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Abstract: In recent years, numerous turbo-roundabouts have been built in many European countries.
To date, there are no turbo-roundabouts in Italy and even the regulations do not provide for their
implementation. Turbo-roundabouts are considered the ideal alternative to multi-lane roundabouts as
they have numerous advantages. However, they offer better operational performance only for specific
traffic flow distributions. This research used the case study of an important and complex urban
arterial road in eastern Sicily, Italy, to compare the operational and safety performance between multi-
lane roundabouts and turbo-roundabouts. The evaluations were carried out with two simulation
software: (1) AIMSUN Next 20.0.1 (operational performance); (2) SSAM 3.0 (safety performance). The
results show that at medium/low traffic volumes, multi-lane roundabouts are significantly superior
to turbo-roundabouts in terms of operational performance. At high traffic volumes, the operational
performance of turbo-roundabouts improves significantly. As regards the safety parameters, for
turbo-roundabouts there is always an increase in the TTC and PET, a reduction in maximum speeds
and decelerations. There is also a significant decrease in conflict points. Ultimately, the safety and
efficiency performance of turbo-roundabouts should: (1) Encourage administrations to replace the
multi-lane roundabouts (illegal in Italy) with turbo-roundabouts; (2) encourage Italian legislators to
revise intersection design legislation to include turbo-roundabouts among possible design solutions.
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1. Introduction

The problem of road congestion is relatively new, although strongly felt. The roads
that were built until the first half of the last century, especially in urban and peri-urban
areas, were not designed for high traffic volumes. Intersections were (and still are) crossings
between two or more different streets, and the few motor vehicles that used them initially
did not cause congestion problems.

With the increase in circulating vehicles, roads in many urban contexts have become
“in crisis”, unable to accommodate and manage the growing flows of urban traffic. It has
therefore been necessary to regulate the busiest intersections by more complex means than
simple “Stop” or “Yield” signs.

Hence the proliferation of signals that allow you to give the green light to all traffic
flows in turn, also based on mutual consistency in terms of traffic volume. This device
has evolved over time, so that today we have very complex traffic light systems that, for
example, change the green time depending on the length of the queues to be reduced, or
give the green light when a bus is approaching (to speed up its journey), or are activated
only when vehicles are approaching, all automatically.

However, in numerous cases, the use of roundabouts has been shown to improve
intersection functionality, in terms of the number of vehicles that can be handled in the
reference time unit. Roundabouts do not require traffic signal control; the traffic rule states
that before entering the roundabout, arriving vehicles must give priority to vehicles already

Sustainability 2023, 15, 3223. https:/ /doi.org/10.3390/su15043223

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15043223
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-8533-0444
https://orcid.org/0000-0002-1190-1555
https://doi.org/10.3390/su15043223
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15043223?type=check_update&version=1

Sustainability 2023, 15, 3223

20f21

/ 8 conflicts:
o4 diverging
o4 merging

in the same roundabout. This type of regulation generally reduces the average waiting
times of vehicles compared to traffic light regulation, and thus reduces the queues along
the roads converging to the intersection.

In addition to improving vehicular traffic, roundabouts can also provide important
safety and environmental benefits [1]. In terms of road safety, it should be noted that the
presence of roundabouts significantly slows down approaching vehicles in terms of their
travel speed, so that collisions between vehicles at a roundabout are much less frequent
and less violent than collisions at signalized intersections (where the intersecting roads
are straight ahead). In addition, conflict points are significantly reduced compared to
standard intersections, and in particular, roundabouts do not have intersection conflict
points. Roundabouts can therefore be considered traffic calming measures in all respects,
and as such are particularly useful in urban contexts where they are appreciated by all
categories of road users [2,3].

However, as far as the environmental aspect is concerned, it should be borne in mind
that roundabouts allow a reduction in pollutant emissions and noise caused by road traffic
due to the smoother movement of vehicles (less braking, less time spent standing with the
engine running, etc.) [4].

Therefore, roundabouts are design solutions that contribute to the revitalization of the
urban environment [5]. It should be noted, however, that the above benefits are mainly
realized at single-lane roundabouts. The main international regulations, including the
Italian one, prohibit the construction of roundabouts with more than one lane on the circu-
latory roadway. Nevertheless, a great many two-lane (and even three-lane) roundabouts
are still used in infrastructural contexts around the world today. The main disadvantage
of the above configurations is the creation of dangerous intersection conflict points on the
circulatory roadway, which do not exist in the single-lane configurations (Figure 1).

-/~ 14 conflicts:
o 4 diverging

o 6 merging

e 4 crossing

/ 24 conflicts:
o 8 diverging
o 8 merging
e 8 crossing

Figure 1. Conflict points (a) single-lane roundabout; (b) double-lane roundabout; (c) turbo-roundabout.

For these reasons, many countries are looking for a solution as to what to do with their
existing “standard” multi-lane roundabouts in order to improve the level of traffic safety
and capacity. In the last years, many countries of northern Europe (such as the Netherlands,
Poland, Czech Republic, Germany, Slovenia, and the UK) have solved the problems of low
traffic safety and capacities of existing “standard” multi-lane roundabouts by adopting
some alternative types of roundabouts, which decrease the number of conflict points. One
of them is the turbo-roundabout [6].

