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Preface

“Education is an admirable thing, but it is well to remember from time to time that nothing that is worth
knowing can be taught.”
Oscar Wilde

Taking a five-year study programme at the Delft University of Technology, and finally sharing this
conclusion, is not much of a compliment to the university. Comfortably, | do not agree with Wilde; here is
why.

In September 2007, | commenced with the Bachelor’s course Civil Engineering and Geosciences, ignorant
of the scientific fields of traffic and transport engineering. Six years later, | finalize the Master’s curriculum
of Transport and Planning; this report is the icing on the cake. The vast amount of knowledge on civil
engineering in general, and traffic and transport engineering in particular, which | gained during the last
six years, is the least argument for disagreeing with Wilde. The competence to cope with intellectual
challenges and to catch a problem in a clear and definite description has proven to be of immense
relevance. The utility of fundamental research is at least as valuable, so is the fruitful offspring of a critical
attitude. DUT offers its students the opportunity to develop these competences and many more.

This document reports the graduation project, that is the completion of the Master’s curriculum. The
subject of the project is turbo roundabouts. The turbo roundabout was invented by Bertus Fortuijn in
1996, | am honoured to have been supervised by him during the graduation. The turbo roundabout
appeared to offer major advantages with regard to traffic safety and capacity, in comparison with
conventional intersection solutions. However, the quest for capacity (to be described in the introduction
to this thesis) still continues, and incited the central question of the project:

What is the applicability range of traffic signals on turbo roundabouts?

Bertus Fortuijn offered me the challenges and tools for completing the project. Especially during the early
months of the graduation these challenges were big. | had trouble to keep up with Fortuijn; with his 40-
year experience as a traffic engineer he made thinking leaps that were too big for a graduating student to
comprehend. Thanks to his time investments | was able to gain the knowledge on his invention, that was
required for this project. | admire Fortuijn for his devotion, his seemingly inexhaustible source of energy,
knowledge and experience, his past and present effort for the scientific field of traffic engineering (which
is amazing regarding his pensionable age) and our faith we have in common.

Furthermore, | would like to address acknowledgement to the graduation committee, chaired by Serge
Hoogendoorn. Notably, Winnie Daamen has daily supervised the project. She has a great enthusiasm for
the process of fundamental research, urging my own enthusiasm. By means of her critical notes and hints,
| was able to streamline the process of the project and deal with the challenges efficiently.

Numerous persons outside the graduation committee have contributed to the project in various ways.
Maria Salomons was able to answer my questions with regard to traffic control and provided me patiently
with explanations on modelling by means of VRIGen. Moreover, a few dozens of people contributed to
the project by sharing information on various subjects; | got in touch with them via the networks of my
(former) professors and LinkedIn. Finally, many thanks to my parents for their mental and financial
support, even when all of my nights and weekends were sacrificed to the thesis, often to their regret.

Rogier R.M. Hoek

Delft, July 2013
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List of translations

English Dutch

apron

rammelstrook (aan middeneiland)

broken line

onderbroken streep

centre island

middeneiland

circulatory roadway lanes

rotondestroken

clearance time

ontruimingstijd

conflict area

conflictvlak

continuous line

doorgetrokken streep

curve widening

bochtverbreding

cut-off conflict snijconflict

cycle time cyclustijd
double-lane roundabout tweestrooksrotonde
driving curve doorrijcurve
exemption ontheffing

extension detector

voormelddetector

fixed-time control

starre regeling

hard shoulder

draagkrachtige berm

home zone

woonerf

interception signals (traffic stream 62 through 72)

opvanglichten (verkeersstromen 62 t/m 72)

jerk

ruk (afgeleide van de acceleratie naar de tijd)

landscape buffer

rammelstrook (aan oksels van de takken)

lane

rijstrook

leg-by-leg control

tak-voor-tak regeling

lost time

verliestijd (in een verkeersregeling)

main signals (traffic streams 01 through 12)

hoofdlichten (verkeersstromen 1 t/m 12)

mountable

overrijdbaar

multilane roundabout

meerstrooksrotonde

non-mountable

niet-overrijdbaar

normative

maatgevend

pseudo-conflict

schijnconflict

queuing length

opstellengte

queuing space

opstelruimte

rate of saturation (RS)

verzadigingsgraad (VG)

request detector

aanmelddetector

roadway rijbaan
rotary '‘oude’ of 'traditionele’ verkeersplein
roughness stroefheid

roundabout metering signal

rotondedoseerinstallatie (RDI)

saturation flow (also: queue discharge rate)

afrijcapaciteit
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separation taper

scheidingband (tussen twee rotondestroken)

single-lane roundabout

enkelstrooksrotonde

spatial coverage

ruimtegebruik

splitter island

middenberm

swept path

bestreken baan

system of equations

stelsel van vergelijkingen

traffic signals (not: traffic control)

verkeersregelingsinstallatie (VRI)

urban area

bebouwde kom

vehicle-actuated control

verkeersafhankelijke regeling

weaving conflict

weefconflict

List of abbreviations

Abbreviation Full

a.o. among others

c.g. casu quo (in which case)
ca. circa (about, environ)
e.g. exempli gratia (for example)
etc. et cetera (and so on)

i.c. in casu (in this case)

i.e. id est (that is)

pcu/h person-car units per hour
resp. respectively

Vs. versus

w.r.t. with respect to
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Summary

Since the 1980s, the modern single-lane roundabout has been applied in the Dutch road network. The
roundabout offered major safety benefits compared to the conventional signalized intersection, however,
it also required more space. Influenced by society’s growing mobility, the capacity requirements to
intersections increased. This quest for capacity gave rise to the concentric multi-lane roundabout: a
roundabout with two or more circulatory lanes and one or more lanes on the entrance and exit legs. The
concentric multi-lane roundabout offered a higher capacity, but compromised the safety benefits of the
single-lane roundabout. As an answer to the safety problems on the multilane concentric roundabout,
Fortuijn developed the turbo roundabout in 1996. The turbo roundabout offers the same safety level as
the single-lane roundabout and a higher capacity.

Nowadays, the quest for a higher capacity continues unabated. This graduation project aims to contribute
to the quest by investigating the combination of turbo roundabouts and traffic lights. The central question
is whether traffic signals enhance the capacity of the turbo roundabout. The two largest turbo
roundabout types have been investigated: the rotor roundabout (four-leg) and the star roundabout
(three-leg). Three models (the MSRV, an analytical approach and VISSIM) have been applied to evaluate
the capacity of the rotor and star roundabout (signalized and un-signalized). In addition, this project
states proposals for future research into other performance indicators than the capacity; namely space
requirement, delay time, robustness, traffic safety and environmental issues.

This research shows that the signalized turbo roundabout only allows for a leg-by-leg control. However,
the lane configuration on the rotor and star roundabout can be adjusted such, that the turbo roundabout
is suitable for the more efficient two-phase control, which is currently being applied to the turbo circle.
The results are the partial turbo circle (adjusted rotor roundabout) and the three-leg turbo circle
(adjusted star roundabout). The latter intersection types require more space than the rotor and star
roundabouts. The capacity evaluation shows that the partial turbo circle has no applicability range,
because the capacity for left-turning traffic streams is very limited. The three-leg turbo circle has
potential, because it offers a higher capacity than the star roundabout.

The geometrical design of the signalized turbo roundabout allows for phase overlap within the leg-by-leg
control. Thanks to the phase overlap, two subsequent legs can obtain green simultaneously for a period in
the order of 1 to 8 seconds. Consequentially, the aggregated green time within one hour can be extended
compared to the leg-by-leg control without any phase overlap, enhancing the capacity of the turbo
roundabout.

The capacity of the signalized turbo roundabout has been evaluated analytically by means of the
analytical approach, which was developed by Fortuijn simultaneously with the development of the turbo
roundabout. The analytical approach calculates the capacity by multiplying the green time per hour with
the saturation flow. The capacity of the signalized rotor roundabout ranges from 2800 pcu/h to 3700
pcu/h; the capacity of the signalized star roundabout ranges from 4400 pcu/h to 5200 pcu/h, depending
on the demand pattern. Using the green phase overlap, the rotor roundabout may offer 5% to 6% more
capacity; the star roundabout may offer 7% to 9% more capacity.

Moreover, the microscopic simulation tool VISSIM has been applied to evaluate the capacity of and delay
time on the signalized turbo roundabout and the (partial and three-leg) turbo circle. The capacity results
of the analytical approach and VISSIM do not differ much, except for the results for the star roundabout
with an inscribed radius of 20 m. No explanation has been found.

In order to compare the capacities of the signalized and the un-signalized turbo roundabouts, the capacity
of the un-signalized turbo roundabout has been evaluated by means of the Meerstrooksrotondeverkenner
(Multilane roundabout explorer). The un-signalized rotor roundabout offers a capacity ranging from 2900
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pcu/h to 4500 pcu/h. The signalized rotor roundabout offers a lower capacity; this intersection type is not
recommendatory for application. The same conclusion holds for the partial turbo circle, however, the
partial turbo circle offers a higher capacity in situations with low left-turning intensities (in the range of
20% of the straight-ahead intensities). The turbo circle offers a much higher capacity than the (un-
)signalized rotor roundabout (ranging from 4700 pcu/h to 9300 pcu/h, depending on diameter and
demand pattern), but requires more space.

With regard to the three-leg intersections: the capacity of the signalized star roundabout (ranging from
4400 pcu/h to 5200 pcu/h) is larger than the capacity of the un-signalized star roundabout (ranging from
3700 to 5100 pcu/h). However, the signalized star roundabout induces longer delay times (nearly twice as
long), and probably less traffic safety and higher environmental burdens. The three-leg turbo circle offers
an even higher capacity than the signalized star roundabout (ranging from 5400 pcu/h to 7100 pcu/h), but
requires more space.

From this study, it can be recommended to pay further attention to the signalized star roundabout and
the smaller three-leg turbo roundabouts (both in scientific research as well as in practical engineering),
because the signalized star roundabout has a larger capacity than the un-signalized star roundabout. The
signalized rotor roundabout and the partial turbo circle are not recommendatory for further research,
because the un-signalized rotor roundabout offers a higher capacity.
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Samenvatting

Sinds de jaren ‘80 van de vorige eeuw is de enkelstrooksrotonde toegepast in het Nederlandse
wegennetwerk. Ten opzichte van het conventionele geregelde kruispunt biedt de rotonde
veiligheidsvoordelen, maar de rotonde vereist ook meer ruimte. Door de groeiende vraag naar mobiliteit
werden steeds hogere capaciteitseisen aan kruispunten gesteld. Daarom werd de concentrische
meerstrooksrotonde toegepast: een rotonde met twee of meer rondgaande stroken en een of meer
stroken op de toe- en afvoerbanen. De concentrische meerstrooksrotonde bood een hogere capaciteit,
maar kon de veiligheidsvoordelen niet bieden die de enkelstrooksrotonde wel te bieden had. In antwoord
op de veiligheidsproblematiek van de concentrische meerstrooksrotonde, ontwikkelde Fortuijn de
turborotonde in 1996. De turborotonde biedt niet alleen de veiligheidsvoordelen van de
enkelstrooksrotonde, maar ook een hogere capaciteit.

Tegenwoordig duurt de zoektocht naar meer capaciteit onverminderd voort. Dit afstudeerproject draagt
bij aan de zoektocht door de combinatie van turborotondes en verkeerslichten te onderzoeken. De
centrale vraag is of verkeerslichten de capaciteit van de turborotonde vergroten. De twee grootste
turborotondes zijn in dit onderzoek betrokken: de rotorrotonde (viertaks) en de sterrotonde (drietaks).
Drie modellen (de MSRV, een analytisch model en VISSIM) zijn toegepast om de capaciteit van de rotor-
en sterrotonde (geregeld en ongeregeld) te berekenen. Bovendien presenteert dit project toekomstige
onderzoeksvoorstellen met betrekking tot andere prestatie-indicatoren dan de capaciteit; namelijk het
ruimtegebruik, vertragingstijden, robuustheid, verkeersveiligheid en milieubelasting.

Deze studie toont aan dat alleen de tak-voor-tak regeling toepasbaar is op de geregelde turborotonde. De
strookconfiguraties van de rotor- en sterrotonde kunnen echter zodanig worden aangepast, dat de
turborotonde geschikt is voor de efficiéntere twee-fase regeling, die momenteel wordt toegepast op het
turboplein. Het resultaat bestaat uit het partiéle turboplein (aangepaste rotorrotonde) en het drietaks
turboplein (aangepaste sterrotonde). De laatst genoemde kruispunten hebben een groter ruimtegebruik
dan de rotor- en sterrotonde. De capaciteitsberekeningen tonen aan dat het partiéle turboplein geen
toepassingsgebied heeft, omdat de capaciteit voor de linksafslaande verkeersstromen zeer klein is. Het
potentiele toepassingsgebied van het drietaks turboplein is groter, omdat het meer capaciteit biedt dan
de sterrotonde, aan alle stromen.

Het geometrisch ontwerp van de geregelde turborotonde leent zich voor de toepassing van groenfase-
overlap in de tak-voor-tak regeling. Dankzij de groenfase-overlap kunnen twee opeenvolgende takken
gelijktijdig groen krijgen voor een periode van circa 1 tot 5 seconden, afhankelijk van de afstand tussen
twee naburige takken. Daardoor kan de totale effectieve groentijd in een uur worden verlengd, waardoor
de capaciteit van de turborotonde toeneemt.

De capaciteit van de geregelde turborotonde is analytisch berekend met behulp van een benadering, die
gelijktijdig met de turborotonde is ontwikkeld door Fortuijn (2013). De analytische benadering berekent
de capaciteit door de totale effectieve groentijd per uur te vermenigvuldigen met de afrijcapaciteit. De
capaciteit van de geregelde rotorrotonde varieert van 2800 pae/h tot 3700 pae/h; de capaciteit van de
geregelde sterrotonde varieert van 4400 pae/h tot 5200 pae/h (rekening houdend met groenfase-
overlap). Met het benutten van groenfase-overlap kan de rotorrotonde 5% tot 6% meer capaciteit bieden;
voor de sterrotonde is dit 7% tot 9%.

Bovendien is het microscopische simulatiemodel VISSIM toegepast om de capaciteit van en verliestijd op
de geregelde turborotonde en het (partiéle en drietaks) turboplein te berekenen. De resultaten van de
analytische methode en VISSIM met betrekking tot de geregelde rotor- en sterrotonde verschillen niet
veel, met uitzondering van de resultaten voor de sterrotonde met een binnenstraal van 20 m. Hiervoor is
geen verklaring gevonden.
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De capaciteit van de ongeregelde rotonde is berekend met behulp van de Meerstrooksrotondeverkenner,
dit is gedaan om de capaciteiten van de geregelde en ongeregelde turborotondes te kunnen vergelijken.
De ongeregelde rotorrotonde biedt een capaciteit tussen 2900 pae/h en 4500 pcu/h. De geregelde
rotorrotonde biedt een lagere capaciteit; deze kruispuntoplossing wordt daarom niet aanbevolen voor
implementatie. Deze conclusie geldt ook voor het partiéle turboplein. Alleen in situaties waarin de
linksafslaande intensiteiten klein zijn (tot ongeveer 20% van de rechtdoorgaande intensiteiten) biedt het
partiéle turboplein een hogere capaciteit. Het turboplein biedt een aanzienlijk hogere capaciteit dan de
ongeregelde rotorrotonde (variérend van 4700 pae/h tot 9300 pae/h, afhankelijk van de diameter en het
vraagpatroon), maar vereist meer ruimte.

De capaciteit van de geregelde sterrotonde (variérend van 4400 pae/h tot 5200 pae/h) is groter dan de
capaciteit van de ongeregelde sterrotonde (variérend van 3700 pae/h tot 5100 pae/h). Echter, de
geregelde sterrotonde brengt langere verliestiiden met zich mee (bijna twee keer zo lang), en
waarschijnlijk  een verslechterde verkeersveiligheid en een grotere milieubelasting. Het drietaks
turboplein biedt een nog hogere capaciteit dan de geregelde sterrotonde (variérend van 3700 pae/h tot
5100 pae/h), maar vereist ook meer ruimte.

Uit dit onderzoek volgt de aanbeveling om de geregelde sterrotonde en de geregelde drietaks
knierotonde verder te onderzoeken en te implementeren in de praktijk, omdat de geregelde sterrotonde
een hogere capaciteit biedt dan de ongeregelde sterrotonde. De geregelde rotorrotonde en het partiele
turboplein worden niet aanbevolen voor verder onderzoek of implementatie, want de ongeregelde
rotorrotonde biedt een hogere capaciteit.
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1 Introduction

1. Introduction

The subject of the graduation project described in this document is: roundabouts. In particular, the
project aims to indicate the usefulness of traffic signals on roundabouts, with respect to capacity. This
introduction will address the concept of roundabouts, and their hierarchical relationship with other
intersection solutions. Then, the initiative of traffic lights on the roundabout will be introduced, from
which the problem statement follows. From the problem statement, the main goal of this research project
will be formulated, followed by the problem approach. The research questions aim to structure all
research that needs to be done, in order to accomplish the main goal. Finally, a structure for the
remainder of this report will be introduced, logically following from the research questions.

1.1. Introduction to roundabouts

Figure 1-1 shows the single-lane roundabout. It consists of a circulatory roadway containing one lane,
around a non-mountable middle island. The entrance and exit legs contain one lane as well; they join the
circulatory roadway perpendicularly in The Netherlands. In some other countries, it is more common to
construct roundabouts with radially joining legs.

Figure 1-1 The single-lane roundabout

Dutch roundabout design guidelines consider a traffic circle to be a roundabout if and only if it has the
following characteristics:

- Priority to circular traffic by traffic rule;

- Perpendicular joining entrance and exit legs.
In other countries, the second characteristic is being argued. For instance, the American engineers
commonly construct circular intersections with tangentially joining legs, which they call roundabout.

The following two characteristics may be added. They have not been stated yet in any official document,
but all roundabouts in The Netherlands apply to these characteristics.
- Due to the absence of weaving sections, the diameter of a roundabout is comparably small.
Fortuijn (2013) mentions this in reaction to Report 672 (TRB, 2010);
- Entrance traffic has to give priority to traffic on no more than two circulatory lanes. According to
Dutch guidelines (SWOV, 2006), a traffic circle on which entrance traffic has to give priority to
more lanes, traffic signals are required to maintain road safety on an acceptable level.

The most original and basic form of the roundabout is the single-lane roundabout (see Figure 1-1). In the
1960s, when it was introduced (SWOV, 2012), it was an innovative concept with large societal benefits.
The single-lane roundabout offers a capacity of 2000 through 2500 pcu/h (Fortuijn, 2011), similar to the
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conventional non-circular intersection (see Figure 1-3), which was the most applied intersection solution
till then. Furthermore, the roundabout offers significant safety benefits.

This introduction aims to indicate why and how the roundabout has been implemented in history. Figure
1-2 shows a classification of circular intersections. The purpose of this classification is to show the
hierarchical role of roundabouts in the road system: the roundabout is just one of a large set of
intersection solutions. Of course, numerous different intersection types are possible. The following
sections will focus on the intersection types in Figure 1-2. At the end of the section, Table 1-1 gives an
overview of the most important characteristics of the intersection types in the classification.

Circular
intersections

Miscellaneous (e.g.
Trafficcircles neighbourhood
squares)
1
1 1 1
Fignalized (turbo) .
Roundabouts Rotaries
trafficcircles
L
1 1 1 1
Single-lane Concentric Turbo
Mini-roundabout multilane
roundabout roundabout
roundabout

| without pavement
fnarkings

with concentric

pavement markings

with spiral

pavement markings
orfan-out marking)

nee
oundabout
Basic turbo
oundabout

iral
oundabout
%HIIHHHHHHHH
Rotor
oundabout

Figure 1-2 Classification of traffic intersections (based on Fortuijn, 2013 and TRB, 2010)

Non-circular intersection

Figure 1-2 only depicts the classification of circular intersections. Of course, the category non-circular
intersection also offers solutions to traffic problems. Figure 1-3 shows the conventional, non-circular
intersection. Before the dawn of the roundabout in the 1960s, this was the most applied intersection type

in urban areas.

|0605 |04 |

Figure 1-3 Schematization of the conventional non-circular intersection

20

3
TUDelft



1 Introduction

Traffic circle

The traffic circle does not have the same definition in all countries. In The Netherlands, the definition by
the CROW (1998, p.76) is generally accepted: the traffic circle is a single-level intersection where traffic
flows in a circular movement, indicated by means of a particular traffic sign (RVV 1990, sign D1: a blue,
round sign with white circulatory arrows). Additively, the traffic flows circularly in the same direction,
around a central island which can be mountable or not. Fortuijn (2013) uses ‘traffic cirle’ as a collection
name for roundabouts, turbo circles and rotaries (see Figure 1-2).

Rotary

A rotary is a traffic circle with a large diameter to allow traffic to weave on the road stretches between
two legs. Figure 1-4 presents an example of a rotary (TRB, 2010, p.1:5).

Until the 1960s, it was common in the USA and in The Netherlands to build traffic circles as a part of the
national highway network. On the traffic circle, traffic had to weave in order to enter or leave the traffic
circle. Moreover, traffic from the right-hand side (from the entry legs) had priority. In order to enable
traffic to merge, and to prevent the traffic circle from being blocked by large intensities, the traffic circle
must have a large diameter and tangential joining entry and exit legs. In fact, American traffic engineers
use ‘traffic circle’ and ‘rotary’ for the same un-signalized intersection type. This introduction uses the
definitions applied by Dutch traffic engineers (a.o. Fortuijn, 2013): the traffic circle is the collection name
for roundabouts, turbo circles and rotaries.

. \ \:‘a X
- VUL
.<§§

Figure 1-4 Rotary near Fort Worth, Texas (currently a non-circular signalized intersection)

Single-lane roundabout

Figure 1-1 depicts the single-lane roundabout. In general, the roundabout distinguishes itself from the
traffic circle in the absence of weaving sections. Therefore, the legs can join perpendicularly to the
roundabout. Because of the absence of weaving sections (and to a less extent the perpendicular joining
legs), the roundabout can be constructed with a smaller diameter. Because of its small diameter, traffic
cannot queue on the roundabout, and therefore the right-hand rule cannot be applied on the
roundabout: circulatory traffic must have priority.
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Concentric multi-lane roundabout

The multi-lane roundabout (see Figure 1-5) was implemented for intersections on which the traffic
demand was so high, that the single-lane roundabout did not offer enough capacity. If a straight road
stretch does not offer enough capacity, one the solutions is to add a lane. The traffic engineers who
invented the multi-lane roundabout followed the same rationale: the extra lane would offer higher
capacity. When the double-lane roundabout was implemented, the traffic engineers found out that this
thought was not entirely true: the left lane appeared to enhance the capacity, but with less than a factor
two. This was caused by the poor usage of the left lane: drivers tend to use the right lane by preference.

Figure 1-5 A double-lane roundabout

A major drawback of the concentric multi-lane roundabout is the lack of traffic safety. By introducing a
second circulatory lane, a lot of cut-off and weaving conflicts are introduced on the circulatory lanes in
near the connections with the exit legs.

Turbo roundabout

Fortuijn (2013) invented the turbo roundabout as an answer to the safety problems on the double-lane
roundabout. On the turbo roundabout, many conflict points are removed by configuring the circulatory
lanes such, that lane changes on the roundabout are not necessary (and prohibited; RVV, 1990). The turbo
roundabout has six fundamental forms: the knee roundabout, the egg roundabout, the basic turbo
roundabout, the spiral roundabout, the star roundabout and the rotor roundabout. Figure 1-6 depicts the
basic turbo roundabout in order to illustrate the concept; a roundabout is a turbo roundabout if it
complies to all of these ten characteristics. For the geometrical design of the other forms, the reader is
referred to Fortuijn (2013).

- Insert second lane at
one or more entries

- Optimal curvature
by small diameter
- Yield to no more

than two lanes - Approach legs are
. at right angles to

- Smgoth spiral roundabout

marking

- Raised and - Roundabout

moyntable lane shields cut off view

dividers of horizon

- One lane offering

choice of direction - Aprons in central

island and armpit:
additional roadway
for trucks

- At least two exit

legs are two lane ‘ A

Figure 1-6 Characteristics of the turbo roundabout (subtracted from Fortuijn, 2013, p.47)
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Turbo circle

Together with the turbo roundabout, Fortuijn (2013) also invented the turbo circle, shown in Figure 1-7.
Essentially, the turbo circle is based on the same principles as the turbo roundabout. However, the turbo
circle is equipped with traffic signals.

Figure 1-7 Turbo circle (Fortuijn, 2013, p.142)

Table 1-1 Characteristics of the intersection types

Traffic flow based on Legs join Traffic safety

Single-lane roundabout | priority to circulating traffic perpendicularly +
Conventional right-hand rule perpendicularly 0
intersection

Rotary weaving sections tangentially -
Concentric  multi-lane | priority to circulating traffic perpendicularly -
roundabout

Turbo roundabout priority to circulating traffic perpendicularly

Turbo circle pre-emption by traffic signals perpendicularly and +

tangetially

1.2. The quest for a larger capacity

The former section already addressed a major point of concern with respect to intersections: the capacity.
For capacity considerations, the single-lane roundabout was extended to the double-lane roundabout.
This quest for capacity is initiated by the fact that governmental institutions have the task to provide
travellers with good infrastructure, in order to enhance the accessibility of infrastructural networks. The
demand for mobility has grown during the past decades, and it will presumably keep on growing, inciting
the quest for intersections with larger capacities.

This research project aims to contribute to this quest by examining the capacity of the turbo roundabout.
Following the historical development described in the previous section (conventional signalized
intersection -> single-lane roundabout -> double-lane roundabout -> turbo roundabout), the question
arises how this development can be continued. A next step might consist of (one of, or a combination of)
the following options:

- Adapting the lane configuration of the turbo roundabout;

- Adapting the road environment on the intersection;

- Inventing entirely new philosophies, such as the shared space philosophy;

- Mixing two ingredients of existing intersection solutions: traffic lights and the turbo roundabout.
These options are the result of a brainstorm session, a lot of other options might be possible. This
research project focuses on the latter option.
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1.3. Problem statement

This project elaborates on the argument made in the previous section: to equip the turbo roundabout
with traffic signals and investigate whether the capacity of the turbo roundabout increases. If traffic
signals do considerably enhance the capacity, there may be a need for signalizing turbo roundabouts. In
that case, the question arises in which cases and under which circumstances the traffic signals may be
favourable, taking into account a selection of other performance criteria besides the capacity (see section
1.5). In order to indicate the influence of traffic signals on turbo roundabouts, non-signalized and
signalized turbo roundabouts will be compared by means of models.

1.4. Aim of the research project

The aim of this project follows from the problem statement: the aim is to determine whether traffic
signals are beneficial to the turbo roundabout. The central performance indicator is capacity: the main

aim is to determine whether signalized turbo roundabouts ! offer a higher capacity than un-signalized
turbo roundabouts. If traffic signals indeed enhance the capacity, then the question arises whether traffic
signals are in general beneficial to turbo roundabouts. Consequentially, other performance indicators
than the capacity need to be invoked in the project. This report mainly pays attention to the capacity
question; the performance of (signalized) turbo roundabouts with respect to the other indicators will
roughly be estimated. Hypotheses for further research will be mentioned.

In general, this research project aims to explore the applicability range of traffic signals on turbo
roundabouts; to explore the circumstances under which traffic signals are beneficial to turbo
roundabouts.

1.5. Problem approach

The question arises how the aim of the project can be accomplished. In other words: how can the capacity
of the signalized turbo roundabout can be estimated? Basically, there are two ways to calculate the
capacity of traffic circles: to build them in the actual traffic system and measure the capacity (field
experiments), or to calculate the capacity by means of models. The first way yields reliable results (if the
field measurements are performed correctly), but it is very expensive and the chance of creating traffic
blunders is large. Other disadvantages are: collecting and analyzing measurements may take (very) long;
multiple locations are needed for obtaining reliable data; the possibilities of adapting the intersection
(flexibility) are limited; and dangerous situations might occur if the concept appears not to work.
Therefore, traffic engineers commonly build models and assess those models, before deciding to actually
implement a proposed solution. These models vary from general rules of thumb to advanced micro-
simulation models. Models are also subject to some disadvantages. For instance, models are always a
simplification of reality; the model developer cannot take into account any aspect he is ignorant of. The
model developer is always challenged to invoke as many aspects into the model, so as to obtain results as
reliable as possible. This project invokes models instead of field experiments.

Now the question remains how to evaluate the performance of the signalized turbo roundabout by means
of models. Basically, there are two kinds of models by which the capacity of the signalized turbo
roundabout can be calculated: analytical models and simulation models. This project includes both kinds
of models. The analytical models to be applied are the Meerstrooksrotondeverkenner (MSRV) for the un-
signalized turbo roundabout, and the black box approach for the signalized turbo roundabout. The

simulation models to be applied is VISSIM 2.

1 From here on, the terminology signalized turbo roundabout will be used to indicate a turbo roundabout
with traffic signals. Appendix A elaborates on a discussion with respect to this terminology.

2 The choice for the selected models will be motivated in chapter 3.
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Performance indicators

The ‘performance of intersections’ cannot be assessed as such; performance indicators are necessary to
compare the intersection types. Logically, the first and foremost indicator is capacity. The foremost
reason for signalizing the turbo roundabout is to increase the capacity. If the capacity does not increase,
then installing traffic signals does not make any sense. Another performance indicator is delay time.
Chapter 2 (Literature review) will indicate that the metering signal reduces delay times on the turbo
roundabout by 50%. In that sense, it would be interesting to draw conclusions on the influence of a full
signalization on the delay times of the turbo roundabout. Also, space requirement is an important
performance criterion, because it influences the construction costs of the intersection (the amount of
land to acquire). For instance, although the turbo circle offers a higher capacity than the un-signalized
turbo roundabout (Fortuijn, 2013), the turbo circle requires a lot more space. In general, the larger the
intersection, the higher the capacity. Moreover, robustness is an important performance criterion,
because it indicates the performance of an intersection if the prevailing traffic demand pattern differs
from the pattern for which the intersection was designed. In synthesis studies, the performance indicators
traffic safety and environmental considerations are important, especially with regard to the

environmental impact assessment 3, Although this project is not a synthesis study, invoking these
indicators by formulating generic hypotheses and proposals for future research may add practical value to
this research.

1.6. Research questions

From the problem statement, the research questions can be drawn. Their function is to structure the
research and to state the focus of the project. From section 1.4, the following question arises:

Under what conditions does it make sense to apply traffic signals on turbo roundabouts?

In order to answer this question, un-signalized and signalized turbo roundabouts will be assessed based
on the set of performance indicators. The first indicator is the capacity of the intersection. The first sub
qguestion will therefore be answered in chapter 2 (Literature review):

1. Which models are suitable to calculate the capacity of the (un-)signalized turbo roundabout?

As already mentioned, three models will be applied. Chapter 3 addresses why and how these models can
be implemented to the (signalized) turbo roundabouts.
2. How can the capacity of the (un-)signalized turbo roundabout be calculated by means of the
MSRV?
3. How can the capacity of the (un-)signalized turbo roundabout be calculated by means of the black
box approach?
4. How can the capacity of the (un-)signalized turbo roundabout be calculated by means of VISSIM?

With respect to the other indicators 4
5.  What is the delay time on the (un-)signalized turbo roundabout?
6. What is the space requirement of the (un-)signalized turbo roundabout?
7. How can the robustness of the (un-)signalized turbo roundabout be assessed and is the signalized
turbo roundabout more robust than the un-signalized turbo roundabout?
8. How can trdffic safety be assessed and is the signalized turbo roundabout safer than the un-
signalized turbo roundabout?

3 In Dutch: milieueffectrapportage (m.e.r.)

* The reader should keep in mind that the main focus of the project is the capacity of the (un-)signalized
turbo roundabout; therefore the other criteria will not be paid as much attention to as the capacity
criterion.
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9. How can the environmental burden caused by an intersection be assessed, and does the
signalized turbo roundabout cause a smaller environmental burden than the un-signalized turbo
roundabout?

1.7. Structure of the report

This project starts with an overview of all knowledge that has already been gathered on the subject, in
order to prevent from including issues that have already been studied, thereby performing ‘double work’.
Therefore, chapter 2 will be devoted to a literature review. In that chapter, the fundamentals of the
MSRV, the black box method and VISSIM will be explained and the possibilities of traffic signals and
control types on the turbo roundabout will be discovered.

The third chapter (Experimental design) will delineate the project, in order to determine the scope.
Furthermore, the third chapter explains how the capacity of the (signalized) turbo roundabout can be
evaluated by means of the MSRV, the black box approach and VISSIM. The choice to apply these models
will be motivated. The application of the models to the (un-)signalized turbo roundabout will be explained
as well, but the calculations are carried out in the following chapters.

The fourth chapter elaborates on the calculations of the capacity modelling by means of the MSRV, the
black box approach and VISSIM.

The fifth chapter (Other performance indicators) pays attention to the other performance indicators. As
indicated in the previous sections, the focus of this chapter will be dedicated to the capacity. Chapter 5
will present general considerations, mainly based on literature and rationality. Finally, a set of hypotheses
will be formulated based on the considerations; these are proposals for future research.

The balance will be made in chapter 6 (Conclusions). The results of the calculations in chapter 4 and the
scores on the performance indicators in chapter 5 will be summarized and compared in an overview.
From these findings, the conclusions will be drawn and the implications for scientific studies and practical
implementation will be outlined. Finally, chapter 6 will present an overview of proposals for future
research.

Chapter 7 presents a reflection on the process of the graduation project.

Table 1-2 presents an schematic overview of the report.
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Table 1-2 Structure of the report

e Literature review
e Overview of turbo roundabouts
Chapter 2 ¢ Overview of control types

* Overview of the models (MSRV, black box approach, VISSIM) and their
fundamentals

Appendix A: Discussion of the terminology
Appendix B: Demand patterns

Appendix D: Geometrical designs

Appendix G: Green phase overlap calculation
Appendix J: Cycle time optimization

¢ Experimental design
e Delineation of the study

Chapter 3 ¢ Overview of the intersections .
to be invoked in this study | APPendix H: Control structures for the turbo roundabout _
¢ Application of the models to the intersections: why and how? j

i Appendix C: Saturation flow field measurements i

' Appendix D: Geometrical designs !

* Capacity modelling ' Appendix E: Clearance time calculation :
Chapter 4 * Application of the models to the i Appendix F: Simplified acceleration model i
1 1

1 1

1 1

1 1

] 1

1 1

1 1

intersections: calculations and results Appendix J: Cycle time optimization
Appendix K: VRIGen model development
Appendix L: VISSIM model development

*Other performance indicators Appendix D: Geometrical designs
¢ General considerations leading to Appendix M: LED illumination

Chapter 5 proposals for future research b e |
¢ Indicative scores (+ and -) and prudent conclusions based on general
considerations

Chapter 6 ¢ Conclusions

27
%
TUDelft



28

1 Introduction

3
TUDelft



2 Literature review: possibilities for signalizing turbo roundabouts

2. Literature review: possibilities for signalizing turbo roundabouts

This chapter presents a literature review: all knowledge already developed with respect to the topic of
this project, will be addressed. First, the attention will be aimed at turbo roundabout types. In the second
section, recent study on the metering signal will be addressed. The third section addresses two control
structures: the leg-by-leg control and the two-phase control, and their applicability to the signalized turbo
roundabout. The fourth section presents the fundamentals of the models to be applied in this study: the
MSRYV, the black box approach and VISSIM. The chapter finalizes with a summary and conclusions.

2.1. Rotor and star roundabout: design and capacity

Fortuijn (2009) introduced the roundabout, he distinguished six elementary types: the knee roundabout,

star roundabout (Figure 2-1), the egg roundabout, the basic turbo roundabout, the spiral roundabout and
the rotor roundabout (Figure 2-2).

Four-leg Three-leg

/ \ '|_
}l J _ '\(ipacity
A 3500 pcu/h
— _d-cw”l /‘-\\§ |
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HEWL
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i |three-leg)

Figure 2-1 The designs, main directions > and capacity of the turbo roundabout types
(subtracted from Fortuijn, 2009, p.18)

The main directions are the directions in which the intersection offers the highest capacity.
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Figure 2-2 The designs, main directions and capacity of the turbo roundabout types
(subtracted from Fortuijn, 2009, p.18)
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The notion that the turbo roundabout types contain main directions, implies that the capacity depends on
the prevailing demand pattern. (Therefore, this project will apply a specific set of demand patterns, to be
explained in chapter 3: Experimental design). The capacity values in Fortuijn (2009) are calculated based
on a large variety of demand patterns.

2.2. Roundabout metering signal

Fortuijn (2013) describes the concept of the turbo roundabout and the turbo circle. The turbo roundabout
is un-signalized by definition. However, Fortuijn (2013, chapter 5) proposed to equip the turbo
roundabout with traffic signals. In general, he proposed two possibilities for signalizing the turbo
roundabout: by means of a roundabout metering signal (one leg signalized) and a full signalization (all legs
signalized). Granneman (2011) has investigated the roundabout metering signal, where only one leg is
equipped with a traffic signal. One of his conclusions is that the metering signal may increase the capacity
of the roundabout by ca. 10%. The total delay time may decrease by ca. 50%. The magnitude of these

30



2 Literature review: possibilities for signalizing turbo roundabouts

beneficial influences depends on the prevailing demand pattern. In particular, the influence is large if one
of the legs is highly saturated, compared to the other legs.

In this research project, the attention will be focussed on fully signalized turbo roundabouts. With the
beneficial influence of the metering signal in mind, the question can be posed whether the benefit of
traffic signals on all legs of the turbo roundabout is larger than the metering signal.

2.3. Control structures

This section explores the control types by which a fully signalized turbo roundabout can be managed.
Fortuijn (2013) describes two control types: the leg-by-leg control and the two-phase control.

2.3.1. Leg-by-leg control

As its name implies, the leg-by-leg control serves every leg separately. Every leg obtains green in one
distinct stage of the control. Consequentially, the leg-by-leg control consists of four stages for a four-leg
intersection, such as the rotor roundabout. The leg-by-leg control consists of three stages for a three-leg
intersection, such as the star roundabout.

Figure 2-3 illustrates the leg-by-leg control on the four-leg intersection. The signalized turbo roundabout
contains main signals (01 through 12) on the entrance legs and interception signals 6 (62 through 72) on
the circulatory roadways. Principally, the stages in the leg-by-leg control can obtain any (random)
sequence. In order to maximize capacity, the leg-by-leg control should ‘turn clockwise’: firstly the eastern
leg, then the southern leg, then the western leg and finally the northern leg ’ The reason for this, is that
in that case the green phase overlap can be used optimally.

T é | Stage 1: Eastern leg 10 11 12

Streams 01, 02, 03,
62,63,71and 72

“= Stage 2: Southern leg
T Streams 04, 05, 06,
65, 66, 62 and 63

Stage 3: Western leg
Streams 07, 08, 09,
68, 69, 65 and 66

e

ll 4 Stage 4: Northern leg
Streams 10, 11, 12,

Figure 2-3 In the leg-by-leg control, every leg is served in one stage

Green phase overlap and the clockwise control

Imagine a clockwise leg-by-leg control program on the roundabout, starting on the eastern leg (leg E).
After leg E has been served, the southern leg (leg S) will be served, then the western leg (leg W) and
finally the northern leg (leg N). At the moment leg N has been served and leg E obtains green, the full

6 In Dutch: opvanglichten. These are traffic signals aside the circulatory roadways, in order to secure the
conflict area between the circulatory roadways and the entrance leg.

’ It is not important which direction is first, only the order.
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cycle has been covered; the duration of the cycle is called cycle time 8 The traffic circulates counter-
clockwise on the roundabout, so the green phase of leg S may already start when leg E still has green (or

yellow) 9, because the traffic from leg S has to cover the length of the road stretch between legs S and E
before it reaches the conflict area with leg E. The time interval in which both legs obtain green
simultaneously, is called green phase overlap. In order to obtain green phase overlap, the first departing
vehicle from leg S should take at least 3 seconds to arrive at the stop line of the interception signal (65 or
66), because:

- the yellow time of leg E lasts for 3 seconds;

- the green phase of interception signals 65 and 66 may start with or after the end of the yellow

phase of leg E.

A roundabout with a counter-clockwise control program suffers from internal lost times, because the
green phase of a leg can start after the yellow phase end of the former leg, plus the time it takes to cover
the length of the road stretch between the legs. The time to cover the distance between the stop line of a
leg and the nearest border of a conflict area, is called clearance time 10. In conclusion: in case of a
clockwise control program, the green phase of a leg can start at the end of the yellow phase of the former
leg minus the clearance time, and in case of a counter-clockwise control program, the green phase of a leg
can start at the end of the yellow phase of the former leg plus the clearance time. Therefore, a clockwise
control program is always preferred.

Influence of the diameter

The green phase overlap depends on the diameter of the roundabout: as the diameter increases, the
length of the road stretch between every pair of neighbouring entrance legs increases, and the green
phase overlap increases. This yields the presumption that the larger the signalized turbo roundabout, the

higher the capacity 1

2.3.2. Two-phase control

The two-phase control serves all traffic streams in two stages 12 Figure 2-4 illustrates the two-phase
control. In one phase, two opposing legs obtain green, while the two left-turning streams queue up on the
traffic circle. This is the reason why an intersection with a two-phase control should offer sufficient
gueuing space on the intersection itself; the two-phase control is not efficient in case of busy left-turning
streams.

8 Theoretically, the longer the cycle time, the higher the capacity of the intersection (Muller, 2011),
because the saturation flow increases as the green period increases and internal lost time per hour
decreases. In Dutch practice, the cycle time is bound to 120 s. From that limit on, the capacity does not
increase significantly and the waiting times grow so large, that the traffic control is not effective anymore
and another intersection solution should be designed.

9 The order of the phases is: green — yellow — red — green — ... This order is used in The Netherlands and
many other western countries. The end of the yellow phase is equal to the start of the red phase; the end
of the red phase is equal to the start of the green phase; the end of the green phase is equal to the start of
the yellow phase. This project assumes that the yellow phase duration is 3 seconds. This duration of the
yellow time is derived from CROW (2006). The value will be applied during the entire research project.

0 he concept of clearance time is more complex, but this explanation is provided in order to comprehend
the choice for a clockwise traffic control. In the following section more information on the clearance time.

" 1his presumption will be shown to be false in chapter 4 (Capacity modeling).

2 the terminology stages and phases are inconsistently used in literature. This is quite confusing, because
the word phase is used for a stage in the traffic control, and for indicating the state of a traffic light (green
phase, yellow phase, red phase). The two-phase control is called as it is, because it is the name given by its
author. The name two-stage control would be more adequate.
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20

Y

Figure 2-4 The two-phase diagram of the turbo circle (Fortuijn, 2011)

Basically, two phase transitions are possible, shown in Figure 2-5 (left). On the one hand: leg W obtains
red while the green phase of leg E still continues (1a). Consequentially, stream 03 will flow unhindered by
red phases of 63 or 71 for a certain time interval. Afterwards, leg S may obtain green (1a') or leg E obtains
red in order have the queued vehicles in stream 65 to flow off (1a"). On the other hand: leg E obtains red
while the green phase of leg W still continues (1b). Then stream 09 will not have to queue up for a certain
time interval. Afterwards, leg N may obtain green (1b') or leg W obtains red in order to have the queued
vehicles in stream 71 to flow off (1b")

In this project, a specific set of demand patterns will be used to determine the capacity of the partial
turbo circle (see appendix B: Demand patterns). In those demand patterns, stream 08 accounts for 80% of
stream 02. Therefore, the phase transition via sub-phase 1a seems the most logical sequence. In phase 1,
the left-turning vehicles in streams 03 and 09 will queue up on the circle. If streams 05 and 06 (and 11, 12)
would obtain green immediately after 09 (and 03) obtained red (as in sub-phase 1a'), the vehicles on
streams 05 and 06 (and 11, 12) would probably be blocked by the queued vehicles. In conclusion, the

phase transition 1 —1a — 1a" — 12" — 2 seems the most logical sequence.

2.3.3. Leg-by-leg control vs. two-phase control

Bureau Goudappel Coffeng (1987) concluded that the two-phase control is more efficient than the leg-by-
leg control, regarding the traffic flow. The reason for this is that in one stage, more streams are being
served, and therefore less stages are necessary in one cycle. However, the leg-by-leg control might be
preferred in situations with busy left-turning streams, because the two-phase control needs a lot of space
to store the left-turning vehicles. If the available queuing space is insufficient, the traffic circle may be
blocked by the left-turning vehicles.

2.3.4. Signalized turbo roundabout: leg-by-leg control

The characteristics of the turbo roundabout have been presented in the introduction (see Figure 1-6). One
of the characteristics is the presence of at least one choice lane on the turbo roundabout. The choice
lanes are illustrated by means of Figure 2-6, showing that the rotor roundabout contains four choice lanes
(one on every exit leg). In the choice between a leg-by-leg control and a two-phase control, these choice
lanes exclude the possibility of applying the two-phase control to the rotor roundabout. In a two-phase
control the left-turning vehicles have to queue up. On a rotor roundabout, they would block the passage
for the straight-ahead vehicles using the left entrance lane, and thereby cause spill-back. The spill-back
effect might be so prominent, that the queuing vehicles cause a gridlock on the rotor roundabout. To
prevent this, vehicles should not queue up on the rotor roundabout.
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Figure 2-5 Two phase transitions are possible in the two-phase control (subtracted from Fortuijn, 2013, p.329)
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Figure 2-6 Geometrical design of the rotor roundabout, the arrows indicate the choice lanes
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2.3.5. Turbo circle: two-phase control
The turbo circle (illustrated by Figure 2-7) offers the left-turning streams dedicated lanes, and therefore
offers the possibility of queuing up on the circle itself, without causing a gridlock. The turbo circle is
suitable for a two-phase control.

Figure 2-7 Geometrical

2.4. Models for evaluating the capacity

For the evaluation of the capacity of turbo roundabouts, multiple models can be used. This section will
discuss the fundamentals of three models: the MSRV, the black box approach, and VISSIM.

2.4.1. MSRV

The MSRV (Meerstrooksrotondeverkenner — Multilane Roundabout Explorer) is an analytical tool,
especially designed to estimate the capacity of the un-signalized turbo roundabout. The MSRV is a
computer program, that appears as an Excel-spreadsheet (Figure 2-8). It has been founded at the TNO
Institute for Spatial Organization (Arem, 1992), and has been developed and extended since then
continuously. Nowadays, it is suitable to analyze traffic flow on single- and multilane roundabouts (in
particular, the turbo roundabout). The model has been validated by means of various Dutch field
measurements.

The Excel-spreadsheet contains a set of formulas derived from various analytical capacity studies. Arem
presents an overview of these studies and the formulas. While developing the MSRYV, a selection has been
made based on the nature and magnitude of input data, past validation of the formulas, computation
time and consistency with the MSRV.

Figure 2-8 shows the input for the spreadsheet: the prevailing traffic demand. Moreover, the output of

the spreadsheet consists of the degree of saturation (column VG — verzadigingsgraad) and the average
waiting time (Tgem — gemiddelde wachttijd).
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Figure 2-8 User interface of the MSRV

2.4.2. Black box approach

Fortuijn (2013, p.115) introduces a method by which the capacity of a signalized (turbo) roundabout can
be estimated, called the black box approach. This model applies the general idea of the black box,
depicted by Figure 2-9. Here, the black box contains a number of transfer characteristics, which use the
input variables to compose the output.

Input variable 1

. Output

Input variable 2 Transfer %
00000 . characteristics . 0o :..

Input variable 3 .
000000

Figure 2-9 General overview of a black box, the number of input variables might be larger or smaller

In the black box approach, the capacity of the roundabout is considered equal to the amount of vehicles
that can flow onto the roundabout from the entrance legs. The determinants of this inflow are the
effective green time per leg, aggregated over one hour, and the hourly saturation flow per leg. The sum of
the capacities of all legs is the roundabout capacity. In terms of the general idea of the black box: the
input variables are the amount of legs, the green time of a leg and the saturation flow on the same leg.
The roundabout is the black box; the traffic process on the roundabout is not being considered. Instead,
the assumption is being made that traffic on the roundabout can flow freely; the internal lost times on the
roundabout is zero. The output of the black box approach is the capacity of the roundabout.

