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Abstract: A growing number of studies, presented in scientific and professional literature, point out a poor traffic safety characteristic of "standard" two-lane roundabouts,
and lower capacity than expected. These problems are resolved in different ways in different countries; however, the most successful solution has proven to be reducing the
number of conflict points. Lower number of conflict points is one of the characteristics of alternative (or unconventional or no-widespread) types of roundabouts. Alternative
types of roundabout differ from "standard" two-lane roundabouts in one (or more) design elements, while the purpose of their implementation is also specific. This paper
illustrates two established alternative types of roundabouts (turbo and flower roundabout), and two alternative types of roundabouts in development phase (reduced-turbo
and semi-turbo roundabout), offering their detailed functional description, and comparison of their capacity and traffic safety characteristics. Comparative analyses of turbo,
reduced-turbo, flower and semi-turbo roundabouts was made by evaluation approach based on simulation of traffic operating at four types of alternative design layouts,
including exact geometric layout of the traffic site and the precise representation of traffic flows, with turning movements, through origin-destination matrixes. The capacity
comparison was conducted by a software tool VISSIM, while the traffic safety comparison was made by a software tool SSAM. In traffic safety analyses, microsimulation
was used to simulate traffic operations at various levels of traffic volume. Performance measures were obtained, including measures of traffic safety, based on conflicts
estimated from trajectories generated in microsimulation. According to the results, level of traffic safety (as well as capacity) of analysed alternative types of roundabouts
depends on traffic flow strength, and on numbers of right-hand and left-hand turning vehicles. Consequently, for different circumstances, there are different optimal alternative

types of roundabouts.
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1 INTRODUCTION

A growing number of foreign studies point out a poor
traffic - safety characteristics of "standard" two-lane
roundabouts and lower capacity than was expected [1].
These problems are resolved in more ways in different
countries [2], but it seems the best way is to decrease the
number of conflict points [3], which is one of the main
characteristics of alternative (or unconventional) types of
roundabouts.

Today, research in the field in roundabouts (and
especially turbo roundabouts) deals with very different
aspect. For example, Guerrierri et al. [4] compared
kinematic and behaviour parameters of light and heavy
vehicles at turbo-roundabouts. In the beginning of the last
decade more attention was given to optimization of
roundabouts elements [5] and different analysis of
roundabout capacity [6, 7]. A wide number of research
deals with comparative analysis of turbo roundabouts and
other types of roundabouts - in terms of traffic safety [8-
12].

Some of alternative (or unconventional) types of
roundabouts are already in frequent use almost all over the
world (hamburger, dumb-bell, turbo roundabout), other
types have only been implemented within certain countries
(turbo-square,  dog-bone, compact semi-two-lane
roundabout, flower-roundabout [13] or are still in the
development phase (e.g. "reduced-turbo" [14], "semi-
turbo", "target" and "four flyover" [13, 15]).

Alternative types of roundabouts typically differ from
"standard" two-lane roundabouts in one or more design
elements, as their purposes for implementation are also
specific.

This paper illustrates two established alternative types
of roundabouts (turbo and flower roundabout), and two
alternative types of roundabouts in development phase
(reduced-turbo and semi-turbo roundabout), their detailed

functional description, and comparison of their capacity
and traffic-safety characteristics.

2 FUNCTIONAL CHARACTERISTICS OF TURBO,
REDUCEDTURBO, FLOWER AND SEMI-TURBO
ROUNDABOUTS

2.1 Turbo Roundabout

The turbo roundabout (Fig. 1) is innovative
arrangement of the two-lane roundabout that has
revolutionized roundabout design in the Netherlands and in
several European countries. The idea of the turbo
roundabout was very rapidly (just over a few years)
transposed into several countries, such as Slovenia [16],
Germany [2], Denmark, Lithuania [17] and Czech
Republic [18], as well as Hungary, and several other
countries. For example, analysis of design approaches for
turbo roundabout planning in various European regions,
comparative analysis of turbo roundabout design
procedures described in Slovenian technical specifications,
Serbian design manual, German working document, and
Croatian and Dutch guidelines was already made in the
past [19].

