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CAPACITY LIMITS OF BASIC TURBO-ROUNDABOUTS

Turbo-roundabouts with their specific design characteristics have become a suitable solution of a single-lane roundabouts capacity problem
and a standard two-lane roundabouts safety problem. There is no doubt that turbo-roundabouts ensure a higher level of traffic safety in com-
parison to standard two-lane roundabouts due to a reduction of both conflict points and driving speed through the turbo-roundabouts. The
question is if turbo-roundabouts can provide the same or a higher capacity than standard two-lane roundabouts. The answer, in the form of
some important results of the basic turbo-roundabout total capacity at various traffic conditions and also in comparison with standard two-lane
roundabouts, is presented in the paper. The capacity model is based on the gap-acceptance theory. Driver behaviour characteristics have been
respected according to the Slovak technical guidelines. Redistribution of traffic flows into two lanes at entries and circulatory carriageway of
roundabouts has been considered in the capacity calculations. An effective use of both lanes (left and right) has been assumed only at basic
turbo-roundabout major entries. By contrast, low use of inner (left) lanes by drivers at entry and circulatory carriageway corresponding with

real conditions in some countries has been assumed in the standard two-lane roundabout capacity calculations.
Keywords: Traffic safety, capacity, two-lane roundabout, turbo-roundabout.

1. Introduction

A turbo-roundabout is a relatively new type of roundabout.
It was developed by the researcher Lambertus Fortuijn from the
University of Delft in the Netherlands in 1996 as a solution of
a capacity problem of single-lane roundabouts and a traffic safety
problem of multi-lane roundabouts. Over the last ten years, turbo-
roundabouts have been successfully implemented, apart from
the Netherlands, in many European countries such as Germany,
Slovenia, Belgium, the Czech Republic, Poland, Hungary and
several others. Currently, over 400 turbo-roundabouts are built in
Europe and this number continuously grows.

Foreign experience clearly confirms a higher traffic safety
of turbo-roundabouts in comparison to multi-lane roundabouts,
however, the question whether turbo-roundabouts can provide the
same or higher capacity than multi-lane roundabouts is frequently
discussed [1, 2 and 3]. In this article, a comparison of the total
capacity of a basic turbo-roundabout and a standard two-lane
roundabout (Fig. 1) at different traffic conditions is presented.

2. Main concept of turbo-roundabout
A turbo-roundabout is a specific type of multi-lane roundabout

with a spiral arrangement of two or more circulating traffic lanes,
where drivers are forced to follow a specific path according
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to their intended destination (Fig. 1, left) [3]. Traffic lanes in
the entry, circulatory carriageway and exit zones are physically
separated by specially shaped elements, which divert drivers to
change traffic lanes in the roundabout [4]. Raised lane dividers
are only interrupted at places of entry into the inner traffic lanes
of circulatory carriageway.

The new circulating lane formed on the inner side of
circulating carriageway of turbo-roundabouts (nested spiral lane)
is designed opposite to the major entries (A and B in Fig. 1, left).
Major entries are considered in dominant direction of the main
traffic flow which is a criterion for selection of a suitable type of
a turbo-roundabout (basic, egg, knee, spiral, rotor or star [5]).

The physical separation of traffic lanes and the specific
geometry of turbo-roundabouts are the most important features
affecting traffic safety and capacity differences in comparison to
two-lane roundabouts.