The aggregated green time in one cycle is influenced by the phase overlap. Fortuijn applies the method to

a single-lane roundabout and the basic turbo roundabout. In order to illustrate the black box approach,
the method will be applied to the single-lane roundabout in the next paragraph.
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On an average single-lane roundabout with a diameter of 20 to 25 m, the green phase overlap is 0 s (there

is no overlap) 13, so the aggregated green time in one hour is 3600 s. The average saturation flow is 1700
to 1750 pcu/h; resulting in a capacity of 1700 to 1750 pcu/h. The capacity of a non-signalized single-lane
roundabout is 2000 to 2500 pcu/h (CROW, 1998), so traffic signals on single-lane roundabouts are not
beneficial.

2.4.3. Simulation models

There are multiple microscopic simulation tools for evaluating the traffic flow on a random infrastructural
network. Examples are VISSIM (a tool of German origin and applied in many European countries),
Paramics (frequently used in the UK and the USA) and Aimsun (a tool of Spanish origin). In all simulation
models, the traffic flow is being evaluated mainly based on three input parameters: the infrastructural
network (a set of links, nodes, traffic management systems, priority rules, etc.), the traffic demand (the
OD-matrix, stating the amount of vehicles per unit of time travelling from each origin node to each
destination node), and microscopic behavioural models (e.g. longitudinal and lateral models, the car-
following model, behaviour near traffic signals, etc.). Microscopic simulation tools simulate traffic
applying a random seed. The random seed is an integer, and it enables the user to take into account of
stochasticity: coincidental factors, such as weather conditions and variability in driving behaviour.

A disadvantage of simulation models is the computation time. Depending on the magnitude of the
network, the desired output and the amount of random seeds to be applied. Another disadvantage is that
the pseudo-conflict 1% 5n the roundabout cannot be modeled properly in VISSIM. Van Beinum (2007)
studied the possibility of modelling the pseudo-conflict in VISSIM, and concluded that an extensive
calibration procedure is necessary to model the pseudo-conflict reliably. Unfortunately, calibration is not
possible in this project.

Simulation models offer the possibility to measure a lot of performance indicators in the network, such as
the actual traffic flow at any road section, travel and delay times on any road stretch, individual vehicle
data (e.g. speed and acceleration) and the amount of lane changes on any road stretch.

VRIGen and TrafCOD

Chapter 3 (Experimental design) motivates why VISSIM will be used in this project. VISSIM applies VRIGen
and TrafCOD to generate a traffic control for the signalized turbo roundabouts. VRIGen is based on an
analytical model, it is developed for generating control programs for conventional non-circular signalized
intersections. VISSIM applies TrafCOD to turn the fixed control, generated by VRIGen, into a vehicle-
actuated control. Thereby, extension green can be assigned according to the prevailing arrival pattern.

2.5. Summary and conclusions

Fortuijn (2013) introduced the turbo roundabout; this intersection solution appears in six types with
different geometrical designs, main directions and capacities. Simultaneously, Fortuijn proposed to ways
of signalizing the turbo roundabout: the metering signal and the (fully) signalized roundabout. Granneman
(2011) explored the benefits of the metering signal.

The signalized turbo roundabout is only suitable for the leg-by-leg control, this is due to the presence of
choice lanes on the connection between the circulatory roadway every exit leg. The turbo circle is suitable
for the more efficient two-phase control.

13 calculated by means of the calculation method in CROW (1996).

1 The pseudo-conflict is an event; it happens when a vehicle on an approach lane decelerates in order to
yield to a vehicle on the circulatory roadway, while the latter vehicle leaves the circulatory roadway. This is
not a physical conflict, but the driver on the approach lane perceives a conflict with another vehicle.
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Three model types are applicable to calculate the capacity of the (un-)signalized turbo roundabout: the
MSRV, the black box approach and simulation models. The MSRV is a spreadsheet, in which the input
consists of the prevailing demand pattern. The output consists of the saturation rate of and delay time on
any turbo roundabout type. The black box approach is an analytical model developed by Fortuijn (2013).
This model is developed simultaneously with the turbo roundabout; it is especially designed for
calculating the capacity of the signalized turbo roundabout. VISSIM is a microscopic simulation model, in
which any infrastructural network (such as the signalized turbo roundabout) can be modelled.
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3. Experimental design

This chapter describes the experimental design; an explanation of how this study will be carried out. The
first section will delineate the study; the scope will be described. In the second section, the three models
will be addressed, by which the capacities of the signalized turbo roundabouts will be calculated. The
previous chapter described their fundamentals, this chapter will elaborate on why and how the models
will be applied to the signalized turbo roundabouts. The third section explains the evaluation method,
describing how the scores on the performance indicators will be weighed. The fourth section motivates
why validation of the results of the models is not possible. The chapter finalizes with a summary and
conclusions.

3.1. Delineation of the project

This section describes the boundaries of the project: the choices about what is within the scope of the
study and what is not. This delineation is necessary for two reasons. Firstly, the project is constrained to a
time limitation . Secondly, the comprehensibility of the study decreases as the magnitude increases.
Together with the boundaries of the project, proposals for future research will be formulated.

The delineation comprises four aspects of the study. In the first section, the differences between turbo
roundabouts inside and outside the urban area will be addressed, together with the arguments for
invoking only turbo roundabouts outside the urban area in this study. The second section motivates why
it is not sensible to invoke all six turbo roundabout types in this study; only the rotor and star
roundabouts will be studied. The third section discovers the possibilities to adjust the rotor and star
roundabouts such, that they are suitable for the two-phase control. The fourth section pays attention to
the set of demand patterns to be invoked in this study.

3.1.1. Inside or outside the urban area?

When studying roundabouts, it is important to distinguish between roundabouts inside and outside the
urban area, for two reasons:

- On roundabouts inside the urban area, slow traffic streams (cyclists and pedestrians) are often
present. Therefore, it is common practice that these traffic streams are only being invoked in
studies on roundabouts inside the urban area. In models of roundabouts outside the urban area,
slow traffic streams are often excluded.

- In The Netherlands, roundabouts inside the urban area are not equipped with side marking,
roundabouts outside the urban area are. This has consequences for the design of the turbo
roundabout. In particular, the presence of lane marking has consequences for the circulatory
lane width, and therefore on the diameter of the roundabout. The diameter influences the
required space of the intersection, which is one of the assessment criteria in this project.

This project investigates roundabouts outside the urban area for the following reason. The research
questions inquire for the influence of traffic signals on the capacity of turbo roundabouts. By installing
traffic signals, the elementary traffic flow process on the roundabout is being altered: the pre-emption is
no longer assigned to vehicles on the circulatory roadways, but to vehicles in the traffic streams obtaining
green. This change in traffic flow influences the capacity, to be investigated. On the other hand, slow
traffic streams also influence the capacity of the intersection, but in an entirely different way. This project
is solely interested in the influence of traffic signals. Therefore, in order to reduce the influence of slow
traffic streams, they will not be regarded.

o Commonly, graduation projects in The Netherlands are performed within six months.
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Moreover, Dutch design guidelines discourage the single-level pedestrian and cycle crossings on turbo
roundabouts (CROW, 2008), especially on the rotor and star roundabouts, because are the largest types
containing three lanes per entrance leg. Crossing three entrance lanes at once is quite a heavy and unsafe
task for the cyclist and pedestrian. This is another reason to exclude slow traffic streams from the models.

3.1.2. Choice for turbo roundabout types

In principle, every roundabout can be equipped with traffic signals, but under which conditions does it
make sense?

Single-lane roundabouts

Traffic signals are not recommended to the single-lane roundabout, because they do not enhance the
capacity, on the contrary. This is illustrated by the example in section 2.4.2 (Literature study into the black
box approach).

Multilane roundabouts

Under certain conditions, it is recommended to apply traffic signals to roundabouts. One strict condition
has already been stated in the introduction: on a roundabout on which the entering traffic has to give
priority to circulatory traffic on more than two lanes, traffic signals are necessary out of safety
considerations, regardless of the traffic demand.

Whereas the single-lane roundabout allows for one lane on the approach legs, multilane roundabouts
allow for multiple lanes on the approaching lanes. According to the black box approach, a signalized
double-lane roundabout should provide a capacity of 3400 to 3500 pcu/h; similar to the capacity of the
basic turbo roundabout (Fortuijn, 2011, p.115). In conclusion, the utility of traffic signals on multilane
roundabouts is likely to be higher than the utility of traffic signals on single-lane roundabouts. This notion
gives rise to the assumption that the probability that traffic signals enhance the capacity of turbo
roundabouts, increases as the amount of lanes on the entrance legs increases.

Turbo roundabouts

Effectively, the turbo roundabout types with the largest amount lanes per approach leg should be chosen
first, to investigate the influence of traffic signals. The largest types are the rotor roundabout (four-leg)
and the star roundabout (three-leg).

The rotor and star roundabouts will be invoked in the project at first hand. If traffic signals appear to
enhance the capacity of these types, investigating the smaller types would be recommended. If the
capacity of the largest types does not benefit from traffic signals, then the smaller types are probably not
worth investigating.

3.1.3. Signalized turbo roundabout and two-phase control

The literature study drew two important conclusions with respect to signalized turbo roundabouts: the
turbo roundabout is not suitable for the two-phase control, and the two-phase control is more efficient
than the leg-by-leg control. Therefore, it would be interesting to investigate the possibilities for adjusting
the rotor and star roundabouts such, that it is suitable for the two-phase control.

Geometrical adaptations

The two-phase control cannot be applied to the rotor roundabout because it contains choice lanes on the
connection with every exit leg (see Figure 2-6). The straight-ahead streams should be prevented from
being blocked by the left-turning streams. This goal can be pursued in two ways:
- Widening the splitter islands of the legs, thereby creating more space for the left-turning vehicles
to queue on the roundabout;
- Removing the direction choice on the circulating lanes.
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Both solution directions require major geometrical changes to the turbo roundabout. With respect to the
first solution direction: the roundabout by definition has perpendicularly joining legs (according to Dutch
guidelines). The purpose of perpendicular joining entrance legs is to sharpen the driving curve, so to
create a comfort incentive for the road user to slow down, thereby enhancing traffic safety on the
intersection (CROW, 1998). If the splitter islands are being widened in order to offer more queuing space,
the driving curve is not as sharp anymore; the average velocity will increase, affecting traffic safety
negatively. From appendix D (Geometrical designs) can be concluded that the entrance curve almost
immediately transfers to the exit curve. That means, that as the exit curve shifts outward (increasing the
width of the splitter island), the entrance and exit curves become one curve. This increases the space
requirement of the rotor roundabout, even for a very small shift outward. Therefore, it is not sensible to
design the rotor roundabout with wide splitter islands.

Furthermore, it is not robust, because any perturbation causing (temporarily) higher left-turning
intensities would block the roundabout. The first solution direction will not be further investigated.

With respect to the second solution direction: the circulating lanes offering a route choice need to be
removed. In that case, the connection of the legs to the circulatory roadways and the turboblock itself
need to be changed. This design process will be elaborated on in appendix D. The result — the four-leg
partial turbo circle (adjusted rotor roundabout) — is illustrated by Figure 3-1. Appendix A (Discussion of the
terminology) addresses a motivation for the terminology partial turbo circle.

The adjustment can be made to the star roundabout as well; the result is a three-leg turbo circle with one
lane per stream. This roundabout is suitable for a two-phase control in which left-turning traffic from the
eastern leg queues up on the roundabout. The queuing space is quite limited, because only one lane is
available for queuing. Therefore, the cycle time of the traffic control must probably be very short. The
gueuing space can be enlarged by increasing the diameter of the roundabout or by adding an extra lane.
Both solution directions increase the required space of the intersection. Moreover, increasing the
diameter will create space for an extra lane. Therefore, the remainder of this project invokes the three-leg
turbo circle with two lanes for streams 03, 06 and 08, see Figure 3-2.

Figure 3-1 Geometrical design of the partial turbo circle
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On the three-leg turbo circle, only vehicles in stream 03 (the left-turning stream on the eastern leg) have
to queue up on the circle, where on the four-leg turbo circle, vehicles in all four left-turning streams have
to queue up on the circle.
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Figure 3-2 The three-leg turbo circle

Implications for the spatial requirement: diameter constraints

The statements that the two-phase control is more efficient than the leg-by-leg control, and that the
turbo roundabout can be adjusted such, that it is suitable for the two-phase control, leaves the question
whether the signalized turbo roundabout (with a leg-by-leg control) is still worth investigating. The
answer to this question can be found by comparing the space requirements of the signalized turbo
roundabout and the partial turbo circle. Appendix D (Geometrical designs) states the minimum value for
the inscribed radius of the turbo roundabout and circle: 12 m. In that case, the outer diameter is 52 m.
With an inscribed radius of 20 m, the outer diameter of the rotor roundabout is 64 m. The outer diameter
of the partial turbo circle with an inscribed radius of 12 m amounts to 66 m. That means the rotor
roundabout can be applied with an inscribed radius ranging from 12 m to 20 m, without competing with
the partial turbo circle, because the space requirements differ. The same applies to the star roundabout:
the star roundabouts with inscribed radii of 12 m and 20 m require less space than the three-leg turbo
circle with an inscribed radius of 12 m. Therefore, this project will investigate the rotor and star

roundabout with inscribed radii of 12 m and 20 m 16.

The same also applies to the partial turbo circle, with the turbo circle as upper boundary. With an
inscribed radius of 20 m, the outer diameter of the partial turbo circle equals the outer diameter of the
turbo circle with an inscribed radius of 12 m. Therefore, this project invokes the partial turbo circle with
inscribed radii ranging from 12 m to 20 m.

The turbo circle will be invoked in this project with inscribed radii of 12 m, 20 m and 30 m. The turbo
circle could be invoked with larger inscribed radii, because there is no ‘upper boundary’ to it. However,
this choice has been made for delineating the project.

3.1.4. Demand patterns

From the introduction of the two-phase control in section 2.3, it can be concluded that the capacity of a
turbo circle depends on the prevailing demand pattern (in particular, on the left-turning intensities).

%8 This choice is made, because the partial turbo circle is equipped with the two-phase control, which is
more efficient than the leg-by-leg control on the rotor roundabout. Therefore, the partial turbo circle will
probably offer a higher capacity than the signalized rotor roundabout with the same outer diameter.
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Indeed, in the two-phase control, the left-turning vehicles have to queue up on the circle itself; therefore
the combination of the left-turning intensities and the available queuing space is a constraint to the
capacity.

This project will calculate the capacities based on a set of demand patterns, with different intensities for
the left-turning traffic streams. Appendix B (Demand patterns) elaborates on the demand patterns to be
applied. The resulting set consists of ten demand patterns: DP20, DP40, DP60 through DP200. All patterns
contain a ratio for the primary streams (08/02) of 80% and the ratio secondary/primary streams (05/02
and 11/02) is 60%. The right-turning streams amount to 30% of the neighbouring straight-ahead stream.
The demand patterns differ with respect to the left-turning intensity: in DP20, the left-turning streams
amount to 20% of the neighbouring straight-ahead stream; in DP40, the left-turning streams amount to
40% of the neighbouring straight-ahead stream, etc. The demand patterns are illustrated by Figure 3-3
and Figure 3-4.

These demand patterns have been chosen because they differ solely with respect to the left-turning
intensities. As noted in the previous paragraphs, the left-turning intensities determine the capacity
difference between the signalized rotor roundabout and the turbo circle.

£ih

10 11 12

Figure 3-3 lllustration of the demand patterns for the four-leg intersections

Figure 3-4 lllustration of the demand patterns for the three-leg intersections
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3.2 Capacity models

Section 2.4 introduced three models by means of which the capacity of (un-)signalized turbo roundabouts
can be calculated: the MSRV, the black box approach and VISSIM. This section will motivate why and how
these models will be applied to the signalized rotor and star roundabouts. The next chapter shows the
calculations in detail and presents the results.

3.2.1. MSRV

This model will be applied to the un-signalized rotor and star roundabouts for the following reasons:
- The model is especially designed for evaluating the traffic flow on turbo roundabouts;
- The model has been validated by means of various Dutch field measurements;
- The model offers the possibility to calculate two of the performance indicators chosen in this
project: the capacity and waiting times.

The MSRV will be applied to the rotor and star as follows. The ten demand patterns chosen in this project
(see appendix B) describe the ratios among the intensities in the traffic streams. The traffic demand in the
MSRV will be configured according to these ratios, and the total demand will be increased gradually
(traffic demand input is required in pcu/h). The capacity of the turbo roundabout can be found by means
of the degree of saturation and the average delay time (two output parameters of the MSRV). The
capacity of the turbo roundabout has been reached if:

- The saturation degree (traffic demand divided by traffic supply) is smaller than 80%;

- The average waiting time is smaller than 80 s/pcu.

3.2.2. Black box approach: analytical approach

The black box approach is developed parallel to the concept of the turbo roundabout, and explicitly
presented as a model to calculate the capacity of the signalized turbo roundabout. This is the reason why
this model will be applied in this project.

The model complies to the general idea of the black box, however, the terminology is not undisputed.
Appendix A (Discussion of the terminology) addresses the discussion. The conclusion from the discussion
in appendix A, is to apply the fundamentals of the black box approach, but calling it the analytical
approach. The reason is that the fundamentals will be applied to the signalized rotor and star roundabout,
extended to a high level of detail. The details are elaborated on such, that the terminology black box
approach would be confusing.

Application to the signalized rotor and star roundabouts

The analytical approach will be applied to the signalized rotor and star roundabouts in several steps. In
the first step, the optimal control structure will be constructed, based on the leg-by-leg control. Before
constructing this control structure, the maximum possible green phase overlap has to be calculated.
Appendix G (Green phase overlap calculation) shows the calculations, based on the geometrical designs of
the rotor and star roundabouts, and a simplified acceleration model. Table 3-1 shows the result of this
appendix.

Based on these values for the green phase overlap, the control structures will be constructed in the
second step (the details and calculations are explained in appendix H: Control structures for the turbo
roundabout). The control structure should be constructed such, that the capacity of the intersection is
maximized (i.e. the aggregated phase overlap per cycle should be maximized). In this step, it appears that
the capacity of the signalized rotor and star roundabouts depend on the duration of the cycle time.
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17
Table 3-1 Maximum possible green phase overlap (SG = start green)

SG main signal - Green phase
SG interception signal  overlap

Rotor roundabout, 12 m 3.8s 0.8s

Rotor roundabout, 20 m 43s 13s

Star roundabout, 12 m, E-S and S-W 39s 09s

Star roundabout, 12 m, W-E 5.0s 2.0s

Star roundabout, 20m, E-Sand S-W  4.4s 14s

Star roundabout, 20 m, W-E 7.1s 4.1s

The third step consists of the calculation of the saturation flow. In the control structure, the green phase
duration for every leg has been determined. The effective green time can be calculated from the green
phase duration. The effective green time is the time in which vehicles can be served at saturation flow,
consisting of the green time minus the reaction time (drivers perceive and react on the signal turning

green; 1s 18) plus the used yellow time (the part of the total yellow time in which vehicles are still served;
25 . The effective green time per leg can thus be calculated be means of the following formula:

teff.green,leg = tgreen,leg - treaction + tyellow,used = tgreen,ley +1

Equation 3-1
where:
teff.greenieg = duration of the effective green time in one phase per leg [s]
tyeliow,used = used yellow time [s]
reaction = reaction time [s]

By means of the model in section J.6, the saturation flow can be calculated by means of the effective
green time.

In the final step, the capacity of each leg will be calculated separately, by multiplying the effective green
time per leg and the saturation flow per leg. The capacity of the signalized rotor roundabout can be
calculated by summing the capacities of all legs.

3.2.3. VISSIM

VISSIM will be used in this project, in order to be able to compare the results of the analytical models with
the results of a simulation model. This simulation model has been chosen from the other simulation
models mentioned in section 2.4.3, although those simulation models do not differ fundamentally; the
most important differences concern the user interface. The arguments for choosing VISSIM are:
- VISSIM is able to present the output necessary for the evaluation, and in such a way, that the
output data can be analyzed and evaluated efficiently;
- The reliability of VISSIM is sufficient, because the model is in development continuously, based
on state-of-the-art research in traffic engineering;
- VISSIM is widely being used in European countries, because the model is commonly appreciated
for its quality and realistic presentation;

7 The rotor roundabout is symmetrical; therefore, the green phase overlaps within all phase transitions
are equal. The star roundabout is not symmetrical; therefore, the green phase overlap within the phase
transition from the stage in which leg W has green, to the stage in which leg E obtains green, differs from
the green phase overlap within the two other phase transitions.

8 Commonly accepted value for the reaction time, used by Dutch traffic control engineers.
9 perived from Salomons (2012).
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- The microscopic models applied by VISSIM (e.g. longitudinal and lateral models, car-following
model, etc.) are easy to adjust by means of functions and distributions (this report discusses
them intensively in section L.2).

VISSIM drawback: lane choice behaviour

VISSIM also has some drawbacks, one of which is the lane choice behaviour. Appendix L discusses the
construction of the VISSIM-network of the signalized turbo roundabout. In that network, vehicles have a
route choice 20. For instance, for turning right on a rotor roundabout, the driver may choose between the
right and middle approach lanes 21 For going straight-ahead on a rotor roundabout, the driver may
choose between the middle and left approach lanes. VISSIM adopts a highly inefficient lane choice
behaviour, because VISSIM distributes vehicles evenly and randomly over the lanes. The route choice is
determined at the moment the vehicle enters the network; it will not change while driving in the network.
As a consequence, it might occur that all right-turning vehicles use the middle lane, leaving the right lane
unused and unnecessarily overloading the middle lane. This is one of the drawbacks of VISSIM:
approaching vehicles do not consider the actual queue length on each of the approach lanes, while in
reality drivers do. This drawback can be relieved by closing edges 22 \yithin the network.
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Figure 3-5 Edge closure. Left: the middle lane does not serve right-turning traffic. Right: the left lane does not serve
straight-ahead traffic if the left turning stream is busier than the straight-ahead stream

With respect to the right approach lane; all right-turning vehicles should use this lane, so the edge closure
should be such that the middle lane does not serve any right-turning traffic (see Figure 3-5 left). With
respect to the left lane: all left-turning vehicles should use this lane, and it should also serve a share of the
straight-ahead traffic if the straight-ahead streams are larger than the left-turning vehicles (this is the case
for demand patterns DP20 through DP80, see appendix B: Demand patterns). So for demand patterns

2oA route in VISSIM consists of the set of links and connectors leading from the origin to the destination. A
network contains route choice if multiple routes lead from a particular origin to a particular destination.

2L The three lanes on the approach legs and the circulatory lanes, are modelled by means of separate links,
in order to prevent vehicles from changing lanes.

22 an edge is a series of links and connectors within a node or between two nodes.
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DP100 through DP200, the edge indicated by Figure 3-5 (right) needs to be closed. For demand patterns
DP20 through DP80, this edge will not be closed. This introduces the risk of overloading the left lane with
too large a share of straight-ahead traffic.

This leaves the following drawback. In the models for demand patterns DP20 through DP80, the latter
edge (Figure 3-5 right) has not been closed; all straight-ahead vehicles are distributed randomly over the
middle and left approach lane. All left-turning vehicles have to choose for the left lane, so situations in
which the left lane is more occupied than the middle lane occur. As a consequence, the extension green
time for a particular leg is longer than necessary because the left approach lane is occupied longer than
necessary, influencing the capacity of the roundabout negatively.

This problem cannot be solved by closing the edge, because in that case the middle lane is more occupied
than necessary; a share of the straight-ahead vehicles (all choosing the middle lane) can be served by the
left-lane. Then, the extension green time of a particular leg is longer than necessary because the middle
lane is occupied longer than necessary, influencing the capacity of the roundabout negatively.

In conclusion: the capacity estimates of the signalized turbo roundabouts, by means of the VISSIM
models, for demand patterns DP20 through DP80, are probably conservative. Chapter 7 (Reflection) will
pay further attention to a possible solution to this problem.

Step-wise increasing traffic demand

In order to estimate the capacity by means of simulation, the total traffic demand should increase in time.
As the demand increases, the intersection becomes more and more saturated until it reaches capacity. In
this project, the traffic demand increases stepwise, by 200 pcu/h every 15 minutes (see Figure 3-6).
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Figure 3-6 Input to VISSIM (dynamic assignment): every 15 minutes, the total demand increases by 200 pcu/h

Performance indicators to be measured

The saturation rate cannot be measured directly from simulations, nor from field observations. However,
there are indicators for the saturation rate which can be measured directly. These are: the delay time and
the queue length. VISSIM offers to measure these indicators for the saturation, by means of Travel Time
Sections and Queue Length.
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- Intermezzo: determining the capacity from the travel time and queue length -

Indicator for saturation: travel time

The Travel Time Sections register the travel time from entering the network to exiting the network, for
every vehicle. The distance between the entrance and exit locations is set to 2000 meters. The speed limit
in the entire network is set to 50 km/h by the settings in the Parking Lots (see appendix L: VISSIM model

development) 3, Effectively, vehicles should be able to cross the network in 144 seconds, if they exactly
comply to the speed limit at all locations in the network, and if the intersection were not present in the
network. In order to obtain the delay times induced by the intersection, the measured travel time should
be subtracted by 144 seconds. Following this strategy results in a few negative delay times. These are
measurements of fast drivers, who drove somewhat faster than the speed limit (the actual speed a
vehicle is driving, is not exactly 50 km/h, but a value from the Speed Distribution) and who did not have to
stop for a red light.

All travel time measurements can be plot in a diagram, then one obtains diagrams like the one shown in
Figure 3-7. Every point represents a measurement. This diagram should be carefully interpreted with
respect to the horizontal axis; it is a time axis. By means of Figure 3-6, the total demand at any time can
be determined.
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Figure 3-7 Diagrams of all travel times on the rotor roundabout with inscribed diameter 12 m, demand pattern 20,
traffic stream 01, random seed 1

It takes quite a lot of computation time to produce this kind of tables; the magnitude can easily be
reduced without reducing the quality of the data. Therefore, in the remainder of this evaluation, the data
in a range of 15 min will be averaged. This range will be taken because the demand increases with steps of
200 pcu/h, every 15 min. Figure 3-7 shows how the data are averaged: within a range of 15 min (where

3 The Reduced Speed Areas do not represent a speed limit, but the necessity to reduced speed in order to
cross a bend safely. Legally, drivers are allowed to cross a bend with 50 km/h.
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the total demand is constant) the average and standard deviation of all measurements are calculated and
plot in a separate diagram. Moreover, the data of all random seeds will be averaged. In that case, one
obtains a diagram like the following:
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Figure 3-8 Average and standard deviation of all travel times on the rotor roundabout with inscribed diameter 12
m, demand pattern 20, traffic stream 01, averaged over all random seeds

Apparently, the delay times are highly variable, but the point of saturation is clearly visible (at t = 5.0 h;
the total traffic demand at that time is 4200 pcu/h). In under-saturated conditions, the delay time caused
by the intersection ranges from 0 to 100 seconds. In over-saturated conditions, the delay time vastly
increases, up to 15 minutes and longer (over a road stretch 1000 m long). Also, the standard deviation of
the measurements increases.

From this diagram, the conclusion can be drawn that from a total demand of ca. 4200 pcu/h on, the delay
time of vehicles in stream 01 increases vastly (only for this specific demand pattern: DP20). The
explanation is that the intersection becomes over-saturated. The queue of vehicles cannot be served
entirely in one green phase anymore. The last vehicle(s) have to wait for the next green phase; they have
to wait the duration of the cycle time (minus the duration of the green phase). Because the traffic
demand keeps increasing, the delay time increases along with the queue. The value of 4200 pcu/h will be
chosen as an indication for the capacity of stream 01.

Indicator for saturation: queue length

The second indicator for the saturation rate that can be evaluated by VISSIM is the queue length in front
of a traffic signal. In the network, every stream (01 through 12) has been supplied with a Queue Counter,
measuring the average queue every minute. Again, the measurements from the queue counters can be
plot against the total traffic demand on the intersection. One obtains diagrams like Figure 3-9. Every point
represents a measurement of the average queue length, measured every minute. Effectively, for one
‘step’ in total demand (200 pcu/h), there are 15 measurements, because one ‘step’ lasts for 15 minutes.

The measurements are averaged every 15 minutes, in order to obtain the diagram upper left in Figure 3-9.
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Figure 3-9 Diagram of the queue length on the rotor roundabout with inscribed diameter 12 m, demand pattern 20,
traffic stream 01, random seed 1

Regardless of a few outliers 24, it appears from Figure 3-9 that from t = 4.25 h (total demand of ca. 3600
pcu/h), the queue increases quickly. This value is considerably lower than the indication for the capacity
found in the previous section (4200 pcu/h, for random seed 1, and the average over all random seeds).

Cause for the differences: lane change behaviour in saturated conditions

From the diagrams in the former section can be concluded that the average delay time starts to increase
once the average queue has reached a length of ca. 500 m, which is quite a queue. From visual
observations of the simulations, it is concluded that a green phase (with maximum extension green)
cannot serve such a queue.

This is a remarkable observation: the queue length starts to increase rapidly at t = 4.25 h (total traffic
demand of 3600 pcu/h), where the delay time lags behind and starts to increase at t = 5.0 h (total traffic
demand of 4200 pcu/h). This discrepancy (one would assume that the delay time increases along with the
queue length) can be explained by means of Figure 3-10.

The total traffic demand increases in time. From a certain moment, vehicles are not able to change lanes
on the leg anymore (which has a length of 1000 m). They already try to change lanes at the start of the
leg, but if they cannot find a suitable gap, they drive through. These vehicles stop at the decision point,
that is the point where the three connectors connect the three-lane leg with the single-lane links leading
to the Signal Heads. If they have stood still for 60 s, they disappear from the network. This is an
(unrealistic) default solution of VISSIM. The time value of 60 s can be adjusted manually, but this is not
recommended (PTV Vision, 2011). From the moment this occurs, the simulation results are not reliable
anymore, because the total demand passing the intersection is not equal to the generated demand
anymore. In other words: the intersection is not ‘exposed’ to the total traffic demand anymore (Figure
3-9, horizontal axis), because the traffic on the right approach lane is absent. Therefore, from the point of

4 These outliers are probably caused by stochasticity: the number of arrivals was suddenly high at that
moment.
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saturation on, the simulation results should not be regarded anymore. However, these measurements are

not relevant, since only the point of saturation is relevant to this project.
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Figure 3-10 Vehicles stop in front of the decision point; they were not able to change lanes upstream

Due to the vehicles standing still in front of the connector leading to stream 01, the queue length
increases unnecessarily (spill-back). However, during the first minutes of over-saturation, the standing
vehicle does not have to incur extra delay time to the following vehicles, because these vehicles would
have to wait in front of the traffic signal, which is ca. 50 m downstream. They only spend their waiting
time 50 m upstream. This is an explanation for the notion that the queue length on stream 01 starts to
increase earlier than the delay time. Later on during the over-saturation phase, multiple vehicles come to
a stand-still, all standing still for 60 seconds; and the extra delay time for following vehicles increases.

This explanation is also supported by the diagram for stream 02 (see Figure 3-11). There, the queue length
starts to increase at t = 4.25 h (total traffic demand of 3600 pcu/h), along with the delay time. Due to this
gueue on the middle lane, vehicles on the right lane are not able to change lanes anymore. They come to
a standstill in front of the connector shortly after the queue on the middle lane started to increase (from

t=4.25h on).
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Figure 3-11 Diagram of the delay time and the queue length on the rotor roundabout with inscribed diameter 12 m,
demand pattern 20, traffic stream 01, averaged over all random seeds

Determining the capacity

From the previous sections can be concluded, that stream 02 imposes a constraint on the capacity of the
eastern leg. Likewise, every leg can be assigned a restrictive stream, to be observed from the delay
time/queue length diagrams. The capacity can be determined in this way for every leg, on every
intersection in this project.

Conclusively, the point where the delay time starts to increase, indicates the capacity of the intersection.
Unfortunately, this point is not clearly observable for every stream because the line representing the
delay time bends faintly, or the lines show multiple bends. Therefore, an extra criterion for observing the
capacity will be added: the increment of the standard deviation. Oversaturation is characterized by highly
variable delay times and queue lengths.

- End of intermezzo -
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Intersections to be modelled in VISSIM

All intersections invoked in this project can be modelled by means of VISSIM. However, this project will
not apply VISSIM to evaluate the performance of the un-signalized rotor and star roundabouts. The
argument is that the pseudo-conflict cannot be modelled in VISSIM properly. Therefore, all signalized
intersections invoked in this project will be modelled by VISSIM:

- the signalized rotor roundabout (with inscribed radii of 12 m and 20 m, see section 3.1.3);

- the signalized star roundabout (with inscribed radii of 12 m and 20 m);

- the partial turbo circle (with inscribed radii of 12 m and 20 m);

- the four-leg turbo circle (with inscribed radii of 12 m, 20 m and 30 m);

- the three-leg turbo circle (with inscribed radii of 12 m, 20 m and 30 m).

Amount of random seeds

VISSIM applies random seeds to take account of randomness. In order to obtain reliable results, a model
needs to be evaluated based on a certain amount of random seeds. In principle, a large amount of
random seeds yields very reliable results. However, the marginal utility of a random seed (its contribution
to the reliability of the results) decreases as the amount of random seeds increases. Moreover, the
computation time increases as the amount of random seeds increases.

In order to determine the amount of random seeds to be applied, the Z-test can be carried out. This
empirical test is denoted by the following formula (Verhaeghe, 2007, p.55):

ZZ
N = ﬁO‘z
Equation 3-2
where:
N = required amount of random seeds for one model;
Z = value from the normal distribution, representing the required reliability of the model results;
d = required accuracy of the model results;

o = standard deviation of the population, representing the variation in de model results.

The required reliability is chosen to be 95%, this yields Z = 1.96 from the normal distribution. The capacity
of the intersection types need to be estimated with an accuracy of 200 pcu/h. From a test run based on
ten different random seeds appears that the standard deviation (of the population) amounts to 526
pcu/h. From Equation 3-2 follows that the simulation needs to be based on 25 random seeds, in order to
obtain sufficient reliable results.

VRIGen

A signalized intersection requires a traffic control: a structure which describes green periods of all signals
on the intersection. It describes which signals can have green simultaneously, which signals cannot have
green simultaneously, and how long the green period for each signal should last. A traffic control should
be optimized with respect to the traffic management goal pursued by the road authority (Muller et al.,
2011). This project applies the goals of maximizing the intersection capacity and minimizing the delay
times.

The optimum traffic control (consisting of the sequence and the minimum and maximum (extension)
green times) can manually be calculated by means of a standardized algorithm (Van Nes et al., 2010, part
4, chapter 2). The geometrical design is an important input factor for determining the conflict matrix and
the clearance times within. Another important input factor is the traffic demand for assigning the green
times to the signal groups.

53
%
TUDelft



3 Experimental design

This study will not elaborate on the specific algorithm. Rather, it describes the model developed in VRIGen

> . a software package by which the algorithm can automatically (by means of a computer) be executed.
VRIGen will be applied in this project, because it enables the user to execute the algorithm faster and
more accurate than executing the algorithm manually.

VISSIM applies VRIGen to generate a static control structure, and TrafCOD to generate a vehicle-actuated
control, based on the static structure. The control structures used in this project will be generated by
means of VRIGen; appendix K (VRIGen model development) will show how.

VRIGen and phase overlap

The leg-by-leg control should contain green phase overlap, which can be invoked in the third tab:
couplings. Here, every pair of a main signal and the successive interception signal can be defined (see
Figure 3-12). VRIGen allows to incorporate different moments of start green and end green, by means of
TYveh (the time lag between start green of the interception signal and start green of the main signal).
TYveh should obtain a negative values in order to incorporate the phase overlap.
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Figure 3-12 The tab Couplings in VRIGen

The need for using spare streams
Unfortunately, VRIGen produces a traffic control without the phase overlap. In fact, it treats negative
values for TYveh as if they were equal to zero. Possibly, this is an erroneous default setting in VRIGen

(source: A.M. Salomons, personal communication, June 2013) 2%

A solution to this problem is to invoke spare streams in the traffic control. The strategy for applying spare
streams is explained in section K.3. All settings to be applied in the tabs in VRIGen are addressed in that
section as well; the result is the desired leg-by-leg control with phase overlap, illustrated by Figure K-13.

TrafCOD

VISSIM applies a control structure that is generated by VRIGen. Furthermore, VISSIM applies TrafCOD to
generate a semi-actuated traffic control, based on the control structure. The only input to TrafCOD is the

% Abbreviation for VerkeersRegellnstallatieGENerator; traffic control generator

%6 Others claim that this default setting might be the result of the discussion among traffic control
engineers, on the question whether phase overlap should be allowed on intersection in The Netherlands. In
this discussion, opponents are concerned about the consequences for traffic safety. However, the
explanation in the text (erroneous default setting) has been confirmed; the discussion is irrelevant to the
problem in VRIGen and to the concept of green phase overlap in general.
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traffic control; the program itself consists of a set of guidelines. In this project, the program language in
which TrafCOD is programmed will not be considered.

TrafCOD has a drawback: the user cannot check the decisions made by TrafCOD with respect to extension
green. In section 4.3 (Capacity modelling: VISSIM) will appear that leg N on the rotor roundabout and leg S
on the turbo circle with an inscribed radius of 12 m have an extraordinary high capacity, in comparison to
the other legs. This is caused by the excessively long extension green times assigned by TrafCOD to these
legs %’ This is a ‘blank edge’ of the project: TrafCOD’s choices with respect to extension green times
cannot be traced.

3.3. Evaluation method

When the performance of all intersections has been assessed, the intersections can be compared based
on the performance indicators. The aim is to capture all scores in a table, Table 3-2 presents the structure
of the table.

Table 3-2 Evaluation method: the intersections will be compared by means of this table

Intersection type Capacity Delay Robustness \Safety Env.
Inscribed  Space MSRV ~ VISSIM  AA |
radius requirement

Un-signalized rotor roundabout 12 m

Un-signalized rotor roundabout 20m

Un-signalized star roundabout 12 m

Un-signalized star roundabout 20m

Signalized rotor roundabout 12 m

Signalized rotor roundabout 20m

Signalized star roundabout 12 m

Signalized star roundabout 20m

Partial turbo circle 12m

Partial turbo circle 20m

Turbo circle 12m

Turbo circle 20m

Turbo circle 30m

Three-leg turbo circle 12m

Three-leg turbo circle 20m

Three-leg turbo circle 30m

In this study, the performance of the indicators will not be weighed by assigning weigh factors to the
performance indicators; this is commonly done in variant studies (e.g. multi-criteria evalutation).
However, this study does not invoke a practical case in which an optimum intersection solution has to be
found. Instead, this study aims to consider the intersections, primarily based on their capacity. The other
performance indicators will not be evaluated to the same extent as the capacity. Therefore, the
intersection will be compared by primarily comparing the capacity values, and secondarily comparing the
other indicators, rather than assigning weigh factors.

27 ) . . . .

The extension green times are bound to the maximum extension green prescribed by the control
structure from VRIGen. TrafCOD cannot assign extension green times that exceed the prescribed maximum
value.
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3.4. Validation, calibration

The signalized rotor roundabout has not been constructed in The Netherlands yet. Therefore, the
possibilities for validation of the model results are absent. For compensation, the parameters in the
models will be extensively studied and the chosen values motivated. For instance, appendix F (Simplified
acceleration model) presents a detailed discussion and a sensitivity analysis on the parameters chosen in
the acceleration model, which is an important part of the black box approach. Also, section L.2 elaborates
on the parameters of the microscopic models (Base Data) in the simulation tool VISSIM.

3.5. Summary and conclusions

This chapter indicated the scope of the study by means of four subjects. Firstly, this study will only invoke
intersections inside the urban area. Secondly, this study will invoke the two largest turbo roundabout
types: the rotor and star roundabouts. These turbo roundabouts can be adjusted such, that the two-phase
control is applicable, resulting in the partial turbo circle (adjusted rotor roundabout; four-leg) and the
three-leg turbo circle (adjusted star roundabout). This study will therefore also invoke the (partial and
three-leg) turbo circles. Finally, the choice has been made to apply a set of ten demand patterns which
only differ with respect to the left-turning intensities.

This project will consider turbo roundabouts with inscribed radii ranging from 12 m through 20 m. The
minimum value of 12 m is based on safety considerations (speed on the roundabout). The rotor
roundabout with an inscribed radius larger of 20 m is as large as the partial turbo circle with an inscribed
inscribed radius of 12 m. The latter intersection type applies a more efficient control structure, therefore
it is not sensible to investigate the rotor roundabout with an radius diameter larger than 20 m. The same
holds for the star roundabout.

The MSRV will be used to analytically calculate the capacity of and delay times on the un-signalized turbo
roundabout. The black box approach will be used to calculate the capacity of the signalized turbo
roundabout. VISSIM will be used to calculate the capacity of and delay times on all signalized intersections
in this model. VISSIM applies VRIGen en TrafCOD to generate a vehicle-actuated control. Table 3-3
presents an overview of the models to be applied in this project.

Table 3-3 Overview of intersection types and evaluation methods

| MSRV BBA VISSIM
Analytical Analytical Simulation

Un-signalized rotor roundabout ‘/

Un-signalized star roundabout ‘/

Signalized rotor roundabout il w
Signalized star roundabout < V4
Partial turbo circle ‘/
Four-leg turbo circle ‘/
Three-leg turbo circle ‘/

Due to a lack of signalized turbo roundabouts already constructed in the physical network, the
possibilities for validating the results from this project are limited.
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4. Capacity modelling

This project applies three models to calculate the capacity of the (signalized) turbo roundabout and the
(partial) turbo circle: the MSRYV, an analytical approach and VISSIM. This chapter addresses the application
of these models to the intersections invoked in this study, according to Table 3-2. One section will be
dedicated to each model. The results of the models will be shown graphically.

Before applying the analytical approach and VISSIM to the signalized rotor and star roundabouts, the
maximum possible green phase overlap has to be calculated, appendix G shows the calculations.
Moreover, the leg-by-leg control structure should be calculated, in order to calculate the capacity of the
signalized rotor and star roundabouts by means of the analytical approach; appendix H shows the
calculations.

4.1. MSRV

Section 3.2.1 addressed the application of the MSRV to the un-signalized rotor and star roundabouts.
Table 4-1 and Figure 4-1 show the results of the calculations: the capacity values of the turbo roundabout
types for these demand patterns. They also show the waiting times on the roundabout, if the total traffic
demand is exactly equal to the capacity.

Table 4-1 Overview of capacity values, waiting times and constraining legs

Demand | Rotor roundabout \ Star roundabout
pattern Capacity Delay Leg Capacity Delay Leg
DP20 4553 pcu/h 40.3 s Leg E 5075 33.0s Leg W
DP40 4250 pcu/h 39.2s LegE | 4659 23.1s Leg W
DP60 4012 pcu/h 35.1s LegE | 4482 26.7 s Leg W
DP80 3839 pcu/h 32.7s LegE | 4368 30.1s Leg W
DP100 3707 pcu/h 31.0s LegE | 4278 33.4s Leg W
DP120 3458 pcu/h 26.0s LegE | 4206 36.7s Leg W
DP140 3271 pcu/h 255s LegE | 4142 40.0s Leg W
DP160 3125 pcu/h  25.0s LegE | 4022 40.4 s Leg W
DP180 3008 pcu/h  24.7s LegE | 3830 30.1s LegE
DP200 2912 pcu/h 2445 LegE | 3676 25.0s Leg E
Average 3614 29,3 4274 31,7
St. dev. 552 5,4 406 6,3

=H=Rotor Cap ==#=5Star Cap =H=Rotor Delay  =—$==5tar Delay
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Figure 4-1 Capacity of and delay time on the un-signalized rotor and star roundabout
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Remark with the diagram: the values are connected by straight lines. This is done for convenience: to
enhance the readability of the diagrams. These lines do not indicate a (linear) increase between the
points.

From Figure 4-1 it appears that:

- the capacity of the star roundabout (three-leg) is structurally higher than the capacity of the
rotor roundabout (four-leg), in accordance with Fortuijn (2009). This can be explained by the fact
that the rotor roundabout contains four legs; the star roundabout contains three legs. As a
result, the star roundabout contains less (potential) conflict points and therefore has a higher
capacity;

- the capacities of the rotor and star roundabouts decrease as the left-turning intensities increase.
This can be explained by the fact that the left-turning streams conflict with the circulatory
roadways and two entrance legs. In comparison: the straight-ahead streams conflict with the
circulatory roadways and one entrance leg; the right-turning stream only conflicts with the
entrance roadways. As the left-turning intensities increase, the amount of conflicts increases,
decreasing the capacity;

- the delay time on the rotor roundabout decreases as the left-turning intensities increase. This
can be explained by the fact that less total demand (in saturated conditions) yields a lower delay
time;

- the delay time on the star roundabout increases as the capacity decreases (with increasing left-
turning intensities), except for DP180 and DP200. Figure 4-1 shows this by the sudden decrease
of the line representing the delay time on the star roundabout. The cause for this phenomenon
can be found in Table 4-1: leg W constrains the capacity of the star roundabout, except for
DP180 and DP200, where leg E constrains the capacity. For DP20 through DP160, the delay
increases because vehicles on leg W (the constraining leg) have to wait for vehicles in stream 03
(this left-turning intensity increases). For DP180 and DP200, leg E suddenly constrains the
capacity, just like the rotor roundabout (and the line representing delay starts to decrease, just
like the rotor roundabout).

4.2, Analytical approach

This section addresses the calculations of the analytical approach to the signalized rotor and star
roundabouts. These calculations comply to the stepwise application of the analytical approach, outlined in
section 3.2.2.

4.2.1. Step 1: green phase overlap

The green phase overlap has been calculated in appendix G; Table 4-2 shows the result.

Table 4-2 Maximum possible green phase overlap (SG = start green)

SG main signal - Green phase
SG interception signal  overlap
Rotor roundabout, 12 m 3.8s 0.8s
Rotor roundabout, 20 m 43s 13s
Star roundabout, 12 m, E-S and S-W 39s 09s
Star roundabout, 12 m, W-E 5.0s 2.0s
Star roundabout, 20 m, E-Sand S-W  4.4s 1.4s
Star roundabout, 20 m, W-E 7.1s 4.1s
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4.2.2. Step 2: control structures

The signalized rotor and star roundabouts are suitable for the leg-by-leg control. Appendix H (Control
structures for the turbo roundabout) explains how the optimum leg-by-leg control can be determined.
The result of this appendix consists of the optimized control structures for the rotor roundabout (Figure
4-2 left) and the star roundabout (Figure 4-2 right).
t_green = var  t_pomax,cycle = 3.8 s
E S W
0.0

0.0 A
o — Z >
G T (e e ———

t_green = var t_po,max,cycle = 3.2 s

vy 3] T | 22

9
26.0}-weee % S10 1 R p— _?) A
8,0 ST O/ | W VT
34,0 |- weeeeen: l ~~~~~~~~~~~~~~~~~~~~~~~~~~ ——
80
378 oo 5 l
34,3 oo o A—
38 D sz
510 sl v
N %
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% Tour, N W (SRS e
oo 7

Figure 4-2 Control structures for the rotor roundabout with an inscribed radius of 12 m (left); and for the star
roundabout with an inscribed radius of 12 m (right)

Dilemma of the cycle time

The maximum possible green phase overlap per hour is the product of the maximum possible green phase
overlap per cycle and the amount of cycles per hour. The amount of cycles per hour in turn, depends on
the cycle time. The presumption arises that the cycle time should be as short as possible, so as to obtain a
green phase overlap per hour as long as possible. However, there is a drawback: the cycle time
determines the duration of a green phase as well. As the duration of the green phase decreases, so does
the saturation flow (to be shown in section 4.2.3). Therefore, if the cycle time becomes too short, the
capacity of the roundabout might drop because of the low saturation flow.