In turbo roundabout, the traffic flows run separately
even before the entry into the roundabout, they occupy
separate lanes all the way throughout the roundabout, while
traffic flows run separately at the exit from the roundabout
as well [3]. Physical separation of traffic lanes is
interrupted only in places of entry into the inner circulatory
carriageway. Physical separation is achieved by specially
shaped elements - delineators, which hinder (but not
prevent) the change of traffic lanes in the roundabout -
weaving conflicts.

The central island is designed by means of arcs of
circumferences with different centres and radius.

Additionally, the Archimedean spiral [20] can be used
with the aim to limit the variation of the centrifugal
acceleration around the central carriageway.
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Secondary traffic
direction

Major traffic direction

Figure 1 Typical layout of a basic turbo roundabout [3]
2.2 Reduced-Turbo Roundabout

As all the standardized types of turbo roundabouts (5
standardized types) require the two-lane exits at least in the
main direction, they are not suitable for at-grade crossings
two-lane roads arrangements.

Reducing the number of traffic lanes shortly after exit
from roundabout is undesirable, both for safety reasons and
reducing exit capacity even below the one-lane
uninterrupted exits, which could lead to the traffic jam back
in the roundabout.

Secondary traffic
direction

IMajor traffic
direction

Figure 2 Typical layout of a reduced-turbo roundabout [14]

A good solution for this problem could be the
"reduced-turbo roundabout" (Fig. 2), which has, by a
definition, all exits single-lane. Reduced-turbo roundabout
also should not be confused with the already known
"partial-turbo roundabout", whose only feature is that it
does not comply with all the characteristics of a

standardized turbo roundabouts. According to the web-
page of the Dutch roundabouts' expert, Dirk de Baan, about
forty partial-turbo roundabouts exist today but only in the
Netherlands.

All possible types of reduced-turbo roundabouts are
derived from standardized types of turbo roundabouts with
the abolition of possibility to choose an entry lane for a
desired manoeuvre to achieve the desired exit, which in
turn leads to the reduced-turbo roundabout geometry with
all single-lane exits.

2.3 Flower Roundabout

The roundabout with "depressed" lanes for right-hand
turning, in short, the "flower roundabout" (Fig. 3), was
invented as a solution for achieving a higher level of traffic
safety on existing, less-safe standard two-lane roundabouts
with a large percentage of right-hand turners from all
directions [13, 21, 22].

It is formed within existing dimensions of standard
two-lane roundabout.

The flower roundabout is a roundabout with two lanes
at entries, two lanes at exits and a ring lane which makes
right-turning vehicles get onto a bypass lane, and not into
the ring.

One of the basic characteristics of the flower
roundabout is the same as in the turbo roundabout -
physically separated traffic lanes within the circulatory
carriageway. The other is that all right-hand turners have
their own separate lanes, known as bypasses. This means
that the inner circulatory carriageway is only used by
vehicles that drive straight through the roundabout, turn for
three quarters of a circle or U-turn [13].

Secondary traffic direction

Major traffic direction 2

7 A\
—@);
7

Figure 3 Typical layout of a flower roundabout [21]
2.4 Semi-Turbo Roundabout

The semi-turbo roundabout (Fig. 4) was invented as a
solution for achieving a higher level of traffic safety on
existing, less-safe standard two-lane roundabouts within
existing dimensions.
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The idea was to adjust the existing standard less-safe
two-lane roundabout into a safer solution without
removing any of the outer curbs, splitter islands, lighting
poles etc. When reconstructing a standard two-lane
roundabout into a semi-turbo roundabout, all the elements
remain in the same positions.

The basic characteristic of this type of roundabout is
the same as of the turbo roundabout - physically-separated
lanes on a circulatory carriageway. However, there is also
one big difference: unlike turbo roundabout which has four
centres the semi-turbo has just one.