3. Traffic safety improvements

In the simplest case, on a standard two-lane roundabout with
two-lane entries and two-lane exits, there are 24 conflict points
(Fig. 2, right). However, in reality, the traffic situation is much
more complicated. Because there is no clearly specified legal
framework for passing through the roundabout, drivers can enter
the roundabout using any circulating lane, change lane at the

Department of Highway Engineering, Faculty of Civil Engineering, University of Zilina, Slovakia

E-mail: andrea.kocianova@fstav.uniza.sk

Q) ® COMMUNICATIONS 4/2016



REVIEW

COMMVINICIONS

S (o major,l! |
W
> qe,major,R \\

Minor
entry

g e,minor,L

—= { e,minor,R

-

Fig. 1 Geometry of a basic turbo-roundabout (left) and a standard two-lane roundabout (right), Source: Author

circulatory carriageway and also they can leave the roundabout
using any exit lane. This driver behaviour results in additional
conflict points and weaving conflicts which, together with higher
speeds, raise the risk of accidents. International experience has
confirmed these functional problems. Accidents in the circulatory
carriageway, although not usually serious, are frequent and often
affect the normal traffic flow [2].

Traffic safety improvement of turbo-roundabouts in
comparison with two-lane roundabouts is ensured thanks to the
specific geometry (spiral alignment of circulating traffic lanes
leading drivers to the correct exit) and the raised lane dividers. As
a result, there are several advantages from the viewpoint of traffic
safety: the reduction in conflict points from 24 to 14 (reduction
of entry and exit conflict points including the elimination of
very dangerous crossing conflict points at the exit from the

14 conflict

crossin,
@ g
mergin
o gmg
divergin,
@ gmg
weaving

inner circulating lane, see Fig. 2), the removal of weaving (lane
changing) in the circulatory carriageway, the elimination of side-
by-side accident risk and the reduction of driving speed through
the roundabout. It ultimately means a global reduction of crash
probabilities.

Several studies have shown that crash risk is reduced by
70% when the standard two-lane roundabout is converted into
the turbo-roundabout [5]. Other study, based on the analysis
of potential conflicts modelled in different layouts and traffic
conditions, has shown that turbo-roundabouts provide about
40-50% reduction of total potential accidents and about 20-30%
reduction of potential accidents with injuries in comparison
with two-lane roundabouts [6]. Some studies even concluded
that safety of turbo-roundabouts is comparable with the safety of
single-lane roundabouts [5].

24 conflict
points

Fig. 2 Conflict points and weaving conflicts on standard two-lane roundabouts (right) and basic turbo-roundabouts (left), Source: author
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In a study based on micro-simulation, it is shown that drivers
using the outer circulating lane of turbo-roundabouts drive slower
than on two-lane roundabouts. The reduction in the speed is from
48 km/h to 38 km/h [7]. One of the factors affecting the speed
profile of drivers on turbo-roundabouts is the path curvature
(system of inverse radii). The raised lane dividers play also
an important role. They “force” drivers to use the predefined
trajectory with smaller radii at lower speeds, thus contributing to
the homogenous low-speed profiles [2]. On the contrary, drivers
on two-lane roundabouts can ignore lane markings and pass the
intersection on a shortened trajectory at high speed.

4. Capacity of turbo-roundabouts

Turbo-roundabouts have always larger capacity compared to
single-lane roundabouts. The reason is turbo-roundabouts have
usually two-lane entries, which directly continue into two-lane
circulatory carriageway. When comparing capacity of turbo-
roundabouts to standard two-lane roundabouts, it is necessary to
take into account the geometry differences between the two kinds
of roundabouts affecting the capacity performance at a variety of
traffic conditions.

The main geometry differences between compared the basic
turbo-roundabout and the standard two-lane roundabout with two
lanes at all entries and exits (Fig. 1) are the following:

- A circulating traffic flow in front of the major entries (A and
B) on the turbo-roundabout is concentrated in a single
circulating lane, whereas on the two-lane roundabout, there
are two circulating lanes available.

- While a through traffic flow can use only a left lane at the
minor entries (C and D) on the turbo-roundabout, both
left and right entry lanes on the two-lane roundabout are
available.

- A rightturning traffic flow can use both left and right lanes
at the minor entries (C and D) on the turbo-roundabout,
whereas on the two-lane roundabout, only the right lane is
used by the right-turning traffic.

- The change of lanes on the circulatory carriageway is not
allowed (nor necessary) for drivers on the turbo-roundabout,
whereas on the two-lane roundabout it is possible.

