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ABSTRACT

This paper presents the findings of a three-year study conducted at The Pennsylvania
State University for the Federal Highway Administration on the subject of roundabouts in
terms of safety and operational performance, and geometric characteristics. This paper
is focused on geometric characteristics that influence the safety and operational
performance of roundabouts. Accident data (including driver testimonials) were
reviewed along with video tapes developed at several roundabouts located in the States
of Maryland, Florida, and Nevada. Several conclusions were drawn including the need
to improve geometric design on approaches to rural roundabouts to reduce loss of
control accidents; the need for adequate right of way to properly deflect vehicles around
the center island; and the need for guidance regarding operating volume to capacity
ratios. The findings from this study will assist planners, designers, and engineers to

avoid unnecessary safety hazards and operational failures.
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INTRODUCTION

Roundabouts are being implemented throughout the United States in a variety of
situations. Many states are considering roundabouts as a viable alternative to two-way
stop controlled intersections (TWSC), all-way stop controlled intersections (AWSC), and
in some cases signals and complex freeway interchanges. As a result of the increasing
popularity of roundabouts in this country, the Highway Capacity and Quality of Service
Committee included a procedure for estimating approach capacity at single lane
roundabouts based on international experience and limited U.S. data in the newly
released HCM 2000. In addition, the Federal Highway Administration has released a
design guide for roundabouts in the United States, entitled “Roundabouts: An
Informational Guide”, that was developed by Kittelson & Associates along with a panel of

international experts.

With the heightened awareness of the viability of roundabouts as alternatives to
traditional intersection design in the United States, there exists a need to educate
designers and engineers as to the proper techniques and possible errors that can be
made when designing roundabouts. This paper was developed from information
gathered during a three-year study conducted at The Pennsylvania State University for
the Federal Highway Administration on the subject of roundabout performance in terms
of operations, safety, and design. The findings from this study will assist planners,

designers, and engineers to avoid unnecessary safety hazards and operational failures.
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BACKGROUND

The study conducted at The Pennsylvania State University investigated the safety and
operational performance, as well as design characteristics, of several roundabouts
located in the states of Maryland, Florida, and Nevada. Nine single lane roundabouts
located in the States of Maryland and Florida were included in this study, along with two
multi-lane roundabouts located in the State of Nevada. The roundabouts chosen for this

study adhere to the basic definition of a roundabout in that:

e entering traffic must yield to traffic in the circulating stream prior to entering the
roundabout

e geometric elements control the entry speed of vehicles versus signs or pavement
markings and

e vehicles are channelized on the approach prior to entering the roundabout (1)

Information was gathered for the study by reviewing hard copy accident data (which
included testimonies of drivers involved in accidents), site plans, and several site visits.
During the site visits, many hours of videotape were recorded from several directions
including approaches to the roundabouts, roundabout entries, and from overhead which
allowed for monitoring of circulating stream driver performance. Each site was video
taped for four hours during the peak periods. In addition, several hours were spent at
each site for pure observation to better understand the operational and safety
performance of the roundabouts. Specific information on the sites included in this study

is given in Table 1.
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Control in Before  Average Daily Traffic  Peak Hour Volume

Location Period (All Approaches) (All Approaches)
Palm Beach County, FL TWSC 7,600 vpd 510 vph
Lisbon, MD TWSC 8,500 vpd 856 vph
Tallahassee, FL T-Intersection* 17,825 vpd 1,085 vph
Fort Walton Beach, FL T-Intersection* 12,000 vpd 1,245 vph
Lothian, MD TWSC 15,000 vpd 1,345 vph
Washington County, MD TWSC 7,000 vpd 800 vph
Cecil County, MD TWSC 6,000 vpd 800 vph
Carroll County, MD TWSC 12,500 vpd 1,300 vph

TABLE 1 SAFETY STUDY SITE INFORMATION
*T-intersections included in this study had stop control on the minor approach

Preliminary Safety Performance Findings

To better understand the safety performance of the roundabouts included in this study, a
preliminary comparison of the before and after accident rates and frequencies was
performed. Study sites that were chosen for this preliminary safety study were required
to have been operational for a period of two years or more and also have accident data
for the “before” period available. For this study, the period when the intersections were
operating as roundabouts is referred to as the “after” period, and the period when the
intersections were operating as minor stop controlled intersections is referred to as the
“before” period. It should be noted that accident data were only gathered for eight single
lane roundabouts and no multi-lane roundabouts were included in accident analysis
study. Accident rates and injuries rates were calculated for the study sites based on the

procedure presented in the Highway Safety Improvement Program Guide and are
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presented in Table 2 (2).

