equation 6'4
SPF for four-leg roundabouts.

Nispr,4 = exp[—3.503 +0.915 X LN ( EntAADT, /1000)

+0.206 X I yrai| Equation 6-5

where

Ngpr.n = predicted average crash frequency for base
conditions on all legs for roundabout with
m legs (m =3, 4), crashes/yr;

EntAADT,, = entering annual average daily traffic (AADT)
for roundabout with m legs (m =3,4), veh/d;
and

I..a = area type indicator variable (= 1.0 if area is
rural, 0.0 otherwise).

Figure 1-11: Equation 6-4 and Equation 6-5 from NCHRP Report 888 (TRB 2019)

following conditions:

Model calibration requires that all leg-specific CMFs be aggregated to determine a combined
CMF. The CMF and SPF values can then be used to predict crash frequency. This can be

Inside circle diameter (urban and suburban only) with a range of 90-160 feet,

Outbound-only leg at interchange cross-ramp terminal roundabouts in
urban/suburban/rural settings (not applicable if more than one outbound-only leg),

Right-turn bypass lane in any setting with add-lane, merge, or yield controlled (can
include bypass lanes on all legs if each is independently operated), and

Access point frequency, which is leg specific for use in all settings, (counts number of
driveways or unsignalized access points on a leg within 250 feet of the yield line).

followed by five optional steps which include:
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. Applying a leg-specific severity adjustment factor to adjust predicted severity distribution
as a function of speed limit for speeds of 10-60 mph,

. Determining and applying an aggregate leg-specific adjustment factor,

. Applying severity distribution to determine the predicted distribution of FI crashes,
. Applying a crash type distribution, and

. Computing predicted crash frequency by crash type and severity.

Figure 1-12 shows the relationship between crash frequency and traffic demand as determined
by this particular model, with some assumptions listed in the figure. The authors conclude that
crash frequency increases with entering AADT volume and that rural roundabouts have about
25% more crashes than urban.

1.0 . . :
Inscribed circle diameter: 125t

= No outbound-only legs
e 0.8 - No right-turn bypass lanes
%’_ ; 1 access point per leg
ok Rural, 4 Leg
= $ 0.6 ” <
'g < o~ ° Urban,4leg
o 2
il
"s v} 0.4 _ Rural, 3 Leg
< Urban, 3 Leg
©
L] ;
£ 0.2

0.0

Q 2000 10000 15000 20000 25000

Total Entering AADT, veh/d
Figure 1-12: Figure 6-1a from NCHRP Report 888 (TRB 2019)

Other observations made during this subset model development included: reduced crashes with
large inscribed circle diameter which was thought to be an indirect result of improved visibility
and reduced speeds; 57% fewer crashes at roundabouts with one out-bound only leg versus one
with all legs serving two-way traffic, thought to be due to reduced conflict points; large crash
reductions with a right turn bypass lane which eliminates conflict points; CMFs increasing above
1.0 with increasing access points frequency on legs; crashes at 4-leg roundabouts tend to be less
severe than those at 3-leg roundabouts; and increasing speed brings increasing crash severity.

The report presents baseline SPF model forms for 3 or 4-leg roundabouts for Subset 2, taken
from Chapter 6 of the report and seen in Figure 1-13 below.

26



SPF for three-leg roundabouts:

Ngrs = exp[—3.887 +1.306 x LN ( EntAADT; /1000)

+0.250 X I rumal] Equation 6-29

SPF for four-leg roundabouts:

Nspr.a = exp[—3.535+1.276 x LN (EntAADT, /1000)

+0.250 X I rurai ] Equation 6-30

where

Nsprm = predicted average crash frequency for base
conditions on all legs for roundabout with
m legs (m = 3, 4), crashes/yr;
EntAADT,, = entering AADT for roundabout with m legs
(m=3,4),veh/d; and
I... =area type indicator variable (= 1.0 if area is
rural, 0.0 otherwise).

Figure 1-13: Equation 6-29 and Equation 6-30 from NCHRP Report 888 (TRB 2019)

Similar to the first subset, CMFs that could be applied to the baseline SPFs when non-baseline
conditions exist were developed for the following conditions:

Outbound-only leg for any setting, only applicable to interchange cross-ramps terminal
roundabouts with one outbound-only leg.

Right turn bypass lane, which is leg-specific, for any setting, which can be extended to a
situation where all legs have bypass lanes if independently operated with add-lane,
merge, or yield control.

Entry width, which is leg specific, for any setting, with a baseline of 20 feet for one
entering lane and 29 feet for two entering lanes on an approach. Width is measured as the
perpendicular width of all entering lanes including shoulders and the entrance line from
splitter island to curb face/paved edge of traveled way/edge of bypass lane; and

Circulating lane, which is leg-specific, for any setting but not applicable to outbound-
only legs.

As per Model Subset 1, to calibrate the model correctly, all leg-specific CMFs need to be
aggregated to determine a combined CMF. The CMF and SPF values can then be used to predict
crash frequency. This can be followed by the five optional steps which were outlined as part of
Subset 1 above.
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Figure 1-14 shows the relationship between crash frequency and traffic demand as determined
by this particular model, with some assumptions listed in the figure. The authors conclude that
crash frequency increases with entering AADT volume and that rural roundabouts have about
28% more crashes than urban.
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Figure 1-14: Figure 6-5a from NCHRP Report 888 (TRB 2019)

Other observations made during this subset model development included: roundabouts with one
outbound-only leg have about 54.5% less crashes than one with all legs serving two-way traffic
which is thought to be influenced by less conflict points; the presence of a right turn bypass
panes reduces crashes because of reduced conflict points; a wider entry width produces a great
crash reduction which is thought to be due to increased lateral separation between vehicles and
objects and vehicles and adjacent lanes; trends show there are more crashes on roundabouts with
two circulating lanes, thought to be due to more conflict points; there is a tendency for the
number of more severe crashes (K and A) to increase as the number of lanes increases, however
the number of B crashes is seen to decrease.

The report presents baseline SPF model forms for 3 or 4-leg roundabouts for Subset 3, taken
from Chapter 6 of the report and seen in Figure 1-15 below.
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SPF for three-leg roundabouts:

Nsprs = exp[-1.720+0.486 x LN ( EntAADT; /1000)
+0.168 X Iyrai | Equation 6-54

SPF for four-leg roundabouts:

Nspre = exp[—1.475+0.702 x LN(EntAADT, /1000)

+0.168 X I nrai ] Equation 6-55

where

Nspem = predicted average crash frequency for base
conditions on all legs for roundabout with
m legs (m = 3, 4), crashes/yr;
EntAADT,, = entering AADT for roundabout with m legs
(m=3,4),veh/d; and
I.wa = area type indicator variable (= 1.0 if area is
rural, 0.0 otherwise).

Figure 1-15: Equation 6-54 and Equation 6-55 from NCHRP Report 888 (TRB 2019)

Similar to the other model subsets, CMFs that could be applied to the baseline SPFs when non-
baseline conditions exist were developed for the following condition:

. Access point frequency, which is leg-specific, for any setting, with the access point count
representing the number of driveways or unsignalized access points on a leg within 250
feet of the yield line.

As per the other model subsets, to calibrate the model correctly, leg-specific CMFs need to be
aggregated to determine a combined CMF. The CMF and SPF values can then be used to predict
crash frequency. This can be followed by two optional steps:

. Applying a crash type distribution for PDO crashes, and
. Computing the predicted crash frequency by crash type category.

Figure 1-16 shows the relationship between crash frequency and traffic demand as determined
by this particular model, with some assumptions listed in the figure. The authors conclude that
crash frequency increases with entering AADT volume and that rural roundabouts have about
18% more crashes than urban.
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Figure 1-16: Figure 6-7a from NCHRP Report 888 (TRB 2019)

Another observation made during the development of this subset model includes the increase in
the CMF above 1.0 as the number of access points increases, i.e., more access points are related
to an increase in crashes.

