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Abstract

Roundabout implementations at traditional intersections have been shown to be effective at reducing severe crashes.
Roundabouts have also been implemented at interchange ramp terminals; however, limited research is available. In this study,
25 roundabout ramp terminal implementations were evaluated. The methodological approach consisted of Empirical Bayes
for safety effectiveness and crash cost changes, crash type weighted distribution, crash rate analysis of bypass configuration,
and cost of implementation. Roundabouts were effective at reducing fatal and injury crashes when replacing existing inter-
change diamond ramp terminals: 65% reduction for roundabouts replacing stop-controlled ramp terminals and 41% reduction
for roundabouts replacing signal-controlled ramp terminals. Observed crash type weighted distributions are provided to
visualize the frequency and location of crashes within roundabout ramp terminals for design considerations. Exit ramp and
outside crossroad approaches with right-turn bypass showed significantly lower crash rates than designs without bypass. The
crash cost analysis showed that roundabouts replacing diamond ramp terminals yielded crash cost savings of between
$95,000 and $253,000 per site per year (69% to 54% decrease in crash costs). Considering crash costs savings only, the cost
of implementation should be less than $1.9 million for a roundabout replacing a stop-controlled ramp terminal and less than
$5.1 million for a roundabout replacing a signal-controlled ramp terminal to accomplish benefit-cost ratios greater than one
for a service life cycle of 20 years. Costs are in 2019 dollars.

Roundabouts have proven to be effective in reducing
crashes at intersections (/-3). Implementations have
expanded to different facilities with innovative designs to
accommodate more traffic and turning movements (spiral
design, turbo roundabouts, double, magic, cut-through,
dogbone, balcony) (4). Roundabouts at interchange ramp
terminals have become a practical alternative since using
existing infrastructure and replacing conventional inter-
change configurations with innovative geometric designs
have been on the rise.

Although design principles are the same, roundabouts
at interchange ramp terminals could differ from intersec-
tion roundabouts in their traffic patterns, operations,
and geometry. Approaching legs at ramp terminals typi-
cally include a bidirectional crossroad, unidirectional exit
and entrance ramps, and, in some cases, additional pub-
lic streets or driveways. Approach speeds on exit ramps
may be significantly higher than the other approach legs
and exit ramps on underpasses can involve significant
downgrades. Therefore, there is a need to understand the

safety performance of roundabouts specifically at inter-
change ramp terminals.

This paper builds on existing research to evaluate
roundabouts used to replace existing diamond inter-
change ramp terminals (5-8). Only locations in which
existing diamond ramp terminals were reconstructed into
a roundabout were considered. The evaluation consisted
of quantifying safety effects and changes in crash costs.

Literature Review

Safety benefits of roundabouts at intersections have been
documented by multiple studies in the United States and
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internationally. In the United States, for example, Gross
et al. (/) examined the conversion of 28 signalized inter-
sections to roundabouts using the Empirical Bayes (EB)
method and found a reduction of 65.8% for injury
crashes and 20.8% for total crashes (TOT). Persaud
et al. (2) also applied the EB method to study the conver-
sion of 23 stop-controlled and signalized intersections to
roundabouts and found reductions of 80.0% for injury
crashes and 40.0% for TOT crashes. Rodegerdts (3)
found that roundabouts reduce crashes in both urban
and rural areas, especially severe crashes. A primary rea-
son for roundabout safety benefits is the reduction in
speed and in the number of conflict points, including the
elimination of crossing conflicts.

Using existing infrastructure and replacing conven-
tional interchange configurations with innovative geo-
metric designs have been on the rise. For instance, the
Diverging Diamond Interchange (DDI) has proven
safety and operational benefits. DDI implementations
have experienced 55.0% fewer fatal and injury crashes
(FI), 31.4% fewer property damage only crashes (PDO),
and 37.5% fewer TOT crashes compared with conven-
tional diamond interchanges (9). DDI operational bene-
fits include increased left-turn capacity and decreased
overall delay (/0—12). Similarly, roundabouts have been
implemented on freeway interchanges at ramp terminals,
but limited research is available.

Existing literature on safety of interchange round-
about ramp terminals is limited. Uddin (/3) presented a
case study of an interchange with single-lane round-
abouts in Oxford, Mississippi. A before-and-after EB
study was conducted for the north terminal and the
author found a reduction of 37.5% in TOT crashes and
60.0% in injury crashes. Qin et al. (7, §) analyzed 24
roundabouts in Wisconsin, four of which were inter-
change terminals. Using the EB method, the authors
found a reduction in FI crashes of 49.4% (west) and
50.0% (east) for the 1-43/WI-42 dual-lane roundabouts;
but found an increase in FI crashes of 2.6% (west) and
88.1% (east) for the 1-53/S Access Rd. single-lane round-
about. These studies predated the Highway Safety Manual
(HSM) or did not use specific local calibration factors to
adjust prediction models available in the HSM (74).

Ferguson et al. (/5) developed roundabout specific
safety performance functions (SPFs) and associated crash
modification factors (CMFs). The database included 30
roundabout ramp terminals and 325 roundabout intersec-
tions. The CMF for the number of unsignalized access
points ranged between 1.00 and 1.88. CMF values for
roundabout intersections were about 30.0% smaller than
those for roundabout ramp terminals. The outbound-only
leg CMF had a value of 0.43 and it is applicable to inter-
change crossroad-ramp terminal roundabouts with one
outbound-only leg (/5). Looking at operations, Li et al.