Given the short performance period and rural location of many

of the roundabouts, it was assumed that traffic volumes did not increase at these sites

after roundabouts were constructed.

Accident Injury Accident
Performance Frequency Per Accident Rate Rate

Study Site Period Year (Before/After)  (Before/After)  (Before/After)
Palm Beach County, FL 2 years 1.5/1.5 0.54/0.54 0.5/0.0
Lisbon, MD 2 years 7.5/2.5 2.42/0.81 1.5/0.5
Tallahassee, FL 2 years 4.5/1.5 0.69/0.23 0.0/0.0
Ft. Walton Beach, FL 2 years 8.0/2.0 1.83/0.45 2.0/0.0
Lothian, MD 2 years 13.0/4.0 2.37/0.73 4.5/1.5
Washington County, MD 2 years 4.5/0.0 1.76/0.0 1.0/0.0
Cecil County, MD 2 years 3.0/0.0 1.37/0.0 1.0/0.0

Carroll County, MD 2 years 5.3/0.0 1.81/0.24 2.25/0.75

TABLE 2 SAFETY PERFORMANCE DATA

From the preliminary safety study, the safety performance of the retro-fitted roundabouts

appears to have improved after the installation of the roundabouts. As of January 1998,

the eight roundabouts included in the study were performing better in terms of reduced

accident frequency, accident rates, and injury accident rates than they did in their before

periods. The findings from this safety study are consistent with the majority of findings

from international safety studies (3,4,5).
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The reduction in accidents at roundabouts as compared to minor stop controlled
intersections, can be largely attributed to the reduction in conflict points between the two
geometric configurations. A conflict point is defined as a point or place in the
intersection proper in which a vehicle can cross another vehicle’s travel path. Figure 1
contains a diagram depicting the change in the number of conflict points from 32 (at a
four-leg intersection), to only 8 points when a single lane roundabout is used as an
alternative geometric configuration (1). Another advantage of roundabouts, as
compared to traditional at-grade intersections, is the use of a center island. The center
island of a roundabout greatly reduce the occurrence of severe accidents such as right
angle, left-turn head-on, and head-on accidents, thereby reducing the number of injury
accidents. Figure 1 supports the findings drawn from the accident reports at these eight
sites, in that single lane roundabouts were found to operate better in terms of safety than

they did as minor stop controlled intersections.

@ Diverging
@ Merging
Q Crossing

FIGURE 1 CONFLICT POINTS AT 4-LEG INTERSECTION AND SINGLE LANE
ROUNDABOUT (SOURCE: ROUNDABOUTS: AN INFORMATIONAL GUIDE,

FHWA, 2000)
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THE EFFECT OF GEOMETRIC DESIGN ON SAFETY PERFORMANCE

While the safety performance of the study sites was positive in that fewer accident
occurred after the installation of roundabouts, an in-depth investigation was performed to
determine possible geometric characteristics that may be influencing the safety
performance at the roundabouts. To identify geometric elements that may have been
influencing the safety performance of the study sites, a review of hard-copy accident
reports was conducted. Figure 2 was developed from information included in the
accident reports. Figure 2 includes a break down, by accident type, of the 33 accidents
reported in the after period, when the intersections were operated as roundabouts. As
shown in Figure 2, 27.3 percent of the accidents reported were side-swipe accidents that
occurred when entering drivers failed to yield to circulating drivers. Of the side-swipe
accidents reported, two of every three side-swipe accidents occurred because of driver
traffic violation. This type of accident may reduce as driver experience with roundabout
operation increases. Further education of the public prior to installation of a roundabout

may also help to reduce this type of accident.