The report presents baseline SPF model forms for 3 or 4-leg roundabouts for Model Subset 4,
taken from Chapter 6 of the report and seen in Figure 1-17 below.

Nsprs = exp[—1.565+1.055 x LN (EntAADT; /1000)
+0.496 X Irurat | Equation 6-65

SPF for four-leg roundabouts:

Nispra = exp[—1.536+1.131x LN (EntAADT: /1000)
+0.496 X I ra | Equation 6-66

where

Nipr, = predicted average crash frequency for base
conditions on all legs for roundabout with
m legs (m =3, 4), crashes/yr;
EntAADT,, = entering AADT for roundabout with m legs
(m=3,4),veh/d; and
I.... = area type indicator variable (= 1.0 if area is
rural, 0.0 otherwise).

Figure 1-17: Equation 6-65 and Equation 6-66 from NCHRP Report 888 (TRB 2019)
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Similar to the other model subsets, CMFs that could be applied to the baseline SPFs when non-
baseline conditions exist were developed for the following conditions:

. Entry width, which is leg-specific, for any setting, with a base width of 20 feet for one
entering lane and 29 feet for two entering lanes on an approach. Width is measured from
the entrance line and is the perpendicular width of entering lanes and shoulders from the
splitter island to the curb/outside paved edge of traveled way/edge of bypass lane.

. Circulating lane, which is leg-specific, for any setting and is not applicable to outbound-
only legs.

As per the other model subsets, to calibrate the model correctly, leg-specific CMFs need to be
aggregated to determine a combined CMF. The CMF and SPF values can then be used to predict
crash frequency. This can be followed by two optional steps:

. Applying a crash type distribution for PDO crashes, and
. Computing the predicted crash frequency by crash type category.

Figure 1-18 shows the relationship between crash frequency and traffic demand as determined
by this particular model, with some assumptions listed in the figure. The authors conclude that
crash frequency increases with entering AADT volume and that rural roundabouts have about
62% more crashes than urban.
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Figure 1-18: Figure 6-9a from NCHRP Report 888 (TRB 2019)
Other observations made during this subset model development included:

e An increase in entry width was observed to correspond with a decrease in crashes,
thought to be due to increased lateral separation between vehicles and objects and
between vehicles and adjacent lanes; and
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e (CMFs for roundabouts with two entering lanes were seen to be larger than for those with
one entering lane, indicating crashes are increased with more circulating lanes, thought to
be due to an increase in conflict points.

Leg-Level Crash Prediction Models

Leg level models were intended to also inform design decisions and to serve as a comparison
with leg-level models from abroad which were found by the authors to be frequently developed
for roundabouts. The leg-level crash prediction models were split into subsets as follows:

1. Entering-Circulating Crash Models,

2. Exiting-Circulating Crash Models,

3. Rear-End Approach Crash Models,

4. Single Vehicle Approach Crash Models,

5. Circulating-Circulating Crash Models,

6. Single Vehicle Circulating Plus Single Vehicle Approach Crash Models, and

Total Crash Models

Because there were not sufficient fatal and injury (FI) level crashes, all models were developed
using combined PDO plus FI crashes.

Subset 1 models were developed using the equations seen in Figure 1-19, taken from Chapter 6
of the report.
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EntCirc = exp® EntAADT°CircAA DT ¢ exp(@*ICD+exBypasss >Smevar)
Equation 6-77

EntCirc = exp? EntAA DTCircAA DT exp! @< ICD+exAnge+{xCOS( Ang))
Equation 6-78

EntCirc = exp? EntAADTCircAADT ¢ exp|@ICD+gxCircWiddh)
Equation 6-79
EntCirc = exp® EntAADT CircAADT*

{.Xpl exAngie+ fx COS( Angle p g=CircWidth) Equ ation 6-80

EntCirc = exp® EntAADT CircAADT®
t,_‘.P-: dx ICD+ex Angle+ = COS| Angle b+ ko< TwoEneeringlanes)

Equation 6-81

Figure 1-19: Equation 6-77 through 6-81 from NCHRP Report 888 (TRB 2019)

The variables incorporated into the models included inscribed circle diameter (ICD), bypass lane,
a state variable, circulating width, intercept, angle and COSAngle, as well as a variable for 2-
entering lanes and one for the overdispersion parameter, k.

It was observed that CMFs for entering-circulating crashes decreased with an increasing ICD and
angle to the next leg, as well as when a bypass lane is present and when circulating width is
increased on roundabouts with two circulating lanes, which contrast with single lane roundabouts
where an increase in circulating width was observed to cause more entering-circulating crashes.

Subset 2 models were developed using the equations seen in Figure 1-20, taken from chapter 6
of the report.

ExtCirc = exp® ExtAADT®CircAA DT “exp'e*CreWidths pxSiate)
Equation 6-82

ExtCirc = exp® ExtAADT®CircAA DT ¢ exp @< ICD+exCircWidhs pxSare)
Equation 6-83

Figure 1-20: Equation 6-82 and Equation 6-83 from NCHRP Report 888 (TRB 2019)

The variables incorporated into the models included inscribed circle diameter (ICD), bypass lane,
a state variable, circulating width, intercept, angle, as well as a variable for 2-entering lanes and
one for the overdispersion parameter, k.
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It is interesting to note that in the development of this model subset, models were not successful
where there was only one circulating lane and one exiting lane, while CMFs could not be
determined in the case of two circulating lanes and two exiting lanes because the model did not
have any non-AADT variables. It was observed by the authors that a bigger ICD was associated
with fewer crashes in the case of two circulating lanes and one exiting lane. They also observed
that increasing circulating width is associated with more crashes in the case of one circulating
lane and less crashes in the case of two circulating lanes.

Subset 3 models were developed using the equation seen in Figure 1-21, taken from chapter 6 of
the report.

RearEnd Approach = exp® ApprAADT CircAADT®

ex pl dx NumberAccess+exLuminaires) l, qllilt ion 6- 84

Figure 1-21: Equation 6-84 from NCHRP Report 888 (TRB 2019)

The variables used in the model included intercept, number of accesses, number of luminaires
and the overdispersion parameter, k. The authors concluded that as the number of access points
increases on an approach the number of rear-end approach crashes increases, while a decrease in
rear-end approach crashes was observed with an increase in the number of luminaires.

Subset 4 models were developed using the equation seen in Figure 1-22 taken from chapter 6 of
the report. All legs were modeled together in this case.

SV A ppnmd 1 = exp” A p prAA DT® exp'” PostedSpeed +dx AreaType+exSwre)
Equation 6-85

Figure 1-22: Equation 6-85 from NCHRP Report 888 (TRB 2019)

Variables incorporated into this model included intercept, posted speed, rural area type, state and
the overdispersion parameter, k. The authors developed two models in this case, one based on
posted speed limit and one based on setting (urban or rural). A limitation to the former is that the
speed limit data was incomplete for all legs. The report concluded that single vehicle approach
crashes increase as speed limit increases and are higher in rural than in urban areas due to the
presence of higher speed limits.

Subset 5 models were developed using the form seen in Figure 1-23 taken from chapter 6 of the
report. The model was successful for just the two circulating lane leg configuration.

Circulating — Circulating = exp®CircAADT *exp! > Widh)
Equation 6-86

Figure 1-23: Equation 6-86 from NCHRP Report 888 (TRB 2019)

Variables incorporated into the model included intercept, circulating width and the
overdispersion parameter, k. The authors determined that for circulating-circulating crashes, the
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number of crashes decreases at the circulating width increases at locations with two circulating
lanes.

Subset 6 models were developed using the form seen in Figure 1-24 taken from Chapter 6 of the
report. The researchers were unsuccessful in developing models to single vehicle circulating
crashes, so these crashes were combined with single vehicle approach crashes to generate a new
model. Two subsets of model were developed, one based on posted speed limit and one based on
setting (urban or rural).