(16) specifically compared the operational performance of
roundabout and conventional signalized diamond ramp
terminals. Considering crossroad approaches, round-
about ramp terminals consistently had better levels of ser-
vice (LOS) under any conditions.

Data Collection

Potential locations for the study were identified in the
states of Missouri and Wisconsin. Through an extensive
review process, a group of roundabout ramp terminals
were sampled, and data were collected for analysis.

Site Selection

Through an interchange screening process and review of
public records, roundabout ramp terminals were identi-
fied. A pool of 120 potential locations (26 in Missouri
and 94 in Wisconsin) were identified for analysis. Ramp
terminals that met the following criteria were selected:

e roundabouts replacing existing diamond inter-
change ramp terminal configurations;

e Jocations with representative number of crashes
before and after implementation (at least one
crash per year);

¢ roundabouts with similar and consistent geometric
and operational traits as the rest of the group of
sites under consideration;

e known date roundabout opened to traffic (year at
a minimum);

¢ roundabout implementations that were not part of
new interchanges; and

e roundabout ramp terminals that had not signifi-
cantly changed the interchange geometry, opera-
tions, approaches, and surrounding area.

After an extensive review of potential sites, 25 round-
about ramp terminals were selected for the study (eight
in Missouri and 17 in Wisconsin). Crash, geometric, and
operational data were collected for the selected ramp
terminals.

Crash, Geometric, and Operational Data

Data were obtained from Missouri Department of
Transportation (DOT) Transportation Management
Systems (TMS), Wisconsin DOT roundabout database (17)
and traffic count database (/8), and Traffic Operations and
Safety Laboratory (TOPS) WisTransPortal (/9). Crash data
were collected for the functional areas of the ramp term-
inals including crossroads and ramps. Overall, 1,089 crashes
were obtained for analysis from all sites—632 crashes in the
before period and 457 in the after period. Geometric data
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were collected with aerial images and street view applica-
tions. Geometric data included the number of lanes by
movement, median width, distance between ramp terminals,
distance to adjacent public street intersections or driveways,
skew angle, and presence of right-turn bay or bypass.
Operational data consisted of traffic volumes for crossroad
and ramps, signal control type in the before period, and
posted speed limits. Available traffic volumes by year from
before and after periods were collected.

Description of Study Sites

Table 1 provides geometric and operational characteris-
tics of roundabout ramp terminals selected for this study.
The roundabouts had opened to traffic between 2007
and 2016. On average, before data were available for
4.7years and after data were available for 4.4years.
Before and after periods refer to the study periods in
relation to the implementation of the roundabout. One
year before and one year after roundabouts opened to
traffic were removed from the data. Also, to avoid crash
seasonality variations between periods of analysis, before
and after periods matched the same dates of the year for
the start and end of periods.

Annual average daily traffic (AADT), in vehicles per
day (vpd), observed at exit ramps were between
1,300 vpd and 10,900vpd, at entrance ramps between
647vpd and 11,450vpd, and at crossroad approaches
between 2,060 vpd and 30,700 vpd. Available AADTs for
before and after periods were used as a component of
the crash prediction models, accounting for variations
across the years. Posted speed limits in miles per hour
(mph) for crossroads were between 25 mph and 55mph
and for freeways were between 55mph and 70 mph.
There were roundabout ramp terminals with single and
multilane configurations on the crossroad and circula-
tory roadway.

For specific design configurations, there were eight
roundabout ramp terminals with spiral designs—
roundabout design with progressive lane addition/drop
around the circulatory roadway to accommodate turning
movements. Similarly, some roundabouts had additional
features such as exit ramps and outside crossroad right-
turn bypass with yield (YY) and free-flow (YF) condi-
tions. Following the HSM nomenclature for freeway
facilities, there were 14 diamond ramp terminals with
stop-controlled configurations (D4/3-ST) and 11 dia-
mond ramp terminals with traffic signal-controlled con-
figurations (D4-SIG) before implementation of the
roundabouts. Differences of region, ramp terminal con-
figuration, geometry, operations, and signal control type
were accounted for in the crash prediction models.

Some of the differences identified among roundabouts
by state included geometry, weather, and the presence of

roundabouts in each state which may relate to driver
familiarity. Roundabouts in Missouri were characterized
by having single, dual, and hybrid one- and two-lane
designs compared with Wisconsin sites which had up to
three lane configurations. Most roundabouts in Missouri
did not have a spiral design or right-turn bypass whereas
Wisconsin had several roundabouts with spiral designs
and a right-turn bypass. Based on the location of the
majority of the sites in each state, central Missouri
experiences on average 8 to 19in. of snow (average
January temperatures: high 40°F and low 21°F) com-
pared with an average of 36 to 51in. of snow (average
January temperatures: high 27°F and low 12°F) in east-
ern Wisconsin which presents different road conditions
during the winter that may result in different crash pat-
terns. As of 2020, Wisconsin had 489 roundabouts in its
state highway system which is the largest of any state.
The overall number of roundabouts in Missouri was not
available. Thus, drivers in Wisconsin would be expected
to be more familiar navigating roundabouts than
Missouri drivers.

Methodology

Safety effects and crash cost changes associated with the
implementation of roundabout ramp terminals replacing
existing diamond interchange ramp terminal configura-
tions were evaluated. The methodological approach con-
sisted of observational before and after EB to estimate
the safety effectiveness of treatments in crash reduction/
increase and corresponding CMF. Crash reports were
reviewed to classify crash types according to the fre-
quency and locations of crashes within the ramp term-
inals. A crash diagram was developed with 19 weighted
crash categories. Crash rates were evaluated for exit ramp
and outside crossroad approaches considering right-turn
bypass configuration. For the crash cost analysis, an
adaption of the EB was implemented to estimate crash
cost changes and overall crash cost benefit. Based on the
results from the crash cost analysis, costs of implementa-
tion were estimated assuming benefit—cost ratios greater
than one and a 20-year service life cycle.

