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Executive s ummary

This study has been conducted in order to develop a method to determine in which situations

unbundling (i.e. the separation of traffic flows), can be used to solve bottlenecks on motorways.

Although unbundling has already been applied in the Netherlands, s uccess of this method has been
varying. Moreover, The Ministry of Infrastructure and the Environment (Rijksoverheid, 2004;
Ministerie van Infrastructuur en Milieu, 2012) state that unbundling should be considered durin g
the exploration phases of infrastructural projects on solving bottlenecks on motorways but it

remains unclear in which situations this measure can lead to an effective and robust solution

Two main goals are set for this study. On the one hand, the situations in which unbundling can be
considered an option and on the other hand, circumstances under which unbundling can be

deemed beneficial . This leads to the following research question:

6ro what extend can unbund ling of traffic flows be considered as a potential solution in
solving bottlenecks on motorways and are there (any) circumstances in which

unbundling can be deemed societally beneficial?

In this  study unbundling is understood as separation of through and local traffic on motorways by a
physical separated main carriageway and parallel road. Based on literature review, three situations
could be determined in which unbundling can be applied: because of policy reasons, safety reasons
and/or because of capacity problems. This study focusses on the capacity issues and for that the

problem can be described as; traffic flows are not getting the level of service (LoS) they ask for or

they should get. In order to provide (one or more) traffic flows with the LoS asked for,
redistribution  of capacity can be the solution. Therefore, the capacity issue refer s to the
redistribution of capacity, not necessarily to solving the capacity problem itself. A decision tree was
built of these situations in which unbundling can be a pplied.

In order to find out if there are circumstances in which unbundling can be deemed societally

beneficial , simulations are used. O ne standard situation was chosen to test und er different
circumstances. The simulation program that was chosen to execute this with was MARPLE. The
standard situation,  base case, was considered a three lane carriageway with a length of 9 km and a
maximum speed of 120 km/h. Two connections are includ ed, which means two on  -ramps a nd two

off -ramps.

The alternatives include an extended alternative (four lanes on the main carriageway) and four

unbundled alternatives. The first unbundled alternative is the unbundled 2 -1 alternative, this

means that the mai  n carriageway has initially three lanes and these are divided with two lanes on

the main carriageway and one on the parallel road. The same holds for the unbundled 3 -land2 -2
alternatives for the alternatives with initially four lanes. Since alternatives can only be compared
when they have initially the same amount of lanes and in order to not compare separate issues,

the networks with initially three lanes are compared and the networks with initially four lanes are

compared separately for each circumstanc e (different distribution of through and local traffic).
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The circumstances under which the alternatives have been tested are the distribution of through

and local traffic, and the (total) traffic demand. The six different distributions are:

1 50% through tr affic - 50% local traffic
1  60% through traffic - 40% local traffic
1 70% through traffic - 30% local traffic
1 80% through traffic - 20% local traffic
1 90% through traffic - 10% local traffic
1 100% through traffic - 0% local traffic
Besides, the simulations are executed for an initial determined demand which is the same for all

simulations . Additionally the simulations are executed for a 10% and 20% increase of the initial
determined demand. There were six alternatives, six distributions of through and local traf fic and

three amounts of traffic demand. Therefore, 108 simulations were executed.

The simulations were evaluated by performance indicators and cost -benefit analysis. The
performance indicators that were taken into account are: the amount of vehicles loss  hours (total
delay), total distance travelled, congestion, average speed and the total time spent in the network

(total travel time) . Inthe cost -benefits analysis the investment (& maintenance) costs, travel time

gains, safety effects , emissions effects and noise pollution effects were taken into account

Unbundling of traffic flows can be considered a potential solution in solving bottlenecks on

motorways, but to a limited extend. The unbundling measure can only be deemed societally

beneficial for one al  ternative. The unbundled alternative is societally beneficial under the

circumstances of 50% through traffic and 50% local traffic and the initial traffic demand. This

alternative consists of a main carriageway with two lanes and the parallel road exits of two lanes as
well (the unbundled 2 -2 alternative).  This result that the unbundling measure is only societally

beneficial in one situation can partly be explained by the high investment & maintenance costs for

unbundled alternatives in comparison to buildi ng an extra lane.

Besides, in order to say something about the robustness of the unbundling measure, the traffic

demand were increased with 10% and 20%. From this it can be concluded that the performances

of the alternatives come closer together when the traffic demand increases. Moreover, it can be
concluded that the extended and the unbundled 2 -2 alternatives perform the best under increased

traffic demand circumstances and therefore are the most robust alternatives.

There are three main limitations cons idered in this study. First of all, besides the circumstances all
data was static. Secondly, the simulations were strongly simplified. For instance, only two types of
vehicles are taken into account and no weather conditions or accidents were taken into ac count.

Lastly, the effects of safety and noise pollution are not properly take into account in the CBAs.
Since safety effects can have a much bigger impact than travel time effects and unbundled
situations are considered safer than not -unbundled situations , the CBAs are probably

underestimated for unbundled situations.

Besides, whether the CBA is positive or not, the decision for implementing one of the alternatives

or changing the road infrastructure, is sti Il a decision of the government.

Page v



Table of conte nts

Preface ..
Executive SUMMArY .o e
Table of contents ... e,
List of figures and tables ...
List of abbreviations and definitons ...
1 Introduction .. s
1.1 Unbundling of traffic flows  ....................
1.2  Problem Statement ........ccociiiiiiiien,
1.3 Study Objective ......ccocevvvveeiiieeiieene
1.4  Relevance of research  ........ccccoviiiinene
1.4.1 Scientific relevance  ........ccceenene
1.4.2 Practical relevance .........cccceenen.
1.4.3 Social relevance .........cccccviiennne.
15 Research questions .........cccccoeiiiiiniieenn.
1.6 SCOPE v e
1.7 Methodology ...ccccoovvviiiiiiiiieeee
1.8 Reportoutline  ......ccccooiiiiiiiee
2 Literature review .
21 Unbundling oo
2.1.1 Typesofunbundling ...
2.1.2 Unbundling in practice  ................
2.1.3 Scoping for this study  .................
2.1.4 Terminology related to unbundling
2.2 Situations for applying unbundling ...
2.2.1 Policy reasons .......ccccccoceveiieeeninenns
2.2.2 Safety reasons ........cccccoeeeeeeennenn.
2.2.3 Capacity reasons .........ccccceeveeuenn.
2.3 Network analysis methods  ....................

Page vi

18

19

19



24 ConcClusion ....coccvvieniiiiiis e
ArChetypes e e
3.1 Determination of archetypes ~ ........c.c.......
3.2 Thearchetypes ......ccoccviieniiennn,

3.3 Choice of archetype  ....ccccoviviiiiieeie.
3.4 ConcClusion ..o e

Design of simulations

4.1

4.2

4.3

4.4

Simulation results

51

52

5.3

2.3.1 Cost benefit analysis

2.3.2 Road performance indicators

The simulations

4.1.1 Choice of simulation model

4.1.2 The base case

4.1.3 The alternatives

4.1.4 The circumstances

Cost-benefit analysis .......cccccevviieniinnne
421
4.2.2

4.2.3

4.2.4

4.2.5 Noise pollution

4.2.6 From rush hour to yearly total
Expectation on performance results

Conclusion

Introduction  .....c.coccieiiiiiienee
Distribution of 50% through traffic
5.2.1 Alternatives with initially three lanes
5.2.2 Alternatives with initially four lanes

5.2.3 Cost-benefit analysis

Distribution of 60% through traffic

Investment/maintenance costs .

.30

32

32

33

33

33

37

39

41

44

.. 45

46

.. 46

48

49

.. 50

.51

51

. 53

53

54

55

56

Page vii



Page viii

54

5.5

5.6

5.7

5.8

5.9

5.10

5.3.1 Alternatives with initially three lanes

5.3.1 Alternatives with initially four lanes

5.3.2 Cost-benefit analysis ........ccceeneee.

Distribution of 70% through traffic ~  ........

5.4.1 Alternatives with initially three lanes

5.4.2 Alternatives with initially four lanes

5.4.3 Cost-benefit analysis .........cccceceenee

Distribution of 80% through traffic ...

5.5.1 Alternatives with initially three lanes

5.5.1 Alternatives with initially four lanes

5.5.2 Cost-benefit analysis ........ccceeenne

Distribution of 90% through traffic ~  ........

5.6.1 Alternatives with initially three lanes

5.6.1 Alternatives with initially four lanes

5.6.2 Cost-benefit analysis ........cccceceenee

Distribution of 100% through traffic ...

5.7.1 Alternatives with initially three lanes

5.7.1 Alternatives with initially four lanes

5.7.2 Cost-benefit analysis ........cccccoeueee.
Increase of traffic demand ...

LIMitationS .....cccvvvvvvviviiiiiiees eeeeeenn

5.9.1 Limitations design & simulations

5.9.2 Limitations cost -benefit analysis

conclusion ..o,

Case study: Leiden A4 ...,

6.1

6.2

Setup of simulations  .......ccoccciiiiiiienen.

6.1.1 The actual situation ......................

6.1.2 The alternatives ........cccccvvvvvvvvvveennnns

6.1.3 The circumstances / data collection

Cost-benefit analysis .......cccccovviiiiniinnnn

58

59

61

62

62

63

64

65

65

66

68

69

69

70

71

.12

72

73

74

75

76

76

78

78

81

81

81

83

85

88



6.3

6.4

6.5

Conclusion & Recommendations

7.1

7.2

Appendices

Expectations .......cccoviiiinieennen,
ResUlts .....coooiiiiiiiiiiieee
6.4.1 Network performances

6.4.2 Cost-benefit analysis

Conclusion .......coovvvivvveeeeeeeeiiins

ConcluSIONS ......ccovvvverieiieiiene,
7.1.1 Finding viable solution

7.1.2 Main limitations

7.1.3 Answers to sub -questions ......

Recommendations
7.2.1 Practical recommendations

7.2.2 Scientifically recommendations

Page ix



List of figures and table S

List of figures
FIQUrE 1 -1. SCOPE cveviiiiiiiiiiiiiiiiiiiies vt nees e aeeeseeenee 5
Figure 1 -2. Visualisation structure of the rep Ot i v ———— 6

Figure 2 -1. Types of traffic flow separation; horizontal (Watts, 2013), vertical (Schnabel, 2015),

static (van Reeken, 2010) , dynamic (SWARCO, 2015) oo e 11
Figure 2 -2. Definition of through and local traffic =~ ...t e v 12
Figure 2 -3. Terminology MOOMWAYS — .cocceevcieriieriicniieniis eeveesee e enees arreeesseeenseeenneeas 13

Figure 2 -4. Different carriageways on motorways (Rijkswaterstaat & Ministerie van Verkeer en
Waterstaat, 2007) oo v aesreeseee e nes eaneessieenns 14

Figure 2 -5. Decision tree, in which situations unbundling can be applied (green = policy reasons,

orange = safety as nature of the problem, blue = capacity as nature of the problem). ............... 17
Figure 2 -6. Road network structure according Schdnharting & Pischner (1983 cited in Van Nes,

2002, Po88)  eveeeireereerereiriinie e oo e 20
Figure 2 -7. The eight steps in a CBA (Romijn & Renes, 2013) e e e 24
Figure 3 -1. ArChetype @r€as .....ccccciciiiiiiiiiiiiis e e e .30
Figure 3 -2. Considered areas and locations of already unbundled situations in the Netherlands ... 31
Figure 3 -3. The archetypes class ified by areatype ..o e .31
Figure 4 -1. The classic four -stage transport model (de Dios Ortdzar & Willumsen, 2011) ... 33
Figure 4 -2. Base case & road extension alternative infrastructure characteristics ..., 38
Figure 4 -3. The alterNatiVES ..ot e eeeree e .39
Figure 4 -4. Network characteristics for all unbundled alternatives . e 40
Figure 4 -5. Network characteristics for the unbundled situation with shortcut ... 41

Figure 4-6. Determined traffic demand for initial situation with 65% through traffic and 35% local

traffic (origins vertical and destinations horizontal) s e .44
Figure 5 -1. Visualisation congestion all alternatives (distribution of 50% through traffic) ... 55
Figure 5 -2. Visualisation congestion all alternatives (distribution of 60% through trafficy ... 60
Figure 5 -3. Visualisation congestion all alternatives (distribution of 70% through trafficy ............ 63
Figure 5 -4. Visualisation congestion all alternatives (distribution of 80% through traffic) ............. 67
Figure 5 -5. Visualisation congestion all alternatives (distribution of 90% through traffic) ... 70
Figure 5 -6. Visualisation congestion all alternatives (distribution of 100% through trafficy ... 74

Page x


https://d.docs.live.net/bef8964b75686a1f/Documents/Afstuderen/3.%20The%20report/Report_Final_LizaHodenius.docx#_Toc477175408
https://d.docs.live.net/bef8964b75686a1f/Documents/Afstuderen/3.%20The%20report/Report_Final_LizaHodenius.docx#_Toc477175420

Figure 6 -1. Considered infrastructure Amsterdam - Den Haag (Rijkswaterstaat & Goudappel

(0] 1= o T2 0 1 ) IO S 81
Figure 6 -2. Network characteristics actual situation of A4 Leiden .. e, 82
Figure 6-3. Characteristics of the base case and the extended alternative (Leiden) ... 83
Figure 6 -4. Network characteristics of all unbundled alternatives (Leiden) ..o, .84
Figure 6 -5. Network characteristics for the unbundled alternative with shortcut (Leiden) ... 85
Figure 6 -6. Typical traffi ¢ on Tuesday morning at the A4 near Leiden (Google Maps, 2017) ....... 86
Figure 6 -7. Speed contour plot main carriageway A4, 1st of September 2015, MoniGraph  .......... 87
Figure 6 -8. Traffic demand OD -pairs for actual case, Ad near Leiden  .....cccivviiviiiiiiees e, 87
Figure 6 -9. Speed contour plot simulated actual case, A4 near Leiden, MARPLE ..., 92
Figure 6 -10. Visualisation congestion all alternatives (Actual case, A4 near Leiden) ... 94
Figure 7 -1. Archetypes for urban area  .....ccccciiiiiiiiiiciies s e 102

List of tables

Table 2 -1. Values of Time (VoT) for different traffic purposes for 2020 (Ministerie van

Infrastructuur en Milieu, 2012) s e aeeeeeeaeeee e 12
Table 2 -2. Main reasons for applying unbun dling by several researches  .....cccccveiiiieennennee. ... 16
Table 2 -3. Classification of road network levels (Van Nes, 2002) i e 21
Table2-4. Adapted classification of road network | evels
l evel s6 (Van..Ne.s.,...2002) . e e 22
Table 2 -5. Effects taken into account in CBA i e e 26
Table 2 -6. The performance iNdICAIOrS .o e eeeree e 26
Table 4 -1. Current models used in the Netherlands and internationally (C alvert, et al., 2016)  ...... 35
Table 4 -2. Choice of simulation model (state -of-the -art) .o e 36
Table 4 -3. Freight share considered during the simulations (%) e e 37
Table 4 -4. Capacity motorways (with 15% freight traffic) (Grontmij, 2015) e 38
Table 4 -5. All the SIMUIALIONS oot e e 42
Table 4 -6. The investment and maintenance costs fo r the base case and all the alternatives ... 45
Table 4 -7. Example calculation of travel time effects . e 46
Table 4 -8. Safety effects (+=positive, SINEQALIVE) i e .48
Table 4 -9. Index numbers for emissions (Ministerie van Infrastructuur en Milieu, 2016b) ... 49
Table 4 -10. Calc ulation example of emission effects ..o e 49

Page xi

from

1


https://d.docs.live.net/bef8964b75686a1f/Documents/Afstuderen/3.%20The%20report/Report_Final_LizaHodenius.docx#_Toc477175432

Table 4 -11. Noise effects based on size of traffic flow and maximum speeds (+=positive,

e 10 F= 1Y) PP

Table 5 -1. Network performances all alternatives (distribution of 50% through traffic)

Table 5 -2. Cost -benefit analysis results (distribution of 50% through trafficy ~ .............

Table 5 -3. Network performances all alternatives (distribution of 60% through traffic)

Table 5 -4. Cost -benefit analysis results (distribution of 60% through traffic) ...

Table 5 -5. Network performances all alternatives (distribution of 70% through traffic)

Table 5 -6. Cost -benefit analysis results (distribution of 70% through traffi () TR

Table 5 -7. Network performances all alternatives (distribution of 80% through traffic)

Table 5 -8. Cost -benefit analysis results (distribution of 80% through trafficy ~  .............

Table 5 -9. Network performances all alternatives (distribution of 90% through traffic)

Table 5 -10. Cost -benefit analysis results (distribution of 90% through traffic) —  ...........

Table 5 -11. Netw ork performances all alternatives (distribution of 100% through traffic)

Table 5 -12. Cost -benefit analysis results (distributio n of 100% through traffic)  ..........

Table 5 -13. Overview best performing alternative in terms of performance and CBA for each

distributi on of through and local traffic (base = base case, ext = extended alternative, 2

unbundled 2 -2 AltErNAtIVE) ..o e e

Table 6 -1. Distribution of through and local traffic for each period of time ...

Table 6 -2. Costs for constructing and removing 1km of carria geway and parallel road

Table 6 -3. Adjustment costs infrastructure in comparison to actual case ~ ....ccieennenne
Table 6 -4. Simulation results of all alternatives for actual case, A4 near Leiden ...
Table 6 -5. Cost -benefitS reSUltS  ...coooieiiiiiiis———— e

Table 6 -6. Cost -benefit analysis results (actual case, A4 near Leiden)  .....occoeeiiieeeinnen.

Page xii

50

54

58

59

61

62

65

66

68

69

72

73

75

.79

.88

89

.. 89

93

96



List of abbreviations and definitions

Abbreviations

CBA Cost-benefit analysis
LoS Level of Service
RWS Rijkswaterstaat
VoT Value of Time
Definitions
Circumstances Two circumstances are determined in this study: distribution of

through and local traffic & amount of traffic  demand

Level of Service According the Transportation Research B oard (2000) : fi [ é § a quality
measure describing operational conditions within a traffic stream,
generally in terms of such service measures as speed and travel time,
freedom to manoeuvre, traffic i nterruptions, and comforts and

convenience O .

Situations Situation in which unbundling can be applied; because of policy

reasons, safety and/or capacity problems.

Turbulence Disruption of the traffic flow by merging and exiting traffic.
Weaving movem ent Movement in which two vehicles cross
Value of Time Gives the societal benefit of the decrease of the average travel time or

gives the societal costs of the increase of travel time.
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1 Int roducti on

This study has been conducted in order to develop a method to determine in which
situations unbundling (i.e. the separation of traffic flows ), can be used to solve

bottlenecks on motorways. Although unbundling ha s already been applied in the
Netherlands, success of this method has been varying. Therefore research into success
factors was needed. The research consists of a literature review, traffic simulations and

a Cost -Benefit Analysis (CBA). The | iterature stud y lead s to a decision tree of the

situations in which unbundling could be applied. Based on the decision -tree, simulations
and CBA were executed to evaluate the circumstances in which (if any) , unbundling

could be deemed beneficial. The developed method supports consultants and

policymakers to make a structured and faster decision in which situations , and under

which circumstances unbundling can be considered an option.

1.1 Unbundling of traffic flows

In 2015, the construction of a parallel carriagew ay on the motorway A4 near Leiden, in southward

direction, was finished (Rijkswaterstaat & Goudappel Coffeng, 2015) . The function of this

carriageway was to O6collect6 traffic that had otHestntbotedr
entering traffic from two provincial roads (N11 and N206) back onto the motorway (ibid.) . With the

construction of this  parallel carriageway , all the entering and exiting traffic, also known as local
traffic , was separated from the through -going traffic. Therefore, through -going traffic was expected
to be less hampered and suffered from less turbulence  caused by the movements of merging and

exiting traffic . The situation regarding the A4 near Leiden serves as a typical example of

unbundling .

Moreover, other examples of unbundling include public transport/bus lanes, freight lanes and very
commonly in the Netherland s; separation of cyclists from remaining traffic by bicycle paths , to
name a few (Haak, 20 10; Eichler & Daganzo, 2006; Methorst, et al., 2014) . When unbundling is

mentioned, any of these ways of unbundling can be referred to . Unbundling can in general be
defined as follows: separation of disparate traffic (traffic flows) which all ask for different handling

qualities (speed, travel time, etc.).

Additionally, there are various ways to realise unbundling. For instance, traffic flows can be
separated by a continuous line on the pavement or by a concrete barrier . A more comprehensive

list on how to realise unbundling , can be foundin Section 2.1.2 .

Based on literature  (see Section 2.2), unbundling can be applied in three different situations:

because of policy reasons, safety reasons and /or because of capacity problems. These situations

will be discussed further in Section 2.2 . This study , however, will mainly focus on capacity

problems in terms of separation of through and local traffic on motorways. The unbundled si tuation
at the A4 near Leidenis an example of this way of unbundling.  Arguments for this scoping can be
found in Section 2.1.3 .
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1.2 Problem S tatement

The Dutch government has the ambition of realising relia ble and smooth travel times for all
journeys (Rijksoverheid, 2004) . In order to achieve this goal, measures are needed for solving
bottlenecks, which are the main cause of delays a nd unreliable travel times.

The Dutch Mobility Policy Document &Nota Mo hilit e i(Rijl&overheid, 2004) states that unbundling
should always be considered as one of the possible measures when bottlenecks appear on the main
road network.  Furthermore , when investing in the main road network, unbundling of through and

local traffic  has become an integral and permanent part of possible solutions in  exploration and

planning studies  (Ministerie van Infrastructuur en Milieu, 2012)

However, t he problem is that it remains unclear in which situations unbundling leads to an effective
and robust solution  (Kijk in de Vegte, et al., 2012) . This has been illustrated by varying results in
already unbundled situations in the Netherlands (Walhout, 2016) . For example, unbundling through
and local traffic at the A4, near Leiden , did not completely solve the through -flow problems and
congestion problems are rising again (Rijkswaterstaat & Goudappel Coffeng, 2015) . Moreover, due
to the many ways to realise unbundling, itis sometimes even unclear what exactly is meant by the
term Sdunbundl i n ¢SéctionAd.2l) address meralys one way of doing it without ever

mentioning the overarching concept.

Furthermore, The Ministry of Infrastructure and the Environment (Rijksoverheid, 2004; Ministerie
van Infrastructuur en Milieu, 2012) states that unbundling should be considered during the

exploration phases of infrastr uctural projects on solving bottlenecks on motorways but remains

unclear in which situations this measure can lead to an effective and robust solution (Kijk in de
Vegte, et al., 2012) . Several studies ( see Section 2.2) have been performed on
unbundling/separation of traffic flows. This has provided a lot of knowledge on the several ways of
unbundling and their advantages and disadvantages. However, scienti fic structuring and guidelines
are missing on which situations and under which circumstances unbundling might be a beneficial

measure.

Thus, based on the above stated problem indication; the following problem statements can be

specified:

filt is unclear w hatis exactly ~meant by unbundling, and in which situations and under

which circumstances unbundling is a societally beneficial measure 0
1.3 Study Obijective
This study aims to develop a general tool ( i.e. a decision tree) which helps to decide whether

unbundl ing is a true alternative in a considered situation. Secondly, this study attempts to find out
whether it is possible to determine circumstances in which unbundling can always be deemed
beneficial (or not). It needs to be noted that this tool only indicate s whether unbundling is a

measure to be considered an alternative, not if it is the best possible solution.
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1.4 Relevance of research

Research can provide added value in several ways. This section will discuss the scientific, practical

and social relevance of this study.