The turbo-roundabout is an innovative scheme of the two-lane roundabout. Professor
L.G.H. Fortuijn first introduced it the late 1990s as a safer and more efficient alternative
to the standard multi-lane roundabouts. The first turbo-roundabout was built in the
Netherlands in 1998. At the turbo-roundabout the traffic flows run separately before entry
into the roundabout, they occupy separate lanes within circulatory roadway, and traffic
flows are also separate at the exit from the roundabout. Physical separation is obtained
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through delineators, that is specially-shaped elements, which hinder change of traffic lanes
in the various elements making up the roundabout. Therefore, turbo-roundabouts’ defining
characteristic are physical barriers between circular lanes. Drivers have to choose an entry
lane on the approach leg to the roundabout, based on opportune lane markings. This
brings an undeniable advantage for user safety, i.e., the number of conflict points on turbo-
roundabouts is lower than on multi-lane roundabouts (Figure 1). Two-lane roundabouts
have 24 conflict points, whereas turbo-roundabout have only 14 (4 crossing, 4 diverging,
and 6 merging conflict points) [6,7].

This study compared the performance of multi-lane roundabouts and turbo-roundabouts
in terms of efficiency and safety. For this purpose, two pieces of microsimulation soft-
ware (AIMSUN Next and SSAM) provided by the Department of Civil Engineering and
Architecture of the University of Catania were used and their specificities are explained
in Section 3.3.

Roundabouts characterized by the presence of more than one lane on the circulatory
roadway are not allowed by Italian law. However, many roundabouts from before 2006 (the
year in which the regulations for road intersections were published) that are still in opera-
tion have a double lane on the circulatory roadway, and it is desirable that they be adapted
with more suitable design solutions to ensure, above all, a higher level of safety. In this
study, therefore, a case study is proposed referring to a design configuration in the urban
context of the city of Catania (Italy), characterized by the presence of a series of multi-lane
roundabouts. The peculiarity of this study is that we did not want to perform a performance
comparison with respect to single roundabouts, but considered a whole road section where
two roundabouts (“multi-lane” in the existing configuration and “turbo” in the design
hypothesis) were the main intersections of a road infrastructure, called “Circonvallazione”,
characterized by a high traffic volume.

2. Literature Review

In the scientific literature, in addition to the aforementioned reduction of conflict
points compared to multi-lane roundabouts, turbo-roundabouts are consistently attributed
with various advantages in terms of safety [6-10] even if specific accidents occur there [11].
In particular: (1) the number of conflict points on turbo-roundabouts is lower than on
multi-lane roundabouts (Figure 1). Two-lanes roundabouts have 24 conflict points, whereas
turbo-roundabout have only 14 (4 crossing, 4 diverging, and 6 merging conflict points);
(2) improper lane changes and illegal turns can be significantly avoided; (3) the physical
separation of lanes leads to optimum utilization of entry and circulatory lanes, which,
in turn, can boost capacity; (4) the spiral road markings in conjunction with the raised
lane dividers promote low driving speed; (5) major-road vehicles are limited to cross
one circulating lane, as opposed to two circulating lanes in case of minor-road vehicles.
Thus, more major-road vehicles can be processed through available critical gaps within the
circulatory lanes.

On the contrary, there are some disadvantages that could have a negative impact
on operational performance: (a) U-turns are not allowed on minor approaches of basic
turbo-roundabouts; (b) passing vehicles on minor approaches are forced to use only the left
entry lane, resulting in less flexibility than offered to arriving drivers on main approaches.
The impact of the aforementioned disadvantages on traffic operation is mainly dependent
on volumes and proportions of vehicular traffic movements of minor legs [6,7].

Other research shows that turbo-roundabouts have a greater capacity than single-
lane roundabouts [12], while, depending on the geometric organization and the traffic
flows, it could be less than that of multi-lane roundabouts [13]. Choosing the best design
solution may sometimes require the use of simulation software that represents, analyzes,
and predicts the behavior of vehicle traffic at the site under study. These software offer
different levels of detail for analysis:

e  macroscopic; treat stationary and aggregated values,
e  mesoscopic; study the temporal evolution of all the variables and,
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microscopic; intermediate level between the two previously-mentioned levels.

There are various, mainly commercial, microsimulation software for evaluating the

operational performance of the individual components of the road network and the road
network as a whole. Among the main microsimulation software tested in research con-
ducted around the world, which have proven reliable and are now widely used and
consolidated in the context of roundabout performance characterization, are the following;:

VISSIM, developed by Planung Transport Verkehr (PTV), a German company, is
a microscopic simulation program for modeling multimodal transport operations.
VISSIM is characterized by a discrete, stochastic, and time step-based model in which
vehicle units are represented as individual entities.

AIMSUN Next, developed by Siemens (one of the largest manufacturers of signal
control systems), is capable of generating various traffic conditions based on either
stochastic route choice or dynamic user equilibrium.

PARAMICS, developed by Quadstone Limited, a Scottish company, is a software for
modeling the movement and behavior of individual vehicles and transit on local and
regional freeway networks.

TRITONE, developed by University of Calabria, is an open-source platform that
also allows the evaluation of traffic safety performance through a set of indicators
that represent the interactions in real time between different pairs of vehicles of the
traffic flow.

Table 1 shows the advantages and disadvantages of each of the above-mentioned

software, based on the results of the studies conducted by different researchers [14-29].

Table 1. Advantages and disadvantages of the main micro-simulation software.

VISSIM AIMSUN Next PARAMICS TRITONE

Advantages

User-defined algorithms for vehicle
movement control.

Appropriate for traffic simulation, traffic
analysis, planning, etc.

data

Intersection type is not predefined.

The duration of traffic analysis can be defined by

the user.

Includes psycho-physical model for car-following.

Includes car-following models and other
calibration methods.

Suitable for safety analysis based on
vehicle trajectory.

Disadvantages

Developing a complete algorithm for safety X
analysis is difficult, especially for new users

There are few options for modeling accidents. X

Coding the inputs and outputs is very time

consuming and labor intensive.

The modeled trajectories are not realistic.

Traffic volume is determined using
origin-destination matrices.