Safety Effectiveness Evaluation

There is a consensus that the EB approach is a rigorous
statistical method that accounts for selection and regres-
sion-to-the-mean biases in observed crash data at loca-
tions that have undergone treatments (/4, 20). The
method determines the safety effectiveness of a treatment
based on the comparison of expected crashes with no
treatment with observed crashes with treatment (20). To
obtain expected crashes in the after period, the EB uses
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crash prediction models that were developed from
national studies.

Crash prediction models are composed of SPFs,
CMFs, and calibration factors (C). Available nationwide
SPFs and CMFs in the HSM were used for crash predic-
tion in this study. Equation 1 shows the general form of
the calibrated crash prediction models (/4).

Npred,i,j,1 = Cij,1 X Ny, i.j X

(CMF; X CMF, X ... X CMF,) (1)

where

Npred.i.j.1 = predicted crash frequency (crashes/year)
for facility i (D3-ST, D4-ST, D4-SQG),
severity j (FI=Fatal and Injury,
PDO =Property Damage Only) and state /
(MO = Missouri, WI=Wisconsin),

Ciji = calibration factor for facility i, severity
J, and state [,

Napr.ij = base SPF crash prediction (crashes/year)
for facility i and severity j, and

CMF, = crash modification factor for facility

characteristic . n

Calibration factors for ramp terminals (before
period configuration) were available from studies of
statewide HSM calibration in Missouri (2/) and
Wisconsin (22). The calibration of the HSM crash pre-
diction models consists of comparing the jurisdiction
observed crashes with the HSM model predictions for
randomly selected facilities of the same configuration.
Thus, the calibration factor C is the ratio between all
observed crashes and HSM model predicted crashes
from all sites. Calibration factors were available by
severities FI and PDO crashes. In this study, the fol-
lowing calibration factors were used:

Missouri (21)

D3/4 stopped-controlled ramp terminal

Cp3ja—st,r1,mo = 1.23, Cp3ja_sr, ppo,mo =2.03
D4 signal-controlled ramp terminal (two lanes)

Cpa—sic2, ri,mo =1.09, Cpa_sico, ppo,mo =2.36
D4 signal-controlled ramp terminal (four lanes)

Cpa—sica, ri,mo =0.85, Cpa—sica, ppo,mo =1.83
Wisconsin (22)

D4 stopped-controlled ramp terminal
Cpa-sr.rr.wr =0.78, Cpa—sr.ppo,wr =1.42

D4 stopped-controlled ramp terminal
Cpa—siG,rr,wr =0.42, Cps—sic, ppo,wr =0.51
The base SPF is a function of the measure of exposure
AADT and the number of through lanes by ramp termi-
nal type. The CMFs serve to adjust the base model SPF

with specific facility traits including (/4):

exit ramp capacity;

crossroad left-turn lane;

crossroad right-turn lane;

access point frequency;

segment length;

median width;

protected left-turn operation (signalized terminals

only);

e channelized right turn on crossroad (signalized
terminals only);

e channelized right turn on exit ramp (signalized
terminals only);

e pon-ramp public street leg (signalized terminals
only); and

e skew angle (unsignalized terminals only).

Ramp terminal SPFs and CMFs used in this study
can be found in the HSM supplement, Chapter 19 (/4).
More specifically, over dispersion and SPF coefficients
used include D3 stop-controlled ramp terminal (HSM
Table 19-18, page 19-42), D4 stop-controlled ramp
terminal (HSM Table 19-20, page 19—43), and D4 signal-
controlled ramp terminal (HSM Table 19-15, page 19—
39). CMFs for ramp terminals can also be found in the
HSM supplement section 19.7.2, page 19-54 (14).

After obtaining predicted crashes, expected crashes
can be calculated. Equation 2 illustrates how expected
crashes for a facility are computed based on a weighted
linear combination of predicted crashes and observed
crashes. The weight (w) of contribution from predicted
crashes is a function of the reliability of the model esti-
mates (reflected by the overdispersion parameter) and the
magnitude of the predicted crashes. Equation 3 shows
how the weight is a function of the overdispersion or
variability in prediction (every SPF has a corresponding
overdispersion coefficient).

Nexp,i,j.l,b = Wi; X Npred,i,j,l.b + (1 - Wi,j) X Nobs,i,j,l.b
(2)
1
1+ ki j X Nprea, i j,1,b

3)

Wij =

where
Nexp,ij b = expected number of crashes in the
before period (b) for facility i (D3-ST, D4-
ST, D4-SG), severity j (FI = Fatal and
Injury, PDO = Property Damage Only)
and state [ (MO = Missouri, WI =
Wisconsin),
Wi = weight value for facility i and severity j,
Nobs,ij,1.b = observed number of crashes in the
before period (b) for facility i, severity j,
and state /,
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= predicted number of crashes in the

before period (b) for facility i, severity J,

and state /, and

ki j = model overdispersion term for facility i
and severity j.

The adjustment factor () is introduced to account for
variations between before and after periods (Nprea,i ;1,6
and Nped,ij,1,a)- These variations include the duration of
periods and traffic volume. Therefore, the factor in
Equation 4 is the ratio of predicted crashes in the after
period over predicted crashes in the before period.