14.1 Scientific relevance
Currently , no research exists on how to relate different ways of unbundling to specific situations
and circumstances in which they must be considered (Ministerie van Infrastructuur en Milieu,

2012) . The few researches , discussed in Section s 2.1 and 2.2, look deeply into one  specific way of

unbundling. However,  thereis a need for aresearch that provid es an overview of situations and

circumstances in which unbundling can be one of the potential solutions .

This research aims at filling that knowledge gap by generating a general tool which structures and

integrates al |l the individual aspects of wunbundling. Such a tool
142 Practical relevance

The goal of this research is to develop a decision supporting tool concerning situations and

circumstances in which unbundling can be considered an option . Thist ool should support

Rijkswaterstaat to determine whether unbundling could be one of the solutions to solve specific
traffic issues, before any infrastructural improvement plan is designed and estimated. Instead of
investigating every specific situa tion sepa rate ly, this tool serves as a guide in order to find out if

unbundling can  be an option or  beneficial measure ina  much more structured and faster way.

1.4.3 Social relevance

As mentioned earlier ,thenational gover nment 6 s ¢e bedlis atieanmof ralisbl e and smooth
travel times over entire door to door journeys (Rijksoverheid, 2004) . The goal is to increase
reliability and decrease travel times. Unbundling is one of the measures that may be applied in

order to achieve thisgo  al.

When the right measure is chosen and the goal is achieved , the decreased travel times are a major
benefit for road users which result in social benefits.  These benefits may exceed the social costs in
many situations  (Ministerie van Infrastructuur en Milieu, 2012) which make this topic  also socially
relevant.

1.5 Research questions

Two main goals can be  appointed for this study. On the one hand , the s ituations in which
unbundling can be considered an option and on the other han  d, circumstances under which
unbundling can be deemed beneficial . Consequently, the following research question can be

specified :

6ro what extend can unbundling of traffic flows be considered  as a potential solution in
solving bottlenecks on motorways and are there (any) circumstances in which

unbundling  can be deemed societally  beneficial? 6
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A series of sub research questions have been defined to guide the research and to be able to

answer the main research question:

1. Whatis m eant by unbundling ?

2. Inwhic h situations can unbundling be applied?

3. How can costs and benefits of an unbundling project be determined?

4. What performance indicators are needed in order to analyse a road network?

5. Which standard road designs (archetypes) can be defined?

6. Which model can b e used for simulating both the archetypes and areal -life case?

7. Which circumstances that may influence the performance of unbundled networks  can be
defined?

8. Is there arelation between the circumstances and the performance of the unbundling
measure?

9. Cant he found results be verified by an actual study case?

1.6 Scope

Figure 1-1 onthe next page shows how the subject is scoped in this study. As mentioned in
Section 1.1 there are various ways to separate traffic flows and to realise unbundling. The static
physical way of separation is considered and f or the purpose of this study, the most relevant type

is th e separation of through and local traffic on motorways. Reasons for this choice are discussed in
Section 2.1.3 . With a static way of unbundling is m eant that a fixed amount of lanes is available for

each traffic flow.

Moreover, t his study focusses on unbundled situations near and around urban areas , because the
highest distribution of local traffic is available there . Commissioned by the Ministry of Infrastructure
and the Environment, Rijkswaterstaat owns and develops the national motorway network. Since

this study is conducted on behalf of Rijkswaterstaat, the focus during the study is on the national

motorway network (main road network). Based on | iterature a decision tree ( Figure 2-5,p. 17), in
which the unbundling of  situations is an alternative, is built in which three situations could be

determined: because of policy reasons, safety reasons and/or because of capacity problems. In

Section 2.2.3 the choice for the focus on capacity problems is explained in more detail.

Unbundling in practice, is in this study understood as static separation by the presence of a parallel
road, which hasto be ac  ontinuous road. Therefore it must be possible to drive with a constant
speed on this parallel road, without any disruptions, as for instance roundabouts or intersections.

The parallel carriageway should begin and end at the same motorway (carriageway).

Finally, the simulations that are executed in order to find out if unbundling can be deemed
beneficial under specific circumstances, are limited to only one type of road design (archetype) due

to time constraints.
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Figure 1-1. Scop e

1.7 Methodology
The first four sub questions are answered by literature review. Literature on unbundling of traffic
flows has been obtained through Google Scholar, TU Delft repository and Rijkswaterstaat . This

literature has been scanned to identify what is meant with unbundling and in which situations

unbundling can applied  (capturedina decisiontree). Besides, literature on cost  -benefit analysis for
infrastructure projects has been obtained through Ri jkswaterstaat and literature on road network
performance indicators has been obtained through TU Delft repository and Rijkswaterstaat. The
performance indicators and the cost -benefits analysis are used to evaluate the network alternatives

and if unbundling  can be deemed societally beneficial under the defined circumstances.

The fifth research question has been answered through defining different areas in the Netherlands

for which all possible motorway road designs have been determined. The areas include a rural
area, a radial area and an urban area. This approach is used be cause the focus in this study is on
urban areas. Therefore, it was needed to know what motorway road designs exist. In order to

determine all the possible road designs in each area in whi ch unbundling could be applied , is

looked to all already unbundled situation in the Netherlands.

In order to answer the sixth sub question, alist of criteria was determined and all simulations
models that are currently used in the Netherlands and interna tionally were listed. The model that
met all the criteria was chosen. Besides, the model had to be able to provide the defined

performance indicators as output.

The s eventh sub question has been answered through defining different distributions of through
and local traffic in the network. Unbundling, as considered in this study, is used for separating

through and local traffic in order to mainly improve the traffic handling. Therefore, the distribution
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of through and local traffic sh ould have the highesti  mpact on the perfo  rmance of an unbundled

network.
For answering the eighth and ninth  sub questions, simulations have been used. For one of the
archetypes, different alternatives are determ ined which are tested under the two determined

circumstances. Becaus e the simulations of the archetype are purely hypothetical and only fictitious
data was used in these simulations, actual data was used in order to verify the archetype
simulation results.  In agreement with an expert, the A4 near Leiden is chosen as the ac tual case.

All the simulations are evaluated by the performance indicators and by cost -benefits analysis.

The aforementioned has been used to answer the main research question.

1.8 Report outline
The report structure  d into seven chapters, as shown in Figure 1-2.Each block representson e
chapter and shows by the smaller numbers in each chapter -block, which sub research questions

are answered in which  chapter .

Introduction
Conclusion & Literature
Recommendations review
/ V 4
Cas_é‘_;tudy: Determine
Leiden A4 archetypes
9 5
Results & Design of
Discussion simulations
8 6,7

Figure 1-2. Visualisation structure of the report

Six main chapters , split in two parts, are considered in this study. The first part includes only 1

chapter ; the literature review. This part covers and answers the first part of the research question.

Chapter two covers the literature review and in this chapter the first four sub research questions
are answered. After the I|iterature review it is clear what

situations unbundling ca  n be applied (captured in a decision tree), how a cost -benefit analysis
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should be executed when applying unbundling and finally, what the performance indicators are for
analysing a road network. These last mentioned indicators are also needed in order to ¢ hoose a

simulation program, which provides these indicators as output.

The s econd part addresses whether unbundling can be deemed beneficial under certain

circumstances. Because the aim of this study is to create a guide, that explains in which situation s
and under which circumstances unbundling can be deemed beneficial, a generic approach is needed
in order to cover all possible road designs in the Netherlands. Therefore, archetypes (standard road

designs) are determined. The unbundling measure is tested within these archetypes, under several
circumstances, by simulations, in order to find out if there is a relation between the performance

and the circumstances. The results of these simulations will be verified by an actual case

Chapter three discussed how the archetypes are determined. In order to create a guide that
explains under which circumstances unbundling can be deemed beneficial, standard road designs
are determined. Archetypes is the term that refers to these standard road designs in this study. In

this chapter , sub research question five is answered.

Chapter four ~ describes how the simulations are setup. Therefore, the simulation program that will
be used during the simulations is chosen and the circumstances under which unbundling wi Il be
tested, are determined. Moreover, all the simulation inputs, cost -benefit analysis inputs, and
alternatives are discussed. In this chapter , sub research questions six and seven are answered.

Chapter five ~ shows and discusses the  results of the simula  tions. The results are discussed based
on the network performance indicators and the cost -benefit analysis.  Besides, the conclusions that

can be drawn from these results are discussed. Sub research question eight is answered in this

chapter .
In Chapter six a case study of the A4 near Leiden is executed. This is done in order to verify the
found results of the simulations of the standardised situations. Sub research ques tion nine is

answered in this chapter

Chapter seven concludes this study. It draws ¢ onclusions on if unbundling can be deemed
societally beneficial under certain circumstances. In this chapter the main research question is

answered and future recommendations are given.
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2 Literature review

This chapter will structure the available information (e.g. google scholar, TU Delft
repository and Rijk swaterstaat ) on unbundling and determine guidelines in which

situatio ns unbundling can be applied.

Section 2.1  explains  what unbundling is and how the subject is scoped for this study.
With this explanation sub -question one is answered. Secondly, Section2.2 answers the
second sub  -question by structu ring information and generating the gener al tool (i.e
decision tree) on in which situation s unbundling can be applied. In order to find out

under which circumstances unbundling might be a beneficial measure, cost - benefit

analysis (CBA) and network performance indicators are used to evaluate the alternatives

(Section 2.3). Withthese results sub -questions three and four will be  answered.

2.1 Unbundling

Unbundling, also known as separation of traffic flows, can be divided into two aspects. First, the

decision on wh ich two traffic flows should be separated and , secondly, infrastructural designs on

how to realise the separation of traffic flows. Section 2.1.1 describes which traffic flows are eligible

for separation. The ways of how unbundling can be realised are discussed in Section 2.1.2 ,the
6bwd concer ns t he rdad flesignggeamatrc). Moreaver , how the topic is scoped is
explained in Section  2.1.3 . Section 2.1.4 explains some terms |, related to unbundling, that are used

throughout this report

211 Types of unbundling

Many types of unbundling, separation of traffic flows, are known. A very common example of

unbundling inthe N  etherlands is the separation of cyclists from other traffic by bicycle path s.

Bicyc le paths are separated from other road (s) by, forexample , aroad verge, a crash barrier or
justaline onthe pavement . This type of separation improves safety for cyclists (Methorst, et al.,
2014) . Cyclists and motorized vehicles are the two traffic flows in this example.

Commissio ned by the Ministry of Infrastructure and the Environment, Rijkswaterstaat owns and

develop s the national motorway network . Since this study is conducted on behalf of
Rijkswaterstaat, the focus during the study is on the national motorway network (main roa d
network). Therefore , only the five types of unbundling that appear in motorway networks will be

explained hereafter.

Firstly, the most common type of unbundling on motorways in the Netherlands is the separation of
through and local traffic 1. This means that traffic which enters or leaves the motorway, known as

local traffic, is separated from trough going traffic. In this way through going traffic is not

1 Appendix Al shows the list of all unbundled situations in the Netherlands and its type of separation
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hampered by this entering and exiting traffic, which reduces turbulence and decreases the amount

of d angerous situations  (Gelder, 2016; Van der Velden, 2015; Kijk in de Vegte, et al., 2012)

Two other types of unbundling on motorways include bus, or the more general public transport,
lanes and freight lanes. Public transport operates according to a schedule which should be operated

in a reliable and punctual manner. In order to meet these requirements and free busses from

traffic inter ferences, public transport can be provided with their own lane (Eichler & Daganzo,
2006) .
Most of the time, economic reasons are the motivation for realisation of freight lanes. In this way

freight traffic does not suffer from delay. Because the vehicle hours lost by freight traffic are valued
higher than vehicle hours lost by other traffic, freeing freight traffic from delays has more impact
on lowering the overall costs for delay. This will be explained in more detail in Section 2.1.3 .

Besides, the presence of freight lanes can stimulate the economy (Haak, 2010)

The fourth and the fifth types of unbundling on motorways are not presenti nthe Netherlands  but
they are common  around the globe, including the United Stated . These types are mentioned in this
research for completeness. Express Lanes (EL) can be considered the fourth type of unb undling.
These lanes are also known as High Occupancy Toll Lanes (Davis, 2011) . As described by Newmark
(2014) ; fAHigh -Occupancy Toll (HOT) lanes allow motorists who do not want to face possible

freeway congestion to purchase access to a parallel and uncongested toll way. Vehicles that meet

an occupancy threshold may access HOT lanes at no cost. 0 The main reason to separate in this way

is to manage traffic congestion.

Fifthly, Carpool lanes are defined by Cassidy, etal. (2010) as follows: fiCarpool lanes are deployed
on urban freeways for the exclusive use of vehicles that carry more than a predetermined number

of occupants .0 The predetermined num  ber of occupants differs per country. The purpose of these
carpool lanes is to prioritize cars containing at least two people and increase transport efficiency

Additionally, these lanes are constructed in order to try and encourage mor e people to carpool.

Concluding this  section, unbundling can in general be defined as follows: separation of disparate
traffic (traffic flows) which all ask for different handling qualities (speed, travel time, etc.) . These
handling qualities can be expressed in the Level of Service, thisterm will be explained in more

detail in Section 2.2.

2.1.2 Unbundling in practice

Which traffic flows can be separated are discussed in the previous section. In order to actually
separate these traffic flows, road designs have to be adapted. Gener ally, there are two ways to
realise the separation of traffic flows: physical and non -physical (Van der Velden, 2015) . Both ways

to realise separation of traffic flows can be divided further into two types.

First of all, p hysi cal separation means that traffic flows, represented by different roads, are

physically separated by, for example, a concrete barrier. Therefore it is not possible to switch

between the roads or lanes. The two types of physical separation are vertical and horizontal
separation. Horizontal separation means that the separated roads or lanes are located on the same

level, next to each other, as shown in Figure 2-1a (p. 11). When separation has been applied
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vertically, the separated carriageways are located on different levels above each other
(Kwakernaak, 2002)  (Figure 2-1b).

The second way to realise separation of traffic flows is n on-physical separation , which means that
different carriageways are separated by , for example , road marks, lines  on the pavement and
signage. Although this is not the intention , in such situations it is possible to switch roads or lanes.

The first type of non  -physical separation is static separation, which means that always the same

amount of lanes  is reserved for a specifi ¢ flow or direction as shown in Figure 2-1c. The second
type is dynamic separation, which means that the amount of lanes on a carriageway is variable per
flow or direction  (Soekroella, 2011) . This means that for example on a road with four lanes, 3 lanes

can be used for direction A and 1 for direction B (3x1). But, the four lanes can also be divide din
two lanes for direction A and two for direction B (2x2). In this context dynamic means that there is

no physical separation,  the traffic flows are divided in 3x1 or 2x2 lanes by flexible signage, for

example, matrix signs ( Figure 2-1d). Ascan be derived, non -physical separation is always a form

of h orizontal separation.

S~
//"' "/

a Ho al e
Figure 2-1. Types of traffic flow separation; horizontal (Watts, 2013) , vertical (Schnabel, 2015) ,
static (van Reeken, 2010) , dynamic (SWARCO, 2015)

2.13 Scoping for this study

This section explains how the subject is scoped and which aspects are taken into account in this
study . Besides, it is explained what is understood with the implementation of static physical
separation.

As argued in Section 2.1.1 , the focus of this study is on the national motorway network in the

Netherlands. Unbundling in practice is in this study understood as static separation by the presence
of a parallel road  which has to be a continuous road. Therefore , it must be possible to drive with a
constant speed on this paralle | road, without any disruptions (e.g. roundabouts or intersections ).

The parallel carriageway sho  uld begin and end at the same motorway.

Moreover, in case unbundling is applied in/through a n intersection of two motorways , this is
considered a typical design to connect two motorways. Although the focus in this study is not on

this type of unbundling, they are a form of unbundling as well

The most common type of unbundling on motorways in the Netherlands, is separation of through

and local traffic by p hysical static separation (Appendix A ). Which traffic is considered as through
and/or local traffic is shown in Figure 2-2 (p. 12). Furthermore, the documents of The Ministry of
Infrastructure and the Environment (Rijksoverheid, 2004; Ministerie van Infrastructuur en Milieu,

2012) explicitly refer to the separation of through and local traffic. And since they also state that

unbundling should be considered during the exploration phases of infrastructural projects on
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solving bottlenecks on motorways, unbundling is described as the s eparation of through  and local

traffic within Rijkswaterstaat as well (Rijkswaterstaat, 2015)

Origen T Destination Type of traffic

| @,

2 = A'i D | Through traffic
AT C | Local traffic
B i1 D | Local traffic

8 c Bi C | Local traffic

Figure 2-2. Definition of through and local traffic

Hence, this type of unbundling is also of most interest  for Rijkswaterstaat. ~ This can be explained

with an example. Generally, the effects of ¢ ongestion are measured in vehicle -loss-hours, which is

then used to calculate the costs of congestion. This can be done by multiplying the vehicle -loss-

hours 2, which represent  delay, expressedinhours , andthecos t s per vehicle expressed ir
Howeve r, n ot all uses of time are equal and, therefore , the costs per vehicle, also known as Value

of Time (VoT), depend upon the purpose of the journey and are valued asshownin Table 2-1. As

can be seen , the time of freight traffic is valued the most. Thus, travel time reduction of five

minutes yields a higher benefit for trucks than for passenger cars. Besides, o nly car (com muting)

and freight traffic will be considered in this study.

Furthermore, the benefits of unbundling can also be expressed in monetary terms. As freight traffic

has the highest VoT, it is preferable to unbundle, and cre ate separate infrastructure for fre ight
traffic. Most of the time, however, freight is through traffic . If only freight  traffic was unbundled,
the benefits would be gained only for freight flows.  This is based on the assumption that travel

tim es for the other traffic remain the same, when applying freight lanes. On the other hand, when
all through traffic is unbundled from local traffic, benefits might be gained for other types of traffic

flows as well.

Table 2-1.Values of Time (VoT) for different traffic purposes for 2020 (Ministerie van
Infrastructuur en Milieu, 2012)

Traffic Val ue of Ti me
Freight 46,54
Commuting 9,53
Business 29,36
Remaining 7,73
214 Terminology related to unbundling

In order to prevent lack of clarity, this section explains which terms are related to unbundling and

provides definitions of these terms.

A motorway exists of one or more carriageways, each of them represents a direction. Carriageways

consists of one or m  ore lanes. A visualisation is shown in Figure 2-3 (p. 13). This figure also shows
that a weaving movement is a movement in which two vehicles cross each otherés paths.
2 Note that one car waiting in a traffic jam for half an hour results in the same vehicle -loss-hours as 6 cars delayed for five

minutes.
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As shown in Figure 2-4 (p. 14), withi n the Netherlands carriageways can be distinguished by the

next four types  (Rijkswaterstaat & Ministerie van Verkeer en Waterstaat, 2007)

1. Main carriageway (Dutch: hoofdrijpaan ) - Lane intended for (fast) through traffic. A main
carriageway takes care of continuity of the most important, mainly straight through, traffic
flows.
2. Collector/distributor carriageway (Dutch: rangeerbaan ) - Located at a node or connection,
parallel to the m  ain lane, starting and ending on the same carriageway. This parallel
carriageway, also referred to as collector -distributorlane(C -D | ane), #dAcollectso traffi
the motorway and fdistributesdo the entering traffic back
3. Parallel ca rriageway (also called local -expresslane) ( Dutch: parallelbaan ) - A
collector/distributor lane which covers two or more nodes and/or connection s, with the same
aim as the original collector/distributor lane.
4. Connection carriageway (Dutch: verbindingsweg ) - Carriageway which is not one of the
three types mentioned before, which provides the connection between two carriageways in an
intersection or not  -converging roads. On - and off ramps are examples of this type of

carriageway.

Not only carriageways ca  n b e divided in different types as also lanes have different functions. The

first one is the 6normald | ane which is always open to tr af
lane to be dist inguished is the emergency lane which is meant for emergency services in time of

accidents or other disruptions. This way , emergency services will not be hindered by other traffic.

Lastly, there is the rush  -hour lane. In order to provide more capacity on a carriageway and prevent

congestion, this lane can be opened during r ush hours, or during other periods of increased traffic.

In some situations the emergency lane is used as rush -hour lane or the other way around. This

means in times of increased traffic, there is no emergency lane available.

Carriageway

Carriageway

Figure 2-3. Terminology motorways

Page 13 of 153



" 8 Connection carriageway
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Collector/distributor
carriageway

/
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i G0 e Exit  Onramp Main carriageway

/ 4+—Connection

carriageway

Parallel carriageway Connection carriageway

Figure 2-4. Different carriageways on motorways (Rijkswaterstaat & Ministerie van
Verkeer en Waterstaat, 2007)

2.2 Situations  for applying unbundling

The previous section  explained what is meant by unbundling . This section gives a review of current
literature on unbundling with the aim to distract in which situations unbundling can be applied. As
mentioned before, all  reports address merely ~ one way of unbundling without ever men tioning the
overarching concept, with the consequence that they mention different reason s and situation s in
which to apply unbundling. This makes it unclear when to apply unbundling. In this sect ion, all this
information will be structured in a decision tree, which guides a user in which situations unbundling
can be applied. A decision tree is described in literature as (Utgoff,1989) : 6[ é] a representatior
a decisi on procedure for determining the class of a given instance. Each node of the tree specifies

either a class name or a specific test that partitions the space of instances at the node according to

the possi bl e out c olmbisreseafchthetdeci t siantree is used to structure the

situations in which unbundling can be applied. Instead of investigating every specific situation

separate, this tool serves as a guide in order to find out if unbundling can be an option or beneficial

measure in a structu  red and fast way.

When this sectionreferst o 06t wo sgrod u p o a,hnykisdeftte doad users distinguished in

Section 2.1 can be meant, as well as cyclist or pedestrians. This section discusses seven

researches.

Firstly, Kijkin de Vegte, et al. (2012) compare s unbundled situations, in which through and local
traffic is separated, and not -unbun dled situations in the Netherlands in order to investigate the
effectiveness of unbundled road networks in practice. The main reason for applying unbundling
mentioned in this study is to free through going traffic of turbulence . Besides, with the transfer of

merging and exiting movements to the parallel road, the movements take place at lower speeds ,

which decreases the chance of serious accidents.

Another research on unbundling has been conducted by Van der Velden (2015) . This study
focussed on the relation between unbundling of through and local traffic and signage. According

this study there are two reasons  for apply ing unbundling. First, unbundling is mainly applied in
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order to reduce the amount of weaving movements, a nd therefore also the weaving areas, in order
to prioritise through going traffic. High share of freight traffic is the other reason for applying
unbundling. In unbundled situations, freight traffic is divided over the two roads, with the

advantages thatr  emaining traffic has more space and that the appearance of convoys decrease.

Thirdy , 6 Handboek Capaciteitswaarden | n{Gastmifa0isSt uisthe Aut osnel weg:
source for capacity values of motorways and its backgrounds, which is essential data for

Rijkswaterstaat.  According this capacity manual the main reason for applying unbundling is to

prioritise through traffic, which means that through traffic is n ot hampered by the movements of

merging and exiting traffic. Although they are not mentioned in the document, there are more

reasons/situations in which unbundling can be applied.

In dNota mobiliteit 6(Rijksoverheid, 2004) | th e spatial policy, as laid down in National Spatial

Strategy, is elaborated and it describes the transport policy. Due to this document, the physical
separation of traffic flows can cont ribute to a better through -flow . Unbundling can be a solution,
especially during peak hours, when a relatively large amount of long distance traffic merge s with
local traffic that uses the motorway as a ring road. Another situation in which unbundling can be a
solution is when large amounts of freight traffic make it h ard for passenger cars to merge on to or
exit the motorway. Road extension will not always solve the problems related to convoys of freight

traffic.