SV Approach+ SV Circulating = exp® ApprAADT®
(“-p'c- PostedSpeed + dxCircWideh+ex TwoEnseringLanes+ [ x AreaType+ g=Saare )
Equation 6-87
Figure 1-24:Equation 6-87 from NCHRP Report 888 (TRB 2019)

Variables incorporated into the model included intercept, posted speed, circulating width,
presence of two entering lanes, rural area type, state and the overdispersion parameter, k. The
CMFs were derived from the speed limit-based model and showed that single vehicle crashes
increased with increasing speed, are higher where legs have two entering lanes and are lower as
the width of the circulating lane increases.

Subset 7 models (Total Crashes) were developed using the form seen in Figure 1-25 taken from
Chapter 6 of the report, but the authors did not develop CMFs with these. The purpose of the
total crash models seems to have been to serve as a means of obtaining an estimate for a
particular crash type in cases where models did not provide this, by subtracting from the total
crash model. The authors developed models for one circulating lane and two circulating lanes
which are shown, respectively, in Figure 1-25 following taken from Chapter 6 of the report.

Variables incorporated into the successful models included area type, number of entering and
number of exiting lanes and the overdispersion parameter, k.

Total = exp® ApprAA DT?CircAA DT¢exp!®AraaType+exTwonteringlanes)
Equation 6-88

Total = expe f\ppr!\f’l DT*CircAADT¢

C‘\-P; dx AreaType+exTwoEnseringlanes+ fxTwoFxitinglanes) Equa t iO n 6-89

Figure 1-25:Equation 6-88 and Equation 6-89 from NCHRP Report 888 (TRB 2019)

The paper stresses the importance of calibration of the crash prediction models which were
developed from this research and are outlined above (planning-level, intersection-level, and leg-
level). If uncalibrated models were to be used it introduces the risk of making decisions and
comparisons in error when it comes to comparing roundabout safety performance to other
interaction forms.

35



The calibration procedure used by the authors follows that outlined in the HSM and which will
be reviewed and enhanced by an NCHRP project, (project 17-63). They argue that applying that
same procedure to roundabouts would ensure consistency in the HSM.

Effects of Driver Learning Curve on Roundabout Safety Performance

The authors investigated the effects of driver learning curve on roundabout safety performance,
with the goal of detecting if there was a decreasing trend observable in crashes over time when
changes for AADT over time were accounted for. 109 sites where the opening year was readily
identifiable were used. The postconstruction data period was selected as 5 years. The authors
conclusion of their findings was that there is not satisfactory evidence of a driver learning curve
having an effect on roundabout safety.

Pedestrian and Bicycle Safety at Roundabouts

The authors assert that development of SPFs related to pedestrian and bicycle crashes is difficult
due to inconsistent collection of pedestrian and bicycle traffic volumes and because these crash
types are much rarer, with historical data being limited. From the project database the authors
compiled, pedestrian crashes accounted for about 0.4% of all crashes and bicycle crashes for
about 1%. It was decided that crash history was insufficient to develop separate models for
predicting pedestrian and bicycle crashes at roundabouts. However, their research provides
supporting evidence to show that most pedestrian/bicycle crashes result in injury crashes, which
is widely accepted. In the dataset used by the researchers, the majority of those injury crashes
were at the KABCO injury level B or C.

A lack of pedestrian and bicycle volume counts, as well as skews in that data (more urban than
rural crash records) meant that the authors were unable to make any conclusions with certainty
related to bicycle and pedestrian crashes in terms or an urban or rural context. Similarly, without
volume and exposure data, and because of skews in the dataset, conclusions could not be drawn
on ped/bike crashes as related to roundabout geometrics.

Speed at Roundabouts

A goal of the research was to explore a relationship between speed and roundabout crashes. The
researchers determined the fastest path radii for right turning, left turning and through travel at a
number of sites. Fastest path radii were used to predict speed at points along the path for
different movements. Predicted speeds were compared against data from crash reports but it was
determined that further research is required. A relationship was identified between posted speed
limit and single vehicle crashes and led to the conclusion that single vehicle approach crashes
increase as speed limit increases and are higher in rural than in urban areas due to the presence of
higher speed limits. The authors suggest that future research into prediction of entering speed
and crashes at roundabouts would be merited.

The repeated themes which arose as part of the research which are highlighted by the authors in
their summary are:
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When traffic volume is constant, multilane roundabouts show a tendency to experience
more crashes than single lane roundabouts, suggesting that overdesign of capacity may
bring reduced safety performance.

In terms of vulnerable road users, bicycle and pedestrian crashes account for a very small
proportion of all crashes at roundabouts.

There seems to be a relationship between crash severity and posted speed, with higher
speeds associated with more severe crashes.

Volumetric data on multimodal transportation is lacking and undermines the robustness
of models.

Further research into the relationship between vehicle speeds on roundabouts as a crash
predictor is merited; and

Calibration of the models which were developed is crucial for accurate application.

This project addressed the knowledge gap around specific characteristics of some roundabouts
which make them more successful than others in terms of crash reduction and safety benefit. The
results of this research allow practitioners to evaluate the safety benefits of design decisions
related to urban/suburban and rural single lane and multilane roundabouts and to quantify crash
reduction due to roundabout installation. The crash prediction models which were developed can
aid practitioners at the planning level for network screening, or at the design decision level if the
intersection-level and leg-level models are used. The report provides a guide for calibration of
models to local conditions which increases the accessibility of models for practitioners. The
findings of this report were also proposed for adoption into parts B and C of the HSM with
accompanying sample problems and CMFs.
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Summary of Findings

A review of extant literature showed that the negative binomial regression model is broadly
accepted as the most suitable form for modeling of crash data because it is capable of accounting
for overdispersion, which is typically encountered with crash data.

Review of literature indicates that because design guidelines and other characteristics such as
modal type, environment, driver population, crash reporting etc. for roundabouts are different
across countries, results from research in which SPFs have been developed for roundabouts in
another country may not necessarily be valid in the United States. Indeed, the research
undertaken by Giuffre et al. (Giuffre, 2015) showed that an Italian developed site-specific SPF
model, was shown to be a better fit than a calibrated U.S. model for a situation in the Italian
context., showing less standard deviation. As such, it is best when a SPF is developed
specifically for the geographic area to which it is to be applied using data directly from that area.

Within the United States the guidelines and procedure laid out within the Highway Safety
Manual in regard to SPF model development appear to be widely accepted. It is also accepted
that roundabout SPFs can be developed for baseline conditions and adjusted by applying CMFs
for site specific conditions, or alternatively site-specific SPFs should be developed. All studies
are in agreement when it comes to the importance of calibrating SPFs should conditions differ
from baseline conditions, in order for interpretation to be accurate and meaningful in informing
analysis and decisions.

Common elements which were considered as part of SPF development across the literature
which was examined include:

. Inside circle geometrics,

. Presence of a right turn bypass lane,
. Number of circulating lanes,

. Width of circulating lanes,

. Width of entry lanes,

. Number of legs,
. Setting (urban/rural etc.) and
. Angle between intersection legs.

The report by Daniels et al. (Daniels, 2010) is the only one which deviates from other research
where the importance of geometric features in terms of variables of importance are concerned in
model development. Daniels et al. found that geometric features such as inscribed circle
diameter, central island diameter and number of lanes were not variables of importance, however
other studies found that geometric features such as these did affect crash rate prediction. Studies
commonly show that an increase in traffic volume entering a roundabout (AADT is typically
taken as the total entering volume from all approach legs) is associated with an increase in crash
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frequency, such that SPF development with AADT as the explanatory variable is logical.
Literature evaluated in this report, and studies which are referred to within that literature, have
generally found that in instances where a roundabout replaces a signalized intersection, crashes
have been observed to increase, in particular amongst the population of vulnerable road users.

There are mixed results across studies in regard to crashes at roundabouts involving vulnerable
road users like pedestrians and bicyclists. However, in general it seems that additional quantity
and depth of data regarding these crash types is welcomed by all investigators as elements which
underpin the robustness of any models which might be developed.

Another area where researchers differ is on what they considered as the applicable area for
roundabout inclusive crashes, with parameters varying from 250 feet to 800 feet from about the
inscribed circle.