The above differences in geometry of roundabouts also affect
the traffic redistribution at two-lane major and minor entries, and
on two-lane circulatory carriageway. Because it has a significant
influence on the entry capacity, it was further considered within
the capacity calculations.

4.1 Capacity model

Capacity model used in this paper is based on the gap
acceptance theory and capacity calculations are lane-based.

REVIEW

Specifically, a formula proposed by Brilon [8] is used for capacity
calculation of each entry lane to the basic turbo-roundabout and
a formula proposed by Wu [9] is derived for capacity calculation
of each entry lane to the standard two-lane roundabout.

The capacity model used for the basic turbo-roundabout is
sensitive to the traffic flow allocation to both inner and outer lane
on the two-lane circulatory carriageway. However, it does not take
into account an influence of differences in critical headways and
follow-up times which have a very low impact on the capacity
compared with the traffic flow allocation in the circulating lanes
[3].

Left-lane capacity at the minor entries (C and D in Fig. 1)
considering the traffic flows in the inner circulating lane (q .)

cin

and in the outer circulating lane (¢ ) was calculated according

cout

to equation:
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where:

C, basic capacity of entry lane [pcu/h],

- traffic flow on the outer circulating lane in front of entry

[pcu/h],

traffic flow on the inner circulating lane in front of entry

[pcu/h],

t critical gap [s],

t follow-up time [s],

t . minimum gap between succeeding vehicles on the circulatory
carriageway [s].

A considerable impact of the circulating traffic flow allocation
in the inner and the outer circulating lanes on the entry lane
capacity is shown in Fig. 3. The maximum capacity is achievable
at equal distribution of the circulating traffic flow to circulating
lanes (the curve 50/50 in Fig. 3) and the minimum capacity when
the whole circulating traffic flow is in one circulating lane (the
curve 100/0 in Fig. 3).

Right-lane and left-lane capacities at the major entries (A and
B in Fig. 1), as well as the right-lane capacity at the minor entries
(C and D in Fig. 1) were calculated considering the circulating
traffic flow only in the outer lane (¢ ) according to equation:

cout

_ 3600 (1 _ lwin Geow) feon( U, )
C.= 7 (1 3600 ) e Se0 (3

(5.2)

Notations in Equation 5.2 have the same meaning as in
Equation 5.1. Values of the gap acceptance parameters are taken
from the Slovak technical guidelines [10]:

- left lane at minor entry: t.= 3.9s, t.= 2.7s, t .= 2.1s;
- right lane at minor and major entries: t = 4.0 s, t.= 2.8 s,
tn= 2.1s;

- left lane at major entry: t = 3.8, t.= 2.7s, tn= 2.1s;
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Fig. 3 Impact of the circulating traffic flow allocation on the entry lane
capacity, Source: author

In the capacity model for the standard two-lane roundabout,
only a total opposing circulating traffic flow in the two-lane
circulatory carriageway (¢,) without a traffic flow allocation is
considered. It is because drivers are not strictly keeping in one
circulating lane as in turbo-roundabouts, but there is an option to
switch lanes at any point. Capacity of each entry lane (left-lane
and right-lane capacity) is calculated using the formula:

_ 3600 tmin . Q(’ e ll_,L/,lmm
c=7, ~<1—3600>~g 3500 (1e=5 i)

(5.3)

Where n_is number of circulating lanes (1, = 2) and other
notations in Equation 5.3 have the same meaning as in Equation
5.1. Values of gap acceptance parameters are taken from the
Slovak technical guidelines [11] and they are the same for left and
right entry lanes: t= 3.9s, t= 2.7s, t.= 2.1s.

4.2 Entry traffic flows allocation procedure

Allocation of traffic flows to right and left lanes at major
entries and minor entries of the basic turbo-roundabout is entirely
different because of its specific geometry. As it has been written,
while through traffic can use both left and right lanes at major
entries, only a left lane at minor entries can be used (right minor
entry lane is determined just for a right-turning traffic, see Fig. 1).