Soekroella (2011) investigates the possibility to separate freeway t raffi ¢ using dynamic lane
assignment and he mentions two reasons for separating traffic flows. In order to guarantee a high

quality of traffic flow for special users, separation of traffic flows is proposed by separating

economically important users from o ther traffic  (DHV & AVV, 1994 cited in Soekroella, 2011 , p.8).
The second reason to apply separation of traffic flows is mainly focused on maintaining the original

function of the motorway network (DHV, 1999 cited in Soekroella, 2011, p.8 ).

Haak (2010) did a feasibility study to the traffic - and financial effects of  applying freight lanes. In
the interests of the transport sector of the Netherlands, by the increase of the amount of freight
traffic, congestion costs are raising drastically. This means that the reliability of travel times and

the competitive position of the Netherlands deteriorate.

Finally, t he research executed by Kwakernaak (2002) concerns physical, vertical , unbundling on
the main road network. The main reason for applying vertical unbundling, is the lack of available

space. The reasons mentioned for applying unbundling in general are: in order to solve capacity

problems and in order to create the opportunity to give the main road network its original function
back.

All of the individual reasons for apply ing unbundling discussed in the a forementioned researches
may be categorized under one of the following three situations : polic y-, safety - or capacity
reason s. Table 2 -2 (p. 16) shows how the individual reasons as identified in the literature have
been categorized. Below the table a short explanation is given for each situation.
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Table 2-2. Main reasons for applying unbundling by several researches

Source/research
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Policy reasons X X
Safety reasons X X
Capacity reasons X X X X X X X
1. Policy reasons - Unbundling can be applied due to policy reasons which include, for instance,
the separation of economically important users and increasing transport efficiency. In these
situations, unbundling is considered as the main instrument in order to reach the goal. The
main decision is which traffic flows to separate
2. Safety as nature of t he problem - Safety is expressed in the number of accidents, casualties
or deaths and is related to differences in velocity . Applying unbundling is to prevent any of
those accidents or deaths. Building bicycle paths is a very specific example of applying
unbundling for safety reasons.
3. Capacity as nature of the problem - Some researches describe it as solving capacity
problems while others call it contributing to a better through -flow. Transport ation R esearch
Board (2000) , ho wever, describes this as the Level of Service (LoS) with the following
definiton: A[ é] a quality measure describing operational condi
generally in terms of such service measures as speed and travel time, freedom to manoeuvre,
traffic interruptions, and Problemsof thisshatareicdn be describech i ence 0.
as; traffic flows are not getting the LoS they ask for or they should get. In order to provide
(one or more) traffic flows with the LoS asked for, redistributio n can be the solution . Therefore,
capacity problemsrefer tothe redistribution of capacity , not necessarily to solving the capacity
problem itself.
The three identified situations in which unbundling can be applied serve as input for building the

decision tree (Figure 2 -5, p. 17) regarding t he situations in which unbundling might be applied.

Each of the situations  will be explai ned in more detail inthe following sections with respect to the

questions in the decision tree
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Figure 2-5. Decision tree, in which situations unbundling can be applied (green = policy reasons |,
orange = safety as nature of the problem , blue = capacity as nature of the problem ).
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221 Policy reasons

ils there a policy reason and/ or construction isthest ri

first question to be answered in the decision tree ( Figure 2-5,p. 17) as they do not prioritise the
improvement of  through -flows or Level of Service. Instead, policy makers have goals, such as
separation of economically important users, for which making throug h flows better is merely the

only instrument to realise the goal.
There are three main policy reason s to be distinguish ed:

1. Separation of ec onomically important users I Separation of economically important users
can be chosen to apply in order to stimulate the economy or to provide a better competitive
position for the Netherlands  (Haak, 2010) . Therefore, a high quality of traffic flow (LoS) can be
guaranteed for these special users. These special users are usually know n as freight or
business traffic, as shown in Table 2-1 (p. 12) they have the highest Value of Time (VoT)
(Ministerie van Infrastructuur en Milieu, 2016a) , which makes them the most valuable. An
example is prioritis  ing freight traffic near the port of Rotterdam (Soekroella, 2011) . Prioritising
traffic with high values on locations where they are most present, results in the highest
benefits. As already explained in ~ Section 2.1.1 , prioritizing high valued traffic leads to less
social costs , or gains higher benefits , in case of congestion.

2. Transport efficiency T Improving transport policy can be another policy reason to apply
unbundling. Transport efficiency can mean several things (Litman, 2013) , but comes always
down to highest possible speeds, least possible travel time , highest vehicle occupancy or least
travel distances. Therefore , stimulation of travelling together by prioritizing car -poolers and/or
public transport  in or outside cities , could help to transport as much as people using a
minimum of means.

3. Zone planning and construction li mits T At some locations , government has determined

very strict zoning plans.  The zoning plans state, for instance, that roads should be eliminated

from the surface in order to have o6undisturbed | andscape:d

be built. Due to construction limits and safety reasons, a maximum of four lanes can be

accommodated in one tunnel tube (Walhout, 2016) . In case more than four lanes are needed in
order to provide  for the capacity, several tunnels are ne eded . Hence, a decision has to be made
on how to distribute the traffic. The same holds for bridges. Besides, lack of space can also be

a reason to prioritise specific road users.

Inthese three situations, unbundling is merely considered the only instrume nt to realise the goal

The only decision which remains , is which traffic flows to separate.

If none of the three reasons are applicable ,Al's there a (f lbotieneek) ? qsthe hexte m
question to be answered (Figure 2-5,p. 17). A problem concerns (future) bottlenecks or
congestion. When no (future) problem is observed/detec ted, it does not make sense to make any

infrastructural changes  (yet) . With the detection of a problem, the nature of the problem needs to

be determined. T he problem is either primarily capacity based or primarily safety based. Wi th this
subdivision, the problem can also be a combined capacity and safety problem. For instance,
problems at weaving areas might be considered as both a capacity and a safety problem. When
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this occurs, choose the  primarily nature of the problem. Both of the safety and capacity natu re of
the problems are discussed inthe nexttwo  following sections. If the nature of the problem is not
capacity or safety, unbundling should not be considered as an option during the project as shown

in Figure 2-5 (p.17).

222 Safety reasons
If the answerto fils the problem primarily a safety problem? 0 is positive , unbundling might be a
suitable measure to apply. In this context , safety is defined as number of accidents, casualties or

deaths. There are two main safety reasons to distinguish:

1. Difference in speed - With regards to speed: OEffective speed restricti
important of all regulations in favour of traffic safety. To some degree, they protect all
participants in traffic situations by allowing for more reaction time and reducing the damaging
force of collisions. 6(Zeitler, 1996) . By lowering the speeds limit or make the difference
between two speeds limit smaller, leads to more homogeneity. Lowering the speed limitis
however, not preferable in each situation . Thereby , road users are normally not willing to drive
slower, especially not on motorways. However, decreasing the differences in speed between
road users could make significant difference. For example in the local road network, on a road
which has bike lanes att  he side, lowering maximum speed of passing vehicles could make a

big difference in terms of accidents.

ons ar

2. Vulnerability - Also stated by  Zeitler (1996) : 6 No doubt, traffic separation h

impact on the accidenta  nd death rate of human beings. The notable decrease of accident and

death rates since the early 70s is at least partly due to improvements of the road infrastructure

by establishing more |ines, cycle pat h $Besidegolneldeway s,

(2010) mentions that it is proven that the time loss as a result of incidents can be reduced by

almost 30% by making a physical distinction according to functions (interregional traffic,

urban/regional traffic, and urban traffic). Instead of adapting the speeds limit in the previous

example, the bicycle lane can also be changed into a separated bicycle path. In terms of

safety, unbundling on motorways is usually applied in order to decrease the amount of  weaving

areas .

fAre two groups of r o agthemextguestion tmbe answeredwhen safety is

primarily the nature of the problem. As the word itself says, separation is the process of sorting or
distinguishing into different components, groups, or categorie s based on inequalities between these
components, groups, or categories (The free dictionary, 2016) . Separation of traffic can only take
place based on differences in traffic. These differences or characteristics include s peed, distance,
purpose , vulnerability — or weight of the vehicle . In case no distinction  can be made between road

users, unbundling should not be considered as an option.

2.2.3 Capacity reasons

In situations where traffic demand is neari ng or exceeding capacity limits or if there is unreliability
of, for example, travel times, capacity utilization improvement I and road innovation (construction

of new roads), measures can be put into practice (Ministerie van Infrastructuur en Milieu, 2012)
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Capacity problems can be caused by weaving areas. Because of the merging and exiting traffic ,

there is alot of turbulence. Therefore, capacity in these areas is lower
unbundling is applied, weaving

capacity problems.

If the answer to the question
might be applied as one of these measures
the Level of Service can be used to describe this problems nature.

LoS, lays in the existence of network levels.

Road networks can be designated as hierarchical transpo

levels are di stinguished. Previous research

This study uses the classification of hierarchy for private transport networks set by

which is focused on the network hierarchy within the Netherlands.

fils the problem primarily a capacity problem?

. As already explained at the beginni

(Grontmij, 2015) . When

traffic is se parated from remaining traffic and decreases the

0isyes, unbundling

ng of this section,

At 't he base of possible impaired

This will be explained hereafter.

rt networks in which different network

show s that these levels can be defined in several ways.

Van Nes (2002)

As stated by Van Nes (2002) : d&ach road network level connects cities of a specific type and

connects these cities with cities of the next

hi g her . Thiscoadep is shown in

Figure 2-6.

Besides, each of the network levels has its own transport function in terms of serving specific ty pes

of settlements or specific travel distances, also known as the Level of Service (LoS). Therefore,

each level is characterized by road spacing, access spacing and speed

City

hierarchy

(v Settlement (4

| A A
kx) at level x \< Level A
”
4 ~ ~

(g) Level B

(B == =B - B

C\I Level C
\I\

ﬁ; _______ @,_ ______ :@_ ______ |@ _______ @, I Level D

Figure 2-6. Road network structure according Schénharting & Pischner
2002, p.88)

(Van Nes, 2002)

Network
hierarchy

Level 1

Level 2

:
|
|

Level 4

(1983 cited in Van Nes,

These characteristics of the different levels are related to each other. For example, network level C
is a higher level than level D ( Figure 2-6) and the speed limit in level C is 60 km/h and in level D

30 km/h. A factor (60/30=) 2 for speed can be distinguished between the levels. These factors are
-factors. Scale -factors are used to

referred to as scale define relationships between the

characteristics of the network levels. ). Scale -factor 3 for road spacing
Jong (1988A cited in Van Nes, 2002, p.101) and De Jong & Paasm an (1998 cited in Van Nes, 2002,

determined by Van Nes (2002) as

is based on findings of De

p.101) . The scale -factors for access spacing and speed are

folows: 6 The access spaci ng i dacttr8 rechd spatingt Thhespeedtia | e

determined using the maximum speed for the national motorway network and the scale -factor 1.67

for speedd

Based on these scale -factors, Van Nes (2002) introduces the classification of road network levels as

shown in Table 2-3 (p. 21). The table is not completed for the national and international levels
the Dutch road network exists of three

because those levels do not exist (yet ). This means that
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levels; local, regional  and interregional. The interregional network level is the highest level in the
Netherlands and serves 40 main urban areas, which includes cities with more than 70.000
inhabitants  (Van Nes, 2002) . Besides, if higher levels would exist, due to the scale  -factors the
network speed of the national level would be 170 -200 km/h and for the international level even

higher. However, this is not possible i n the Netherlands at the moment. Moreover, speed limits
have changed in the Netherlan ds over time. Table 2-4 (p.22) shows the adapted current network

levels and their cha racteristics in the Netherlands

Van Nes (2002) states that a hierarchical network is only successful w hen each network level is

predo minantly used by the category of travellers that it was meant to serve. This means the local

traffic should use the local network, the regional traffic should use the regional network and the

interregional traffic should use the interregional network. If this is not the case, at least two

categories of travellers are using the same infrastructure (Ministerie van Verkeer en Waterstaat,

2008) . What can happenis thatthe Level of S ervice of the higher network is not met anymore, and
therefore, the different categories of travellers will negatively influence each other. In some
situations in the Netherlands this occurs and two main reasons can be distinguished  for the overlap

in use of infrastructure.

First of all, the motorway system might be too attractive. When motorway networks grow denser,

these roads become more attrac tive to short -distance traffic. L ocal traffic experience s the relati vely
high quality of these  motorways and th e amount of short distance trips increase on the motorway

network (Van Nes, 2002; Kwakernaak, 2002) . Therefore, congestions occurs earlier than expected.
Providing more capacity by regular road extensions (adding lanes) , can stimulate this phenomena

and attract even more traffic. Therefore regular road extension is not always a good solution.

Secondly , networks are sometimes designed in a way which combines functio ns of the regional
roads and the national roads on the same infrastructure (Van Nes, 2002) . Thisis , for instance,
what happened in the development of the national motorway system around Amsterdam. The
development of a regional network was skipped in favour of developing a motorway network

(Immers, et al., 2001; Hilbers, et al., 1997 cited in Van Nes, 2002)

Unbundling can be chosen to apply to separate the through and local traffic again. However,

instead of prioritising all t hrough going traffic, it can also be decided that only freight traffic is

prioritised when a substantial part of the traffic is freight traffic, if this is more cost effective
Table 2-3. Classification of road network levels (Van Nes, 2002)
Network level Spatial level Road spacing Access spacing Speed
[km] [km] [km/h]
Urban
Street Neighbourhood 1 0,3 20
Arterial District 3 1 35
Expressway 6Cityéo 10 3 55
Interurban
Local Village 3 1 35-40
Regional Town 10 3 60-70
Interregional City 30 10 100 -120
National Agglomeration - - -
International Metropolis - - =
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Table 2-4. Adapted classification of road network levels from table 6Classification
| e v e(Vas Nes, 2002)

Network level Spatial level Road spacing Access Speed Roads
[km] spacing [km] [km/h]

Local Village 3 1 30-50 Local road

Regional Town 10 3 60-80 National road

Interregional City 30 10 100-130 Motorway
When the fundamental issue of the problem is established as primarily a capacity problem , the
next question to be answered is: AAre dmwoups of r oad u derrthis questiono,lthee d ? 0
same explanation ( separation of traffic can only take place based on differences in traffic) holds as

discussed in the previous  section.

I f two groups of road users are involved, the next question to be answered is: fiDo you want to
prioritize at least one of those groups of road users? 0 As explained in this section, the through

going traffic can be hampered by local traffic which is merging onto - and exiting the motorway. The
main reas on for applying unbundling then is to give the th  rough going traffic back its Level of
Service. This does not mean that the situation becomes better for local traffic as well. Although, it

is possible that the unbundling measure is beneficial for both traffic flows.

As shown in Figure 2-5 (p.17), the next action istoconductac ost-benefit analysis ( CBA) which is
done in order to find out if the social b enefits outweigh  the social costs.  Generally, CBA is not
included in the decision tree for policy and safety reasons. This is because when unbundling is

applied due to policy reasons, applying unbundling becomes the only option and, therefore,

conducting CBA, as a decision tool, will make n o difference. However, CBA can be executed for

policy and safety reasons in order to find out the costs and benefits of the measure rather than
using it as a decision tool. When CBA turns out negative, unbundling can still be applied in order to

safe 6t haarte | intéredof safety . Thereby, based on the fact that the biggest problems in
terms of safety, are located in the local and regional levels of the road network (IBM Cognos

PowerPlay Studyio, 2016) , the safety reasons f  or applying unbundling are considered less relevant

in this study.

Moreover, in the case of capacity problems , it is possible that applying unbundling results in high

travel time gains with even higher constructions costs. Consequently, when costs are hig her than
the benefits gained by the measure, it is more likely to apply another measure. How the CBAis

executed and which effects are taken into account during this study, will be discussed in Section

2.3.1 . The focus of this study is on the capacity nature of the problem. However, safety is one of
the indicators of how a network is performing and will be included in the cost -benefits analysis.
2.3 Network analys is methods

Two methods are used to analyse the results of the simulations later in Chapter 5. These methods

include the cost benefit analysis and network performance indicators.
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231 Cost benefit analysis

Since 2000, it has been required inthe Netherlands to execute a Cost-benefit analysis (CBA) ,in
accordance with  dverview of the Effects of Infrastructure (OEI) 6(Eijgenraam, et al., 2000) for
infrastructural projects of national interest (Rijkswaterstaat, ~ 2012) . The guidance document  of
Eijgenraam etal. ~ (2000) , on the evaluation of infrastructure projects , iIs a widely endorsed set of
guidelines on preparing a CBA for transport infrastructure project in the Netherlands. Since its

publication in 2000, it has been developed and expanded, a new guidance document has been

made (available) and serves as the general guide o n social cost -benefit analysis, (Romijn & Renes,
2013) .
The ess ence of a CBA is stated in this document (ibid.) as follows : fiThe essence of a CBA is

weighing up different project or policy alternatives by comparing their welfare effects on society as

a whole: the economic and social costs and benefits calculated at th e national level 0. If the benefits
outweigh the costs, the society benefits as a whole. However, a negative balance results in reduced
social welfare, and should therefore not be implemented (ibid.) . Since infrastructural projects affect
markets throughout the economy, Eijgenraam, et al. ~ (2000) states that a CBA is the most

adequate method for evaluating investment in infrastructure. It must be noted that in some cases

it may not be possible to value a quantified effect (Romijn & Renes, 2013) . Therefore, qualitative
methods can be used for valuing the effect. For instance, it can be estimated if the effect is

negative or positive for a certa in alternative.

In terms of traffic handling/management, it is possible that under certain circumstances
unbundling is a really good measure for solving bottlenecks. However, unbundling is , in comparison

with oéregul ar 6 @ameapgnsieexneasures i to apply . This might mean that the benefits of

unbundling, for instance, decreased travel times, do not outweigh the investment costs of the
measure.
The execution of a CBA involves eight steps, which are shown in Figure 2-7 (p.24). This figure also

shows in which s ections of this report the steps are condu cted .

In order to compare the alternatives, it should be determined which effects are considered during
the CBA. Stated by Romijn & Renes (2013) : A A CBA stands or falls on the degree
effects of a measure canb e determined and valued. The better that can be done, the more useful

the CBA will be in supporting the decision -makingo.
Three kinds of effects can be designated within a CBA and are shortly explained hereafter (ibid.) :

1 Direct effects i Effects in the market where the measure is implemented are called direct
effects. In an infrastructural project, travel time savings (or losses) are an example of a direct
effect, and strongly rely on traffic flows, which are determined by individual be haviour of users
and operators.
 Indirect effects 1 Effects in all other markets than where the measure is implemented, are
called indirect effects. For instance, for a supermarket, travel time gains of trucks which

provide them with supply, may result in a more efficient staff deployment. Therefore, the
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supermarket benefits indirect from the implementation of the measure. However, the opposite

is possible as well.

unpriced effects on the well

External effects

i As mentioned by  Eijgenraam, et al.

(2000) , externalities are unintended,

-being of third parties. With the exception of network effects, they

generally have a negative effect. Therefore, external effect include atmospheric pollutants,

noise pollution, all the effects

Besides these effects,
include preparing costs, exploitation costs, maintenance costs,
and costs for materials, such as asphalt,

which un bundling is applied,

Step 1
Problem analysis

Step 2
Establish the baseline
alternative

Step 3
Define policy
alternative

Step 4
Determine effects and
benefits

Step 05
Determine costs

Step 06
Analyse variants and
risks

Step 07
Overview of costs and
benefits

Step 08
Presentation of results

construction/investments costs is the

on the ecosystems and effects on safety.

Described in Chapter 1; investigate if there
are any circumstances in which unbundling
can be deemed beneficial.

Described in Section 4.1.2; a motorway (carriageway)
with a length of 8km, 3 lanes and two connections (2
on-ramps, 2 off-ramps, one lane each).

Described in Section 4.1.3 ; include
road extension, unbundling and
shortcut between main and parallel
road.

Described in this section,
Section 2.3.1.

Described in Section 4.2; how the
effects described in this section
(2.3.1) are monetarised.

Section 5.2 and 6.2; these
sections describe the results and
these results are discussed.

Figure 2-7. The eights tepsina CBA (Romijn & Renes, 2013)

last factor involved. These costs
purchase of land/buildings,

concrete, crash barriers, etc. Since for a road design in

more land i s needed and twice as much crash barriers, the costs for

unbundling is much higher than when extending the road with more lanes.

In order to calculate the long
estimated in a CBA. S

-term effects, costs for a set amount of yea

rsinthe futur e are

ince general prices will change over time and, costs and benefits must be

corrected for this inflation, a discount rate is used. This discount rate is used in order to obtain the

salaries,

present values in one year by discounting all future values (Romijn & Renes, 2013) . How to exactly

execute a CBA, which effects to include, and how to use discount rates, is extensively explained in

the 6General gui-Baeamefei tf oAlmdloyssi s o6
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As can be derived from the above, conducting a good and reliable CBA is a complex process.
However, it is not always necessary or useful for all stages of the decision -making process to
conduct a full CBA  (Romijn & Renes, 2013) . Comprehensive and indices are the two typ es of CBAs

that can be distinguished. The comprehensive CBA is the most accurate, all the steps are carried

out and all the effects are identified, measure and valued (ibid.) . The amount of research involved,
which can make the study lengthy and costly to carry out , is a drawback of this type of CBA . The
determination of effects and valuations of an indices CBA is less precise and is based on rules of

thumb and index numbers in an indices CBA, which means that this type of CBA is quicker and

cheaper , but also less accurate, than a comprehensive CBA  (ibid.) .

Since the alternatives  (Section 4.1.3 ) considered in this study are really global (low comple xity),
they concern archetypes, and t he amount of alternatives is quite high, the indices CBA is the most

suitable type for evaluating the alternatives in this study.

It should be noted that whether the CBA is positive or not, the decision for implement ing one of the
alternatives or changing the road infrastructure, is still a decision of the government. Therefore,

the choice implement or not can be made due to any reason.
Effects considered in this study

This section describes which effects are taken into account in this study. Section 4.2 discusses the
used values and provides an extensive explanation on what is included in all the effects and how

they are calculated

The two main factors which influence the outcome of the CBA in infrastructural road design

projects the most significant, are the investment costs (including maintenance) and the travel time

gains (Romijn & Renes, 2013) . The reason for the importance of travel time changes is that the
main effect of a road extension project, or in this case an unbundling project, is usually shorter

travel times . With the decrease of travel times , travel costs for  the road users decrease  as well.
Tho se generalised travel costs can be seen as the price of travel ling . This decrease in price leads to
an increase in demand, which is expressed as an increase in the number of journeys (Romijn &
Renes, 2013) . The travel time gains, however, are taken into account and calculated based on the

total time spent in the network and the Value of Time.

Furthermore, the externalities taken into account  include safety, emissions and noise pollution.
These are basically the effects , although less extensive, that are taken into account in

infrastructure road projects (DECISIO, 2014a; DECISIO, 2014b)

These aforementioned factors are considered the most important during this study. A time period
of 23 years (until 2040) is considered for this study. Inorder to monetarise all the effects, the total

distance driven (veh.km) and the total time spent (veh.hour) are needed.