The research performed by Gbologah (Gbologah, 2016) into the safety effects of illumination at
roundabouts found that nighttime crash rates were approximately 61% lower in the presence of
lighting compared to unlit conditions. While there are some questions over the breadth and depth
of data employed by Gbologah, an interesting finding of his was that about 80% of the benefits
achieved from full illumination can be achieved by only partial illumination (central circle),
which contradicts other studies which recommended increasing the length of the illumination
zone.

The research undertaken as part of the National Academies of Sciences, Engineering and
Medicine which was published in 2019 appears to have had to greatest effect in reducing any
knowledge gaps which existed in the HSM surrounding roundabout specific SPF and CMF
development.
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2. Chapter 2 — Dataset Preparation

The primary objective of this project is to develop a Colorado-specific base of safety knowledge
for roundabout facilities, intended to assist CDOT staff with maximizing safety improvements at
Colorado roundabouts within constraints of available budgets. This base of Colorado-specific
safety knowledge is comprised of predictive tools in the form of Safety Performance Functions
(SPF) and diagnostic tools in the form of diagnostic menus and pattern recognition algorithms.

The work on this project includes development of SPF and diagnostic norms for the following
roundabout facilities:

. Urban 3-Leg 1-Lane Roundabouts,
. Urban 4-Leg 1-Lane Roundabouts, and
. Urban 4-Leg 2-Lane Roundabouts,

where “lane” refers to the number of circulating lanes around the inscribed circle.
This methodology also provides a platform for the planning of system level improvements,

decision support analysis at the project level and risk management. The work elements include
the following:

. Development of the Safety Performance Functions (SPF)
. Estimation of the Level of Service of Safety (LOSS) boundaries
. Development of Stratified Diagnostic Norms

Dataset Preparation

All of the dataset preparation was performed using the Colorado Department of Transportation
(CDQOT) crash database. Roundabout-related crash history over the study period of 5 years
(1/1/2015-12/31/2019) and Annual Average Daily Traffic (AADT) for each entering leg (main
line and side road) at roundabouts were collected for the same dataset.

Initially, crashes from the CDOT crash database which were coded as occurring at
“ROUNDABOUT” in Vision Zero Suite (VZS) for the 2011 through 2020 period were extracted.
This yielded approximately 6,200 crashes at approximately 500 discrete roundabout locations
which were geo-coded onto the Colorado roadway network.

Following this a web map was developed with those geocoded crashes along with any available
ADT from sources including the CDOT MS?2 tool, the Denver Council of Regional Governments
(DRCOG) tool, Pikes Peak Area Council of Governments (PPACG), Pueblo Area Council of
Governments (PACOG), the Grand Valley Metropolitan Planning Authority (GVMPO), as well
as other city and county sources. A summary of crashes and crash severity was generated for and
attached to each roundabout location.
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The next step was to validate each roundabout location. A location-by-location evaluation was
made to determine if the facility adhered to what is typically considered a network level
roundabout. For example, some facilities were found to be neighborhood turning circles or other
decorative features in which a rotation around an inscribed circle in order to make a left turn was
not necessarily strictly characteristic of the location. As such these locations were excluded from
the dataset.

As part of the validation process it was apparent that some facilities were constructed more
recently than others. In order to optimize accuracy, it was decided to restrict the collection period
for crash data to 2015 through 2019, to ensure that the roundabout was in existence throughout
the study period and that crashes were indeed roundabout related.

The most challenging part of the dataset preparation was the collection of AADT for each
roundabout leg. Because entering and circulating volume are important characteristics when
developing roundabout SPF models, it was important to ensure this information was captured as
comprehensively as possible. Because a large proportion of AADT data was absent, an on the
ground field collection of such data would have proved both time consuming and costly. In order
to efficiently and effectively obtain the necessary AADT information, in concert with CDOT
DiExSys employed the use of the StreetLight software to query 2021 traffic count data for
statewide roundabouts. This involved over 500 queries in StreetLight, along with associated data
extraction. The resulting tabular data was then joined with the spatial dataset for all roundabout
legs.

Figure 2-1 below shows a sample from the web map, depicting the Carefree/New Center
roundabout in Colorado Springs. The pink line defines the spatial boundary of a roundabout
location to which crashes (seen as green dots in this case, all representing the PDO level), based
on a coordinate system were coded. In this case the darker green diamonds to the east and west
of the roundabout show where traffic counts were available locally. The bright red lines show the
AADT counts obtained from the StreetLight queries, which were used to both validate/correct
existing CDOT/regional/city/county counts, and to complete population of AADT data for all
legs at each location. At most locations, such as at Carefree/New Center, both entering and
exiting traffic counts were available from StreetLight queries on all legs. Figure 2-2 and Figure
2-3 provide just a sample of each one to avoid image overcrowding, although counts are
accessible for all legs. However, at some locations only a combined count was available, in these
circumstances the count was split 50% for entering and 50% for exiting flows. As has been
described previously, the pink geo-fenced boundary typically includes crashes recorded within
approximately 200 feet of the roundabout: a combination of crash history with crashes coded as
“ROUNDABOUT,” “AT-INTERSECTION” or “INTERSECTION-RELATED” was utilized to
obtain the most accurate numbers.
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Figure 2-3: Web Map with Street Light AADT on Exiting Leg, Carefree/New Center

As part of the DiExSys quality assurance process it was determined that within the study period
often crashes which occurred at a roundabout had been coded as “INTERSECTION” or
“INTERSECTION-RELATED.” Therefore, all crash counts were cross-referenced between the
ROUNDABOUT and INTERSECTION/INTERSECTION-RELATED datasets on a location-by-

location basis to obtain the most accurate crash record yield for each location.

In developing a robust SPF model, it is important that sufficient sample size be utilized. For this
reason, at this stage of the dataset evaluation it was decided that there were three roundabout
facility types which offered a sufficient number of locations with which to develop models. These
facility types were:

o Urban 3-leg 1-lane,
. Urban 4-leg 1-lane, and
. Urban 4-leg 2-lane.

“Lane” refers to the number of circulating lanes. Table 2-1 shows limited available inventory of
other facility types when the number of available locations is considered.
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Table 2-1: Roundabout Geometric Facility Type and Available Locations

Geometric Facility Type

No. of Locations

3-Leg 1-Lane 80
3-Leg 2-Lane 15
4-Leg 1-Lane 166
4-Leg 2-Lane 67
5-Leg 2-Lane 6
6-Leg 2-Lane 8
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3. Chapter 3 — Development Of Colorado Roundabout Safety Performance
Functions

This chapter discusses in further detail the approach involved in the development of the
Colorado-specific SPFs as well as diagnostic norms.

Model Development

This project developed Safety Performance Functions (SPFs) for three types of Roundabout
facilities in Colorado. Roundabout SPFs in essence are crash prediction models, which generally
relate AADT to safety measured in the number of crashes over a unit of time. In statistical
modeling of traffic crashes, we are interested in discovering what we can learn about underlying
relationships from empirical data containing a random component. We suppose that some
complex phenomenon manifested by crash occurrence (data generating mechanism) has
produced the observations and we wish to describe it by some simpler, but still realistic, model
that reveals the nature of the underlying relationship. Lindsey' observed that in a model we
distinguish between systematic and random variability, where the former describes the patterns
of the phenomenon in which we are particularly interested. A great deal of substantive and
comprehensive work in the area of crash modeling was done by, Hauer?, Hauer and Persaud?,
Miau and Lum*, as well as others. The following is a brief description of modeling
methodology used in this project using Generalized Linear Models (GLM). Two kinds of Safety
Performance Functions were developed. The first one addresses the total number of crashes, and
the second one looks only at crashes involving an injury or fatality. It allows us to assess the
magnitude of the safety problem from the frequency and severity standpoints.

Selecting the Model Form and Evaluating Goodness of Fit

Creating a model out of data is a process that involves probing, computation, and the exercise of
judgment?. The functional forms for the roundabout SPFs, were selected by conducting
exploratory data analysis and evaluating goodness of fit for each of the trial models. The models
with best goodness of fit characteristics and a reasonable representation of the physical
phenomenon, as judged by the modeler were chosen for final use.