Secondary traffic
direction

Figure 4 Typical layout of a semi-turbo roundabout

3 COMPARATIVE ANALYSES OF TURBO, REDUCED
TURBO, FLOWER AND SEMI-TURBO ROUNDABOUTS
3.1 Methodology and Evaluation Approach

The evaluation was based on the simulation of traffic
operating at four types of alternative design layouts. A
major advantage related to the use of simulation is the
possibility to "tailor" a model to meet the specific criteria
of an existing real-world traffic situation and to incorporate
those factors that have been identified as having a direct or
indirect influence on traffic safety in estimating the
influence on proximal indicators. These factors, which are
especially relevant to the current research, include the
exact geometric layout of the traffic site and the precise
representation of traffic flows, including turning
movements, through origin-destination matrixes [23].
Especially because three geometrical layouts (reduced-
turbo, flower and semi-turbo) are at the moment just
"theoretic roundabouts" - it is not possible to perform an
observational evaluation by collecting accident and
operational data.

3.2 Capacity Comparison

Today, a large number of different models for
roundabouts capacity modelling are in use. In the past, a
survey was conducted that examined the basic theoretical
pre-conditions for calculating the capacity of roundabouts
with the operational characteristics of roundabouts in local

conditions. The analysis of the obtained results showed that
the theoretical calculations for single-lane roundabouts are
within expected values whereas for the double-lane
roundabouts are not - the calculated capacity is greater than
the real one [24].

In our case - for conducting the capacity comparison
of proposed solutions - we have chosen a software tool
VISSIM, which we usually use in the analysis of novelties
in the fields of at-grade intersections / roundabouts and up-
grade interchanges.

VISSIM is the ideal tool for building a clear and
conclusive knowledge basis for decisions for all kinds of
traffic engineering questions. The system has been
designed for analysing and modelling transport networks
of any size, and traffic systems of all types, from individual
intersections right up to entire conurbations.

The link-connector structure of the VISSIM network
topology allows for the highest versatility and - in
combination with detailed movement models - extremely
precise traffic flow modelling.

The comparison was made by means of the delays,
evaluated under different traffic conditions, characterized
by three traffic distribution test matrixes (Tab. 1): p1 (70%
of entry traffic crossed the roundabout), p> (70% of traffic
turned left), p3 (70% of traffic coming from every arm
turned right), and for three different load scenarios (750
veh/h, 1500 veh/h and 2250 veh/h) arranged in such a way
that 67% of the traffic on the major road and 33% of the
traffic at the minor road. The types of vehicles observed in
microsimulations are passenger cars (98%) and semi-
trailers (2%).

Table 1 O/D Matrixes - origin/destination matrixes of traffic flows in percentage
terms

[0 015 0,70 0,15]
015 0 015 0,70
P=l070 015 0 015
015 0,70 015 0 |
[0 015 015 0,70]
0,70 0 015 0,15
P2=1015 070 0 015
015 015 0,70 0 |
[0 070 015 0,15]
015 0 0,70 0,15
P3=lo15 015 0 070
0,70 015 015 0 |

For making simulation models, the following
assumptions are used:

- In a turbo roundabout, reduced-turbo roundabout and
a semi-turbo roundabout, vehicles that continue to
travel straight to the major street are arranged in such
a way that 50% of the vehicles use an inner circular
lane and 50% external circular lane of roundabout.

- Ina flower roundabout, all vehicles turning to the right
use "by-pass" for the right turn.

- In a two-lane roundabout, according to the field
surveys, drivers use inner circular lane up to 30%;
therefore, band distribution is also performed; the
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major inner circular lane uses 30% for left-hand

turning and crossing, while the remaining 70% of the

traffic is used by the outer circular lane. On the minor
road, the internal lane is used only by 30% of the right-
hand turning drivers.

All models are designed in a way that they have similar
or equal geometry (external radius, number of lanes per
approach, number of approaches, etc.).

Numerous studies [20-22] have shown the turbo
roundabout has the best estimate of the capacity, which is
also confirmed by this research. In cases where traffic
distribution for traffic loads with the entry flow rate
approach of 750, 1500 and 2250 veh/h are performed
according to matrixes p; and ps, delays on all approaches
(major and minor road) are less than 10 seconds, which
means the level of services are LOS A (Figs. 5 and 7).