Of greater importance, 45.47 percent of the total accidents reported at the study sites
were classified as “loss of control” accidents. Of the loss of control accidents reported,
three of every five were the result of entering drivers approaching the roundabout at
excessive speeds, as stated in the accident reports. As previously mentioned, entry
design is key to slowing drivers as they approach roundabouts to allow them to safely
reduce their speed prior to entering the roundabout. Also, given that 14 of the 15 loss of
control accidents occurred at high speed rural road locations, the speed reduction
associated with the approach curve does not appear to be adequate. It also appears

that the drivers’ expectations are perhaps being violated at the rural roundabouts.
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Straight approaches and high speeds do not convey to some of the approaching drivers
that there is a change in the roadway geometry ahead, despite the use of warning signs
on the approaches. In this environment, additional features may be necessary to

increase driver awareness of the changing roadway characteristics.

Failure to Yield
(Side Swipe)
Accidents
27.3%

Rear-End
Accidents
24.2%

Total Accident
33
100%

Loss of Control
Accidents
45.47%

AN

Other
Accidents
3.03%

FIGURE 2 ACCIDENT TYPES REPORTED AT SINGLE LANE ROUNDABOUTS
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The Maryland roundabout design guide suggests that rumble strips be applied to high
speed approaches to roundabouts, such as rural roundabouts (6). Another technique
suggested for approaches to high speed rural roundabouts is the use of successive
reverse curves as shown in Figure 3. Successive reverse curves are intended to slow
vehicle speeds further upstream of the approach curve, so that vehicles enter the
roundabout at an appropriate speed. This technique may help to reduce the failure to
yield and loss of control accidents that are attributable to excessive speeds prior to the
yield point of the study roundabouts. In a recently completed study, it was found that at
a high speed rural roundabout where this technique was applied, the single vehicle
accident rate reduced from 0.73 accidents per year without the treatment, to 0.41
accidents per year in the after period (7). Based on the number of loss of control
accidents that occurred at rural roundabouts included in this study, this type of treatment

may prove to be useful in reducing this type of accident.

Broad radivs

\- Moderate radius

FIGURE 3 SUCCESSIVE CURVES ON HIGH SPEED RURAL ROUNDABOUT
APPROACHES (SOURCE: ROUNDABOUTS: AN INFORMATIONAL GUIDE, FHWA

2000)

Several observations can be made from the preliminary safety study of single lane
roundabouts. It appears that roundabouts perform better in terms of reduced accident

frequency, accident rate, and injury rate compared to their performance in the before
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period as minor stop controlled intersections. In addition, the in-depth review of the
accident reports gathered for this study demonstrate how critical the entry speed of
vehicles is on safety performance. This point was also stressed in the August 2000

publication by FHWA entitled Roundabouts: An Informational Guide. Achieving speed

consistency between conflicting traffic streams is an underlying principle in the guide to
promote the design of safer roundabouts. The guide recommends that the difference in
design speeds should be kept to within 20 km/h (12mph) between the entry path radius
and the conflicting circulating path radius. This will help to increase reaction time which

may in turn reduce crash rates and crash severity (1).

THE EFFECT OF SITE SELECTION AND DESIGN VOLUMES ON OPERATIONAL

PERFORMANCE

In addition to the eight single lane roundabouts included in the safety study, several
additional roundabout sites were visited as part of this overall study. After visiting all of
the potential sites and reviewing site plans and accident data, three roundabouts were

not included in the safety study. These sites were not chosen for the study because:

e The two multi-lane roundabouts located in Summerlin, Nevada lacked sufficient
“before” accident data.
e The roundabout located in Bradenton Beach, Florida failed to meet the basic criteria

of a roundabout

Although not sufficient to be included in the safety study, the information and
observations gathered at these sites did prove to be interesting and valuable. This

information is presented in the form of case studies. The first case study addresses the
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need for adequate right of way to properly design a roundabout and the affect of
unbalanced flows on roundabout operations. The second case study addresses the
topic of design hourly volume and the problems associated with roundabouts operating

at extremely low volume to capacity (v/c) ratios.