Appendix J shows that the former influence is decisive. The cycle time has a minimum value, at which the
green phase overlap per cycle can optimally be used: 47.2 s for the rotor roundabout with an inscribed
radius of 12 m and equal green times for all legs. With a cycle time equal to or larger than 47.2 s, the
green phase overlap per cycle is maximized to 3.2 s. The aggregated green time over all legs is (47.2 + 3.2)
50.4 s. With a green time per leg of (50.4 / 4) 12.6 s, the saturation flow is 1584 pcu/h (see the next
section). If the cycle time increases, the duration of the green phase increases, and the saturation flow
along with it. However, the capacity decreases, because the green phase overlap per hour decreases (as a
consequence of the decreasing amount of cycles per hour).
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4.2.3. Step 3: saturation flow

In the previous section, the cycle time has been calculated for which the capacity is maximized (62.8 s, for
the demand patterns used in this project). From the structure in Figure 4-2 the effective green time per
leg can be calculated (see Equation 4-1).

teff.green,leg = tgreen,leg - treaction + tyellow,used = tgreen,leg +1

Equation 4-1
where:
teff.greenleg = duration of the effective green time in one phase per leg [s]
tyeliow,used = used yellow time [s]
reaction = reaction time [s]

During the effective green time, the entrance leg can serve traffic at saturation flow rate. The saturation
flow rate depends on the effective green time, section J.6 quantifies the relationship, resulting in the
following formula:

teff.green,leg
qsat,leg = (tgreen,leg - to)_l * J; qrunoffd"L
’ Equation 4-2
where:
Qrunoff = actual flow of vehicles running off [pcu/h]
Qsat,leg = actual saturation flow on a particular leg [pcu/h]
tyreenteg = duration of the green phase of that leg [s]
teff.greenieg = duration of the effective green time of that leg [s]
to = start green phase [s]

For every leg, the effective green time has been calculated. Equation 4-2 computes the saturation flow on
a leg by means of the effective green time.

a=2.0 m/s? s,=7 m Const.=1.2m/(m/s)

Saturation flow [pcu/h]
=
2
=)
o
™

0 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Green time [s]

Figure 4-3 Saturation flow as a function of the green time
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4.2.4. Step 4: capacity of the signalized rotor roundabout

The capacity is the product of the effective green time of a leg and the accessory saturation flow,
aggregated over all legs. In formula:

t
green,leg
Cleg = t * qsat,leg * nlanes,leg
cycle
Equation 4-3

where:
Cieg = capacity of a leg on the signalized turbo roundabout [pcu/h]
Nygnesleg = amount of lanes serving traffic at saturation flow on that leg [-]
Leycle = cycle time [s]

Amount of lanes: rotor roundabout

The amount of lanes serving traffic at saturation flow depends on the contribution of vehicles over the
entrance lanes. This contribution in turn depends on the prevailing demand pattern. The lanes will most
probably not serve traffic at saturation flow rate during the entire effective green time.

Figure 4-4 shows the distribution of traffic over the entrance lanes and the lane configuration on the rotor
roundabout. The illustration shows the eastern leg; thanks to the symmetry of the rotor roundabout, this
illustration also holds for the other legs. Based on this illustration, the distribution of traffic over the
entrance lanes can be estimated 28. The right-turning intensity is small; all right-turning vehicles will
choose the right lane. Consequentially, all straight-ahead and left-turning vehicles will distribute over the
middle and left lane; and the middle and left lane will only serve straight-ahead and left-turning vehicles.
If the left-turning intensity is larger than the straight-ahead intensity (DP120 through DP200), all straight-
ahead vebhicles will choose the middle lane. If the left-turning intensity is smaller than the straight-ahead
intensity (DP20 through DP100), the left lane will serve straight-ahead and left-turning vehicles.

This distribution of traffic over the lanes has implications for the rate of saturation of the lanes. Firstly, the
right lane (serving only right-turning traffic streams) will probably never serve traffic at maximum
saturation flow. The middle and left lane will only serve traffic at maximum saturation flow for DP20
through DP100. For DP120 through DP200, the left lane will serve left-turning vehicles at maximum
saturation flow, and the middle lane will serve straight-ahead vehicles at a flow less than the maximum
saturation flow. In fact, only in the first seconds of the effective green time, the middle lane will serve
traffic at maximum saturation flow.

L
i

—-—
Figure 4-4 Entranceilaine configuration on the rotor roundabout and the arrival demand pattern
Therefore, the number of lanes to be used in the capacity calculation is 2 for DP20 through DP100, and

less than 2 for DP120 through DP200. For the latter set of demand patterns, the number of lanes depends
on the ratio of the left-turning and straight ahead intensities. For DP200, the left lane will serve twice as

% The estimation will be based on rational behaviour: a driver chooses the lane on which the queue of
vehicles is smallest, given the constraint that that lane makes part of his route from origin to destination.
However, sometimes drivers do not behave rationally. Irrational behaviour is hard to capture in a model
and is out of the scope of this project.
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4 Capacity modelling

much traffic as the middle lane. By estimation, the middle lane will then serve traffic at saturation flow
during half of the effective green time, and the left lane will serve traffic at saturation flow during the
entire effective green time. In that case, the number of lanes is 1.5. Linearly interpolating, the number of
lanes for DP120 is 1.9; for DP140 it is 1.8; for DP160 it is 1.7; for DP180 it is 1.6.

Amount of lanes: star roundabout

The star roundabout has three legs, therefore the demand patterns (see appendix B) are not symmetrical.
This is illustrated by Figure 4-5.

———
—~r—— q—g —100%
I — [20%, ... ,200%)]
- - »
80% = 1_.._.—- | o

[20%, ... 200%]  18%

Figure 4-5 Entrance lane configuration on the star roundabout and the arrival demand pattern

By means of this figure, the distribution of vehicles on the lanes and the rate of saturation for each lane
will be explored. With respect to the eastern leg: two lanes may serve vehicles going straight-ahead. Two
lanes may serve left-turning vehicles. So for all demand patterns in which the left-turning intensities are
between 0.5 times and 2 times the straight-ahead intensities (for DP60 through DP200), all three lanes
serve traffic at maximum saturation. For DP20 and DP40, the left lane is undersaturated. The amount of
lanes for DP20 is (2 + (20/50)) 2.4; the amount of lanes for DP40 is (2+ (40/50)) 2.8. With respect to the
southern leg: the right lane becomes less saturated as the left-turning intensities increase. For DP40, all
lanes are (more or less) saturated; the amount of lanes is 3. For DP20, the middle and left lanes are
saturated for half of the effective green time; the amount of lanes is 2. For DP80, the middle and left lanes
serve both twice as much traffic as the right lane; the amount of lanes is 2.5. For patterns DP120 through
DP200, the share of the effective green time in which the right lane is saturated, is assumed to be
negligible; the amount of lanes for these demand patterns is 2. With respect to the western leg: the
middle and left lanes serve more or less twice as much traffic as the right lane, for all demand patterns.
The amount of lanes for this leg is estimated to be 2.5.
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4 Capacity modelling

Roundabout capacity

The roundabout capacity can be calculated by summing the capacity values of the legs:

Croundabout = Cleg
all legs
Equation 4-4
where:
Croundabout = capacity of the roundabout (pcu/h)

Table 4-3 (Table 4-4) shows an overview of the calculations in this section for the rotor roundabout with
an inscribed radius of 12 m (20 m). Figure 4-6 shows the result of the capacity calculations graphically: the
capacity of the rotor roundabout, depending on the demand pattern. Table 4-5, Table 4-6 and Figure 4-7
show the results for the star roundabout.

Table 4-3 Durations per leg of the rotor roundabout with an inscribed radius of 12 m

Green time Cycle time Eff. green time Saturation flow Amount of lanes Leg capacity

t green,leg tcycle te .greenleg qsat,le nlanes,le g Cle
Figure 4-2 Figure 4-2 Equation 4-1 Equation 4-2 Figure 4-4 Equation 4-3
Leg E 23.0s 240s 1753 pcu/h 1.5-2.0 1005 - 1340 pcu/h
Leg S 12.6s 62.85 13.6s 1584 pcu/h 1.5-2.0 515 - 686 pcu/h
legW 17.8s ’ 18.8s 1691 pcu/h 1.5-2.0 759 - 1012 pcu/h
Leg N 12.6s 13.6s 1584 pcu/h 1.5-2.0 515 - 686 pcu/h
Roundabout capacity -> 2793 - 3724 pcu/h

Table 4-4 Durations per leg of the rotor roundabout with an inscribed radius of 20 m

Green time Cycle time Eff. green time Saturation flow  Amount of lanes Leg capacity

tgreen,leg tcycle teff.green,leg qsat,leg nlanes,leg Cleg
Figure 4-2 Figure 4-2 Equation 4-1 Equation 4-2 Figure 4-4 Equation 4-3
Leg E 31.3s 32.3s 1812 pcu/h 1.5-2.0 974 -1299 pcu/h
Leg S 17.6s 85.8 s 18.6s 1687 pcu/h 1.5-2.0 522 - 697 pcu/h
LegW  245s ’ 24.5s 1758 pcu/h 1.5-2.0 746 - 995 pcu/h
Leg N 17.6s 18.6 s 1687 pcu/h 1.5-2.0 522 - 697 pcu/h
Roundabout capacity -> 2765 - 3687 pcu/h

—l—Rotor 12m —#—Rotor 20m

3800

3600

3400

3200

3000

Capacity (pcu/h)

2800

2600
DP20 DP40 DP60 DP80  DP100 DP120 DP140 DP160 DP180 DP200
Demand pattern

Figure 4-6 Result of the analytical approach: the capacity of the rotor roundabout
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Table 4-5 Durations per leg of the star roundabout with an inscribed radius of 12 m
Green time Cycle time Eff. green time Saturation flow  Amount of lanes Leg capacity

tgreen,leg tcycle teff.green,leg qsat,leg nlanes,leg Cleg
Figure 4-2 Figure 4-2 Equation 4-1 Equation 4-2 Figure 4-5 Equation 4-3
Leg E 23.3s 24.3s 1756 pcu/h 2.4-3.0 2120 - 2650 pcu/h
Leg S 12.8s 48.3 s 13.8s 1591 pcu/h 2.0-3.0 909 - 1364 pcu/h
LegW 18.1s 19.1s 1695 pcu/h 2.0 1341 pcu/h
Roundabout capacity -> 4370 - 5241 pcu/h

Table 4-6 Durations per leg of the star roundabout with an inscribed radius of 20 m
Green time Cycle time Eff. green time Saturation flow  Amount of lanes Leg capacity

tgreen,leg tcycle teff.green,leg qsat,leg nlanes,leg Cleg
Figure 4-2 Figure 4-2 Equation 4-1 Equation 4-2 Figure 4-5 Equation 4-3
Leg E 30.0s 31.0s 1805 pcu/h 2.4-3.0 2122 - 2652 pcu/h
Leg S 16.8 s 63.3s 17.8s 1675 pcu/h 2.0-3.0 942 - 1413 pcu/h
LegW  23.4s 24.4s 1756 pcu/h 2.0 1354 pcu/h
Roundabout capacity -> 4417 - 5301 pcu/h

=f—5Star 12 m =—#=Star 20 m

5400

5200 ~
5000

/ —a——
4800 //
4600

4400

Capacity {pcu/h)

4200 T T T T T T T T 1
DP20 DP40 DP60 DP80 DP100 DP120 DP140 DP160 DP180 DP200

Demand pattern

Figure 4-7 Result of the analytical approach: the capacity of the star roundabout

Saturation flow: validation

The estimations for the saturation flow are structurally lower than the saturation flow values estimated
by in-field measurements presented in appendix C. Most likely, the differences are caused by the duration
of the effective green times, these are probably lower on the signalized rotor and star roundabout than
on the turbo circle (the in-field measurements have been performed on two turbo circles). The effective
green time durations on the signalized rotor and star are shorter, because these intersection are
equipped with a leg-by-leg control (four- or three-phase), while the turbo circle is equipped with a two-
phase control.

4.3. VISSIM

This section presents the application of VISSIM to the signalized intersections invoked in this project,
according to the plan addressed in section 3.2.3. VISSIM applies VRIGen and TrafCOD to generate a
vehicle-actuated control. Therefore, the first section is devoted to the results from VRIGen. The following
sections discuss the simulation results for every intersection type separately: respectively the signalized
rotor roundabout (with inscribed radii of 12 m and 20 m); the signalized star roundabout (with inscribed
radii of 12 m and 20 m); the partial turbo circle (with inscribed radii of 12 m and 20 m); the turbo circle
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(with inscribed radii of 12 m, 20 m and 30 m); and the three-leg turbo circle (with inscribed radii of 12 m,
20 m and 30 m).

4.3.1. VRIGen: leg-by-leg control and two-phase control

Appendix K (VRIGen model development) shows the settings in the tabs of VRIGen, in order to produce
the leg-by-leg control (result shown in Figure 4-8) and the two-phase control (result shown in Figure 4-9).
The appendix also elaborates on the difficulty of invoking green phase overlap and the use of spare
streams as a solution. VRIGen enables the user to generate the two-phase control without using spare

streams.
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Figure 4-8 The control structure for the leg-by-leg control with phase overlap
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Figure 4-9 The control structure for the two-phase control
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4.3.2. VISSIM: rotor roundabout, inscribed radius 12 m

The intermezzo in section 3.2.3 shows how VISSIM will be used to determine the capacity of the
intersections invoked in this project. This section shows the results for the rotor roundabout with an
inscribed radius of 12 m.

The diagrams in Figure 4-10 show that both lines for stream 02 start to increase simultaneously, this also
holds for streams 05 and 08. The diagrams show that for the other streams, the queue length starts to
build up earlier than the delay time. In conclusion, stream 02 is the restrictive stream on the leg E because
the queue of stream 02 spills back on streams 01 and 03. This also holds for stream 05 with respect to 04
and 06; and for stream 08 with respect to 07 and 09. Therefore, the capacity of leg E is determined by
stream 02 (t = 4,25 h; 3600 pcu/h); the capacity of leg S is determined by stream 05 (t = 4,5 h; 3800
pcu/h); and the capacity of leg W is determined by stream 08 (t = 4,5 h; 3800 pcu/h).

Northern leg: no saturation

The lines for the streams on leg N (stream 10, 11 and 12) do not show any saturation, because the lines do
not start to increase within the shown interval (2.25 h through 6.0 h). The point of saturation of this leg
takes event after t = 6.0 h. This is a remarkable observation, because the leg-by-leg control has been
composed such, that no leg has preference over the other legs (see appendix K: VRIGen model
development). VRIGen generated structures based on demand patterns which are equal to those applied
in the dynamic assignment in VISSIM.

A possible explanation for the ‘insatiable’ leg N is the small traffic demand on that leg: merely 60% of the
total demand on leg E (see appendix B: Demand patterns). The total traffic demand can be served within
the maximally extended green phase, up to a total demand higher than 5000 pcu/h (at t = 6.0 h).
However, this should also hold for leg S, where the total demand is also equal to 60% of the total demand
on leg E. Figure 4-11 shows that the capacity lines of both legs do not coincide.

Due to the lack of sufficient explanation on the excessive capacity of the northern leg, the observations on
this leg will be excluded from the capacity evaluation.

Overview of the saturation points
Table 4-7 presents the capacity values for all traffic streams, ordered per demand pattern (the first row

shows the observations from Figure 4-10) 2 The red values indicate the most restrictive traffic stream
per leg. The last column presents an estimation for the total capacity of the intersection, that is the
average of the restrictive streams. The restrictive streams on the northern leg have not been invoked in
this average, because no queue has built up on this leg.

Figure 4-11 shows the capacity values from Table 4-7 graphically. Four lines represent the capacity values
of the restrictive streams for every leg, but the first line represents the average value of legs E, S and W;
that is the estimated capacity of the intersection (line Av capacity). The sixth line in Figure 4-11 (Av delay)
represents the average delay time at capacity (averaged over all legs), projected to the secondary (left)
vertical axis.

2 In the table, the moments of saturation in time have directly been ‘translated’ to capacity values by
means of Figure 3-6.

66
%
TUDelft



4 Capacity modelling

Stream 01 ——Delaytime ——Queuelength Stream 02 ——Delaytime ——Queuelength
700 700 _ 700 / / 700 _
600 s00 £ 500 - s00 £
= / / =
Z 500 so0 B | gsoo s00 B
p i| g /S [ - i
£ 400 200 g g 400 / / 400 g
E g £ g
5200 200 ¢ %200 . 200 8
2 ° 3 Ay c
& 200 200 & & 200 &
e e
100 100 ¢ 100 g
L - - - - z ¥ I I
0 ——— a . . . a
2,25 25 275 3 3,25 35 375 4 425 45 475 5 525 55 575 6 225 25 275 3 325 35 375 4 425 45 475 5 525 55 575 6
Time [h] Time [h]
Stream 03 —s—Delay time —w=Cueue length Stream 04 ——Delaytime ——Queue length
700 700 700 }‘ = / 700
500 s00 £ 500 s00 £
= / / =
g 500 500 _? 500 / / 500 E
g 200 400 g g 00 - = 400 g
£ - [ /- H
=300 200 § =300 200 3
a = = /{ / =
& 200 200 & & 200 - 200 8
z E / / - E
100 TS S J—— 100 5 100 —— = = 7 100 5
v s —
0 ¥+ r r T F 71— o 0 ———p————F—F 0
2,25 25 275 3 325 35 375 4 425 45 475 5 525 55 575§ 2,25 25 275 3 325 35 375 4 425 45 475 5 525 55 575 6
Time [h] Time [h]
Stream 05 =e—Delaytime =w=Queuelength Stream 06 =—e—=Delaytime =—s=—Queue length
700 f ){ 700 _ 700 / / 700 _
600 s00 £ 600 s00 £
[~/ 3 / / 3
& 500 - s00 B | g 500 - s00 B
o =2 o =2
£ 400 / /. = 400 g £ 400 = 400 Ty
; ;! /7 :
o o
= =
Fa00 // 300 500 / / 300 5
& 200 f = 200 & & 200 - 200 &
: £ i - £
100 = = = 100 100 — = > = 7 100
- Y 2 5 . S, g— —— —_2 __, T 5
0 it : : T T T T - 0 0 = = : : — —F : . —F— T 0
2,25 25 2,75 3 3,25 35 375 4 425 45 475 5 525 55 575 & 2,25 25 275 3 325 35 375 4 425 45 475 5 525 55 575 6
Time [h] Time [h]
Stream 07 ——Delaytime ——Queue length Stream 08 ——Delaytime ——Queue length
700 700 _ 700 / / 700 _
600 s00 £ £00 - s00 £
= / / =
5500 500 Eﬂ 5500 YA -~ 500 Eﬂ
g 400 400 g g 400 400 g
£ HE J A -
o o
- =
g0 00 8 g0 / _/ 00 8
& 200 200 & | &Boo0 = = 200 &
- I - / 4
100 — - 100 g 100 — = 100 ¢
r - = ¥ % <L + 1 1 - = < <
0 — ' f 7 : - o o — ¥ * : T T T T T T T T T o
2,25 25 2,75 3 325 35 375 4 4,25 45 475 5 535 55 575 & 2,25 25 2,75 3 325 35 375 4 425 45 475 5 535 55 575§
Time [h] Time [h]
Stream 09 ——Delaytime —-—Queuelength Stream 10 —s—Delaytime =—w—=Queuelength
700 700 _ 700 700 _
600 s00 £ 500 s00 £
= =
F 500 500 E F 500 500 E
g 400 200 g | B 400 200 g
E g E g
=200 300 3 | B30 300 8
= T = T
& 200 200 8 | & 200 200 &
e e
100 + —— — 100 ¢ 100 — ——————— 100 g
—F - — 1 < p—v——— = x I —— m—— 3 B3
0 L * r ; 7 - : ; ; ; : : T 0 0 - ¥ p—p——p—— ? ? * ' 1 = ¥ 0
2,25 25 2,75 3 3,25 35 375 4 425 45 475 5 525 55 575 & 2,25 25 275 3 325 35 375 4 425 45 475 5 525 55 575 6
Time [h] Time [h]
Stream 11 ——Delaytime ——Queuelength Stream 12 ——Delaytime ——Queuelength
700 700 _ 700 700 _
600 s00 £ £00 a0 £
= =
=500 500 Eﬂ =500 500 Eﬂ
E-wu 400 @ E‘WU 400 g
E g E g
S 200 200 ¢ S 200 200 §
= T = T
& 200 z00 & & 200 z00 &
4 4
100 T e 100 g 100 e ——— =100 ¢
o = — . S— S 1 0o = o = e~ I, <
2,25 25 2,75 3 3,25 35 375 4 4,25 45 475 5 525 55 575 & 2,25 25 2,75 3 325 35 375 4 4,25 45 475 5 5235 55 575§

Figure 4-10 Diagrams of the delay time and the queue length on the rotor roundabout with inscribed

Time [h]

Time [h]

12 m, demand pattern 20, all streams, averaged over all random seeds
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4 Capacity modelling

Table 4-7 Rotor roundabout with an inscribed radius of 12 m: capacity values for every stream separately, per
demand pattern (red values represent the constraining streams on the leg)

DP20 4200 3800 3600 4400 3800 4400 4000 3800 4000 3733
DP40 4000 3200 3000 4600 4000 4600 4400 3200 4200 3400
DP60 3800 3000 2600 4800 4000 4800 4400 3200 2800 3133
DP80 3800 3000 3800 4600 3600 4200 4200 3400 4000 3333
DP100 4200 3400 3600 5000 3800 3600 4600 3800 3800 3600
DP120 4200 3600 3000 5000 3800 3200 4600 3800 3200 3133
DP140 3800 3400 3000 4800 4000 3200 4200 3800 3000 3067
DP160 3800 3400 2600 4400 3800 2400 4000 3600 3000 2667
DP180 3600 3200 2400 4400 3600 2600 3800 3600 2400 2467
DP200 3400 3000 2400 4200 3600 2600 3800 3400 2600 2533
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Figure 4-11 Rotor roundabout with an inscribed radius of 12 m: estimated capacity and average delay, as a function
of the left-turning streams

Conclusions

Figure 4-11 yields that the capacity differs per leg, especially with respect to the demand patterns in
which the straight-ahead streams are busier than the left-turning traffic streams (20% through 80%). An
explanation for this observation is, that the traffic demand on legs S and N is merely 60% of the demand
on leg E. These legs become saturated later than legs E and W, because the traffic demand is lower. This is
also illustrated by the notion that the lines representing legs E and W coincide quite well, while the line
representing leg S is structurally higher than the lines representing legs E and W.
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4 Capacity modelling

4.3.3. VISSIM: rotor roundabout, inscribed radius 20 m

Table 4-8 shows the capacity values for every stream on the rotor roundabout, following from the delay
time/queue length diagrams. From the table can be concluded that for demand patterns in which the
straight-ahead streams are busier than the left-turning streams (DP20 through DP100), the straight-ahead
streams are mostly restrictive. For demand patterns DP120 through DP200, the left-turning streams are
mostly restrictive. The conclusion has also been drawn for the rotor roundabout with an inscribed radius
of 12 m.

Table 4-8 Rotor roundabout with an inscribed radius of 20 m: capacity values for every stream separately

DP20 4400 3600 3600 5400 3400 3400 5200 3600 3600 3533
DP40 4400 3600 3600 5400 4200 3800 5000 3800 3600 3667
DP60 4200 3400 3200 5000 3800 3600 4600 3600 3000 3267
DP80 4400 3800 4000 5400 4200 4400 4800 3800 4800 3933
DP100 4600 4000 3800 5600 4400 4000 5200 4400 4400 4067
DP120 4600 4200 3400 5600 4200 4000 5200 4200 3600 3667
DP140 4400 4000 4800 5400 4400 4000 4800 4200 3600 3867
DP160 4200 3800 3200 5200 4400 3600 4600 4200 3600 3467
DP180 4000 3600 3000 4800 4400 3000 4400 4200 3200 3067
DP200 4000 3600 2800 4800 4200 3000 4400 3800 3200 3000

The restrictive streams (red values) have again been used to estimate the capacity of the signalized rotor
roundabout, yielding the values in the most right column. Figure 4-12 shows the values graphically.
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Figure 4-12 Rotor roundabout with an inscribed radius of 20 m: estimated capacity and average delay

Conclusions

Figure 4-12 yields the same conclusions as Figure 4-11.
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4 Capacity modelling

4.3.4. VISSIM: star roundabout, inscribed radius 12 m

Figure 4-9 shows the capacity values for every stream on the star roundabout, following from the delay
time/queue length diagrams. From the table can be concluded that for all demand patterns, the straight-
ahead streams on legs E and W, and the left-turning stream on leg S are mostly restrictive.

The restrictive streams (red values) have again been used to estimate the capacity of the signalized star
roundabout, yielding the values in the most right column. Figure 4-13 shows all values graphically.

Table 4-9 Star roundabout with an inscribed radius of 12 m: capacity values for every stream separately

DP20 3400 3800 6800 6600 4200 3400 4467

DP40 4000 4600 6600 6400 5000 4200 4867
DP60 4200 4000 6400 6400 5400 4800 5067
DP80 3800 3800 6400 6200 6000 5400 5133
DP100 3600 3800 6400 6000 6600 5600 5067
DP120 3600 3600 6400 5800 6400 6000 5133
DP140 3800 4200 6000 5200 6400 6200 5067
DP160 4000 4200 5600 4800 6400 6200 5000
DP180 4200 4200 5400 4800 6600 6400 5133
DP200 4200 4200 5200 4400 6800 6400 5000
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Figure 4-13 Star roundabout with an inscribed radius of 12 m: estimated capacity and average delay

Conclusions

Figure 4-13 yields that the capacity differs vastly per leg, with respect to all demand patterns. The capacity
of leg E appears to be independent of the factor left-turning/straight-ahead streams and keeps a constant
value between 3400 pcu/h and 4200 pcu/h. On the other hand, the capacity of the other two legs appears
to depend on the factor left-turning/straight-ahead streams: the capacity of leg S decreases as the left-
turning intensities increase, while the capacity of leg W increases as the left-turning intensities increase.

The major differences between the legs might be caused by the demand patterns for the three-leg
intersections (see appendix B: Demand patterns). The patterns are constructed such, that the straight-
ahead and right-turning traffic streams are constant, and the left-turning streams increase over the
patterns (e.g. in DP20 the left-turning streams amount to 20% of the neighbouring straight-ahead stream,

70
%
TUDelft



4 Capacity modelling

etc.). In that case, the total demand per leg is constant for intersections with four legs, because every leg
contains a left-turning stream. However, leg W on the star roundabout does not contain a left-turning
stream. Therefore, the total demand on that leg decreases as the left-turning intensities increase. That
explains why the capacity of leg W increases as the left-turning intensities increase: the saturation point is
reached later because of a lower total demand on leg W.

4.3.5. VISSIM: star roundabout, inscribed radius 20 m

Similar to the star roundabout with an inscribed radius of 12 m, Table 4-10 shows that for all demand
patterns, the straight-ahead streams on legs E and W, and the left-turning stream on leg S are mostly

restrictive.

Table 4-10 Star roundabout with an inscribed radius of 20 m: capacity values for every stream separately

DP20 4800 5200 9400 8800 5600 5000 6200
DP40 5400 5600 9000 8400 6200 5800 6533
DP60 4800 4800 8800 8000 6800 6000 6267
DP80 5400 5400 8000 7800 7000 6200 6467
DP100 4400 4400 6600 6400 6600 6000 5600
DP120 4000 4000 6600 5400 7400 6800 5400
DP140 4000 4200 6200 5200 7800 7200 5467
DP160 4000 4200 5600 4600 8000 7600 5400
DP180 4200 4400 5600 4600 8000 8000 5600
DP200 4400 4400 5600 4400 7400 8000 5400

The restrictive streams (red values) have again been used to estimate the capacity of the signalized star
roundabout, yielding the values in the most right column. Figure 4-14 shows all values graphically.
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Figure 4-14 Star roundabout with an inscribed radius of 20 m: estimated capacity and average delay

Conclusions

Similar to the star roundabout with an inscribed diameter of 12 m, the capacities of the legs of this
(larger) star roundabout differ vastly. Again, leg E has a fairly constant low capacity, whereas the capacity
of leg S decreases as the left-turning intensities increase, and the capacity of leg W increases as the left-

turning intensities increase.

71

%
TUDelft



4 Capacity modelling

4.3.6. VISSIM: partial turbo circle, inscribed radius 12 m

From Table 4-11 can be concluded that on all legs and for almost all demand patterns, the left-turning
traffic stream is restrictive. This is in line with expectation, because the left-turning vehicles have to queue
up on the partial turbo circle.

Table 4-11 Partial turbo circle with an inscribed radius of 12 m: capacity values for every stream separately

DP20 4800 5000 4600 4800 4800 5600 5600 6000 4800 4800 5200 5600 4733
DP40 4600 4600 3800 4400 4200 4200 5000 4800 3400 5400 5000 4000 3800
DP60 3600 3400 3000 4000 4200 3200 3800 3600 3000 4400 4400 3200 3067
DP80 4000 3800 3200 5800 4800 3600 4400 4000 3200 4800 4800 3600 3333
DP100 4000 3800 3000 4800 4400 3400 4400 4000 3200 4800 4400 3400 3200
DP120 3800 3600 2800 4600 4400 3200 4400 4400 3000 5000 4400 3400 3000
DP140 3800 3600 2800 4800 4800 3000 4200 4000 2800 5000 4800 2800 2867
DP160 3800 3800 2600 4600 4000 2800 4200 4200 2800 5000 5000 2800 2667
DP180 3600 3600 2400 4800 5200 2800 4000 4000 2800 4800 4600 2600 2667
DP200 3600 3600 2400 4600 4600 2600 3800 3800 2400 4800 4600 2600 2467

The restrictive streams (red values) have again been used to estimate the capacity of the partial turbo
circle, yielding the values in the most right column. Figure 4-15 shows all values graphically.
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Figure 4-15 Partial turbo circle with an inscribed radius of 12 m: estimated capacity and average delay

Conclusions

The partial turbo circle has a high capacity for demand patterns with small left-turning intensities. The
capacity lines representing the different legs coincide quite well, in contrast to the diagrams for the star
roundabouts. Neither has leg N an extraordinary high capacity, in contrast to the diagrams for the rotor
roundabouts.
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4 Capacity modelling

4.3.7. VISSIM: partial turbo circle, inscribed radius 20 m

From Table 4-12 can be concluded that on all legs and for almost all demand patterns, the left-turning
traffic stream is restrictive. This is in line with expectation.

Table 4-12 Partial turbo circle with an inscribed radius of 20 m: capacity values for every stream separately
| LegE | LegS | Leg W | Leg N \ |
| 01 02 03 | 04 05 06 | 07 08 09 | 10 11 12 | AV
DP20 5400 5400 5600 5000 5000 6000 6000 5800 6600 4800 5400 5800 5400

DP40 4800 4600 3800 4600 4400 4200 5200 5000 3800 5400 5400 4000 3933

DP60 4800 4600 3600 4800 5000 4200 5000 4800 3600 5800 5400 3800 3800

DP80 4400 3600 3600 5200 3800 4000 4000 3800 3600 4400 4400 3600 3667

DP100 4200 4000 3200 5400 5200 3600 4600 4200 3600 5400 5200 3600 3467

DP120 4200 4000 3200 5000 4600 3600 4400 4000 3200 5000 4600 3200 3333

DP140 4000 4000 2800 5200 4400 3200 4400 4400 3000 5200 5000 3200 3000

DP160 4000 4000 2600 4800 4200 2800 4400 4200 2800 5000 4400 2800 2733

DP180 3800 3800 2600 5000 4800 2600 4000 4000 2400 4800 4600 2800 2533

DP200 3600 3600 2400 4400 3800 2400 4000 4000 2400 4800 4600 2400 2400

The restrictive streams (red values) have again been used to estimate the capacity of the partial turbo
circle, yielding the values in the most right column. Figure 4-16 shows all values graphically.
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Figure 4-16 Partial turbo circle with an inscribed radius of 20 m: estimated capacity and average delay

Conclusions

Figure 4-16 yields the same conclusions as Figure 4-15.
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4.3.8. VISSIM: four-leg turbo circle, inscribed radius 12 m

4 Capacity modelling

From Table 4-13 can be concluded that on all legs and for almost all demand patterns, the left-turning
traffic stream is restrictive. This is in line with expectation.

Table 4-13 Turbo circle with an inscribed radius of 12 m: capacity values for every stream separately

| LegE | Leg$S | Leg W | Leg N |

| 01 ‘ 02 03 | 04 05 06 | 07 08 09 | 10 11 12 | AV
DP20 9200 8800 9200 9800 9200 9800 9800 8400 9800 8800
DP40 8400 8000 7000 9400 8200 7200 10000 8400 9000 7533
DP60 7400 7000 5800 8000 7200 6000 9600 8600 6200 6000
DP80 7000 6800 5600 7200 6600 5600 8400 7800 6000 5733
DP100 6600 6400 5200 7000 6400 5400 8000 7600 5600 5400
DP120 6400 6000 5200 6800 6400 5400 7200 7000 5200 5267
DP140 6400 6000 5000 6600 6200 5200 7400 7000 5000 5067
DP160 6200 5600 4800 6600 6000 5400 6800 6200 5400 5200
DP180 5800 5400 4600 6400 6200 5000 7000 6400 4800 4800
DP200 5600 5400 4600 6000 5800 4800 6200 6600 4600 4667

The restrictive streams (red values) have again been used to estimate the capacity of the turbo circle,
yielding the values in the most right column. Figure 4-17 shows all values graphically.
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Figure 4-17 Turbo circle with an inscribed radius of 12 m: estimated capacity and average delay

Conclusions

The turbo circle has a high capacity for demand patterns where the left-turning intensities are low. The
capacity lines representing the different legs coincide quite well, except for the line representing leg S.
Just like leg N has a high capacity on the rotor roundabout, leg S has a high capacity on the turbo circle.
Therefore, the observations on this leg are excluded from the capacity evaluation.
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4 Capacity modelling

4.3.9. VISSIM: four-leg turbo circle, inscribed radius 20 m
Table 4-14 can be concluded that the left-turning traffic streams are generally restrictive. This is in line
with expectation.

Table 4-14 Turbo circle with an inscribed radius of 20 m: capacity values for every stream separately
| LegE | LegS | Leg W | LegN |
| 01 02 03 | 04 05 06 | 07 08 09 | 10 11 12 | A\Y
DP20 9200 8800 9200 10000 9200 10000 10000 8800 10000 10000 9000 9800 8950

DP40 8800 8000 7800 10000 8400 8600 10000 9800 7400 10000 8600 9400 8050

DP60 8000 7600 6800 9400 8800 7400 9600 9000 7000 10000 9000 7800 7250

DP80 7600 7200 6200 10000 9400 7200 9600 9000 6200 10000 9400 7400 6750

DP100 7200 7000 6000 9600 9200 6800 8000 7600 6600 9600 9000 6400 6450

DP120 7000 7000 6000 8800 8800 6800 7600 7400 6200 8800 8400 6800 6450

DP140 7000 6800 5800 8800 8600 6400 7800 7000 6000 8600 8400 6400 6150

DP160 6800 6600 5600 8800 9600 6200 7400 6800 5800 9000 8800 6400 6000

DP180 6600 6200 5200 9600 9200 6000 7400 7200 5800 9200 8800 6000 5750

DP200 6600 6000 5200 9800 9400 5800 7400 7000 5600 9000 8600 6000 5650

The restrictive streams (red values) have again been used to estimate the capacity of the turbo circle,
yielding the values in the most right column. Figure 4-18 shows all values graphically.

Turbo Circle, 20 m

9400 170
8800 \‘\ 155
= 8200 - 140
-'g.. \’K =—4— Av capacity
2 7600 -+ 125
= — \)I\ == Cap legE

Delay time (s)

E o e—— W\V e Cap leg$s
E 6400 4 4 . 95 e CaplegW
5800 K‘w 80
5200 65 == Cap leg N

4600 . . . . . : : . 50 Av delay
20 40 60 80 100 120 140 160 180 200

Factor left-turning/straight-ahead (%)

Ca

Figure 4-18 Turbo circle with an inscribed radius of 20 m: estimated capacity and average delay

Conclusions

The capacity lines representing the different legs coincide quite well (including leg S, in contrast with the
turbo circle with an inscribed radius of 12 m). The lines representing legs E and W are structurally lower
than the average capacity; the lines representing legs S and N are structurally higher than the average
capacity. This is caused by the prevailing demand patterns, in which the total demand on legs S and N
amounts to merely 60% of the total demand on leg E.
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4 Capacity modelling

4.3.10. VISSIM: four-leg turbo circle, inscribed radius 30 m
Table 4-15 can be concluded that the left-turning traffic streams are generally restrictive. This is in line
with expectation.

Table 4-15 Turbo circle with an inscribed radius of 30 m: capacity values for every stream separately
| Leg E | Leg$S | Leg W | Leg N I
| 01 02 03 | 04 05 06 | 07 08 09 | 10 11 12 I AV
DP20 9200 8800 9200 10000 9200 10000 10000 10000 10000 9800 9000 9400 9250

DP40 8800 8200 8200 9600 8400 9600 10000 9800 9600 8400 8400 8400 8650

DP60 8400 7800 7200 9200 8400 9000 9800 8600 7200 10000 8000 9400 7700

DP80 7800 7200 6600 10000 9400 7800 9200 8800 6600 10000 9200 7200 7050

DP100 7600 7200 6400 8600 8600 7000 9200 8600 6400 8600 8400 6800 6650

DP120 7200 7000 6200 8600 8400 6800 9000 8400 6600 8600 8400 6800 6600

DP140 7200 7000 6200 8400 8200 6800 9000 8600 6400 8400 8400 6800 6550

DP160 7200 6800 6000 9600 9000 6200 7600 7200 6000 9400 9000 6400 6150

DP180 7000 6800 5800 9800 9400 5600 7200 7000 6000 9200 8800 6000 5850

DP200 6800 6600 5800 10000 9600 5600 7200 6800 5800 9800 9600 6000 5800

The restrictive streams (red values) have again been used to estimate the capacity of the turbo circle,
yielding the values in the most right column. Figure 4-19 shows all values graphically.
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Figure 4-19 Turbo circle with an inscribed radius of 30 m: estimated capacity and average delay

Conclusions

Figure 4-19 yields the same conclusions as Figure 4-18.
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4 Capacity modelling

4.3.11. VISSIM: three-leg turbo circle, inscribed radius 12 m

Similar to the signalized star roundabout, Table 4-16 shows that for all demand patterns, the straight-
ahead streams on legs E and W, and the left-turning stream on leg S are mostly restrictive. The only
difference with the star roundabout is, that stream 03 is restrictive on leg E for demand patterns with
busy left-turning streams. This is in line with expectation, because on the three-leg turbo circle, vehicles in
stream 03 have to queue up on the circle, in contrast with the signalized star roundabout.

Table 4-16 Three-leg turbo circle with an inscribed radius of 12 m: capacity values for every stream separately

DP20 3600 3800 7400 7400 6000 5600 5533

DP40 3600 4000 8000 8000 6400 5800 5800
DP60 3800 4200 7800 8000 6600 6000 5867
DP80 4000 4400 8000 7600 6400 5800 5800
DP100 4200 4600 7200 6600 7200 6400 5733
DP120 4200 4200 6600 6000 7600 7200 5800
DP140 4400 4000 6400 5200 8000 7400 5533
DP160 4400 4000 5800 4600 8000 8000 5533
DP180 4400 4000 5400 4400 8000 8000 5467
DP200 4000 3800 5400 4400 8000 8000 5400

The restrictive streams (red values) have again been used to estimate the capacity of the three-leg turbo
circle, yielding the values in the most right column. Figure 4-20 shows all values graphically.
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Figure 4-20 Three-leg turbo circle with an inscribed radius of 12 m: estimated capacity and average delay
Conclusions

Similar to the signalized star roundabout, the capacities of the legs of this three-leg turbo circle differ
vastly. Again, leg E has a comparably constant low capacity, whereas the capacity of leg S decreases as the
left-turning intensities increase, and the capacity of leg W increases as the left-turning intensities
increase. This is caused by the demand patterns, in which the demand on leg W decreases, while the
demand on the other legs increases.

A final interesting conclusion is that the average capacity of the three-leg turbo circle does not decrease
as the left-turning intensities increase, according to Figure 4-20. This conclusion does not coincide with
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4 Capacity modelling

the presumption in section 3.1., where the capacity of the three-leg turbo circle is presumed to decrease
as the left-turning intensities increase, because the vehicles in stream 03 have to queue up on the circle.
From visual observations of the VISSIM simulations and Table 4-16, the explanation can be drawn: the
capacity of stream 02 constrains the capacity of leg E. Stream 02 is supplied with only one lane, with a
sharp bend at the entrance to the circle 30. This bottleneck imposes a capacity constraint on leg E; the
capacity can be increased by supplying stream 02 with two lanes (four lanes on leg E).

4.3.12. VISSIM: three-leg turbo circle, inscribed radius 20 m

Again, Table 4-17 shows that for all demand patterns, the straight-ahead stream W, and the left-turning
stream on leg S are mostly restrictive. Regarding leg E: the left-turning stream is restrictive for demand
patterns with busy left-turning streams. This is in line with expectation.

Table 4-17 Three-leg turbo circle with an inscribed radius of 20 m: capacity values for every stream separately

DP20 4800 4800 8000 9200 6200 5600 6133

DP40 4800 5200 8200 9200 6600 5800 6267
DP60 5000 5000 8000 9200 7000 6400 6467
DP80 4800 5000 8800 8200 7000 6400 6467
DP100 5200 5600 8000 7000 7400 6800 6333
DP120 5400 5000 7200 6200 8000 7800 6333
DP140 5000 4800 6800 5600 8400 8000 6133
DP160 5400 5200 6400 5600 9200 8800 6533
DP180 5600 4800 6000 4800 9200 9200 6267
DP200 6000 4800 5600 4800 8800 8800 6133

The restrictive streams (red values) have again been used to estimate the capacity of the three-leg turbo
circle, yielding the values in the most right column. Figure 4-21 shows all values graphically.
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Figure 4-21 Three-leg turbo circle with an inscribed radius of 20 m: estimated capacity and average delay

30 This bend has a radius of 12 m. In VISSIM, the consequential speed reduction is simulated by a Reduced
Speed Area with a speed limit of 25 km/h, see appendix L (VISSIM model development).
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Conclusions

Again, leg E has a comparably constant low capacity, whereas the capacity of leg S decreases as the left-
turning intensities increase, and the capacity of leg W increases as the left-turning intensities increase.

4.3.13. VISSIM: three-leg turbo circle, inscribed radius 30 m

Again, Table 4-18 shows that for all demand patterns, the straight-ahead stream W, and the left-turning
stream on leg S are mostly restrictive. Regarding leg E: the left-turning stream is restrictive for demand
patterns with busy left-turning streams.

Table 4-18 Three-leg turbo circle with an inscribed radius of 30 m: capacity values for every stream separately

| Leg E | Leg S | Leg W |

lo2 03 |oa 06 [|o7 08 |av
DP20 5200 5600 7600 9600 6400 6400 6400
DP40 5400 5800 8600 8800 6800 6200 6733
DP60 5800 6000 9000 9800 6800 6600 /133
DP80 5800 6400 9400 8400 7200 6600 6933
DP100 6000 6600 8000 6800 7600 6800 6533
DP120 5800 5800 7200 6200 8000 7200 6400
DP140 6000 5400 6800 5600 9200 8600 6533
DP160 5600 5200 6400 5400 10000 8600 6400
DP180 5400 5200 6200 5200 10000 8800 6400
DP200 5000 4800 6000 5200 10000 9200 6400

The restrictive streams (red values) have again been used to estimate the capacity of the three-leg turbo
circle, yielding the values in the most right column. Figure 4-22 shows all values graphically.
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Figure 4-22 Three-leg turbo circle with an inscribed radius of 30 m: estimated capacity and average delay

Conclusions

Again, leg E has a comparably constant low capacity, whereas the capacity of leg S decreases as the left-
turning intensities increase, and the capacity of leg W increases as the left-turning intensities increase.
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4.4, Summary and conclusions

4.4.1. Un-signalized rotor and star roundabouts: results of the MSRV

The capacities of the signalized rotor and star roundabouts decrease as the left-turning intensities
increase. The capacity of the rotor roundabout ranges from 2912 pcu/h to 4553 pcu/h. The capacity of the
star roundabout ranges from 3676 pcu/h to 5075 pcu/h.

The delay time on the signalized rotor roundabout decreases as the left-turning intensities increase, while
the delay time on the signalized star roundabout increases as the left-turning intensities increase (except
for DP180 and DP200, where another leg constrains the capacity).

4.4.2. Signalized rotor and star roundabouts: results of the analytical approach

Duration of the maximum possible green phase overlap

The maximum possible green phase overlap per cycle depends on the geometrical design of the turbo
roundabout and the acceleration behaviour of the first departing vehicle. The signalized rotor roundabout
with an inscribed radius of 12 m (20 m) allows for a maximum possible green phase overlap of 3.2 5 (5.2 s)
per cycle. The signalized star roundabout with an inscribed radius of 12 m (20 m) allows for a maximum
possible green phase overlap of 3.8 s (6.9 s) per cycle. These values for the green phase overlap do not
depend on the duration of the green phase, but only on the geometrical design of the roundabout.

Capacity benefits thanks to the green phase overlap

There exists an optimal value for the cycle time duration, depending on the duration of the maximum
possible green phase overlap per cycle, and the prevailing demand pattern. The capacity of the
(symmetrical) rotor roundabout is maximized for the demand pattern in which all legs are equally
(symmetrically) loaded. The capacity of the (asymmetrical) star roundabout is larger for the set of demand
patterns applied in this project, than for the demand pattern in which all legs are equally loaded.

The optimum cycle time for the signalized rotor roundabout with an inscribed radius of 12 m is 47.2 s.
Effectively, the green phase overlap offers the possibility of extending the aggregated effective green time
per hour by 5% (3.2 / (24.0 + 13.6 + 18.8 + 13.6)), compared to the signalized rotor roundabout without
any green phase overlap. For the signalized rotor roundabout with an inscribed radius of 20 m, this
surplus is 6%. With respect to the signalized star roundabout, the green phase overlap offers a surplus of
7% (9%) for an inscribed radius of 12 m (20 m).

Consequently, the signalized turbo roundabout should be supplied with a static traffic control, in order to
optimally use the green phase overlap.

Capacity of the signalized rotor roundabout

With the maximum possible green phase overlap, the capacity of the signalized rotor roundabout with an
inscribed radius of 12 m (20 m) amounts to 3724 pcu/h (3687 pcu/h), depending on the demand pattern.
The value decreases as the left-turning intensities increases, down to 2793 pcu/h (2765 pcu/h) for the
demand pattern in which the left-turning intensities are twice as high as the straight-ahead intensities.
This is caused by the fact that the arriving vehicles are unequally distributed on the entrance lanes.

The capacity of the rotor roundabout with an inscribed radius of 20 m is slightly smaller than the capacity
of the rotor roundabout with an inscribed radius of 12 m. This is not in accordance with the presumption
from section 3.1.3, stating that the larger the roundabout, the larger the distance between every pair of
legs, the larger the green phase overlap, and thus the larger the capacity of the roundabout.

80
%
TUDelft



4 Capacity modelling

Apparently, the latter relationship is not correct: as the green phase overlap per cycle increases, the
capacity of the roundabout does not necessarily increase. This is caused by the fact that in a clockwise leg-
by-leg control, the green phases of two neighbouring legs may overlap, but the green phases of two
opposite legs may not overlap. In fact, a time interval should separate both green phases, because the last
vehicle in a left-turning stream needs time to cross the roundabout and clear the conflict area with the
opposite leg. Therefore, in order to use the maximum green phase overlap offered by the distance
between two neighbouring legs, the duration of the green phase of a leg has a lower boundary, equal to
this time interval, plus the green phase overlap between two legs, plus the yellow time. This minimum
green time determines the minimum cycle time.