With distribution of traffic per matrix p», in which 70%
of traffic on all approaches continues with the drive to the
left, the length of delays exponentially increases with the
increase in traffic (Fig. 6). At the traffic load of 2250 veh/h,
the level of service of the turbo roundabout is lowered to
LOS F, which does not meet the expected level of service.
It is important to note that this overall assessment causes
the length of delays in the minor road where vehicles have
more difficulties to get into the traffic. This happens

because of the vast number of vehicles on the major road,
as well as because of the possibility of using only the inner
lane of turbo roundabout to continue driving to the left.

Comparison of the results obtained (see graphs on
Figs. 5, 6 and 7) of standard two-lane roundabout of the
same dimensions as a turbo roundabout, has shown that
turbo roundabout provides better results in the case when
the traffic distribution is carried out according to the
matrixes p; and ps.

When the distribution of traffic is performed in the p»
matrix, a standard two-lane roundabout gives better results,
mainly because two lanes of the circular carriageway are
used. Nevertheless, the level of service is also LOS F.

Capacity comparison of the flower roundabout and
standard two-lane roundabout provided better results for
two-lane roundabout in the case when more vehicles
continue to drive straight ahead or turn left. On the other
hand, the flower roundabout has shown better results in the
case of a higher percentage of right-hand turners.

A reduced-turbo roundabout proved to be a very good
solution in case where distribution of traffic is matrix pi
and ps3. Slightly larger delays are expected with large
percentage of left-hand turners, especially in the case of
strong traffic flows on entrances.

Average delay (siveh)
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Figure 5 Average delay for p1 Matrix
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Figure 6 Average delay for p2 Matrix

The same as the standard turbo roundabout, a reduced-
turbo roundabout also gives lower results than a standard
two-lane roundabout in case of a larger percentage of left-

hand turners (matrix p,), which is the consequence of using
only one lane by the left-hand turners.
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Through observing all situations in matrixes p1, p», and
p3, reduced-turbo roundabout seems to bring equivalent
results; hence, it presents itself as a "middle ground"
solution for various traffic distributions.

Compared to standard two-lane roundabout, semi-
turbo roundabout gives better results regardless of the
distribution matrix of traffic flows in cases of low traffic

loads. When traffic loads increase, the semi-turbo circular
crossing provides better results only in case of distribution
of traffic according to matrixes p; and ps.

The same as in other cases, the standard two-lane
roundabout has better flow at higher traffic loads in the
distribution of traffic over the matrix p».

Average delay (sfveh)

5.00
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3.27
3.00

Delay (s/veh)
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Turbo roundabout Flower roundabout
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Reduced- turbo
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2.00 129 139 131
L0 0.69 0.88 I 0.71 L. 0.78
o, [ ] ] ] ]

Two-lane
roundabout

Semi-turbo
roundabout

1500 veh/h  m2250veh/h

Figure 7 Average delay for ps Matrix

3.3 Traffic-Safety Comparison

For the purpose of determination of the proposed
solutions from the traffic-safety perspective, a software
tool SSAM (Surrogate Safety Assessment Model [25, 26]
has been chosen, which we usually use in the analysis of
novelties in the field of at-grade intersections / roundabouts
and up-grading interchanges.

The SSAM is a technique combining microsimulation
and automated conflict analysis, which analyses the
frequency and character of narrowly averted vehicle-to-
vehicle collisions in traffic, to assess the safety of traffic
facilities without waiting for a statistically above-normal
number of crashes and injuries to occur.

Microsimulation is typically performed for peak-hour
while conventional crash prediction models used in safety
management are performed crashes per year as the
dependent variable and AADT as the main independent
variable [27]. The aim of this comparison was not to
calculate the number of predicted crashes, but only to
compare potential conflicts during the peak hour.

The analysis of conflicts was not carried out for all
three traffic distribution matrices, but for one (maximum)
traffic flow strength (2250 veh/h) only. Simulation run was
done for each type of roundabout and results of these runs
were used in comprising analysis.

By analysing the SSAM data for turbo roundabout, the
results show usual occurrence of the rear-end traffic
accidents. The number of conflict points in turbo
roundabout is the smallest for the situation p3, when the
right turn vehicles prevail in the roundabout.

In the case of 70% of traffic continuing to drive to the
left in turbo roundabout, there is the smallest average TTC
(0,43 s), which results in the highest probability of
accidents. When the distribution of traffic is carried out in
such a way that 70% of vehicles drive straight ahead or turn
right, the TTC in turbo roundabout is 1,29 s or 1,45 s.