In one study, PARAMICS microsimulation software was used to investigate the opera-

tional performance of a two-lane turbo-roundabout and a three-lane traditional roundabout.
The authors concluded that the turbo-roundabout had a 12-20% higher capacity [30]. Other
authors evaluated the performance of multi-lane roundabouts using KREISEL 7.0 software.
The results showed that turbo-roundabouts were able to achieve higher capacity in most
cases regardless of the saturation level [31].
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Analysis of a turbo-roundabout and an existing two-lane roundabout in Bogota,
Colombia, using VISSIM showed that converting a two-lane roundabout to a turbo-
roundabout resulted in a 7% increase in overall capacity [32]. Similarly, a study of the effects
of converting an existing two-lane roundabout to a basic turbo-roundabout in Portugal
concluded that the total capacity of conventional roundabouts was nearly 3% lower [33].

By using a Dutch capacity model, the Multilane Roundabout Explorer, it was shown
that turbo-roundabouts were superior to traditional roundabouts whenever traffic flow did
not exceed the threshold of 3500 pcph. The authors indicated that the capacity improvement
of turbo-roundabouts compared with conventional roundabouts ranged from 25% to
35% [34].

Another study found that conventional roundabouts always performed better as long
as circulating vehicles did not exceed 700 pcph. However, when circulating traffic exceeded
this value and reached up to 3000 pcph, basic turbo-roundabouts became superior and
consistently outperformed conventional roundabouts [35].

In contrast, other studies have shown that conventional two-lane roundabouts have
20-30% higher capacity compared to basic turbo-roundabouts. The authors also added that
minor approaches of basic turbo-roundabouts perform better in very rare scenarios where
more than 60% of the main traffic flow turns right [30,36,37].

Comparison of four alternatives to conventional roundabouts, one of which is a basic
turbo-roundabout, showed that turbo-roundabouts perform best when 70% of vehicles
turn right on each approach [38].

One study examined three turbo-roundabouts that were designed to replace three
existing two-lane roundabouts in Portugal. Results from the AIMSUN microsimulation
model showed that turbo-roundabouts were superior to conventional roundabouts when
the saturation level was below 70% [39]. The results of a study conducted in Ghana
using VISSIM software showed that turbo-roundabouts provided 19% higher capacity
than conventional roundabouts [40]. Nevertheless, their minor approaches were always
operationally inferior. In a study conducted in Italy, an analytical capacity model was used
to evaluate an existing two-lane roundabout with congestion and a turbo-roundabout. The
results of the study stated that each approach of a turbo-roundabout can ultimately handle
15-84% more vehicles, depending on traffic volumes and traffic distribution on site [41].

Even in this case, the results still seem unclear and sometimes contradictory. Two studies
showed that drivers experience significantly less delay at turbo-roundabouts than at multi-lane
roundabouts when most of the traffic flow is through the main approaches [42,43]. How-
ever, according to another study, turbo-roundabouts have shorter delays than multi-lane
roundabouts when traffic volumes are balanced, although the differences are minimal [31].

The outputs of micro-simulation models can also be used to evaluate the safety level of
road networks. This approach can be achieved using SSAM software developed by FHWA,
which automates conflict analysis by processing vehicle trajectories (vehicle position, speed
and acceleration profiles) generated during simulation.

Therefore, by coupling the micro-simulation performed with software such as VISSIM,
AIMSUN Next, PARAMICS, and TRITONE with SSAM, it is possible to study different
scenarios from a traffic safety point of view and to quickly evaluate possible measures to
improve the safety level of the infrastructure elements of a road network.

Some studies have highlighted some concerns about SSAM, namely: The ability of a
simulated trajectory to reflect complex real-world driving behavior, calibration efforts to
obtain reliable safety results, or the inability of SSAM to determine the probability that each
estimated conflict will result in an accident [44-47]. Although the SSAM required accurate
calibration of the traffic model, some authors nevertheless found reasonable relationships
between the conflicts estimated by the SSAM and real accidents [48-51].

Regarding specifically the application of SSAM to roundabouts, some studies have
shown that the values of surrogate safety indicators obtained for the configurations of
two-lane roundabouts and turbo-roundabouts are particularly reliable [51,52]. In contrast,
the safety indicators obtained for single-lane roundabouts are less reliable [24,51-54]. A
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study conducted in Italy has shown that regardless of the traffic micro-simulation model
used, the safety parameters obtained with SSAM for single-lane roundabouts show that
roundabouts are less safe than other types of intersections [24]. This is in stark contrast
to the fact that roundabouts are recognized as the safest intersection types of all possible
at-grade intersection configurations.

3. Materials and Methods

The method used in the present study was based on the micro-simulation of different
traffic scenarios starting from a specific urban road context characterized by a sequence of
standard roundabouts, actually present in Italy. This context was then compared, at the
level of performance offered, with a project configuration in which the main intersections
were hypothesized as turbo-roundabouts designed according to Dutch regulations (CROW,
2008). In particular, two software programs were used which made it possible to obtain
both the outputs related to the operational performance offered to users in all the traffic
scenarios considered, and the results related to the performance in terms of safety.

3.1. Site Selection

The study context is a road section along the urban artery that forms the ring road
of the metropolis of Catania. It is characterized by the presence of two multi-lane round-
abouts (only in one of them, however, the horizontal signs separating the two lanes on
the circulatory roadway are clearly visible). These two roundabouts are located near the
neighborhoods of Nesima and San Nullo. They are about 1.20 km apart and both have a
large diameter; the Nesima roundabout (R1) has a diameter of 70 m, while the San Nullo
roundabout (R2) has a diameter of 90 m. Between the two roundabouts, almost in the
middle, there is a standard intersection (N) with a secondary road called Via Sebastiano
Catania. The two roundabouts were first rebuilt in a CAD environment and then redesigned
by building two turbo-roundabouts from the central turbo-block based on the literature
standard [6,55,56] (Figure 2 and Table 2).
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Schematic sections of turbo-block

Turbo-block and translation axis

Figure 2. Design elements of turbo-roundabouts (turbo-block and translation axis).