An overview of all effects taken into account is shownin Table 2 -5 (p.26).
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Table 2-5. Effects taken into account in CBA

Effect Monetarisation
Financial Construction costs Per lane 4/ km
Maintenance costs Per certain distance 4/ km
Direct Travel time gains (VoT): Car G/ veh. hour
Freight G/ veh. hour
Indirect X
External Air Pollution Particulate matter u/ kg
Nitrous oxides u/ kg
CO2 u/ kg
2.3.2 Road p erformance indicators
In order to compare the a lternatives, in chapter 5, performance indicators are needed to be

determined . With the indicators  can be perceived what effects the alternatives, changes in the

infrastructure, have on the network performance (Grontmij, 2015) . Performance of a network

indicates how 6good6 or 06baanistmdt nfaceted mdicatori sBasedgnthe i t e d
performance indicators stated in the 6éCapacit(@®idt,swaarden |1
Table 2-6 shows the performance indicators considered in this study. Since the simulations cover

10 periods of 15 minutes (2,5 hours), the outcomes for the performance indicators will reflect

these 2 ,5 hours.

A few of the needed indicators can also bed erived from the CBA . T he total distance driven
(veh.km) and the total time spent (veh.hour) in the network are needed in order to calculate costs

and/or benefits of the designated effect.

Besides thes e network performance indicators, queue length and visualisations of the queues are

used in the evaluation of the alternative networks in chapter 5

Table 2-6. The performance indicators

Performance indicator Explanation

Amount of vehicle loss hours (total delay) A higher total delay negatively influences the

Expressed in veh*hours performance of the network, which leads to
lower velocity and less distance travelled.

Total distance travelled The more distance travelled, the less delay and

Expressed in veh*km the higher the speeds.

Congestion Visualisation.

Average speed The higher the average speed, the faster

Expressed in km/hour vehicles were able to drive, the more distance
travelled.

Total time spent in the network (total The less time spent in the network, the higher

travel time) the speeds and the smaller travel times.

Expressed in veh*hours
2.4 Conclusion

Section 2.1 has explained what unbundling is, what different types of unbundling exist and how the
subject is scoped for this study. In this research, the type of unbundling that is considered, is the

static separation of through and local traffic on motorways.
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Since the reports, discussed in Section 2.2, address merely one way of unbundling without ever
mentioning the overarching concept, it was unclear in which situation unbundling should be

applied. All of the individual reasons for applying unbundling discussed in the researche s may be
categorized under one of the following three situations: policy -, safety - and/or capacity reasons.
Based on the se three situations in which unbundling can be applied, the decision tree is

determined. It needs to be noted that this tool indicates o nly if unbundling is a potential measure

to be considered an alternative, not if it is the best solution.

In Section 2.3 the network analysis methods, cost -benefit analysis and the performance indicators ,
are discussed . The effects that are taken into acco unt in the cost  -benefit analysis include:

investment & maintenance costs, travel time effect, safety effect, emission effects and noise

pollution effects.  These are basically the effects, although less extensive in this study, that are

taken into accounti  n infrastructure road projects. The most important performance indicators are:

total delay, total distance travelled, average speed, congestion and total time spent in the network.

In order to find out under which circumstances unbundling might be a benefi cial measure, the CBA
and the performance indicators which will be used to evaluate the alternatives further on in this

report (Chapter 5 & 6).

This means that the first four sub -questions have been answered
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3 Ar chetypes

This ch apter shows how the archetypes have been generated. Archetyp es( i.e. standa rd
infrastructural road configurations ) will be used to test the circumstances under which

unbundling may be beneficial. What the circumstances are, will be  explained in chapter

4. Since the ultimate purpose of this study is tocreatea manual on under which
circumstances unbundling can be deemed an alternative , it is important t hat all possible
road designs of motorways in the Netherlands are covered by the archetypes . If any
circum stances are found, these can be included in the decision tree before the execution

of CBA.

Section 3.1 explains how the archetypes are determined and Section 3.2 shows the

actual archetypes. In Section 3.3 the motivation for the chosen archetype that will be

evaluated in this study is discussed . By generating archetypes, sub - question five will be

answered.

3.1 Determination of archetypes

An archetype is a common event or situation seen throughout similar works. Therefore, archetypes
can be defined as standard configuration  s. Since the ultimate purpose of this study is to create a

manual on in which situations and under which circumstances unbundling can be considered an

option, there is a need for standard road configurations that cover all possible configurations in the
Netherlands. There are many way s to determine archetypes and many characteristics can be

distinguished when designing a road/carriageway (no road is the same):

- Amount of lanes

- Width of the lanes

- Presence of hard shoulder

- Amount of co nnections

- Length ofon - and off -ramps

- Distance between ramps

- Amount of lanes on ramps

- Presence of weaving areas

- Length of the weaving areas

- Maximum speed limits

- Intersecting motorways (nodes)

- Amount of intersecting motorways
- Location (on a hill, in a curve etc.)

- Where it is geographically located

Besides, there are  discontinuities that affe  ct the performances which include merging, exiting, end
of lane, an extra lane, etc. Moreover, the weather has an impact on the performance of the

network as well.  Howeve r, when taking into account all these characteristics , there are too many
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possibilities and many simulations should be executed (very time consuming) . Therefore, a
selection is made of  characteristics that are take ninto account in order to determine archetypes

Discontinuities are left out , as well as weather conditions.

Since t he focus i n this study is on motorway networks in the Netherlands and the separation of

through and local traffic (Section 2.1.3 ), only t hree main characteristics are taken into account.

First of all, the  geographical location makes a difference in the distribution of through and local

tra ffic. Due to the presence of network levels, explained in Section 2.2.3 , and because of the
difference in distribution of through and local traffic between these levels, a geographical location
based method is used to define the archetypes. In urban areas the connections (on - and off -

ramps) are situated more closely together than in rural areas , which makes it easier for local traffic

to make use of the moto rway network. Therefore, it can be assumed that the share of local traffic

in urban areas is substantially higher than in rural areas. Since most local traffic is expected in

urban areas, it is assumed this will have a bigger negative impact a s well, which makes these areas
the most interesting area s in terms of this study. The defined areas, which are related to the

network levels, are ( Figure 3-1):

- Urban area (city).
- Radial area (near city); between urban and rural areas.

- Rural area; between radial areas.
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Figure 3-1. Archetype areas

Urban areas (cities), are in the Netherlands defined as cities with 70.000, or more, inhabitants
(Van Nes, 2002) . Figure 3 -2 (p. 31) sh ows how the areas are distributed over the Netherlands.

Moreover, the figure also shows where the already unbundled situation in the Netherlands are

located.
Secondly, the intersecting motorways characteristic is taken into account which directly leadst o
the last characteristic ; the amount of intersecting motorways. Usually in city areas , motorways

intersect more often  thaninrural areas and/orend more often near a city. These intersections can
have a serious impact on the handling of through and local traffic, especially because of turning,

merging and exiting traffic.

3.2 The archetypes

The numbersin  Figure 3-2 (p.31) showthe already unbundled situations inthe Netherlands
(Appendix A1 ) and where they are located. Based on the already unbundled situation in the

Netherlands, nine archetypes, which cover all possible road des igns in the Netherlands, have been
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determined and are  shown in Figure 3-3. Only the generalised layout (standard configuration) of
the motorways serves  are archetype, connections (on - and off ramps) are not included in the
archetypes. Some archetypes are added for completeness. Moreover, the archetypes are

categorised under one of the following three areas: urban, radial or rural.

Appendix A2 shows how  the already unbundled situations are linked to the archetypes.

o ”
2 ek
- ‘ 4

= Radial area

= City area

e

‘..0 . = Unbundled

situation

Figure 3-2. Considered areas and | ocations of already
unbundled situations in the Netherlands 8

CddT3T

&) Straignt through, B) One node ) Two nodes D) Three nodes E) Ringroad
Radial area
A) Node before Cly B} Node after city
Rural area

A) Straight through B) Node

Figure 3-3. The archetypes classified by area type

% The list with the  unbundled situation in the Netherlands can be found in Appendix A.
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3.3 Choice of archetype

As shown in Figure 3-2 (p. 31) and Appendix A2, most of the already unbundled situations are
located in urban areas. This implies, as assumed earlier, that most of the problems concerning
through and local traffic occur i n urban areas. Therefore , the focus of this study is narrowed down

to this area. There are two main reasons for choosing archetype A (straight through) of the city

area.
First, due to time constraints, only one archetype is examined in detail in orderto evaluate the
circumstances in which (if any), unbundling can be deemed beneficial. What the circumstances are

is explained in Section  4.1.4 . Since archetype A isthe least complex archetype (leasttime

consuming) , this archetype is chosen to start with

Secondly, all other archetypes are an extension to this arche type. This research is the first step
towards defining guidelines on under which circumstances unbundli ng can always be deemed
beneficial (or not) . Therefore, it is most logical to start evalu ating the most simple archetype

alternatives and make it not too complex.

Therefore, Archetype A, straight through, of the city area is picked to examine extensively in this
study.

3.4 Conclusion

This chapter described which and how archetypes (i.e. standa rd infrastructural road configurations )
are determined . These archetypes are needed in order to test the circumstances under which (if

any), unbundling can be deemed societally beneficial  (chapter 5 and 6). The considered

circumstances are defined in chapter 4.

Based on the already unbundled situation in the Netherlands, n ine archetypes , which cover all
possible road designs in the Netherlands, hav e been determined in Se  ction 3.2 . Moreover, the
archetypes are categorised under one of the following three areas: urban, radial or rural. Since

most of the unbundled situations are located in urban areas, this study focusses on this area. Due
to time constraints  , only archetype A, straight through, is chosen to test the unbundling measure
and the circumstances  in order to find out if there is a relation between the performance and the

circumstances. With this, the fifth sub -question has been answered.
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4 Desi @i smul ati ons

The aim of this chapter isto provide explanation on how the set -up ofthe simulations is
executed (which values are used and which aspects are taken into account). Simulations

are needed in order to find out if there is a relation between the circumstances and the
performance of unbundling measure. In the previous chapter one archetype is chosen to

test this with/on.

Section 4.1 discusses which simulation model to use for the simulations. Moreover,
explanation is given on how the base case and the alternat ives infrastructures are
characterised and is shown which circumstances are considered. Section 4.2 explains

how cost - benefits analysis is executed and which values are used. By explaining the

design of the simulations and evaluation methods, sub -questions 6and 7 will be

answered.

4.1 The simulations

This section provides information on the choice of simulation program, how the base case and

alternative infrastructures are determined and which circumstances are considered

4.1.1 Choice of simulation model

Since e ach model is a simplification of reality, model s give no exact values for new  /future
situations (Hoogendoorn, et al., 2007) . However, the strength of models primarily lays in the

systematic comparison of variants (ex -ante studies) (ibid.) . In order to find out, if unbundling can
be deemed beneficial under any of the circumstances that will be  determined in  Section 4.1.4 ,a

simulation model needs to be chosen.

Future
Zones Base-year :
planning
networks data data
_ Database | »
Base year | Future
r=-p» Trip generation
1
} !
#  Distribution =2
g |
8 ‘ i
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2 —» Modal split -
|
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Figure 4-1. The classic four -stage transport model (de Dios Ortuzar & Willumsen, 2011)
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Generally, simulation models can be divided in (four) main sub -models (Figure 4-1,p. 33):

1. Trip generation - In this model the amount of departures and arrivals (amount of trips)
(movements) per zone is generated
2. Trip distribution - This model divides the calculated departures over the calculated arrivals.
This results in and Origin ~ -Destination matrix (OD  -matrix) per purpose per time of the day.
3. Modal split - The model split mode | allocates the trips in the OD -matrix to different modes

(car, train, bike, etc.).

4, Assignment i1 the | ast stage requires the model that d6éassignsb®é
determines the traffic conditions on each road section and describes the driven s peed. This
depends on other road users on the same road section, capacity of the road section, the

geometry of road design, etc.

In this study the first three stages are replaced by a given OD -matrix (Section  4.1.4 ). Therefore, it
must be possible to add the OD -matrix and the capacity (of each link) as input in the simulation
model .

How traffic is assigned to a network strongly depends on the manner the model deals with the
dimensions o f time and space (Hoogendoorn, et al., 2007) . Therefore, the choice between a

dynamic or static model has to be made. For this particular study, a dynamic model is preferred.

Reasons for st atic models being inadequate are the following:

1. Occurrence of congestion affects the on -trip route choice of (through going)
travellers. Changes in route choice after departure, can only be captured by dynamic models.

2. Static models do not consider congestion itself , only travel times . Therefore, the
physical location, and therefore the spillback, of the congestion is not considered. Dynamic
models allow queuing  and position of the queue in the network . In this study it is important to
take spillback effects into account , because in case of unbundling, through going traffic can

choose between two routes.

3. Traffic flows exceed link capacities in static models. Dynamic models on the contrary,
indicate the capacity of their links based on a rea listic physical maximum flow.
Therefore, the use of dynamic modelling is recommended for the purposes of this study as they

account fo r spillback effects as wellas e n-route decision -making.

Moreover, s ince only passenger cars (commuting traffic) and fr eight traffic  are considered in this
study, the model must be able to simulate these two user classes. Besides, the model should be
able to simulate motorways. Additionally, it should be possible to obtain the p erformance

indicators, as discussed in Sectio n 2.3.2 , from the output.

Another criteria concerns the detail level of the model. Three main detail levels can be
distinguished (Calvert, et al., 2016; Hoogendoorn, et al., 2007)

- Microscopic 1 such a model describes the behaviour of individual road users and the
interaction between them. One can predict individual speeds, lane usage and car -following
distances at any time at any place in the network (Calvert, et al., 2016) . In comparison to the
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other two detail levels, these models have the highest level of detalil 4 but on the other hand
also the highest calculation time.

- Mesoscopic i isusedfora range of models that use groups of vehicles as starting point for
the traffic flow condition calculations, while individual vehicles are moved over the network
applying the calculated speeds of the groups they belong to (ibid.) . However, m ovement of
group s of vehicles is based on macroscopic relations.

- Macroscopic - describes the behaviour of traffic flows in general. A macroscopic model is a
mathematical model that formulates the relationship between aggregate traffic flow
characteristics of a traffic st ream, like density, flow, mean speed, etc. The method of modelling
traffic flow at a macroscopic level originated under an assumption that traffic flows are

comparable to fluid flows (ibid.) .

In this study a small network is considered and the main intere  stis in traffic flows. Besides, all the
network performance indicators (Section 2.3.2 ), can be derived from a macroscopic model.

Therefore , a macroscopic level is  adequate . Table 4-1 shows the models that are currently used in

the Netherlands and internationally (Calvert, et al., 2016) and if they us e macroscopic simul  ation.

One of the models that use macroscopic simulation will be chosen to use in this study.

Table 4-1. Current models used in the Netherlands and internationally (Calvert, et al., 2016)

TRANSIMS
INDY
DynaMIT
VISSIM
Paramics
CORSIM
NRM

LMS
ALBATROSS
FOSIM

<| MARPLE

<! cube Voyager
<! PTV VISUM

<| EMME

<! TransModeler
<! Omnitrans

<! AIMSUN

<

Macro
simulation

There is one more important criteria which considers the access to the simulation models. Access
to the simulation models must be obtained without paying for it or without using the tria | version.
Table 4-2 (p. 36) shows the macroscop ic simulation models and shows if they meet thisand the

other criteria defined in this section

As can be seen from  Table 4-2 (p. 36), of all models, only OmniTRANS and MARPLE meet all the
criteria. However, OmniTRANS isnot  a model , but a modelling environment in which actual models
can run /be included. Other models can use OmniTRANS to model . MARPLE can also model within
this environment, buts  ince quite a lot of simulations need to be done (Section 4.1.4),1itis
preferable to use MAPRLE without OmniTRANS. Therefore, MARPLE is chosen to execute the

simulations with.

4 Note that using a microscopic model, with its high level of detail, does not automatically lead to a better

prediction of the situation.
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MARPLEi s an abbrevi at i dssignmént aMad Rle gfimm al Pol i(Teaye, 2B08)al uat i ono

and assigns traffic dynamically. MARPLE is fast and simple model that can simulate route choice.
For each OD -pair the routes are determined (shortest routes, in dis tance or travel time) and the

traffic is assigned to the routes by initial allocation (Taale, 2016)

Travel times on the links are calculated using travel time functions, which are based on the
saturation level (I/C ratio) (ib id) . Therefore, the traffic flow on a link depends on the travel times
and the capacity of the link. Besides, t he model takes the available space and the spillback of

congestion into account.

Table 4-2. Choic e of simulation model (state -of-the -art)

4} 3

2 g = ©

< w > ) ko]

o =2 5 o (L) o

E 2 o - S w =2

= ) [ o > > 2 >

E 2 < 3 £ 5 g8 29

O <« = O a w K Z
Input of capacity and OD matrix \% ? \% ? 2 ? 2 2
Dynamic (e n-trip route choice) v V VvV 2 vV  x vV Vv
Simulation of different user classes v 2 v 2 v V V V
Motorway simulation \% \% \% ? \% \% \% \
Input infrastructure vV V V 2 v V 2 V
Subjective criteria
Access to the model vV  x vV X X X X X

Two input fil es are needed for MARPLE. First, a file with general parameters. The second file

contains a description of the network and also contains the OD -matrix. Subsequently, the

simulation follows in order to determine the traffic flows and the corresponding indicators ( flows ,
speeds, travel times, network indicators, etc.) (ibid.) . The output consist o  f the following data
(ibid.) :

- Flows, speeds, standard deviation of the speeds and density of each link;
- Travel time and the delay for each OD - pair and route;

- Travel times, delays and speeds for each specified part of the network (traject).

And, the network indicators for the whole network and per network type:
- Amount of vehicles;

- Distance covered,;

- Time spent in the network;

- Average speed;

- Delay.

These output data and indicators match with all the needed performance indicators (for this study)
as determined in Section 2.3.2 . The calculation time  mainly depends on the amount of routes (and

thus OD -pairs), the amount of links in the networ k and amount of time steps of the simulation. All
these amounts are quite low for the simulations in this study, which makes this the  most suitable

tool for this study.
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As mentioned in  Section 2.1.3 , static separation is considered in this study. For the simulation

model it does not matter if the separation is physical or non -physical, the traffic is simulated in a
6staticd way any waterto thetsimadation snodal baw theninfrastructure looks. It
does not change anything on the simulation (or the way it is simulated). However, it does make a

difference for the investment/construction costs, which will be captured in the CBA.

4.1.2 The base c ase
As determined in chapter 3, archetype A of the urban area is taken into account for this study. The
characteristics of the base case are based on either established design guidelines (Grontmij, 2015;

Rijkswaterstaat, 2015) or on the most common manner the concerned characteristic is applied in

the Netherlands. A more detailed reasoning is provided in Appendix B 1.

The base case is considered a three lan e carriageway with a length of 9 km and a maximum speed
of 120 km/h . Two connections are included , which means two on  -ramps and two off -ramps, all of
them exist of one lane. Due to Rijkswaterstaat (2015) ,the distance between anexitandan on-
ramp should atleast be 150m at a design speed of 120 km/h . However, the simulations will be
executed with fixed time steps of 10s, which means that congestion is not visible in the output on
this link . This is because the travelled distance in one time step becomes 333m, which is lo nger
than the link. Therefore the length of those links is adjusted to 350m. The distance between the

first on -ramp and the second exit should at least be 750m (Rijkswaterstaat, 2015) and is setto
1500m. The length of the exit and on -ramp links is considered 500m, the remaining links have a

length of 1000m.  Figure 4-2 (p. 38) shows the input characteristics of the considered base case

network . The capacity of each lane is equal to the values shown in Table 4 -4 (p. 38). Capacities are
defined based on the share of available freight traffic (Grontmij, 2015) , which is also input for the
simulation model.  Assumed is the average of 15% freight traffic which decreases a bit during rush

hours (Grontmij, 2015) . Table 4 -3 shows the considered  shares for commuters and freight traffic

for each period of  time . As can be seen, the simulations exist of ten time periods, of which period

exists of 15 minutes each. Therefore , each simulation represents 2,5 hours. Although the origin -
destination are represented by different numbers in the unbundled alternatives, these percentages

are equal for all simulations.

Table 4-3. Freight share ¢ onsidered during the simulation s (%)

Origin - Time 1 2 3 4 5 6 7 8 9 10
destination period
1-11 Commuters 85 90 90 85 85 85 85 85 85 85
Freight 15 10 10 15 15 15 15 15 15 15
1-12 Commuters 95 95 95 95 95 95 95 95 95 95
Freight 5 5 5 5 5 5 5 5 5 5
1-14 Commuters 95 95 95 95 95 95 95 95 95 95
Freight 5 5 5 5 5 5 5 5 5 5
13-11 Commuters 95 95 95 95 95 95 95 95 95 95
Freight 5 5 5 5 5 5 5 5 5 5
13-14 Commuters 100 100 100 100 100 100 100 100 100 100
Freight 0 0 0 0 0 0 0 0 0 0
15-11 Commuters 95 95 95 95 95 95 95 95 95 95
Freight 5 5 5 5 5 5 5 5 5 5
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Table 4-4. Capacity motorways (with 15% freight traffic) (Grontmij, 2015)
Road section Capacity (veh/hr)
1 lane 1.900, length > 1.500m
2.100, length < 1.500m
2 lanes 4.300
3 lanes 6.200
4 lanes 8.200

° Data Base Case
Link Length (m) Speed (km/h) Nr of lanes Satflow (veh/hr)
10 1 1000 120 3 6200
2 1000 120 3 6200
3 1400 120 3 6200
L 4 350 120 3 5200
5 750 120 3 6200
9 6 750 120 3 6200
7 350 120 3 6200
8 1400 120 3 6200
'Y 9 1000 120 3 6200
10 1000 120 3 6200
11 500 20 1 2100
8 12 500 80 1 2100
13 500 80 1 2100
14 500 80 1 2100
14
; e
? 13— Data Road Extension
6 Link Length (m) Speed (km/h) Nr of lanes Satflow (veh/hr)
1 1000 120 1 8200
2 1000 120 1 8200
3 1400 120 4 8200
5 4 350 120 4 8200
* 5 750 120 4 8200
~12__ 6 750 120 ! 8200
4 € 7 350 120 ! 8200
‘_ ___'!Ll"'"'-. 8 1400 120 v 8200
9 1000 120 v 8200
10 1000 120 4 8200
3 11 500 80 1 2100
12 500 80 1 2100
13 500 80 1 2100
- ] 14 500 80 1 2100
2 Length of the routes
Origin Destination Length route (km)
- ] 1 11 9
1 12 3.09
1 Mode number L E 575
¥ Link number 13 12 372
® Node 13 14 25
15 12 39
L] — Link
Figure 4-2.Base case & road extension alternative infrastructure characteristics
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4.1.3 The alternatives
In order to test the performance of unbundled situations, several alternatives are determined.
Another 1l ogical measure to apply when O6capacity probl emsé
(road extension) , which is considered the most regular measure to apply. Figure 4-3 shows the

considered/determined alternatives.

The first alternative is road extension, in which the base case is provided with an extra lane.

Therefore, the road extension alternative consis ts of four lanes.  The characteristics for the
extended alternative are shown in Figure 4-2 (p.38).
Then both the base case and the road extension are used as base for unbundled alternatives .In

case of the extended alternative there are two options of dividing the four lanes over the main
carriageway and the pa rallel road. For all unbundled situations it is taken into account that for
through going traffic the route via the main carriageway and the route via the parallel road are

nearly equal. Assumed is that the maximum speed restriction on the main carriageway is 120
km/h, on the parallel road 100 km/h and on the ramps the speeds restriction is set to 80 km/h.

The characteristics for all unbundled alternatives are shown in Figure 4-4 (p. 40).

Finally, there is  an unbundled alternative with a shortcut between the main carriageway and the

parallel road. This alternative is added in order to see what happens in terms of robustness. Figure
4-5 (p.40 ) shows the characteristics for the alternative has the shortcut included. Each of the

alternatives will be tested under the circumstances determined in the following Section 414 . A

more throughout reasoning for the characteristics  is provided in Appendix B2.