Npred.i.j.1.b

_ Npred, i.j,l,a 4
= kL 4)
pred,i,j,1,b

Using Equation 5, the expected crashes in the after
period (New, ij,1..) are calculated by multiplying the
adjustment factor to the expected crashes in the before
period.

Nexp,i,j,l,a =r XNexp, i,j,1,b (5)

The expected crashes in the after period (Nexp,ij.1.a)
are then compared with the actual observed crash fre-
quency in the after period (Nyps,i,/,1,4)- Equation 6 shows
the comparison designated as OR’'.

OR/ _ Nobs,i,j,l,a (6)
NQXP, i.j,l,a

Since OR’ is potentially biased, it is adjusted using
Equation 7 to remove bias and account for regression-
to-the-mean using the variance of the expected crashes in
the after period.

OR’
OR = —— i (7)
1+ W[ exp,i,j,[,u]

7
[Nem il a]

where

Var[New,ij.1.a] = {(I’)2 X Nexp,ij1.0 X (1 = Wi,j)} (8)

The unbiased OR is used for deriving the safety effec-
tiveness (SE), as shown in Equation 9. When crash fre-
quency decreases after a treatment, the SE is positive.
When crash frequency increases, the SE is negative.

SE(%) = 100 X (1 — OR) 9)

Crash Type Weighted Distribution

Crash type diagrams provide a visual representation of
common crashes observed at different locations within a
roadway facility such as roundabout ramp terminals. To
categorize crashes by crash type, location, and severity,
each individual crash report was reviewed. The crash dia-
gram in the crash reports and narrative statements by the
officer, driver, and other witnesses were especially helpful
to understand the crash type and location. Computer-
aided design (CAD) drawings were generated with the
geometry footprint of roundabouts and each crash was
mapped according to severity and crash type. Resulting
roundabout drawings with crashes were reviewed to
identify clusters of frequent crash types at locations
within roundabouts. Based on the frequency of crash
types observed, the following 19 categories were defined.

&
]

\"

)

c—
3
&K

Outside
Crossroad

®%

Outside
Crossroad

Figure |I. Roundabout ramp terminal crash types.
Note: Numbers in the figure refer to Table 2.
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Table 2. Roundabout Ramp Terminal Crash Type Weighted Distribution.

No. Description FI (%) PDO (%) TOT (%)
| Angle crash exit ramp and circ. roadway 14.9 21.3 19.5
2 Sideswipe departing circ. roadway 20.6 12.0 14.4
3 Angle crash crossroad and circ. roadway 15.5 1.5 12.6
4 Truck sideswipe NA 14.9 10.7
5 Rear-end outside crossroad 6.7 1.3 10.0
6 Rear-end exit ramp 1.6 4.0 6.1
7 Loss of control circ. roadway 35 6.6 57
8 Truck loss of control 2.6 5.5 4.7
9 Loss of control outside crossroad 44 32 35
10 Ped/bike at exit/entrance ramp 10.5 NA 29
Il Sideswipe entering circ. roadway 0.2 35 25
12 Sideswipe exit ramp 2.6 25 25
13 Rear-end circ. roadway 4.5 0.6 1.7
14 Loss of control entrance ramp 0.1 1.7 1.2
15 Loss of control exit ramp 04 1.0 0.8
16 Rear-end inside crossroad 2.1 0.2 0.7
17 Rear-end public street NA 0.1 0.1
18 Sideswipe outside crossroad NA 0.1 0.1
19 Wrong-way crash NA 0.1 0.1

Note: FI = fatal and injury crashes; PDO = property damage only crashes; TOT = total crashes; circ. = circulatory roadway; NA = not available.

Figure 1 illustrates each category and Table 2 provides
the results of the analysis.

Since the periods of analysis and AADTs for each
roundabout were different, crash type distributions were
adjusted. Therefore, weighted estimates were obtained
for the 19 crash type categories as a function of period
duration, exit ramp AADT, entrance ramp AADT, and
crossroad AADT:

_ szm]vljr ><Pi.yr XPi,ex XPi,en XPi,xm’

o 1 n 10
” Zi Pi,yrxpiﬁexxpi,enXPiﬁxrd ( )
N,
Qj,r = % X 100 (0/0) (11)
Zj,r Nja’”
where
N, = weighted arithmetic mean number of

crashes by severity j (FI = Fatal and Injury,
PDO = Property Damage Only,
TOT = Total crashes) and crash type r (cate-
gories 1-19),
O » = percentage of crash type r by severity j,
Pij, = number of crashes for facility i, severity j,
and crash type r,

Py = period of duration weight for facility i (in
years),

Pi o = exit ramp AADT weight for facility i (in
vpd),

Pi en = entrance ramp AADT weight for facility i
(in vpd), and

Pi yra = crossroad-ramp AADT weight for facility i

(in vpd).

Crash Rate by Approach and Configuration

The SE evaluation provides aggregated estimates of the
overall safety performance of sites with the implementa-
tion of the treatment. However, analysis at the approach
level is more appropriate to investigate the safety effect of
more specific design configurations. Exit ramp and out-
side crossroad approaches were evaluated as a function
of crash types and right-turn bypasses. From the review
of crash reports, crashes by severity related to exit ramps
and outside crossroad approaches were identified. Crash
rates were computed using the following equation (23):

1a 000, 000 X Nob‘v, W,X,V,Z

CRyxy-:= Crash MEV
W%, 7, 365 X Ny vy X TEVy (Crashes per )
(12)
where
CR, . = crash rate for approach type w (ex = exit

ramp, xrd = outside crossroad), severity x
(FI = Fatal and Injury, PDO = Property
Damage Only, TOT = Total crashes), crash
type y (categories 1, 3, 5, 6,9, 12, 15, and all),
and right-turn bypass z (N = No bypass,
YY = Yes-Yield, YF = Yes-Free Flow),

Nobs, w,x,y,- = number of observed crashes for approach
type w, severity x, crash type y, and right-turn
bypass z,

Nyrw.x,y,- = number of years for approach type w, sever-
ity x, crash type y, and right-turn bypass z,
TEV,, = total entering vehicles per day for

approach type w, and
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MEV = million entering vehicles per day.