As a result, the allocation procedure at the major entries
on basic turbo-roundabouts (A and B in Fig. 1) is based on
the assumption that drivers going straight will choose the entry
lane with the lowest degree of saturation and thus with the
lowest waiting time (or queue). Therefore, the through traffic
proportion using the right lane at major entries under assumption
of equilibrium state at peak hours (lanes have equal levels of
saturation) in the capacity model is given by formula:

Cmajar.R : (ql + Q2) - Cmajur,L ) Q3 .
C]z : (Cmajar.L + Crnajor.R) ’
Do €(0,1)

pmajor - (54)
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where ¢, ¢, and ¢, are left, through and right traffic flows
respectively and C and C

major,R major,L
capacities at major entries calculated by the Equation 5.2. If
pnle/‘(?re(-d)’())=> pma/'ar ma/‘ore(l’m)=> pma/’ar= 1

Resulting traffic flows on right and left lanes at major entries

are right-lane and left-lane

=0orp

(qmmk and qma/_m) are then given by the Equations (5.5) and
(5.6):

QP,major,R = pmajor . C]z + C[% (55)
Gemiorr = @1+ (1= Door) @2 (5.6)

Because the right-turning traffic can use both left and right
lanes at the minor entries on basic turbo-roundabouts (C and D
in Fig. 1), its proportion using the right lane is given by formula:

Chinorr* <Q1 +q.+ C]3)
qZ : (Cmi/mr,l‘ + Cmi/mr,k)

is the right-lane capacity at minor entries calculated

Do €(0,1) (5.7

p minor —

where CW_W x
by the Equation 5.2 and CmaML is the left-lane capacity at minor
entries calculated by the Equation 5.1.
Ifp &(-00,0)=p
Resulting traffic flows on right and left lanes at minor entries
and ¢ ) are given by the Equations (5.8) and (5.9):

=1

minor

=0orp  &(l,o0)=p

minor minor minor

(q

e,minor,R eminor,L

q e.minor,R = Pminor * 43 (5.8)

q eminor,. = (QI + C]z) + (1 _pmmm) K (5.9)

Allocation of traffic flows to right and left lanes at all entries
of the standard two-lane roundabout, in comparison to the basic
turbo-roundabout, is quite different because of free-flow conditions
at two-lane entries, circulatory carriageway and exits. This allows
drivers to use any entry lane and subsequently any circulating
lane. However, the use of the inner circulating lane in reality is not
too much attractive for drivers, since there is dangerous crossing
conflict point at the exit from this lane or there is the need of
weaving (see Fig. 2). As a result, drivers do not utilise the left
lane at two-lane entries sufficiently and the traffic flows in both
lanes at the entry are not equally distributed. It has been observed
not only on two-lane entries at the German roundabouts [12], but
at the standard two-lane roundabouts in the Czech Republic and
Slovakia. As it follows from surveys, the right lane is used more
frequently than the left lane, about 70% of the total entry traffic
flow during peak hours, even if there is a long queue [13 and 14].
This has a significant impact on the two-lane entry capacity, which
is not as high in reality as was assumed according to the original
Wu capacity model.

Since the two-lane entry capacity at standard two-lane
roundabouts is strongly dependent on the allocation of traffic
flows to left and right entries (see Fig. 4), it was also taken into

COMMUNICATIONS 4/2016

* 9%



COMMVINICIONS

account at the capacity calculations. Redistribution of traffic
volumes to left and right entry lanes in the capacity model is
assumed at a ratio of 30% : 70% (the curve 30/70 in Fig. 4). The
entry capacity with such a flows allocation is by 29% lower than
for equal allocation (the curve 50/50 in Fig. 4).