Based on substantial empirical evidence derived from observing safety performance of various
transportation facilities as well as work of other researchers (Hauer?), Sigmoidal and Hoerl

! Lindsey, J.K. Applying Generalized Linear Models. Springer-Verlag, New York, 1997.

2 Hauer, E. The Art of Regression Modeling in Road Safety. Springer-International Publishing, Cham, Switzerland
2015.

3 Hauer, E.& Persaud, B. Safety Analysis of Roadway Geometric and Ancillary Features. Transportation
Association of Canada 1997.

4Miau S. & Lum H. (1993). Modeling Vehicle Accidents and Highway Geometric Design Relationships. Accident
Analysis & Prevention 25(6):689-709.
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functions were used to represent the underlying relationships between safety and exposure at
roundabouts. These functions are very flexible nonlinear models capable of reflecting changes in
crash rate across the range of exposure and capturing the overall shape of observed data.

The general model forms of these functions that were used in the exploratory analysis to develop
Colorado roundabout SPFs are provided below:

_ (Bmax)(X50)
E(x) = (( Buin) + _(XBU)Jr(ﬁfo)

) , Sigmoidal Function for 1 independent variable (AADT in the
circulating roadway of a roundabout)

_ B 5. X
E(x) = (By)(xF1)(eFs ), Hoerl Function for 1 independent variable (AADT in the circulating

roadway of a roundabout)

Where:
E (x) - Number of crashes expected to occur annually at a roundabout
x — AADT in the circulating roadway of a roundabout

[ - Model Parameters

B1
E(xy,x5) = (Bo + m 7))
(1+fpx17F2) (14 faxy™Fs) , Sigmoidal Function for 2 independent variables

(AADTs on major and minor roads)

E(x1,27) = (efo) (xlﬁl)(xz P2) (ef" ), Hoerl Function for 2 independent variables (AADTSs on
major and minor roads)

Where:

E (x4, x,) = Number of crashes expected to occur at a roundabout given the values of x; and x
x1 =AADT Major Road

x, = AADT Minor Road

f = Model Parameters
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The quality of fit was examined with the Cumulative Residuals (CURE) method described in
Hauer and Bamfo®. This method consists of plotting the cumulative residuals for each
independent variable. The goal is to graphically observe how well the function fits the dataset.
To generate a CURE plot, sites are sorted by their average AADT. Then, for each site, the
residual (= predicted crashes-observed crashes) is computed, and the cumulative residuals are
determined and plotted for each value of the independent variables. Because of the random
nature of crash counts, the cumulative residual line represents a so called ‘random walk.” For a
model that fits well in all ranges of AADT, the cumulative residual plot should oscillate around
zero. If the cumulative residual value steadily increases within a range of values of the
independent variable, this means that within that range the model predicts fewer crashes than
have been observed. Conversely, a decreasing cumulative residual line indicates that in that
range fewer crashes have been observed than are predicted by the model. A frequent departure of
the cumulative residual line beyond two standard deviations of a random walk indicates a
presence of outliers or signifies an ill-fitting model.

For instance, Figure 3-1 and Figure 3-2 show CURE plots reflecting a model fit relating total
and injury crashes with main line AADT and side road AADT, respectively, for the Colorado 3-
leg 1-lane Roundabout. Because the CURE residual line lies well within the two standard
deviation and generally oscillates around zero, it can be concluded that the functional form and
the model parameters fit the data well.
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Figure 3-1: CURE Plot for Injury and Fatal Crashes and Total Crashes SPF 3-Leg 1-Lane
Roundabouts Major (Mainline)

> Hauer and Bamfo, Two Tools for Finding What Function Links the Dependent Variable to the Explanatory
Variables. ICTCT Conference Proceedings. Lund, Sweden 1997.
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Model parameters, graphs and CURE plots for the new Colorado SPFs are presented in the

individual sections which follow later in this report for each model (SPF Models and Diagnostic
Norms). The SPFs developed under this project show a very acceptable fit with over-dispersion
parameters (a), well below 1, reflecting tight distribution around the mean. The final functional
form chosen for all three of these models was Sigmoidal.

B

APYsigmoia = (fo + (1+ Brx,7P3)(1 + ﬁ4x2‘55))

The following example outlines the exploratory analysis and final model selection for a Urban 3-
leg, 1-lane roundabout. Initially two models were estimated using AADT in the circulatory
roadway of the roundabout as an independent variable for the Sigmoidal and Hoerl functions.
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As can be seen in Figure 3-3 and Figure 3-4 the CURE plots for both models are quite
acceptable, indicating well-fitting models. It is preferable, however, to develop a model capable
of predicting frequency and severity of crashes at a roundabout reflecting a wide range of the
demand on the main line and side road. This can only be achieved by using a model with two
independent variables. Initially a model was developed where the mainline AADT was assigned
to the pairing of the most oppositely positioned legs, with the sideroad ADT assigned to the
remaining leg. The resulting model using sigmoidal function is provided in Figure 3-5. The
Hoerl model, however, did not converge on a solution.
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Figure 3-5: Sigmoidal Function 1-lane, 3-leg roundabout, Main Line and Sideroad ADT

As shown in Figure 3-5, the 3-dimensional response surface of severity model indicates that the
number of injury crashes at a roundabout is independent of the side-road volume. Although the
CURE plots of the severity model exhibit desirable characteristics, in our opinion the model does
not effectively represent the physical phenomenon of crash occurrence. We have re-estimated
model parameters with the assumption that the average of the two highest AADTSs represent the
mainline, while the AADT on the remaining leg represents the side-road. The resulting models

are shown in Figure 3-6.
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Figure 3-6: Sigmoidal Function 1-lane, 3-leg roundabout, Main Line and Sideroad ADT

The resulting CURE plots are quite acceptable, and the 3-dimenesional response surfaces of the
model better align with our understanding of the physical phenomenon of crash occurrence,
where the side-road volume has significant influence on the resulting severity of crashes.
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Choice of the Underlying Distributional Assumptions

In statistical modeling of traffic crashes, it is assumed that the random variation follows certain
probability laws and can be characterized by a probability function. Miau and Lum* observed
that “the use of a continuous distribution, such as the normal distribution, is at best an
approximation to a truly discrete process. The Poisson distribution, on the other hand, is a natural
initial candidate distribution for such random discrete and, typically, sporadic events.” At the
same time, if a Poisson assumption is made about the underlying random variability, it will have
a restricting effect of always equating the variance to the mean. In our experience with crash data
this assumption is not always true. Similar findings are reported by Dean and Lawles®. In many
cases crash data exhibit extra variation or over-dispersion relative to the Poisson model. In other
words, the variance of the data is often greater than the mean. In this study, the datasets exhibited
over-dispersion characteristics relative to the Poisson model.

Estimating Model Parameters

The model parameters were estimated by the maximum-likelihood method using Generalized
Linear Modeling (GLM) methodology by maximizing log-likelihood function. Maximizing log-
likelihood function has computational advantages over maximizing ordinary likelihood function
L, which represents the product of the individual probability density functions of Poisson or
Negative Binomial distributions. The datasets exhibited over-dispersion, and as a result, final
regression parameters for Colorado Roundabout SPFs were estimated by maximizing log-
likelihood function of the Negative Binomial distribution, details are shown below.