Total entering vehicles per day was computed with
available AADTs in the after period. In the case of exit
ramps, TEV,, was the sum of the exit ramp AADT and
crossroad AADT in one direction. For the outside cross-
road road approach, the TEV,,; was derived from the
crossroad and entrance ramp AADTSs. Crash rate esti-
mates were evaluated to determine if there were any par-
ticular trends as a function of approach type, crash type,
and bypass configuration.

Crash Cost Evaluation

Although SE results provide a measure of the safety
effect of the treatment, it does not fully capture the over-
all benefit since crashes are evaluated as crash counts.
Accounting for the weight of severity of each crash with
crash costs is an alternative to assess the overall benefit
of the treatment. Change in crash costs caused by the
implementation of roundabouts replacing diamond ramp
terminals was estimated. Based on the method used for
the SE described in this paper, the EB method can be
adapted to measure the difference between expected
crash costs without treatment and observed crash costs
with treatment (24, 25). The crash cost modification fac-
tor (8..5) 1S a measure quantifying the change in crash
cost with the treatment:

Mobs,a
Mo, a
6Cost = & ( 1 3)

Var( Mexp, o
{1+ [ete]
- Var( Mexp,
ecustz{ {VA;KZ":;’Z)} + |: A/Sexp.alz ):| } ( )
14

2
Var( Mexp. o
{e e}
where

0cost = crash cost modification factor,

Var(0cost) =

Mobs.a = crash cost of observed crashes with the
roundabout in the after period (a),

Mesp = crash cost of expected crashes without
roundabout in the after period (@), and

Var(6.,;) = variance of the cost modification factor.

Additionally, the change in crash cost (¢,,,) and var-
iance can be estimated in dollar costs:

¢cost = Mexp,a - Mabs,a (15)

Var (d)cost) = Var(Mexp,a) + Var(Mobs,a) (16)

Since police reports may not accurately describe inju-
ries because perceptions of injury, reporting thresholds,
and severity definitions differ among states; Council
et al. (26) used the National Highway Traffic Safety

Administration (NHTSA) national data sets, which
included both police reported KABCO and medical
descriptions of injury in the Occupant Injury Coding sys-
tem (OIC), to develop crash costs. Council et al. (26)
defined “cost estimate” as both human capital cost and
comprehensive cost. Crash cost estimation requires infor-
mation on the number of people involved in a given
crash, severity of injuries each person suffered in the
crash, costs associated with the injuries, and costs related
to vehicle damage and travel delay. As part of the calcu-
lation of comprehensive crash costs, medically related,
emergency services, property damage, lost productivity,
and monetized quality-adjusted life years (QALY) costs
were included (26). Cost estimates were provided as a
function of geometry, area (urban/rural), and severity.
Based on the needs of safety analysis and available data
at the time, six different costs levels were defined (26).
Council et al. (26) attempted to estimate the standard
error of each average cost; however, the variance of some
costs such as medical, property damage, emergency ser-
vice, travel delay, or insurance administration were not
available. Thus, standard errors were obtained from the
variance in crash costs caused by differences in the num-
ber of people involved in crashes of the same type, the
severity of injuries suffered, and the age and sex of the
victims (26).

For this roundabout ramp terminal safety evaluation,
assumed crash costs from Council et al. (26) were from
Level 5, for each KABCO crash severity, with and with-
out speed limit categorization, and without regard to
crash geometry. Assumed crash costs were in 2001 dol-
lars. Thus, crash costs were adjusted to 2019 dollars for
this study using the consumer price index (CPI) (all
urban consumers, all items, annual average index, unad-
justed) to update economic costs and the median usual
weekly earnings (MUWE) (current dollar usual weekly
earnings of wage and salary workers, total, 16 years and
older, not seasonally adjusted) to update QALY costs
(27). Crash costs and adjustment measures used are pre-
sented in Table 4.

Although the procedure to update crash cost estimates
was intended for five years or until the next update of
crash cost data and methods, the update procedure has
been used beyond the intended time period which intro-
duces some uncertainty in updated crash cost estimates.
The procedure assumes that crash costs only change as a
result of economic performance which may not reflect
the effect of changes in crash reporting, crash data man-
agement, hospital records linkage, vehicle safety technol-
ogies, and road design over time. Despite advancements
in crash and hospital data availability and the develop-
ment of more rigorous statistical methods in safety anal-
ysis, there has not been an update of crash cost estimates
with national level data and crash cost estimates
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published in 2005 which continue to be updated or used
as reference despite the limitations of the procedure.
Estimating crash cost is not a simple task and requires a
significant amount of data, resources, and effort that
state or local agencies may not be able to accurately and
regularly develop on their own.