The capacity of two-lane entry shown in Fig. 4 is dependent
on flow rate of each entry lane and on the degree of saturation of
the critical lane, and it is computed in accordance with the model
described in more details, for example, in [1, 15 and 16]
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Fig. 4 Impact of the traffic flows allocation on the two-lane entry
capacity; Source: Author

4.3 Traffic conditions

Since the proportion of traffic at major entries and proportion
of left- and right-turning traffic have a significant influence on
the intersection capacity, the following traffic conditions were
modelled within capacity calculations:

- Various ratios of the total traffic load at major entries
and minor entries: Major/Minor from 100/0 to 50/50 (Major/
Minor = 90/10 means that the total traffic load at the major
entries A+B is 90% and the total traffic load at the minor entries
C+D is 10% of the total roundabout traffic load),

- Various left-turning traffic proportion of the total entry
traffic load (%L): from 0% to 100%,

- Various right-turning traffic proportion of the total entry
traffic load (%R): from 0% to 100%.

The variations were modelled under symmetric demand at
major entries, symmetric demand at minor entries and equal
traffic split at all entries.

4.4 Capacity performance of turbo-roundabouts

The total traffic volume, as the sum of traffic volumes at
all entries to the roundabout, at specified traffic conditions has
been progressively increased from zero in 10 pcu/h steps until
the degree of saturation of any minor or major entry lane of the

REVIEW

turbo-roundabout and the two-lane roundabout reached the value
1.0 (the capacity reserve is zero).

The total capacity has been calculated for every possible
combination of traffic conditions in 2.5% steps. In this paper,
only selected important results which show a clear impact of
different pattern of traffic load on the total capacity of basic
turbo-roundabouts are presented in Fig. 5. The total capacity of
basic turbo-roundabouts in comparison with the total capacity
of two-lane roundabouts and also differences between the total
capacities in percentages are shown in Fig. 6 (green colour means
a higher capacity and red colour means a lower capacity of turbo-
roundabouts).

As it can be seen from the results, the influence of the
right-turning proportion (%R) on the total capacity of turbo-
roundabouts significantly depends on the demand flows at major
and minor entries (Major/Minor) - see slope of the curves on the
left graphs in Fig. 5. When having the substantial prevalence of
the major traffic flow over the minor traffic flow (see the graph
Major/Minor = 90/10) and the right-turning proportion is till 50%,
the influence is negligible. The difference in the total capacity
is only about 1-4%. However, at a higher proportion of right-
turning traffic than 50%, the total capacity goes down sharply
(for example at the left-turning traffic proportion L10%, the total
capacity reduction is up to 60%). This is because only one lane
(the right lane) at major entries for the right-turning traffic flow
is determined and the lane becomes in terms of performance
a critical lane.

The opposite situation occurs at a higher traffic load at minor
entries, when increasing the right-turning traffic proportion up to
50%, the total capacity increases significantly. The increase may
be at the ratio of Major/Minor = 70/30 approximately 15-50%, and
at balanced demand flows at all entries even up to 70% depending
on the leftturning traffic proportion. At a higher proportion of
right-turning traffic than 50%, the total capacity is decreased, but
not so sharply as at a high proportion of traffic load at major
entries. For example, at balanced demand flows at all entries
and at the left-turning traffic proportion L10%, the total capacity
reduction is only 8%.

A significant influence of the low right-turning traffic
proportion on the total capacity is also illustrated on the right
graphs in Fig. 5. At minor entries of turbo-roundabouts, the low
proportion of right-turning traffic results to insufficient use of
right lanes (determined only for the right-turning traffic flow)
and a higher saturation of left lanes at the same time. At a lower
proportion of right-turning traffic than 40%, the total capacity
of turbo-roundabouts thus can go down at increasing the minor
traffic flow - see the breaking point in Fig. 5, right. The reason is
the capacity failure of the left lane at minor entries.