E(y)=u

/ 2
Var(y) = u(1 + au) = u + ap? > u , thus, the standard deviation of y is A an

-1

L) = [T, o) (o 7 (L)

=1 TMa Yy;! \1+ay; 1+ap;

6 Dean, C. & Lawless, J.F. Tests for Detecting Overdispersion in Poisson Regression Models. Journal of the
American Statistical Association 84(406): 467-472; June 1989.
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ln(L(,u, a:)) =XiiIn (M) + y;In (J—:L) +alln ( & )

Fa=1)y;! I+ap;
Where:
y — vector of random variables modeling annual crash counts at intersections
u — expected values of y, estimated by the SPF
y; — observed number of crashes at an intersection over one year, a sample
from the i component of y.
a — scalar over-dispersion parameter
L(u, @) — Negative Binomial likelihood function

' — Gamma Function

Correcting for the Regression to the Mean (RTM) Bias

The best guess about the future is usually obtained by computing the average of past events. In
road safety the average of several years of crash history of a highway segment or of an
intersection, or in this case a roundabout, provides us with an estimate of what is likely to be
observed in the future. The precision of this estimate, however, can be improved upon by
correcting it for the Regression to the Mean (RTM) bias. RTM phenomenon reflects the
tendency for random events, such as vehicle crashes to move toward the average during the
course of an experiment or over time. For instance, if a segment, intersection, or roundabout
exhibits unusually high or unusually low crash frequency in a particular year, because of RTM
we need to be aware that over the long run its true average is closer to the mean representing
safety performance of similar facilities. The existence of the RTM bias has been long recognized
and is now effectively addressed by using the Empirical Bayes (EB) method’. The use of EB
method is particularly effective when it takes a long time for a few crashes to occur, as is often
the case at lower-volume intersections.

The empirical Bayes (EB) method for the estimation of safety increases the precision of
estimation and corrects for the regression to the mean bias. It is based on combining the
information contained in crash counts (known crash history) with the information contained in
knowing the safety of similar entities. The information about safety of similar entities is brought
into the EB procedure by the Safety Performance Function (SPF).

" Hauer et al. Estimating Safety by the Empirical Bayes Method. In Transportation Research Record 1174, TRB,
National Research Council, Washington, D.C., 2002, pp 126-131.
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Level Of Service Of Safety (LOSS)

Concept Description

Development of the SPF lends itself well to the conceptual formulation of the Level of Service of
Safety (LOSS). The concept of LOSS uses quantitative assessment and qualitative description
that characterize safety of a roadway segment in reference to its expected performance and
severity. The level of safety predicted by the SPF represents a normal or expected number of
accidents at a specific level of AADT, then the degree of deviation from the norm is stratified to
represent specific levels of safety.

LOSS I - Indicates low potential for crash reduction.
LOSS II - Indicates low to moderate potential for crash reduction.
LOSS III - Indicates moderate to high potential for crash reduction.

LOSS 1V - Indicates high potential for crash reduction.

Gradual increase in the degree of deviation of the LOSS boundary line from the fitted model
mean reflects the observed increase of variability in Crashes Per Year (APY) as AADT
increases. The delineated boundary lines represent 20" and 80" percentiles of the SPF
population. Selection of the 20™ and 80™ percentiles is made to identify facilities with some
potential for crash reduction or to recognize a particularly good performance.

Introduction of the LOSS concept enables transportation engineers to do the following:

J Qualitatively and quantitatively describe the degree of safety or un-safety of a roadway
segment/intersection, or in this case roundabout.

o Effectively communicate the magnitude of the safety problem to other professionals and
elected officials.

o Bring the perception of roadway safety in line with the reality of safety performance for a
specific facility.

o Provide a frame of reference for decision making on non-safety motivated projects
(resurfacing or reconstruction, for instance).

o Provide a frame of reference from a safety perspective for planning major corridor
improvements.

LOSS reflects how the roundabout is performing in regard to its expected crash frequency and
severity at a specific level of AADT on legs. It only provides an crash frequency and severity
comparison with the expected norm. It does not, however, provide any information related to the
nature of the safety problem itself. If a safety problem is present, LOSS will only describe its
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magnitude from a frequency and severity standpoint. The nature of the problem is determined
through diagnostic analysis using Direct Diagnostics and Pattern Recognition techniques®.

Calibration of the Level of Service of Safety (LOSS) Boundaries

Safety Performance Function (SPF) is initially calibrated using original data, which is over-
dispersed and is well described by the Negative Binomial distribution. In the process of
calibration, the over-dispersion parameter is estimated from the data and serves to establish a
“link” function between the population’s mean and its standard deviation. The relationship
between standard deviation and the mean is described as follows:

o=+p+ au?

where:
n - Expected frequency predicted by the SPF
a - Over-dispersion parameter estimated from the SPF

Over-dispersion is typical in the crash data, however when the magnitude of the problem is
assessed, it is important to correct observed crash frequency for the regression to the mean bias
using the Empirical Bayes (EB) procedure. The Empirical Bayes (EB) method for the estimation
of safety increases the precision of estimation, it is based on combining the information
contained in crash counts (known crash history) with the information contained in knowing the
safety of similar entities. The information about safety of similar entities is brought into the EB
procedure by the mean (p) of the Safety Performance Function (SPF). When an individual site is
examined in the LOSS framework it is corrected for the RTM bias, therefore it is appropriate to
compare its degree of deviation from the mean using the distribution reflecting the EB corrected
population. When safety performance of all segments in the dataset is corrected for the RTM bias
using the EB procedure the resulting population will naturally have a smaller variance than
before correction. EB corrected population is well described by the Gamma distribution where
the relationship between the mean and standard deviation is as follows:

o=+ au?

8 Kononov, J., (2003) Identifying Locations with Potential for Accident Reduction: Use of Direct Diagnostics and
Pattern Recognition Methodologies. In Transportation Research Record No. 1840, TRB, National Research Council,
Washington, D.C. 2002, pp 57-66
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LOSS boundaries were then calibrated by computing the 20" and the 80™ percentiles using the
Gamma Distribution Probability Density Function below’:
ab !Jb_l e—au
fl) = ——5—

where:
U - the mean
b - dispersion parameter estimated from the regression
a—b/n

[' — Gamma Function
Direct Diagnostics Methodology

General Concept

While LOSS provides a means of assessment of the magnitude of the safety problem, it is
important to understand that crash patterns susceptible to correction may exist with or without
over-representation in total frequency or severity, as detected by SPF. These patterns should be
identified through Direct Diagnostics analysis. In the course of in-depth safety studies of
intersections, a comprehensive methodology was developed to conduct diagnostic analysis of
safety problems for different classes of intersections in various environments, and this
methodology has been applied here in the context of roundabouts. Direct diagnostics methods
and a pattern recognition algorithm are described by Kononov®.

Because traffic crashes can be viewed as random Bernoulli trials, it is possible to detect
deviations from the random statistical process by computing the observed cumulative probability
of binomial distribution for each of the normative parameters. The cumulative probability can be
computed as follows:

n!

P(X =x) = B(x,n,p) = RisogmP (1 = P)"™

where:

n — Total number of crashes

% Kononov, Durso, Lyon and Allery (2015), Level of Service of Safety Revisited. Transportation Research Record
No. 2514 Transportation Research Board, National Research Council, Washington DC 2015

58



x — Number of observed crashes containing a specific attribute (crash type for example)
p — Expected % of this attribute based on statewide statistics
P — Cumulative probability of observing x crashes containing a specific attribute

If cumulative probability (P) exceeds a predetermined threshold, in most cases 95%, the
observed crash profile would be considered a pattern which would require further examination.

A framework of normative parameters was developed specifically for Colorado roundabouts to
provide a knowledge base for the direct diagnostics analysis. Colorado-specific diagnostic norms
have been developed for the following facilities:

e Urban 3-Leg 1-Lane Roundabouts
e Urban 4-Leg 1-Lane Roundabouts
e Urban 4-Leg 2-Lane Roundabouts

Stratification of Diagnostic Norms

It is important to note that some, but not all, normative parameters within the same SPF change
with AADT. For instance, in most cases, the severity of crashes gradually decreases and the
distribution of crashes by crash type changes with AADT. When sample size for the
development of diagnostic norms was sufficiently large the normative parameters were stratified
for three ranges of AADT: low, medium, and high. In the process of assessing the nature and
magnitude of safety problems at specific intersections, SPF analysis should be used in concert
with an appropriate diagnostic investigation by using the direct diagnostics algorithm. The
stratification of the diagnostic parameters by AADT improves the ability to identify crash
patterns more accurately.