Cost of Implementation

Many factors influence the amount of economic invest-
ment justified for the implementation of a roadway facility
such as roundabouts. Benefits may include crash cost sav-
ings, reduced delay, stops, fuel consumption, and emis-
sions (3). At a roundabout, vehicles must yield at entry,
but are not required to stop if it is clear, which eliminates
some stop-and-go traffic associated with stop or traffic
signal-controlled ramp terminals. Following that reason-
ing, roundabouts are expected to reduce emissions and fuel
consumption in comparison to stop or signal-controlled
intersections.

Roundabouts were found to significantly reduced fuel
consumption by 5.6% to 19.4% and reduce CO, emis-
sions by 5.5% to 19.5% (28). Similarly, Mandavilli et al.
(29) found that roundabouts reduced control delay,
queue, and proportion of vehicle stops in comparison to
signal-controlled intersections. Reductions of CO, emis-
sions were between 16.0% and 59.0%. Other gas emis-
sions were also evaluated, and similar percent reductions
were observed. Ahn et al. (30) concluded that with
increased traffic volume, roundabouts were less effective
in reducing overall delay and signal-controlled intersec-
tions were a better alternative. Similarly, Hallmark et al.
(31) suggested that air quality benefits are much more
complex to quantify since there are several factors to be
considered and each location has particular traits. Most
of these studies include limited data.

Estimating the economic benefit of roundabouts in
relation to operational and environmental benefits is a
complex task that is highly dependent on site-specific con-
ditions, assumptions made, and methodological approach
that goes beyond the scope of this study. Therefore, in
this paper, the benefits account for crash costs savings
only. Cost of implementation refers to all costs associated
with the implementation of a roundabout to replace an
existing ramp terminal including design, land acquisition,
construction, and maintenance costs. Cost of implemen-
tation estimates in this paper are provided by type of dia-
mond ramp terminal replaced (stop or signal-controlled),
total entering traffic range, benefit—cost ratios greater
than 1 at five-,10-, and 20-year service life cycles.

Results

As part of the safety analysis, CMFs were developed,
crash types weighted distribution were provided, and the

crash rates illustrate the differences among exit and cross-
road approaches by bypass configuration. The crash cost
analysis provides measures of change in crash cost before
and after implementation (cost modification factors) and
the estimated cost of implementation. Statistical signifi-
cance was evaluated at the 0.05 significance level.

Safety Effectiveness Results

Results in Table 3 show that roundabouts replacing stop-
controlled ramp terminals (STOP to RAB) reduced FI
crashes by 64.9%, PDO crashes by 32.9%, and TOT
crashes by 39.6% (all statistically significant).

In the case of roundabouts replacing signal-controlled
ramp terminals (SIGNAL to RAB), there was a statisti-
cally significant reduction of 40.6% in FI crashes, a not
statistically significant increase of 13.7% in PDO crashes,
and a not statistically significant decrease of 4.6% in
TOT crashes.

An aggregated SE evaluation of all roundabouts
replacing all ramp terminal types (ALL to RAB) showed
a reduction of 47.2% in FI crashes (statistically signifi-
cant), a reduction of 5.8% in PDO crashes (not statisti-
cally significant), and a reduction of 17.8% in TOT
crashes (statistically significant).

The SE results showed that roundabouts replacing
stop-controlled ramp terminals were very effective at
reducing crashes for all severities. On the other hand,
roundabouts replacing signal-controlled ramp terminals
were effective at reducing FI crashes and had a slight,
although not statistically significant, increase in PDO
crashes. These differences are also related to the measures
of exposure since locations with stop-controlled ramp
terminals had a total entering traffic between 4,983 vpd
and 21,150 vpd compared with signal-controlled ramp
terminals with total entering traffic between 9,686 vpd
and 38,500 vpd. Similarly, roundabouts with single or
dual lanes on the circulatory roadway mostly replaced
stop-controlled ramp terminals, and roundabouts with
multilane and spiral designs were mainly observed repla-
cing signal-controlled ramp terminals. There were some
roundabout ramp terminals with statistically significant
increase in crashes which were reviewed in more detail.

A significant increase in crashes was observed at sites
15 and 16 (both at the I-435/87th St. interchange in
Kansas City, MO), so each individual crash report was
carefully reviewed, and operational data were collected
during an evening peak period. The majority of crashes
were rear-end crashes at the exit ramp and the outside
crossroad approach (categories 6 and 8, Figure 1) and
angle crashes at outside crossroad approach and circula-
tory roadway (category 3, Figure 1). Results of field data
collection showed that 533 vehicles (3.5% were trucks)
made left turns from the inside crossroad toward the
entrance ramp in one hour (81.5% of traffic from
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approach). From all vehicles at the entrance ramp,
83.2% came from the inside crossroad approach. Also,
151 vehicles (8.3% were trucks) coming from the exit
ramp made a left turn toward the inside crossroad in an
hour (85.6% of exit ramp traffic). Exit ramp average
approaching speed at the gore was 52 mph and at 300 ft
from the yield line marking was 38 mph.

Similarly, ramp terminals 20 and 22 located at USH-
10/STH-47 interchange in Appleton, WI, showed signifi-
cant increase in crashes. A detailed review of crash
reports showed that crashes were mainly associated with
exit, outside crossroad approaches, and trucks. For
instance, the ramp terminal south of the freeway had
between three and five crashes for categories 1 to 5
(Figure 1) over a period of three years. The ramp termi-
nal north of the freeway showed 10 rear-end crashes at
the outside crossroad approach (category 5) and seven
sideswipe crashes (category 2) over a three-year period.

Thus, predominant traffic conditions with left-turn
movement from the inside crossroad approach and exit
ramps in addition to a high rate of speed from the exit
ramp may result in an increase of rear-end crashes, side-
swipe, and angle crashes at exit ramps and outside cross-
road approaches.