As the inscribed radius increases, the green phase overlap per cycle increases. However, the minimum
green time must increase as well, because the green phases of two opposite legs may not overlap.
Therefore, the minimum cycle time increases. As the cycle time increases, the amount of cycles
decreases, decreasing the green phase overlap per hour. This is the reason why the capacity of the larger
rotor roundabout is slightly smaller than the capacity of the smaller roundabout.

Capacity of the signalized star roundabout

The capacity of the signalized star roundabout with an inscribed diameter of 12 m (20 m) amounts to
4900 pcu/h (4948 pcu/h). This is the capacity value for the demand pattern applied in this project, in
which the left-turning intensities are higher than the straight-ahead intensities. For the demand pattern in
which the left-turning intensities amount to 20% of the neighbouring straight-ahead intensities, the
capacity is comparably low: 4370 pcu/h (4417 pcu/h), while the capacity is higher than 5014 pcu/h (5065
pcu/h) if that percentage differs from 40% through 100%. The capacity for DP20 is low, because the
amount of lanes on the eastern leg is chosen comparably small (2.4). The capacity is maximized for DP60;
the amount of lanes serving traffic at capacity is large.

4.4.3. Signalized intersections: results of VISSIM

The capacity evaluation by means of the simulations yields the values for the capacity and the delay time
shown in Table 4-19.

Table 4-19 Capacity and delay time for every intersection type, resulting from the simulations
Intersection type Inscribed radius  Capacity (pcu/h) Delay time (s)

Signalized rotor roundabout 12 m 2500-3700 60-80
Signalized rotor roundabout 20m 3000-4100 70-80
Signalized star roundabout 12m 4500-5100 40-70
Signalized star roundabout 20m 5400-6500 55-80
Partial turbo circle 12m 2500-4700 70-80
Partial turbo circle 20m 2400-5400 65-80
Turbo circle 12m 4700-8800 90-120
Turbo circle 20m 5700-9000 95-120
Turbo circle 30m 5800-9300 95-110
Three-leg turbo circle 12m 5400-5800 65-85
Three-leg turbo circle 20m 6100-6500 70-95
Three-leg turbo circle 30m 6400-7100 90-115

With regard to the signalized rotor roundabout: the capacity is optimized for the demand pattern in which
the straight-ahead streams are equal to the left-turning streams. The capacity values per leg vary
modestly for demand patterns in which the straight-ahead streams are busier than the left-turning
streams. The simulations yield extraordinary high capacity values for leg N, the observations on this leg
are therefore excluded from the capacity evaluation.

81
%
TUDelft



4 Capacity modelling

With regard to the signalized star roundabout and the three-leg turbo circle: the capacity values per leg
vary substantially. Leg E has a low capacity, fairly constant over different demand patterns. The capacity
of leg S decreases as the left-turning streams become busier, while the capacity of leg W increases as the
left-turning streams become busier.

The major differences between the legs might be caused by the demand patterns for the three-leg
intersections (see appendix B: Demand patterns). The patterns are constructed such, that the straight-
ahead and right-turning traffic streams are constant, and the left-turning streams increase over the
patterns (e.g. in DP20 the left-turning streams amount to 20% of the neighbouring straight-ahead stream,
etc.). In that case, the total demand per leg is constant for four-leg intersections, because every leg
contains a left-turning stream. However, the western leg on the star roundabout and the three-leg turbo
circle does not contain a left-turning stream. Therefore, the total demand on that leg decreases as the
left-turning intensities increase. That explains why the capacity of the western leg increases as the left-
turning intensities increase: the saturation point is reached later because of a lower total demand on the
western leg.

With regard to the (partial) turbo circle: the capacity of the intersection decreases as the left-turning
intensities increases. This coincides with the presumption from chapter 2 (Literature review), where this is
explained by the fact that left-turning vehicles have to queue up on the circle. The available queuing space
on the circle thereby constraints the capacity of the intersection.

Moreover, the lines representing legs E and W are structurally lower than the average capacity; the lines
representing legs S and N are structurally higher than the average capacity. This is caused by the
prevailing demand patterns, in which the total demand on legs S and N amounts to merely 60% of the
total demand on leg E.
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5. Other performance indicators

The performance of the signalized turbo roundabout should be evaluated based on various performance
indicators. So far, a lot of attention has been paid to the capacity of and delay times on the turbo
roundabout. This chapter addresses the four other performance indicators: space requirement (first
section), robustness (second section), traffic safety (third section) and environmental considerations
(fourth section).

5.1. Space requirement
Appendix D (Geometrical designs) determines the space requirements of all intersections types invoked in

this project. Table 5-1 presents an overview of inscribed and outer radii.

Table 5-1 Overview of the inscribed and outer radii
Inscribed radius  Outer radius

Rotor roundabout 12m 52m
Rotor roundabout 20m 64 m
Star roundabout 12m 56 m
Star roundabout 20m 68 m
Partial turbo circle 12m 66 m
Partial turbo circle 20m 77 m
Four-leg turbo circle 12m 79 m
Four-leg turbo circle 20m 91m
Four-leg turbo circle 30m 106 m
Three-leg turbo circle 12m 65 m
Three-leg turbo circle 20m 76 m
Three-leg turbo circle 30m 92 m
5.2. Robustness

Robustness indicates the performance of an intersection if the prevailing traffic demand pattern differs
from the pattern for which the intersection was designed. Robustness can be assessed on a long term (a
persistent change of the prevailing demand pattern) and on a short term (an irregularity such as an crash
on or near the intersection). This study pays attention to the effect of the combination of traffic control
and demand pattern on the capacity of the signalized turbo roundabout. Therefore, changes in the
demand pattern (temporary and persistent) will be considered.

Section 4.2.2 showed that the cycle time of the traffic control on the signalized turbo roundabout
influences the capacity. The cycle time duration has an optimum value, for which the capacity is
maximized. Therefore, the signalized turbo roundabout is not as robust as the un-signalized turbo
roundabout: a deflection from the cycle time yields a lower capacity. Consequentially, the signalized turbo
roundabout should be equipped with a fixed-time control, but such a control generally leads to
unnecessary delay times (Muller, 1997).

The (partial) turbo circle also has a drawback on the criterion of robustness. Due to the two-phase control,
the left-turning vehicles have to queue up on the circle. Therefore, the available queuing space yields a
capacity constraint. If, for some reason, the left-turning stream from (one of) the entrance leg(s)
increases, the intersection might become oversaturated.

In conclusion, both the signalized turbo roundabout and the (partial) turbo roundabout showcase a
drawback with respect to this criterion. The un-signalized rotor and star roundabouts are more robust
than the other intersections.
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5.3. Traffic safety

This section on traffic safety consists of two parts. The first part will present a comparison of the
conventional intersection and the roundabout. This part is based on literature and concludes that the
roundabout is safer than the conventional intersection. The second part considers the consequences of
traffic signals on roundabouts, based on rational considerations (or: expert judgment of the author).
These considerations will result in a set of hypotheses; proposals for future research.

5.3.1. Comparison of the conventional intersection and the roundabout

Fortuijn (2013) and the SWOV (2012) state that the roundabout is safer than the conventional (non-
circular) signalized intersection. The SWOV quantifies the difference: the single-lane roundabout offers a
safety benefit of ca. 46% less severe casualties, compared to the conventional signalized roundabout. This
safety benefit is caused by two considerations:
- the roundabout has less (potential) conflicts, thus reducing the psychological load imposed by
the complex driving task;
- the average speed on the roundabout is lower. Therefore, the potential energy in case of an
accident is smaller and the probability of severe casualties less.

The driving task on a roundabout is less complex compared to the conventional intersection, because
there are less (potential) conflicts, illustrated by Figure 5-1. While entering the conventional intersection,
the driver has to pay attention to two (for right-turning movements), five (for left-turning movements), or
six conflicting streams (for straight-ahead movements). The road user has to pay attention to all of the
conflicting streams simultaneously, this requires a substantial load of visual information to be processed
in a limited amount of time, accompanied by the need for large head turns. While entering the
roundabout, the road user only has to pay attention to one conflicting stream; a small head turn is
required to obtain the required visual information.

)V
R
\/ \/

. 31 . . . .
Figure 5-1 ~~ The amount of (potential) conflicts is lower on a roundabout, compared to the conventional
intersection (subtracted from SWOV, 2012, p.3)

Another aspect reducing the driving task on the roundabout is the complexity, caused by the amount of
lanes. On a conventional intersection, drivers have to choose a lane before entering the intersection. This
is a task on the manoeuvring level (Michon, 1987); the route choice on the strategic level should already
have been made. Therefore, the route signs should meet the driver’s information requirements. On the
single-lane roundabout, lane choice is irrelevant because there is only one lane. The route choice can be
made later; on the roundabout.

The lane and route choice are more complex on the (multi-lane) rotor and star roundabouts. If the
environment is unfamiliar to the driver, the lane choice before entering the roundabout may be complex.

31 The red dots indicate (potential) conflict points.
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To reduce complexity, the road environment should be sufficiently recognizable and predictable; the
route signs play an important role.

5.3.2. Consequences of traffic signals on the roundabout

Traffic signals do not change the amount of conflict points, however, they may alter the nature of the
conflict points. In the case of un-protected conflicts, most road users consciously pay attention to the
conflicting streams. In the case of protected conflicts, many road users blindly rely on the traffic signal and
refuse (purposely or not) to pay attention to the conflicting streams. This may reduce the perceived task
load, but may also worsen traffic safety on the roundabout. This presumption is solely based on a rational
consideration of microscopic behaviour, and needs therefore to be studied.

Traffic signals might relieve the perceived driving task, because the driver does not have to pay attention
to the conflicting stream anymore. Instead, he can focus his attention to the lane choice while keeping an
eye on the traffic signal. However, the perceived driving task will probably be aggravated if the traffic
signals are turned off or show flashing yellow. In that case, the driver has to pay attention to the lane
choice and the conflicting stream, and he might also wonder why the traffic signal is installed aside the
road, requiring part of his limited attention.

One of the most important causes for crashes on signalized intersections in general, is red light negation
(Muller, 1997, p.168). When a traffic signal turns from green to yellow, the approaching drivers have to
decide whether to yield or to drive through. On the one hand, if a driver decides to yield and a following
driver wishes to drive through, a head-tail collision is likely to occur. On the other hand, a hurried driver
observing the yellow light, might decide to accelerate in order to enter the intersection just within the
yellow phase. He might in fact cross the red light; in that case, there is a chance that the clearance time is
not long enough to prevent a crash with a fastly accelerating conflicting vehicle in a stream in the next
stage. Therefore, red light negation might be a second argument for the statement that traffic signals
influence traffic safety on a roundabout negatively. A topic for further research is the question whether
this argument also holds signalized (turbo) roundabouts.

Traffic signals may also influence the speed on the roundabout. As indicated in the former paragraph, a
hurried driver may accelerate in order to enter the intersection just within the yellow phase.
Consequently, the (maximum) speed on a roundabout may increase, and therefore the potential energy in
case of a crash may increase. The probability of a crash is considerable in that case, because the driver
crosses the yellow light, or the first second(s) of the red light. Again, this presumption is solely based on
rational considerations; the influence on traffic safety depends on a variety of factors.

From these considerations, a set of hypotheses for future research results:

1. The un-signalized roundabout is inherently safer than the signalized roundabout;

2. The perceived driving task is more complex on un-signalized roundabout than on signalized
roundabouts;

3. A) Drivers approaching an un-signalized roundabout pay consciously attention to traffic on the
roundabout;

3. B) Drivers approaching a signalized roundabout do not pay consciously attention to traffic on the
roundabout;

4. A) Red light negation on signalized roundabouts occurs to such an extent, that traffic safety
worsens;

4. B) Head-tail collisions on signalized roundabouts occur to such an extent, that traffic safety
worsens.

5. The average and maximum speed on a signalized roundabout are higher than the average and
maximum speed on an un-signalized roundabout.
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Appendix L presents LED-technology; this novelty might reduce the complexity of the signalized turbo
roundabout, and increase clarity and traffic safety. A direct relationship between the hypotheses and LED-
illumination does not exist.

5.4. Environmental considerations

The final performance indicator is environmental burden. The literature (a.o. Fortuijn, 2013) indicates that
the un-signalized roundabout yields environmental benefits compared to signalized intersections. An
explanation is that the amount of stops at signalized intersections is generally higher than the amount of
stops at un-signalized intersections. Therefore, vehicles have to decelerate and accelerate more often at
signalized intersections; un-signalized roundabouts yield reduced air pollution and noise. Therefore, the
signalized intersections perform worse than un-signalized intersections in general.

5.5. Summary and conclusions

Indicator space requirement: Table 5-2 presents an overview of the space requirement of the intersection
invoked in this project. Indicator robustness: the signalized intersections perform worse than un-
signalized intersections. The signalized turbo roundabout has an optimum cycle time; any deflection from
this cycle time results in a lower capacity. Therefore, the signalized turbo roundabout is sensitive to
sudden (temporary) changes in traffic demand. On the (partial) turbo circle, traffic has to queue up on the
circle. These intersections are therefore sensitive to a sudden (temporary) increase in left-turning
intensities. Indicator safety: traffic signals may worsen traffic safety on a roundabout, because they
probably alter the nature of the (potential) conflicts on the roundabout. In particular, on an un-signalized
roundabout drivers pay consciously attention to the conflicting stream, but on a signalized roundabout
many drivers blindly rely on the traffic signal, probably. Therefore, the signalized intersections are
generally presumed to perform worse than un-signalized intersections, because the (potential) conflicts
on signalized intersections presumably have a fundamentally different nature than the (potential)
conflicts on un-signalized intersections. Moreover, the maximum speed on signalized intersections is
probably higher than the average speed on un-signalized intersections, decreasing safety. Indicator
environment: the signalized intersections perform worse than un-signalized intersections, because in
general, vehicles have to decelerate and accelerate more often at signalized intersections; un-signalized
roundabouts yield reduced air pollution and noise. Table 5-2 presents an overview of the conclusions.

Table 5-2 Performance of four-leg intersections, resulting from the simulations

Intersection type Space requirement Robust- Safety Environ-
Inscribed outer ness ment
Un-signalized rotor roundabout 12 m 52 m + + +
Un-signalized rotor roundabout 20m 64 m + + +
Un-signalized star roundabout 12 m 56 m + + +
Un-signalized star roundabout 20m 68 m + + +
Signalized rotor roundabout 12 m 52m - - -
Signalized rotor roundabout 20m 64 m - - -
Signalized star roundabout 12m 56m - - -
Signalized star roundabout 20m 68 m - - -
Partial turbo circle 12m 66 m - - -
Partial turbo circle 20m 77 m - - -
Turbo circle 12m 79m - - -
Turbo circle 20m 91m - - -
Turbo circle 30m 106 m - - -
Three-leg turbo circle 12m 65 m - - -
Three-leg turbo circle 20m 76 m - - -
Three-leg turbo circle 30m 92m - - -
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6. Conclusions

This chapter describes the findings of this project in the first section; the findings comprise the results of
the capacity models. From these findings, the conclusions will be drawn in the second section. The
conclusions aim to answer the research question, inquiring for the applicability range of the signalized
turbo roundabout. Primarily, the capacity determines the applicability ranges, and secondarily, the other
performance indicators will be invoked in the second section. In the third section, the implications will be
formulated, distinguishing between implications for scientific research and implications for professional
traffic engineering. Finally, the fourth section presents an overview of recommendations for further
research.

6.1. Findings from the application of the models

This section presents the findings from this study. They will be presented in diagrams, in which the
capacity results of the three applied models are shown. That way, the un-signalized rotor roundabout will
be compared with the signalized rotor roundabout firstly. Next, the (un-)signalized rotor roundabout will
be compared with the (partial) turbo circle. Likewise, the un-signalized star roundabout will be compared
with the signalized star roundabout, and the (un-)signalized star roundabout will be compared with the
three-leg turbo circle.

Capacity (pcu/h)
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Figure 6-1 ~  (Un-)signalized rotor roundabout with an inscribed radius of 12 m: capacity and delay time

Rotor roundabout: signalized vs. un-signalized

Figure 6-1 and Figure 6-2 show the capacity of and delay time on the (un-)signalized rotor roundabout
with inscribed radii of 12 m and 20 m. Regarding the comparison between the capacity of the un-
signalized rotor roundabout (MSRV) and the capacity of the signalized rotor roundabout (the analytical
approach and VISSIM), the diagrams show that the un-signalized rotor roundabout with an inscribed
radius of 12 m offers a higher capacity than the signalized rotor roundabout with an inscribed radius of 12

m 33, while the delay time more than doubles. The capacity of the signalized rotor roundabout with an
inscribed radius of 20 m might is 0 pcu/h to 500 pcu/h higher than the capacity of the un-signalized rotor

32 Chapter 7 (Reflection) argues that the lines representing the AA and VISSIM underestimate the capacity,
because the green phase overlap is underestimated. Also, chapter 7 presents three reasons why the line
representing VISSIM underestimates the capacity: 1) the presence of route choice in the VISSIM network;
2) the poor modelling of green phase cut-off criteria by TrafCOD; and 3) the choice for vehicle-actuated
control.

3 The capacity results of the analytical approach and VISSIM do not entirely coincide, but in general they
are equal to or lower than the capacity results of the MSRV.
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roundabout with the same radius, only for demand patterns in which the left-turning streams are busier
than the straight-ahead streams. In contrast, the delay time more than doubles.
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Figure 6-2 (Un-)signalized rotor roundabout with an inscribed radius of 20 m: capacity and delay time
Signalized rotor roundabout vs. (partial) turbo circle
Figure 6-3 shows the comparison of (un-)signalized rotor roundabout with an inscribed radius of 20 m and
the partial turbo circle with inscribed radii of 12 m and 20 m, based on the criteria of capacity and delay
time. The diagrams show that the partial turbo circle has a lower capacity than the (un-)signalized rotor
roundabout. Only for low left-turning intensities, the partial turbo circle with an inscribed radius of 20 m
might offer a higher capacity. The delay times on the rotor roundabout and the partial turbo circle are
comparable.
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Figure 6-3 34 (Un-)signalized rotor roundabout with an inscribed radius of 20 m and the partial turbo circle (PTC)
with inscribed radii of 12 m and 20 m: capacity and delay time

Figure 6-4 shows the comparison of the (un-)signalized rotor roundabout with an inscribed radius of 20 m
and the turbo circle with inscribed radii of 12 m, 20 m and 30 m, based on the criteria of capacity and
delay time. The diagrams show that the turbo circle has a structurally higher capacity than the rotor

roundabout. The difference between the capacities of the turbo circles with inscribed radii of 20 m and 30
m is not large.

34 Chapter 7 (Reflection) presents three reasons why the lines representing the partial turbo circle
underestimate the capacity: 1) the presence of route choice in the VISSIM network; 2) the poor modelling

of green phase cut-off criteria by TrafCOD; and 3) the poor modelling of the joint delay in the two-phase
control.
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Figure 6-5 (Un-)signalized star roundabout with an inscribed radius of 12 m: capacity and delay time

* The capacity results of the analytical approach and VISSIM do not entirely coincide with respect to the
star roundabout with an inscribed radius of 20 m, but in general they are higher than the capacity results
of the MSRV.

36 However, the lines representing both models are higher than the line representing the MSRV. So the lack
of explanation does not question the conclusion (next section) that the signalized star roundabout has a
higher capacity than the un-signalized star roundabout.
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Figure 6-4 (Un-)signalized rotor roundabout with an inscribed radius of 20 m and the turbo circle (TC) with inscribed
radii of 12 m, 20 m and 30 m: capacity and delay time
Star roundabout: signalized vs. un-signalized
Figure 6-5 and Figure 6-6 show the capacity of and delay time on the (un-)signalized star roundabout with
inscribed radii of 12 m and 20 m. Regarding the comparison between the capacity results, the diagrams
show that the capacities of the signalized star roundabouts with an inscribed radius of 12 m (20 m) are
0 pcu/h to 1300 pcu/h (0 pcu/h to 2100 pcu/h) larger than the capacities of the un-signalized star
. .. 35 .
roundabouts with the same radii =~. However, the delay time nearly doubles.
The results of the analytical approach and VISSIM with respect to the star roundabout with an inscribed
radius of 20 m do not coincide: the lines differ by 500 pcu/h to 1600 pcu/h. Expecially with respect to
. . . 36
DP20 through DP80, the differences are large. An explanation for these differences has not been found ™.
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Figure 6-6 (Un-)signalized star roundabout with an inscribed radius of 20 m: capacity and delay time
Signalized star roundabout vs. three-leg turbo circle
Figure 6-7 shows the comparison of the (un-)signalized star roundabout with an inscribed radius of 20 m
and the three-leg turbo circle with inscribed radii of 12 m, 20 m and 30 m, based on the criteria of
capacity and delay time. The diagrams show that the capacities of the star roundabout with an inscribed
radius of 20 m and the three-leg turbo circle with an inscribed radius of 12 m are approximately equal for
demand patterns in which the left-turning streams are busier than the straight-ahead streams.
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Figure 6-7 (Un-)signalized star roundabout with an inscribed radius of 20 m and the three-leg turbo circle (3ITC)
with inscribed radii of 12 m, 20 m and 30 m: capacity and delay time

6.2. Conclusions

From the findings in the previous section, a part of the conclusions will be drawn in the first sub section.
These conclusions result directly from the results of the models, and are most relevant to the research
question. However, they are not the only conclusions. The second section will pay attention to

conclusions on the fundamentals of the models that have been applied. Finally, the conclusions with
respect to traffic control will be stated.

6.2.1. Conclusions with respect to the application of the models: results

This study evaluated the intersections by means of six performance criteria. Table 6-1 and Table 6-2
present the performance of the intersections on these criteria. The space requirements have been
determined based on the geometrical designs in appendix D. The capacity values and delay times have
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been calculated by means of the MSRV, the analytical approach and VISSIM. Chapter 5 elaborated on the
performance indicators robustness, safety and environmental considerations. The performance is
indicated by means of + and -, because chapter 5 made general statements and formulated presumptions.
These performance indicators are subject to future research.

Four-leg intersections

From the evaluation can be concluded that the un-signalized rotor roundabout is always preferred over
the signalized rotor roundabout (equal space requirements but higher capacity, lower delay time, better
safety and robustness, less environmental burden). Only in situations where the left-turning streams are
larger than the straight-ahead streams, the signalized rotor roundabout with an inscribed radius of 20 m
offers a slightly higher capacity (see Figure 6-2). Regarding the other criteria, the applicability range of the
signalized rotor roundabout is very small.

On all criteria, the partial turbo circle performs worse than the signalized rotor roundabout. Only in
situations in which the left-turning intensities are very low (ca. 20% of the straight-ahead streams), the
partial turbo circle offers a higher capacity than the signalized rotor roundabout. This is primarily due to
the fact that the partial turbo circle contains only one lane for the left-turning streams; the queuing space
is small. The turbo circle contains two lanes; offering a higher capacity.

Table 6-1 Performance of four-leg intersections

Intersection type Space requirement ‘ Capacity (pcu/h) Delay Robustness ‘ Safety Env.
Inscribed  outer | MSRV VISSIM AA (s) |

Un-signalized rotor roundabout 12 m 52 m 3700 + 800 33+8 +

Un-signalized rotor roundabout 20 m 64 m 3700 + 800 33+8 +

Signalized rotor roundabout 12 m 52 m 3100 + 600 3300500 7010 - - -
Signalized rotor roundabout 20 m 64 m 3600 + 600 3300500 755 - - -
Partial turbo circle 12m 66 m 3600 £+ 1100 75%5 - - -
Partial turbo circle 20m 77 m 3900 + 1500 73+8 - - -
Turbo circle 12m 79 m 6700 £ 2000 105+15 - - -
Turbo circle 20m 91 m 7400 £ 1700 110+10 - - -
Turbo circle 30m 106 m 7600 1800 100£10 - - -

Three-leg intersections

The signalized star roundabout offers a higher capacity than the un-signalized star roundabout
(nevertheless, its performance on the other criteria is worse).

An interesting conclusion from Figure 6-7 is that the capacity of the three-leg turbo circle does not
decrease as the left-turning intensities increase. This conclusion does not coincide with the presumption
in section 2.3.2, where the capacity of the three-leg turbo circle is presumed to decrease as the left-
turning intensities increase, because the vehicle in stream 03 have to queue up on the circle. From visual
observations of the VISSIM simulations and Table 4-16, Table 4-17 and Table 4-18, the explanation can be
drawn: the capacity of stream 02 constrains the capacity of leg E. Stream 02 is supplied with only one
lane, with a sharp bend at the entrance to the circle 37 This bottleneck imposes a capacity constraint on
leg E; the capacity can be increased by supplying stream 02 with two lanes (four lanes on leg E).

The three-leg turbo circles with inscribed radii of 20 m and 30 m offer a higher capacity than the
signalized star roundabout. The capacity of the three-leg turbo circle was in this project mainly restricted

37 This bend has a radius of 12 m. In VISSIM, the consequential speed reduction is simulated by a Reduced
Speed Area with a speed limit of 25 km/h, see appendix L (VISSIM model development).
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by the capacity of the eastern leg. Providing stream 02 with two lanes instead of one lane, would probably
raise the capacity of the three-leg turbo circle.

Table 6-2 Performance of three-leg intersections
Intersection type Space requirement \ Capacity (pcu/h) Robustness Safety

Inscribed  outer | MSRV | VISSIM AA

Un-signalized star roundabout 12 m 56 m 4400 + 700 305 + + +
Un-signalized star roundabout 20 m 68 m 4400 + 700 305 + + +
Signalized star roundabout 12 m 56 m 4800 +300 4800 * 400 55+15 - - -
Signalized star roundabout 20 m 68 m 6000+ 600 4800 + 400 7010 - - -
Three-leg turbo circle 12m 65m 5600 * 200 75+ 10 - - -
Three-leg turbo circle 20m 76 m 6300 + 200 80+ 10 - - -
Three-leg turbo circle 30m 92m 6800 £ 400 10010 - - -

6.2.2. Conclusions with respect to the models

VRIGen and the leg-by-leg control

This project applied VRIGen to generate the control structures of the leg-by-leg control and the two-phase
control. The leg-by-leg control can be generated by VRIGen in the ‘common’ way, as shown in chapter 3
(Experimental design). However, the phase overlap cannot be included in the leg-by-leg control in that
way (the green phases of the main signal group and the following interception signal group start
simultaneously). As a solution, this project invoked spare streams in VRIGen (these are streams that do
not exist in reality).

VISSIM drawback: usage of approach lanes

Section 5.3 (Capacity modeling: VISSIM) elaborates on some microscopic behavioural characteristics of
the drivers in the model. A point of concern is the driver’s lane choice behaviour when approaching a
traffic signal. In reality, when a driver approaches a red traffic light, he will most likely check which lanes
offer the possibility to proceed on his route, and then choose for the lane on which the queue of waiting
vehicles is shortest. However, in VISSIM this behaviour is not being modelled.

The VISSIM model contains a route choice for right-turning and straight-ahead vehicles. VISSIM deals with
this route choice by assigning an equal amount of vehicles to each route. Consequentially, vehicles in the
model are assigned an entrance lane randomly (according to the route) while entering the network, so
situations might occur in which one entrance lane contains a (long) queue, while another lane leading to
the same destination is left unoccupied. Consequently, the model adopts a highly inefficient lane choice
behaviour. This is one of the drawbacks of VISSIM: approaching vehicles do not consider the actual queue
length on each of the approach lanes, while in reality drivers do. With respect to this project: a pragmatic
solution has been applied by means of edge closure, described in section 3.2.3.

6.2.3. Conclusions with respect to control structures

Traffic controls and applicability to the turbo roundabout and circle

Due to the presence of choice lanes, the turbo roundabout only allows for a leg-by-leg control. The turbo
roundabout can be adjusted such, that the two-phase control can be applied to the turbo roundabout;
the results are the partial turbo circle (adjusted rotor roundabout) and the three-leg turbo circle (adjusted
star roundabout). The (partial) turbo circle and the three-leg turbo circle are suitable for the two-phase
control, because the circle provides queuing space for left-turning vehicles.
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Optimum cycle time

By means of the analytical approach, an optimum cycle time duration was calculated in section 4.2
(Capacity modelling: analytical approach), for both the rotor and star roundabout with inscribed radii of
12 m and 20 m. For this optimum cycle time duration, the green phase overlap per hour within the traffic
control is maximized, and therefore the capacity of the turbo roundabout is maximized.

6.3. Implications

The conclusions yield implications to both future scientific research and professional traffic engineering
(practical cases). This section states the implications.

6.3.1. Implications for scientific research

This study concluded that the rotor roundabout does not benefit from traffic signals. With respect to
future research, it is not sensible to study the combination of four-leg turbo roundabouts and traffic
signals any longer (section 3.1.2 stated that if traffic signals do not benefit the rotor roundabout, they will
certainly not benefit smaller four-leg turbo roundabouts).

The partial turbo circle has a lower capacity than the rotor roundabout. The delay times of the rotor
roundabout and the partial turbo circle are comparable. The space requirements of the rotor roundabout
with an inscribed radius of 20 m and the partial turbo circle with an inscribed radius of 12 m are
comparable. Based on this comparison, further research into the partial turbo circle is not
recommendatory.

This study also concluded that traffic signals are advantageous to the star roundabout. Therefore, it is
sensible to further study the combination of the three-leg turbo roundabouts (star roundabout and
smaller three-leg turbo roundabouts; see section 3.1.2). The three-leg turbo circles offer a higher capacity
than the signalized star roundabout, but performs worse on the other indicators. Therefore, the three-leg
turbo circle should be subject to further research. Section 6.4 presents a number of proposals for future
research.

6.3.2. Implications for professional traffic engineering

In general, the signalized rotor roundabout should not be invoked in any variant study, because it offers
less capacity than the un-signalized rotor roundabout, while the space requirements is larger. The same
holds for the partial turbo circle. However, it might be sensible to invoke the partial turbo circle in variant
studies into situations where the left-turning intensities are small, such as the junction of a secondary
road and a provincial road.

The signalized star roundabout offers a higher capacity than the un-signalized star roundabout, but
performs worse on the other indicators (except for space requirement). Therefore, the signalized star
roundabout may be invoked in any variant study. An alternative would be to construct star roundabouts
in principle without traffic signals, and signalize them once the traffic demand has grown such, that the
capacity is no longer sufficient 38 The three-leg turbo circle may also be invoked in any variant study; it
requires more space than the (un-)signalized star roundabout, but offers a higher capacity.

38 In that case, the road authority should also be recommended to search for a new intersection solution
with a higher capacity, because the capacity of the star roundabout only grows by 0 pcu/h to 1800 pcu/h,
depending on the demand pattern.
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6.4. Future research

This section presents an overview of the proposals for further investigation that have been made
throughout the study. Proposals have been made with respect to: the fundamentals of the analytical
approach and VISSIM; the (intermediate) results of the application of the models to the intersections;
research into traffic safety; research into LED illumination; and topics outside the scope of this study.

6.4.1. Fundamentals of the models

Behaviour of first vehicle

In appendix G, the maximum possible green phase overlap for the leg-by-leg control is calculated by
means of the distance between two consecutive stop lines (e.g. the stop lines joining streams 02 and 62).
Next, a simple model has been applied for the first vehicle departing from stop line 02: the vehicle
accelerates at 2,5 m/sz. This number is based on field observations by Grontmij (2001). The first vehicle
decelerates at 2.0 m/sz, in order to stop in front of the stop line 62.

In reality, the first vehicle departing from stop line 02, will notice the red interception signal of stream 62
at a certain moment (probably while waiting for signal 02 to turn green). Here, behavioural characteristics
on decision taking and perception thresholds are relevant, and these are not invoked in the simple model
described above. In order to estimate the green phase overlap reliably, this behaviour should be studied.

With respect to this project: the acceleration rate 2,5 m/s2 is a rather high value, so the estimation of the
phase overlap is conservative. Moreover, the road user behaviour on the signalized turbo roundabout is
highly uncertain, because it is an intersection type still unknown to the road user. Possibilities to perform
behavioural measurements are limited. For these two reasons, the decision is taken to base the
estimation of the phase overlap on this value, and excluding a detailed behavioural study.

A future study could focus on the microscopic behaviour of a driver-vehicle combination, departing from
the main signal and approaching the interception signal. A research question could be: what is the
travelled distance as a function of time, and what factors determine this function? A variety of factors
may be included, like: characteristics of the driver (age, gender, aggressiveness, sober or drunk, etc.),
characteristics of the vehicle (age, mass, brand, etc.), characteristics of and familiarity with the
environment, etc.

Functions and distributions in VISSIM

In section L.2 (VISSIM model development; Base data) the development of the VISSIM models has been
described. VISSIM combines several microscopic behavioural models to simulate traffic on a network. To
do so, VISSIM uses a set of input parameters, of which most can be expressed as distributions or functions
of speed. These functions and distributions need to be calibrated.

In this project, the default settings in VISSIM have been discussed and compared with settings used by the
Dutch private consultancy companies Oranjewoud, Grontmij and Goudappel Coffeng, and the German
consultancy company Poyry. Based on this comparison, a set of functions and distributions has been
recommended in this project. These recommendations are solely based on expert judgment: common
sense of the author. The recommended functions and distributions are subject to future research. Due to
lack of data resources and time, the input parameters have not been validated in this project.

6.4.2. (Intermediate) results of the models

Validation of the results

This project produced capacity values for the signalized rotor and star roundabout, and the (partial) turbo
circle. These intersection solutions have not been implemented in practice (yet). Therefore, it is not
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possible to gather data from the field and implement them in the models to be used. Validation of the
models and calibration towards a specific case is not possible in this project. It is recommendatory to
validate the results by means of field measurements once the intersection types have been constructed in
practice.

Optimal traffic control for the turbo roundabout

In section 4.2 (Capacity calculation; analytical approach) a control with an optimal cycle time duration was
calculated. For this optimal duration, the phase overlap per hour within the traffic control is maximized,
and therefore the capacity of the turbo roundabout is maximized. VISSIM applies a suboptimal control,
because the green periods are extended according to the prevailing arrival pattern.

Principally, the optimal control is a fixed-time control. The capacity of the turbo roundabout is maximized
with a fixed-time control, but generally the delay times in a fixed-time control are larger than the delay
times in a vehicle-actuated control. Therefore, a semi-actuated traffic control should be designed that
combines the advantages of both controls. During saturated conditions, the control should apply the
optimum cycle time duration, so to serve the goal of maximizing capacity. During under-saturated
conditions, the control should become vehicle-actuated, so to serve the goal of minimizing delay times.

Check the driving curve

In appendix D (Geometrical designs), the geometrical characteristics of the signalized turbo roundabout
and the (partial) turbo circle have been elaborated on. The resulting designs have been used to measure
the size of the circle, the length of various roadway segments, and other characteristics. The designs have
been made by means of guidelines from the literature (a.0. CROW, 1998 and Fortuijn, 2013).

In this project, the designs have not been checked on their compatibility with various vehicle types: does
the geometrical design offer sufficient space for carrying the driving curve of all vehicles with access to
the public roads? In common practice, the design of a new road segment will be checked by means of
software packages such as AutoTURN, in order to investigate whether all types of vehicles with access to
public roads are able to cross the road segment. It is assumed that the guidelines used in this project are
sufficient to design fully compatible traffic circles, but investigating the geometrical designs in this project
by means of AutoTURN might indicate the need for some (minor) adjustments to the designs.

6.4.3. Consequences to traffic safety

Section 5.3 formulated several considerations and presumptions with respect to the consequences of
traffic signals on safety. This resulted in a set of hypotheses; a proposal for future research:
1. The un-signalized roundabout is inherently safer than the signalized roundabout;
2. A) Drivers approaching an un-signalized roundabout pay consciously attention to traffic on the
roundabout;
2. B) Drivers approaching a signalized roundabout do not pay consciously attention to traffic on the
roundabout;
3. A) Red light negation on signalized roundabouts occurs to such an extent, that traffic safety
worsens;
3. B) Head-tail collisions on signalized roundabouts occur to such an extent, that traffic safety
worsens.
4. The average and maximum speed on a signalized roundabout are higher than the average and
maximum speed on an un-signalized roundabout.

6.4.4. LED illumination

Road user’s perception of LED illumination

Appendix L addresses the possibility of equipping the signalized turbo roundabout and circle with LED
illumination. From this appendix, the following hypotheses result, subjects for future research:
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1. A)LED pavement markings relieve the mental workload while crossing the intersection.

B) LED pavement markings enhance the clarity and predictability of the road environment.

2. When a stream is not in the green phase, the accessory LED modules should be turned off, rather
than showing red.

3. A) LED illumination can substitute the function of the wide roadway dividers on the turbo circle.
The function is to conduct the road user while crossing the intersection, and to minimize the
amount of erroneous manoeuvres.

3. B) LED illumination can substitute the function of the roundabout shields. The function is to warn
approaching drivers of a discontinuity in the driving coarse, already at considerable distance from
the intersection.

3. C) LED illumination can substitute the function of the route signs with respect to the
manoeuvring level (the arrows on the route signs). The function with respect to the manoeuvring
level is to inform approaching drivers about how to cross the intersection.

=

Economical applicability of LED illumination

In order to assess the range of applicability of the LED modules on signalized turbo roundabouts and
(partial) turbo circles, a cost-benefit analysis can be carried out. Here, the monetary costs of installing the
LED modules should be weighed against the societal costs of (fatal) injuries resulting from a lack of
guidance on the intersection. The guideline OEl (Eijgenraam, 2000) presents tools to perform such a cost-
benefit analysis.

6.4.5. Topics outside the scope of this study

Smaller turbo roundabout types

Section 3.1.2 motivated why only the rotor and star roundabouts are invoked in this study: they are the
largest turbo roundabout types. The section proposed to study the effect of traffic signals on smaller
types if it would appear that traffic signals influence the rotor and star roundabout beneficially. This
project draws the conclusions that traffic signals influence the rotor roundabout negatively, however,
their influence on the capacity of the star roundabout is beneficial. Therefore, the influence of smaller
three-leg turbo roundabouts should be investigated as well. Section 2.1 shows the other (smaller) three-
leg turbo roundabouts: the three-leg knee roundabout, the three-leg egg roundabout, the three-leg basic
turbo roundabout and the three-leg spiral roundabout.

Invoke slow traffic streams

The project studied intersection outside the urban area; slow traffic streams were not invoked in the
project. However, on intersection inside the urban area, slow traffic streams are often present. Therefore,
the influence of slow traffic streams on the six indicators should be investigated.

Other demand patterns

This project applied a specific set of demand patterns; the patterns differ only with respect to the left-
turning intensities (see appendix B: Demand patterns). The calculations by means of the analytical
approach (section 4.2: Analytical capacity modelling) showed that the capacity of the signalized turbo
roundabout (with a leg-by-leg control) depends on the ratio of the main directions and secondary
directions. In particular, the demand patterns have a ratio 08/02 of 80% and 05/02 (and 11/02) of 60%.
When all ratios are 100% (equally loaded legs), the capacity is maximized. Apparently, the capacity of the
signalized turbo roundabout depends on the prevailing demand pattern. Extending the project with an
investigation by means of a wide variety of demand patterns can be recommended.
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7. Reflection

In this chapter, the author reflects on the research process of the study that has been performed.

The research was not a linear process

The report of a research project should have a clear and transparent structure; the contents should be
easily comprehensible to the reader. Therefore, the report does not reflect the process of the study,
which often contains a lot of feedback processes. This aim has been pursued in this report: to
systematically present all steps.

An example to illustrate a feedback loop in the research process, can be taken by section 3.1.4, where the
choice for demand patterns has been made. This choice has been made in an early stage of the research:
before applying the three models to the turbo roundabouts. In the choice, it was assumed that the
demand pattern does not influence the capacity of the signalized turbo roundabout, equipped with a
leg-by-leg control. By logical reasoning, it was already assumed that the capacity of a traffic circle
equipped with a two-phase control depends on the left-turning intensities; therefore a set of demand
patterns was chosen which only differ with respect to the left-turning intensities. However, while applying
the analytical approach, the author realized that the distribution of traffic demand over the legs also
influences the capacity of the leg-by-leg control 37 Therefore, the capacity of the signalized turbo
roundabouts is higher for demand patterns in which the legs are equally loaded, than for the demand
patterns used in this project, where the demand on leg W amounts to 80% of the demand on leg E, and
the demands on legs N and S amount 60% of the demand on leg E.

Another example of a feedback loop can be found in section 3.1.3. There, the choice was made to invoke
the signalized rotor roundabout with inscribed radii of 12 m and 20 m. The upper boundary was chosen
because the space requirement of that rotor roundabout is equal to the space requirement of the
smallest partial turbo circle. The partial turbo circle was assumed to have a higher capacity, because it is
equipped with a two-phase control, which was presumed to be more efficient than the leg-by-leg control
on the rotor roundabout. However, the partial turbo circle appeared to have a lower capacity than the
signalized rotor roundabout with an inscribed radius of 20 m, concluding from the VISSIM simulations.
Therefore, it would have been sensible to also invoke the rotor roundabout with an inscribed radius larger
than 20 m. However, from the analytical approach appears that the capacity of the rotor roundabout with
an inscribed radius of 12 m is slightly larger than the capacity of the rotor roundabout with an inscribed
radius of 20 m. In that sense, it is not sensible to also invoke larger rotor roundabouts.

Fundamentals of the model or application of the model?

In the early stages of the research project, no clear distinction was made between the fundamentals of
the three models and the application of those models. As a consequence, the report was not clearly
structured: both aspects were mixed together. The audience (consisting of the members of the
graduation committee) had trouble to comprehend the main aim of the research: to assess the models or
to assess the turbo roundabouts, by applying the models. In a later stage, this distinction has been
introduced in the report. It would have been more efficient to have made this distinction in an earlier
stage.

37 If a the demand on a particular leg is larger than on the other legs, the green time for that leg needs to
be extended; therefore the cycle time needs to be extended and consequentially, the maximum green
phase overlap per hour decreases, decreasing the capacity
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Proposal for improving the application of the analytical approach and VISSIM: green phase overlap

The analytical approach and VISSIM can be improved reviewing the clearance time calculation in
appendix E. Based on the geometrical design of the rotor and star roundabouts, the clearance time has
been calculated. For instance, Figure E-2 shows how the locations of the stop lines determine the
entrance time and the exit time. Based on that example, the clearance time has been calculated to be
-1.8 s, rounded to 0.0 s for legal safety considerations. The models are applied to the rotor and star
roundabouts with the same configuration of the stop lines.

However, the fact that the clearance time is negative, indicates the possibility to increase the exit time. In
Figure 4-2, that means that the stop line of stream 12 may be placed somewhere upstream from the
indicated location. This replacement has consequences for the maximum possible green phase overlap,
calculated in appendix G. In particular, if the stop line were to be replaced upstream, length A in
Figure G-2 increases, and so does the maximum green phase overlap.

In conclusion, the green phase overlap estimated in appendix G is too short; the geometrical design of the
roundabout offers a higher green phase overlap. Again, the author lacks time resources to repair this
shortcoming, unfortunately.

Proposal for improving the application of VISSIM: removing route choice

Appendix L (VISSIM model development) explains that the lanes leading to and on the turbo roundabout
are modelled by a separate link. This choice has been made, because vehicles are not allowed to change
lanes on the turbo roundabout. However, this approach induces a route choice in the VISSIM network
(explained in section 3.2.3). As a solution, two edges had to be closed, but this solution is suboptimal (a
static solution to a dynamic problem).

A sound solution would be to remove the route choice from the network. This can be done by modelling
the lanes on the circulatory roadway by means of one link, consisting of two lanes. VISSIM offers the
possibility to prohibit drivers to change lanes on a link. Then, the drivers in the network would have no
route choice, because there is one single route consisting of links with multiple lanes. This project applies
networks with route choice, because there are multiple routes consisting of links with one lane.

Unfortunately, the author lacks time resources to repair this shortcoming. However, next simulations
from the author’s hand will not contain unnecessary route choice anymore.

Proposal for improving the application of VISSIM: cut-off criteria for the green phase

The capacity curves in section 4.3 show excessively high values for particular legs (leg N on the rotor
roundabout and leg S on the turbo circle with an inscribed radius of 12 m). As described in the conclusions
accompanying the curves, the excessively high values could not be explained. However, visual assessment
of the simulations in a later stage of the project inspired the author to formulate a presumption.

Presumably, the large differences are caused in the process of green time assignment by TrafCOD. This
presumption is solely based on excluding other possible explanations for the differences. The author
excluded these explanations by thoroughly examining the input into the VRIGen and VISSIM models, and
finally concluding that leg S and leg N are exactly identical with respect to the minimum green time and
maximum extension green time in VRIGen, the geometrical design in VISSIM and the demand pattern in
VISSIM and VRIGen. Therefore, the capacity differences between leg N and leg S cannot be explained by
the input to the models.

To the other’s knowledge, only one explanation remains: the process of green time assignment by
TrafCOD. The structure in VRIGen prescribes a minimum green time duration and a maximum extension
green time duration for every stream (which are identical for leg N and leg S); TrafCOD chooses a green
time duration between these borders. On the rotor roundabout (equipped with a leg-by-leg control),
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TrafCOD chooses a green time duration for leg N which is structurally higher than the green time duration
for leg S, for some unknown reason. Essentially, this presumption yields the question: based on which
criteria does TrafCOD cut-off the green phase? The author assumed that the green phase is cut-off if the
detector is not occupied anymore (there is no traffic demand) or if the maximum extension green time is
reached. However, in the perspective of the identical leg N and leg S, this does not explain the capacity
differences.

Unfortunately, the author lacks knowledge of the fundamentals of TrafCOD and C++ (the programming
language of TrafCOD) to thoroughly examine the cause for the capacity differences.

Proposal for improving the application of VISSIM: static or vehicle-actuated control?

This project applied TrafCOD to generate a vehicle-actuated control in the VISSIM simulations. In the
perspective of appendix H, where optimum (static) controls have been designed, this choice seems
illogical, because the capacity of the leg-by-leg control is maximized for a certain static control. However,
this choice has been made for two reasons: 1) it is common practice among traffic engineers to invoke
vehicle-actuated control systems in models and practice and 2) by means of a vehicle-actuated control,
the delay times in under-saturated conditions can be decreased.

The VISSIM simulations presumably yield too low capacity estimations for the signalized rotor and star
roundabout, because the vehicle-actuated leg-by-leg controls assign green time durations which are
longer than the durations in the optimized structures in appendix H. This presumption is based on the
notion that the maximum extension green time durations in VRIGen are longer than the durations in the
optimized control structures, and the notion that TrafCOD will extend the green time maximally in
saturated conditions.

Therefore, the choice for applying static controls in this project would have been more sensible, because
the static and vehicle-actuated controls are essentially the same in saturated conditions, if the maximum
extension green times in VRIGen were manually adapted to the values found in appendix H. In case of the
static control, the delay times in under-saturated conditions are over-estimated, but this project was only
interested in the saturated conditions: the capacity and delay times in saturated conditions.

Proposal for improving the application of VISSIM: joint delay in the two-phase control

Figure 6-4 shows the capacity of the turbo circle with inscribed radii of 12 m, 20 m and 30m; resulting
from the VISSIM simulations. Fortuijn (2013: 341) calculated the capacity of the turbo circle analytically.
The VISSIM results do not coincide with the results from Fortuijn (2013). The most important difference is
the fact that the capacity of the turbo circle according to Fortuijn is constant for demand patterns in
which the left-turning intensities are smaller than or equal to the straight-ahead intensities (DP20 through
DP100), while in Figure 6-4, the capacity lines decrease in the range from DP20 through DP100 (and
beyond).

In order to understand the cause for this difference, the notion of joint delay (Dutch: aansluitverlies)
should be clarified. Fortuijn (2013: 330) explains the joint delay as the unused green time at an
interception signal, caused by the time gap between the passage of the last vehicle in the queue of left-
turning vehicles and the first departing vehicle in a straight-ahead stream. For instance, at the moment
stream 65 obtains green, the queued vehicles from streams 69 and 09 will pass the signal, and then the
vehicles in stream 05. The time gap between the passage of the last vehicle in the queue from stream 09
and the first vehicle in stream 05 is the joint delay.