Sustainability 2023, 15, 3223 7 of 21

Table 2. Design parameters of turbo-roundabouts.

Type of Turbo-Roundabout

Design parameter Mini Standard Medium Large
Ry 10.45m 12.00 m 14.95m 19.95m
Ry 15.85 m 17.15m 20.00 m 24.90 m
R3 16.15m 17.45m 20.30 m 25.20 m
Ry 21.20m 22.45m 2525m 29.95m
I 10.95 m 12.50 m 15.45m 20.45 m
) 15.65 m 16.95m 19.80 m 24.70 m
r3 16.35 m 17.65m 20.50 m 25.40 m
Iy 20.70 m 21.95m 24.75m 29.45m
Ds 0.30 m 0.30 m 0.30 m 0.30 m
ds 0.70 m 0.70 m 0.70 m 0.70 m
B; 540 m 515m 5.06 m 4.95m
Be 5.05m 5.00 m 4.95m 475m
b; 470 m 445m 4.35m 425m
be 4.35m 4.30 m 4.25m 4.05m
Dy 5.75m 530 m 5.15m 5.15m
Dy 5.05m 5.00m 495 m 475m

Figure 3 shows the two roundabouts along the road section under consideration and
the two alternative design configurations consisting of the TR1 and TR2 turbo-roundabouts.

Current status: Multi-Lane Roundabout Nesima — R1

Figure 3. Multi-lane existing roundabouts (R1 and R2) and design hypothesis (turbo-roundabouts,
TR1 and TR2).

3.2. Traffic Scenarios

The traffic conditions for the section in question were derived from the preparatory
studies for the preparation of the Urban Traffic Plan (PUT) of the City of Catania (2014)
and used as a reference for the traffic scenario referred to as “scenario n. 1”. In particular,
the peak period from 12:00 to 13:00 was considered, characterized by a total traffic flow of
Qg = 4594 vehicles per hour. In order to compare different traffic conditions and conse-
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quently analyze the differences in operational and safety performance, three additional
traffic scenarios were defined, characterized by increasing vehicle flows starting at Q;.

In particular, a final scenario (scenario n. 4) was assumed, in which the total traffic
flow was increased by 25% compared to scenario n. 1, and 2 other scenarios were defined
(scenarios n. 2 and n. 3), among which the 25% increase was fairly distributed.

Finally, for the subsequent simulations, four scenarios were used with the total traffic
flow (Qi) values given below:

Scenario n. 1: Qq = 4594 vehicles/hour
Scenario n. 2: Q, = 4977 vehicles/hour
Scenario n. 3: Q3 = 5359 vehicles/hour
Scenario n. 4: Q4 = 5742 vehicles/hour

Figure 4 shows the graph of the analyzed network part.

e ey

Centroids (1, 2, ....,

Nodes (R1, R2, N)

Figure 4. Graph of the analyzed part of the road network.

This graph also shows the 10 centroids used to assign traffic flows to the nodes
(intersections) and edges (road segments) of the network.

The street sections of the main street were indicated with capital letters, the side streets
with small letters.

3.3. Micro-Simulation Process
The micro-simulation was performed using two pieces of software:

(1) AIMSUN Next for the calculation of the operational performance corresponding to
the traffic scenarios described in the previous paragraph;

(2) SSAM for the estimation of the safety indicators, starting from the kinematic param-
eters associated with all the vehicle trajectories obtained as output of the AIMSUN
Next software.

The AIMSUN software and the VISSIM software are both provided by the Department
of Civil Engineering and Architecture of the University of Catania. For the present study,
the authors preferred the AIMSUN software because, as shown in Section 2 (see in partic-
ular Table 1), it is more reliable than VISSIM in generating the most realistic trajectories
possible. Since one of the objectives of this study was to also perform the evaluations of the



Sustainability 2023, 15, 3223

9 of 21

surrogate safety measures, it was decided to use the most appropriate micro-simulation
software to create the trajectories compatible with driving on multi-lane roundabouts
and turbo-roundabouts.

Moreover, regarding the use of SSAM for the estimation of safety indicators, the
authors were encouraged by the good results in the literature (also in Section 2) regarding
the reliability of the model in the case of turbo-roundabouts and multi-lane roundabouts.

3.3.1. AIMSUN Model

AIMSUN Next is a software package that is developed by Siemens Business. The
basis of this software is a microscopic traffic simulator developed at the Department of
Statistics and Operations Research of the Politecnica de Catalunya University by Barcel6
and Casas (2002), Spain. The structure of AIMSUN can be described in terms of the
following two elements:

(1) geometric scheme of the road network.
(2) modelling of vehicle behavior.

The AIMSUN mesoscopic model uses a representation of the road network based on a
directed graph consisting of the following three geometric elements:

Centroids. They are the source of vehicles entering and exiting the network.
Nodes (intersections). They are treated as node servers in the mesoscopic representa-
tion. In the node servers, vehicles are directed from one section to a turning and then
to their next section. These turnings connect the lanes of the originating section to the
lanes of the destination section. All vehicles are assumed to travel unimpeded, i.e., at
free-flow speed, in turnings.

e  Edges. They are the segments that connect the nodes. Each edge contains information
about its geometry (e.g., the number of lanes, shoulder width, etc.).
The behavioral models used in AIMSUN are the following;:
Behavioral models in edges: Car-following models and lane-changing models.
Behavioral models in nodes (intersections): Gap acceptance and lane choice models.