Crash Type Distribution Results

A weighted crash type distribution was conducted for
roundabout ramp terminals. Results of the analysis are
provided in Figure 1 and Table 2 for FI, PDO, and TOT
crashes. The most common TOT crashes observed at
roundabout ramp terminals were angle crashes at the
exit ramp and circulatory roadway (19.5%), sideswipe
departing circulatory roadway (14.4%), angle crash at
crossroad and circulatory roadway (12.6%), truck side-
swipe (10.7%), and rear-end outside crossroad (10.0%).
Also, vehicle and truck loss of control accounted for
159% of TOT crashes. It is worth mentioning that
pedestrian or cyclist crashes at the exit or entrance ramps
were 10.5% of FI crashes (2.9% of TOT crashes) and
there were a couple of wrong-way crashes (0.1% of TOT
crashes).

Crash Rate Results

Crash rate analysis focused on evaluating exit ramps,
outside crossroads, and bypass configurations. Crash
rates were obtained by approach and the average crash
rate by configuration was computed to visualize any
trends. Figures 2 and 3 illustrate the impact of a right-
turn bypass on crash rates for exit ramps and outside
crossroad approaches, respectively.

Results of the crash rate analysis showed that exit
ramps had a higher crash rate compared with outside

crossroad approaches. For both approach types, config-
urations with no right-turn bypass had the highest crash
rates. Approaches with free flow bypass had the lowest
crash rate of all configurations. The effect of right-turn
bypass on exit ramps is much higher than on crossroad
approaches. The average crash rate for an exit ramp with
no bypass is 1.02 crashes per million entering vehicles
(MEYV) which reduces to 0.12 crashes per MEV with the
presence of a free flow bypass.

For crash types, associated with exit ramps, the rear-
end crash rate was significantly higher than the rest of
the crash types when there was no right-turn bypass
(Figure 2b). For outside crossroad approaches, with free
flow bypass, crash rates for angle, rear-end, and loss of
control crashes were the lowest compared with the other
configurations (Figure 3b).

Crash Cost Change

The change in crash costs as a result of the implementa-
tion of roundabouts replacing diamond ramp terminals
was estimated. Crash costs by severity, coefficients to
update crash costs, and results of the crash cost analysis
are provided in Table 4.

Results are provided by ramp terminal type replaced
and severities of FI, PDO, and TOT. Crash cost analysis
showed that roundabouts replacing stop-controlled ramp
terminals (STOP to RAB) yiclded a TOT crash cost dif-
ference of $6,199,378 from all sites, which resulted in
68.9% decrease in all crash costs—translated into crash
cost savings of $94,517 per site per year. For round-
abouts replacing signal-controlled ramp terminals
(SIGNAL to RAB), there was a TOT crash cost differ-
ence of $11,427,773 from all sites which resulted in a
reduction of crash costs of 53.9%—crash cost savings of
$252,547 per site per year. Similar to the SE results for
roundabouts replacing signal-controlled ramp terminals,
the crash cost increased for PDO crashes by 14.1% (sta-
tistically significant), which results in crash cost losses of
$7,498 per site per year. However, FI crash costs savings
significantly offset any PDO crash cost losses, and the
TOT overall crash cost clearly reflects the massive crash
cost benefit at these sites. The results of the crash cost
analysis provide the benefit of roundabout ramp term-
inals in crash costs (in 2019 dollars), which can be used
to estimate the cost of implementation of roundabouts
to accomplish benefit-cost ratios higher than one based
on operational features and service life cycles.

Cost of Implementation Estimates

As discussed in the methodology section, the benefits
considered in this paper only account for crash cost
savings. Since there is evidence of operational and
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Figure 2. Exit ramp: (a) crash rate by severity; and (b) total crash rate by crash type.
Note: Fl = fatal and injury crashes; PDO = property damage only crashes; TOT = total crashes; MEV = million entering vehicles. 2b crash types are

illustrated in Figure I.

(a)
1.2
FI mPDO = TOT
1.0
E 0.8
S 0
8
= 0.6 0.51
8
=
g 04 0.30
O
0.2 0.17
0.0 I
No Yes (yield) Yes (free flow)
Right Turn Bypass

(b)
1.2
3. Angle crash crossroad and circ. roadway
> 1.0 m 5. Rear-end outside crossroad
E m9. Loss of control outside crossroad
5 0.8
=9
S o6
wv
s
© 04
S 0.23 0.23 021
~ 0.15 0.15
02 I I 0.08 0.05 0.07
l . 0.01 :
No Yes (yield) Yes (free flow)
Right Turn Bypass

Figure 3. Outside crossroad: (a) crash rate by severity; and (b) total crash rate by crash type.
Note: Fl = fatal and injury crashes; PDO = property damage only crashes; TOT = total crashes; MEV = million entering vehicles. 3b crash types are

illustrated in Figure I.

environmental benefits of roundabouts, costs of imple-
mentation provided in this paper reflect a lower bound
estimate which is only expected to increase if operational
and environmental benefits are included. Costs of imple-
mentation were estimated based on the ramp terminal
type replaced, service life cycle, and benefit—cost ratios
(B/C) greater than one.

Results for roundabouts replacing stop-controlled
ramp terminals (STOP to RAB) and total entering traffic

between 5,000 vpd to 20,000 vpd are presented in Figure
4a. These results indicate that the cost of implementation
of roundabouts under the specified operational condi-
tions should be less than $1.9 million per ramp terminal
to accomplish benefit—cost ratios greater than one for a
service life cycle of 20 years.