SPF Models And Diagnostic Norms

3-Leg 1-Lane Roundabouts

The SPF graphs of the frequency and severity models for the Colorado 3-Leg 1-Lane
Roundabouts and CURE plots for each are presented in Figure 3-7, and model parameters are
shown in Table 3-1. The SPFs developed under this project show a very acceptable fit with
small over-dispersion parameters o reflecting tight distribution around the mean. Diagnostics for
this facility type are shown in Table 3-2.

Table 3-1: Frequency and Severity SPF Model Parameters for 3-Leg 1-Lane Roundabouts
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Severity Frequency
Variable | Value Variable Value
Bo 1.00E-04 Bo 1.86E-01
Bi 2.50E+02 pi 2.45E+02
B> 8.11E+00 B2 2.38E-01
B3 3.75E-01 b3 2.90E+00
B4 1.25E+02 b4 1.51E+02
Bs 3.05E-01 Bs 8.43E-02
o 0.125 o 0.125
Roadway | AADTwMmin | AADTmax
Major 5,000 22,500
Minor 1,000 12,000
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Figure 3-7: Frequency and Severity SPF Graphs and CURE Plots for 3-Leg 1-Lane
Roundabouts
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Table 3-2: Diagnostic Norms for Urban 3-Leg 1-Lane Roundabouts
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Table 3-2 (Cont.): Diagnostic Norms for Urban 3-Leg 1-Lane Roundabouts
Urban 1.Lane R
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4-Leg 1-Lane Roundabouts

The SPF graphs of the frequency and severity models for the Colorado 4-Leg 1-Lane
Roundabouts and CURE plots for each are presented in Figure 3-8, and model parameters are
shown in Table 3-3. The SPFs developed under this project show a very acceptable fit with
small over-dispersion parameters o reflecting tight distribution around the mean. Diagnostics for
this facility type are shown in Table 3-4.

Table 3-3: Frequency and Severity SPF Model Parameters for 4-Leg 1-Lane Roundabouts

Severity Frequency
Variable | Value Variable Value
Bo 1.00E-04 Bo 1.24E-01
Bi 2.49E+02 pi 2.51E+02
B2 1.96E+01 b2 1.80E+01
B3 9.38E-01 ps 1.12E+00
B4 2.39E+01 b4 3.61E+00
Bs 2.17E-01 Bs 2.87E-01
o 0.125 o 0.125
Roadway | AADTwMmin | AADTmax
Major 5,000 22,500
Minor 1,000 12,000
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Figure 3-8: Frequency and Severity SPF Graphs and CURE Plots for 4-Leg 1-Lane
Roundabouts
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Table 3-4: Diagnostic Stratified Norms for Urban 4-Leg 1-Lane Roundabouts

Urban 1-Lane 4Leg Roundabouts
Mmm'r 1m—mwm'r ::ummr All Tatals
M Accidents PBHI! m Percent | | Accidents | Parcent
121] M 197 HA
Kilied 0l Wi 00 HA
Number of Vehicles
| Single Venicle Aesidonts 275 | s4.97%| 100 | 22.73% 0 375 | 3565%|
Tz Vishicle Accidents 30| 5212%| 32 | Ta.58%| i 847 | #1.50%]
Three or mone Vehicls Accident 18 Z294% 12 2.73% 1] 30 2 5%
Uniioncwn Bumber of Vehicles 1] D00 1] 0.00%: [i] ] DU
Location
O Road 350 | 57.19% 342 | TI.TI% o 692 | GE5.TEW
O Road 262 | 4281% 93 | 22T 0 360 | 3472%
O/t Rioad Ly 121 19.77% 42| 955% 0 153 15.49%
0t Road Right 137 | 2230% 1] 1221% ] 191 18 15%|
O/# Rioad at Tee Il naow o] o000% 0 31| noow
¥ Road im Median (1] 000 2 0.45% 1] 2 0L 19%
Uninown Road Location 0] 000% o] 000w 0 0 0o0%
Accident Type
‘Owertuming 13 213% ] 1,14% [i] 18 171%
Dther Non Callision 3] D4 1] 0.23% 0 4] 038%
Vehicle CargaDabnis 0l 000 ol 0.00% 0 D] 000
Pedestrian = 4] 065% 2] 0.45% | o Bl 05T
Broacside 132 | 21.5T% 117 | 26.50% [i] B 2367
Head On 4| DBE% 2| oDasm 0 B 057
Rear Endl B 1471% 118 | 26.82% 0 208 | 19.7T%
i (Saene Dirnction] 37| B0%% 7T 1750 ] 114 | 10.84%|
 Sideswine (Oppesite Directian) 4| neEs% 4] 001 0 B 07E%
Approach Tum T 1.14% a 0.00% o T DETH
‘Orwermaking Turn 3 0. 450% 1 2.50% o 14 1.33%
Parked Mator Vehiely 21| 34 1] 0.23% 0 22| 209%
Reailweiry Vahiche 0]  0.00%| 0] 0.00% 0 0] 0.00%|
au:,umuqua 25| 4.08% 3| 06a% i 28| 266%
1] D00 1] 0.0 % 8] o 000
uummmm 0] 000% 0] 000% 0 D] D00
Wild Animal 4] 0B 2] 045% 0 B| D5
Lighttlity Pale 3| 621% AET [ 55 | 5 23%|
Trafic Signal Pals/Equipment 6| D9A% 2] ou5% 0 B| D7E%
Trafc SignPostiOverhead Sign Sinuchure B0 11.2T% an 6.E2% [¥] an 0.41%
Bridige Rail 0! 000 0] 0.00% 0 0| D00
Guased Rail 0l 000% o] 0.00% 0 0 000%
| Cabie Rail 1] naew| ol 0.00% 0 1] n1os|
Concrete Barrier 5| n8% 2| o45% i 7| 06T
Bridge Abutment 1] 0003 1] 0.0 % o] o 000
Column/PienBridge Srscure 0! 000 0] 0.00% 0 0| 000%
CulveriHeatdwall 3| 049% 2| 045% 0 B Dagt
| EmbankmentDiich 8] 131% 1] 023% 0 5| DAk
Curtasland &7 B31% 21 4.T7T% o T8 TA1%
Delin=ator Post 1 0169 a 0.00% i} 1 0 10%
FenceFence Par 6| D9% 1| o0Ba% 0 o] nBEw
TrewShubs 13 21% 3] 088% 0 16| 15p%
Large Beulder 20| azmw| 1] o023 i 21| 200%
Riocks in Roadvway [1] 0.00% 0 0.0 % o] o 0010
Barncade 1] 0009 1] 0.00%: 1] o 000
WallBuilding 5| 0A8X% 4| 0gi% 0 B 085%
Crash CushiontSand Barrel Attenuatar 0l 0.00% 0] 0.00% 0 0] 0o
| Msitis 0] 000% 0| 0.00%] 0 [ m1
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Table 3-4 (Cont.): Diagnostic Stratified Norms for Urban 4-Leg 1-Lane Roundabouts

Urban 1-Lane Roun
[ _©-12500 ADT | | 12500-25000 ADT| | >25000 Tota

_ Description Accidents | Percent | | Accidents Accidents | Percent| | Accidents | Percent
Other Fued Object 28| 458% 8] 1.36% 0 3] 373%
Ofher Objoct 4] 06E% 5| 1.14% 0 o 08E%
Rond Mantenarce Equipment 1] 0.18% o 000 0 1. 010%
Uniknewn Accidant Trpe 0] 0.00% 0| 0.00% 0 0. 000%
| Total Fieed Objects 260 | 4248% 92| 2091% 0 352 | 33.46%
[Tatal Other Objects 5| 082%| 5] 1.14% 0 0] o0o5%
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4-Leg 2-Lane Roundabouts

The SPF graphs of the frequency and severity models for the Colorado 4-Leg 2-Lane
Roundabouts and CURE plots for each are presented in Figure 3-9, and model parameters are
shown in Table 3-5. The SPFs developed under this project show a very acceptable fit with
small over-dispersion parameters o reflecting tight distribution around the mean. Diagnostics for
this facility type are shown in Table 3-6.