From the aspect of traffic safety, a turbo roundabout is
essentially safer if we compare it with a standard two-lane
roundabout. According to distribution of traffic by matrix
p1, a turbo roundabout has 50 conflict points (45 rear-end
and 5 lane changes), and a standard two-lane roundabout
has 478 conflict points (411 rear-end, 65 lane changes, and
2 crossing conflict points that are most dangerous). The
higher safety of turbo roundabout is also confirmed by the
average time to collision, which is higher at a turbo
roundabout (1,29 s) than at the standard two-lane
roundabout (0,98 s).

An even greater difference in a level of traffic safety
occurs when the traffic distribution is carried out according
to the matrix p,. In this situation, a turbo roundabout has a
total of 356 conflict points (1 crossing, 232 rear-end and
123 lane changes, TTC is 0,43 s), and a standard two-lane
roundabout has 1269 conflict points (16 crossings, 1124
rear-end, and 129 lane changes, TTC is 0,27 s). In the case
of majority of right-hand turners, flower roundabout shows
the best results - both from the capacity and traffic safety
aspect (see Table 2).

As regards conflict points, the flower roundabout is
less safe than a turbo roundabout (for p; 182 conflict points
- 139 rear-end and 43 lane changes, p, 344 conflict points
- 237 rear-end and 107 lane changes), which is also proven
by the average time to collision which for the matrix p; in
a flower is TTC = 0,64 s, and for p, the TTC = 0,47 s.

If the flower roundabout is compared with a standard
two-lane roundabout, it shows significantly better results,
which is confirmed by the results of the analysis. As
previously stated, a standard two-lane roundabout has 1269
conflict points in the distribution of traffic by the matrix p»,
which is even 4 times more than into a flower roundabout.

If these two roundabouts are compared by the average
time to collision, the TTC at a flower roundabout is as
much as 20 s longer. Most importantly, the flower
roundabout does not have a single conflicting point of
crossing, while standard two-lane roundabout has 16.
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There is no significant difference between reduced-
turbo roundabout and standard turbo roundabout,
according to the traffic safety criterion, especially
according to distribution of traffic by matrix p; (see Tab.
2).

The number of conflicting points in the reduced-turbo
roundabout is still considerably lower than for the standard
two-lane roundabout, even if the expansion of one lane
brings more conflict points than in a regular turbo
roundabout (see Tab. 2).

Although the average time to collision goes in favour

roundabout has no single conflict point of crossing, so it
could be assumed it has higher level of safety than standard
two-lane roundabout.

The geometry of the semi-turbo roundabout resembles
geometry of the standard two-lane roundabout. At the same
time, from the aspect of traffic arrangements and the way
of driving, semi-turbo is more like the turbo roundabout.
Because of its characteristic form and the way of driving,
semi-turbo roundabout has a higher level of traffic safety
than a standard two-lane roundabout, which is shown in
Tab. 2.

of a standard two-lane roundabout, reduced-turbo
Table 2 Conflict point and TTC of analysed roundabouts
Conflict points . ..
Crossing Rear-];)nd Lane Change TTC (Time to Collision)
Matrix p
Two-lane Roundabout 2 411 65 0,98
Turbo Roundabout 0 45 5 1,29
Flower Roundabout 0 139 43 0,64
Reduced Turbo Roundabout 0 46 1 1,12
Semi-Turbo Roundabout 0 34 4 1,41
Matrix p>
Two-lane Roundabout 16 1124 129 0,27
Turbo Roundabout 1 232 123 0,43
Flower Roundabout 0 237 107 0,47
Reduced Turbo Roundabout 0 367 5 0,31
Semi-Turbo Roundabout 0 199 100 0,46
Matrix p3
Two-lane Roundabout 0 373 38 1,10
Turbo Roundabout 0 10 3 1,45
Flower Roundabout 0 0 0 -
Reduced Turbo Roundabout 0 5 0 1,46
Semi-Turbo Roundabout 0 3 2 1,42

In a semi-turbo roundabout, maximum number of
conflict points that occur in the distribution of traffic by the
matrix p, is significantly less, compared to the standard
two-lane roundabout (see Tab. 2). The advantage of a semi-
turbo over the standard two-lane roundabout is also that
there are no crossing conflicting points.