In the analytical calculations, Fortuijn invoked a constant joint delay: 2 s. In the VISSIM simulations, the
joint delay is variable, this probably causes the difference between the capacity lines. In the VISSIM
network, the detector for stream 69 is located just stream upward of the stop line. As soon as this
detector is cleared, stream 69 obtains yellow and red, and the green phase for stream 05 commences.
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Here, the joint delay occurs. That means that the joint delay does not occur if the queue in front of signal
65 is so short, that the last vehicle does not occupy the detector on stream 69. For demand patterns with
low left-turning intensities, the left-turning queues are shorter than for other demand patterns.
Therefore, the capacity is higher for demand patterns with low left-turning intensities: the joint delay
occurs less often in the simulations (with different random seeds) for demand patterns with low left-
turning intensities.

Visual assessment of the VISSIM simulations raises the presumption that the joint delay is overestimated
in the VISSIM simulations; it is larger than 2 s, as assumed by Fortuijn (2013). Furthermore, the notion
that the joint delay only occurs if the queue has reached the detector in front of signal 69, yields the
conclusion that the results depend on the way of modeling. Indeed, if the detector is being moved
upstream, the joint delay decreases, but the chance of occurrence also decreases.
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A Discussion of the terminology

Appendix A: Discussion of the terminology

This appendix explains and motivates the choices for using the terminology signalized turbo roundabout
and partial turbo circle. Moreover, the a discussion on the name of the black box approach will be
addressed. Finally, the use of the terminology traffic demand and traffic supply in this document will be
addressed.

A.l. Signalized turbo roundabout

The turbo roundabout has a closed definition. Fortuijn (2013, p.47) describes nine characteristics of the
turbo roundabout (see Figure 1-6 in the introduction); if a roundabout does not meet these requirements,
it is not a turbo roundabout. From these characteristics follows that a signalized roundabout is strictly not
a turbo roundabout. It is not even a roundabout, because circulatory traffic does not have priority by
traffic rule; instead, traffic signals manage the priority assignment on the intersection. However, in this
project the turbo roundabouts will be simulated with traffic signals. The correct terminology would then
be ‘signalized traffic circle’, because the traffic circle is the first type in the hierarchy over the roundabout
(see Figure 1-2 in the introduction) which allows for traffic signals. However, that phrase indicates a wide
range of intersection types; it is not clear what intersection type is meant exactly. Therefore, this paper
uses the terminology signalized turbo roundabout. Although this is strictly not correct, this choice has
been made out of pragmatism.

A.2. Partial turbo circle

Section 3.1.3 described how to adjust the turbo roundabout, in order to make it suitable for the two-
phase control. The adjustment consists of removing the choice lanes. When the circulatory lanes offering
a choice are removed, the intersection is strictly not a turbo roundabout anymore, because the lane
offering a choice is part of the definition of the turbo roundabout (Fortuijn, p.47). It complies to all
characteristics of the turbo circle, all but one. The turbo circle accommodates all directions with separate
roadways. On the partial turbo circle (see Figure 2-7), the right lane serves both the right-turning traffic
stream and the straight-ahead traffic stream. Therefore it is not a turbo circle; the terminology partial
turbo circle will be chosen.

A.3. Black box approach

This project applies the black box approach to calculate the capacity of the signalized turbo roundabouts
analytically. The method and its name are adopted from Fortuijn (2013).

The black box approach carries this name, because it is developed along the lines of the general idea of
the black box, depicted in Figure 2-9. The internal traffic process on the roundabout is not being
considered, but regarded as the transfer characteristics. The name of the black box approach is not
undisputed. Opponents argue that the method opens up the black box of the roundabout, because the
phase overlap — and therefore the length of the circulatory road stretch between two legs — needs to be
calculated. Proponents argue that the phrase black box does not refer to the roundabout itself, but to the
internal traffic process on the signalized roundabout, which is not regarded by the method.

This project applies the black box approach to a high level of detail. Where Fortuijn estimated the green
phase overlap based on assumptions, this project calculates the green phase overlap. Furthermore,
control structures are being constructed by means of which the minimum cycle time, the effective green
time per leg and the capacity of the signalized rotor and star roundabouts can be calculated. Therefore,
the name black box approach is not applicable anymore; the name analytical approach will be used.
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A.4. Traffic demand and traffic supply

This terminology is often confused, especially in Dutch engineering practice. However, the literature
prescribes clearly how to use the terminology. This section serves to reveal the way this terminology is
used in this document: corresponding to the literature (Sanders et al., 2008; Van Arem et al., 2013).

The literature distinguishes two markets within the integrated transportation system: the transport
market and the traffic market (see Figure A-1). In the transport market, the demand for transfers
(passengers as well as freight) is confronted with the supply of transport services. The transport services
are offered by the transport means (e.g. car, train, airplane). In the traffic market, the demand for
transport services is confronted with the traffic services. The traffic services consist of the infrastructure,
by means of which the transport services can perform the transfers (e.g. roads, railways, airports).
Effectively, the transport services are the supply-side in the transport market, and the demand side in the
traffic market.
Arrangement in

space and time elements
assengers,
transport demand transfer ?rei ht Ll
pattern g
transport
market
transport supply = transport transport
traffic demand services foans
traffic
market
traffic traffic
traffic supply services infrastr.

Figure A-1 The integrated traffic and transport system (Van Arem et al., 2013, p.13)

This report applies the terminology strictly; only the traffic market is relevant. In particular, a (signalized)
roundabout offers a traffic service, quantified by the capacity. The transport service (the demand side)
consists of the traffic that uses the roundabout (e.g. cars, trucks, buses), quantified by the total traffic
demand or volume.
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Appendix B: Demand patterns

The capacity calculations in this project are based on a set of demand patterns. This appendix motivates
which demand patterns will be applied.

B.1. Choice for demand patterns

Fortuijn (2013, p.143) chose the demand patterns shown in Table B-1 to compare the turbo circle with the
conventional signalized intersection. The horizontal axis represents the ratio of the traffic flows from
directions 02 and 08 (these are the main, primary directions with the largest intensities), the vertical axis
represents the ratio of the traffic flows from directions 05 and 02 (05 and 11 are the secondary directions,
their traffic flows are equal). The ratio of the right-turning flows w.r.t. the straight-ahead flows s 0.3.
The ratio of the left-turning flows w.r.t. the straight-ahead flows %9 takes on ten values: the set [0.2, 0.4,
0.6,0.8,1.0,1.2,1.4,1.6,1.8,2.0].

8%1'2 C D Al 1j)1l11LZ
£% 10 ] i 1 1
b~ . 9 «2
<z 08 G 8— —3
(= = 2

G G0 L R
g8 6 54

0 0.2 0.4 0.6 0.8 1.0 1.2
Factor 08 w.r.t. 02 (primary directions)
Table B-1 Traffic demand patterns to be applied on the turbo roundabout types

B.1.1. Motivation

In principle, these demand patterns should also be used in this project. The reason for this choice is that
the project can be regarded as an offspring of Fortuijn (2013). Indeed, the four intersection types will be
investigated in way comparable to Fortuijn’s investigation. Moreover, this approach enables the
possibility to reliably compare the results of Fortuijn (2013) with the outcomes of this project. Besides,
Fortuijn motivates his choice for these demand patterns as follows. The novelty of the turbo intersections
needs to be assessed by means of as much demand patterns as possible, in order to evaluate the
performance as well as possible. Table B-1 in combination with the set of values for the left-turning
intensities, represents all relevant patterns. The right-turning traffic flow is set at one (low) constant
value, because the right-turning flows are generally of minor importance to the capacity of intersections.

If these demand patterns will all be applied in this project, the capacities have to be calculated based on
80 demand patterns. If per type a set of five diameters will be evaluated, then 1600 models are to be
calculated. This seems rather excessive, and it is not sensible to apply all eight demand patterns in Table
B-1. The (non-signalized) rotor roundabout and star roundabout do not have any significant directions
(Fortuijn, 2009); both roundabouts serve all directions equally well, or: all straight-ahead flows (directions
02, 05, 08 and 11) have equivalent capacities. When these turbo roundabouts are being compared with
signalized turbo roundabouts, it does not make sense to apply a demand pattern A (equal flows for the
straight-ahead traffic), because then the models will show an overestimation of the capacity of the un-
signalized turbo roundabouts. In reality, a demand pattern with exactly the same intensities for the
straight-ahead flows will rarely occur. Fortuijn (2013) presents the capacity of the turbo circle as a

*8 These are the ratios 01/02, 04/05, 07/08 and 10/11
3 These are the ratios 03/02, 06/05, 09/08 and 12/11
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B Demand patterns

function of the demand pattern in appendix G.4. These graphs show that the turbo circle has the highest
capacity under demand pattern A, with equal left-turning and straight-ahead intensities (9700 pcu/h). The
turbo circle has the lowest capacity under demand patterns B, C, F and H (circa 8200 pcu/h). Pattern G
yields a modest capacity (8800 pcu/h, see Figure B-1), therefore demand pattern G will be used in this

project.

Totale capaciteit 4-takskruispunt en turboplein
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© 2000 .
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1000 ]
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Factor linksaf t.0.v. rechtdoor

B.1.2. Variable: left-turning intensity

Figure B-1 Fortuijn (2013) plotted eight of these diagrams, with different demand patterns

As discussed in section 3.1.4, the diameter of the turbo circle influences the capacity of the left-turning
traffic flows, because the available queuing space on the turbo circle depends on the diameter. The
diameter of the signalized turbo roundabout influences the total capacity, not only the capacity of the
left-turning traffic flows, because it is equipped with a leg-by-leg control (as illustrated, the larger the
diameter, the larger the phase overlap, the larger the green time in one hour, the larger the capacity).
Therefore, the left-turning intensities will be varied. The set of ten values for the left-turning flows in
Fortuijn (2013) will be adopted in this project.

B.2.

Overview of demand patterns

Effectively, the following demand patterns result:

Left 20%
Left 40%
Left 60%
Left 80%
Left 100%
Left 120%
Left 140%
Left 160%
Left 180%
Left 200%

01
30%

0,30
0,30
0,30
0,30
0,30
0,30
0,30
0,30
0,30
0,30

Table B-2 Traffic demand patterns for the four-leg intersections

02
100%
1,00
1,00
1,00
1,00
1,00
1,00
1,00
1,00
1,00
1,00

03

0,20
0,40
0,60
0,80
1,00
1,20
1,40
1,60
1,80
2,00

04
30%

0,18
0,18
0,18
0,18
0,18
0,18
0,18
0,18
0,18
0,18

05
100%
0,60
0,60
0,60
0,60
0,60
0,60
0,60
0,60
0,60
0,60

Traffic stream

06

0,12
0,24
0,36
0,48
0,60
0,72
0,84
0,96
1,08
1,20

07
30%

0,24
0,24
0,24
0,24
0,24
0,24
0,24
0,24
0,24
0,24

08
100%
0,80
0,80
0,80
0,80
0,80
0,80
0,80
0,80
0,80
0,80

09

0,16
0,32
0,48
0,64
0,80
0,96
1,12
1,28
1,44
1,60

10 11
30%  100%

0,18 0,60
0,18 0,60
0,18 0,60
0,18 0,60
0,18 0,60
0,18 0,60
0,18 0,60
0,18 0,60
0,18 0,60
0,18 0,60

12

0,12
0,24
0,36
0,48
0,60
0,72
0,84
0,96
1,08
1,20

Figure B-2 and Figure B-3 illustrate the demand patterns.
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Figure B-2 lllustration of the demand patterns for the four-leg intersections

0 05 04
“tr

Figure B-3 lllustration of the demand patterns for the three-leg intersections
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C Saturation flow, field measurements

Appendix C: Saturation flow, field measurements

This appendix determines the values for the saturation flow %0 to be used in this project. The saturation
flow is an input variable to the black box approach. The first section indicates that the saturation flow is
highly variable. Therefore, it needs to be determined carefully. Basically, there are two ways to determine
the saturation flow: by means of a model (the HCM formula) and field measurements. Both methods are
addressed separately in the second and third sections; the second section motivates why the HCM
formula is not recommended for application to this project.

C.1. Saturation flow: highly variable

As mentioned in section 2.4.2, Fortuijn (2013: 115) estimated the saturation flow to be ca. 1750 pcu/h, he
did not motivate this choice. However, recent field measurements show that this value is not a constant;
it depends on the site characteristics of the location, such as the number of lanes, lane width, the slope of
the road stretch and the demand pattern (right- and left-turning movements). The saturation flow even
appears to differ per culture. In The Netherlands, the value of 1750 pcu/h is a commonly accepted value,
however in Japan, the saturation flow is measured in the range of 1500 to 1600 pcu/h (Chen et al., 2011).
This gives rise to the presumption that the saturation flow is highly variable and demands further
investigation.

Moreover, the saturation flow depends on the duration of the green time period per cycle: the longer the
(undisturbed) green time, the higher the saturation flow (Branston and Van Zuylen, 1978). A common
explanation is that the queue of vehicles waiting to cross the stop line accelerates (just after) the moment
it gets green. So as the green time proceeds, the queued vehicles drive faster. For high velocities, this
means that the average time headway decreases, and the saturation flow increases (this relation is
quantified in section J.6. Therefore, it is important to perform field measurements of the saturation flow.
In (scientific) projects, this is part of the common procedure of investigating or reconstructing
intersections. This project will use results from Dutch field measurements, to be explained in section C.3.

C.2. HCM formula

The Highway Capacity Manual (TRB, 2010b) offers the following formula for estimating the saturation
flow:

s = nlanesfwaVf:gfpfbbfafRTfLTS()

Equation C-1
where:
s = saturation flow
Nignes = Number of lanes
fuw = adjustment factor for lane width
fuv = adjustment factor for heavy vehicles
fq = adjustment factor for grade
fo = adjustment factor for parking facilities
fob = adjustment factor for bus blockage
fa = adjustment factor for area type
far = adjustment factor for right turning movements
fur = adjustment factor for left turning movements
So = basic saturation flow

0 Dutch: afrijcapaciteit
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C Saturation flow, field measurements

The Highway Capacity Manual recommends to use a basic saturation flow slightly higher than Fortuijn
used for motivating the black box approach: 1800 pcu/h. The HCM also recommends to use the following
values for the adjustment factors, based on model validation. The Swedish manual (CAPCAL) and the
German method (Harders) also validated Equation C-1; the differences for the adjustment factors are
small (Muller et al., 2011).

Nignes =3 The rotor and star roundabout contain three lanes on every approaching leg.

fw =1.03 The approaching lanes are wider than 4.0 m.

fuv =0.91 This factor is site specific. The normative truck share outside the urban area used in The
Netherlands is 20% (this project considers roundabouts outside the urban area, see section 3.1).

fq =1.00 This factor is site specific. Assumption: the roundabouts to be investigated do not
contain a grade on the approaching legs.

fo =1.00 By definition, parking manoeuvres do not occur on roundabouts (FDOT, 1996).

Tob =1.00 This factor is site specific. Assumption: no stopping buses on the approaching legs.

fa =1.00 This project investigates roundabouts outside the urban area (see section 3.1).

far =0.85 There are no permitted conflicts on the signalized turbo roundabout.

fur =0.95 The middle lane serves the left-turning and straight-ahead streams. This value presents
the worst case scenario. Depends on the prevailing traffic demand.

So = 1800 pcu/h

The HCM formula presents a saturation flow of ca. 1400 pcu/h per lane. Compared to values used in other
studies and Dutch traffic engineering practice, this value is very low. The value cannot be used in this
project. The HCM formula is subject to the following drawbacks, and is therefore inapplicable to this
project.

Drawback 1: calibrated for non-circular intersections

The HCM formula was calibrated for conventional, non-circular intersections. The applicability to turbo
roundabouts is therefore disputable, especially with regard to the adjustment factor for lane width f,,.. The
circulatory roadways have different widths: the inner roadway is widest and the outer roadway is
narrowest (see appendix D: Geometrical designs). The larger the diameter of the roundabout, the
narrower the swept path of the normative truck, the narrower the approach legs can be. Furthermore,
the turbo roundabout contain multiple curves for all directions, while the non-circular intersection only
contains curves for the left and right turning lanes; one curve each. Presumably, the curves affect the
driving behaviour on the roundabout and thereby the saturation flow.

Drawback 2: interception signals

If roundabouts are equipped with traffic signals, interception signals need to be installed in order to
secure the conflict areas between the entrance legs and the circulatory roadways (Fortuijn, 2013, p.114).
The interception signals join traffic streams 62 through 72 (see Figure C-1). They aim to intercept slow
vehicles on the roundabout and vehicles making a U-turn (as far as that is possible on turbo roundabouts,
without changing lanes). Crashes between these vehicles and vehicles from conflicting streams would not
be prevented by the traffic control if the interception signals are absent.
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Figure C-1 Standard coding of traffic streams (subtracted from Fortuijn, 2013, p. 130)

The second drawback of the HCM-formula is that it does not take into account these interception signals.
If a traffic stream gets green, the front vehicles start accelerating. The acceleration of the left-turning
vehicles might be low if the front drivers see that the interception light still shows red. The HCM-formula
assumes acceleration at the desired acceleration rate, therefore the formula might overestimate the
saturation flow.

Drawback 3: the model is validated for American occasions

The HCM-formula cannot be applied directly to Dutch case studies, because it is validated for American
occasions. A variety of arguments can be mentioned: American and Dutch vehicles in general have
different characteristics; the driving culture is very different; Dutch and American road environments are
often very different, etc.

Drawback 4: the model is validated quite a long time ago

Nowadays, vehicles are equipped with more powerful engines. Due to the developments in the
automotive industry, the average performance and acceleration of vehicles have improved.

C.3. Saturation flow measurements in The Netherlands

The influence of the interception signals on the turbo roundabout and turbo circle is hard to include in a
model. It largely depends on psycho-physiological aspects, such as driver awareness and attention,
anticipation, familiarity with the area, etc. From that point of view, estimations from field measurements
are more reliable than any model, because the field measurements take into account the mentioned
aspects and all other aspects of which traffic engineers are ignorant.

At the moment of this writing (July 2013), two turbo circles have been realized in practice which are
suitable to make measurements. The turbo circles are located in The Netherlands, province of South-
Holland: the intersection Doenkadeplein N209/N471 and the intersection Tolhekplein N470/N471 (see
Figure C-2). Measurements have been performed on these intersections by the governmental institution
Province of South-Holland (PZH) in the month October 2012. Table C-1 shows an example of the raw data
(part of the measurements performed on October 10, 2012). Table C-2 shows the values averaged over all
days, both intersections, per traffic stream.
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Table C-2 shows the saturation flow measurements at both

Figure C-2 Locations of the Tolhekplein (northern bubble) and the Doenkadeplein (southern bubble)

intersections.

The values for the

Doenkadeplein are averaged over eight days in October 2012, the values for the Tolhekplein are averaged
over 12 days in October 2012. The weekend days have been excluded. Moreover, these values are based
on measurements during the peak periods (07h00 — 09h00 and 16h00 — 18h00).

This project includes intersections with different lane configurations. Therefore, the data from Table C-2

will be translated into values for the right-turning lanes, straight-ahead lanes and left-turning lanes

separately:
lanes right-turning
lanes straight ahead

lanes left-turning

1852 pcu/h
1891 pcu/h
1843 pcu/h

The average saturation flow at the interception signals is 2077 pcu/h.
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Afrijcapaciteit

Locatiecode: 0904 N209 N471 Doenkadeplein Berkel en Rodenrijs
Periode: ma 01-10-2012

Objecttype: Rijstroken

Alle getoonde waarden zijn uitgedrukt in pae/uur per rijstrook.

C Saturation flow, field measurements

Table C-1 Example of the raw saturation flow data, courtesy of the Province of South-Holland

Geselec-
011 021 02.2 03.1 03.2 07.1 08.1 08.2 09.1 09.2 62.1 62.2 65.1 65.2 68.1 68.2 711 71.2 teerde

rijstroken

Van Tot
15:00 15:15 1664 1676 | 2197 1431 1916 1787 1705 1905 | 1735| 2057 1812 2356 1788 2262 1829 | 2069 1767 1953 1838
15:15 15:30 1670 1612 | 2004 1549 1902 1829 1564 | 2349 1630 | 2062 1854 2183 1868 2199 1719 | 2677 2011 1937 1852
15:30 15:45 1694 1870 | 2001 1562 1886 1513 1605 2042 1577 | 2026 1882 2134 1987 2071 1786 | 2215 1861 2257 1836
15:45 16:00 1740 1791 1974 1536 1944 1580 1681 1663 | 1611 1984 1979 2017 | 2012 2442 1920 | 2084 1922 2237 1865
1288- 1692 | 1737 | 2044 | 1520 | 1912 | 1677 | 1639 | 1990 | 1638 | 2032 | 1882 | 2173 | 1914 | 2244 | 1814 | 2261 | 1890 | 2096 1848
16:00 16:15| 1766 | 1702 | 2106 | 1652 | 1895 | 1592 | 1741 | 2099 | 1733 | 2002 | 1898 | 2455| 2026 | 2056 | 1964 | 2746 | 1836 | 1955 1893
16:15 16:30 | 1788 | 1754 | 1894 | 1607 | 2172 | 1618 | 1623 | 1895 | 1620 | 1862 | 1909 | 2098 | 2007 | 2234 | 1980 | 2206 | 1838 | 1999 1871
16:30 16:45| 1806 | 1804 | 2017 | 1888 | 1982 | 1899 | 1851 | 2100 | 1800 | 1893 | 1969 | 2197 | 1906 | 2253 | 2033 | 2189 | 2090 | 2248 1928
16:45 17:.00 | 1758 | 1972 | 2111 | 1721 | 2112 | 1822 | 1857 | 2056 | 1886 | 1828 | 2101 | 2119 | 2071 | 2347 | 2027 | 2355 | 1978 | 2232 1963
1388_ 1780 | 1808 | 2032 | 1717 | 2040 | 1733 | 1768 | 2038 | 1760 | 1896 | 1969 | 2217 | 2003 | 2223 | 2001 | 2374 | 1936 | 2109 1914
17:00 17:15 1734 1678 | 2099 1647 2061 1771 1755 2163 | 1909 1905 2046 2264 | 2025 2355 2191 2491 2035 2121 1965
17:15 17:30 1744 1723 | 2125 1820 2017 1842 1843 2006 | 1697 1667 1913 2282 | 2035 2419 2183 | 2077 2092 2206 1962
17:30 17:45 1764 1491 | 2043 1790 2054 1826 1788 2002 1986 1794 1841 2246 | 2109 2093 2058 | 2199 2091 2176 1943
17:45 18:.00 | 1760 | 1642 | 2104 | 1700 | 2012 | 1929 | 1828 | 2099 | 1931 | 1945| 1813 | 2337 | 1956 | 2205| 2122 | 2169 | 1894 | 2084 1949
i;gg_ 1751 1634 | 2093 1739 2036 1842 1804 | 2068 | 1881 1828 1903 | 2282 | 2031 2268 | 2139 | 2234 2028 2147 1955
18:00 18:15 1757 1755 1961 1705 1918 1847 1805 1939 1929 | 2019 1988 2187 | 2121 2181 2121 2175 2148 2250 1961
18:15 18:30 | 1743 | 1610| 1930 | 1688 | 1970 | 1808 | 1794 | 1882 | 1823 | 2038 | 2147 | 2164 | 2120 | 2202 | 2014 | 2090 | 1885 | 2105 1911
18:30 18:45| 1712 | 1843 | 1897 | 1713 | 1970 | 1789 | 1699 | 2076 | 1799 | 2039 | 2097 | 2079 | 1774 | 2242 | 1958 | 2329 | 1779 | 2033 1907
18:45 19:00 1753 1720 1981 1698 1970 1771 1553 2201 1754 | 2039 2013 2938 1869 2195 1691 2380 1757 1969 1913
138% 1741 | 1732 | 1942 | 1701 | 1957 | 1804 | 1713 | 2025 | 1826 | 2034 | 2061 | 2342 | 1971 | 2205 | 1946 | 2244 | 1892 | 2089 1923
Periode gggg- 1761 | 1679 | 1999 | 1586 | 1965| 1770 | 1690 | 2010 | 1737 | 2093 | 1907 | 2277 | 1910 | 2201 | 1973 | 2275| 1891 | 2066 1879
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C Saturation flow, field measurements

Table C-2 Saturation flow measurements, averaged per traffic stream

Doenkadeplein Tolhekplein
Direction ‘ Sat flow St dev Direction  Sat flow St dev
01.1 | 1798 117 01.1 1752 131
02.1 1754 73 02.1 1802 110
02.2 2013 94 02.2 2055 146
03.1 1705 82 03.1 1809 62
03.2 1916 101 03.2 1999 58
04.1 1695 110 04.1 1870 115
04.2 1938 97 04.2 2057 134
05.1 1851 75 05.1 1776 80
05.2 2020 100 05.2 1922 109
06.1 1739 77 06.1 1752 81
07.1 1763 104 07.1 2142 159
08.1 1730 84 08.1 1850 108
08.2 2044 81 08.2 1949 130
09.1 1778 85 09.1 1810 106
09.2 1932 99 09.2 2017 147
10.1 1736 134 10.1 1767 75
111 1837 55 111 1715 102
11.2 2022 63 11.2 1911 56
121 1775 76 12.1 1758 78
12.2 1835 82 12.2 1971 75
62.1 1948 70 62.1 2137 120
62.2 2212 92 62.2 1952 94
65.1 1998 97 65.1 2107 160
65.2 2247 70 65.2 2003 115
68.1 2014 98 68.1 2136 199
68.2 2246 112 68.2 1943 74
711 1968 69 71.1 2196 78
71.2 2189 80 71.2 1932 39
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Appendix D: Geometrical designs

This appendix addresses the details on the geometrical designs of the intersections to be modelled in this
project. The appendix is written such that the reader with basic skills of AutoCAD can reproduce the
designs. The first section describes a directive prescribing the permitted lane narrowing on a turbo
roundabout and turbo circle. The second section pays attention to the radii of the curves connecting the
entrance and exit legs to the circulatory roadways. The third section describes the locations of the stop
lines on the turbo roundabout and circle. The remarks in these three section all apply to the turbo
roundabout and circle in general. The fourth section states the lower boundary of the inscribed radius of
the turbo roundabouts and circles. The following five sections pay attention to the geometry of the
specific intersection types. These sections structured are equally: firstly, the turboblock will be described,
based on section D.1. Secondly, the design will be finished by adding the entrance and exit legs, based on
section D.2, and the stop lines, based on section D.3. Thirdly, the space requirements of each intersection
type will be stated. Finally, some geometrical characteristics (length of the circulatory road segments) will
be measured from the design; that information is necessary input for the analytical approach (described
in section 4.2).

The geometrical designs of the turbo roundabouts and circles are described for two reasons. They are
necessary input for the VISSIM simulations (see appendix J: VISSIM model development) and the space
requirement — a criterion for assessing the performance of the intersection types — can be stated
accurately.

D.1. Lane narrowing

Because the circulatory roadways ‘fan out’ (characteristic of the design: Fortuijn, 2013), the radius of the
circle to be driven by a vehicle crossing a turbo intersection increases. In order to reduce the required
space and velocity on the roundabout (lower speed improves traffic safety), the width of the circulatory
roadways should decrease as vehicles proceed on the roundabout. The minimum required width of the
roadway can be calculated by means of Dutch design guidelines (CROW, 1998 and ROA, 1991). These
guidelines present the following formula for the outer radius of the swept path as a function of the
inscribed radius and the vehicle dimensions:

2
Ryuter = \/[\/{(Rmner + 15B0)Z + (WO + KA)? — KAZ} + 1/zBT] + (WT + VT)?
Equation D-1
where:

Router = outer radius of the swept path

Rinner =inscribed radius of the swept path

BO = width of the trailer

wo = width of the trailer’s wheel base

KA = distance between the king-pin and the truck’s rear-end
BT = width of the truck

wT = width of the truck’s wheel base

VT = front overhang
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Figure D-1 Dimensions of the truck-trailer combination (taken from Fortuijn, 2013, p.241)

The dimensions of the truck-trailer combination are illustrated by Figure D-1. Table D-1 presents the
guantification of three normative vehicle types: the vehicle without exemption, the 22-m vehicle and the
vehicle with exemption.

Table D-1 Dimensions of the normative vehicle types

Without exemption 22-m vehicle With exemption
BO 2.55m 2.55m 2.55m
Wwo 7.80m 9.58 m 1140 m
KA 0.60m 0.60 m 0.60 m
BT 245 m 245 m 245 m
WT 3.40m 3.70m 3.70m
VT 0.00 m 0.00 m 0.00 m

The value for VT will be chosen 0 m, because the front overhang does not influence the swept path of the
wheels (Fortuijn, 2013, p.241). This statement and the formula are based on Figure D-1.

Vehicles without exemption: vehicles without exemption should be able to cross the intersection using
the roadway only. For instance, under the condition of outer radius R,y ¢er= 12.50 m, the inscribed radius
should not exceed R;;e-=5.30 m.

22-m vehicles: vehicles with a length of 22 m should be able to cross the intersection using one roadway
and the truck apron. For instance, under the condition of outer radius R,,ter= 14.50 m, the inscribed
radius should not exceed R;;per=6.50 m.

Vehicles with exemption: vehicles with exemption (for instance due to an obligation to follow a specific
route with indivisible cargo) should be able to cross the intersection using one roadway, the truck apron
and the hard shoulder. For instance, under the condition of outer radius R,,;.-= 16.50 m, the inscribed
radius should not exceed R per=7.50 m.

By means of Equation D-1 and the dimensions of the normative vehicles, the turboblocks of the turbo
roundabouts and circles will be designed in the following sections. But first, this appendix deals with two
general design aspects which apply to every turbo roundabout and turbo circle in this project: the
curvature of the entrance and exit legs, as well as the location of the stop lines.
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D.2. Curvature of entrance and exit legs

On the turbo roundabouts and circles, the entrance and exit legs are connected to the circulatory
roadways by curves which have identical inscribed radii for all intersection types. These radii are
prescribed by the Dutch design guideline CROW publication 126 Eenheid in rotondes (CROW, 1998, p.41)
and have typical values: 12 m for the entrance legs and 15 m for the exit legs.

With these typical values, the radii of all curves in the connection between an entrance leg and the
circulatory roadway, and all curves in the connection between an exit leg and the circulatory roadway are
determined. They can be calculated by means of Equation D-1 and the dimensions of the normative
vehicles. For instance, the normative vehicle without exemption making a curve with inscribed radius 12
m, needs an outer radius of 17.30 m; this is the outer radius of the right entrance lane. A normative 22-m
vehicle (making use of the truck apron) needs an inscribed radius of 10.50 m, under the condition of outer
radius 17.30 m. A normative vehicle with exemption (making use of the hard shoulder) needs an inscribed
radius of 8.80 m, under the condition of outer radius 17.30 m.

These values and the values for the other curves are presented in Figure D-2. They are calculated by
means of Equation D-1 and apply to the rotor and star roundabout. The partial turbo circle and the turbo
circle (three- and four-leg) have different lane configurations, and therefore different entrance and exit
curvature. The entrance and exit curves of these intersection types are illustrated by Figure D-3 and
Figure D-4.

[ ]
— e — -

on the rotor and star roundabout

/4 / /.

Figure D-2 Geometrical design of an entrance and exit leg
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Figure D-4 Geometrical de5|gn of an entrance and exit leg on the turbo circle

On the turbo circle, the entrance, exit and circulatory roadways consist of multiple lanes (see Figure D-4).
That means that two trucks might accelerate next to each other onto the turbo circle; one on the right
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lane and one on the left. If those vehicles comply to the dimensions of the normative 22-m vehicle, the
truck on the left lane can use the truck apron, but the truck on the right lane cannot. For this reason, the
lanes on the turbo circle should be designed to accommodate a 22-m vehicle.

Eenheid in Rotondes also prescribes typical values with respect to the width of the lanes on the entrance
and exit legs: 4 m for the entrance legs and 4.50 m for the exit legs (CROW, 1998, p.41).

Another design aspect of interest is the width of the splitter island. Eenheid in Rotondes presents a typical
value of 5.00 m, for roundabouts with single-lane exit legs. The turbo roundabouts and circles in this
project contain double-lane exit legs. Therefore, a splitter island width of 6.00 m will be applied to the
turbo roundabouts and circles in this project.

D.3. Location of the stop lines

The location of the stop lines affect the traffic control to be applied to the turbo roundabouts and circles.
In particular, this geometrical characteristic determines the distance from the stop line to the conflict area
of a couple of conflicting traffic streams. Therefore, they affect the clearance time for the couple of
conflicting streams in question (for more details, see appendix H: VRIGen model development).

In this section, the location of the stop lines will be determined based on field observations. The position
of the traffic signals determine the position of the stop lines. Figure D-5 indicates the locations of the
turbo circles that have already been constructed in The Netherlands (time of writing: June 2013); the
geometry of the stop lines will be designed based on those turbo circles. Figure D-6 shows a part of the
Doenkadeplein, the distance between the stop line and the traffic signal is indicated for directions 01, 02,
03, 65 and 66. Table D-2 shows the distances for all directions on the Doenkadeplein and the Tolhekplein.
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Figure D-5 Locations of the Tolhekplein (northern bubble) and the Doenkadeplein (southern bubble)
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Table D-2 Distances between stop lines and signals

Figure D-6 Distances (in meters) between stop lines and signals on the Doenkadeplein

Doenkadeplein Tolhekplein
distance  #lanes | distance  #lanes
01 | 6/3 1 4/4 1
02 |3/4 2 4/4 2
03 | 4/5 2 5/4 2
04 | 8/3 2 4/4 2
05 | 4/3 2 4/4 2
06 | 4/4 1 5/4 2
07 | 4/5 1 5/6 2
08 | 4/4 2 6/5 2
09 |6/4 2 6/6 1
10 | 3/5 1 6/7 1
11 | 3/3 2 6/6 1
12 | 4/3 2 6/6 1
62 | 3/5 2 5/5 2
63 | 4/3 2 5/5 2
65 | 4/5 2 5/5 2
66 | 3/8 1 5/5 2
68 | 4/3 2 5/5 2
69 | 2/4 2 11/5 1
71 | 3/3 2 5/5 2
72 | 3/3 2 11/5 1

D Geometrical designs

“ ror every direction (single- and double-lane), two sigal are installed. The two distance are presented,
divided by a slash (“/”) where the number in front of the slash presents the distance between the stop line
(of the left lane) and the left signal; the number after the slash presents the distance between the stop line
(of the right lane) and the right signal.
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From the picture and the table, the following conclusions can be drawn:

e The traffic signals for directions 01 through 12 are located on the entrance legs. The distance
between the signal and the roadside of the circulatory lanes is 1 m, as a minimum.

e The traffic signals for directions 62 through 72 are located on the circulatory roadways. The
distance between the signal and the roadside of the entrance leg is 1 m, as a minimum.

e The minimum distance between the stop line and the signal for directions 01 through 12 is 3 m.

e The distance between the stop line on the (right) lane of the outer circulatory roadway and the
traffic signal on the splitter island is at least 3 m, preferably 5 m.

e The distance between the stop line on the (left) lane of the outer circulatory roadway and the
traffic signal between the inner and the outer roadway ranges arbitrarily between 3 and 5 m.

e The distance between the stop line on the (left) lane of the inner circulatory roadway and the
traffic signal on the middle island is arbitrary (range of 2 through 11 m).

From these conclusions, the following choices will be made for the geometrical design of the signalized
turbo roundabouts:
e The minimum distance between the traffic signals on the entrance legs and the roadside of the
circulatory roadway is 1 m.
e The minimum distance between the traffic signals on the circulatory roadways and the roadside
of the entrance legsis 1 m.
e The minimum distance between the traffic signals on the entrance legs and the stop lines is 3 m.
e The minimum distance between the traffic signals on the circulatory roadways and the stop lines
is3m.
In conclusion, the distance between the stop lines and the roadsides is 4 m, for all directions (see Figure
D-7).

Figure D-7 Positions of the stop lines

This design of the stop lines is in accordance with the Regeling Verkeerslichten (Rijkswaterstaat, 2001), a
Dutch legislative policy document on the design of traffic signals. For this project, the relevant
prescriptions are:
e The horizontal distance between the edge of the signal and the edge of the roadway shall be at
least 0.60 m (clause 17);
e The horizontal distance between the signal at the side of the roadway and the stop line of the
corresponding roadway shall be at least 3 m (clause 19);
e The horizontal distance between the signal over the roadway and the stop line of the
corresponding roadway shall be at least 12 m and at maximum 20 m (clause 20);
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e If alane is equipped with a signal at the side of the roadway and a signal over the roadway, the
horizontal distance between both signals and the stop line of the corresponding roadway shall be
at least 3 m (clause 21).

D.4. Minimum inscribed radius

The value for the minimum inscribed radius should be chosen as small as possible, because in that case,
the required space of the turbo roundabout is minimized. On the other hand, the inscribed radius should
not be too small, because it influences the driving curve of the straight-ahead and left-turning vehicles. A
small central island yields a fairly straight driving curve for the straight-ahead vehicles, increasing the
speed of these vehicles.

In this dilemma, an optimum can be found by means of Dutch design guidelines (CROW, 1998, p.40).
According to that document, the desired speed in the curves of the intersection depends on the radius of
the driving curve according to the following relationship (CROW, 1998, p.40):

Vdesired = 7.4 x Y, Rcurve

Equation D-2
where:
Vesirea = desired speed [km/h];
Reurve = radius of the driving curve [m].

When applying an inscribed radius of 12 m to the turbo roundabout, the average speed will be about 25
km/h, which is regarded a safe speed on a turbo roundabout. The value 12 m will be used as the lower
bound for the set of diameters to be applied on the signalized turbo roundabouts.

D.5. Rotor roundabout

This section deals with the design of the rotor roundabout. Firstly, the turboblock will be designed based
on section D.1. Secondly, the rotor roundabout will be finished based on sections D.2 and D.3. Finally, the
space requirement of the rotor roundabout and some important dimensions will be stated. The rotor
roundabout will be designed with two values for the inscribed diameter: 12 m and 20 m.

D.5.1.Turboblock

On the rotor roundabout, the inner circulatory lanes start opposite of an entrance leg. The rotor
roundabout has four legs, that means that the circulatory roadways need to ‘fan out’ by the width of the
inner circulatory roadway over the length of a quarter segment. In order to secure a smooth driving curve,
the geometrical design of the rotor roundabout consists of circles with four different centre points.
Therefore, four translation axis are necessary which make angles of 90 degrees with respect to each other
(see Fortuijn, 2013, appendix E).

Circulatory roadway narrowing

Inner roadway: the inner roadway has inscribed radius 12 m. A vehicle without exemption should be able
to make a left-turn via the inner roadway. By means of the dimensions of the vehicle without exemption
and Equation D-1, one can calculate the corresponding roadway width: 5.26 m, rounded off to 5.30 m.
The inner roadway covers the distance of a quarter of a segment. It starts 5.30 m wide, and does not
narrow, because at the start and at the end of the quarter segment, the radius is still 12 m. The truck
apron on the central island has to accommodate for a 22-m vehicle. With outer diameter (12+5.30) 17.30
m, the inscribed radius must be 10.50 m. This means that the truck apron on the middle island is 1.50 m
wide.

Middle roadway: the middle roadway has inscribed radius (12+5.30+0.30) 17.60 m (the roadway divider
between two roadways is 0.30 m wide). It has to accommodate for a vehicle without exemption. By
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means of Equation D-1 the width of the middle roadway can be calculated: 4.60 m. The middle roadway
narrows from 5.05 m a2 to 4.60 m.

Outer roadway: the outer roadway has inscribed radius (17.60+4.60+0.30) 22.50 m. It has to
accommodate for a vehicle without exemption, and the entrance and exit curves are equipped with truck
aprons to accommodate for 22-m vehicles, and a hard shoulder to accommodate for vehicles with
exemption. In that case, the outer roadway is 4.20 m wide. The outer roadway narrows from 4.85 m (the
width of the end of the middle roadway plus 0.25 m) to 4.20 m. The width of the truck apron
(accommodating the normative 22-m vehicle) is 0.70 m and the hard shoulder (accommodating the
normative vehicle with exemption) is 0.70 m wide. The narrowing of the outer roadway is probably not
important, because the outer roadway has left the roundabout long before it has reached the reduced
width, so the curve widening at the exit leg is more important. This remark also applies to the truck apron
and the hard shoulder.

The previous calculations are structurally shown in Table D-3. Figure D-8 shows a section of the circulatory
roadways at the start of an inner roadway. Table D-4 shows the roadway narrowing for the rotor
roundabout with an inscribed radius of 20 m. The roadway narrowing is illustrated by the turboblock in
Figure D-9 and the detail in Figure D-10.

Table D-3 Roadway narrowing of the rotor roundabout with inscribed radius 12 m

Roadway Radius Start width End width

Truck apron 10.50 m 1.50m 1.50m

Inner R1 12.00 m WS1 530m WE1 5.30m

Middle R2 17.60 m WS2 5.05m WE2 4.60 m A 0.45m
Outer R3 22.50 m WS3 4.85 m WE3 4.20m B 0.65m
Truck apron R4 26.70 m 0.70m 0.70m

Hard shoulder 27.40 m 0.70 m 0.70m

Table D-4 Roadway narrowing of the rotor roundabout with inscribed radius 20 m

Roadway Radius Start width End width

Truck apron 19.20m 0.80m 0.80m

Inner R1 20.00m WS1 4.40m WE1 4.40m

Middle R2 24.70 m WS2 4,15m WE2 410 m A 0.05m
Outer R3 29.10m WS3 435m WE3 3.90m B 0.45m
Truck apron R4  33.00m 0.50 m 0.50 m

Hard shoulder 33.50m 0.60m 0.60 m

.30 .30 0.70— i
1.5 0.2%.70 O.QDTHZFQ.ZO 7OT

Innerradius
=em #0.45
5.30

5.05

4.85

Figure D-8 Section of the rotor roundabout with inscribed radius 12 m

42 The middle roadway connects at the start to the inner roadway; the inner roadway is 0.25 m wider than
the middle roadway because it contains a hard shoulder.
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Figure D-9 Turboblock of the rotor roundabout

%

Figure D-10 Detail of the turboblock of the rotor roundabout

D.5.2.Roundabout design

The turboblock is the base for the roundabout design. The entrance and exit legs need to be connected to
the circulatory roadways in the turboblock, by means of the curvature described in section D.2. Figure
D-11 and Figure D-12 show the designs of the rotor roundabout with inscribed radii of 12 m and 20 m.
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ribed radius of 12 m

ndabout with an insc

Figure D-11 The design of the rotor rou

ribed radius of 20 m

ndabout with an insc

Figure D-12 The design of the rotor rou
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D.5.3.Space requirement

Figure D-11 and Figure D-12 show the outer diameters of both rotor roundabouts, Table D-5 presents an
overview. This table will be used in later stages of the project.

Table D-5 Overview of the inscribed and outer diameters of the rotor roundabout
Inscribed radius  Outer radius
Rotor roundabout 12m 52m
Rotor roundabout 20m 64 m

D.5.4.Length of the segments

Section 4.2 describes the analytical approach, a method to calculate the capacity of a signalized turbo
roundabout analytically. A necessary input for this method is the length of the road segments between
every pair of main signal and interception signal (e.g. traffic streams 02 and 62). The road segments are
indicated in Figure D-13. Table D-6 quantifies the lengths for the rotor roundabouts with inscribed
diameters of 12 m and 20 m.

Figure D-13 Indication of the length of circulatory road segments, input for the analytical approach

Table D-6 Values for A and B for the rotor roundabout

Inscribed radius A B C
12m 29m 31m 55m
20m 38 m 38 m 82 m

D.6. Star roundabout

This section deals with the design of the star roundabout. Firstly, the turboblock will be designed based
on section D.1. Secondly, the star roundabout will be finished based on sections D.2 and D.3. Finally, the
space requirement of the star roundabout and some important dimensions will be stated. The star
roundabout will be designed with two values for the inscribed diameter: 12 m and 20 m.
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D.6.1.Turboblock

D Geometrical designs

The star and rotor roundabout have nearly identical turboblocks. The only major difference is the amount
of translation axes. While the rotor roundabout has four translation axis, the star roundabout has three
translation axes, because the inner circulatory lane needs to ‘fan out’ by the width of a lane over the
length of one third of the entire circle (effectively, the translation axis make angles of 120 degrees with
respect to each other). This is caused by the facts that the star roundabout has three legs and the inner
legs start opposite of an entrance leg.

The results of the calculations by means of Equation D-1 are shown in Table D-7 and Table D-8. Figure
D-14 shows a section of the circulatory roadways at the start of an inner roadway, for the star roundabout
with an inscribed radius of 12 m. The roadway narrowing is illustrated by the turboblock in Figure D-15

and the detail in Figure D-16.

Table D-7 Roadway narrowing of the star roundabout with inscribed radius 12 m

Roadway Radius Start width End width

Truck apron 10.50 m 1.50m 1.50m

Inner R1 12.00 m WS1 530m WE1 5.30m

Middle R2 17.60 m WS2 5.05m WE2 4.60 m A 0.30m
Outer R3 22.50 m WS3 4.85m WE3 4.20m B 0.43m
Truck apron R4 26.70 m 0.70m 0.70m

Hard shoulder 27.40 m 0.70 m 0.70m

Table D-8 Roadway narrowing of the star roundabout with inscribed radius 20 m

Roadway Radius Start width End width
Truck apron 19.20m 0.80m 0.80m
Inner Rl 20.00m WS1 4.40m WE1 4.40m
Middle R2 24.70 m WS2 4.15m WE2 410 m A 0.03m
Outer R3 29.12m WS3 435m WE3 3.90m B 030m
Truck apron R4 33.17m 0.50 m 0.50 m
Hard shoulder 33.67m 0.60m 0.60m
.30 .30 0.70—1
1.5 0.2 .20 0.2 £0.20 .7
_ . ;J ’ °’|_:£_ " I
Innerradius L
=2m 0.45 £0.45
5.30 5.05 v ) 4.85

Figure D-14 Section of the star roundabout with inscribed radius 12 m
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D.6.2.Roundabout design

R4

R2

D Geometrical designs

The turboblock is the base for the roundabout design. The entrance and exit legs need to be connected to
the circulatory roadways in the turboblock, by means of the curvature described in section D.2. Figure
D-17 and Figure D-18 show the designs of the star roundabout with inscribed radii of 12 m and 20 m.

134

3
TUDelft



D Geometrical designs

)

il
“

Figure D-18 The design of the star roundabout with an inscribed radius of 20 m

D.6.3.Space requirement

Figure D-17 and Figure D-18 show the outer diameters of both star roundabouts, Table D-9 presents an
overview. This table will be used in later stages of the project.

135
5
TUDelft



D Geometrical designs

Table D-9 Overview of the inscribed and outer diameters of the star roundabout
Inscribed radius Outer radius

Star roundabout 12m 56 m
Star roundabout 20m 68 m

D.6.4.Length of the segments

Section 4.2 describes the analytical approach, a method to calculate the capacity of a signalized turbo
roundabout analytically. A necessary input for this method is the length of the road segments between
every pair of main signal and interception signal (e.g. traffic streams 02 and 62). The road segments are
indicated in Figure D-19. Table D-10 quantifies the lengths for the star roundabouts with inscribed
diameters of 12 m and 20 m.

Figure D-19 Indication of the length of circulatory road segments, input for the analytical approach

Table D-10 Values for A, B, C and D for the star roundabout

Inscribed radius A

12m 31m 33m 54 m 64 m
20m 41 m 42 m 76 m 84 m
D.7. Partial turbo circle

This section deals with the design of the partial turbo circle 43. Firstly, the turboblock will be designed
based on section D.1. Secondly, the partial turbo circle will be finished based on sections D.2 and D.3.
Finally, the space requirement of the partial turbo circle and some important dimensions will be stated.
The partial turbo circle will be designed with two values for the inscribed diameter: 12 m and 20 m.