Bradenton Beach, Florida Case Study

Just as safety performance can be hindered by inadequate geometric design,
operational performance can be hindered by improper site selection. Here, site selection
refers to the specific location of roundabouts in relation to intersection characteristics. A
few examples of compromised geometric and operational features are addressed in this

section:

e lack of proper sight distance
e lack of available right of way for proper deflection at urban roundabouts

e lack of balanced traffic flows

Figure 4 contains a photo of a roundabout located at the intersection of Bridge Street
and SR 789 in Bradenton Beach, Florida. Table 3 contains peak hour volume
measurements for all approaches to the roundabout. A large building is located on the
south-east corner of this intersection. Using as-built construction plans, sight distance
triangles were developed for the west bound approach. The available external sight
distance for this approach was determined to be 26 meters from the as-built construction
plans. The recommended sight distance for this approach to the up stream entering
stream was determined to be 54.2 meters, using the criteria given in FHWA
Informational Guide for a six and a half second critical gap and an approach speed of 30

km/hr (1). Based on these measurements and calculations, this approach lacks an
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external sight distance of 28.2 meters on the west bound approach. This required

distance is shown in Figure 5.

Approach Peak Hour Approach Volume
NB SR 789 194 vph
SB SR 789 445 vph

WB Bridge Street 17 vph

TABLE 3 BRADENTON BEACH, FLORIDA PEAK HOUR VOLUMES

FIGURE 4 BRADENTON BEACH, FLORIDA ROUNDABOUT
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N

15 meters

FIGURE 5 SIGHT DISTANCE DIAGRAM FOR BRADENTON BEACH, FLORIDA

The limited sight distance forces drivers to slow considerably before reaching the yield
bar because they cannot see around the building to the upstream approach to scan for
potential conflicts. This behavior goes against the basic operational characteristic of
roundabouts: free flow of vehicles through the intersection given an acceptable gap is
available. In addition, the location of the building on the south-east corner compromises
the available right of way, thus affecting the deflection of the north bound and south
bound approaches. The result is that vehicles do not slow to enter the roundabout on
the north bound and south bound approaches and they essentially maintain their straight

travel paths by driving over the truck apron. In fact, the truck apron began to fail
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structurally only one year after the roundabout was opened. From Figure 4, the truck
apron can be seen as the raised area around the center island provided, in some cases,

to allow larger vehicles to traverse the roundabout easily.

In addition, the flow of vehicles is very unbalanced at this site as is shown in Table 3.
The north and south bound approaches carry approximately 97.3 percent of the total
flow through the roundabout. This unbalance of traffic flows results in very few
acceptable gaps being made available to the west bound approach, making it
increasingly difficult for drivers on this approach to enter the roundabout comfortably.
The combination of 1) poor sight distance on the west bound approach, 2) lack of
deflection on the north bound and south bound approaches, and 3) unbalanced flows,
produces a very expensive minor stop controlled intersection. This case study
demonstrates the need for designers, planners, and engineers to understand the
importance of basic roundabout requirements. There must be sufficient right of way to

properly construct a roundabout to allow for:

1) deflection of vehicles around the center island (not requiring the use of the truck
apron);
2) Adequate sight distance to allow free flow of vehicles into the roundabout, provided

an adequate gap in the circulating stream is available.

Summerlin, Nevada Case Study

One question a designer or planner may ask themselves when in the preliminary design

phase is, how many vehicles do | design for? While there is much guidance given to

designers in terms of determining the number of entering and circulating lanes based on
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“design hourly volumes” there is little guidance as to how far in the future these volumes
should be projected. Most guides suggests that roundabouts not be designed for
volume-to-capacity (v/c) ratios of more than 0.75 to 0.80 because they may begin to
operate at capacity within a short time period with growth in traffic volumes (1,3). Itis
further suggested that when the estimated v/c ratio is near 0.75-0.80, an additional lane
be added to account for future traffic volume needs. Little guidance, however, is given
as to the lower bound of v/c ratios that roundabouts should operate. The only guidance
identified regarding the design of roundabouts for future traffic needs was found in the
British design guide. In this guide, it is suggested that an interim roundabout design be
used, in which the center island essentially covers an extra lane in the circulating
roadway, and the center island be reduced in size when the extra lane is needed to
improve operations (8). This would also apply to roundabout approaches, in which the
additional right of way required on each approach would not be paved in the interim

design but instead paved at a later date when deemed necessary.