The total capacity of turbo-roundabouts with increasing left-
turning traffic proportion (%L) gets always decreased (it can be up
to 70%) depending on demand flows at major and minor entries
(Major/Minor) - see spacing of the curves in Fig. 5. When having
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Fig. 5 Tiaffic condition influence on the total capacity of basic turbo-roundabouts; Source: Author

the substantial prevalence of the major traffic flow over the minor
traffic flow (see the graph Major/Minor = 90/10), the influence
of the leftturning traffic proportion at the right-turning traffic
proportion up to 50% is significant and subsequently decreases.
On the contrary, at balanced demand flows at all entries, the

influence of the left-turning traffic proportion at the right-turning
traffic proportion up to 50% is low and subsequently increases.
Differences in geometry and also in efficiency of the use of
both right and left entry lanes on compared roundabouts result to
different total capacities at various traffic conditions (Fig. 6). At
a substantial prevalence of the major traffic flow over the minor
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Fig. 6 Total capacity comparison: basic turbo-roundabouts (TRA) versus standard two-lane roundabouts (RA 2/2), Source: author

traffic flow (Major/Minor = 90/10), turbo-roundabouts have
a higher total capacity than two-lane roundabouts. The reason
is in more efficient uses of both lanes at major entries on turbo-

roundabouts. In contrast, a low efficient use of left-entry lanes
on two-lane roundabouts leads to a faster overloading of critical
right-entry lanes. Of course, in an increasing left-turning traffic
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proportion over 70%, the possibility of using both lanes at entries
on two-lane roundabouts for the left-turning traffic flow leads to
a higher total capacity compared to basic turbo-roundabouts,
where left-turning drivers are forced to use only one lane (the left
lane) at major entries. This applies even at other demand flows at
major and minor entries.

At increased proportion of the traffic flow at minor entries,
the total capacity of roundabouts significantly depends on the
right-turning traffic proportion. If the proportion is too low (%R =
10-20%), the total capacity of turbo-roundabouts can be less than
the total capacity of two-lane roundabouts. Even, under balanced
traffic load at all entries and at the right-turning traffic proportion
less than 30%, the total capacity of turbo-roundabouts is always
less than the total capacity of two-lane roundabouts. The reason
is the right-entry lane at minor entries exclusively determined
only for the right-turning traffic flow. At a low proportion of right-
turning traffic, the entry lane is not used enough effectively and
this leads to the capacity failure of the left entry lane, which has to
ensure both through and left-turning movements.

5. Conclusions

The total capacity of turbo-roundabouts is, depending on
traffic conditions, about 1.2 to 2.0 times higher than the capacity
of single-lane roundabouts. Thanks to their specific ggometry and
ensuring the passage of vehicles through turbo-roundabouts with
a significantly higher level of traffic safety, it can be achieved even
from about 5% to 25% higher capacity in comparison to standard
two-lane roundabouts. A higher performance of turbo-roundabouts
can be achieved at a higher traffic load in dominant direction at
major entries and lower traffic load at minor entries (more than
about 70% proportion of the total traffic load at major entries).
This is due to the more efficient use of both right and left lanes
at major entries on turbo-roundabouts comparing to two-lane
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roundabouts, where only 30% proportion of the total entry traffic
load on the left entry lane is expected. Furthermore, the total
capacity of turbo-roundabouts is increased with an increasing
proportion of right-turning traffic especially at minor entries (over
30% right-turning proportion).

On the other side, the total capacity of standard two-lane
roundabouts can be about 5% to 20% higher in comparison to
turbo-roundabouts. It is achievable at more balanced distribution
of traffic loads on all roundabout entries and also at a higher
proportion of left-turning traffic (more than 70%).

It can be concluded that the turbo-roundabouts provide
a combination of high level of traffic safety with a relatively large
capacity. Through their indisputable advantages following the
successful foreign experience, their more extensive use in Slovakia
is expected in a short time. Subsequently it will be possible to test
the real capacities of turbo-roundabouts, choose the appropriate
capacity model together with input parameters and also set
microsimulations to real Slovak conditions.
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