43 The partial turbo circle was created from the desire to adjust the rotor roundabout, such that it is

suitable for a two-phase traffic control. The adjustment consisted of removing the choice lanes (see the
main report).
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D.7.1.Turboblock

The partial turbo circle and the rotor roundabout have nearly identical turboblocks. The only major
difference is the extent to which the inner circulatory roadway has to ‘fan out’. While on the rotor
roundabout the inner circulatory roadway needs to ‘fan out’ by the width of one roadway over an angle of
90 degrees, on the partial turbo circle the inner circulatory roadway needs to ‘fan out’ by the width of two
roadways over an angle of 90 degrees.

Circulatory roadway narrowing

Inner roadway: the inner roadway on the partial turbo circle is identical to the inner roadway on the rotor
roundabout, except for the fact that it ‘fans out’ to a larger extent. It has an inscribed radius of 12 m, a
width of 5.30 m (not narrowing) and a truck apron of 1.50 m wide.

Middle roadway: the middle roadway has an inscribed radius of 17.60 m and a width of 4.60 m. It is
identical to the middle roadway on the rotor roundabout, except for the fact that it does not narrow on
the partial turbo circle, because it does not connect to the inner roadway.

Outer roadway: the outer roadway has an inscribed radius of 22.50 m and a width of 4.20 m. On the

partial turbo circle — contrary to the rotor roundabout — it narrows from 5.05 m *“t04.20m.

The results of the calculations by means of Equation D-1 are shown in Table D-11 and Table D-12. Figure
D-20 shows a section of the circulatory roadways at the start of an inner roadway, for the partial turbo
circle with an inscribed radius of 12 m. The roadway narrowing is illustrated by the turboblock in Figure
D-21 and the detail in Figure D-22.

Table D-11 Roadway narrowing of the partial turbo circle with inscribed radius 12 m

Roadway Radius Start width End width

Truck apron 10.50 m 1.50m 1.50m

Inner Rl 12.00m WS1 530m WE1 5.30m

Middle R2 17.60m WS2 4.60m WE2 4.60m A

Outer R3 2250m  WS3 5.05m WE3 4.20m B 0.85m
Truck apron R4  26.70m 0.70 m 0.70m

Hard shoulder 27.40 m 0.70m 0.70m

Table D-12 Roadway narrowing of the partial turbo circle with inscribed radius 20 m

Roadway Radius Start width End width

Truck apron 19.20m 0.80m 0.80m

Inner R1 20.00 m WS1 440 m WE1 440 m

Middle R2 2470m WS2 4.00m WE2 4.00m A

Outer R3  29.00m WS3 4.40m WE3 3.80m B 0.60m
Truck apron R4 32.80m 0.60 m 0.60m

Hard shoulder 33.40m 0.60m 0.60 m

.30 .30 faadsias
OAZOﬁﬁQ.ZO 0.2%@.20
Innerradius
=2 m 45
. 5.30 v ) 4.60 Y/ 5.30

Figure D-20 Section of the partial turbo circle with inscribed radius 12 m

w“ The outer roadway connects at the start to the inner roadway; the inner roadway is 0.25 m wider than
the outer roadway because it contains a hard shoulder.

137

3
TUDelft



D Geometrical designs
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Figure D-22 Detail of the turboblock of the partial turbo circle

D.7.2. Circle design

The turboblock is the base for the circle design. The entrance and exit legs need to be connected to the
circulatory roadways in the turboblock, by means of the curvature described in section D.2. Figure D-23
and Figure D-24 show the designs of the partial turbo circle with inscribed radii of 12 m and 20 m.
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Figure D-23 The design of the partial turbo roundabout with an inscribed radius of 12 m
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Figure D-24 The design of the partial turbo roundabout with an inscribed radius of 20 m

139

<3
TUDelft



D Geometrical designs

D.7.3.Space requirement

Figure D-23 and Figure D-24 show the outer diameters of both partial turbo circles, Table D-13 presents
an overview. This table will be used in later stages of the project.

Table D-13 Overview of the inscribed and outer diameters of the partial turbo circle

Inscribed radius Outer radius

Partial turbo circle 12m 66 m
Partial turbo circle 20m 77 m
D.8. Four-leg turbo circle

This section deals with the design of the four-leg turbo circle. Firstly, the turboblock will be designed
based on section D.1. Secondly, the turbo circle will be finished based on sections D.2 and D.3. Finally, the
space requirement of the turbo circle will be stated. The turbo circle will be designed with three values for
the inscribed diameter: 12 m, 20 m and 30 m.

D.8.1.Turboblock

The algorithm for designing the turboblock of the turbo circle is similar to that of the rotor roundabout.
The only major difference is the fact that every roadway on the turbo circle contains two lanes. That
means that two trucks might accelerate next to each other onto the turbo circle; one on the right lane and
one on the left. If those vehicles comply to the dimensions of the normative 22-m vehicle, the truck on
the left lane can use the truck apron, but the truck on the right lane cannot. For this reason, the lanes on
the turbo circle should be designed to accommodate a 22-m vehicle.

The results of the calculations by means of Equation D-1 are shown in Table D-14, Table D-15 and Table
D-16. Figure D-25 shows a section of the circulatory roadways at the start of an inner roadway, for the
turbo circle with an inscribed radius of 12 m. The roadway narrowing is illustrated by the turboblock in
Figure D-26 and the detail in Figure D-27.

Table D-14 Roadway narrowing of the turbo circle with inscribed radius 12 m

Roadway Radius Start width End width

Truck apron 10.50 m 1.50m 1.50m

Inner 1% R1 12.00 m WS1 530m WE1 5.30m

Inner 2" R2 17.30 m WS2 540 m WE2 5.40m

Middle 3™ R3 23.00m WS3 5.05m WE3 4.80m A  0.25m
Middle 4™ R4 27.80m WS4 540m WE4 4.50m B 0.90m
Outer 5™ R5 32.60m WS5 4.80m WE5 4.20m C 0.60m
Outer 6™ R6 36.80m WS6 475m WE6 4.00m D 0.75m
Hard shoulder R7 40.80m 0.60m 0.60m

Table D-15 Roadway narrowing of the turbo circle with inscribed radius 20 m

Roadway Radius Start width End width

Truck apron 19.00 m 1.00 m 1.00 m

Inner 1* Rl 20.00m WS1 510m WE1 5.10m

Inner 2" R2 2510m WS2 4.70m WE2 4.70m

Middle 3" R3 30.10m WS3 4.85m WE3 430m A  0.55m
Middle 4" R4 34.40 m Ws4 4,70 m WE4 410 m B 0.60 m
Outer 5" R5 38.80m WS5 430m WES5S 4.00m C 0.30m
Outer 6" R6 42.80 m WS6 435m WE6 3.80m D 0.55m
Hard shoulder R7  46.60m 0.50m 0.50m
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Table D-16 Roadway narrowing of the turbo circle with inscribed radius 30 m

Roadway Radius Start width End width

Truck apron 0.60m 0.60m 0.60m

Inner 1% R1 30.00 m WS1 440 m WE1 4.40 m

Inner 2" R2 3440m WS2 4.10m WE2 4.10m

Middle 3" R3 3880m WS3 4.15m WE3  4.00m A 0.15m
Middle 4th R4 42.80m Ws4 4,10 m WE4 3.80m B 0.30m
Outer 5™ R5 46.90 m WS5 4,00 m WE5 3.70m C 0.30m
Outer 6™ R6 50.60 m WS6 4.05m WEG6 3.70m D 0.55m
Hard shoulder R7 54.30m 0.30m 0.30m

truck 0.30 0.30 carrying

apron O.ZOT TO.ZO O.ZOT TO.ZO roadside
rc:dius——l_l_O L
12 m .45 0.45

5.30 5.40 5.05 5.40: 4.80

a4
Figure D-25 Section of the turbo circle with inscribed radius 12 m >

A
~
&)}

Figure D-26 Turboblock of the turbo circle

il The drawing contains a roadway divider on the fourth lane. Of course, it does not belong there. There
reader is begged pardon for this deficiency.
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Figure D-27 Detail of the turboblock of the turbo circle

D.8.2.Circle design

The turboblock is the base for the circle design. The entrance and exit legs need to be connected to the
circulatory roadways in the turboblock, by means of the curvature described in section D.2. Figure D-28,

Figure D-29 and Figure D-30 show the designs of the turbo circle with inscribed radii of 12 m, 20 m and 30
m.

! 3l

:5‘\ \ I
o circle with an inscribed radius of 12 m

Figure D-28 The design of the turb.
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Figure D-29 The design of the turbo circle with.an inscribed radius of 20 m

| i i {
Figure D-30 The design of the turbo circle with an inscribed radius of 30 m
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D.8.3.Space requirement

Figure D-28, Figure D-29 and Figure D-30 show the outer diameters of the turbo circles, Table D-17
presents an overview. This table will be used in later stages of the project.

Table D-17 Overview of the inscribed and outer diameters of the turbo circle
Inscribed radius Outer radius

Turbo circle 12m 79 m
Turbo circle 20m 91 m
Turbo circle 30m 106 m

D.8.4.Length of the segments

In the development of the most suitable traffic control (see appendix H: VRIGen model development), the
length of some road segments on the turbo circles are necessary input for the clearance time calculation.
The road segments are indicated in Figure D-31. Table D-18 quantifies the lengths for the turbo circles
with inscribed diameters of 12 m, 20 m and 30 m.

Inscribed radius A

12m 31m 14 m 15m
20m 43 m 36m 15m
30m 55m 50m 15m

D.9. Three-leg turbo circle

This section deals with the design of the three-leg turbo circle. Firstly, the turboblock will be designed
based on section D.1. Secondly, the three-leg turbo circle will be finished based on sections D.2 and D.3.
Finally, the space requirement of the three-leg turbo circle will be stated. The three-leg turbo circle will be
designed with three values for the inscribed diameter: 12 m, 20 m and 30 m.
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The algorithm for designing the turboblock of the three-leg turbo circle is similar to that of the star
roundabout. The only major difference is the fact that every roadway on the three-leg turbo circle
contains two lanes. The repercussions for the three-leg turbo circle are the same as those for the four-leg
turbo circle: the lanes on the three-leg turbo circle should be designed to accommodate a 22-m vehicle.

The results of the calculations by means of Equation D-1 are shown in Table D-19, Table D-20 and Table
D-21. Figure D-32 shows a section of the circulatory roadways at the start of an inner roadway, for the
three-leg turbo circle with an inscribed radius of 12 m. The roadway narrowing is illustrated by the
turboblock in Figure D-33 and the detail in Figure D-34.

Table D-19 Roadway narrowing of the three-leg turbo circle with inscribed radius 12 m

Roadway Radius Start width End width
Truck apron 10.50 m 1.50 m 1.50 m
1% lane Rl 12.00m WS1 530m WE1 530m
2" lane R2 17.30m WS2 4.60 m WE2 4.60 m A
3" lane R3 22.20m WS3 5.05m WE3 4.20m B 0.57m
4" lane R4 26.68 m Ws4 4.85 m WE4 4.00 m C 0.57m
Hard shoulder 31.56m 0.60m 0.60m

Table D-20 Roadway narrowing of the three-leg turbo circle with inscribed radius 20 m
Roadway Radius Start width End width
Truck apron 19.20m 0.80m 0.80m
1% lane Rl 20.00m WS1 4.40m WE1 4.40m
2" lane R2 2440m WS2 4.10m WE2 4.10m
3 lane R3 2880m WS3 4.15m WE3 3.90m A 017m
4" lane R4 32.78 m Ws4 435m WE4 3.70m B 0.43m
Hard shoulder 36.90m 0.50m 0.50m

Table D-21 Roadway narrowing of the three-leg turbo circle with inscribed radius 30 m
Roadway Radius Start width End width
Truck apron 29.40 m 0.60 m 0.60 m
1% lane R1 30.00m WS1 3.80m WE1 3.80m
2" lane R2 33.80m  WS2 3.70m WE2 3.70m
3 lane R3 37.80m  WS3 3.55m WE3 3.55m A 0.00 m
4" lane R4 4135m WS4 395m WE4 3.50m B 0.30m
Hard shoulder 4540 m 0.40m 0.40m
truck apron o ok gpran  carryng
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Figure D-32 Section of the three-leg turbo circle with inscribed radius 12 m
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Figure D-33 Turboblock of the three-leg turbo circle
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Figure D-34 Detail of the turboblock of the three-leg turbo circle

146

D Geometrical designs

<3
TUDelft



D Geometrical designs

D.9.2.Circle design

The turboblock is the base for the circle design. The entrance and exit legs need to be connected to the
circulatory roadways in the turboblock, by means of the curvature described in section D.2. Figure D-35,

Figure D-36 and Figure D-37 show the designs of the three-leg turbo circle with inscribed radii of 12 m,
20 m and 30 m.
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Figure D-37 The design of the three-leg turbo circle with an inscribed radius of 30 m

D.9.3.Space requirement

Figure D-35, Figure D-36 and Figure D-37 show the outer diameters of the three-leg turbo circles, Table
D-22 presents an overview. This table will be used in later stages of the project.

Table D-22 Overview of the inscribed and outer diameters of the three-leg turbo circle

Inscribed radius  Outer radius

Three-leg turbo circle 12m 65 m

Three-leg turbo circle 20 m 76 m

Three-leg turbo circle 30m 92 m
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Appendix E: Clearance time calculation

An input parameter for the analytical approach is the clearance time of the conflicts consisting of a main
signal (e.g. 02) and the conflicting interception signal (e.g. 65). An input parameter for VRIGen is a conflict
matrix with all clearance times on the intersection. This appendix explains how the clearance time can be
calculated.

In the first section, the general method by Muller et al. (2004) will be addressed. The second section
applies the method to the rotor roundabout with an inscribed radius of 12 m; all clearance times on that
intersection appear to be 0 s. The appendix concludes that this holds for all intersections invoked in this
project.

E.1.General method

Clearance times can be calculated by means of the method of Muller et al. (2004). The method is
represented by the following equations, it is based on the definitions of entrance and exit distance
illustrated by Figure E-1.

tclearance = texit - tentrance

Equation E-1
Sexit
toxit =
ext Vexit
Equation E-2
( 2 «
Sentrance .
&+ — lf Sentrance = Scritical
t — Agcc Agec
entrance |
Sentrance Umax .
t. + if s = Scriti
t T Umax 2 * (aacc _ adec) f entrance critical
Equation E-3
S = _ Vmar
critical 2 % (aacc _ adec)
Equation E-4
where:
telearance = clearance time between two conflicting streams (indicated as conflict group) [s]
Coxit = exit time; the first stream needs the exit time to clear the conflict area [s]
tentrance = entrance time; in which a vehicle in the second stream can reach the conflict area [s]
Sexit = distance that a vehicle from the first stream has to cover in order to clear the conflict
area, see Figure E-1
Vexit = speed at which a vehicle from the first stream clears the conflict area [m/s]
t, = reaction time [s]
Sentrance = the distance between the stop line of the second stream and the closest point of the
conflict area [m]
Aace = acceleration rate [m/szz]
Agec = deceleration rate [m/s”]
Vmax = the maximum speed with which a vehicle enters the intersection [m/s]
Scritical = critical distance taking into account the influence of the speed limit on the intersection

149
%
TUDelft



E Clearance time calculation

Sexit

ECoanict zonei /

Figure E-1 The clearance time calculation is based the geometrical design of the intersection
(taken from Muller et al., 2004)

In Muller et al. (2004), a calibration was invoked with respect to the value a,. — 4. Which can be seen as
a measure of driver aggressiveness. The calibration was performed by means of data gathered on
intersections in the Dutch municipalities of Haarlem and Delft and yielded a value of 2.4 m/s’. The authors
note that this value is well below the capacities of the present-day vehicles and human comfort and
suggest that in investigations lacking calibration, a value in the range of 2.5 to 3.0 m/sZ should be applied.
In this project, this recommendation will be obeyed.

With respect to the other variables: v, is bound to the prevailing speed limit on the intersection. For
safety reasons, v,,; should represent the velocity of a slow vehicle leaving the conflict area. The reaction
time t, will be estimated to be one second, as estimated in appendix F (Simplified acceleration model).

E.2.Application to the rotor roundabout

Figure E-2 illustrates the conflict areas on the rotor roundabout, together with the stop lines joining the
main and interception signals. The conflict area 12/63 is most significant, because this conflict (first 12
green, then 63 green) has the largest exit distance and a small entrance distance, and therefore yields the
largest clearance time (see Equation E-1). This conflict determines the clearance time 11/62 in VRIGen,
because signals 10, 11 and 12 are together represented by 11 and 62 and 63 are represented together by
62 (see the previous section).

i

=1 S}

Figure E-2 Conflict areas between the northern leg and the circdlatory r;oadways
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The distance from the stop line joining direction 12 and the conflict area is 11 m, this is the exit distance.
The distance from the stop line joining direction 63 and the conflict area is 7 m, this is the entrance
distance. Assuming:

Vexit =25km/h
[ =1s ,
Quce — Adec =2.5m/s
Vmax =50 km/h
yields:

toxit =1.6s
tentrance =34s
Lclearance =-18s

The (negative) clearance time is set to zero, for safety considerations (Muller et al., 2004). This calculation
also counts for the other three conflicts on the roundabout. Applying Muller et al. (2004) to the rotor
roundabout with inscribed radii of 12 and 20 m, the star roundabout with inscribed radii of 12 and 20 m,
the (partial) turbo circle and the three-leg turbo circle with any inscribed radius yields the same clearance
times. The cause for this is the choice for the location of the stop lines, motivated by means of field
observations and legislation in section D.3. There, the distance between the stop line of any stream and
the roadside of any conflicting stream is chosen to be 4 m.
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F Simplified acceleration model

Appendix F: Simplified acceleration model

Section 3.2.2 describes the analytical approach as a means of calculating the capacity of a signalized turbo
roundabout analytically. One of the input parameters for this method is an acceleration model, by which
the first vehicle accelerating from standing still at a stop line can be modelled. This appendix explains the
details of the acceleration model.

The model is called ‘simplified’, because it does not take into account the cognitive-psychological
influence of the interception signals. The next section explains that the perception of the interception
signals might influence the acceleration behaviour, and therefore the saturation flow. It also explains that
extensive research is necessary, in order to model this influence properly. The acceleration model is
‘simplified’, meaning that the extensive research has not been carried out; several assumptions are to be
made and defended.

F.1.Description of acceleration behaviour

This section describes the basic behaviour of a vehicle accelerating from standing still at a stop line to its
preferred speed.

F.1.1. Waiting for the red light

The simplified model in this appendix considers a vehicle approaching a traffic signal indicating red. The
red phase does not end until the vehicle has stopped in front of the stop line. The time interval the vehicle
stands still influences the attention level of the driver. For instance, if the red phase persists quite long
(longer than, say, one minute) the driver will start to pay attention at other objects in his vicinity than the
traffic signal. In that case, his reaction time increases. On the other hand, a hurried driver may start yelling
at the traffic signal and intends to accelerate as soon as the light turns green. In that case, his reaction
time will be quite short.

This simplified model applies one single value for the reaction time. This value is set to one second, based
on extensive field measurements in various parts of The Netherlands (Grontmij, 2001). This means that in
this model, the time interval between start green of the signal and the vehicle starting to accelerate, is
one second.

F.1.2. Accelerating from standing still

The rate of acceleration of a vehicle highly depends on a number of factors. A few examples are:
characteristics of the driver (age, gender, physical condition, mood, aggressiveness, etc), the
characteristics of the car (age, engine power, weight, etc.), the slope of the road segment on which the
vehicle accelerates, etc. Consequentially, the acceleration is also highly variable.

This simplified acceleration model again applies one single value for the acceleration. This values is based
on the same source (Grontmij, 2001) and is set to 2.5 m/sz. This value is assumed to be constant over
time. Logically, the acceleration rate decreases as the vehicle speed increases. However, in this project
the value is taken to be constant because in the calculation of the phase overlap, the acceleration
distance (the distance between main signal and interception signal) is quite short. On that short distance,
the driver accelerates to a speed of ca. 30 km/h, see the next sections. For such low speeds, the
acceleration rates can be chosen a constant value, without reducing the reliability of the acceleration
model, presumably.
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F.1.3. Perceiving the interception signal

The driver accelerates from the main signal on the entrance leg of the turbo roundabout to the
interception signal of one of the circulatory roadways on the turbo roundabout. In the case of a clockwise
leg-by-leg control with phase overlap, the interception signal still shows red at the moment the main
signal turns green. After a certain time interval (equal to the phase overlap), the interception signal shows
green. Presumably, the first driver accelerating from the main signal focusses his attention on the
interception signal hoping it will turn green very soon. Therefore, the time interval between start green of
the interception signal and the driver’s decision to proceed accelerating (called the perception time) is
probably shorter than the one second reaction time explained in the previous section. There are no field
measurements available on this perception time. Therefore, the quantification of the perception time will
be based on expert judgment: half a second.

Of course, this value also differs over drivers. Moreover, drivers who are familiar with the intersection will
notice that the interception signal will turn green shortly after the main signal has turned green. From
psychological literature (Zimbardo et al., 2007), the conclusion can be drawn that people who are
expecting the green light, their perception time is substantially smaller than the perception time of people
without this expectation.

F.1.4. Deciding to accelerate or decelerate

After the perception of the green interception signal, the driver will proceed to accelerate. This model
assumes that the value of the acceleration rate is again 2.5 m/s’. If the driver perceives a red signal, he
will decide to decelerate. The deceleration rate differs over drivers and environmental conditions. Based
on Grontmij (2001), the deceleration rate is assumed to be 2.0 m/s’. In that case, the vehicle instantly
changes from the acceleration phase to the deceleration phase. Consequentially, the velocity-time
diagram of the vehicle shows a triangular shape.

F.2.Summary: acceleration behaviour

All previous remarks can be summaried as follows:
- Vehicle stops in front of the stop line;
- Main signal turns green;
- Vehicle starts to accelerate after one second of reaction time;
- Vehicle accelerates at a constant rate of 2.5 m/s2 up to a maximum speed of 40 km/h;
- Interception signal turns green;
- Driver perceives the interception signal after a 0.5 s of perception time;
- Vehicle proceeds acceleration at 2.5 m/s2 or starts decelerating at 2.0 m/sz;
- If decelerating, the vehicle stops in front of the stop line joining the interception signal.

F.3.Constraint of the acceleration length

By means of this simplified acceleration model, the duration of the acceleration phase t, can be
calculated, such that the first vehicle only accelerates or decelerates. The time t, at which the driver quits
accelerating and starts decelerating, depends on the length of the road stretch between the stop lines
joining the main signal and the interception signal. For instance, if the length between both signals is 25
m, the vehicle accelerates at 2.5 m/s2 over the first 12.2 m in 3.1 s. Then the vehicle decelerates over the
remaining 12.8 m in 3.6 s to standstill. Effectively, t, is equal to 3.1 s plus the reaction time (one second)
minus the perception time (a half a second).

Equation F-1, Equation F-2 and Equation F-3 represent the simplified acceleration model in mathematical
expressions of the acceleration-time diagram, the velocity-time diagram and the distance-time diagram.
Figure F-1 shows the diagrams graphically.
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Figure F-1 Acceleration-time, velocity-time and distance-time diagrams for the example

F.4.Maximum green phase overlap

As explained in the main report, the maximum green phase overlap is the time interval in which the legs
in two subsequent phase of the leg-by-leg control can have green simultaneously. The traffic control
should be designed, such that the maximum phase overlap is maximized. The simplified acceleration
model has shown that the maximum value depends on the geometry of the roundabout (i.e. the length
over which the first vehicle accelerates). In order to prevent the vehicle from entering the deceleration
phase, the interception signal should turn green t, seconds after the main signal has turned green. The
maximum green phase overlap can be calculated based on tx46, adjusted for the reaction time, perception
time and yellow time of the predecessor stage (3 s). Table F-1 shows some values for the phase overlap,
dependent on the acceleration length. These values are used as input for the analytical approach in
section 4.2.

46 Assuming that the clearance time between the end green of the leg in the predecessor phase and the
start green of the interception signal is zero. Appendix K (VRIGen model development) will show that this is
indeed the case.
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47
Table F-1 Acceleration length and maximum possible green phase overlap

Acc. Length
Example 25m
Rotor roundabout, 12 m 29m
Rotor roundabout, 20 m 38m
Star roundabout, 12 m, E-Sand S-\W 31 m
Star roundabout, 12 m, W-E 54 m
Star roundabout, 20 m, E-Sand S-W 41 m
Star roundabout, 20 m, W-E 76 m

t,
3.1s

33s
3.8s
34s
45s
39s
6.65s

Phase overlap

0.6s

0.8s
13s
0.9s
2.0s
14s
4.1s

F.5.Sensitivity analysis

The sensitivity analysis consists of varying the acceleration and deceleration rates, and check the effect on
the phase overlap. Table F-2 and Figure F-2 show the sensitivity analysis. The horizontal straight line
indicates t, = 3.1 s, this represents the combination of acceleration and deceleration rates chosen (2.5
m/s” and 2.0 m/s’ resp.). The chosen combination seems reasonable; not optimistic, neither conservative.

Table F-2 Values for t, for varying acceleration and deceleration rates, acceleration length 25 m

Deceleration rate  Acceleration rate t,
2.5 m/s’ 3.0 m/s’ 29s
2.5 m/s 2.5 m/s> 3.3s
2.5 m/s 2.0 m/s’ 3.8s
2.5m/s’ 1.5 m/s’ 47s
2.0m/s’ 3.0m/s’ 2.7s
2.0m/s’ 2.5m/s’ 3.1s
2.0m/s’ 2.0m/s 365
2.0 m/s2 1.5 m/s2 45s
1.5 m/s’ 3.0m/s’ 255
1.5 m/s’ 2.5m/s’ 2.8s
1.5 m/s’ 2.0m/s’ 345
1.5 m/s2 1.5 m/s2 4.2s
5
45
4~>\\
w35 —4—Dec=2.5
3 =fli=Dec=2.0
25 Dec=1.5
2 : : |
15 2 2,5 3

Accelerationrate

Figure F-2 Visualization of the sensitivity analysis in Table F-2

*” The star roundabout has two values for phase overlap, because it contains two legs in subsequent
control phases which make an angle of 180 degrees; the other legs make angles of 90 degrees. E-S is the
phase transition from leg East to leg South (90 degrees); S-W is the transition from leg South to leg West
(90 degrees); W-E is the transition from leg West to leg East (180 degrees). The values for the acceleration
length result from appendix D (Geometrical designs), recorded in Table D-6 and Table D-10.
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Appendix G: Green phase overlap calculation

The green phase overlap is an input parameter to the analytical approach, as well as to VRIGen. This
appendix shows how the green phase overlap can be calculated. Green phase overlap can only be
incorporated in the leg-by-leg control, applied to the rotor and star roundabouts in this project.
Therefore, the green phase overlap will be calculated for the rotor and star roundabouts.

G.1. Input: geometrical design

In order to calculate the green phase overlap, the geometrical design of the intersections should be
determined. This topic is addressed in appendix D (Geometrical designs), Figure G-1 and Figure G-2 show
the result for the rotor and star roundabouts. The indicated dimensions A, B, C and D are necessary for
calculating the green phase overlap (in the next paragraphs). In particular, A and B indicate the length
which the first departing vehicles have to cover in order to reach the conflict area with the first conflicting
streams. Length C indicates the length which the last vehicle in stream 03 has to cover in order to reach
the conflict area with the last conflicting streams.

10 11 12

Figure G-1 Geometrical design of the rotor roundabout and standard coding of traffic streams

Table G-1 Values for A and B for the rotor roundabout

Inner radius A B C

12m 29m 31m 55m

20m 38 m 38 m 82 m
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Figure G-2 Geometrical design of the star roundabout and standard coding of traffic streams

Table G-2 Values for A, B, C and D for the star roundabout

Inner radius A

12m 31m 33m 54 m 64 m

20m 41m 42 m 76 m 84 m
G.2. Calculation of the green phase overlap

Section 2.3.1 introduced the definition of green phase overlap:

The green phase overlap is the time interval in which two legs in subsequent stages can obtain green
simultaneously.

This can be illustrated by means of Figure G-1. In the phase transition from the phase in which the eastern
leg obtains green to the phase in which the southern leg obtains green, the signal on leg S turns green
while leg E still obtains green (or yellow). Stream 65 still shows red, in order to secure the conflict area
between leg E and stream 65. Stream 65 turns green as soon as the yellow phase of leg E has ended,
because the clearance time of this conflict is zero seconds (see the intermezzo at the end of this section).

Consequentially, the first departing vehicle in stream 05 starts accelerating while interception signal 65
still shows red. Presumably, the first vehicle will start to decelerate after it started to accelerate in order
to stop in front of the stop line joining stream 65. That would mean that a shockwave of decelerating
vehicles would be initiated, moving upstream on the entrance lane. The shockwave reduces the
saturation flow on the entrance lane. Therefore, the time lag between start green of 05 and start green of
65 should be optimized, such that signal 65 turns green before the driver decides to start decelerating, in
order to prevent the vehicle from decelerating and a shockwave to occur. As a consequence, the duration
of the green phase overlap depends on the length of the road stretch and the acceleration of the first
departing vehicle. Here, already a simplified acceleration model has been formulated, appendix F
(Simplified acceleration model) elaborates on the details of the presumptions and calculations with
respect to the green phase overlap. In that appendix, the first departing vehicle is assumed to accelerate
at 2.0 m/s> and decelerate at 2.5 m/s’. The result of that appendix consists of the optimized green phase
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4 L L . .
overlap 8 ; the time interval between start green of the main signal and start green of the interception
signal is calculated to be 3.8 s. This value needs to be corrected for the yellow phase in order to obtain the
green phase overlap, see Table G-3.

Table G-3 Acceleration length and maximum possible green phase overlap (SG = start green)

Acc. Length SG main signal - Green phase
SG interception signal [EHET
Rotor roundabout, 12 m A=  29m 3.8s 0.8s
Rotor roundabout, 20 m A= 38 m 43s 1.3s
Star roundabout, 12 m, E-S and S-W A= 31m 39s 09s
Star roundabout, 12 m, W-E C= 54 m 5.0s 2.0s
Star roundabout, 20 m, E-S and S-W A= 41 m 445 1.4s
Star roundabout, 20 m, W-E C= 76 m 7.1s 4.1s

The green phase overlap on the rotor roundabout with an inscribed radius of 12 mis (3.8 s —3.0s) 0.8 s
per phase transition; that is (4 x 0.8) 3.2 s per cycle. This value is called the maximum green phase overlap
per cycle, because it is maximum duration allowed by the geometrical design of the turbo roundabout.

On the star roundabout, the green phase overlap is not equal for every phase transition, as it is for the
rotor roundabout. The road stretch between the western and eastern leg (distance C in Figure G-2) is
longer than the other road stretches, therefore the green phase overlap in the phase transition between
these legs can be longer. Table G-3 shows the durations of the green phase overlaps of all phase
transitions.

All considerations in this section can be summarized in the flow diagram of Figure G-3.

s aYd A
Acc and dec Geometrical design Acc and dec Geometrical design
2.5m/s? (inner radius) 2.5 m/s? (inner radius)
X 2.0m/s? 12m (20 m) 2.0 m/s? 12 m (20 m)
. VAN 7

\ \ \ \

aY 4 .
Distance between

Distance between

Trajectory of the stop lines Yellow time Trajectory of the stop lines Yellow time
first vehicle 3.0s first vehicle A=31m (41 m) 3.0s
)| t J c=samizem)
Maximum possible green Maximum possible green
phase overlap per cycle phase overlap per cycle
3.25(5.25s) 3.85(6.95)

Figure G-3 Calculation of the green phase overlap on the rotor roundabout (left) and star roundabout (right)

8 These values included the yellow time, so these are not the green phase overlap.
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Appendix H: Control structures for the turbo roundabout

The clockwise leg-by-leg control structure for the rotor and star roundabouts will be calculated in this
appendix. The green phase overlap calculated appendix G, is an important input variable. As a start, the
structure with the minimum cycle time will be constructed based on the minimum duration of the green
phase. This results in a control structure with equal green phase durations. These durations will be
adjusted according to the demand patterns used in this study.

H.1. Minimum cycle time

In this section, the minimum cycle time will be calculated, because the capacity of the roundabout is
optimized when the cycle time is minimized. Firstly, a preliminary structure will be constructed, solely
based on the minimum green time. Next, two adjustments will be made to this preliminary structure.

H.1.1.Based on the minimum green time

The value for the minimum green time is chosen to be 3.0 s (CROW, 2006). Figure H-1 shows the phase
diagram for the case in which the minimum green time is assigned to all legs. The green phase of leg E
lasts from t = 0.0 s to t = 3.0 s (minimum green time). Afterwards, the yellow phase lasts for 3.0 s. The
maximum possible green phase overlap on the rotor roundabout with an inscribed diameter of 12 m is
0.8 s, so leg S obtains green at t =3.0-0.8=2.2s 9 This way, the complete phase diagram can be
constructed. The minimum cycle time is 8.8 s.

m
wn
=
=

0.0

2.2 28

A,

2B M NE— B N FIRSPRPRN -

6.0 [
6.6 ;

8.8 |-

Figure H-1 Preliminary phase diagram with minimum green times (vertical axis: time, dashed areas: yellow phases)

H.1.2.Time lag between two opposing legs

Figure H-1 shows that three legs obtain green simultaneously. This is not possible in the leg-by-leg control
on the rotor roundabout, because two opposing legs may not appear in the same phase (this also counts
for the star roundabout, for the transition from leg E to leg W). For instance, if signal group 03 on leg E
obtains green, signal groups 63 and 71 should also obtain green >0 71 conflicts with 08, so the green
phases of leg E and leg W may not overlap. Indeed, the left-turning vehicles need time to cross the
roundabout, so there should be a time lag between the end of the green phase of leg E and start green of
leg W. This time lag can be calculated by means of the following formula >,

* The yellow phase, in the figure indicated with the dashed area, lasts for 3.0 s.

%0 Else the left-turning vehicles would have to queue on the roundabout. This should be avoided because
queuing left-turning vehicles might block the circulatory roadway for the straight-ahead vehicles.

1 This formula applies to the last vehicles passing the green phase. They have already reached their
desired speed, therefore an acceleration or deceleration phase should not be considered.
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_ doz7
tE—W -
Vroundabout
Equation H-1

where:
te_w = time lag between the end of the green phase of leg E and start green of leg W [s]
doz_71 = distance between stop line 3 on leg E and stop line 71 [m]
Vyoundabout = velocity of the last vehicle in stream 03 on the roundabout [m/s]

On the rotor roundabout with an inscribed radius of 12 m, dy5_,; amounts to 55 m. Assuming V,,undabout
is 25 km/h, tz_y amounts to 8 s. Figure H-2 shows the phase diagram including legs E and W. The
minimum cycle time can be calculated to be 28 s.

0.0

6.0

8,0

14.0

20.

8,0

28.0

Figure H-2 Phase diagram with minimum time lag between legs E and W

H.1.3. Adjusting the structure for the green phase overlap

Figure H-2 indicates another notion: the green phase overlap diminishes. The green phase overlap for the
smallest rotor roundabout was calculated to be 3.2 s per cycle. However, adding the green phase of leg N
and S in Figure H-2 with green time 6 s, the green phase overlap becomes negative: (4 x -1 s) -4 s per
cycle. In conclusion, if the green time is chosen minimally, then the green phase overlap offered by the
roundabout cannot be used.

Figure H-3 shows three phase diagrams with different green times. The left phase diagram is again
characterized by the minimum green time. In that case, the green phase of the following leg can start 1 s
after the end of the green phase of the predecessor leg. The cycle time is 28 s. The middle diagram shows
the case in which the green phase of the following leg can start at the moment the green phase of the
predecessor leg ends. In that case, the green time is 8 s and the cycle time is 32 s. In the left phase
diagram, the green time is (0.8 + 3.0 + 8.0 + 0.8) 12.6 s. The green phase overlap is (4 legs x 0.8 s) 3.2 s and
the cycle time is 47.2 s.

In conclusion, the absolute minimum cycle time is 28.0 s. Up to a cycle time of 47.2 s, the traffic control
does not optimally use the green phase overlap offered by the geometry of the roundabout.
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t_green = 3.0 s t_pomaxcycle = 4.0 s t_green = 50 s t_pomaxcycle = 0.0 s t_green = 126 s {_pomaxcycle = 3.2 s
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Figure H-3 Phase diagrams for three different minimum green times

H.2. Influence of unequally loaded entrance legs

Figure H-3 illustrates how the minimum cycle time for which the maximum possible green phase overlap
is used, can be calculated. However, the diagrams are somewhat misleading; all legs obtain an equal
duration of the green phase. Such a traffic control is suitable for situations in which the entrance legs are
equally loaded (the traffic demand is equal for every leg). But this project considers demand patterns in
which the ratio leg W/E is 0.8 (main directions); the ratio leg S/E is 0.6 (secondary direction); and the ratio
leg N/E is 0.6 (secondary direction), see appendix B (Demand patterns). Consequentially, the duration of
the green phase for leg W should be 80% of that of leg E, and the duration of the green phase for leg S
and leg N should be 60% of that of leg E (neglecting the influence of the saturation flow, which increases
as the duration of the green phase increases, see section Fout! Verwijzingsbron niet gevonden.).

Figure H-4 shows the result: the duration of the green phase of leg E is 23.0 s, that of leg W is 17.8 s and
those of leg S and leg N is 12.6 s. The duration of the cycle time is 62.8 s. The maximum possible green
phase overlap per cycle is: 3.2 s in a cycle time of 62.8 s.
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t_green = 12,6 s t_po,max,cycle = 3.2 s t_green = var t_po,max,cycle = 3.2 s
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Figure H-4 Rotor roundabout with an inscribed radius of 12 m; cycle for optimal use of the green phase overlap
(left) and cycle with unequal green times (right)

Likewise, the control structure with the shortest cycle time for the star roundabout can be constructed,
Figure H-5 shows the result.

t_green = var t_po,max,cycle = 3.8 s

0.0

I O 2,

34.3

38.2

48.3

T SO

Figure H-5 Star roundabout with an inscribed radius of 12 m; cycle for optimal use of the green phase overlap with
unequal green times (right)
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Appendix J: Cycle time optimization

This appendix aims to explain the ambiguous relationship between the cycle time and the capacity, and to
catch it in a flow diagram. The first section presents an introduction to the ambiguous relationship in the
form of a dilemma. The second section addresses the influence of the geometrical design of the turbo
roundabout on the green phase overlap, explained in appendix G. The influence of the cycle time is added
in the third section, explained in appendix H. The fourth section addresses the calculation of the effective
green time, which is input to the calculation of the saturation flow in the sixth section. The relationships
between the cycle time and the phase overlap per hour is explained in the fifth section. Finally, the
influence of the cycle time on the capacity of the turbo roundabout will be presented in the form of a
graph (quantitative) and a diagram illustrating relationships (qualitative). At the end of the appendix, a
flow diagram will be presented with the chosen values for the presented parameters.

J.1. Dilemma of the cycle time

The four-phase clockwise leg-by-leg control is suitable for the signalized rotor roundabout. This control
allows for green phase overlap: a certain time lag in which two legs in subsequent phases obtain green
simultaneously. Effectively, the green phase overlap increases the aggregated green time per cycle and
thereby increases the capacity. Therefore, the green phase overlap should be maximized in order to
maximize the capacity of the turbo roundabout.

The green phase overlap is constant per cycle, to be explained in section J.2. As a consequence, the green
phase overlap per hour depends on the amount of cycles per hour, and therefore on the cycle time
duration. The green phase overlap per hour in turn, influences the capacity of the roundabout (the larger
the green phase overlap, the larger the capacity; to be illustrated in section J.7). Apparently, the cycle
time influences the capacity of the turbo roundabout via the green phase overlap per hour, and therefore
the cycle time has an optimum value.

However, the cycle time also influences the duration of the green phases within the traffic control. The
duration of the green phase influences the saturation flow positively, to be illustrated in section J.6.

Notice the following relationship. As the green time decreases, the cycle time decreases and the number
of cycles per hour increases. Therefore the green phase overlap per hour increases and so does the
capacity. However, as the green time decreases, the saturation flow decreases as well, and so does the
capacity. Via these basic notions, the optimum value for the cycle time — at which the capacity of the
roundabout is maximized — will be calculated in the coming sections.

J.2. Geometrical design and green phase overlap

An important aspect of the black box approach is the notion of green phase overlap, described in section
2.3.1. Applying green phase overlap to a signalized turbo roundabout, is only possible thanks to the
circulatory road segment between two legs in subsequent control phases. The length of this road segment
is illustrated by Figure G-1, length A. The larger the inscribed radius of the turbo roundabout, the larger
length A >2 The first departing vehicle at the stop line uses this length to accelerate and decelerate if the
interception signal shows red; this behaviour is described in the acceleration model in appendix F
(Simplified acceleration model). In this model, the variables of the acceleration and deceleration rate
determine the trajectory [x,t] of the first departing vehicle.

2 In this appendix, length A will be denoted with dy,_¢, in order to express that this is the distance
between stop lines 02 and 62.

165
%
TUDelft



J Cycle time optimization

In conclusion, the green phase overlap depends on two factors: the geometrical design of the turbo
roundabout (cq. the inscribed radius) and the acceleration and deceleration behaviour of the first
departing vehicle. Figure J-1 illustrates these relationships.

rowner | | (acctech) |

\

Y Y

d02—62J[ [&.ﬂ ]

A 4 Y

tpo,max,cycle J

\

Figure J-1 Relationship between the geometrical design and the maximum phase overlap (parallel to Figure G-3)

J.3. Minimum cycle time

As noted, the cycle time influences the capacity of the turbo roundabout and therefore has to be
optimized (assuming that one desires to maximize the capacity). The cycle time is constrained to a lower
boundary. This boundary can be calculated by constructing the control structure with thr minimum green
time, this has been done in appendix H (Control structures for the turbo roundabout). The considerations
in that section are captured by the following overview:

& N
[ tgree‘n,miﬂ ] Tinner

Y Y

f ™\
v’roundabout][ d03—71
\ .

I ‘ 4 |

' ™\
[ tcycle,min ] tgreen,leg ] tE —W
h ; Y l
-
[ tcycle ] [ tpo,cycle

» =lower bound
Figure J-2 Relationship among the minimum green time, minimum cycle time and phase overlap per cycle

Figure J-3 through Figure J-6 show the optimized traffic control structures for the rotor and star
roundabout with inscribed radii of 12 m and 20 m.
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t_green = 126 s t_pomax,.cycle = 3.2 s t_green = var t_pomax,cycle = 3.2 s
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Figure J-3 Rotor roundabout with an inscribed radius of 12 m; cycle for optimal use of the phase overlap (left) and
cycle with unequal green times (right)

t_green = 17.6 s t_po,max,cycle = 52 s t_green = var t_po,max,cycle = 52 s
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Figure J-4 Rotor roundabout with an inscribed radius of 20 m; cycle for optimal use of the phase overlap (left) and
cycle with unequal green times (right)
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t_green = 12.8 s t_pomax,cycle = 3.8 s t_green = var t_po,max,cycle = 3.8 s
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Figure J-5 Star roundabout with an inscribed radius of 12 m; cycle for optimal use of the phase overlap (left) and
cycle with unequal green times (right)

t_green = 16.8 s t_po,max,cycle = 6.9 s t_green = var t_po,max,cycle = 6.9 s
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Figure J-6 Star roundabout with an inscribed radius of 20 m; cycle for optimal use of the phase overlap (left) and
cycle with unequal green times (right)
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J.4. Effective green time

The cycle time can be determined by constructing the control structure with the shortest cycle time, using
the maximum possible green phase overlap entirely. The effective green time per leg can also be
calculated from the structure. The general formula in Equation J-1 shows the variables influencing the
effective green time. The green phases in the structures in the previous section can be converted to
effective green times by subtracting the unused yellow time.

teff.green,leg = tgreen,leg - treaction + tyellow,used = tgreen,leg +1

Equation J-1
where:
Leff.greeneg = duration of the effective green time per leg [s]
tyeliow,used = used yellow time [s]
treaction = reaction time [s]

[ tg?een,leg][ treacu'on][ tvellow,used]
: I }

le

Jf.green

Figure J-7 Relationship between the green time and the cycle time

J.5. Cycle time and phase overlap per hour

Section J.1 showed that the maximum possible phase overlap per cycle depends on the geometrical
design of the roundabout (i.c. the inner radius and the amount of legs) and the behaviour of the first
vehicle. The previous section showed that the maximum possible phase overlap cannot entirely be used if
the cycle time is smaller than 47.2 s.

The phase overlap per hour can be calculated if the number of cycles per hour is known, which in turn
depends on the cycle time:

3600
Neycles = t
cycle
Equation J-2
tpo,hour = tpo,cycle * ncycles
Equation J-3
where:
tpo,hour = phase overlap per hour, allowed by the geometrical design [s]
tpo,cycle = phase overlap per cycle, allowed by the geometrical design [s]
Neycles = number of cycles per hour [-]
Eeycle = cycle time [s]

The boundary conditions of the minimum cycle time needs to be added to the equations (see
appendix H). These conditions are:
- the cycle time cannot be shorter than 28 s;
- the maximum possible phase overlap per cycle cannot by optimally used for cycle times between
28 sand 47.2s.
Figure J-8 illustrates the maximum possible phase overlap per hour as a function of the cycle time. The
maximum possible phase overlap per hour is maximized for a cycle time of 47.2 s, because:
- the maximum possible phase overlap per cycle cannot by optimally used for cycle times between
28 and 47.2 s;

169
%
TUDelft



J Cycle time optimization

- the maximum possible phase overlap per hour cannot by optimally used for cycle times longer
than 47.2 s (longer cycle time -> less cycles per hour -> less phase overlaps per hour).
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Figure J-8 Aggregated phase overlap per hour as a function of the cycle time

These considerations are captured by the following overview:
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Figure J-9 Relationship among the cycle time, the phase overlap per cycle and the phase overlap per hour

J.6. Effective green time and saturation flow

In order to quantify the relationship between the effective green time and the saturation flow (Figure
J-10), the traffic flow from the stop line should be regarded. The trajectories of queued vehicles
accelerating from standing still can be analyzed by means of the following elementary equations:

v = f adt=axt
Equation J-4
d= fv dt =vx*t
Equation J-5
By means of these equations, the trajectory of the first departing vehicle will be determined. By means of

the car-following model to be described below, the trajectories of the following vehicles will be
determined, on basis of which the saturation flow can be expressed as a function of time.
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The elementary car following behaviour of an individual vehicle can be described by means of the
following elementary formula’s:
Sdesirea = So + Const.x v

Equation J-6
s
h=-—
v
Equation J-7
3600
Qrunoff = T
Equation J-8
where:
d = travelled distance [m]
a = actual acceleration [m/sz]
v = actual speed [m/s]
h = time headway [s]
S = actual distance headway, assumed to be equal to the desired distance headway [m]

Sgesirea = desired distance headway [m]
So = average gross distance headway while standing still [m]
Const. = constant value; influence of the speed on the desired distance headway [m/(m/s)]

Expressing the saturation flow in terms of time, one obtains a graph like Figure J-10. The amount of
vehicles running off can be expressed as a function of time:

3600at

runoff = sy + Const. at

Equation J-9

This formula presents the flow running off at a certain time moment. It would be too optimistic to
calculate the saturation flow simply by filling in the green time and then use that value to calculate the
roundabout capacity, because the acceleration period (in which the saturation flow is lower, starting from
0 pcu/h) is then neglected. The saturation flow g, at a certain moment can be calculated by dividing the
total amount of vehicles that runs off during the effective green time (that is the integral of gy, 55 Over
the effective green time; the second part of Equation J-10) by the duration of the green phase (the first
part of Equation J-10).

teff.green
Gsat = (tgreen - to)_l * .[ qrunoffdt

’ Equation J-10
where:
Qrunoff = actual flow of vehicles running off [pcu/h]
Qsat = actual saturation flow [pcu/h]
toreen = duration of the green phase [s]
teff.green = duration of the effective green time [s]
t = duration of the green phase [s]
to = start green [s]
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Figure J-10 Saturation flow as a function of the effective green time

These considerations are captured by the following overview:
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Figure J-11 Relationship among the green time, microscopic behaviour and saturation flow

J.7. Cycle time and capacity

Now, the capacity of the signalized turbo roundabout can be expressed in terms of the maximum phase
overlap per hour (allowed by the geometrical design) and the saturation flow (determined by the green
time):
C= Lerf.green * Asat * Manes
Equation J-11
where:
C = capacity of the signalized turbo roundabout [pcu/h]

This formula presents the capacity per lane; the results needs to be multiplied by the number of lanes per
leg. The number of lanes will be chosen to be 2, despite the fact that the rotor and star roundabout have
three lanes on each entrance legs. The reason for this is that the right lane of the approaching legs of the
rotor roundabout is used only by right-turning traffic. Now the question arises: if the rotor roundabout
will be signalized, will the green time for the right lane entirely be used? Only if the right-turning flows are
large, the answer to this question is yes, but in this project the right-turning flows are merely 30% of the
straight-ahead flows (see appendix B: Demand patterns). Section 4.2.4 addresses the amount of lanes to
be invoked on the rotor and star roundabouts.