Results for roundabouts replacing signal-controlled
ramp terminals (SIGNAL to RAB) and total entering
traffic between 20,000 vpd and 40,000 vpd are presented
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Figure 4. Cost of implementation of roundabout ramp terminals as a function of benefit—cost ratio (B/C) and service life periods: (a)
total entering traffic between 5,000 vpd and 20,000 vpd; and (b) total entering traffic between 20,000 vpd and 40,000 vpd.

Note: RAB = roundabout ramp terminal; STOP = stop-controlled ramp terminal; SIGNAL = signal-controlled ramp terminal; total entering traffic = ramp
terminal crossroad and exit ramp traffic; vpd = vehicles per day. Costs in 2019 US dollars.

in Figure 4b. Results for these conditions indicate that
the cost of implementation of roundabouts should be less
than $5.1 million per ramp terminal to accomplish
benefit—cost ratios greater than one for a service life cycle
of 20 years. Costs are in 2019 dollars.

Summary of Findings

Safety effects and crash cost changes associated with
roundabouts replacing existing diamond interchange ramp
terminal configurations were evaluated. A total of 25 loca-
tions in Missouri and Wisconsin were used in the analysis.

The SE results showed that roundabouts replacing
stop-controlled ramp terminals were very effective at
reducing crashes (statistically significant) for all severities
(reduced 64.9% of FI, 32.9% PDO, and 39.6% of TOT
crashes). On the other hand, roundabouts replacing
signal-controlled ramp terminals were effective at reduc-
ing FI crashes (40.6% FI crash reduction, statistically
significant) and had a slight increase in PDO crashes
(increased 13.7% of PDO crashes, not statistically signif-
icant) which resulted in 4.6% reduction of TOT crashes
(not statistically significant). Even though the SE results
provide a measure of the safety effect of the treatment, it
does not fully capture the overall benefit since crashes
are evaluated as crash counts.

The crash cost analysis showed that roundabouts
replacing stop-controlled ramp terminals yielded crash
cost savings of $95,000 per site per year (69.0% decrease
in crash costs). For roundabouts replacing signal-
controlled ramp terminals, there were crash cost savings
of $253,000 per site per year (54.0% decrease in crash
costs). Similar to the SE results for roundabout replacing
signal-controlled ramp terminals, the crash cost increased
for PDO crashes by 14.0% (statistically significant) which

resulted in PDO crash cost losses of $7,500 per site per
year. However, FI crash cost savings significantly offset
any PDO crash cost losses, resulting in massive crash cost
benefit at these sites. Accounting for safety benefits only,
to accomplish benefit—cost ratios greater than one for a
service life cycle of 20years, the cost of implementation
should be less than §1.9 million for roundabouts replacing
stop-controlled ramp terminals (STOP to RAB, 5,000
20,000 entering vpd) and $5.1 million for roundabouts
replacing signal-controlled ramp terminals (SIGNAL to
RAB, 20,000-40,000 entering vpd) per ramp terminal.
Costs are in 2019 dollars. These cost thresholds are conser-
vative because the thresholds will increase if operational
and environmental benefits were to be included.

The most common crashes observed at roundabout
ramp terminals were angle crashes at the exit ramp and
circulatory roadway (19.5%), sideswipe departing circu-
latory roadway (14.4%), angle crash at crossroad and
circulatory roadway (12.6%), truck sideswipe (10.7%),
and rear-end outside crossroad (10.0%). Also, vehicle
and truck loss of control accounted for 15.9% of TOT
crashes. There were also pedestrian or cyclist crashes at
the exit or entrance ramps (10.5% of FI, 2.9% of TOT
crashes) and a couple of wrong-way crashes (0.1% of
TOT crashes).

Exit ramps had a higher crash rate compared with out-
side crossroad approaches. Configurations with no right-
turn bypass had the highest crash rates. Approaches with
bypass and yield conditions had lower crash rates than
without a bypass. Approaches with free flow bypasses
had the lowest crash rate of all configurations. Rear-end
crash rates at exit ramps without bypasses were over-
whelmingly higher than the rest of the crash types.
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Conclusions and Recommendations

The results of this study provide strong evidence of the pos-
itive safety benefits of roundabout ramp terminal imple-
mentations in Missouri and Wisconsin. Roundabout ramp
terminals were very effective at reducing crashes, especially
FI crashes. Designs with a right-turn bypass provide lower
crash rates at exit and outside crossroad approaches.
Predominant traffic conditions with left-turn movements
from the inside crossroad approach and exit ramps, in addi-
tion to high rates of speed on exit ramps may result in an
increase of rear-end (34), sideswipe, and angle crashes at
exit ramps and outside crossroad approaches. This research
considered only crash cost benefits in computing the round-
about installation cost thresholds. Future studies should
also consider operational and environmental benefits.
Additionally, crash costs were assumed to change over time
only as a result of economic performance which may not
reflect the effect of other related factors such as changes in
crash reporting, crash data management, hospital records
linkage, vehicle safety technologies, and road design.

Ramp terminal configuration selection should be
made on a site-by-site basis considering operational and
safety measures. Operational measures may be addressed
with the use of microsimulation of several geometric and
traffic scenarios. Safety measures obtained with rigorous
crash prediction models and statistical methods such as
the Empirical Bayes should be considered. Practitioners
can use crash and crash cost CMFs, the crash type dia-
gram, bypass crash rate trends, and the threshold of cost
of implementation provided in this study for design con-
siderations and assess safety effects and economic value
of proposed roundabout implementations.
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