Since alternatives can only be compared when they have initially the same amount of lanes and in

order to not compare separate issues, the networks with initially three lanes are compared and the
networks with initially four lanes are compared separately for each circumstance . Therefore, the
base case will be compared to the unbundled 2 -1 and the extended alte  rnative and the extended
alternative will be compared to all other unbundled alternatives. This means that the extended

alternative actually serves as a base case as well.

Number of lanes

Unbundled

Base case Road extension

Unbundled (3-1)
Unbundled (2-1)
Unbundled (2-2)

Unbundled (3-1)
+ shortcut

Figure 4-3. The alternatives
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Length of the routes
T Origin Destination Length route (km)
9 1 10 (M) 9
1 10 (PR) 9.05
1 16 3.95
8 1 18 5.8
17 10 5.75
17 18 25
7 19 10 39
+{f‘p.___1 - Data Unbundled 2-1
6 .
14 e
#/18 Link Length (m) Speed (km/h) Nrof lanes Satflow (veh/hr)
13 1 1000 120 3 6200
5 # 2 1000 120 3 6200
+ 12 3 1000 120 3 6200
4 1000 120 2 4300
17 5 1000 120 2 4300
s 11 $
}_..-16 _» 6 1000 120 2 4300
+,.&0 7 1000 120 3 6200
8 1000 120 3 6200
9 1000 120 3 6200
3 10 450 100 1 2100
11 350 100 1 2100
12 750 100 1 2100
2 13 750 100 1 2100
14 350 100 1 2100
+ 15 900 100 1 2100
Node number 16 500 80 1 2100
1 ¥ Link number 17 500 - a ST
L ¢ Node 18 500 80 1 2100
— Link
19 500 80 1 2100
Data Unbundled 3-1 Data Unbundled 2-2
Link Length (m) Speed (km/h) Nrof lanes Satflow (veh/hr) Link Length (m) Speed (km/h) Nroflanes Capacity (veh/hr
1 1000 120 a 8200 1 1000 120 4 8200
2 1000 120 4 8200 2 1000 120 4 8200
3 1000 120 4 8200 3 1000 120 4 8200
a 1000 120 3 6200 4 1000 120 2 4300
5 1000 120 3 6200 5 1000 120 2 4300
6 1000 120 3 6200 6 1000 120 2 4300
7 1000 120 4 8200 7 1000 120 4 8200
8 1000 120 a4 8200 8 1000 120 a 8200
9 1000 120 a 8200 9 1000 120 4 8200
10 450 100 1 2100 10 450 100 2 4300
11 350 100 1 2100 11 350 100 2 4300
12 750 100 1 2100 12 750 100 2 4300
13 750 100 1 2100 13 750 100 2 4300
14 350 100 1 2100 14 350 100 2 4300
15 900 100 1 2100 15 9200 100 2 4300
16 500 80 1 2100 16 500 80 1 2100
17 500 80 1 2100 17 500 80 1 2100
18 500 80 1 2100 18 500 80 1 2100
19 500 80 1 2100 19 500 80 1 2100

Figure 4-4. Network characteristics for all unbundled alternatives
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T Data Unbundled 3-1 + Shortcut
9 Link Length (m) Speed (km/h) Nrof lanes Capacity (veh/hr
1 1000 120 4 8200
2 1000 120 4 8200
+ 3 1000 120 4 8200
g 4 1000 120 3 6200
5 1000 120 3 6200
6 1000 120 3 6200
+ 7 1000 120 a 8200
7 8 1000 120 a 8200
9 1000 120 4 8200
10 450 100 1 2100
s 1 350 100 1 2100
6 LJQH 12 750 100 1 2100
14 e 13 750 100 1 2100
+\ .-""19’ 14 350 100 1 2100
213 oo w : oo
> \ 17 500 30 1 2100
12 18 500 80 1 2100
LI 7__1 19 500 80 1 2100
4 11 . 20 200 100 1 2100
A6~
- 0,.—
Length of the routes
3 Origin Destination Length route (km)
1 10 (MC) 9
1 10 (PR) 9.05
2 1 10 (SC) 9.4
1 16 3.95
1 18 5.8
Node number 17 10 575
1 X Link number
l ® Node 17 10 (SC) 6.1
—  Link 17 18 2.5
19 10 3.9

Figure 4-5. Network characteristics for the unbundled situation with shortcut

4.1.4 The circumstances

The circumstances are defined as the distribution of  through and local traffic, and the (total ) traffic

demand. Both of them are explained in more detail hereafter.
Distribution of through - and local traffic

In Section 2.1.3 a definition for through and local traffic is given. Through and local traffic are,
however, defined differently when the distribution is concerned. Although r epresented by different
numbers (nodes) in the figures with characteristics, all alternatives include six OD -pairs. The

distributions, however, only concern the distribution of traffic that enters the network at node 1

here (van Loon, 2016; Rijkswaterstaat & Goudappel Coffeng, 2015) . Which means that, in the base

case, only OD -pairs1 -12 and 1 -14 are considered local traffic and only OD -pair 1 -11 as through
traffic. The otherthreeOD -pairs are considered Obackground trafficd an
the simulations for each dist ribution of through - and local traffic.

There are six different distributions of through and local traffic considered in this study:

1  50% through traffic - 50% local traffic
1  60% through traffic - 40% local traffic
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1  70% through traffic - 30% local traffic
1  80% through traffic - 20% local traffic
1 90% through traffic - 10% local traffic
1  100% through traffic - 0% local traffic

Since each distribution will be tested on each of the alternatives, already 6*6=36 simulations are

needed to be executed.
Traffic demand
Three circumstances  considering the amount, are determined

71 Initially the demand is de termined for the base case in such a way that congestion occurs
How this is done, is explained hereafter. This demand isr eferred to with 0.

1 Inordertotake ftraffic growth intoaccount, the previous determined demand is increased
with 10% . This demand isr eferred to with +10%.

T The sameis done for 20% .

Together with the 36 simulations of the distribution of through - and local traffic, this comes down
to atotal of 36 *3=108 simulations. All the empty cellsin  Table 4-5 represent one of the

simulations .

In order to determine the amount of traffic demand forinitialinput (t he 606 ,domenand)

assumptions had to be made.

The first assumption to be made, is how the local traffic is distributed over the two exits, which is a

fixed distribution in this study. T he determined distribution is 20 % taking the firstexitand 80 %
takes the second exit. These values are chosen based on actual traffic flows obtained fr om ViVA
viewer (Rijkswaterstaat, 2014) and on the assumption that the second exit represents the

connection to an intersecting motorway. Therefore, the distribution for the second exit is

significantly higher.

Table 4-5. All the simulations

istribution (T/L) 100-0 90-10 80-20 70-30 60-40 50-50
Traffic demand

Base case 0

+10%

+20%

Road extension 0

+10%

+20%

Unbundled (2 -1) 0

+10%

+20%

Unbundled (3 -1) 0

+10%

+20%

Unbundled (2 -2) 0

+10%

+20%

Unbundled (3 -1) + 0

shortcut +10%

+20%
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Secondly, inorder to create a network in which congestion occurs, an initial demand and
distribution for the through - and local traffic needed to be determined. Since the amount of

through going traffic mainly differs between 60% and 75% in situations in the Netherlands (Kijk in
de Vegte, et al., 2012) , 65% is chosen as an average for this initial situation . These values will

during the simulations , be replaced by the a forementioned distributions (circumstances)

Then, an assumption should be made on how the amount of traffic demand differs over the ten
considered time periods. Inthe second period the demand raises in order to create congestion
(problem). After this period the demand decreases again. Int  his way, the network is able to

0 r e c ofrom théddisruption . Since the demand during the simulations is static and the same for

each simulation, the network needs to recover from the disruption. This allows all vehicles to

depart and arrive.  The total distance tr  avelled is by definition lower in networks in which not all
vehicles were able to depart and/or arrive. Besides, the total time spent in the network is probably

lower as well. This gives misleading results on the performance of the network. Therefore, the

alternative s cannot be compared when not all vehicles are able to depart and arrive.

Finally, the demands (between OD -pairs) themselves had to be determined. The initial value of
6100 ( Figure 4-6,p.44) and the values for t he-péirbaesktinr sucmawaytr affi c

that (enough) congestion occurs. Figure 4 -6 (p.4 4) shows the OD -pairs for each time period.

Itis evidentthatf or each circumstance (each distribution of t hrough and local traffic) , the amount
of through and local traffic differs for each OD-matrix. Now both the alternatives and the
circumstances are determined, 108 simulations need to be executed in order to test all alternatives
under all circumstances. Appendix C shows , as an example, the input files for ~ MAPRLE of the base

case, a distribution of 60 -40 at traff icdemand O ( Table 4-5, p.42, blue coloured cell).
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Thr ough traffic 0.65 Exit 1 Exit 2
Local traffic 0.35 0.2 0.8
Vehicles departing from origin 1: 6100
Factor 1 Factor 1.1
Period 1 Period 2
11 12 14 | 11 12 14
1 3965 427 1708 1 4361.5 469.7 1878.8
13 400 X 100 13 440 X 110
15 1000 X X 15 1100 X X
Total 7600 Total 8360
Factor 1 Factor 0.95
Period 3 Period 4
| 11 12 14 | 11 12 14
1 3965 427 1708 1 | 3766.75 405.65 1622.6
13 400 X 100 13 380 X 95
15 1000 X X 15 950 X X
Total 7600 Total 7220
Factor 0.8 Factor 0.65
Period 5 Period 6
| 11 12 14 | 11 12 14
1 3172 341.6 1366.4 1| 2577.25 277.55 1110.2
13 320 X 80 13 260 X 65
15 800 X X 15 650 X X
Total 6080 Total 4940
0.4 0.2
Period 7 Period 8
| 11 12 14 | 11 12 14
1 1586 170.8 683.2 1 793 85.4 341.6
13 160 X 40 13 80 X 20
15 400 X X 15 200 X X
Total 3040 Total 1520
0.2 0.1
Period 9 Period 10
| 11 12 14 | 11 12 14
1 793 85.4 341.6 1 396.5 42.7 170.8
13 80 X 20 13 40 X 10
15 200 X X 15 100 X X
Total 1520 Total 760
Figure 4-6. Determined traffic demand for initial situation with 65% through traffic and 35% local

traffic (origins vertical and destinations horizontal)
4.2 Cost -benefit analysis

This section describes how the cost -benefit analysis is executed and which  values are used for
calculation . All the calculated costs/benefits are distributed o ver time with a discount rate factor of
1.4 (4%) . Since only private cars and freight traffic  are considered in this study, all private cars are

considered commuting traffic.

All the effects determined in Section 2.3.1 are separately discussed hereafter and Appendix D
shows extensive information on some of the effects. In the examples  shown through out this

section , the benefits are negative and the costs are positive.
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4.2.1 Investment/maintenance costs

The SSK ® method is a very extensive method on estimating the investment and maintenance costs

and is, in this study, used to calculate these  costs for the alternatives . The calculation model is an

Excel sheet in which  both costs are determined and plotted over 100 years at the same time . The

manual onthe SSK -model (CROW, 2013) describes exactly how to use the method.

Since this study only considers simple infrastructure alternatives , and no specific situations  , not all

aspec ts are taken into account in the se calculation s. The aspectst aken into account are:

- The width of the carriageway(s) and the amount of lanes on ea ch carriageway

- Amount of lanes on the on - and off ramps

- Purchase real estate

- Purchase of properties

- Applying roads/pavement

- Applying lineation

- Applying crash barriers

- Applying street lighting

- Applying Dynamic Traffic Management system (DVM)
- Constructio n of o verpasses / engineering structures

- All the maintenance costs for these constructions

- Taxes

Thereby, it is assumed that all roads are located at ground level ( no height above or depth below

ground level ). This does, of course, not apply for the over passes/ engineering constructions.

calculated costs for the base

Appendix E shows, as an example, the

input for a calculation , in this case

(costs) and Appendix E 3 sho ws the extensive list of all

Since the alternatives with initially three lanes will be compared to the base case,

these alternatives are compared to the investment and

results in the costs for the alternatives

comparison to the base case. The same is

lanes , which are compared to the extended alternative.

all alternatives are  summarised

calculated costs for each alt

Table 4-6. The investment and maintenance costs

Investment &
Maintenance costs

Initially three lanes

Base case Reference
Unbundled 2 -1 a 10,
Extended u 6

for the base case.

. Therefore,

done for the

in Table 4-6 and already distributed over time

case. Appendix E 1 shows the
Appendix E 2 show a summary of the outcome

aspects and their costs separately .

the costs for
maintenance costs of the base case, which
Table 4-6 shows the costs for the alternatives in
unbundled alternatives with initially four

The investment and maintenance costs for

until 2040. The

ernative are shown in Appendix E4.

for the base case and all the alternatives

Investment &
Maintenance costs

Initially four lanes

Extended Reference

Unbundled 3 -1 U 90,000,
Unbundled2 -2 U DA,
Unbundled 3 -1 + shortcut U Dao,

56Standaar dSystemat i eki tismethednisrusedy Rikavatérstaat to estimate the investment and

maintenance costs of an infrastructural project.
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4.2.2 Travel times

In order to calculate the travel time effects, the total time spent (veh*hrs) is used. This total time

spentis an output of  MARPLE and is expressed in the total time spent (veh*hrs) for all vehicles
together . However, the total time spent for cars and freight is needed separate ly in order to
multiply the time with the right value of time. Therefore, the total time spent, together with the

route flow s and the distribution for car and freight traffic (Table 4-3,p. 37) are usedto calculate the

time spent in the netw  ork for car and freight traffic separately.

By multiplying the distribution of car and freight traffic with the route flows, the amount of cars and
freight vehicles per route (per ti me period) are calculated separately. This amount of vehicles per
route is then multiplied by the route travel times, which are shown separate for cars and freight
vehicles in the output of MARPLE. This results in the total hours spent in the network, dist ributed

over passenger cars and  freight vehicles, and can be used to calculate the travel time effects.

The differences in time (for car and freight separate) are, as an example, compared for the base
case and an alternative. The difference in time is multiplied with the Value of Time (Table 2-1,

p.12), which results in the time loss (costs) or time gains (benefits) expressed in monetary terms.

Table 4-7 shows an example of how the calculation of travel time effects will be executed
Therefore, t his example concerns random values  for the total time spent , of a random hour for no
particular network. It only shows how to execute the ca Iculation. The total time spent is lower for
alternative X than for the base case and leads, therefore, to travel time gains, thus benefits.
Table 4-7. Example calculation of travel time effects
Car Freight
Base case (veh*hour) 800 150
Alternative X (veh*hour) 600 125
Difference (veh*hour) -200 -25
VoT a 9. u 46.
Total U - 1,906.00 U - 1,163.5
4.2.3 Safety

The effect on traffic safety concern s the change of the risk s between project alternatives on the
occurrence of the number of fatalities, the number of injuries and the tot  al material damage of
casualties (Rijkswaterstaat, 2012) . These traffic effects are monetarised by multiplying the a mount
of victims and damage with the costs that relate  to the severity of the injuries. The costs for each
casualty are known (Wever & Rosenberg, 2012) , but the estimation of the risk s for the number of
(each type of) incidents that will occur  relies on several aspects (lliadi, et al., 2015) . One of those

aspects, which playsa b igrole in estimating this risk, is the geometric characteristics of the road

designs. Hereafter two studies concerning safety effects on motorways will be discussed.
First of all, lliadietal. (2015) developed a crash prediction model for weaving sections in the
Netherlands. The results showed that the crash frequency of weaving sections is significantly

affected by the length of the weaving section, the average annual daily traffic (AADT), the

percentage of weaving cars, the number of lanes on the main motorway and the location of the
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weaving section relative to the interchange (if inside or outside the interchange) (ibid.) . The length
of the weaving area constrains the time and space in which the driver must make all required lane -
changes. Besides, it influences the lane -changing intensity. However, the prima ry causes of

crashes on weaving sections, is the lack of homogeneity in terms of driving speeds between

weaving and non -weaving vehicles in the same traffic sections (ibid.) . These changes and
increased complexity raises the potential for conflicts and cra shes. With the developed model, o0 nly
the number of crashes is calculated and no different types of casualties. Besides, this study

concerns weaving areas only, while the effects of unbundled structures needs to be known.

Moreover, Snelder, etal. (2016) studied how different  topological and geometrical characteristics

affect the risk of different types of occurring incidents. These characteristics include hard

shoulders, the number of lanes, parallel road structures and weaving sections. The more lanes

available, the more lane changing movements are needed in order to enter or leave the motorway ,
the higher the risk  on incidents. Besides, if no hard shoulder is available, the probability of having

accidents is also higher  (ibid. ). Although it is mentioned that the length of the parallel carriageway

and the complexity of the weaving sections are important, the questio n whether or not it is

advisable to split a roadway into two roadways needs to be answered on a network level and

requires an additional analysis of the safety benefits and costs (ibid.) . Therefore, it is not known

what the effect on safety is when applyin g a parallel road.

However, assumptions can be made. Since it is not known what the effect of an unbundled network

on safety is and no actual numbers/risks could be found to calculate with, i t can be concluded that

no actual risks can be estimated for an unbundled situation  based on geometric characteristics and
speeds . Instead , qualitative valuation is used to estimate safety effects. Based on the factors that
influence safety mentioned in the two studies, it will be discussed what effects the different

alternatives have on safety.

Since the length of the weaving sections, the average annual daily traffic, the percentage of

weaving cars, the presence of hard shoulders and the location of the weaving areas are equal in
the alternatives  and the simulations , no effect on safety will be noticed for these factors . The two
factors left, that do differ between the alternatives are the amount of lanes on the carriageways

and the difference in speed between weaving traffic. Assumed is that the more lanes on a

carri ageway, the less safe the situation is. Therefore, the extended alternative is less safe than the

base case.

Besides, it is assumed that the bigger the difference in speeds of weaving traffic , the less safe the
situation is.  In unbundled situations the weaving movements take place at the parallel road, which
means that not all traffic suffers from turbulence. Therefore, unbundled situations are assumed to

be more safe than not  -unbundled situations. Besides, the maximum speed at the parallel road is

low er than on the main carriageway. Therefore, the weaving movem ents take place at lower

speeds ( more homogeneity in terms of speed ), whichis assumed to  be safer. Based on the two

assumptions, Table 4-8 (p. 48) shows what the effects of each alternative are on safety.
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The unbundled 2 -1 alternative i s assumed to be safer than the base case, because the weaving
movements take place at the parallel road existing of one lane and the maximum speed on this

road is lower

Any unbundled alternative with initially four lanes is assumed to be safer than the e xtended
alternative. This is because the weaving movement s take place at the parallel road which has less
than four lanes and the maximum speeds on these roads are lower. However, the unbundled 2 -2
alternative is assumed less safe than the unbundled 3 -1 al ternative because more lanes are

involved in the weaving area (parallel road). It is also assumed that the alternative with the

shortcut is less safe than the unbundled 3 -1 alternative because of the extra entrance to the main

carriageway. Therefore more s ideways movements are possible which is assumed to be less safe.

It should be noted that the capacity in weaving areas is usually lower than the standard capacity

for the amount of lanes due to turbulence. This is, however, not taken into account in the

simulations.
Table 4-8. Safety effects  (+=positive, -=negative)
Initially three lanes Safety effect Initially four lanes Safety effect
Base case Reference Extended Reference
Unbundled2 -1 ++ Unbundled 3 -1 ++
Extended - Unbundled2 -2 +
Unbundled 3 -1 + shortcut +
Since the index numbers for safety are based on the total distance driven (km - effect), the use of
index numbers is not applicable. No topological or geometrical characte ristics are taken  into
account . As mentioned earlier, these characteristic do actually have a big impact on the safety
effects. Besides, the infrastructural design and the vehicle types are not considered , Which can

have a significant impact on safety , especially when comparing different infrastructural designs.

Since the traffic demand is static and stays the same in each alternative (simulation) , the only
difference (km -effect) is that some routes become longer when an unbundled alternative is

considered. Theref ore, in each of the unbundled alternatives the total distance is expected to be

higher than in any of the not -unbundled alternative s, which results in  the unbundled alternatives
being more unsafe than not  -unbundled situations.  Therefore, index numbers give awrong

impression of the effects on safety and cannot be used.

4.2.4 Emissions

Local air quality is mainly determined by the amount of nitrogen oxides and particulate matter,

because the concentrations of th ese components are often the closest to the health damage limits
(Wever & Rosenberg, 2012) . Moreover, there are greenhouse gasses which indirect influence the

local environment and influence climate change (ibid.) . Therefore, the amount of emissions should

be as low as possible

The two main aspects that influence the amount of emissions are speed and the level of

congestion. The higher the speeds, the more air polluting substances are emitted (ibid.) . However,
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in case congestion occurs there is a high density of vehicles and due to constant accelerating and
decelerating, emissions are high in comparison with a car that travels the same distance at a

constant speed. Therefore, it is important to take these aspects into account. For example, in case

these aspects are notta  ken into account and the emission effects are calculated based on the

travelled distance &, a congested network always performs equal to non -congested networks when

the travelled distance stays the same

Since there is a need to not only compare the outcomes on traffic flow s, but also on emissions, the
Macro Emission Module was designed to interface with MAPRLE (Klunder & Stelwagen, 2013) . This
module calculates emissions including varying vehicle dynamics as caused by dif ferent congestion,

road or intersection types, as these are known to influence vehicle emissions significantly (ibid.) .

The effect s of emissions are calculated by multiplying the difference of emitted component
(outcome of the Emission Module) and the cost s per kilo (U/kg) per component .
kg of nitrous oxide and one kg of CO2 are given for the Netherlands in general. The costs for one

kg of particulate matter are divided over metropolitan, urban and rural areas. Since the urban area

is cons idered during this study, the costs for an urban area are used to calculate the effect of

emitted particulate matter. Table 4-9 shows t he ¢ o st sper(candidergd)component. A

calculation example is shown in Table 4-10.

Table 4-9. Index numbers for emissions (Ministerie van Infrastructuur en Milieu, 2016b)
Particulate matter Nitrou s oxides CO2
Costs (0a/ k 189 11 0,026

Table 4-10. Calculation example of emission effects

Particulate matter (kg) Nitrous oxides  (kg) CO2 (kg)
Base case 0.8 50.0 15800.0
Alternative X 0.9 61.8 19100.0
Difference -0.1 -11.8 -3300
Total u - 18.90 U - 129.80 U - 85.80
425 Noise pollution

Usually, the noise effect is calculated based on the number of houses in the zone and the number

of decibels produced by the traffic/road . The costs per person are applied per decibel and are

012, @\kver & Rosenberg, 2012) . Since there is no information available on the number of
houses in the noise zone or the number of decibels |, noise effects are , asthe safety effects, valued
by qualitative analysis . Index numbers are, as for the same reasons as mentioned for safety

effects, not applicable for determining noise pollution effects.
There are various factors that affect the traffic noise (Marathe, 2012)

- Size of t raffic flow, as the traffic flow increases, the noise level increases.

- Speeds, higher speed also causes higher noise levels.

6 Index numbers are available for emissio ns based on distance travelled.
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- Acceleration , noise level increases during acceleration.

- Tyre -road surface interaction

- Road surface condition , smooth surface generally produce less noise.

- The vehicle characteristics, some vehicles make more noise due to engine, brakes, chasis body

structure, the fuel, etc.