The car-following model is a simplified version of the Gipps car-following model,
which is used for the microscopic level and considers two components; deceleration and
acceleration. The deceleration and acceleration constraints are simplified to obtain the
following expressions [24,57]:

X(t, 1’1) < (t — RT,l’l) + Sn(max) ‘Rt

x(tn) < (t—Rpn—1)—E; @

Sa 1 (t)

Sp(t+Rp) = —de-Ry + ,[d2RE +dc-|2-d —Sa(t) - Ry + 3
o(e)

@)

where:

- t = simulation time;

- n=vehicle number ordered by its arrival time on the lane;

- x(t, n) = position of vehicle n at time t;

- Sn = speed of the nth vehicle;

- Sp(max) = maximum speed of the vehicle (the minimum between the desired maximum
speed of the vehicle and the maximum speed of the edge);

- Ep = effective length of the vehicle (vehicle length plus minimum distance
between vehicles);

- d = distance between the vehicles;

- Rt = reaction time of the driver of the follower vehicle;

- dc = maximum deceleration of the considered vehicle;

- dg() = estimate of the desired deceleration of the leading vehicle;

- d = distance between the vehicles.
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The original Gipps car-following model was used to calculate the speed in the next
simulation step. In AIMSUN, car-following and lane-change models are used to calculate
the edge travel time. The number of vehicles in any segment is limited by the capacity of
the edge.

The gap-acceptance model is used to model the give-way behavior. In particular, the
model is used to decide which of two vehicles has priority in a conflicting movement in
the intersections. It considers the travel time from both vehicles to the collision point, then
determines how long it will take the vehicles to clear the intersection, and finally makes
the decision.

The maximum give-way time parameters are used to determine when drivers become
impatient if they cannot find a gap. If the driver has waited longer than this time, the safety
distance—normally set at twice the reaction time—is reduced linearly to zero.

From AIMSUN trajectory files (.trj) are obtained. These files contain the routes and
speed changes that drivers adopt in the simulated scenarios (Figure 5).
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L B ¢

Active |} None 1]

matrix ora di punta_tip...
matrix ora di punta_tip...
matrix ora di punta_tip...
> Functions
v Traffic Demands
Traffic Demand_1
Traffic Demand_2
Traffic Demand_3
Traffic Demand_4
> Traffic States
> User Classes
> Vehicles
EXTERNAL SCENARIOS
INFRASTRUCTURE
SCENARIOS
v Dynamic Scenario_1
v Micro SRC Experiment_1
Average_1
Replication_1
v Dynamic Scenario_2
v Micro SRC Experiment_2
Average_2
Replication_2
v Dynamic Scenario_3
4 Micro SRC Experiment_3
Average_3
Replication_3
v Dynamic Scenario_4
v Micro SRC Experiment_4
Average_ 4
Replication_4

<

T ) 5o 7186, 348 » SCRIPTS

"l Time/Simula| |

00:44:49

00:44:49

Object
Replication 4

Replication 4

" Message
Group 1: 154

Microscopic simulation ready for Experiment Micro SRC Experiment 4. ‘

Figure 5. Example of a AIMSUN output for the simulation of one of the examined roundabouts.

Among the output data available from AIMSUN Next, the following were considered
in this study:

(1) Total number of stops: A stop for a vehicle happens whenever its speed decreases be-
low the queue entry speed and while it remains below the queue exit speed parameter.
Once the vehicle speed goes above the queue exit speed parameter the vehicle is no
longer considered in a queue nor stopped. A new stop will be added to the number
of stops statistics when the vehicle speed goes below queue entry speed again.

(2) Delay Time: Average delay time per vehicle per kilometer (seconds/km). This is the
difference between the expected travel time (the time it would take to traverse the
system under ideal conditions) and the travel time. It is calculated as the average of
all vehicles and then converted into time per kilometer. It does not include the time
spent in a virtual queue.
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3.3.2. SSAM Model

SSAM (Surrogate Safety Assessment Module) is software developed by Siemens
Energy and Automation, Inc. in collaboration with the Federal Highway Administration in
2008. This software uses trajectory data generated by micro-simulators to identify potential
conflicts based on the conflict definition specified by the modeler.

A trajectory file is created by the micro-simulator during the model run and contains
information about the position and movement of each vehicle. The most important data in
the trajectory file can be divided into the following four classes: (1) Dimension, (2) Timestep,
(3) Vehicle, (4) Conflict [58-60].

- The Dimension class contains information about the spatial characteristics of the
rectangular bounding box of the microsimulation environment.

- The Timestep class contains a record of the current time step since the start of the
simulation. This variable allows SSAM to position the vehicles in time.

- The Vehicle class contains information about the spatial characteristics of the vehicle
and the speed and acceleration values used to predict vehicle motion.

- The Contflict class contains information about the conflict angle, which is an ap-
proximate angle for a hypothetical collision between colliding vehicles based on the
estimated heading of each vehicle. Depending on the values of this angle, the resulting
conflict may be a rear-end collision, a lane change, or crossing movement. Specifically,
the rear-end angle is used to define a potential collision when following and lane
changing, and the crossing angle defines potential collisions in head-on scenarios,
such as maneuvering through an intersection (Figure 6).

0 = Conflict angle

0 > 80°

30°<06 < 80°

Crossing

og 180°

Figure 6. Representation of conflict angles according to SSAM.

Using the four classes of parameters listed above, SSAM can determine whether a
vehicle’s trajectory will collide with that of another vehicle and report information about
this interaction. This information includes the following surrogate safety measures:

1.  Time-to-collision minimum (TTCy;,)—the minimum time-to- collision value (in sec-
onds) observed during the conflict, for two vehicles to collide if speeds and directions
do not change [61]. For TTCyin, the study was accomplished with conflicts specified
as 0.1 s < TTCpn < 1.5s[62].