From the previous explanations follows that the maximum possible phase overlap increases as the cycle
time decreases (shorter cycle time -> more cycles per hour -> more phase overlaps per hour -> longer
maximum possible phase overlap per hour). However, it also follows that the saturation flow increases as
the cycle time increases (longer cycle time -> longer green time -> higher saturation flow). In conclusion,
the cycle time influences the capacity negatively via the phase overlap and positively via the saturation
flow. Presumably, an optimum exists for the duration of the cycle time, Equation J-11 allows to calculate
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the optimum for this dilemma. This optimum is exactly at a cycle time of 47.2 s; the cycle time at which
the phase overlap can optimally be used (see appendix H). Figure J-12 illustrates this calculation.
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Figure J-12 Roundabout capacity as a function of the cycle time

Now the dilemma from the first section can be settled. In that dilemma, the cycle time influences the
capacity in two ways. On the one hand, if the cycle time decreases, the amount of cycles per hour
increases, and so do the phase overlap per hour and the capacity. On the other hand, if the cycle time
decreases, the effective green time per leg decreases, the average saturation flow decreases and so does
the capacity. The former influence is decisive: the influence of the effective green time duration on the
saturation flow is less important than the influence of the phase overlap per hour.

These considerations are captured by the following overview:
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Figure J-13 Relationship between the green time and the cycle time

J.8. Results

This chapter presented overviews, which can be combined to Figure J-14.

173

%
TUDelft



t

yellow

=35

[

tgreen,mi'n =35 ]

J Cycle time optimization

[ Timmer = 112, 20] ][ (acc,dec,h) ]

‘ h

.

¥
—

tc}'c‘ie,m:’n tg reen,leg

A

Y Y
-
Vroundabout doa_71 doz_gz [xt]
= 25km/h
A
| l ¥ Y Y

t.E W

™y T
tpn,mux,c‘;'cie W

.

= 285

Y

I

4[

po.cycle

t}'eiiuu‘,used =1s
Lreaction = 15

I '\‘ T
- teffgrem ™
I Y
[ Nignes= (23] ] [ t?ﬂbhﬂﬂ-" ] [ Gsar

!

In the overview:

(acc,dec,h)
headway

C

d02—62
d03—71
ncycles

nlegs

Gsat

Tinner
tpo,cycle
tpo,hour
tpo,max,cycle
tpo,max,hour
tE—W
western leg [s]
tcycle
tcycle,min
tgreen
tgreen,min
tyellow,unused

Vroundabout

[x.t]

= lower bound
= upperbound

= capacity of the signalized turbo roundabout [pcu/h]
= distance between stop line 02 on the eastern leg and stop line 62 [m]
= distance between stop line 03 on the eastern leg and stop line 71 [m]
= number of cycles per hour [-]
= amount of approaching legs [-]
= saturation flow [pcu/h]

= inner radius of the signalized turbo roundabout [m]

= actual phase overlap per cycle [s]
= actual phase overlap per hour [s]

Figure J-14 Relationship among the variables determining the capacity

characteristics of microscopic driving behaviour: acceleration, deceleration, time

= maximum possible phase overlap per cycle, allowed by the geometrical design [s]
= maximum possible phase overlap per hour, allowed by the geometrical design [s]
= time lag between the end of the green phase of the eastern leg and start green of the

= cycle time [s]

= minimum cycle time [s]
= duration of the green time per leg [s]

= minimum duration of the green time per leg [s]
= unused yellow time [s]
= velocity of the last vehicle in stream 03 on the roundabout [m/s]
= trajectory of the first vehicle in the queue
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Appendix K: VRIGen model development

This appendix describes the development of the models in VRIGen applied in this project. It describes all
choices and results in such a way, that the reader with basic knowledge of VRIGen should be able to
reproduce the models.

In the first section, the tabs in the user interface of VRIGen will be addressed. Then, the settings in all tabs
in VRIGen for modelling the four-phase leg-by-leg control (for the signalized rotor roundabout) will be
explained. Running VRIGen will then result in a traffic control pattern. The second section concludes that
the phase overlap cannot be modelled in the ‘common’ way by means of VRIGen; the third section shows
that this is possible if spare streams are invoked. Section K.4 describes a problem to be noticed during the
simulations in VISSIM, along with a solution to it. The fifth section shows the settings in all tabs in VRIGen
for creating the three-phase leg-by-leg control (for the signalized star roundabout), this will also be done
with help of spare streams. Sections K.6 and K.7 deal with the two-phase traffic controls for the four-leg
turbo circle and the three-leg turbo circle respectively.

K.1. VRIGen: overview of the tabs

The user interface of the software program VRIGen consists of six tabs, in which the user builds the traffic
control step-by-step. In the first tab, all signal groups — a (set of) traffic stream(s) — present on the
intersection have to be indicated. In the second tab, the conflict matrix has to be defined, with all
clearance times determined by the geometrical design of the intersection. The third tab allows to invoke
couplings: a pair of signal groups can be coupled such, that they obtain green simultaneously. This is
relevant to the signalized turbo roundabout and turbo circle, because a main signal and the successive
interception signal should obtain green simultaneously. In the fourth tab, the minimum and maximum
durations of the sub green phases, the yellow phase and the red phase have to be indicated per traffic
stream. In the fifth tab produces the output: the control sequence, calculated by VRIGen. The sixth tab
allows to indicate cut-off conflicts, this tab does not change the control sequence.

K.2. Four-phase leg-by-leg control — without spare streams

This section shows how to create a four-phase leg-by-leg traffic control by means of VRIGen. As a start,
this will be done in the ‘common way’, i.e. without using spare streams. At the end of the section, the
conclusion will be drawn that phase overlap cannot be modelled this way.

K.2.1. Signal groups

The first tab in VRIGen contains the signal groups. Figure K-1 shows the signal groups on the rotor
roundabout to be applied in this model.
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Figure K-1 Traffic streams on the rotor roundabout

Already an important choice has been made in this tab. In reality, the rotor roundabout invokes all main
signal groups (01 through 12) and all interception signal groups (62 through 72). However, in this project
only streams 02, 05, 08, 11, 62, 65, 68 and 71 will be invoked. This choice has been made in order to
simplify the structure and thereby reduce the computation time. The choice is legitimate, because in a
leg-by-leg control, a phase serves all traffic streams on one leg, and all streams on a leg are served in one
phase. For instance, streams 01, 02 and 03 are served in one phase simultaneously, and in one phase only.
Therefore, it is legitimate to represent streams 01, 02 and 03 in stream 02 (02 is chosen randomly).

Moreover, the traffic control should assure that each pair of neighbouring interception signals show green
simultaneously. This constraint should be set out of psychological considerations: for example, if a driver
in stream 62 obtains green in his stream, but sees a red signal for stream 63, he may get confused
because the roadways for 62 and 63 are directly next to each other. Representing 62 and 63 in the same
signal group prevents this problem.

K.2.2. Conflict matrix
With the conflict matrix only containing the physical conflicts, VRIGen produces a two-phase control,
similar to the two-phase control for the turbo circle. However, the desired result consists of a leg-by-leg
control. The cause is that VRIGen ‘has not been told yet’ that the rotor roundabout cannot store any left-
turning vehicles on the circle >3 This problem can be solved by adding imaginary conflicts to the conflict
matrix, such that the leg-by-leg control is the only possible outcome.

33 The rotor roundabout contains a choice lane at every exit leg. In case of a two-phase control, the choice
lane causes the queuing left-turning vehicles to block the path for the straight-ahead streams. So due to
the presence of the choice lane, the rotor roundabout only allows for a leg-by-leg control.
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Figure K-2 Conflict matrix

The conflict matrix needs to be adjusted, such that directions 02 and 08 do not appear in the same stage.
This can be done by adding a conflict between directions 62/08 (and the equivalent conflicts on the other
three segments), or by adding a conflict between directions 02/08. Again: these are not physical conflicts,
but the conflicts assure that VRIGen produces a leg-by-leg control. The second solution direction (conflict
02/08) will be chosen, see Figure K-2. The second solution is better, because the first solution yields
problems with respect to the phase overlap. For example, if the conflict 62/08 would be added, 62 and 08
will not be allowed to obtain green simultaneously. This yields no problems for the phase in which the
western leg has green, but it does yield problems for the phase transition from the southern leg to the
western leg. Signal group 62 and the southern leg appear in the phase, because 62 serves the left-turning
traffic from the southern leg (i.e. 62 is fed by the left-turns from 65, which is in turn fed by the left-turns
from 05). That means that 62 should have green, as long as 05 has green. However, as soon as 08 obtains
green, 62 obtains red. Consequently, the green phase 05 and 08 cannot overlap in that case. Therefore,
the first solution (conflict 62/08) is not satisfactory.

The conflicts 02/08 and 05/11 have been added with clearance times set to zero, see Figure K-2. The
reason is that these conflicts are added in order to prevent a pair of signal groups to appear in the same
phase. They have not been added to create a time gap between two phases.

In appendix E, the clearance times of the physical conflicts have been calculated to be O s.

K.2.3. Couplings

The phase overlap can be incorporated in the Couplings tab, by means of the first four couplings >4
(02/62, 05/65, 08/68 and 11/71, see Figure K-3). The value for TYveh indicates the time interval the green
phase of the following stream starts earlier than the green phase of the predecessor stream. If this value
is negative, the green phase of the following stream starts later than the predecessor stream. On a rotor
roundabout with an inscribed radius of 12 m, the green phase overlap per transition is 0.8 s. Adding the
yellow time, the phases should overlap 3.8 s in the final structure (i.e. the time lag between start green 02
and start green 62, etc.), as calculated in the main report. The value TYveh for these couplings needs to
be set to -3.8 s.

>4 At the end of this section, it will be noted that the phase overlap cannot be incorporated this way.
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Moreover, four extra couplings need to be added in order to assure that in the resulting phase diagrams,
directions 63 and 71 appear in the same phase (vehicles in stream 03 should obtain green at stop line 03,
63 and 71 in the same phase, else they need to queue up on the roundabout — which is not allowed on
the signalized turbo roundabout). This cannot simply be done via a coupling 62/71, because if the other
three couplings (65/62, 68/65 and 71/68) are to be added, all interception signals are coupled and the
clockwise leg-by-leg control would be excluded from the results. Alternatively, 62 and 71 appear in the

same phase via a coupling 02/71. The same holds for couplings 05/62, 08/65 and 11/68 >

i1 VRIGen 2012-09-25 14:42  modified === <
Eile View Format Flow manipulation Help Reposition
Signal groups | Conflict matix  Coupings | Timers | Contiol Sequences | Tactics |
st From | Coupin | Tos. | Tvven [ mxven [ e | 1zc | zcP | TRoed | Txped [ TvP | [Abbreviation |Couping me -
38 0 -— str. From gpredecessm stream
a8 0 Couple the main signals to the prl “TWe of coupling
interception signals and include
-38 0 ~+—— the phase overlap Tostr. follower stream
38 0 TYveh wvehicle Time Yield coordination Predecessor
02 Coupled bl 1] 0 - TXveh wvehicle Time eXtension coordination of Follower (after end of predecessor)
05  Coupled 62 0 0 p— | Couple the main signals to the ZC Cut Off Conflicts
B Cowed 65 0 o second interception signals 120 Time Cut off Condlicts
1 Coupled 68 0 0 — ZCP Cut Off Conflicts Permission, once per cycle or unlimited
TRped pedestrian Time Request coordination
TXped i Time i i
<« ||TYP Time Yield start of Parallel streams .
< L3 4 »
Mouse At: Time Yield start of Parallel streams V7

Figure K-3 Couplings for the rotor roundabout with inner radius 12 m

K.2.4. Timers

In the tab Timers, the user can adjust the duration of the green, yellow and red phases, and the green sub
phases (e.g. fixed green time). There is no reason to change the default settings in this tab, except for the
Yellow use. These values are set to 2.0 s (default 1.0 s), in accordance with Muller (2011, lecture notes
CIE4822 p.66).
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Figure K-4 Timers, default values (except for Yellow use)

i It is not necessary that the main signal and the second interception signal (e.g. 02 and 71) obtain green
simultaneously, because vehicles need time to cover the distance between the two stop lines. However,
the second interception signal already shows green in the previous phase, so TYveh can be put to zero.
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K.2.5. Control sequences

In the tab Control sequences, the user can specify the characteristics of the signal groups, such as number
of lanes, saturation capacity and traffic demand. These topics will be elaborated on in this section.
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Figure K-5 Control sequences, dependent on demand pattern

Number of lanes

In the tab Control sequences, the number of lanes per signal group needs to be defined. Section 4.2.4
addresses that discussion. Here, the worst case scenario will be used, that is: the number of lanes is 2.
That means that every stream on the entrance leg should obtain (2/3) lanes. Unfortunately, the number
of lanes can only be specified in VRIGen as an integer, therefore the number of lanes is chosen to be 1 for
all streams.

Saturation flow

The saturation flow is chosen based on the field measurements presented in appendix D:
lanes right-turning 1852 pcu/h

lanes straight ahead 1891 pcu/h

lanes left-turning 1843 pcu/h
The average of these values is 1860 pcu/h.

Total flow

The total flow depends on the demand pattern. In VRIGen, the values for the flows determine the green
times for TCmin (the minimum cycle time) and the extension green times. The absolute values for the
green times are not relevant, because the VISSIM simulation will apply TrafCOD to simulate a vehicle-
actuated control. In that case, the green phases can be extended as long as needed (within the constraint
of the extension green time. As input for this tab, the flow values will be chosen such that the total traffic
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demand is 3800 pcu/h 56, with relationships among the flows according to demand pattern 100 (for
convenience; in this pattern the left-turning flows are equal to the neighbouring straight-ahead flows).

K.2.6. Tactics

In the tab Tactics, the user can modify the phases of individual streams, but not the structure to be
generated. There is no reason to alter the default settings in this tab.

K.2.7. Resulting control program

Figure K-6 shows the resulting control program. Essentially, this is the clockwise four-leg program,
originally intended to apply to the rotor roundabout.
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Figure K-6 Tab Tactics (left) and the result of the VRIGen calculation in tab Control Sequences (right)

Examining the phases and their transitions closely yields a disappointing notion: the phase overlaps are
equal to zero. A sensitivity analysis with respect to the value for TYveh of the first four couplings (set to
-3.8 s) yields the conclusion that VRIGen ignores negative values, and acts as if they were equal to zero.
Probably, this is a default setting in VRIGen resulting from the Dutch guideline with respect to regular
intersections, that start green of an interception signal should not be later than start green of the
accessory main signal (Fortuijn, personal communication, April 2013).

This conclusion yields that the phase overlap cannot be incorporated in the VRIGen model by means of
ordinary Couplings. Another way of incorporating the phase overlap should be found. The next section
shows an entirely different approach, based on the inclusion of spare streams.

K.3. Four-phase leg-by-leg control — with spare streams

The previous section shows that the leg-by-leg traffic control can be modelled by means of VRIGen, but it
is not possible to model any phase overlap in the ‘common way’ (i.e. coupling main signals to the

56 This value is chosen randomly. It needs to be large enough to have VRIGen produce green times larger
than the minimum green time, but not too large in order to have VRIGen produce a cycle time smaller than
the maximum cycle time (120 s).
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interception signals. This gives rise to the presumption that the phase overlap might be modelled by using
non-existing streams and leaving out the regular couplings between the main signals and the interception
signals. VRIGen accommodates this option by enabling the user to apply spare streams. This project
applies a four-phase control, so four spare streams will be applied: 13, 14, 15 and 20.

K.3.1.Spare streams — the strategy

Figure K-7 shows the idea of the spare streams in the phase transition from the eastern leg to the
southern leg. Due to the coupling between 13 and 02, 13 obtains red 3.8 s earlier than 02. The conflicts
13/05 and 02/65 cause the green phase of signal 05 to commence 3.8 s earlier than start green 65.

Stream 13 will be attached to the eastern leg (imaginary; the location of the spare stream cannot be
communicated to the model). In the conflict matrix, stream 02 will have a conflict with stream 65 and
stream 13 will have a conflict with stream 05. In the couplings tab, stream 13 will be coupled to stream
02. They need to obtain green simultaneously, with a time lag TYveh in order to obtain a control in which
stream 05 obtains green earlier than start green 65. For example, if TYveh is equal to 3.8 s, then end green
13 is 3.8 s earlier than end green 02. This means that start green 05 is 3.8 s earlier than start green 65.

v

15 08 Conflict

Figure K-7 The non-existing spare streams are coupled to the main streams

The locations cannot be communicated to VRIGen, but the locations are not important. The function in
the system of the control is important; this can be communicated to VRIGen by means of conflicts and
couplings.

K.3.2. Signal groups

Figure K-8 shows the traffic streams to be used. Again, the main and interception models are included,
except for the right- and left-turning streams. All streams on a certain leg are represented by the straight-
ahead traffic stream.
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Figure K-8 Codes of used streams and their spatial position

An important issue is how to interpret the spare streams, and how to use them for reaching the goal: to
obtain a phase overlap (i.e. the start green of the main stream is earlier than the start green of the
interception signal). The following paragraph tries to explain a possible application of the spare streams.

K.3.3. Conflict matrix

Figure K-9 shows the conflict matrix. There are four real conflicts between main signals and interception
signals. Two conflicts assure that VRIGen produces leg-by-leg control programs and four conflicts relate
the spare streams with the main signals, described in the previous section.

K.3.4. Couplings

In the situation without left-turning traffic streams, the couplings are quite simple, see Figure K-10. The
only couplings needed are those which assure that the green phase of the spare stream ends 3.8 s earlier
than the green phase of the main stream.

K.3.5. Timers

There is no need to alter the default settings in the tab Timers, except for the Yellow use. These values are
set to 2.0 s (default 1.0 s), in accordance with Muller (2011, lecture notes CIE4822 p.66).
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K.3.6. Control sequences
All settings in Control Sequences from the previous section will be used.
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Figure K-12 Control sequences, dependent on demand pattern

K.3.7. Tactics
With respect to the tab Tactics, the default settings are not changed

K.3.8. Resulting control program

Figure K-6 shows the resulting control program. This is the originally intended leg-by-leg control program
with phase overlap 3.8 s. Test runs by means of VISSIM show that this structure indeed represents the
desired traffic control.
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Figure K-13 Tab Tactics (left) and the result of the VRIGen calculation (right)
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K.4. Troubleshooting

VISSIM applies TrafCOD to generate a vehicle-actuated traffic control. For this, TrafCOD applies the
structure generated by VRIGen and manages (i.e. extends, blocks, omits, etc.) the phases in the structure
in a way that suits the actual traffic demand best.

Running TrafCOD with the structure constructed in the previous question (with the spare streams),
revealed a major problem: at some moment, the simulation locked in a specific phase and could not
transfer to the next phase. Figure K-14 illustrates the problem.

724052013 RR_12m
File Edit

Figure K-14 At some moment, the VISSIM simulation locks in this traffic state

K.4.1. Description of the problem

After having runned for a few simulation hours, the simulation locks in the last phase; that is the phase in
which the northern leg (signal group 11) obtains green. The problem occurs in the phase transition from
the last phase to the first phase in which the eastern leg obtains green, because signal group 02 also
obtains green. The vehicles in 02 face the red interception signal 62. The simulation gets stuck at the
moment that signal groups 11 and 02 obtain green at exactly the same moment.

K.4.2. Cause of the problem
The problem is caused by a combination of conflicts and couplings in the structure.

Signal group 20 has a conflict with 02 (see the conflict matrix, Figure K-9). Moreover, signal groups 20 and
11 are coupled (see the couplings, Figure K-10). At the moment the simulation locks, signal groups 11 and
02 both obtain green at exactly the same moment. Signal group 20 >7 will not obtain green as long as 02

has green because of the conflict. Apparently, the conflict with 02 is more important to 20 than the
coupling with 11.

37 Signal group 20 is an imaginary signal group; in the simulation there are no signal heads added to this

signal group. However, the simulation contains detectors added to signal group 20 at the same place as
the detectors for signal group 11.
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In the ‘locked situation’, signal group 11 is in advanced green >8 It will enter the next green sub phase, as
soon as it’s coupling with 20 allows it to do so (when 20 obtains green). However, 20 will not obtain green
because 02 has green. At that moment, 02 is in parallel green and it will not leave this green sub phase,
because 13 has green (02 and 13 are coupled). 13 is in extension green; it will quit this green sub phase as
soon as the traffic control transfers to the phase in which 13 obtains green. That will never happen,
because the traffic control is stuck in the phase in which the northern leg has green. Therefore, the traffic
control will remain in that phase forever (until the end of the simulation).

In other words, 13 obtains extension green because the traffic control has employed the phase in which
the northern leg has green. Therefore, 02 obtains green. As long as 02 has green, 20 is blocked. As long as
20 is blocked, 11 will stay in advanced green.

K.4.3. Solution to the problem

The description in the previous section offers several solution directions. The most obvious solutions are
to removing one or more couplings and/or conflicts. However, that would harm the structure of the traffic
control.

Another solution is to apply a maximum green time, this is possible in the tab Tactics. The lock situation
may occur in any phase transition, so the maximum green time should be applied to all signal groups.
However, this is a suboptimal solution. On the one hand, it is not an elegant solution, because it does not
really solve the problem (the locked situation is still possible, but it will not last). On the other hand,
vehicles experience unnecessary delay time as long as the locked situation occurs.

A third (sound) solution direction to prevent 02 from turning green as soon as 11 turns green, is to adjust
one of the TrafCOD routines, stated in the stg-file 59. One of the routines is the blocking criterion, which is
assigned to every signal group. For instance, the blocking criterion of 20 is:

B20 = K20+TRG20+G20+L20

The blocking criterion needs to be extended, such that the start green of 20 cannot be blocked if 11 is in
advanced green:

B20 = GN11.K20+TRG20+G20+L20

When applying this adjustment to the blocking criteria of all four spare streams, the problem is solved,
and the simulation does not end up in the locked situation anymore.

K.5. Three-phase leg-by-leg control — with spare streams

The star roundabout is suitable for a three-phase leg-by-leg control. In this section, the traffic control will
be constructed by means of VRIGen, comparable to the construction of the four-phase leg-by-leg control
for the rotor roundabout. Again, all tabs in VRIGen will be dealt with in.

K.5.1. Signal groups

The straight-ahead signal groups on the approach legs (02, 05 and 08) are incorporated in the structure.
The right- and left-turning traffic streams are represented by the main signal groups. The interception
signal groups are 65, 68 and 71, see Figure K-15.

> From here on, it is necessary to distinguish between ‘phase’ as in: one of the four stages in the traffic
control, and ‘phase’ as in: one of the three phase a signal group can employ (green, yellow, red). For an
extensive description of these three phases and the five green sub phases, the reader is referred to the
lecture notes CIE4822 (Muller, 2011).

59 In the .stg-file, all information on the structure and tactics are laid down, as well as all TrafCOD

routines. For an extensive description of the TrafCOD routines, the reader is referred to Muller et al.
(2011).
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Figure K-15 Traffic streams on the star roundabout

K.5.2. Conflict matrix

Figure K-16 shows the conflict matrix. There are three real conflicts (coloured green). One conflict assures
that VRIGen produces leg-by-leg control programs (13/15) and three conflicts relate the spare streams to
the main signals (02/15, 05/13 and 08/14).
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Figure K-16 Conflict matrix (left) and Couplings for the rotor roundabout with inner radius 12 m (right)
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On the star roundabout, the green phase overlaps are not equal for every phase transition. By means of
the simplified acceleration model (see appendix F), it was calculated that the green phase overlap plus
yellow time from the western leg to the eastern leg is 5 s. The green phase overlap plus yellow time for
the other transitions is 3.9 s. The phase overlap is incorporated in Couplings as in Figure K-16.

K.5.4. Timers

Again, the default settings in the tab Timers are adopted, except for the Yellow use. These values are set
to 2.0 s (default 1.0 s), in accordance with Muller (2011, lecture notes CIE4822 p.66).

K.5.5. Control sequences

The settings in Control Sequences for the three-phase control differ from the settings for the four-phase
control with respect to the total flow. A total flow of 3800 pcu/h is applied, with demand pattern 100 for

three legs.
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Figure K-17 Tab Timers (left) and Control sequences (right)

K.5.6. Tactics

With respect to the tab Tactics, the default settings are not changed.

K.5.7. Resulting control program

Figure K-18 shows the resulting control program. This is the desired control program, with a phase overlap
of 5 s from 08 (western leg) to 02 (eastern leg) and a phase overlap of 3.9 s from 02 to 05 and from 05 to

08.
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Figure K-18 Tab Tactics (left) and the output of VRIGen: structure of the three-phase leg-by-leg control (right)

K.6. Four-leg two-phase control

This section explains the construction of the two-phase control by means of VRIGen. The two-phase
control can be applied to the (partial) turbo circle. The construction of two-phase control is very similar to
the VRIGen settings discussed in the first section. Therefore, this section will not address all tabs in
VRIGen. Only the tabs that differ from the settings in the first section will be addressed.

K.6.1. Conflict matrix

The conflict matrix for the two-phase control only contains real conflicts: no extra conflicts are necessary
to generate a leg-by-leg control, see Figure K-19 (left).

By means of the method of Muller et al. (2004), addressed in the appendix E, the clearance times on the
(partial) turbo circle can be calculated. The clearance times for all conflicts are calculated to be zero. This
holds for the partial turbo circle, the four-leg turbo circle and the three-leg turbo circle, with any value for
the inscribed radius.

K.6.2. Couplings

The Couplings tab only incorporates the couplings between every pair of main signal and interception
signal, see Figure K-19. The couplings between the main signal and the second interception signal (for the
left-turns; 03/71, 06/62, 09/65 and 12/68) are not incorporated, because the left-turning vehicles have to
gueue up on the circle in front of the second interception signal.

On the (partial) turbo circle, the main signals should turn green later than the interception signals, in
order to have the queued left-turning vehicles from the previous phase flowing off. The value for TYveh
determines the time interval between the start green of the interception signal and the start green of the
accessory main signal. TYveh depends on the inscribed radius of the turbo circle, and is calculated in the
following intermezzo.
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Figure K-19 Conflict matrix (left) and Couplings for the turbo circle with an inscribed radius of 12 m (right)
- Intermezzo: exit time of queued vehicles -

During every phase transition, the queued left-turning vehicles have to clear the conflict area with the
entrance leg in the next stage. The queued vehicles need time to do so, therefore the traffic control
should accommodate for a time lag between start green of an interception signal and start green of the
accessory main signal. In this intermezzo, that time lag will be calculated to be two seconds.

The time lag between start green of the interception signal and start green of the main signal can be
calculated by means of the following illustration of the phase transition:

- Imagine the eastern leg has green (in that case, the western leg has green as well);

- The western leg obtains red to enable the green phase for 71 to begin, which is fed by stream 63
(which is in turn fed by stream 03, obtaining red). A queue of vehicles waits in front of the stop
line joining stream 71,

- The left-turning vehicles waiting in front of interception signal 71 obtain green after the western
leg obtained red and the clearance time tjqrance (in this case, zero seconds; see the intermezzo
in section K.2) has passed;

- From the moment the first vehicle accelerates from stop line 71, a shockwave starts to move
backward in the queue of vehicles;

- After a certain time period tsnockwave, the wave reaches the back of the tail and the last vehicle
starts to accelerate;

- After a certain time period t, 11, the last vehicle reaches the conflict area with the northern leg
(the time it takes to cover the distance from stop line 02 to the conflict area with 11 sg; 14);

- The northern leg obtains green after the last vehicle in the left-turning stream has cleared the
conflict area. The green phase can start tegriygreen €arlier, because the first vehicle needs to
cross the distance between the stop line and the conflict area.

The following sections will elaborate on tgpockwave » toz,11 @Nd Legriygreen in Order to calculate the time
lag between start green of the interception signal 71 and start green of the accessory main signal 11.

Shockwave time g0 kmave

The time it takes the shockwave to reach the tail of the queue highly depends on the reaction times of the
drivers in the queue. This project lacks time and money to perform a study into the speed of the
shockwave moving backward; instead, a rule of thumb from traffic flow theory will be applied. This rule of
thumb states that a shockwave moves upstream at a speed of ca. 20 km/h (Hoogendoorn, 2011).

In appendix D (Geometrical designs) the maximum queue length on the turbo circle are calculated, see
Figure K-20 and Table K-1.

Now, the time it takes the shockwave to reach the tail of the queue can be calculated by means of
Equation K-1; Table K-1 shows the results.
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A+B
tshockwave =
VUshockwave
Equation K-1
where:
tshockwave = the time it takes the shockwave to reach the tail of the queue [s];
A = the queuing length [m];
Vshockwave = speed of the shockwave moving upstream [m/s].
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Figure K-20 Indication of the length of circulatory road segments, ihput to the analytical approach

Table K-1 Values for A and B for the turbo circle

Inner radius A tshockwave tearly reen

12m 31m 14 m 15m 99s 23s 3.4s 8.8s
20m 43 m 36m 15m 14.2 s 3.7s 3.4s 14.5s
30 m 55m 50 m 15m 189 43s 3.4s 19.8 s

Circle clearance time ty3 11

The circle clearance time ty, 11 is the time it takes the queued vehicles in stream 03 to clear the conflict
area with the leg obtaining green in the next phase: to clear distance B in Figure K-20. Over that distance,
vehicles have to accelerate from standing still (in the worst case; i.e. for calculating the maximum value of
the time lag between start green 71 and start green 11). Therefore, the acceleration model from
appendix F can be applied. The results are shown in Table K-1 in the column tg; ;5.

Early startgreen togriygreen

teartygreen is defined as the time lag between start green of the main signal and the first departing vehicle
entering the conflict area with the queued vehicles. The first departing vehicle accelerates from standing
still and crosses distance C in Figure K-20. By means of appendix F, one can calculate the time it takes the
vehicle to cross distance C. One second reaction time has to be added to obtain ¢,y green-

Time lag TYveh
Now, TYveh can be calculated by means of Equation K-2; the values are shown in Table K-1.

TYveh = tshockwave + t02,11 + tearlygreen
Equation K-2
- End of intermezzo -
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K.6.3. Resulting control program
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Figure K-21 shows the resulting control program. This is the two-phase control, applicable to the four-leg

(partial) turbo circle.
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Figure K-21 The result of the VRIGen calculation in tab Control Sequences
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Figure K-22 The Signal groups (left) and the resulting structure for the three-leg turbo circle with an inscribed radius
of 12 m (right)
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K.7. Three-leg two-phase control

The VRIGen model of the three-leg two-phase control (for the three-leg turbo circle) is in many ways
similar to the four-phase control. The most prominent difference is the amount and configuration of
traffic streams. These affect the Signals groups (Figure K-22 left), the Conflict matrix (Figure K-23 left), the
Couplings (Figure K-23 right) and the output (Figure K-22 right).

‘E:E"”;Zmlér“:f = :Miu‘;ﬂ:"’ﬁ";‘“;m%@ i VRIGen 2012-09-25 14:42 h: .\3-leg TurboCircle_12m\3ITC_L2m.vri - medified o= =
Signal grougs  Confict maltix | Couplngs | Timers | Conirol Sequences | Tactis| | File Wiew Format  Flow manipulation  Help  Reposition
Signal grnups.‘ Conflict matrix  Couplings |Timers | Contral Sequences | Tactics |

@] e]n] st From | Couplin | Tosw. | Tvveh [ mwveh | 20 | 126 | 2P | tRped [ Toped [ TP |
02 00
? | oo f—
Moo | I 05 Couled 65 88 0
|89 | oo 0g Coupled B2 1]
B8 0o |
T oo

Mouse At: vehicle Time eXtension coordination of Follower (after end of predecessor)

Figure K-23 The Conflict matrix (left) and the Couplings for the three-leg turbo circle with an inscribed radius of 12
m (right)
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Appendix L: VISSIM model development

Appendix K described the development of the VRIGen model. The output of VRIGen — the structure of the
control program — is input to the VISSIM model. This appendix addresses the models made by means of
VISSIM. The appendix is written such, that the reader with basic knowledge of VISSIM should be able to
reproduce the models.

The first section addresses all elements within the network: links, nodes, parking lots, priority rules,
reduced speed areas, etc. The second section discusses the Base Data. Here, the elementary behaviour of
vehicles in the network can be customized. The default settings in VISSIM show some remarkable aspects,
especially with respect to the acceleration behaviour. The third section explains how the traffic demand
can be added to the simulation by means of a dynamic assignment. The fourth section reveals the
communication among VISSIM, TrafCOD and the control structure generated by VRIGen. The evaluation
functionalities are discussed in the fifth section.

L.1.Network

L.1.1. Links and connectors

Before designing the rotor roundabout itself, the designer loads a graphic file into the VISSIM model on
which he can ‘draw’ the network. This ensures that the geometrical dimensions of the roundabout are
correctly modelled. The geometrical designs described in appendix D, are used in the VISSIM simulations.
Figure L-1 shows a drawing of the rotor roundabout, with the centre lines of the links and connectors
forming the structure of the roundabout.

The circulatory roadways are modelled by means of connectors, connecting the short links at each of the
decision points (the small blue lines at the points where connectors join and diverge; there are twelve of
them). There are various other ways to model the road sections. For instance, the road pavement on the
roundabout can be modelled by means of links instead of connectors. This choice has been made
randomly; it does not influence the output of the model.

The entrance legs accommodate each direction on a separate link (Link 1, 2 and 3). These road sections —
where no lane changes are possible — are 50 m long. Figure L-2 shows that upstream, the separate links
are connected to one link consisting of three lanes (Link 102). The three-lane link is 1000 m long and the
characteristics of the connector are such that drivers try to change lanes 1000 m upstream of the
connector. This value is so large, because vehicles may block a 50-m link if they choose the correct lane
too late. Of course, these remarks also count for the other three legs.
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Figure L-2 Drivers try to change lanes 1000 m upstream of the connector
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L.1.2. Nodes and parking lots

The nodes are numbered logically, depicted by Figure L-3. Four nodes (Nodes 2, 5, 8 and 11) also appear
in the traffic demand matrix. Node 1 (the intersection itself) ensures that the model recognizes the
correct route for each pair of origin and destination (OD-pair). The parking lots modelled such, that all
traffic leave the parking lot with a desired speed of circa 50 km/h.

JB° VISSIM 530-10 - P:\...ation Work\VISSIM\Rotor roundabout_12m\15042013_RR_12m.inp =8 ECH == |
File Edit View BaseData Traffic Signal Control Evalustion Simulation Presentation Test Scripts Help
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o K *
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yal
.
LY
b
>
=
-
or
@
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v
[
]
(=74 Node 1 Node 2
M| _‘E.ﬂﬂ_ Parking lot 2 ——
ed| = a
= Node 8 DF Parking lot 20—
i
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-40.9:-16017

Figure L-3 Numbering of the zones and parking lots

Within Node 1, some edges have to be closed in order to ensure the desired lane change behaviour.
Section 3.2.3 explains the reason for this. The geometry of the rotor roundabout allows the right
approach lane to serve only right-turning traffic. The middle lane serves right-turning and straight-ahead
traffic and the left lane serves straight-ahead and left-turning traffic. If no edges in Node 1 are closed, the
model adopts a highly inefficient lane choice behaviour, because VISSIM distributes vehicles randomly
over the lanes, as long as the chosen lane is on a route from origin to destination of course. For instance,
it might occur that all right-turning vehicles use the middle lane, leaving the right lane unused and
unnecessarily overloading the middle lane. This is one of the drawbacks of VISSIM: approaching vehicles
do not consider the actual queue length on each of the approach lanes, while in reality drivers do.

L.1.3. Signal heads and detectors

Figure L-4 shows that the number of the signal heads and detectors coincides with the standard coding of
traffic streams (see Figure L-44). The VRIGen model does not invoke the right-turning and left-turning
traffic streams as separate traffic streams; see appendix K. Therefore, the detector numbering does not
strictly coincide with the standard coding; every couple of three detectors on the same leg have the same
code. For instance: on all three approach lanes on the eastern leg, the request detectors have coding
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1021 and the extension detectors have coding 1022  The VRIGen model invokes spare streams 13, 14,
15 and 20 on the eastern, southern, western and northern legs respectively. Therefore, the request
detectors 1131 and the request detectors 1021 have the same location; similarly, the extension detectors
1132 and the extension detectors 1022 have the same location. This also counts for the other approach
legs.

jﬁle:dnwmmon'rpmcs.gmgmm i Pr ion Test Scripts Help

AHRE. KRBT 2.9 ippE.

-303.2:-5564

Figure L-4 The numbering of the signal heads (Sh) and detectors (D)

% The middle two characters represent the stream. The coding of the detectors is standardized, in order to
secure the correct communication between VISSIM and TrafCOD. The first character (1) represents the
number of the intersection; the second and third characters (02) represent the traffic stream; the fourth
character (1 and 2) represents the detector number.
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Determined by the settings of the parking lots, all vehicles arrive at the intersection with a desired speed
of circa 50 km/h. However, the vehicles do not cross the intersection at that desired speed. The reduced
speed areas indicate the road stretches on which the desired speed is lower. The desired speed in the
curves of the intersection depends on the radius of the curve according to the following relationship

Vgesirea = /-4 * vV Reyrve

(CROW, 1998, p.40):

where:

Vgesirea = desired speed [km/h];

Reyrve = radius of the driving curve [m].

This formula yields the following tables.

Table L-1 Driving curve radii and desired speed values for the rotor roundabout

Rcurve Vdesired

Rotor roundabout  Right approach lane 12.00 m 25 km/h
Riner =12m Middle approach lane  17.60m 30 km/h
Left approach lane 22.50 m 35 km/h

Right circulatory lane 17.60 m 30 km/h

Left circulatory lane 12.00 m 25 km/h

Right exit lane 15.00 m 30 km/h

Left exit lane 20.20 m 35 km/h

Rotor roundabout  Right approach lane 12.00 m 25 km/h
Ripnner =20m Middle approach lane  17.60 m 30 km/h
Left approach lane 22.50m 35 km/h

Right circulatory lane 24.70 m 35 km/h

Left circulatory lane 20.00 m 30 km/h

Right exit lane 15.00 m 30 km/h

Left exit lane 20.20 m 35 km/h

Table L-2 Driving curve radii and desired speed values for the star roundabout

Rcurve Vdesired

Star roundabout Right approach lane 12.00 m 25 km/h
Rinner =12m  Middle approach lane  17.60 m 30 km/h
Left approach lane 22.50m 35 km/h

Right circulatory lane 22.50 m 35 km/h

Middle circulatory lane 17.60 m 30 km/h

Left circulatory lane 12.00 m 25 km/h

Right exit lane 15.00 m 30 km/h

Left exit lane 20.20 m 35 km/h

Star roundabout Right approach lane 12.00 m 25 km/h
Ripper =20m Middle approach lane  17.60 m 30 km/h
Left approach lane 22.50 m 35 km/h

Right circulatory lane 29.12 m 40 km/h

Middle circulatory lane 24.70 m 35 km/h

Left circulatory lane 20.00 m 30 km/h

Right exit lane 15.00 m 30 km/h

Left exit lane 20.20 m 35 km/h
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Table L-3 Driving curve radii and desired speed values for the partial turbo circle

Rcurve Vdesired

Partial turbo circle  Right approach lane 12.00 m 25 km/h
Ripner =12m Middle approach lane  17.60 m 30 km/h
Left approach lane 22.50 m 35 km/h

Right circulatory lane 22.50 m 35 km/h

Middle circulatory lane 17.60 m 30 km/h

Left circulatory lane 12.00 m 25 km/h

Right exit lane 15.00 m 30 km/h

Left exit lane 20.20 m 35 km/h

Partial turbo circle  Right approach lane 12.00 m 25 km/h
Ripner =20m Middle approach lane  17.60 m 30 km/h
Left approach lane 22.50 m 35 km/h

Right circulatory lane 29.00 m 40 km/h

Middle circulatory lane  24.70 m 35 km/h

Left circulatory lane 20.00 m 30 km/h

Right exit lane 15.00 m 30 km/h

Left exit lane 20.20 m 35 km/h

Table L-4 Driving curve radii and desired speed values for the turbo circle

Rcurve Vdesired

Turbo circle Right approach roadway right 12.00 m 25 km/h
Riner =12m Right approach roadway left 18.30 m 30 km/h
Middle approach roadway right ~ 23.90 m 35 km/h

Middle approach roadway left 28.60 m 40 km/h

Left approach roadway right 33.30m 45 km/h

Left approach roadway left 37.50 m 45 km/h

Right circulatory roadway right 36.80m 45 km/h

Right circulatory roadway left 32.60m 45 km/h

Middle circulatory roadway right 27.80 m 40 km/h

Middle circulatory roadway left ~ 23.00 m 35 km/h

Left circulatory roadway right 17.30m 30 km/h

Left circulatory roadway left 12.00 m 25 km/h

Exit roadway right 15.00 m 30 km/h

Exit roadway left 20.80 m 35 km/h

Turbo circle Right approach roadway right 12.00 m 25 km/h
Rinner =20m  Right approach roadway left 18.30 m 30 km/h
Middle approach roadway right ~ 23.90 m 35 km/h

Middle approach roadway left 28.60 m 40 km/h

Left approach roadway right 33.30m 45 km/h

Left approach roadway left 37.50 m 45 km/h

Right circulatory roadway right 42.80 m 50 km/h

Right circulatory roadway left 38.80 m 45 km/h

Middle circulatory roadway right 34.40 m 45 km/h

Middle circulatory roadway left 30.10 m 40 km/h

Left circulatory roadway right 25.10 m 35 km/h

Left circulatory roadway left 20.00 m 35 km/h

Exit roadway right 15.00 m 30 km/h

Exit roadway left 20.80m 35 km/h
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Turbo circle
Rinner =30m

Right approach roadway right 12.00 m 25 km/h
Right approach roadway left 18.30 m 30 km/h
Middle approach roadway right ~ 23.90 m 35 km/h
Middle approach roadway left 28.60 m 40 km/h
Left approach roadway right 33.30m 45 km/h
Left approach roadway left 37.50 m 45 km/h
Right circulatory roadway right 50.60 m 50 km/h
Right circulatory roadway left 46.90 m 50 km/h
Middle circulatory roadway right 42.80 m 50 km/h
Middle circulatory roadway left ~ 38.80 m 45 km/h
Left circulatory roadway right 34.40 m 45 km/h
Left circulatory roadway left 30.00 m 40 km/h
Exit roadway right 15.00 m 30 km/h
Exit roadway left 20.80 m 35 km/h

Table L-5 Driving curve radii and desired speed values for the three-leg turbo circle

Rcurve Vdesired

Three-leg Right approach roadway right 12.00 m 25 km/h
turbo circle Left approach roadway right 12.00 m 25 km/h
Rinner = 12m Left approach roadway left 17.60 m 30 km/h
Right circulatory roadway right 27.80m 40 km/h

Right circulatory roadway left 23.00 m 35 km/h

Left circulatory roadway right 17.30m 30 km/h

Left circulatory roadway left 12.00 m 25 km/h

Exit roadway right 15.00 m 30 km/h

Exit roadway left 20.80 m 35 km/h

Three-leg Right approach roadway right 12.00 m 25 km/h
turbo circle Left approach roadway right 12.00 m 25 km/h
Ripper =20m Left approach roadway left 17.60 m 30 km/h
Right circulatory roadway right 3440 m 45 km/h

Right circulatory roadway left 30.10 m 40 km/h

Left circulatory roadway right 25.10m 35 km/h

Left circulatory roadway left 20.00 m 35 km/h

Exit roadway right 15.00 m 30 km/h

Exit roadway left 20.80m 35 km/h

Three-leg Right approach roadway right 12.00 m 25 km/h
turbo circle Left approach roadway right 12.00 m 25 km/h
Ripper =30m Left approach roadway left 17.60 m 30 km/h
Right circulatory roadway right 42.80 m 50 km/h

Right circulatory roadway left 38.80 m 45 km/h

Left circulatory roadway right 34.40 m 45 km/h

Left circulatory roadway left 30.00 m 40 km/h

Exit roadway right 15.00 m 30 km/h

Exit roadway left 20.80m 35 km/h

201

3
TUDelft



L VISSIM model development

(@%@

|3
=
o
(=]
[&]
v
&
]
8
@
bl
o
x
@
A
a
E

b

+
30545147
| —=

Figure L-5 Locations of the reduced speed areas

L.1.5. Priority rules

On the (partial) turbo circle, a two-phase traffic control can be applied. As a consequence, left-turning
vehicles have to queue up on the circle, waiting for the second interception signal showing red. In that
case, the simulation might show a traffic situation illustrated by Figure L-6.

-
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Figure L-6 Left-turning vehicles queuing up and blocking the passage for each other
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This situation is highly undesirable, because the left-turning traffic streams block each other. This is called
a gridlock: the traffic situation on the circle is such, that the left-turning vehicles cannot escape from the
circle anymore.

The solution to this problem is to apply Priority Rules. A Priority Rule in VISSIM prohibits a vehicle to cross
a predefined section, if on a predefined road segment the time headway, the distance headway, or the
speed is lower than a predefined threshold.

Figure L-7 illustrates the solution. This Priority Rule forces an approaching vehicle to stop in front of the
red line (at the edge of the outer circulatory roadway; 4 m beyond the Signal Head) if on the road
segment between the green lines (with length 11 m) the speed is smaller than 20.2 km/h. This
combination for values of headway and speed is found to be optimal, based on visual assessment of
simulations.

AB° VISSIM 5.30-10 - HA\Desktop\VISSIM\PartialTurboCircle 12m‘\PTC_12m_DP100.inp
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Figure L-7 This priority rule prevents the left-turning streams from causing a gridlock
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L.2.Base data

In the pull-down menu Base Data (see Figure L-8) the most important input variables with respect to the
microscopic driving behaviour can be defined in the form of functions and distributions. Because the
possibilities for validating these functions and distributions on signalized turbo roundabouts are very
limited (in fact, absent), the recommended values need to be chosen very carefully. The
recommendations should be subject to future research. In this section, the default settings in VISSIM o1
will be discussed and compared with settings used by the Dutch private consultancy companies
Oranjewoud (subtracted from a project near the municipality of Barendrecht, The Netherlands), Grontmij
(subtracted from a project near the municipality of Leeuwarden, The Netherlands) and Goudappel
Coffeng (subtracted from a project near the municipality of ‘t Harde, The Netherlands), and the German
consultancy company Poyry (subtracted from a project on the Dutch highway A15). Based on this
comparison, a set of functions and distributions will be recommended and applied in this project.
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ile Edit Miew | Base Data | Traffic Signal Control Evaluation Simulation Presentation Test Scripts Help
B R Functions +
= L Maximum Acceleration... -
B Distribut »
sisnbutiens Desired Acceleration...
p Emission... ; :
e Maximum Deceleration...
@ Vehicle Types... Desired Deceleration...
Vehicle Classes... :
- Catalytic Converter Temperature...
Driving Behavior...
F] Coolant Temperature...
..... e Link Behavior Types...
» Pedestrian Types...
i!i Pedestrian Classes...
=
- Walking Behavior...
E': Area Behavior Types...
% Display Types...
—E Level Properties...
v
[=r
=]

R H

ay 4
-365.2:-4457

73

M

Figure L-8 The pull-down menu Base Data

L.2.1. Vehicle Types

In this menu, the characteristics of the vehicles in the simulated network can be defined. Figure L-9 shows
the default Vehicle Types.