Since the last  three factors do not vary betwe  en alternatives or simu  lations, these factors are

disregarded. The other three are taken into account when determining the noise effects and if they
are positive (less noise pollution) or negative (more noise pollution).
First of all, the size of the traffic flow. When more lan es are available (comparing alternatives at

the same location in each network), more vehicles can drive over the same length of the road. This
results in more noise production. Therefore the extended alternative has a negative effect on noise
pollution in  compariso n to the base case. This is the only comparison in which different amount of

lanes are involved.

Secondly, h igher speed cause s higher noise levels.  Since only alternatives will be compared with
initially the same amount of lanes and the maximum speed on the parallel road is lower than on

the main carriageway, it is assumed that all unbundled alternatives have a positive effect on noise

pollution. Besi des, the unbundled 2 -2 alternative has more lanes with a lower maximum speed

than the unbundled 3 -1 alternative. Therefore, the unbundled 2 -2 alternative has a higher positive

effect on noise pollution.

Based on these two  assumptions, Table 4-11 shows what the effects of each alternative are on

noise pollution.

Lastly, the noise level increases during acceleration. Therefore, congestion leads to m ore noise
pollution than in situations without congestion. Since it is not known yet in which alternatives
congestion will occur, this will be discussed at the results (chapter 5). Therefore the noise effects

shown in Table 4-11 can change.

Table 4-11. Noise effects based on size of traffic flow and maximum speeds (+=positive, -
=negative)
Initially three lanes Noise effect Initially four lanes Noise effect
Base case Reference Extended Reference
Unbundled2 -1 + Unbundled 3 -1 +
Extended - Unbundled2 -2 ++
Unbundled 3 -1 + shortcut +
4.2.6 From rush hour to yearly total
Since, except the investment and maintenance costs, all the effects will only represent 2,5 hours
during morning rush hour s in the simulations , all the outcomes of the simulations must be

converted to the effects for ayear. The considered networks represent only one carriageway of the
motorway. It is assumed that in the morning congestion raises in one direction and in aless
volume in the evening on the same carriageway . Therefore the effect is multiplied by 1,5 in order

to calculate the effects for one day. The effect still has to be converted to a year. In order to do

this, the effect s are also multiplied by 250 (Snelder, et al., 2014)
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4.3 Expectation on performance results

With the setup of the s imulations, expectations are determined as well. The expectations are

discussed for the alternatives that will be compared, as mentioned earlier in Section 4.1.3 .
Therefore, it is expected that:

1 The extended alternative will perform  better than the base case for each distribution of through
and local traffic. When problems occur in the base case, the problems should at least be less in
the extended alternative because of the higher provided capacity.

1 Theunbundled 2 -1 alternative  wil | only perform  better than the base case when the distribution

of through and local traffic is 60 -40 or 70 -30 (or both).  This is expected because the share of
capacity in this alternative is 6.6 - 3.3. With a high er local traffic distribution, congestion w ill
occur on the parallel road which will probably spillback on the main carriageway. Since not
more capacity is provided in the 2 -1 alternative, the  change in performance can be attributed

to the change in distribution of through and local traffic.

1 The unbundled 3 -1 alternative performs better than the extended alternative when the
distribution of through and local traffic is 80 -20. In this case the traffic is distributed by a share
of 3 -1 and matches with how the capacity is divided over the main car ria geway and the parallel
road. Therefore, it is expected that when in the extended alternative no congestion occurs, no
congestion will occur in the unbundled 3 -1 alternative either.

1 Theunbundled 2 -2 alternative  will perform  better than the extended altern ative and best of all
alternatives with initially four lanes in case a substantial distribution of local traffic is available.
Since the capacity in the unbundled 2 -2 alternative is divided equally over the main
carriageway and the parallel road, it is exp ected that the unbundled 2 -2 alternative performs
best when through and local traffic are distributed 50 -50 or 60 -40.

1 Iltis expected that the unbundled 3 -1 alternative performs equal or better than the unbundled
3-1 alternative. It is expected that the sh ortcut alternative will at least perform equal because
when the route via the shortcut does not turn out to be more beneficial, it is expected that this
route will not be used. Therefore, no traffic will take this route and the alternative performs

equal t o the unbundled 3 -1 alternative.

Moreover, it is expected that when congestion occurs in the base case, congestion will also occur in
the alternatives with initially three lanes because no more capacity is provided. The same hold s for
the extended alterna  tive and the alternatives with initially four lanes. This hold s for the alternatives

with the same distributions of through and local traffic.

4.4 Conclusion
This chapter described the choice of the simulation model, how the simulations are designed , under
which circumstances the alternatives will be tested and how the cost -benefit analysis will be

executed. Therefore, sub questions 6 and 7 are answered.

The simulation model that is chosen to execute the simulations  with is MARPLE, which is an

abbreviatono f o0 Model for Assignment and Regional Policy

Page 51 of 153

Eval

u at



dynamic. MARPLE is fast and simple model that can simulate route choice, which is the most

important criteria during this study.

Besides, the archetype base case and its altern atives are determined in this chapter. The base case
is defined as a main carriageway of 9 km, with three lanes, and a maximum speeds of 120 km/h.

Two connect ions are included, which means two on -ramps and two off -ramps, all of them exits of
one lane. This base case has two alternative road designs which include an extended alternative,

which is provided with four lanes on the main carriageway, and an unbundled alternative. In the

unbundled alternative the main carriageway has 2 lanes and the parallel road one. The maximum
speeds on the parallel road is 100 km/h. The extended alternative also serves as a base case for

the other three unbundled alternatives. Since the extended alternative has four lanes, there are

two ways to divide the lanes over the two car riageways. The first one has three lanes on the main
carriageway and one on the parallel road and the second way is with two lanes on the main

carriageway and two  on the parallel road. The third unbundled alternative is the same as the one

with three lanes  on the main carriageway but also contains a shortcut between the parallel road

and the main carriageway.

There are two circumstances under which these alternatives will be tested: the distribution of

through and local traffic, and the (total) traffic dem and. There are six distributions of through
traffic determined which starts at 50% through traffic till 100% through traffic, with steps of 10%.
Besides, 20% of the local traffic take the first exit and 80% the second. There are six alternatives,

six distr ibutions of through and local traffic and three amounts of traffic demand. Therefore, 108

simulations are needed to simulate all alternatives under all circumstances.

In order to evaluate the alternatives, CBA will be executed. The investment and maintenan ce costs
are calculated using the SSK method. The effects of travel times are calculated based on the total

time spent (veh*hrs), which is an output of MARPLE, times the value of time for freight and car

separate. Besides, the amount of emitted substances is also given as an output by MARPLE. The
emissions are calculated  including varying vehicle dynamics as caused by different congestion, road

or intersection types, as these are known to influence vehicle emissions significantly. The safety

and noise effec ts are determined qualitative, because of lacking data. Therefore, those are taken

into account very roughly.

The next chapter provides the results of all simulations and the outcomes of the CBAs.
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5 SIi mul ati on resul ts

In this chapter the result s of the simulations , of which the design was explain ed in the
previous chapter , Will be shown and discussed . T he goal of this chapter is to bet insight

into the results of the simulations and if unbundling can be deemed beneficial under the
circumstances explained in Section 4.1.4. The results are expressed in the performance

of the network , Visualisation of congestion and the cost  -benefit analysis.

Section 5.1  explains how the results are shown and discussed. In'S ections 5.2 unti 5.7
the results for each distrib ution of through and local traffic (circumstance) are discussed
in terms of performance and the cost - benefit analysis. Section 5.8 addresses the results

of the simulations with increased traffic demand. Section 5.9 discusses the limitations of

the simulati  ons and the cost - benefit analysis. By discussing the results, sub question

eight will be answered.

5.1 Introduction
The performances between the alternatives of each distribution of through and local traffic in the
+10% and +20% demand circumstances turned outto be comparableto resultsof t he 606 demand

circumstance . With the increase of total demand, the bottlenecks in each alternative remain the

same, but the effects (congestion) bec ame worse. Therefore, only the results for the 6°f
will be extens ively discussed in this chapter. The results of all simulations and the discussion of the

simulations of the +10% and +20% can be found in Appendix F. These will be shortly discussed in

Section 5.8.  Moreover,t he results are for each distribution of throug h and local traffic ~ expressed in

the network performance (indicators ), the visualisation of the location of congestion and the

outcome of the cost  -benefit analysis.  The conclusions are drawn based on those three results . A
more comprehensive explanation on each of the evaluation methods follows.
First of all, f or each distribution  of through and local traffic, a table with the network performance

of all six alternatives will be shown. Besides, t he performance of each alternative is also shown for
the main carriageway and the parallel network parts separately . The main carriageway is
represented by 6106 and parthaswefl asithaonl edndaffert aviop & b Yhis6 2 6 .
means that, since the base case and the extended alternative do not have a parallel road, only the
on- and off -ramps are considered the 2 ™ network part in those cases . By showing the results for

the network parts separately, it can be seen where delays occur. The other columns show the total
distance travelled, the total time spent in the network, the total delay and the average speed.

Additionally, the last columns show again the total time spent in the network and the total distance

travelled, but now divided over cars and freight traffic.

Secondly , for each distribution of through and local traffic a figure which shows where congestion is
located in each alternative will be shown. Since each simulation exists of 10 time periods of 15

minutes, one of the peri  ods had to be chosen to visualise the congestion of. The congestion is
worstin each 5 ™ period of the simulations and therefore chosen to visualise. It has to be noted

that there is a difference between congestion (i.e. jammed traffic) and slow -moving tra ffic. By
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slow -moving traffic  is meant that the driven speed can stillbe 100 km/h on the main carriageway

which is not considered congestion in th is study and, therefore, not shown in the figures.

Lastly, the cost -benefit analysis results. The societal costs and benefits will be shown for each
comparison. Since the effects are roughly estimated, the amounts are rounded to the nearest ten

thousand euros .

As mentioned before,  alternatives can only be compared when they have ini tially the same amount
of lanes. Therefore, the base case will be compared to the unbundled 2 -1 and the extended
alternatives and the extended alternative will be compared to all other unbundled alternatives. This

means that the extended alternative actually serves as a base case as well.

Generally, since the traffic is static and the same in each simulation, an alternative (network)
performs better than another one when the total distance travelled and the average speed increase

while the total time spent and the total delay decrease. When the average speed increases, that
means that there is less congestion (in at least one part of the network). Since no new traffic is
attracted because of lower travel times (static demand) , the travel times decrease and the total

time spent in the network decreases as well. With this , more vehicles can pass the network ina

shorter time , which means that the total distance travelled increas es and the total delay decrease

The next sections  discuss these results for each distribution of through and local traffic separately.

5.2 Distribution of 50% through traffic

This section discusses the results of all the alternatives under the circumstance of 50% through
traffic and 50% local traffic. Table 5-1 shows the network performances and Figure 5-1 (p.55)

shows the locations of congestion in each alternative.

Table 5-1. Network performances all alternatives (distribution of 50% through traffic)

Total Travel time Distance

distance | Total time Average | (hour) travelled (km)
Network travelled spent Total delay| speed

part (veh*km) [ (veh*hrs) | (veh*hrs) | (km/hr)

Base case Total 81808 1914 1274 43 1726 187 74006 7801
1 78027 1848 1256 42
2 3781 65 18 58

Unb. (21) Total 81071 2506 3350 32 2276 230 73350 7721
1 63345 2070 3100 31
2 17726 436 250 41

Extended Total 81808 1572 874 52 1412 160 74006 7801
1 78027 1507 856 52
2 3781 65 18 58

Unb. (31) Total 81074 2419 2627 34 2195 224 73353 7721
1 63348 1982 2377 32
2 17726 437 250 41

Unb. (22) Total 82190 1219 494 67 1108 111 74363 7828
1 64022 590 56 109
2 18168 629 438 29

Unb. (31) Total 79135 2405 2961 33 2180 225 71600 7535
& shortcut 1 62037 2012 2748 31
2 17098 393 213 43
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Figure 5-1. Visualisation congestion all alternatives (distribution of 50% through traffic)

521 Alternatives with initially three lanes
Since the distribution of through and local traffic is 50% -50%, and the capacity is not equally
divided over the two roads in the unbundled 2 -1 alternative, it can be expected that the unbundled

2-1 alternative performs worse than the base case. Problems were expected on the parallel road,

which is confirmed by the location of the congestion ( Figure 5-1). The congestion occurred because
of the big share of local traffic that takes the second exit and the traffic that want to access the

motorway via the first on -ramp. Apparently, the parallel road, with one lane, does not provide

enough capacity between the first on -ramp and the second exit to handle both of these flows.

In the base case congestion occurred because of the high amount of local traffic that wants to

leave the motorway at the se cond exit. Since this exit exists of only one lane, not enough capacity

is provided to handle all the exiting traffic. Therefore, it seemed that three lanes is enough to

handle the amount of traffic, but that the second exit is the bottleneck. Table 5-1 (p. 54) shows
how both cases performed. In the unbundled 2 -1 alternative the  total distance travelled is slightly
lower, the total time spent is higher, the total delay is more than twice as high and the average

speed is lower than in the base case. Therefore, the unbundled 2 -1 alternative performs worse

than the base case.

As me ntioned earlier, it would be expected that the extended alternative performs, under any
circumstances, better than the base case. As shown in Table 5-1 (p. 54), the total distance travelled
is equal for the base case and the extended alternative. The main difference is that in the extended

alternative the average speed is higher and, therefore, the total time spent in the network and the
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total delay are lower. This should mean that less congestion occurred, which is confirmed by the
location of the congestion ( Figure 5-1, p. 55). Therefore, the extended alternative performs, as

expected, better than the base case.

5.2.2 Alternatives with initially four lanes
The extended alternative serves as the reference case in order to compare all unbundled
alternatives with initially four lanes. It was expected that the unbundled 3 -1 alternative performs

worse than the extended alternative with a distribution of 50% through traffic and 50% local

traffic, because the capacity is divi ded with 80% on the main carriageway and 20% on the parallel
road. As shownin Table 5-1 (p. 54) the total distance travelled and the average speeds are lower

for the unbundled 3 -1 alternative than for the extended alternative. Therefore, it is a natural
consequence that the total time spent in the network is higher. In the unb undled 3 -1 alternative
the same problem as in the unbundled 2 -1 alternative underlies to the occurrence of congestion
(Figure 5-1, p. 55). Since the parallel road consist of only one lane, not enough capacity is provided

to handle the traffic that wants to leave the motorway at the second exit and the entering traffic at

the fir st on -ramp together. Therefore, the unbundled 3 -1 alternative performs worse than the

extended alternative.

The capacity in the unbundled 2 -2 alternative is divided equally over the main carriageway and the
parallel road. Since the distribution of throug h and local traffic is equal as well, it would be

expected that this alternative performs the best with this equal distribution of through and local

traffic. When comparing this unbundled 2 -2 alternative with the extended alternative, the total
distance tr avelled and the average speed increased, the total times spent and the total delay

decreased ( Table 5-1, p. 54). Therefore can be stated that the unbundled 2 -2 alternative performs
better than the extended alternative. However, as shown in Figure 5-1 (p. 55) congestion still
occurs at the parallel road and spills back on the main carriageway. In this unbundled alternative

the congestion does not occur at the first on -ramp as in the unbundled2 -1 and 3 -1 alternatives,
but at the second exit as in the base case and the extended alternative. Apparently the parallel

road provides enough capacity to handle all the traffic, but t he second exit is the bottleneck now.
Since this second off -ramp exists of one lane and the big amount of traffic that wants to leave the
motorway there, the exit does not provide enough capacity. When providing the second exit of two

lanes, probably no co  ngestion occurs at all.

Finally, the unbundled 3 -1 and shortcut was expected to perform equal or slightly better than the

unbundled 3 -1 alternative. This is, however, not the case. As shown in Appendix F1 this is the one
and only alternative in which not a Il vehicles arrived. Besides, the least total distance of all

alternatives is travelled. Therefore this alternative performs worst of all alternatives. In the

unbundled 3 -1 alternative the same problems occur as in the unbundled 2 -1 (and unbundled 3  -1)
alt ernative(s), which means the congestion spills back onto the main carriageway and blocks the

access for a period of time. Apparently the problems in this alternative are even worse than in the

other two alternatives. This can be explained by the route choi ce of through going traffic. Through
going traffic has three routes to choose from: one via the main carriageway, one via the parallel

road and one via the parallel road and the shortcut. In relation to the unbundled 3 -1 alternative
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less vehicles choose to  travel via the main carriageway, which explains the bigger effect of

congestion (Appendix F1)

Overall it can be derived from the performances that the main capacity problems for the unbundled
2-1,the unbundled 3 -1 andthe unbundled 3 -1 with shortcutal ternatives occur on the parallel road

at the firston -ramp. Since the parallel road consist of only one lane, not enough capacity is

provided to handle the traffic that wants to leave the motorway at the second exit and the entering

traffic at the firston ~ -ramp together.  This has to with the amount of traffic that enters the

motorway at the first on -ramp, by changing this amount, the results could be different. In the base

case, the extended 2 -2 and the extended alternatives, problems occurred because the s econd off -

ramp exists of only one lane (bottleneck).

However, based on the performances and the location of congestion the extended alternative
performs best when having initially three lanes and the unbundled 2 -2 alternative performs best

with initially ~ four lanes.

5.2.3 Cost -benefit analysis

As discussed in the previous section, the unbundled 2 -1 performs worse and the extended

alternative performs better than the base case. This is also reflected in the outcome of the cost -
benefit analysis ( Table 5-2, p. 58). The extended alternative has a societal benefit of approximately

15 million euros whilet  he unbundled 2 -1 alternative results in nearly 52 million societal costs. The
only benefits inthe unbundled 2 -1 alternative are for safety and noise. Since in all of the

alternatives congestion occurs, the effect on noise pollution is assumed to be equal. Therefore, the
effects are the same as shown in Table 4-11 (p. 50). Nevertheless, the extended alternative is the

best option when comparing the alternatives with initially three lanes and taking into account both

the performance and the cost -benefit analysis.

In the alternatives with initially four lanes, as explaine d in the previous section, the unbundled 2 -2
alternative performed best and the other two unbundled alternatives performed worse than the

extended alternative. This is also reflected in the cost -benefit analysis ( Table 5-2, p. 58). When
implementing the unbundled 2 -2 alternative, this leads roughly to a societal benefit of 16,7 million
euros. Travel times gains and the emissions lead to benefits. The benefits for emitted components

can be explained by the less total delay and therefore less congestion.

The unbundled 3 -1 alternative scores, with its 71 million eu ros of societal costs, a bit worse than
the unbundled 3 -1 and shortcut alternative. The alternative with the shortcut has lower costs due
to less time spent in the network than in the unbundled 3 -1 alternative.  This is because n ot all

vehicles were able to  arrive in the alternative with the shortcut, which leads to slightly less time
spent in the network and therefore slightly lower costs. Therefore, the unbundled 3 -1 alternative

with shortcut can be excluded as an option anyway.

Concluding, the results 0 f the performances and the cost -benefit analysis are in line with each
other. The best performing alternative with initially three lanes, is the extended alternative.

Moreover, the best performing alternative with initially four lanes is the unbundled 2 -2 alternative.
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Table 5-2. Cost -benefit analysis results (distribution of 50% through traffic)

Base case & Unbundled 2-1 Base case & Extended
Costs Benefits Costs Benefits
Inv. & Maint. | € 10,730,000 € - Inv. & Maint. | e 6,990,000 € -
Travel times | € - € - Travel times | € - € -
Car| € 29,190,000 € - Car| € - € 16,710,000
Freight € 11,120,000 € - Freight| € - € 6,960,000
Emissions € - € - Emissions € - € -
PM| € 190,000 € - PM| € 150,000 € -
Nox| € 800,000 € - Nox| € 710,000 € -
COZ € 290,000 € - COZ € 480,000 € -
Safety ++ Safety -
Noise + Noise -
€ 52,300,000 € - € 8,330,000 € 23,670,000
Total € -52,300,000 € - Total € - € 15,340,000
Extended & Unbundled 3-1 Extended & Unbundled 2-2 Extended & Unbundled 3-1 & shortcut
Costs Benefits Costs Benefits Costs Benefits
Inv. & Maint. [ e 11,190,000 € - Inv. & Maint. [ e 12,990,000 € - Inv. & Maint. | € 11,350,000 € -
Travel times | € - € - Travel times | € - € - Travel times | € - € -
Car| € 41,570,000 € - Car| € - € 16,150,000 Carl € 40,810,000 € -
Freightl € 16,540,000 € - Freight| € - e 12,650,000 Freight| € 16,690,000 € -
Emissions € - € - Emissions € - € - Emissions € - € -
PM| € 320,000 € - PM| € - € 100,000 PM| € 300,000 € -
Nox[e 1,170,000 € - Nox| € - € 560,000 Nox| € 1,050,000 € -
COZ e 450,000 € - COZ e - € 260,000 COZ e 390,000 € -
Safety ++ Safety + Safety +
Noise + Noise ++ Noise +
€ 71,240,000 € - € 12,990,000 € 29,720,000 € 70,580,000 € -
Total € -71,240,000 € - Total € - € 16,730,000 Total € -70,580,000 € -
5.3 Distribution of 60% through traffic
This section discusses the results of all alternatives under the circumstances of 60% through traffic
and 40% local traffic. Table 5 -3 (p.59) shows the network performances and Figure 5-2 (p. 60)
shows the locations of congestion in each alternative.
5.3.1 Alternatives with initially three lanes
When comparing the unbundled 2 -1 alternative and the base case, it would be e xpected that the

unbundled alternative performs slightly worse. This is expected because of the distribution between

the through and local traffic of 60 -40. In the base case no congestion occurred, while in the

unbundled 2 -1 alternative quite some congesti on occurred and therefore a high total delay ( Figure
5-2 & Appendix F2) . Besides, because of the congestion, the total times spent is almost three times

as high and the average speed is significantly lower than in the base case ( Table 5 -3,p.59) . The
congestion in the unbundled 2 -1 alternative occurs at the parallel road at the first on -ramp.

Therefore, the capacity on the parallel road is not sufficient for the traffic that wants to leave the

motorway at the second exit and the entering traffic at the first on -ramp together. It can be stated
that, as expected, the unbundled 2 -1 alternative performs worse than the base case.
As expected the extended alternative performs better than the base. As shown in Table 5 -3 (p.59)

the total time spent and the total delay are lower in the extended alternative. Besides, the average
speed is higher in the extended alternative while the total distance travelled remains the same for

both cases. In both cases no congestion occurred, but t he difference in performance can be
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explained by slow -moving traffic  (Appendix F2) . In the base case there is short period in which the
traffic drives a little slower than the maximum speed. This explained the slightly higher times spent
in the network and  higher total delay in the base case. It can be stated that the extended

alternative performs better than the base case.

Table 5-3. Network performances all alternatives (distribution of 60% through traffic

distance | Total time Average | (hour) travelled (km)

Network travelled spent Total delay| speed
part (veh*km) | (veh*hrs) | (veh*hrs) | (km/hr) Car Frelght Car Freight

Base case Total 85452 849 181 101 752 76719 8733
1 82171 804 177 102
2 3281 45 4 73

Unb. (21) Total 85795 2221 1784 39 1995 226 77037 8758
1 69630 1856 1588 38
2 16166 366 196 44

Extended Total 85452 781 56 109 684 97 76719 8733
1 82171 736 51 112
2 3281 45 4 72

Unb. (31) Total 85799 2064 1320 42 1851 213 77040 8759
1 69648 1698 1124 41
2 16151 366 196 44

Unb. (22) Total 85829 808 49 106 711 97 77065 8764
1 64930 552 11 118
2 20899 256 38 82

Unb. (31) Total 85989 2207 1621 39 1979 228 77213 8776

& shortcut 1 69875 1847 1429 38
2 16113 361 191 45

531 Alternatives with initially four lanes

In this section all alternatives with initially four lanes are compared. As mentioned earlier, in the

extended alternative no congestion occurred. Therefore the unbundled 3 -1 alternative performs
already worse, because congestion does occur in this alternative ( Figure 5-2, p. 60). This
congestion is reflected in high total time spent, the high total delay and the low average speed of

the unbundled 3 -1 alternative in comparison with the e xtended alternative (  Table 5 -3). The same
problem as in the unbundled 2 -1 alternative underlies to the occurrence of congestion in the

unbundled 3 -1 alternative ( Figure 5-2, p. 60). The problem is that the parallel road does not

provide enough capacity to handle the traffic that wants to leave the motorway at the second exit

and the entering traffic at the first on -ramp together. Therefore, the unbundled 3 -1 alternative

performs worse than the extended alternative.