2. Post-Encroachment-Time (PET)—the time (in seconds) between when the first vehicle
last occupied a position and the time when the second one arrived at the same
position [63]. For the PET, conflicts were specified as 0.1 s < PET < 5 s [62].

3. Maximum speed (MaxS)— the maximum speed (m/s) of two vehicles involved in the
conflict event [64].

4.  Difference in vehicle speeds (DeltaS)—the absolute value of difference in speeds (m/s)
of two conflicting vehicles [64].

5. Initial Deceleration Rate (DR)—the magnitude of the deceleration action (m/ s?)ofa
driver the moment he begins an evasive braking maneuver [65].
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6.  Maximum deceleration rate (MaxD)—the maximum deceleration (m/s?) of the through
vehicle [45].

In this study, four of the six surrogate measures that SSAM reports were used: TTC iy,
PET, MaxS and DR.

In addition, other parameters were evaluated that are representative of the level of
safety provided by the infrastructure configurations considered. These parameters are
the total number of conflicts generated in the considered time interval and the number of
conflicts divided into the three types that can be evaluated by SSAM (crossing, rear end,
lane change) (Figure 7).
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Figure 7. Example of conflicts in SSAM for one of the examined roundabouts.

4. Results and Discussion

The procedure described in the previous section made it possible to estimate the values
of 10 indicators: Two performance indicators (Total number of stops and Delay Time) and
eight safety indicators (TTCpin, PET, Maximum speed (MaxS), Initial Deceleration Rate (DR),
Total number of conflicts, Crossing Conflicts, Rear End Conflicts and Lane Change Conflicts).

The results of the simulations are shown in Tables 3 and 4. Specifically, Table 3 shows
the values of the 10 parameters obtained from the simulations for the four traffic scenarios
with respect to the existing configuration, i.e., the configuration with the two multi-lane
roundabouts, while Table 4 shows the results of the four simulations with respect to the
project configuration that assumed the presence of turbo-roundabouts.
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Table 3. Performance and safety indicators for the road configuration where standard multi-lane
roundabouts are present.

. Initial . Lane
TN TGk vl VRS g RN G Gl i
Scenario n. 1 1113 24.75 0.93 1.85 6.44 2.84 3364 10 2911 443
Scenario n. 2 1313 35.89 091 1.91 5.82 2.87 4699 23 3982 694
Scenarion. 3 2819 74.34 0.88 1.84 4.67 2.51 9028 34 7783 1211
Scenario n. 4 3176 91.40 0.89 1.87 4.57 2.50 9683 45 8360 1278
Table 4. Performance and safety indicators for the road configuration where turbo-roundabouts
are present.
. . Initial . Lane
TuNember DRI g mera VRSSO g SANERT o R e
Scenarion. 1 1926 64.16 1.15 2.31 4.86 224 2009 1 1798 112
Scenario n. 2 1999 73.44 1.23 249 3.98 1.96 2417 2 2310 156
Scenarion. 3 2056 107.44 1.25 247 3.82 1.83 2659 2 2490 167
Scenario n. 4 2368 136.92 1.24 243 3.74 1.73 2741 4 2567 183

For a better representation of the results obtained, it was decided to use the Kiviar
diagram (or radar diagram or spider diagram). A radar chart is a 2D chart that represents
multivariate data by assigning an axis to each variable and plotting the data as a polygonal
shape across all axes. All axes have the same origin, and the relative position and angle of
the axes are usually not informative. The equiangular spokes from the origin to the point
on each axis represented by the variable are called radii. Typically, a radar chart looks like
an irregular polygon, or like several irregular polygons stacked on top of each other, all
with the same center point.

The Kiviar diagrams in Figures 8-11 show the percentage changes along the rays for
the 10 parameters considered, calculated by comparing the values obtained with respect to
the project configuration with turbo-roundabouts with the values of the configuration with
multi-lane- roundabouts. In particular, the diagrams in Figures 8-11 allow the evaluation,
for each scenario, of how much each of the parameters evaluated in relation to the route
with turbo-roundabouts varies compared to the sequence of road sections where the main
intersections are the standard roundabouts. The diagram in Figure 12, on the other hand,
makes it possible to compare all the calculated indicators for all four traffic scenarios at the
same time.

The following considerations can be derived from the analysis of Tables 3 and 4
and Figures 8-12.

Total number of stops: The first simulation scenario, to which the lower traffic flows
correspond, shows that the multi-lane roundabout is the best design solution. This con-
sideration also applies to the second simulation scenario. Consistent with the first two
scenarios, the presence of turbo-roundabouts results in a 73% (first scenario) and 52%
(second scenario) increase in the total number of stops. However, when traffic flow con-
tinues to increase, a decrease in the total number of stops is observed in the presence of
turbo-roundabouts (—27% for scenario n. 3; —25% for scenario n. 4), which translates into a
decrease in queuing phenomena. Thus, from the point of view of the indicator considered,
the configurations in which the turbo-roundabouts have to manage significant traffic flows
are more functional than those in which there are standard roundabouts.
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Scenarion. 1

Total number of stops
200%

Lane Change Conflicts Delay Time

Rear End Conflicts TTCmin

Crossing Conflicts % PET

Total number of conflicts - Maximum speed (MaxS$)

Initial Deceleration Rate (DR)

Figure 8. Percentage variation of the 10 indicators considered (Scenario n. 1).

Scenario n. 2

Total number of stops

Lane Change Conflicts Delay Time

Rear End Conflicts

Crossing Conflicts

Total number of conflicts Maximum speed (MaxS$)

Initial Deceleration Rate (DR)

Figure 9. Percentage variation of the 10 indicators considered (Scenario n. 2).
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Scenarion. 3

Total number of stops
60%

Lane Change Conflicts Delay Time

Rear End Conflicts

Crossing Conflicts ) PET

Total number of conflicts Maximum speed (MaxS$)

Initial Deceleration Rate (DR)

Figure 10. Percentage variation of the 10 indicators considered (Scenario n. 3).