Table 3-5: Frequency and Severity SPF Model Parameters for 4-Leg 2-Lane Roundabouts

Severity Frequency
Variable | Value Variable Value
Bo 1.00E-04 Bo 2.01E-01
Bi 2.49E+02 pi 1.00E+04
B2 2.09E+01 B2 2.64E+00
B3 1.54E+00 ps 1.92E+00
B4 2.50E+01 b4 4.89E+02
Bs 2.62E-01 Bs 4.68E-01
o 0.125 o 0.195
Roadway | AADTwMmin | AADTmax
Major 5,000 22,500
Minor 1,000 12,000
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Figure 3-9: Frequency and Severity SPF Graphs and CURE Plots for 4-Leg 2-Lane
Roundabouts
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Table 3-6: Diagnostic Stratified Norms for Urban 4-Leg 2-Lane Roundabouts

Description

All Totals

Urban 2-Lane Roundabouts
0-20000 ADT 20000-35000 ADT
Accidents | Percent

Persons Killed

Number of Vehicles

|Single Vehicle Accidents 138 | 2275% a3 11.84% 222 | 16.92%
Twa Vehicle Accidents 454 | 75.04% 02 85.88% 1.066 | B1.25%
Three ar more Vehicle Accident B! 131% 16 2.28% 24 | 1.83%
Unikrvensn Nursber of Yehicles 0] 0.00% 1] 0.00% 0] 0.00%
Location

Oin Road 490 | 80.20% 623 2B.87% 1,113 | B483%
CHf Revael 121 | 19.80% 78 11.13% 108 | 15.17%
Off Road Left 531 867% a0 4.28% 83| £.33%
|Off Road Right 64 1047%) | 42 599% | 106 | 8.08%
Of Road at Tee 0! 0.00% 1 0.14% 1| 0.08%
Of Road in Median 2! 0.33% 3 0.43% 5| 0.38%)
Unknown Read Location 0! 0.00% 1] 0.00% 0l 0.00%)
Accident Type

Chverturning 8! 147% 2 0.29% 11| 0.84%
Other Hon Collision 0! 0.00% 3 0.43% 3| 0.23%
Vehicle CargoDebris_ 1] 0.16% o 000% 1] 008%
Pedestrian 21 033% 1 0.14% 30 0.23%
Broadside 130 | 21.28% 121 17.26% 251 | 19.13%
Head On 2] 033% 1l 014% 3|02
Rear End 83 1153% 179 25.53% 262 | 19.97%
Sideswipe (Same Direction) 215 | 35.19% 235 33 52%, 450 | 24.30%
|Sideswipe (OppositeDirection) 21 _049% 2 . 029% 5. 0.38%
Approach Turn 1] 0.16% 2 0.29% 3| 0.23%
Owertaking Tum M| 507T% 65 8.27% 95 | 7.32%
Orvertaking Turn 3| 507% B a.07% g5 | 7.32%
|Parked Mator Vehicle 0! 0.00% 4 0.57% 40 0.30%
[Railway Vehicle 0 0.00% 0 0.00%) 0] 0.00%
|BicyclefPedal Cycle G| 098% 5 0.71% 11 0.84%
[Matarized Bicycle 0| 000% 1] 0.00% 0! 0.00%)
Domestichnimal EERR Y  EER il ol [ 2] 05w
Wild Animal | 11 1.80% 1 0.14% 12| 0.91%
|LightLiitity Pale 14| 229% g 1.14% 22| 168%
Traffic Signal PoleEquipment 3] 049% 2] 020% 5] 038%
Traffic SignPostiOverhead Sign Structure 33| 5.40% 2 23 .00% £4| 4.12%
Bridge Rail 0! 0.00% 1] 0.00% 0! 0.00%
Guard Rail 1] 0.16% & 0.85% 7| 0538
Cable Rail 0] 0.00% 1] 0.00% 0] 0.00%
|Concrete Barrier 0! 000% 1 0.14% 1! 0.08%
|Bridge Abutment 0! 0.00% 1] 0.00% 0! 0.00%
ColumnPienBridge Stucure 0! 000% il 0.00% 0! 0.00%
CubvertHeadwall 1) 0.16% 1 0.14% 2| 0.15%
|EmbankmentDitch 4] 055% 1] 0.00% 4| 0.30%
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Table 3-6 (Cont.): Diagnostic Stratified Norms for Urban 4-Leg 2-Lane Roundabouts

Urban 2-Lane Roundabouts
| 0-20000 ADT 20000-35000 ADT All Totals

Description L Accidents | Percent | | Accidents | Percent m:u-ul Percent

{Curbsiand /| 57I% 23 328% 58| 4.42%
Delineatar Post 0! 0.00% 1] 0.00% 0| 0.00%
FanceFence Par 1] 0.16% ] 0.00% 1| 0.08%
Trea/Shrubs 10|  164% 2 0.29% 12| 0.91%
Large Boulder 2| 033% 4 0.57% 6| 0.48%]|
Rocks in 0f 0.00% 1] 0.00% 0 0.00%
Barricade 0| 0.00% 1] 0.00% 0| 0.00%
[WallBuilding 1] 0.168% 1 0.14% 2| 0.15%]
Crash CushioniSand Barrels) Attenuator 0] 0.00%) 1] 0.00% 0! 0.00%
Mailbox 0} 000% ] 0.00%)| 0| 000%
Othes Fixed Object 81 147% 7 1.00% 168 | 1.22%
I_ghm 2] 0.33%) 3 0.43% 5| 0.28%
Raad Maintenance Equipment 0 0.00% 0 0,00% 0 0.00%
Lnknawn .l.m‘rm 0]  0.00%) ] 0.00% 0| 0.00%]
TntﬂFhull.'l 114 | 18.66%) 78 10.84% 190 | 14.48%
3] 048% 3 0.43% 6| 0.48%




Table 3-6 (Cont.): Diagnostic Stratified Norms for Urban 4-Leg 2-Lane Roundabouts

Urban 2-Lane 4-Leg Roundabouts
0-20000 ADT 20000-35000 ADT All Totals

Description Accidents | Percent| | Accidents | Percent Accidents | Percent
li:nndiuun of Driver
Mo Impainment Suspected 5B0 | 94.93% Gaz2 97.29% 1,262 | 96.19%
Aleahol 28 | 428% 14 2.00% 400 3.08%
|Rx Drugs or Medication 1] 0.16% 1] 0.00% 1. 0.08%
|legal Drugs 0 0.00% o 0.00%, 0! 0.00%
|aaconal and Drugs 4| 0.655%| 5 0.71% 9 0.63%
DriveriPedestrian Not Observed 0 0.00% 1] 0.00% 0 0.00%
Unknown Condition 1 0.5 0 10.00% 1] 0.00%
| Total Accidents: 611 | 46.57% 701 53.43% 1,312 | 100.00%
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4. Chapter 4 — Conclusions

This project provides an important addition to the Colorado-specific base of safety knowledge,
capturing safety performance characteristics of the following facilities:

. Urban 3-Leg 1-Lane Roundabouts
. Urban 4-Leg 1-Lane Roundabouts
. Urban 4-Leg 2-Lane Roundabouts

To achieve ultimate results all of the Safety Performance Functions (SPF) in this report were
developed using original Colorado data. Use of this knowledge base will enable CDOT to
identify existing safety problems with greater accuracy and effectiveness. Proposed methodology
will support optimal investment of limited resources which will result in greater crash reduction.
It provides a platform for the project level decision support analysis, planning of system level
improvements and risk management. When applied statewide, this approach is expected to
provide maximum safety improvements on Colorado roundabouts within constraints of budget
allocations. Use of the proposed methodology is intended to assist CDOT staff in making
decisions affecting safety of the traveling public.

The SPF models are ready for immediate use and are also encoded into the Vision Zero Suite
software platform currently deployed by CDOT.
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