In both the extended and unbundled 2 - 2 alternatives no congestion occurred ( Figure 5-2, p. 60).
The unbundled 2 -2 alternative resulted in a slightly higher total distance travelled and slightly

higher total times spent in the network than the extended alternative. This can be explaine d by the
available routes for through traffic. Through traffic can choose the route via the main carriageway

or the route via the parallel road. The route via the parallel road, on which the maximum speed is

100 km/h instead of 120 km/h on the main carriag eway, is slightly longer than the route via the

main carriageway. This explains the slightly higher distance travelled and the slightly higher total

time spent in the network. Besides, the lower average speed can be explained by the lower
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maximum speed on  the parallel road.  Appendix F2shows that in the extended alternative traffic
drives slower than the maximum speed for a short time and therefore the delay is slightly higher.
This is not the case for the unbundled 2 -2 alternative and therefore this alterna tive performs better

than the extended alternative.
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Figure 5-2. Visualisation congestion all alternatives (distribution of 60% through traffic)

It is expected that the unbundled 3 - 1 with shortcut alternativ e performs equal or better than the
unbundled 3 -1 alternative. As shown in Table 5 -3 (p.59) this expectation did not come true. The

total distance travelled, the total time spent in the network and the total delay are higher for the

alternative with shortc  ut ( Table 5 -3, p.59). Therefore, less delay (congestion) occurred in the
unbundled 3 -1 alternative (Appendix F2) . The through going traffic is divided over three routes in

the alternative with the shortcut as opposed to two routes in the unbundled 3 -1 alte rnative without
shortcut. The only explanation for the worse performance of the alternative with shortcut is that

less vehicles take the route via the main carriageway than in the unbundled 3 -1 alternative
(Appendix F2) . Therefore, more traffic goes via th e parallel road. Overall, the unbundled 3 -1 and

shortcut alternative performs worse than the extended alternative.

Since no congestion occurred at the base case, unbundled 2 -2 and the extended alternative it can
be concluded that with the decreased distri bution of local traffic the second off -ramp with lane does
provide enough capacity now. The problems, location of congestion, for the other alternatives

remained the same as for the distribution of 50% through traffic.

Concluding, for a distribution of 60 % through traffic and 40% local traffic, the extended alternative

performs best when having initially three lanes and the unbundled 2 - 2 alternative performs best in
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cases with initially four lanes. The same results were obtained with a distribution of 50% through

traffic and 50% local traffic.

53.2 Cost - benefit analysis
As derived from the performances of the extended and unbundled 2 -1 alternatives, only the
extended alternative performed better than the base case. The cost - benefit analysis shows for both
alter natives a negative outcome ( Table 5-4). The slightly decreased travel times of the ext ended

alternative do not  outweigh the costs for investment & maintenance and the emissions. The

amount of emissions increased for the extended alternative because of higher driven speeds ( less
delay/congestion).  Since congestion occurred in the unbundled 2 -1 alternative, the noise effect is
more negative than initially determined in Table 4-11 (p.50). The implementation of the unbundled

2-1 alternative leads to even more societal costs than the extended alternative. In this alternative

there are no benefits at all.

Table 5-4. Cost -benefit analysis result s (distribution of 60% through traffic)

Base case & Unbundled 2-1 Base case & Extended
Costs Benefits Costs Benefits
Inv. & Maint. | € 10,730,000 € - Inv. & Maint. | € 6,990,000 € -
Traveltimes | € - € - Travel times | € - € -
Car| € 66,010,000 € S Car| € = € 3,600,000
Freight| € 33,380,000 € - Freight| € - J€ 40,000
Emissions € - € - Emissions € - € -
PM| € 500,000 € - PM| € 130,000 € -
Nox| € 2,460,000 € - Nox| € 700,000 € -
CO7 € 1,030,000 € - CO7 € 480,000 € -
Safety ++ Safety =
Noise 0 Noise -
€ 114,110,000 € - € 8,310,000 € 3,640,000
Total € -114,110,000 € - Total € -4,670,000 € -
Extended & Unbundled 3-1 Extended & Unbundled 2-2 Extended & Unbundled 3-1 & shortcut
Costs Benefits Costs Benefits Costs Benefits
Inv. & Maint. | € 11,190,000 € S Inv. & Maint. | € 12,990,000 € - Inv. & Maint. | € 11,350,000 € -
Travel times | € - € - Travel times | € - € - Travel times | € - € -
Car| € 61,940,000 € - Car| € 1,400,000 € - Carl € 68,780,000 € S
Freight| € 30,020,000 € - Freight| € 10,000 € - Freight| € 33,870,000 € -
Emissions € - € - Emissions € - € - Emissions € - € -
PM| € 640,000 € - PM| € - € 10,000 PM| € 620,000 € -
Nox| € 2,830,000 € - Nox| € - € 200,000 Nox| € 2,620,000 € -
CO2 e 1,190,000 € o CO2 e - € 90,000 CO7 € 1,110,000 € -
Safety ++ Safety + Safety +
Noise 0 Noise ++ Noise 0
€ 107,810,000 € - € 14,400,000 € 300,000 € 118,350,000 € -
Total ¢ -107,810,000 € - Total € -14,100,000 € - Total € -118,350,000 € -
For the alternatives with initially four lanes, only the unbundled 2 -2 alternative performed better
than the extended alternative (previous section). Although the unbundled 3 -1 and the unbundled
3-1 with shortcut alternatives lead to substantial higher societal costs than the unbundled 2 -2

alternative, none of the alternatives leads to societal benefits. This is because in none of the

alternatives the  travel times are lower than in the extended alternative and lead, therefore, only to

societal costs. The only benefits are for emissions in the unbundled 2 -2 alternative. In this
alternative the maximum speed is lower on a part of the network (parallel roa d), which leads to an
decrease of emission.  Besides, congestion occurred in the unbundled 3 -1 and unbundled 3 -1 with
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shortcut alternatives and therefore the noise effects are more negative than initially determined in
Table 4-11 (p. 50).

When looking at the performances only, the extended alternative performs best when havi ng
initially three lanes and the unbundled 2 -2 alternative performs best with initially four lanes. But,

when taking into account the CBAs as well, it is better to do 6nothingd.

5.4 Distribution of 70% through traffic

This section discusses the results of all alternatives under the circumstances of 70% through traffic

and 30% local traffic. Table 5 -5 shows the network performances and Figure 5-3 (p. 63) shows the

locations of congestion in each alternative.

Table 5-5. Network performances all alternatives (distri bution of 70% through traffic)

Total Travel time Distance

distance | Total time Average | (hour) travelled (km)
Network travelled spent Total delay| speed

part (veh*km) [ (veh*hrs) | (veh*hrs) | (km/hr)

Base case Total 89103 938 242 95 825 113 79438 9665
1 86322 903 241 96
2 2781 35 0 79

Unb. (21) Total 89371 1291 572 69 1146 145 79684 9687
1 74646 1007 443 74
2 14726 284 130 52

Extended Total 89103 772 18 115 668 104 79438 9665
1 86322 737 17 117
2 2781 35 1 79

Unb. (31) Total 89375 1158 382 77 1023 135 79687 9687
1 74665 877 254 85
2 14709 281 127 52

Unb. (22) Total 89483 806 18 111 701 105 79781 9701
1 68273 581 13 117
2 21210 224 5 95

Unb. (31) Total 89635 1463 685 61 1295 167 79921 9714
& shortcut 1 75368 1171 543 64
2 14267 291 142 49

54.1 Alternatives with initially three lanes
As can be seen from  Figure 5-3 (p.63) , a little congestion occurred near the first on -ramp in the

base case. This can be explained by the main carriageway not providing enough capacity during a

small period of time due to the entering amount of traffic at the first on -ramp. In comparison with
the previous distribution of through and local traffic, there is 10% less local traffic. Therefore, less

vehicles leave the motorway at the first exit. This problem remains in the unbu ndled 2 -1
alternative, but then this problem is moved to the parallel road. Even though the distribution of

local traffic is 30%, the parallel road still does not provide enough capacity between the first on -
ramp and the second exit to handle the traffic. In the unbundled 2 -1 alternative the congestion
spills back on the main carriageway which causes delay for all routes and therefore higher total

time spent in the network, a higher total delay and a lower average speed than in the base case

(Table 5 -5). Th erefore the unbundled 2 -1 alternative performs worse than the base case.
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As expected the extended alternative performs better than the base case and no congestion

occurred ( Figure 5-3). Asshownin Table5 -5 (p.62) the total delay is neglectable and the average
speed almost reaches the maximum speed in the extended alternative. Since the average speed is
higher than in the  base case, but the total distance travelled remained the same, the total time

spent in the network decreased for the extended alternative. Therefore, the extended alternative

performs better than the base case.
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Figure 5-3. Visualisation congestion all alternatives (distribution of 70% through traffic)

54.2 Alternatives with initially four lanes

Since they all have initially four lanes, the extended alternative will be compared with the

unbundled 3 -1, the unbundled 2 -2 and the unbundled 3 -1 with shortcut alternatives. As mentioned
before, no congestion occurred in the extended alternative. In the unbundled 3 -1 alternative,
however, congestion occurred near the first on -ramp on the parallel road and spills back on the
main carriageway for a period of time ( Figure 5-3). Therefore, more time is spent in the network
and the total delay is higher for the unbundled 3 -1 alternative than for the extended alternative

(Table 5 -5, p.62

Table 5-5. Another consequence of the congestion is a lower average speed. Therefore, the

unbun dled 3 -1 alternative performs worse than the extended alternative.

In the unbundled 2 -2 alternative no congestion occurred. The slightly higher distance travelled and
higher total time spent in the unbundled alternative than in the extended alternative ca n be
explained by the presence of the parallel road. In the unbundled alternative the through going

traffic can choose a route via the main carriageway or a route via the parallel road. Since the route
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via the parallel road is slightly longer and the maxim um on the parallel road is 100 km/h instead of

120 km/h on the main carriageway, this explains the differences in total distance travelled and

total time spent and the slightly lower average speed for the unbundled 2 -2 alternative. In the
extended alternat ive the second network part only exists of the on - and off -ramps, while the same
network part in the unbundled 2 -2 alternative exists of the on - and off -ramps and the parallel road,
on which the maximum speed is 100 km/h instead of 80 km/h on the on - and o ff-ramps. This

explains the lower average speed for the second network part in the extended alternative. Since no
congestion occurred in neither of the extended or unbundled 2 -2 alternatives, but since the
extended alternative has a slightly lower totalti me spent in the network, the unbundled 2 -2

alternative performs worse than the extended alternative.

The unbundled 3 -1 with shortcut alternative performs worst of all alternatives with its highest time

spent in the network, the highest amount of total del ay and the lowest average speeds ( Table 5 -5,
p.62). Besides, most congestion occurred in this alternative ( Figure 5-3, p. 63). For the through
traffic three routes, of which two via the parallel road, are available (Appendix F3)

In comparison with the previous distributions of through traffic (50% and 60%), less congestion

occurred in the unbundled 2 -1, unbundled 3 -1 and unbundled 3 -1 with shortcut alternatives. This

can be explained by the less amount of local traffic that wants to exit the motorway. However,
congestion occurred because the parallel road does still not provide enough capacity to handle the

entering traffic at the first on -ramp. More capacity between the first on -ramp and second off -ramp

can solve this problem.

Summarising, for a distribution of 70% through traffic and 30% local traffic, the extended
alternative performs best for both situations of initially three lanes and initially four lanes.

However, no congestion occurred in the unbundled 2 -2 alternative eithe .

543 Cost -benefit analysis

As discussed in the previous section the extended alternative performed better than the base case
and the unbundled 2 -1 alternative performed much worse than the base case. This is also reflected
in the cost -benefit analysis resul  ts ( Table 5-6, p.65 ). Since the unbundled 2 -1 alternative
performed much worse than the base case, there are no societal benefits at all. In the extended
alternative t he travel time gains outweigh the costs for investment & maintenance and the
emissions. The amount of emission increased in the extended alternative due to higher driven

speeds.

As shown in Table 5-6 (p.65) none of the alternatives with initially four lanes leads to societal

benefits. The amount of costs correspond to the performances. The unbundled 3 -1 with shortcut
alternative performed worst, the unbundled 3 -1 perf ormed less worse and the unbundled 2 -2
performed quite well. Since in none of the three alternatives the total time spent in the network

was lower than in the extended alternative, there are only societal costs for travel times ( Table
5-6, p.65). Since congestion occurred in the unbundled 3 -1 and the unbundled 3 -1 with shortcut

alternatives, this has a negative influence on the noise pollution effect.
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Table 5-6. Cost -benefit analysis results (distribution of 70% through traffic)

Base case & Unbundled 2-1 Base case & Extended
Costs Benefits Costs Benefits
Inv. & Maint. | € 10,730,000 € - Inv. & Maint. | € 6,990,000 € -
Travel times | € - € - Travel times | € - € -
Car| € 17,040,000 € - Car| € - € 8,370,000
Freight] € 8,300,000 € - Freight] € - € 2,150,000
Emissions € - € - Emissions € - € -
PM| € 530,000 € - PM| € 170,000 € -
Nox| € 2,780,000 € - Nox| € 840,000 € -
CO2 € 1,260,000 € - CO2 € 630,000 € -
Safety ++ Safety -
Noise + Noise =
€ 40,640,000 € - € 8,630,000 € 10,520,000
Total € -40,640,000 € - Total € - € 1,890,000
Extended & Unbundled 3-1 Extended & Unbundled 2-2 Extended & Unbundled 3-1 & shortcut
Costs Benefits Costs Benefits Costs Benefits
Inv. & Maint. | € 11,190,000 € - Inv. & Maint. € 12,990,000 € - Inv. & Maint. e 11,350,000 € -
Travel times | € - € - Travel times | € - € - Travel times | € - € -
Car| € 18,840,000 € - Carl € 1,750,000 € - Carl € 33,330,000 € -
Freight| € 8,080,000 € - Freight] € 210,000 € - Freight] € 16,350,000 € -
Emissions € - € - Emissions € - € - Emissions € - € -
PM| € 590,000 € - PM| € - € 10,000 PM| € 600,000 € -
Nox| € 2,830,000 € - Nox| € - € 230,000 Nox| € 2,770,000 € -
CO2 € 1,170,000 € - CO2 € - € 120,000 CO7 € 1,140,000 € -
Safety ++ Safety + Safety +
Noise 0 Noise ++ Noise 0
€ 42,700,000 € - € 14,950,000 € 370,000 € 65,540,000 € -
Total € -42,700,000 € - Total € -14,580,000 € - Total € -65,540,000 € -

In the unbundled 3 -1 and the unbundled 3 -1 with shortcut alternatives congestion occurred.
Therefore it makes sense that these alternatives lead to societal costs only. However, no

congestion occurred in the unbundled 2 -2 alternative. But, since the total time spent in the
network is slightly higher than in the extended alternative due to the slightly longer route via the
parallel road, only emission effects lead to societal benefits. This can be explained by the lower

driven speed in the unbundled 2 -2 alte rnative in comparison with the extended alternative.

Concluding, the extended alternative performs overall the best. None of the unbundled alternatives

performs better than the extended alternative or leads to societal benefits.

5.5 Distribution of 80% throug h traffic

This section discusses the results of all alternatives under the circumstances of 80% through traffic
and 20% local traffic. Table 5 -7 (p.67) shows the network performances and Figure 5-4 (p. 67)

shows the locations of congestion in each alternative.

551 Alternatives with initially three lanes

As shown in Figure 5-3 (p. 63)and Figure 5-4 (p. 67) more congestion occurred in the base case
with a distribution of 80% through traffic in comparison with the base case and a distribution of

70% through traffic. This is a logical consequence of the reduced amount of local traffic leaving the
motorway at the first exit. Since the distribution of through traffic is 80% now, less local traffic is
presence that uses the parallel road. This low dis tribution of local traffic still leads to congestion in

the unbundled 2 -1 alternative on the parallel road only. Therefore, the through going traffic that
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takes the route via the main carriageway is less hindered than in the base case. Besides, as shown
in Table 5 -7 m ore distance is travelled and the total delay is lower in the unbundled 2 -1 alternative
than in the base case. Moreover, the total time spent and the average speed remain nearly the

same. Therefore, the unbundled 2 -1 alternative performs better /equal to the base  case.

As shown in Table 5 -7 the total distance travelled for the base case and the extended alternative

are equal. However, the total times spent and the total delay decreased significantly in the

extended alternative. This implies that the average speed increased, which is true ( Table 5 -7).
Besides, no congestion occurred in the extended alternative ( Figure 5-4, p. 67). Therefore, the
extended alternative performs much better than the base case, and the unbundled 2 -1 alternative.

Table 5-7. Network performances all alternatives (distribution of 80% through traffic)

distance | Total time Average | (hour) travelled (km)

Network travelled spent Total delay| speed
part (veh*km) | (veh*hrs) | (veh*hrs) | (km/hr) Car Freight | Car Freight

Basecase Total 92748 1124 399 83 988 135 82150 10598
1 90466 1095 399 83
2 2281 29 0 79
Unb. (21) Total 93016 1126 378 83 993 133 82392 10624
1 78211 879 285 89
2 14805 247 93 60
Extended Total 92748 804 22 115 690 114 82150 10598
1 90466 775 21 117
2 2281 29 0 79
Unb. (31) Total 93018 879 74 106 761 118 82394 10624
1 78154 668 17 117
2 14864 211 57 70
Unb. (22) Total 93101 835 20 111 720 115 82466 10635
1 72843 623 16 117
2 20257 212 4 95
Unb. (31) Total 93364 912 105 102 791 121 82700 10664
& shortcut 1 79460 684 22 116
2 13904 228 83 61
55.1 Alternatives with initially four lanes
Since the distribution of through and local traffic is 80% -20%, which is equal to a ratio of 3 -1, it
was expected that the unbundled 3 -1 alternative would perform good. When comparing the
extended alternative and the unbundled 3 -1 alternative, it turns out that the extended alternative
performs bett er. The total delay is higher and the average speed is lower for the unbundled 3 -1
alternative ( Table 5 -7). The delay in the unbundled 3 -1 alternative is caused by little congestion on

the parallel road (  Figure 5-4, p.67 ), which is reflected in the total delay and average speed of the
second network part. The congestion occurred near t he first on -ramp, which indicates that the

parallel road does not pro vide enough capacity to handle the entering traffic.

In the unbundled 2 -2 alternative no congestion occurred and the total distance travelled is higher

than in the extended alternative. Besides, the total times spent is higher and the total delay and

aver age speeds are lower than in the extended alternative ( Table 5 -7). This can again be explained
by the slightly longer routes via the parallel route for the through traffic, but also for local traffic

that leaves the motorway. Since the maximum speed on the parallel road is lower than on the main
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carriageway, the route via the parallel road for through traffic takes longer and it takes longer to

reach an exit for local traffic. This explains why more distance is travelled and why more time is

spent in the ne twork. Besides, the maximum speed on the parallel road is lower than on the main
carriageway, which explains the lower average speed for the unbundled 2 -2 alternative. Overall, it

can be stated that the extended alternative performs slightly better.

IR RS e i e i e b e b e e bl e L=

—o
—e
—e
e

-
oy
-
-
-
-
-
-

AV
AV
AN

U—o L ST 5 e 7 Y .'-21\. .‘-21,;. ) .
3 16 16 16 16
¥ 20~ 20—® 20—® 20-®
o e T e
15 6 15 15 15
® + ® L 229
14 g 14 14 14
A2 194 I g g 19 Sy 1o e
_n—* AR fx\"‘ e87° L1 T~-&$/ .
AV AV AV

|
|
I
|
|
I
|
I
|
Py I _43—®
(=
I
[
I
|
I
|
I
I
I
I
I

*— b —— N — O L — i — ) —@— O — - ~ P & —— O —— 5 —@

=N — QPSSO BRSO —O—
- —0—w—8— a—gwgmo—\‘—oog-owo—g—o—
—-H—O0 N — LSS NSNS —5—O—
°
a
©
P —O—N—O—W—O— B —SVPNO—N—O NS OO—

I
|
I
I
I
I
I
I
I
I
I
|
I
I
I
|
I
I
I
I
I
I
| I
I

Base case Unbundled 2-1 | Extended Unbundled 3-1 Unbundled 2-2  Unbundled 3-1
____________ = e =i ) + shortcut
e I T Ty e S
Figure 5-4. Visualisation congestion all alternatives (distribution of 80% through traffic)
As shown in Figure 5-4 congest ion occurred at the same location in the unbundled 3 -1 with
shortcut alternative as in the unbundled 3 -1 alternative, but in the alternative with shortcut more

congestion occurred. Since the congestion occurred on the parallel road, only the second network

part of the alternative with shortcut performs worse (Table 5 -7, p. 65). Through going traffic, that
take the route via the main carriageway, is not hindered in any of the unbundled alternatives.

Since no congestion occurred in the extended alternative and the unbundled 3 -1 alternative
already performed worse than the extend ed alternative, the unbundled 3 - 1 with shortcut

alternative performs worse than the extended alternative.

Still the same problems occurred in the unbundled 2 -1, the unbundled 3 -1 and the unbundled 3 -1
with shortcut alternatives as in all previous distribu tions of through traffic. The only difference is

that the congestion does not spill back onto the main carriageway anymore. Therefore, the through

traffic that takes the route via the main carriageway is not hindered anymore. However, the

problems oninth e base case became worse than for a distribution of 70% through traffic. Since

there is more through traffic available, less traffic leaves the motorway at the first off -ramp.
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Thereby, the background traffic, entering traffic at the first on -ramp, remains the same in all

simulations.

Concluding, for a distribution of 80% through traffic and 20% local traffic, the extended alternative
performs best for both situations of initially three lanes and initially four lanes. However, as with a

distribution of 70%  through traffic, no congestion occurred in the unbundled 2 -2 alternative either.

55.2 Cost - benefit analysis

As shown in Table 5-8 only the extended alterna  tive leads to societal benefits of the alternatives
with initially three lanes. This matches with the outcome of the performances. In the base case all
vehicles are hindered while in the unbundled 2 -1 alternative only the traffic that takes a route via
the parallel road is hindered. Since almost all freight traffic can be considered through traffic, this
explains the difference in time spent in the network between car and freight traffic (and therefore

the benefits). In the extended alternative , the obtaine d travel gains outweigh the societal costs of
the investment and emissions. The emissions lead to societal costs for the extended alternative

because of higher driven speeds. Since congestion occurred in the base case and the unbundled 2

1 alternative but  not in the extended alternative the effect on noise pollution is more positive for

the extended alternative.