Scenario n. 4

Total number of stops

Lane Change Conflicts Delay Time

Rear End Conflicts

Crossing Conflicts \~~ ) PET

Total number of conflicts Maximum speed (MaxS$)

Initial Deceleration Rate (DR)

Figure 11. Percentage variation of the 10 indicators considered (Scenario n. 4).
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Rear End Conflicts

Total number of conflicts

ALL SCENARIOS

Total number of stops

Lane Change Conflicts Delay Time

Crossing Conflicts ™ ) PET

Maximum speed (MaxS$)

Initial Deceleration Rate (DR)

Figure 12. Percentage variation of the 10 indicators considered (All scenarios).

Delay Time: Similar to the other performance indicator analyzed in the previous point,
multi-lane roundabouts are more functional than turbo-roundabouts when traffic volumes
are medium to low. In fact, delays are about two and a half times higher in scenario n. 1 than
in turbo-roundabouts and about twice as high in scenario n. 2. For high traffic volumes,
the performance of turbo-roundabouts improves, although high delay values still occur,
which in both scenario n. 3 and scenario n. 4 are about 1.5 times the values determined
for standard roundabouts. The results related to the evaluation of this parameter are
consistent with the uncertainty found in the literature related to operational performance
of turbo-roundabouts in general. Indeed, many studies show that the values of operational
performance (capacity, delays, queues) strongly depend on the geometric configurations
of the turbo-roundabouts and on the distribution of vehicle flows among the different
approaches [6,7,9,35-37,40,41]. Therefore, the evaluations of operational performance often
do not coincide (see the analysis performed in Section 2). Regarding delays, the results of
this study are in contrast with studies (such as [42,43]) that show that turbo-roundabouts,
where the traffic flows are higher on the main road, and have significantly lower delays
than conventional multi-lane roundabouts. In fact, the part of the network investigated in
this study is characterized by a main road, the “Circonvallazione”, which is significantly
more loaded with traffic than the secondary approaches, yet the total delays always remain
high (although they tend to decrease with increasing traffic). The delays valued in this
study may be more consistent with the study showing that delays are slightly lower for
turbo-roundabouts than for multi-lane roundabouts when traffic flow is balanced [31]. This
could mean that when traffic flow is unbalanced, delays on turbo-roundabouts tend to
increase. However, it would be necessary to perform simulations under different traffic
conditions to obtain positive feedback on the validity of the above statement.

TTC,yin: All traffic scenarios associated with the configuration in which the multi-lane
roundabouts are present show TTCy, values averaging 0.9 s, which is well below the
threshold for this indicator (1.5 s). In contrast, TTC,,;, values for turbo- roundabouts
average 1.2 s. This shows not only that this indicator is 24% to 42% higher than for multi-
lane roundabouts, but also that thanks to the turbo-roundabout, drivers always have more



Sustainability 2023, 15, 3223

17 of 21

time to avoid conflicts, thus providing road users with a higher level of safety. The TTCypin
values obtained in this study are quite comparable to the average values obtained in a
study conducted in Bogota, where the TTC,,j, value in a turbo-roundabout simulated with
the SSAM software was 1.32 s [53].

PET: This indicator, similar to the previous one, also shows a higher level of safety of
the turbo-roundabouts compared to the multi-lane configurations. The values of PET in the
scenarios associated with turbo-roundabouts range from 2.3 sec (scenario n. 1) and 2.5 sec
(scenario n. 2), are always higher than in the existing configuration with the multi-lane
roundabouts and show significant percentage increases between 25% and 34%.

Maximum speed (MaxS): As traffic conditions vary, this indicator takes values from
about 4.5m/s to 6.5 m/s for simulation scenarios where multi-lane roundabouts are present.
The aforementioned values, on the other hand, decrease by percentages ranging from about
16% (scenario n. 3) to 32% (scenario n. 2) when there are conflicts between vehicles on the
route where turbo-roundabouts are present. Thus, the change in this indicator shows how
the presence of turbo-roundabouts leads to conflicts that occur at significantly lower speeds
than conflicts on a route where multi-lane roundabouts are present. So even in this case,
turbo-roundabouts are safer on average than standard roundabouts.

Initial Deceleration Rate (DR): The values of this safety indicator are always higher
than 2.5 m/s? for traffic scenarios related to the road section characterized by the presence
of multi-lane roundabouts. However, for the simulations performed on the road section
equipped with turbo-roundabouts, three out of four scenarios have values of DR lower than
2 m/s%. In terms of percentage change, the comparison between the configuration with
turbo-roundabouts and the configuration with multi-lane roundabouts shows an average
reduction of about 28%, without much variation between scenarios. Thus, the simulations
show that the specific influence of traffic conditions on the change in this parameter is not
particularly evident. Therefore, it is reasonable to conclude that turbo-roundabouts induce
drivers to face conflict situations at lower speeds than standard roundabouts and that they
also require little deceleration to avoid a potential accident. In this way, drivers can handle
the potentially hazardous conditions with greater calm and without sudden braking, which
benefits safety.