While this approach is valid for future development, no guidance is given as to the lower
bound of v/c ratios that roundabouts should operate at in the present. This point is not
as critical in single lane roundabout design, in which vehicle paths are restricted through
the circulating roadway by the center island and speeds can be controlled by properly
designed approach curves. However, in multi-lane roundabout design, this point is very
essential to safety performance. Additional lanes in the circulating roadway that operate
with little or no traffic, allow entering drivers to adjust their travel path to the largest radii
through the roundabout, resulting in high speeds through the roundabout. Through site
visits, a case study was developed demonstrating the possible safety hazards that can

be encountered when v/c ratios are extremely low.
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In Summerlin, Nevada, two multi-lane roundabouts, referred to as the North and South
roundabouts, were studied over a four day period in 1995 by the author of this study.
The North and South roundabouts, at the time of the observations, were carrying
approximately 850 and 1,025 vehicles per hour during the peak hour, respectively.
However, they were designed to carry 3,000 and 6,000 vehicles per hour in the peak
hour. This equates to volume to capacity ratios of 0.28 and 0.17, respectively. The
following observations were made during the four-day site visit. These observations
demonstrate the problems associated with operating roundabouts with low v/c ratios

during the peak and off-peak times:

e drivers increased their speed on entry
e drivers cut across several lanes in the circulating roadway to exit the roundabouts
e several drivers entered the roundabouts by making a left turn and proceeding

clockwise to their exit

As drivers approached the entries at these two multi-lane roundabouts, it was observed
that they actually accelerated on the approach instead of decelerating. This was in part
due to the lack of traffic within the circulating roadway and also the non-restrictive travel
radius of the roundabouts. Due to low volumes, drivers were not forced to maintain
position in their selected lane and instead adjusted their travel path to travel the largest
and most comfortable radii. This behavior allowed entering drivers to maintain or
increase their approach speeds as they traveled through the roundabouts. Similarly,
without many other vehicles in the circulating roadway, drivers often cut across several

lanes in the circulating roadway to take their desired exit.
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Another driver behavior observed at these two roundabouts was wrong-way maneuvers.
It was observed that several entering drivers appeared unsure how to make a left turn
with the large center island in their path, and they simply chose the shortest route and
turned left upon entry, despite the use of directional signs on the center island. This
behavior was partially influenced by the lack of other drivers with whom to follow and the
shear size of the roundabouts (inscribed diameters 61 meters and 92 meters,

respectively) that does not allow drivers to see the entire layout of the intersection.

For these study sites, it is suggested that an interim design, restricting the number of
lanes operating to one, may have helped to reduce the erratic driver behavior observed
in the field. It is understandable that developers would like to acquire right of way
sooner rather than later when traffic demands increase, however, too many operational
lanes without the traffic demand, can affect operational and safety performance of

roundabouts.

FINDINGS AND RECOMMENDATIONS

Based upon the review of accident reports and observations made at several

roundabouts in the United States, the following conclusions were reached:

e Some rural roundabouts are experiencing loss of control accidents due to excessive
speeds and possible violation of driver expectancy on approach;
e Unbalanced flows can be detrimental to roundabout operations;

e The lack of sight distance can hinder free flow of vehicles into roundabouts;
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e And operating roundabouts with extremely low v/c ratios can result in high travel

speeds through the roundabout and improper driver behavior.

The findings from this study should help designers, planners, and engineers understand
the basic design requirements for roundabouts and to avoid some of the design errors

identified in this paper.

FUTURE RESEARCH NEEDS

While the recently published FHWA informational guide will greatly assist designers,
planners, and engineers to understand the principles of design and operation of
roundabouts, much of the information in the guide was drawn from international
experience with roundabouts. It will be necessary to revisit the topic of roundabout
design when sufficient time has passed and more information and data can be drawn
from U.S. experiences. In particular, the issues raised in this paper need to be
addressed through further research such as what is the minimum volume to capacity
ratio that multi-lane roundabouts should operate; are there maximum inscribed diameter
size limits that should be suggested to avoid confusing unfamiliar drivers during low
traffic flow periods; and how to address high speed rural roundabout approaches to limit
the number of loss of control accidents. These issues along with many issues relating to
human factors and operational performance need to be addressed through research as

more roundabouts are developed in the U.S.
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