Comparison of the semi-turbo roundabout and the
standard two-lane roundabout by the average TTC leads to
the same conclusion: the semi-turbo roundabout is safer. In
the distribution of traffic over the matrix p;, the semi-turbo
roundabout has TTC 44% longer than a standard two-lane
roundabout (1,41 s vs. 0,98 s). For matrix p,, the TTC is
longer by 70% (0,46 s vs. 0,27 s), while for the p; matrix
the TTC is longer by 30% (1,42 s vs. 1,10 s).

4 CONCLUSION

This paper illustrates two established alternative types
of roundabouts (turbo and flower roundabout), and two
alternative types of roundabouts in development phase
(reduced-turbo and semi-turbo roundabout), and
comparison of their capacity and traffic safety
characteristics.

For this research, microsimulation was used to
simulate traffic operations at different alternative types of
roundabouts at various levels of traffic volume.
Performance measures were obtained, including measures
of traffic safety, based on conflicts estimated from
trajectories generated in microsimulation.

Regarding the capacity analysis, the comparison was
made by means of the delays, evaluated under different

traffic conditions, characterized by three traffic distribution
test matrixes.

Through the comparison of the roundabouts using the
p1 traffic distribution, results have shown the lowest delay
in turbo roundabout, followed by semi-and reduced-turbo
roundabout. The results remain the same even in the case
of increasing the traffic flow - standard turbo roundabout
remains the best solution.

If the traffic distribution is observed through the matrix
P2, the best results in terms of capacity are shown by the
standard turbo and reduced-turbo roundabout. The flower
roundabout has not proven efficient in the case of p,: since
there is only one lane in the circulatory carriageway, the
lane is used by the drivers for turning left, or going straight,
which leads to over capacitation; hence, the worst possible
results concerning capacity are displayed. Turbo and
reduced-turbo roundabout have proven to be the best
option, if the traffic flow is increased up to 100 %.
However, by increasing the traffic flow by additional 50 %,
turbo roundabout shows greater delay, which is primarily
caused by more difficult access of vehicles from the minor
road. With this parameter included, the best results are
provided by the two-lane roundabout.

In the case of p3 (with a vast number of right-hand
turners), results are in favour of semi-turbo roundabout for
the condition of lower traffic flow. Other types of
alternative roundabouts (standard turbo and reduced-turbo)
show slightly lower, but still acceptable results. However,
by increasing the traffic flow by 100% flower roundabout
seems to be the best option for the optimal traffic capacity.
The importance of the flower roundabout layout especially
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stems in the case of the increment of traffic flow by
additional 50% - because of the bypasses in flower
roundabout, drivers more easily make the right turns,
without interacting with other drivers heading in different
directions.

Regarding the traffic safety analysis, the comparison
was made by means of the average TTC (Time to
Collision) and by means of the number of conflict points.
Regarding the traffic safety aspect, standard two-lane
roundabout seems to be the most unsafe type of
roundabout, due to the great number of conflict points,
especially the most dangerous crossing conflict points.

Through the comparison of all observed alternative
types of roundabouts in all situations (pi, p> and p3),
according to the parameter TTC, reduced-turbo roundabout
has shown to be the most unsafe. Narrowing and spreading
of the traffic lanes before or after the main crossing in the
roundabout causes a greater lane change manoeuvres,
which increases the creation of conflict points, as well as
greater probability of rear-end conflicts.

According to the parameter TTC, flower roundabout
has shown the best results from the aspect of traffic safety,
both for the situation when left-hand and right-hand turn
vehicles prevail in the roundabout. On the other hand,
when most vehicles in the roundabout are continuing to
drive straight ahead, the best results from the aspect of
traffic safety are shown by the semi-turbo roundabout.

Shortly, the level of traffic safety (as well as capacity)
of analysed alternative types of roundabouts depends on
traffic flow strength, and on numbers of right-hand and
left-hand turning vehicles. Consequently, for different
circumstances, there are different optimal alternative types
of roundabouts.
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