Total number of conflicts: The safety benefits of a turbo-roundabout become even clearer
when we consider the change in this indicator. Already in scenario n. 1, the reduction
of total conflicts in the configuration with turbo-roundabouts is obvious (—40%). This
difference becomes even more evident as traffic volumes increase. In fact, there is a change
in conflicts of about —48% in scenario n. 2 and about 70% for scenario n. 3 and scenario
n. 4. These results are quite consistent with studies showing a percentage reduction in
conflict of the same magnitude as in this study. In particular, a study comparing the safety
performance of a two-lane roundabout and a turbo-roundabout with traffic flows similar to
those in scenarios 1 and 2 considered in this study showed a percentage reduction of 45% in
the total number of conflicts in the turbo-roundabout [52]. A study comparing an existing
two-lane roundabout and a turbo-roundabout simulated with VISSIM and SSAM in the
city of Bogota (Colombia) under traffic conditions similar to scenarios 3 and 4 in this study
showed a 72% reduction in the total number of conflicts in the turbo-roundabout [53]. Other
studies, based on conflict analysis techniques applied to nine layouts with different demand
scenarios, showed 40-50 % reductions in accident rates [6,10]. Further consideration of
conflicts can be made by looking at the types of conflicts in more detail. Specifically:

> Crossing conflicts: These types of conflicts almost cancel out in the turbo-roundabout
configuration compared to the multi-lane roundabout configuration. It should be
noted, however, that the percentage of these conflicts, as could logically be expected
in a context where the two main intersections are roundabouts, is already low in each
of the scenarios considered. Therefore, it is not considered appropriate to highlight
this result.
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> Rear End Conflicts: Although this type of conflict generally has the least severe conse-
quences, it is the most common in all of the traffic scenarios considered. In scenarios
n. 3 and n. 4, which refer to the road configuration characterized by the presence
of multi-lane roundabouts, the number of conflicts even exceeds 8000 on average.
The presence of turbo-roundabouts drastically reduces these conflicts, especially in
configurations with high traffic volumes: —38% (scenario n. 1), —42% (scenario n. 2),
—68% (scenario n. 3), —69% (scenario n. 4).

> Lane change Conflicts: The two multi-lane roundabouts have two lanes on the circula-
tory roadway. It was logical to expect that the simulations would yield a large number
of lane change conflicts; nearly 450 in scenario n. 1, about 700 in scenario n. 2, and
over 1200 in both scenario n. 3 and scenario n. 4. The design of turbo-roundabouts
would result in a very significant reduction in these conflicts. This is confirmed by
the following reductions identified in the simulations: —75% (scenario n. 1), —78%
(scenario n. 2), —86% (scenario n. 3) and —86% (scenario n. 4).

Finally, it is interesting to note, as can be clearly seen in Figure 9, that scenarios
n. 3 and n. 4 are very similar in terms of the variation of all the parameters considered.
This means that from a certain traffic volume, which affects the studied part of the road
network and, consequently, the roundabouts present there, the conditions of safety and
functional operation stabilize and do not vary significantly.

5. Conclusions

Today, turbo-roundabouts are an almost exclusively European reality; of the 600 or
so turbo-roundabouts in the world, not even a dozen are in operation on non-European
continents. The undisputed homeland of turbo-roundabouts is Holland, where there are
more than 370 turbo-roundabouts to date. There are countries, such as France, where
there are no turbo-roundabouts, and others, such as Spain and the UK, where some turbo-
roundabouts are in the trial phase. In Italy there are no turbo-roundabouts, and at the
moment they are not even experimental, although the advantages of this type of intersection
are now obvious. It is true that the benefits in terms of improved operational performance
are still controversial.

Although this study refers to a particular case study where the part of the simulated
road network is characterized by a main road with much higher traffic volumes than
the minor roads, it confirms that multi-lane roundabouts on the circulatory roadway,
although not allowed by current legislation, are more efficient than turbo-roundabouts
for low to medium traffic volumes. On the other hand, the operational performance of
turbo-roundabouts improves significantly at high traffic volumes; under these conditions,
they actually help reduce the total number of stops compared to standard roundabouts,
and average delays, while remaining higher than those of multi-lane roundabouts, tend
to be comparable to those of multi-lane roundabouts (it is likely that average delays
are noticeably reduced for turbo-roundabouts with more uniform vehicle flows on the
various approaches). In any case, under high traffic conditions, turbo-roundabouts result
in reduced congestion and improved fluidity of traffic (the so-called green wave) compared
to conventional multi-lane roundabouts.

In terms of safety performance, however, this work confirms what other researchers
have already found; variations in key safety indicators testify to significant advantages of
turbo-roundabouts compared with multi-lane roundabouts. Rear-end and lane change con-
flicts are also significantly lower compared to standard roundabouts (in turbo-roundabouts,
the inner and outer lanes do not intersect).

One of the next goals of this research group is to simulate additional case studies
where existing roundabouts and /or existing standard intersections are replaced with turbo-
roundabouts. In this way, we will try to overcome the limitations of the current research,
which currently lie mainly in the specificity of the case study used, especially in terms
of traffic conditions that are unbalanced. New study scenarios characterized by different
configurations of turbo-roundabouts, both in terms of geometric design and distribution of
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vehicle flows on the different approaches, would certainly make it possible to create the
conditions for generalizing the research results, which is not possible at this stage, even if it
is believed to have taken an important first step towards this goal.

However, it is believed that the case study treated, typical of an Italian urban reality,
is in any case important to pursue an important objective; that is, to induce the legislator
to evaluate the possibility of designing turbo-roundabouts in Italy; if it is true that multi-
lane roundabouts seem to be better than turbo-roundabouts from the point of view of
operational performance, it is also true that multi-lane roundabouts are prohibited and,
in any case, less safe than single-lane roundabouts. Moreover, from the point of view
of safety, turbo-roundabouts have undeniable advantages over multi-lane solutions. In
Italy, the revision of the Decree of 19 April 2006, which regulates the geometric design
of intersections, has been discussed for several years. The authors believe that today it
is feasible to consider turbo-roundabouts as another design solution that can be used
alongside modern roundabouts. In this context, the Italian legislator could take advantage
of consolidated project standards; in particular, the Dutch one (CROW).
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