2B Vehicle Types e =]

Mo. MName

Edit...

200 HGV

300 Bus

400 Tram

500  Pedestrian
600 Bike

Copy...

Delete

it

Close

Figure L-9 The menu Vehicle Types

! The default settings in VISSIM are equal in the versions 5.1, 5.2, 5.3 and 5.4. They are all released in
2011.
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In the VISSIM models in this project, public transport, bicycle and pedestrian streams are absent. The only
relevant vehicle types are Car and HGV (trucks and lorries). Figure L-10 shows the menu in which
characteristics of the vehicle can be changed.

B Vehicle Type EI@ B Vehicle Type

(= [& s

No.; 100 Mame: Car Mo, 200 Name: HGV

Static | Functions & Distributions | Special | External Driver Model | Static | Functions & Distributions | Special | External Driver Model |

Category: [Car - Category: [HGV -
Vehicle Model: [10 Car - Vehicle Model: (20 HGV -
Length: from: 411  to 476  m Length: 1021 m
Width: 150 Width: 250 m
Occupancy: 100 Occupancy: | 100
Color: [1 Default - Color: [L Default -]
[ oK | [ cancel | [ oK | [ canca |

Figure L-10 Vehicle type characteristics for Car and HGV, default settings in VISSIM

In the tab Static, the size of the vehicles can be added. In order to verify these dimensions, one needs a
database with information on the fleet on Dutch roads. Unfortunately, such a database is not available;
the values can only be judged on their credibility by intuitive sense. The variables shown in Figure L-10 do
not show any remarkable values. Furthermore, the default settings are also used in the projects of
Oranjewoud, Grontmij, Goudappel Coffeng and Poyry; the default settings have been applied by various
consultancy companies; professional traffic engineers trust these values to be reliable. Therefore, the
default values will be used in this project.

In the tab Functions & Distributions, the acceleration, deceleration, power and weight variables can be
defined (see next sections). The tabs Special and External Driver Model comprise variables which are not
relevant to this project.

L.2.2. Vehicle Classes

In this menu, the Vehicle Classes can be defined. A vehicle class is a selection of the Vehicle Types, which
together form a class. These classes can be assigned characteristics in a static assignment. Figure L-11
shows the menu.

B Vehicle Classes EI@
No. Name
20 HGW
40 Tram
50  Pedestrian
60 Bike Delete
Close

Figure L-11 The menu Vehicle Types

This project applies a dynamic assignment; therefore this functionality is not relevant.
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In the menu Functions, all parameters that can be expressed as a function of speed can be modified.

There are four of these parameters, the first one is Maximum Acceleration.

X‘ Maximum Accelerations EI@

No. Name

2 HGY

=

g g;:deestrlan

5 Women
Close

Figure L-12 The menu Maximum Accelerations

As noted in the previous sections, the only relevant modes for this project are Car and HGV. The following
figure shows the default distributions in VISSIM.

B Maximum Acceleration

0.0

Best Fit Undo
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Figure L-13 Maximum Accelerations for Car and HGV, default settings in VISSIM

The default settings for the Maximum Acceleration are also used in the projects of Grontmij and Poyry.
Please take note of the high acceleration values of the mode HGV at low speeds. Those values are even
higher than the acceleration values of the mode Car until a speed of circa 20 km/h.
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L VISSIM model development

[X]| I Maximum Acceleration
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Figure L-14 Maximum Accelerations for Car and trucks, settings in the Oranjewoud project
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Figure L-15 Maximum Accelerations for Car and trucks, settings in the Goudappel Coffeng project

In the function applied by Goudappel Coffeng for the mode HGV_02, the lower boundary for the
maximum acceleration starts at zero. Consequently, trucks that are not able to accelerate from standing

still appear in the model, which is highly unlikely.

The Maximum Acceleration functions only become relevant in models with slopes %2 (source: VISSIM 5.30
User Manual, 2011). Regarding the absence of slopes in the models in this project, these functions are

irrelevant.

Recommended Maximum Acceleration

The functions for the Maximum Acceleration are not relevant in this project, because there are no slopes
in the alignment. Therefore, the default settings will be applied.

%2 The links can have different values for Begin Height an End Height, to be set in Link Data -> Display.
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The second parameter that can be expressed as a function of speed is Desired Acceleration.

x‘ Desired Accelerations

[E=% HcR

No. Name

I

il

Car
2 HGV
3 Bus
4 Tram
5

6

Edit...

Copy.

Pedestrian
Bike

Delete

Close

Figure L-16 The menu Desired Accelerations
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Figure L-17 Desired Accelerations for Car and trucks, default settings in VISSIM

The default settings for the Desired Acceleration are also used in the projects of Grontmij and P&yry. The
acceleration rates of the mode Car are quite high for low values. Field measurements by Grontmij (2001)
show that the first vehicle in a queue waiting for a traffic signal accelerates at a rate of 2.5 m/s” and the
following vehicles accelerate at a rate of 1.0 through 1.5 m/sz.

Name: [Car | Name: icht vracht | Name: [zwaar vracht |
0.0 kmh | 160.0 00 kmh | 160.0 00 kmjh | 160.0 ki
N s ] mfs? ] mfs?

Best Fit

[ o [ coneel ]

[ Bestrt_| [ o ][ cancel ]

[ Bestrit |

Figure L-18 Desired Accelerations for Car and trucks, settings in the Oranjewoud project
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7 Desired Acceleration [X]| 7 Desired Acceleration [X]| 1 Desired Acceleration
Mame: |Car MName: HGY MName; HGY_02
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Figure L-19 Desired Accelerations for Car and trucks, settings in the Goudappel Coffeng project

The functions applied by Oranjewoud and Goudappel Coffeng differ slightly from the default settings.
These functions are disputable. Most person cars with five or six manual gears obtain the highest
acceleration power in the third gear. In that light, the highest acceleration values might be expected in
the range of 40 to 60 km/h. In the functions shown above, the highest acceleration values are expected at
standstill.

Recommended Desired Acceleration

Regarding the argument in the previous section, a possible acceleration function could have the following
values (based on the common sense of the author):

Table L-6 Recommended parameter values for Desired Accelerations
‘ Speed (km/h)

Name 0 20 50 70 120 | 160
Car Maximum Acceleration (m/sz) 2,0 3,0 3,5 2,3 1,0 0,0
HGV Maximum Acceleration (m/sz) 2,0 2,3 2,5 2,0 0,5 0,0
€ Desied Accelerstion 55 [ % Desired Acceleration ==
Nome: Correcommended e HOV_recommen 4ed
0.0 km/h 160.0 jemyh 0.0 km/h 160.0 km/h
45 st 45 e
00 s 00 /st
00 )
T g o J[ o= ]| e=r Conee

Figure L-20 Desired Accelerations for Car and HGV, recommended settings
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L.2.5. Functions, Maximum Deceleration

The third parameter that can be expressed as a function of speed is Maximum Deceleration.

x‘ Maximum Decelerations EI@

Mo. Name

Car

HGV

Bus

Tram
Pedestrian
Bike

I

il

Edit...

Copy.

EWW,

holn = g o

Delete

Close

Figure L-21 The menu Maximum Decelerations
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Figure L-22 Maximum Decelerations for Car and HGV, default settings in VISSIM

The default settings for the Desired Acceleration are also used in the projects of Grontmij and Poyry.

' Maximum Deceleration E\V I Maximum Deceleration [X] 1 Maximum Deceleration
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Figure L-23 Maximum Decelerations for Car and trucks, settings in the Oranjewoud project
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' Maximum Deceleration [) | Maximum Deceleration 3
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Figure L-24 Maximum Decelerations for Car and trucks, settings in the Goudappel Coffeng project

The Maximum Deceleration function for the mode Car are equal for all projects; therefore the function is
expected to be reliable. However, a deceleration rate of -7.5 m/s’ for low speeds is very high. This value
equals a deceleration rate of 27 (km/h)/s; a vehicle driving at 27 km/h would come to a standstill in 1 s.

The Maximum Deceleration depends on various determinants, such as the power of the braking system,
the weight of the vehicle, the slope of the road, and the friction coefficient of the tyre with the road
pavement. The friction coefficient depends on the roughness ® of the road pavement, the roughness of
the tyre, the weather conditions, the speed of the vehicle and characteristics of the vehicle while skidding
% (source: Hansen et al., 2007). The friction coefficient as a function of the speed can be expressed by the
graph in Figure L-25 (the upper graph represents humid weather conditions, the lower graphs represent
wetter weather conditions). Consequently, the Maximum Deceleration decreases as the speed increases.
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Figure L-25 The friction coefficient (vertical) as a function of the speed (horizontal) for various humidity conditions

Recommended Maximum Deceleration

Although the parameter values of the default settings are high, these values will be applied to this project
for two reasons. Firstly, the default settings have been applied by various consultancy companies;
professional traffic engineers trust these values to be reliable. Secondly, the functions meet the restriction
that the absolute value of the Maximum Deceleration decreases with increasing speed.

% In Dutch: stroefheid
® In Dutch: wielslip en drifthoek
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The fourth parameter that can be expressed as a function of speed is Desired Deceleration.

oo ]

x‘ Desired Decelerations
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Figure L-26 The menu Desired Decelerations
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Figure L-27 Desired Decelerations for Car and HGV, default settings in VISSIM

The default settings for the Desired Acceleration are also used in the projects of Grontmij, Poyry and

Goudappel Coffeng.
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Figure L-28 Desired Accelerations for Car and trucks, settings in the Oranjewoud project

With respect to the HGV mode: the Oranjewoud project applies higher deceleration rates; almost equal to
the deceleration rates of the Car mode. This is not plausible, because trucks generally have a lower
absolute deceleration rate than person cars. If a truck brakes too hard, the cargo could be damaged.
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All functions form a straight flat line, which is disputable regarding the following behavioural description.
When a driver approaches a red traffic signal, he will start to decelerate at a rate depending on various
factors, such as the driver’s aggressiveness. During the first few seconds, the deceleration needs to be
introduced, in order to avoid a large jerk (kinetic quantity; the mathematical time derivative of the
deceleration); an indicator for discomfort. The maximum comfortable value for the jerk is estimated to be
0.8 m/s3 (source: Hansen et al., 2007), which means that a deceleration of 2.0 m/s2 needs to be
introduced over a period of 2.5 s. Over a certain period, the driver will decelerate at the maximum
comfortable deceleration, and then release the braking pedal gradually in order to come to a standstill
fluently.

Recommended Desired Deceleration

Regarding the behavioural description in the previous section, the recommended function could obtain
the following form (again, this function is based on expert judgment; the common sense of the author):

Table L-7 Recommended parameter values for Desired Decelerations

Speed (km/h)
0

Name 0 2 50 70 120 160
. . 2
Car Desired Deceleration (m/s®) -05 |-0,8 |-2,5 -2,5
. . 2
HGV Desired Deceleration (m/s®) -05 |-0,8 |-2,3 -2,3
B Desired Deceleration = B Desired Deceleration
MName: Car_recommended MName: HGV_recommended
0.0 ke/h 1600 k/h 0.0 km/h 160.0 km/h
a2 00 st 02 00y
* K\ B ?\-\
3 T 7 100 e
I I 1 1 1 1 1 1 I I 1 1 1 1
0.0 0.0
Best Fit ndo [ oK | [ conca | | [ BeFr | [ concel

Figure L-29 Desired Accelerations for Car and HGV, recommended settings
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L.2.7. Distributions, Desired Speed

In the menu Distributions, there are three parameters influencing the behaviour of drivers in the model,
and therefore the model output. The first parameter affecting the model output that can be expressed as
a distribution is Desired Speed. The Desired Speed distributions relevant for this project are: 25, 30, 35,
40, 45 and 50 km/h. These distributions will be applied in the Reduced Speed Areas on the roundabout
itself and on the Parking Lots at the entrance of the model.

B Desired Speed Distributions EI@
Nr. Name Min. Max,
5  Skem/h 10 60 New.
12 12 km/h 12.0 15.0
15 15km/h 150 200
20 20 km/h 200 250
25 25km/h 250 300
30 30 km/h 300 35.0
40 40 km/h 40.0 45.0
50 50 km/h 48.0 58.0
60 60 km/h 58.0 68.0
70 70 km/h 68.0 780
80 80 km/h 750 110.0
85 85 km/h 4.0 88.0
a0 80 km/h 85.0 120.0
100 100 km/h 88.0 130.0
120 120 km/h 85.0 155.0
130 130 km/h 80.0 170.0
140 140 km/h 80.0 205.0
999 48.0 58.0
1001 IMO-M 30-50 35 58
1002 IMO-F30-50 26 4.3
1003 Predt-Milinski 0.0 81
1004 Fruinl 21 6.6
1005 Fruin 2 2.1 6.6
1006 Stairs Kretz 1 0.7 4.7
1007  Stairs Kretz 2 0.4 41
Close

Figure L-30 The menu Desired Speed

B Desired Speed Distribution [=25] | & Desired Speed Distribution ==
No: |25 Neme: 25 km/h No: |30 Name: 30 km/h
[25.9] ke 200 km/h [20.0] ke 350 kmv/h

0.00 0.00
25.00 30.00
Undo oK ] [ concel | Undo oK | [ conce |
0¥ Desired Speed Distribution [==22] | ;8" Desired Speed Distribution =
No.: |40 Name: 40 km/h No. |50 Name: 50 km/h
[0.0] km/h 450 kmsh 12 0] km/h 580 kmsh
.00 0.00
40.00 18,00
Undo ( oK | [ conce | Undo ( oK | [ cancel

Figure L-31 Desired Speed for 25, 30, 40 and 50 km/h, default settings in VISSIM
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The default settings of VISSIM do not accommodate for distributions for the speeds 35 and 45 km/h,
these have to be constructed manually. Obviously, VISSIM only applies straight lines as distributions by
default. With these distributions, all vehicles drive too fast, except for the 50 km/h-distribution, in which
80% of all vehicles drive faster than 50 km/h. The straight lines indicate that the variation in speeds in
high, this is plausible for low speeds. The influence of the distribution form on the variation can be
illustrated by means of Figure L-32. On the right, it shows an S-curve, indicating a distribution with low
variation (mathematically: a low standard deviation). Most drivers choose a Desired Speed value close to
the middle value of the distribution. The left graph shows a converse S-curve, indicating high variation.

il Desired Speed Distribution

Mo

=

Mame; |20-30

kmth

Figure L-32 Various distribution functions

E] ' Desired Speed Distribution

350/ kmjh

0.10

kmfh

30.0

Mame: |30-40

50.0 | kmjh

0.10

Figure L-33 Desired Speed distributions for 20-30 km/h and 30-40 km/h, settings in the Goudappel Coffeng project

In the distributions applied by P&yry, all drivers comply very strict to the speed limit; 80% of all drivers
choose a speed which differs merely 2 km/h from the speed limit. This high level of accuracy is reasonably
not realistic.

Recommended Desired Speed

The following Desired Speed distributions are again based on expert judgment.

Table L-8 Recommended parameter values for Desired Speed distributions

25 30 35

15< Speed <20 10% 20< Speed <25 10% 25< Speed <30 10%
20< Speed <30 75% 25< Speed <35 75% 30< Speed <40 75%
30< Speed <35 15% 35< Speed <40 15% 40< Speed <45 15%
40 45 50

30< Speed <35 10% 35< Speed <40 10% 40 < Speed <45 10%
35< Speed <45 75% 40< Speed <50 75% 45 < Speed <55 75%
45< Speed <50 10% 50< Speed <55 10% 55< Speed <60 10%
50< Speed <55 5% 55< Speed <60 5% 60 < Speed <65 5%
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A Desired Speed Distribution (=23a] [ ;8% Desired Speed Distribution (=
No: |1 Name: 25_recommended Na: |2 Niemrs 30_recommended
i5.0] km/h 350 km/h [20.] km/h 400 ey
I 0.00 I 0.00
15.0 20.0
Undo QK l [ Cancel ] Undo OK ] l Cancel ]
x‘ Desired Speed Distribution @ x‘ Desired Speed Distribution @
No: |2 Mame;  39_recommended No: |4 Name:  40_recommended
[25.0] km/h 450 k) krn/h 550 km/l
i 0.00 I 0.00
25.0 300
Undo ok | [ canca | Undo ok || Concel |
A% Desired Speed Distribution (=238 | 8 Desired Speed Distribution (==
No: |© Name: 45_recommended No: |7 Name: 50_recommended
5] km/h 600 km/h [20.0] ken/h 650 km/h
i 0.00 I 0.00
35.0 40.0
Undo [ QK l [ Cancel ] Undo OK ] l Cancel

Figure L-34 Desired Speed distributions, recommended settings
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L.2.8. Distributions, Power and Weight

The second and third parameters affecting the model output that can be expressed as a distribution are
Power and Weight. VISSIM uses these distributions in order to determine a power-to-weight ratio for
each vehicle individually; this ratio determines the acceleration of the vehicle (source: VISSIM 5.30 User
Manual, 2011).

JB° Weight Distributions = | = |34 | A Power Distributions [r=| =] =]
Nr. Mame Min. Maux.
1 Car 800.0 20000 New.. =
3 Bus 4000.0 120000 Edit...
4 Tram 23000.0 58000.0
5 Ped. 300 1200 Delete
6  Bike 40.0 130.0
7 Dreyfuss M 737 31
8 Dreyfuss F 534 7838

Close Close

Figure L-35 The menus Weight and Power

| [t

B Weight Distribution [#25w] | A° Weight Distribution
Mo 1 Mame  Car Nos |2 Mame:  HGV
300.0] kg 20000 kg 2800 kg 400000 kg

0.00 PECEEEE R e e e e e e e e e e e e e e e e e e 0.00
800.00 2800

Undo [ OK l l Cancel I Undo [ 0K ] [ Cancel

Figure L-36 Weight distributions for modes Car and HGV, default settings in VISSIM

The default settings for the Power and Weight are also used in the projects of Oranjewoud, Grontmij,
P6yry and Goudappel Coffeng.

Recommended Distributions, Power and Weight

The Power and Weight distributions are hard to estimate by means of logical reasoning. They can be
estimated by using data on characteristics of the fleet on the Dutch roads, however, such a database is
not available. The default values in VISSIM will be adopted in this project.
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L.2.9. Driving Behaviour

In this menu, the driving behaviour variables can be defined for every road type separately. In this project,
the first road type — Urban (motorized) — will be used only. With regard to the reference projects of
Oranjewoud, Grontmij, Goudappel Coffeng and Poyry, they use the default settings.

b Driving Behavior Parameter Sets EI@

No. Name Mo 1 Mame: Urban (motorized)

1 Urban (motorized) "
Following | Lane Change | Lateral | Signal Control |

2 Right-side rule (motorized)
3 Freeway (free lane selection) Lock ahead distance Car following model
4 Footpath (no interaction) min.: 0,00 m ’Wiedemann 99 -
5 Cycle-Track (free overtaking max.: 250,00 m Model parameters
4 Observed vehicles CCO (Standstill Distance): m i
Lock back distance CCL (Headway Time): 0.90 5 |
min: 0,00 m CC2 ('Fellowing' Variation): 4,00 m r
— 150,00 m CC3 (Threshold for Entering 'Following'): | -8,00
CC4 (Negative 'Following' Threshold): -0,35
Temporary lack of attention CC5 (Positive 'Following' Threshold): 0,35

CCh (Speed dependency of Oscillation): | 11,44

Duration: 0,00 = .
CCT (C=cillation Acceleration): 0,25 m/fs*
Probability: 0,00 % R
CCE (Standstill Acceleration): 3,50 m/fs* -
[ 0K ] [ Cancel

Figure L-37 Default setting for Driving Behaviour, tab Following

Figure L-37 shows the tab Following. Here, the Look ahead distance and the Look back distance can be
specified. According to the VISSIM manual, the minimum values are relevant when vehicles can form a
gueue on a single lane in multiple rows. This variable is relevant to cycle paths, not included in this
project. The default value for the maximum look ahead distance is 250 m plus 4 vehicles. The maximum
values are relevant in situations with multiple intersections on a shorter travel distance, which is not the
case in this project.

The Temporary lack of attention option enables to invoke the possibility of modelling drivers with
temporarily increased reaction times. These values are expected to influence the capacity of the
intersection, but it is hard to estimate reliable values for this parameter. Therefore, lack of attention will
not be modelled.

The VISSIM manual recommends the Wiedemann 99 model for urban roads. This recommendation will be
obeyed in this project. The default settings will be applied:

- CCO: the desired distance between two vehicles standing still (1.50 m);

- CC1:the desired time headway. The safe distance headway is CCO + speed*CC1 (0.90 s);

- CC2: a driver decides to accelerate when his distance headway is larger than the safe distance
headway plus CC2 (4 m);

- CC3: this variable determines the boundary between unconstrained driving and following
behaviour (8 m);

- CC4 en CC5: these variables determine the influence of the distance headway on the reaction
time: small values invoke small headways and strong responses to perturbations (-0.35 and 0.35
resp.);

- CCé6: this variable determines the oscillation in stationary traffic flows: a small value leads to little
oscillation (11.44);

- CC7: acceleration during oscillation (0.25 m/s’);

- CC8: acceleration during oscillation from standing still (3.50 m/s°);

- CC9: acceleration during oscillation at 80 km/h (1.50 m/s°).
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These variables can be changed in VISSIM 5.30, applied in this project. VISSIM 5.40 offers two more
variables:
- Smooth closeup behaviour: this variable determines the behaviour when multiple vehicles
approach a static object;
- Standstill distance for static objects.

B Driving Behavior Parameter Sets EI@

No. Name Mo 1 Mame: Urban (motorized)

» B8 Urban (motorized) .
Lateral

Right-side rule (motcrized)

Signal Control

2
3 Freeway (free lane selection) General behavior: Free Lane Selection -
4 Footpath (no interaction) Necessary lane change (route) Cun Trailing vehicle
5 Cycle-Track (free overtaking . . N N
Maximum deceleration: -4,00 m/s” -3,00 m/s®
-1m/st perdistance: 100,00 m 100,00 m
Accepted deceleration: -1,00 mys* -1,00 myst

Waiting time before diffusion: 60,00 =

Min. headway (frent/rear): 050 m
To slower lane if collision time above: 0,00 s
Safety distance reduction factor: 0,60
Maximum deceleration for cooperative braking: 3,00 mfst

Overtake reduced speed areas: [

I OK I I Cancel

Figure L-38 Default setting for Driving Behaviour, tab Lane Change

Figure L-38 shows the tab Lane Change. VISSIM offers two options with respect to the General behaviour:
the Right-side rule and Free Lane Selection. This variable is not relevant to this project, because vehicles
approaching the intersection choose a lane according to their destination as soon as they enter the
network from the parking lots (see section L.1.1).

A necessary lane change is a lane change needed in order to follow a route. These variables determine the
aggressiveness with which these lane change are being carried out. The VISSIM manual explains and
defends the default values; they will be used in this project.

When a vehicle is not able to perform the lane change, it comes to standstill at the start of the connector.
The Waiting time before diffusion expresses how long the vehicle waits at the connector. If the lane
change has not been carried out after 60 s, the vehicle will be taken out of the network. This is highly
unrealistic, but it is invoked in VISSIM in order to prevent a gridlock caused by necessary lane changes. In
reality, the gridlock will be prevented by breaking traffic rules, which is impossible in VISSIM. The Min.
headway (front/rear) determines the minimum gap on a target lane in order to carry out a lane change.
The safety distance reduction factor determines the minimum required distance headway just after a lane
change has been carried out. The maximum deceleration for cooperative braking expresses a threshold
from which a cooperative lane change is required to carry out a lane change. The final variable is a
dichotom variable: if Overtake reduced speed areas is selected, drivers performing a lane change will
respect the reduced speed area on the target lane. If the variable is not selected, drivers will not perform
any lane change in a reduced speed area.

VISSIM 5.40 provides an extra option: Cooperative lane change. With this variable, the model

accommodates for courtesy lane changes: a vehicle may change lanes in order to create space for another
vehicle performing a necessary lane change.
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b Driving Behavior Parameter Sets EI@

No. Name Mo 1 Mame: Urban (motorized)

. 1 Urban (miotorized)

| Follcvwingl Lane Change Signal Control |

2 Right-side rule (motcrized)

3 Freeway (free lane selection) Desired position at free flow: [Middle of Lane A
4 Footpath (no interaction) |} Keep |ateral distance to vehicles on next lane(s)

5 Cycle-Track (free overtaking [C] biamond shaped queuing

[] Consider next turning direction

Cvertake on same lane Min. lateral distance

Vehicle class . . Distance [m] Distance [m]
tobe overtaken O Bitcanott [ BehiceCias atOkm/h  at 50 km/h

p | | B | B || »|oetaun 1,00 1,00

[ QK ] [ Cancel

Figure L-39 Default setting for Driving Behaviour, tab Lateral

Figure L-39 shows the tab Lateral driving behaviour. These variables offer the possibility to model vehicles
overtaking on a single lane. This project does not model (motor) cyclists, so the values should be chosen
such that overtaking on a single lane is not possible. This is the case for the default settings.

i Driving Behavior Parameter Sets EIIEI

No. Name Mo 1 Mame: Urban (motorized)

[y 1 Urban (miotorized)

| Following | Lane Change | Lateral

2 Right-side rule (motcrized)
3 Freeway (free lane selection) Reaction to amber signal
4 Footpath (no interaction) Decision model: ’Continuous Check -
5 Cycle-Track (free overtaking Probability factors: Alpha: 1,59
Beta 1. -0,26
Beta 2 0,27
Behavior at red/amber signal: | Go (same as green) -

Reduced safety distance close to a stop line
Reduction factor: 0,60
Start upstream of stop line: 100,00 m

End downstream of stop line: 100,00 m

[ 0K ] [ Cancel

Figure L-40 Default setting for Driving Behaviour, tab Signal Control

Figure L-40 shows the tab Signal Control. Here, the behaviour of drivers approaching a traffic signal can be
altered. There are two Decision models available: Continuous Check (in which a vehicle stops for a yellow
light if the necessary deceleration does not exceed the maximum deceleration) and One Decision (in
which the chance of a vehicle stopping for a yellow light is being calculated by means of logistic
regression. For the latter Decision model, empirical data are required in order to estimate the logistic
regression function. These data are not available in this project.

The Reduced safety distance close to a stop line affects the behaviour in front of a traffic signal. The
reduction factor is being applied over a distance of 200 m (from 100 m in front of the stop line to 100 m
beyond the stop line).
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L.2.10. Link Behaviour Types

In this menu, the driving behaviour explained in the previous section can be applied to the road types in
the model. In this project, only the road type Urban will be used.

L.3.Traffic demand

VISSIM offers two ways to generate traffic on the network: static and dynamic assignment. This project
applies a dynamic assignment, because the capacity of the intersections will be measured by increasing
the traffic demand over time. Both ways offer this possibility, but the static assignment is highly labour
intensive. The dynamic assignment is most efficient and insightful.

Dynamic assignment requires OD-matrices defining how many vehicles are travelling from node to node.
These OD-matrices are registered in .fma-files, which can be read by VISSIM. Every OD-matrix is assigned
a Vehicle Composition, defining which Vehicle Types are generated by the OD-matrix.

L.3.1. Vehicle composition
The default vehicle composition in VISSIM consists of 98% person cars and 2% trucks and lorries (see
Figure L-41 left). In common Dutch design practice, models of urban intersections are evaluated using a
truck share of 20%. Therefore, a new vehicle composition will be defined (see Figure L-41 right).

JB Vehicle Composition [-= |[-= |[5a] | A Vehicle Composition = ol <=
No.: 1 Name: Default No: 2 Name: Recommended

Vehicle Type Rel., Flow Des. Speed Vehicle Type Rel. Flow Des. Speed
100, Car 0.980 50: 50 ken/h (48.0, 58.0) Mew. 100, Car 0,800 7: 50_recommended (40,0, 65.0) New...
200, HGY 0.020 50: 50 kmy/h (480, 58.0) 200, HGV 0.200 7: 50_recommended (40.0, 65.0)

Delete Delete
Cat. converter temp. dist.: Cat. converter temp. dist.:
Cooling water temp. dist.: Cooling water temp. dist.:

( oK | [ conce | [ oK | | concet |

Figure L-41 Default Vehicle Composition (left) and Vehicle Composition used in this project (right)

L.3.2. .fma-files

In the dynamic assignment, VISSIM applies .fma-files to generate traffic on the network. Figure L-42 shows
an example of an .fma-file. In order to enable VISSIM to read the file, it starts with a code. Secondly, the
period over which the specific traffic demand in the file is defined (in this case 15 minutes). Thirdly, the
traffic demand in the file will be multiplied by a factor (in this project equal to one for all files). Fourthly,
the number of zones in the networks needs to be specified. Fifthly, the zone numbers are indicated and
finally the traffic demand is presented in the form of an OD-matrix.

7 DP20_4L 015030200 = | & |[=25
Eile Edit Format View Help
SVR; D3

* From To
0.00 0.15

* Factor
1

* Number of zones
4

* Zone numbers

25811
4] 9 44 13
8 0 3 27
36 11 [+] 7
5 27 8 Q

Figure L-42 Example of a Vehicle Composition used in this project: demand pattern 20, total demand 200 pcu/h
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In this project, the intersections will be evaluated by means of a set of these .fma-files. The file shown in
Figure L-42 shows an OD-matrix which complies to demand pattern 20 (see appendix B) with a total traffic
demand of 200 pcu/h. This demand will be applied over 15 minutes. Every 15 minutes, the traffic demand
will be raised by 200 pcu/h. As a result, the traffic flow on the intersection will become more saturated as
time proceeds. The capacity of the intersection will be determined by evaluating the saturation rate in
time.

L.4.Signal control

VISSIM applies TrafCOD to simulate the signal control in the model. Figure L-43 shows the required
settings in the menu Signal Control. In the first tab (Signal Groups), the traffic streams used in the VRIGen
model need to be represented. All of these traffic streams should be assigned detectors and signal heads
in the network (see section 0). In the second tab (Controller TRE) the files required for generating the
semi-actuated control should be located. By Program File, VISSIM learns to apply TrafCOD; therefore the
TrafCOD.exe-file needs to be located. By STG File, the structure generated by VRIGen should be located.
The .VXB-file is an empty file. The function of the file is not relevant to this project.

B Signal Contral

Mo. Mam Cycl #Signal

1

[[= | = |[=3d | A signal Contral =N ===
Type No.: 1 Name: No. Mam  Cycl #Signal  Type No.: 1 Name:
8 WS CycleTime: O 0|s Type: [TRENDS -] 8 LN CcleTime @ os Type: [TRENDS -
(@) variable Offcet: 0 s (@) variable Offset: 0 s

Signal Groups | Controller (TRE) | SigTimThl Config | LDP Config |

MNormal

5
8

Mormal

11

Mormal

62

Mormal

63

Nermal

68

Mormal

71

Nermal

[

oK ] |

Cancel |

No. Name Type
’ STG file: 11042013_RR_12m_v2.1.stg (=)
» R VB e NONEsb &

‘ Signal Groups | Controller (TRE) ‘ SigTimThl Cenfig | LDP Config |

Program file: PATU\CIES0B0 Graduation Work\VISSIM [...]

Program no.: 1

oK ] [ cancel |

Figure L-43 Settings for applying the signal control to VISSIM

L.4.1. Connection between TrafCOD and VISSIM

The traffic control generated by means of VRIGen (described in appendix H) must be communicated to
VISSIM. Therefore, VISSIM applies TrafCOD, which generates a semi-actuated control. That means that
the traffic control is based on the structure generated by VRIGen, but each phase in the control will be
extended according to the arrival pattern. VISSIM communicates the actual arrival pattern to TrafCOD by
means of the detectors in the network.

Figure L-44 Structure of the four-phase clockwise control program
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When the structure is generated and saved, VRIGen generates amongst others a .tfc-file and a .stg-file. By
means of the .tfc-file, VRIGen communicates the structure to TrafCOD. This way, the static structure is
turned into a semi-actuated structure, because a phase can be extended if the traffic demand requires so.
By means of the .stg-file, the structure can be communicated to VISSIM. VISSIM applies TrafCOD to
generate the semi-actuated traffic control by communicating the information from the detectors in the
network to TrafCOD. TrafCOD returns the durations of the green times. Therefore, TrafCOD and VISSIM
have to communicate well with each other, the coding of the detectors (see section 0) secures this.

L.5.Evaluation

The evaluation of the intersection performance will be based on two assessment criteria (see chapter 3:
Evaluation methods):

- Travel time;

- Queue length.
Both criteria can be measured in the VISSIM model, this section explains how.

L.5.1. Travel time

VISSIM accommodates the function Travel Time Sections. After selecting this functionality, the model
developer must locate a start section and an end section; the travel time between these section will be
registered for each individual vehicle.

The travel times will be measured for all directions separately. The start sections are located just beyond
the entrance parking lot. The end sections are located 2000 m downstream of the start section. Figure
L-45 shows the example of direction 01. The start section is near parking lot 2 (the small red line) and the
end section is located on northbound link (the small green line).

A% VISSIM 5.30-10 - PA\...n Work\VISSIM\RotorRoundabout_12m\15042013_RR_12m_DP20.inp (=3 =]
File Edit View BaseData Traffic Signal Control Evalustion Simulation Presentation Test Scripts Help

BRHRE. RepAd. 4. 90 ippE,
[p&

b
o)
i
&
>
g
»
fs B Edit Travel Time Measurement ==
o= I
; Me: 1 Name:
@ From Section To Section
A Link: 102 Link: 211
v Au 1233 . At 883225 o
@ Vehicle Classes Distance: 20000 m
oz
us
P Tram Visible (Screen)
Pedestrian
an Bike Label
o Wite (to File)
@ Smaoth, Factor: 0.25
A
2

« b~

-330.7:4359 Edit travel time measurement data

Figure L-45 Settings of the travel time measurement for direction 01
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L.5.2. Queue length

The second assessment criterion is queue length. Figure L-46 illustrates how VISSIM registers queue
length. Every direction is assigned a Queue Counter. The counter is located just beyond the signal head.
The figure illustrates the definition of the queue: a vehicle is assumed to be in the queue if its speed has
dropped below 5 km/h (the Begin v). The End v defines the upper threshold: the vehicle is assumed to be
out of the queue if it accelerates again to a speed larger than that value. In this project, shockwaves may
occur in which vehicles accelerate to 50 km/h after having stood still. In order to assure that these
vehicles are also counted to the queue, the value for End v is set to 100 km/h. Max. Headway expresses
the maximum gap between two vehicles in the queue. The maximum length of the queue is equal to the
length of the approach leg.

% VISSIM 5.30-10 - P:...n Work\VISSIM\RoterRoundabout_12m15042013_RR_12m_DP20.inp (=@ =]
%Eile Edit View BaseData Traffic Signal Control Evalustion Simulation Presentation Test Scripts Help

BARRE-(RBAC. 490 . ppE.

B Evaluations (File)

Vehicles | Signal Control | Pedestrians |

Observer

Export: Configuration

i TEYY

Vehicle record: Configuration [ Filter

Modes: Configuration Fiter |

Data collection: Configuration

Metwerk performance: [ Configuration [ Filter ]

Queue Definition PT waiting time
Begin: v < m km/h from: 0 s Travel times; Configuration

End: v 1000 km/h until: 45000 ¢ Lane change:

Max. Headway: 20 m Interval: 45000 < Queue length: Configuration

Max. Length: 10000 m
o Link evaluation; Configuration

Analyzer Sample Interval: 0 Delay: Configuration
Database Table name: QUEUELENGTH_RR _12m_DP20 Vehicle inputs

EA =0 PO M ~%

[ 0K I[ e ] [] Analyzer Configuration

Special evaluations

[ Paths (Dyn. Assign): [ Configurtion | |

Convergence: Configuration

Managed lanes: Configuration

4 E Gk
-207.9:-3084

Figure L-46 Settings of the queue measurement
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Appendix M: LED illumination

This appendix addresses the subject of LED illumination on the signalized turbo roundabout and turbo
circle. LED illumination consists of LED modules within the asphalt pavement. Their aim is to guide the
road user while crossing the intersection. The first section will explain why LED illumination is
recommendatory on signalized turbo roundabouts. Secondly, the technological state of affairs will be
explained at the time of writing (June 2013); to what extent is LED-technology sufficiently developed and
ready for implementation? Thirdly, the lay-out of the LED modules on the signalized turbo roundabout
will be explained. Finally, this appendix pays attention to the relationship of LED illumination with various
other functionalities of and equipment on the turbo roundabout.

M.1. Why LED illumination?

Figure M-3, Figure M-4 and Figure M-5 illustrate the lane configuration of entrance legs to the signalized
turbo roundabout, the partial turbo circle and the turbo circle respectively. Clearly, the road user’s lane
choice is quite complicated since there are three lanes or more next to each other, and while entering the
intersection, the lane markings are absent over the width of the circulatory roadways. The chance of an
erroneous lane choice, such as the lane choice illustrated by Figure M-9, is quite large, especially for the
(partial) turbo roundabout.

In order to help road users choosing the correct lane, and to prevent collisions resulting from erroneous
lane choices, the path to be crossed has to be clearly indicated to the road user. The LED pavement
markings aim to improve the clarity of the intersection; they assist and guide the road user while crossing
the intersection. The LED pavement markings are dynamic: depending on which stream obtains green, the
LED modules illuminate.

In order to assess the range of applicability of the LED modules on signalized turbo roundabouts and
(partial) turbo circles, a cost-benefit analysis can be carried out. Here, the monetary costs of installing the
LED modules should be weighed against the societal costs of (fatal) injuries resulting from a lack of
guidance on the intersection. The guideline OEI (Eijgenraam, 2000) presents tools to perform such a cost-
benefit analysis. In this project, this is regarded a subject for further investigation.

M.2. Pavement LEDs: state of affairs

Fortuijn (2013, p.133) mentioned that pavement LEDs are a very useful equipment to the turbo circle, but
that the LED technology was not sufficiently advanced yet. The LEDs are said to be insufficiently robust:
they ‘wander’ around in the asphalt pavement, caused by lateral tensions of tyres.

However, Figure M-1 and Figure M-2 show examples of LED pavement markings, which are currently
merchandised on the Dutch market for LED-technology. This raises the presumption that LED-technology
is already sufficiently advanced for implementation.

On the other hand, a European directive is currently under development, stating requirements with
respect to the robustness of road pavement LEDs. At the time of writing, no guidelines with respect to the
robustness of asphalt LEDs have been composed, so Figure M-1 and Figure M-2 indicate field examples
which are not subject to guidelines. The robustness of these examples are therefore not secured
(although Inter Traffic Systems claims the opposite, of course).
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Figure M-1 LED pavement markingson the M25, United Kingdom (subtrcted from the website of the Dutch
company Inter Traffic Systems: http://www.intertrafficsystems.nl/)

Figure M-2 Dynamic lane marking on a Dutch highway (subtracted from the website of the Dutch company Inter
Traffic Systems: http://www.intertrafficsystems.nl/)

M.3. Lay-out of the LED markings

Figure M-3 shows the configuration of the LED illumination in the asphalt pavement of a rotor
roundabout; Figure M-4 and Figure M-5 shows the LED illumination on the (partial) turbo circle. When the
circulatory roadways obtain green, the vehicles are being guided by the painted lane markings
(continuous and broken) and the LED modules. The LEDs indicating the course for vehicles on the
entrance legs are turned off. When the entrance leg obtains green, the LEDs indicating the course for
vehicles on the circulatory roadway will be turned off and the LEDs for the entrance leg will be turned on.
In that case, the driver on the entrance leg still sees the painted pavement markings on the circulatory
roadways, but he will be guided by the LED modules.
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Figure M-4 The partial turbo circle with pavement marking and LED illumination
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Figure M-6 LED illumination on the rotor roundabout in case stream 02 obtains green
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The continuous lanes are marked by means of continuous and broken lines. The reason for this has a legal
nature. A vehicle driving on a road with a single or double continuous line is not allowed to change lanes.
If the single line is broken, he is allowed to change lanes; if the double line consists of a continuous and a
broken line, the vehicle is allowed to change lanes if the broken line is on the vehicle’s side of the road.
This guideline applies to the roundabout as well: vehicles on the entrance legs should encounter a broken
line first, and then a continuous line.

Another discussion topic is psychological in nature: if a traffic stream is not in the green phase, should the
LED modules produce a red light (like the traffic light) or should they produce no light at all (turned off)?
This question should be answered in order to enhance clarity and predictability of the road environment,
and thereby enhancing traffic safety. In this project, this will be regarded as a subject for further research.

M.4. LEDs and functionalities of the turbo roundabout

This section will address the relationship between LED modules and various functionalities of the turbo
roundabout and (partial) turbo circle.

M.4.1. Start of the inner circulatory roadway

In the classical design of the turbo roundabout, ‘droplets’ are designed at the start of every circulatory
roadway, opposite of the connection with the entrance leg (Fortuijn, 2013, p.59). These droplets aim to
prevent road users from cutting off the right-bending curve, thereby conflicting with other vehicles.

e

Figure M-7 Droplets indicate the start of the inner circulatory roadway (picture shows the ir. L.G.H. Fortuijnrotonde
near the Dutch municipality of Reeuwijk)

With the application of LEDs in the asphalt pavement, these droplets are strictly not necessary. The LEDs
indicate to the road user on the left approach lane where the inner circulatory roadway starts and what
driving course should be followed. However, the LEDs do not create any discomfort if the driver decides
to cut off the curve, as the raised mountable droplets do. Therefore, it is recommended to install the LEDs
in addition to the droplets.

229

<3
TUDelft



M LED illumination

M.4.2. Roadway dividers vs. LEDs

In its classical design, the turbo circle is equipped with wide roadway dividers, illustrated in red by Figure
M-8 (Fortuijn, 2013, p.132). These roadway dividers aim to conduct the drivers while crossing the turbo
circle, so as to prevent them from making an erroneous manoeuvre, illustrated by Figure M-9.

"
X

Figure M-8 Wid roadway dividers on the Doenkadeplein 7

\\;}\ i N

1

Figure M-9 The roadway dividers aim to prevent an erroneous manoeuvre, illustrated by the red arrow
(subtracted from Fortuijn, 2013, p.131)

The wide roadway dividers have the following advantages:
- They decrease the probability of erroneous manoeuvres to occur (Figure M-9);
- They offer drivers lateral space to mend dangerous actions of other drivers;
- They offer space for installing traffic signals on the entrance legs.

The wide roadway dividers also coincide with some disadvantages:
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- They increase the space requirement of the intersection;

- They deteriorate the clarity and comprehensibility of the entire intersection, especially to person
car drivers. Truck drivers appear to have the best overview (Van der Horst et al., 2008);

- They induce the necessity to install extra traffic signs, and lane and arrow markings (Fortuijn,
2000).

Pavement LEDs may substitute the function of the wide roadway dividers; they conduct the road user
while crossing the turbo circle by showing him the driving course to follow. The painted lane markings
also accomplish this function, but they are permanently visible. The LEDs can be turned off for the legs
that obtain red, thereby improve the clarity of the division of the road space to the road user. Roadway
dividers are elevated; the function of creating discomfort cannot be substituted by pavement LEDs. These
considerations lead to the following hypotheses:

- Theroad user’s perception is such, that the LEDs help the road user carrying out the driving task.

- The LEDs improve the conductivity of the intersection at least to the same extent the roadway

dividers improve the conductivity of the intersection.

M.4.3. Roundabout shields

Figure M-10 shows an example of roundabout shields on the Doenkadeplein. The picture shows that the
roundabout shield consists of 3 signs. Roundabout shields aim to warn the road user of a discontinuity in
his driving course, by depriving the road user from his view on the horizon. This results in an earlier start
of the deceleration phase (farther away from the intersection) and lower speeds on the intersection
(improving traffic safety).

———

Figure M-10 Roundabout shields on the Doenkadeplein, picture taken from the wstern leg

Pavement LEDs can complement the roundabout shields, because they warn the driver of a discontinuity
in his driving course; that is a curve % This is especially useful for the (partial) turbo circle, because the
edge of the central island does not intersect with the imaginary extension of the right edge of the
approach leg. As a consequence, on (partial) turbo circles with an inscribed radius less than 20 m, the
roundabout shields cannot deprive the drivers on the right approach lane from their view on the horizon
(see Figure M-11). The central island is not large enough to place the roundabout shields such that they

& Of course, pavement LEDs cannot deprive the road user from his view on the horizon, but they indicate a
bend, by which the driver is warned.
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cut the imaginary line connecting the right approach lane with the right exit lane on the opposite leg. The
LEDs may substitute the roundabout shields, but it is recommended to install the roundabout shields in
addition to the LED illumination, because the roundabout shields offer relief with respect to the driving
task. In particular, roundabout shields yield a reduction of workload by reducing the amount of visible
information from the environment (Theeuwes, 2012).

VI “

Figure M-11 On turbo circles with an inscribedvradius' smaller than 20 m, the roundabout shields do not deprive
drivers on the right lane from their view on the horizon

M.4.4. Design of the route signs

The design of the route signs introducing the turbo intersection is a point of concern, because it provides
the road user with information. This section motivates why the design of route signs deserves special
attention.

The driving task can be divided in certain distinct levels. For example, Allen et al. (1971) distinguishes
among the navigation, guidance and control level. Similarly, Michon (1985) made distinction among the
strategic, manoeuvring and control level. The strategic level comprises decisions on planning a trip from
origin to destination at the highest level, such as destination choice, mode choice and route choice. The
decision maker processes information at this level with time intervals ranging from a few minutes to
hours. At the manoeuvring level, tasks on the interaction with the road environment and other road users
take place, such as the decision to overtake. Information at this level is processed a time scale ranging
from seconds to a few minutes. At the control level, the driver takes decisions on the lateral and
longitudinal position of the vehicle; these decisions are performed on a time scale ranging from few
seconds to almost continuously decision making.

Making distinction among these levels is important because it provides insight in the way drivers process
information (from all senses) and makes decisions. Wickens (1984) proposed a model in which the driver
has a limited information processing capacity. In his single-channel information processing system, the

232

3
TUDelft



M LED illumination

driver processes information at one level; two decisions on different levels cannot be taken
simultaneously.

Figure M-12 Route signs offer information at both the strategic (navigation) and the manoeuvring (guidance) level

Figure M-12 shows that this theory is relevant for the design of the route signs introducing a turbo
intersection. The signs offer information at the strategic level by indicating the names of municipalities;
they offer information at the manoeuvring level as well by means of the curved arrows (Theeuwes et al.,
2012, p.92). That means that the single-channel system of the human mind needs to process information
at two different levels in a rather short time interval, increasing the work load. A possible consequence is
that drivers pay less attention decisions at the control level (for example, drivers may start to swerve
because they pay less attention to the lateral position of the vehicle on the lane).

The pavement LEDs may offer a solution to this problem, because they assist the driver at the guidance
level. The workload can be reduced by removing the arrows from the route signs, thereby reducing the
amount of visual information. Of course, then the question arises whether the driver will be offered
enough information for sensing and judging the road environment correctly. This is a subject for further
investigation.

M.5. Hypotheses for future research

This appendix formulated presumptions with respect to the influence of LED illumination on microscopic
behaviour. This section formulates the presumptions as hypotheses; subjects for future research.

1. A)LED pavement markings relieve the mental workload while crossing the intersection.

1. B)LED pavement markings enhance the clarity and predictability of the road environment.

When a stream is not in the green phase, the accessory LED modules should be turned off, rather
than showing red.

3. A) LED illumination can substitute the function of the wide roadway dividers on the turbo circle.
The function is to conduct the road user while crossing the intersection, and to minimize the
amount of erroneous manoeuvres.

3. B) LED illumination can substitute the function of the roundabout shields. The function is to warn
approaching drivers of a discontinuity in the driving coarse, already at considerable distance from
the intersection.
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3. C) LED illumination can substitute the function of the route signs with respect to the
manoeuvring level (the arrows on the route signs). The function with respect to the manoeuvring
level is to inform approaching drivers about how to cross the intersection.
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