Table 5-8. Cost -benefit analysis results (distribution of 80% through traffic)

Base case & Unbundled 2-1 Base case & Extended
Costs Benefits Costs Benefits
Inv. & Maint. | € 10,730,000 € - Inv. & Maint. | € 6,990,000 € -
Travel times | € - € - Travel times | € - € -
Carl € 250,000 € - Car| € - € 15,850,000
Freight| € - € 650,000 Freight| € - € 5,550,000
Emissions € - € - Emissions € - € -
PM| e 700,000 € - PM| € 310,000 € -
Nox| e 3,230,000 € - Nox| e 1,050,000 € -
COZ e 1,650,000 € - CO2 e 930,000 € -
Safety ++ Safety -
Noise + Noise 0
€ 16,560,000 € 650,000 € 9,280,000 € 21,390,000
Total ¢ -15,910,000 € - Total € - € 12,110,000
Extended & Unbundled 3-1 Extended & Unbundled 2-2 Extended & Unbundled 3-1 & shortcut
Costs Benefits Costs Benefits Costs Benefits
Inv. & Maint. | € 11,190,000 € - Inv. & Maint. [ e 12,990,000 € - Inv. & Maint. | € 11,350,000 € -
Travel times | € - € - Travel times | € - € - Travel times | € - € -
Carfe 3,770,000 € - Carle 1,630,000 € - Carl € 5,340,000 € -
Freightf e 1,120,000 € - Freight| € 230,000 € - Freight{ € 1,920,000 € -
Emissions € - € - Emissions € - € - Emissions € - € -
PM| e 580,000 € - PM| e - € 20,000 PM| € 530,000 € -
Nox| e 2,990,000 € - Nox| € - € 260,000 Nox| € 2,710,000 € -
CO2 € 1,250,000 € - COZ € - € 140,000 CO7 € 1,120,000 € -
Safety ++ Safety + Safety +
Noise + Noise ++ Noise +
€ 20,900,000 € - € 14,850,000 € 410,000 € 22,970,000 € -
Total € -20,900,000 € - Total € -14,440,000 € - Total € -22,970,000 € -
Once again, the unbundled 3 -1 alternative with shortcut leads to the highest societal costs and the
unbundled 3 -1 alternative scores a bit better. The unbundled 2 -2 alternative leads to the least
societal costs for the alternatives with initially fou rlanes. In non e of the alternatives less time is

spent in the network than in the extended alternative. Therefore, no travel time gains are obtained

Page 68 of 153



in any of the alternatives. Due to the congestion in the unbundled 3 -1 and unbundled 3 -1 with
shortcut alt ernatives, the amount of emissions is higher in these alternatives. In the unbundled 2 -2

alternative the emissions lead to societal benefits. This can be explained by the lower driven

speeds in this alternative, while in both the unbundled 2 -2 and extended alternatives no congestion
occurred.
Overall, when taking into account the performances and the cost -benefit analysis, only the

extended alternative seems to be beneficial for a distribution of 80% through traffic and 20% local

traffic.

5.6 Distribution of 9 0% through traffic

This section discusses the results of all alternatives under the circumstances of 90% through traffic
and 10% local traffic. Table 5-9 shows the n etwork performances and Figure 5-5 (p. 70) shows the

locations of congest ion in each alternative.

5.6.1 Alternatives with initially three lanes

As shown in Table 5-9 the base case and the unbundled 2 -1 alternative perform quite the same. In
the unbundled 2 -1 slightly more distance is travelled, the average speed is equal and the total

delay even decreased.  In both cases congestion occurred (Figure 5-5, p. 70). The slightly more time
spent in the unbundled 2 -1 alternative can be explained by the presence of the parallel road, on

which a lower maximum is allowed than on the main carriageway. And the more distance travelled

is because some routes, via the parallel road, become longer. Therefore, it can be said that the

base case and the unbundled 2 -1 alternative perform equal.

Table 5-9. Network performances all alternatives (distribution of 90% through traffic)

Total Travel time Distance
distance | Total time Average | (hour) travelled (km)
Network travelled spent Total delay| speed

part (veh*km) | (veh*hrs) | (veh*hrs) | (km/hr)

Base case Total 96399 1847 1093 52 1619 227 84867 11532
1 94617 1824 1093 52
2 1782 22 0 80

Unb. (21) Total 96640 1853 1079 52 1627 226 85081 11559
1 83487 1553 915 54
2 13154 300 164 44

Extended Total 96399 841 30 115 717 124 84867 11532
1 94617 818 30 116
2 1782 22 0 80

Unb. (31) Total 96618 903 71 107 774 128 85061 11556
1 83514 721 25 116
2 13104 181 46 72

Unb. (22) Total 96725 871 28 111 746 125 85155 11570
1 77402 669 24 116
2 19323 201 4 96

Unb. (31) Total 97119 918 82 106 788 130 85502 11617
& shortcut 1 83507 722 26 116
2 13612 196 55 69

As expected the extended alternative performs better than the base case ( Table 5-9). As for all

other distributions of through and local traffic, the same distance in travelled in the base case and
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the extended alternative. However, in the extended alternative significant | ess time is spent in the
network, there is almost no delay and the average speeds reach the maximum allowed speeds.
Besides, no congestion occurred in the extended alternative ( Figure 5-5, p. 70). Therefore, the

extended alternative performs way better than the base case.

56.1 Alternatives with initially four lanes
Unlike the extended alternative, congestion does occur in the unbundled 3 -1 alternative. The
congestion occurred on the parallel road at the second on -ramp ( Figure 5-5), which ¢ auses more

delays and reduced speeds on the parallel road (second road network). The total delay is even

lower on the main carriageway in the unbundled 3 -1 alternative. Nevertheless, the extended
alternative performs better than the unbundled 3 -1 alternati ve.

As in the extended alternative, no congestion occurred in the unbundled 2 -2 alternative either
(Figure 5-5). The extended and the unbundled 2 -2 alternative perfor ~m quite the same. Slightly

more distance is travelled, more time is spent in the network and the average speed is higher for

the network parts in the unbundled alternative ( Table 5-9, p.69 ). Besides, the delay in this
unbundled alternative is lower than in the extended alternative. The differences in performance can
again be explained by the presence of the parallel road, on which the maximum speed is lower

than on the main carriageway and some routes become longer. When only looking at the numbers,

the extended alternative performs better.
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The final alternative to compare with the extended alternative is the unbundled 3 -1 alternative with
shortcut. In the alternative with shortcut, more distance is travelled, more time is spent in the

network, the total delay is higher and the av erage speed is lower than in the extended alternative

(Table 5-9, p. 69). In the extended alternative no congestion occurred, while in the unbundled 3 -1
alternativ e with shortcut congestion occurred near the first on -ramp ( Figure 5-5, p.70 ). Therefore

the extended alternative performs better than the unbundled 3 -1 with shortcut  alternative.

It was expected that the unbundled 3 -1 with shortcut alternative performs equal or better than the
unbundled 3 -1 alternative. With the this distribution of 90% through traffic, they perform quite

equal. The main cause for the difference in p erformance is because of the differences on the

second network part. In the alternative without shortcut the congestion occurs at the second on -
ramp, while in the alternative with shortcut congestion occurs at the first on -ramp ( Figure 5-5,
p.70 ). This implies that in the unbundled alternative with shortcut more vehicles take a route via

the parallel road. since an amount of vehicles also take the route via the shortcut , the problems at
the second on -ramp are rectified. Therefore problems occur earlier in on the parallel road in this

alternative with shortcut.

In all alternatives congestion occurred, except in the extended and the unbundled 2 -2 alternative.
Since only 1 0% of the traffic that entered the network in node 1 leaves the motorway, congestion
occurred at the on  -ramps in the base case. The main carriageway cannot handle this amount of
traffic. The problems that occurred due to congestion for the distribution of 90% through traffic are

expected to be higher for the distribution of 100% through traffic.

As the distributions of 70% and 80% through traffic, the extended alternative performs best for
both situations of initially three lanes and initially four lanes. However, no congestion occurred in

the unbundled 2 -2 alternative either.

5.6.2 Cost -benefit analysis
Table 5-10 (p. 72) shows the results of the cost -benefit analysis. As in line with the performances
results, the extended alternative leads to high societal benefits and the unbundled 2 -1 alternative

leads to societal costs. The benefits that are obtained by travel time gains outweigh the investment
& maintenance and emission costs in the extended alternative. In the base case congestion
occurred and in the extended alternative not. Apparently the higher speeds in the extended

alternative caused more emissions than the jammed traffic in the base case.

As for all previous distributions of through and local traffic , except the distribution of 50% through

and local traffic, the unbundled 3 -1 alternative with shortcut leads to the highest societal costs and

the unbundled 3 -1 alternative scores a bit better. Moreover, the unbundled 2 -2 alternative leads to
the least so cietal costs for the alternatives in networks with initially four lanes. Again, in non e of
the alternatives less time is spent in the network than in the extended alternative and no travel

time gains are obtained in any of the alternatives. Due to the cong estion in the unbundled 3 -1 and

unbundled 3 -1 with shortcut alternatives, the amount of emissions is higher in these alternatives.

In the unbundled 2 -2 alternative the emissions lead to societal benefits. This can be explained by
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the lower driven speeds in

alternatives no congestion occurred.

this alternative than in the extended alternative, while in both

As well as for the distributions of 70% and 80% through traffic, only the extended alternative

seems to be beneficial for 90% through going traffic when

and the cost -benefit analysis.

taking into account the performances

Table 5-10. Cost -benefit analysis results (distribution of 90% through traffic)

Base case & Unbundled 2-1 Base case & Extended
Costs Benefits Costs Benefits
Inv. & Maint. | € 10,730,000 € - Inv. & Maint. [e€ 6,990,000 € -
Travel times | € - € - Travel times | € - € -
Car| € 400,000 € - Car| € - € 47,930,000
Freight| € - € 340,000 Freight| € - € 26,780,000
Emissions € - € - Emissions € - € -
PM| e 670,000 € - PM| € 290,000 € -
Nox| € 2,440,000 € - Nox| € 230,000 € -
COZ4e 1,470,000 € - CO7 € 770,000 € -
Safety ++ Safety -
Noise + Noise 0
€ 15,710,000 € 340,000 € 8,280,000 € 74,710,000
Total € -15,370,000 € - Total € - € 66,430,000
Extended & Unbundled 3-1 Extended & Unbundled 2-2 Extended & Unbundled 3-1 & shortcut
Costs Benefits Costs Benefits Costs Benefits
Inv. & Maint. | € 11,190,000 € - Inv. & Maint. | € 12,990,000 € - Inv. & Maint. | e 11,350,000 € -
Travel times | € - € - Travel times | € - € - Travel times | € - € -
Car € 3,080,000 € - Carle 1,540,000 € - Carle 3,770,000 € -
Freight| € 1,090,000 € - Freight| € 250,000 € - Freightf € 1,650,000 € -
Emissions € - € - Emissions € - € - Emissions € - € -
PM| € 660,000 € - PM| € - € 40,000 PM| € 620,000 € -
Nox| € 3,500,000 € - Nox| € - € 390,000 Nox| e 3,300,000 € -
COZ e 1,500,000 € - CO7 e - € 230,000 COZ e 1,410,000 € -
Safety ++ Safety + Safety +
Noise + Noise ++ Noise +
€ 21,020,000 € - € 14,780,000 € 660,000 € 22,100,000 € -
Total € -21,020,000 € - Total € -14,120,000 € - Total € -22,100,000 € -
5.7 Distribution of 100% through traffic

Finally, t his section discusses the results of all alternatives under the circumstances of

through traffic and

0% local traffic.

Table 5-11 (p. 73) shows the network performances and

5-6 (p. 74) shows the locations of congestion in each alternative.

5.

As shown in Table 5-11 the base case and the unbundled 2

7.1

Alternatives with initially three lanes

100 %
Figure

-1 alternative perform quite equal. The

total time spent, total delay and the average speed are the same. The total distance travelled is

higher for the unbundled 2

road. In the

unbundled 2

-1 alternative, which can be explained by the pr

esence of the parallel

-1 alternative more distance is travelled because the routes via the

parallel road are slightly longer than the same routes in the base case. In both cases a lot of

congestion occurred and the main carriageway

can be stated that the base case and the unbundled 2
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In both the extended alternative and the base case the same total distance is travelled. However,

in the extended alternative no congestion occurred. Therefore, the total times spent in the network

and the total delay are significantly lower ( Table 5-11). Moreover, the average speed is much
higher in the extended alternative and no congestion occurred ( Figure 5-6, p. 74). Therefore, the
extended alternative performs much better than the base case.

Table 5-11. Network performances all alternatives (distribution of 100% through traffic)

Total Travel time Distance
distance | Total time Average | (hour) travelled (km)
Network travelled spent Total delay| speed ----
part (veh*km) | (veh*hrs) | (veh*hrs) | (km/hr) Car Freight | Car Freight
Base case Total 100045 2649 1867 38 2311 338 87579 12466
1 98762 2632 1867 38
2 1282 16 0 80
Unb. (21) Total 100220 2651 1859 38 2311 340 87731 12489
1 88412 2320 1650 38
2 11808 330 209 36
Extended Total 100045 898 59 111 763 135 87579 12466
1 98762 882 59 112
2 1282 16 0 80
Unb. (31) Total 100202 966 110 104 827 139 87715 12487
1 89303 803 59 111
2 10899 164 51 67
Unb. (22) Total 100346 926 56 108 791 136 87841 12505
1 81854 732 50 112
2 18493 195 6 95
Unb. (31) Total 106098 1196 292 89 1032 164 93130 12967
& shortcut 1 95233 992 198 96
2 10865 204 94 53
5.7.1 Alternatives with initially four lanes
In the unbundled 3 -1 alternative some congestion occurred on the parallel road at the second on -
ramp ( Figure 5-6, p. 74). In the extended alternative no conges tion occurred, which explains why
the total time spent and the total delay are higher for the unbundled 3 -1 alternative. That the
congestion only occurred on the parallel road is reflected in the performances of the sub -network

parts. The performances of t he first network parts are quite the same for the extended and
unbundled 3 -1 alternatives. And again, because this is an unbundled alternative, some routes are
slightly longer than in not unbundled alternatives. Although, the extended alternative performs a

little better than the unbundled 3 -1 alternative.

Inthe unbundled 2 -2 alternative, as in the extended alternative, no congestion occurred ( Figure

5-6 & Figure 5-5 p.74). It would be expected that since no congestion occurred in the extended

alternative, no congestion occurs in this alternative either. The total delay in the unbundled 2

Table 5-11, p. 73). However,

alternative decreased in comparison with the extended alternative (

the total distance travelled and the total time spen

tincreased. Besides, the average speeds in the

-2

sub -network parts are equal or higher in the unbundled alternative. Only because some routes are
longer via the parallel road and the lower speed on the parallel road, the total distance and total
time spent are higher for the unbundled 2 -2 alternative compared to the extended alternative.
When looking solely to the amounts, the extended alternative performs better than the unbundled

2-2 alternative.
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The last alternative to discuss is the unbundled 3 -1 with s hortcut alternative. In comparison with

the extended alternative, the total time spent in the network is much higher, the total delay

increased and the average speed is lower for the unbundled 3 -1 alternative ( Table 5-11, p. 73).

Therefore, the unbundled 3 -1 alternative performs worse than the extended alternative.

Moreover, w hen comparing the unbundled 3 -1 and the unbundled 3 -1 with shortcut alternatives,

there is a similar relation, as with the distribution of 90% through traffic. In the alternative without

shortcut the congestion occurs at the second on -ramp, while in the al  ternative with shortcut

congestion occurs at the first on -ramp ( Figure 5-6 & Figure 5-5 p.74). This implies that in the

unbundled alternative with shortcut more vehicles take a route via

shortcut. Therefore problems occur earlier in on the parallel road in this alternative.

As expected the problems that occurred with a distribution of 90% through traffic, became worse.

the parallel road and the

However, still no congestion occurred in th e extended and unbundled 2 -2 alternatives.  Like the
distributions of 70%, 80% and 90% through traffic, the extended alternative performs best for
both situations of initially three lanes and initially four lanes. However, no congestion occurred in
the unbu ndled 2 -2 alternative either.
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Figure 5-6. Visualisation congestion all alternatives (distribution of 100% through traffic)

5.7.2 Cost -benefit analysis

As shown in Table 5-12 (p. 75) the only alternative that leads to societal benefits is the extended

alternative. The extended alternative leads to high societal benefits and the unbundled 2

-1

alternative leads to societal costs. This is in line with the results of the performances. The benefits
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that are obtained by travel time gains outweigh the investment & maintenance and emission costs
in the extended alternative. In the base case congestion occurred and in the extended alternative

not.

As for all previous distributions of through and local traffic, except the distribution of 50% through

and local traffic, the unbundled 3 -1 alternative with shortcut leads to the highest societal costs and

the unbundled 3 -1 alternative s cores a bit better. Moreover, the unbundled 2 -2 alternative leads to
the least societal costs for the alternatives with initially four lanes. Again, in non e of the
alternatives less time is spent in the network than in the extended alternative and no trave | time
gains are obtained in any of the alternatives. Due to the congestion in the unbundled 3 -1 and
unbundled 3 -1 with shortcut alternatives, the amount of emissions is higher in these alternatives.

In the unbundled 2 -2 alternative the emissions lead to s ocietal benefits. Since in both alternatives

no congestion occurred, this can be explained by the lower driven speeds in this alternative than in

the extended alternative.

As well as for the distributions of 70%, 80% and 90% through traffic, only the exte nded alternative
seems to be beneficial for 100% through going traffic when taking into account the performances

and the cost -benefit analysis.

Table 5-12. Cost -benefit analysis results (distribution of 100% t hrough traffic)
Base case & Unbundled 2-1 Base case & Extended
Costs Benefits Costs Benefits
Inv. & Maint. | € 10,730,000 € - Inv. & Maint. [e€ 6,990,000 € -
Travel times | € - € - Travel times | € - € -
Car| € 110,000 € - Car| € - € 82,040,000
Freight| € - € - Freight| € - € 53,300,000
Emissions € - € - Emissions € - € -
PM| e 480,000 € - PM| e 110,000 € -
Nox| e 2,030,000 € - Nox| € - € 580,000
CO2 € 1,050,000 € - COZ € 290,000 € -
Safety ++ Safety -
Noise + Noise 0
€ 14,400,000 € - € 7,390,000 € 135,920,000
Total € -14,400,000 € - Total € - € 128,530,000
Extended & Unbundled 3-1 Extended & Unbundled 2-2 Extended & Unbundled 3-1 & shortcut
Costs Benefits Costs Benefits Costs Benefits
Inv. & Maint. | € 11,190,000 € - Inv. & Maint. | € 12,990,000 € - Inv. & Maint. | € 11,350,000 € -
Travel times | € - € - Travel times | € - € - Travel times | € - € -
Car| € 3,370,000 € - Car| € 1,450,000 € - Car| € 14,280,000 € -
Freight| € 1,230,000 € - Freight| € 240,000 € - Freightf € 7,530,000 € -
Emissions € - € - Emissions € - € - Emissions € - € -
PM| € 790,000 € - PM| € - € 90,000 PM| € 410,000 € -
Nox| € 4,180,000 € - Nox| € - € 150,000 Nox| € 2,110,000 € -
COZe 1,860,000 € - CO7 e - € 290,000 CO e 950,000 € -
Safety ++ Safety + Safety +
Noise + Noise ++ Noise +
€ 22,620,000 € - € 14,680,000 € 540,000 € 36,630,000 € -
Total € -22,620,000 € - Total € -14,140,000 € - Total € -36,630,000 € -
5.8 Increase of traffic demand

The results of the  circumstances of 10% and 20% traffic demand increase are discussed in

Appendix F. From this it can be concluded that the performances of the alternatives come closer
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together when the traffic demand increases. Besides, it can be concluded that the extended and

the unbundled 2 -2 alternatives perform the best under increased traffic dem and circumstances of
and are therefore the most robust alternatives. However, this is not true for the distribution of
100% through traffic. In that situation the unbundled 3 -1 alternative performs best when the

traffic demand increases with 20%.

Another finding is that for a distribu tion of 70% through traffic almost no congestion occurs in the
extended and unbundled 2 -2 alternatives when traffic demand increases with 20%. These

performances decrease when the distribution of through traffic gets lower or higher. Therefore, it

can be stated that with a distribu tion of 70% through traffic, the extended and unbundled 2 -2
alternatives can handle the increase of traffic demand the best. This also holds for the unbundled

2-1 alternative. the other alternatives perform best with a distribution of 80% through traffic when

traffic demand increases.

The section hereafter addresses the main limitations of the simulations and the CBA .

5.9 Limitations

This section addresses the main existing limitations , both forthe  simulations and the cost  -benefit

analysis. These limiting factors have an impact onther esults.

5.9.1 Limitations design & simulations
Seven main limitations are distinguished for the simulations.

First of all , the assumption of  distribution of the local traffic over the first and second exit has a big
impact. This is a fixed distribution in this study, 20% of the local traffic takes the first exit and 80%

of the local traffic takes the second exit. Variation in this distribution can have a big impact on the
results. In the unbundled 2 -1, unbundled 3 -1 and unbun dled 3 -1 with shortcut alternative, under
the circumstances with distributions of 50%, 60%, 70% and 80% through traffic, congestion

occurs on the parallel road at the first on -ramp. Therefore the parallel road does not provide

enough capacity to handle thr ough traffic that takes the route via the parallel road, local traffic that
wants to leave the motorway at the second exit and the traffic that enters at the first on -ramp
together. Since the congestion occurs after the first exit, at the first on -ramp, th e problem could be
less when more traffic takes the first exit (and therefore less traffic takes the second exit). Another

measure that can be taken , is to provide the parallel road between the first on -ramp and the
second exit with an extra lane in order to meet the capacity demand. When solving this bottleneck,

it is assumed that the mentioned alternatives perform better and have more societally benefits.

Secondly, the on - and off -ramps exist of only one lane. During this study a fixed number for the

numb er of lanes on on - and off -ramps of one is used . Therefore, the second exit becomes the

bottleneck in the base case, the extended and unbundled 2 -2 alternatives under the circumstance
of a distribution of 50% through traffic. This congestion spills back (onto the main carriageway)
and these alternatives do not perform well. Therefore, no conclusion can be drawn if unbundling is

an option or not  for these alternatives . When this exit would be provided with two lanes, there is a

big chance that no congestion occurs anymore in those alternatives and they could be an option
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The third limitation is that only two circumstances are taken into account. Besides, only one
situation is simulated (one time of the day). In order to provid e a better insight in what happens
under different circumstances, more simulations should be executed under more different

circumstances. Therefore, simulations in which accidents, detours and bad weather occur should be

simulated as well. This also gives a better insight in the robustness of the networks.
Moreover , MARPLE does not take into account the effect of shorter travel times (road design
change) attract ing more traffic which could be another performance indicator. If the model would

take this effe ctinto account, the amount of vehicles (departed and arrived) would be higher in the

networks that performed better (obtained lower travel times) than one of the two base cases.

Therefore, the total time spent in the network and the total distance travell ed would be higher. This
has impact on the CBA  and the consumer surplus as well. When then only the total times are taken

into account, this gives an distorted result. With more traffic, the total travel time can still be
higher, but the individual travel time is lower.  Since there are more vehicles, more travel time is

gained and leads to higher benefits.

Because of the use of a macroscopic model, only total travel times are obtained. It can be

questioned that if the travel times were obtained per vehicle , the unbundled 2 -2 alternative would
lead to higher social benefits. For example, the traffic on the main carriageway gains travel time

and has a higher value of time (higher distribution of freight traffic) then the traffic on the parallel

road. Itis po ssible that the travel time gains of the traffic on the main carriageway outweigh the

costs of slightly longer travel times of traffic on the parallel road. Therefore, it is important to take

this into account when this effect is taken into account.

Howe ver, since the alternatives will be compared based on the amount of traffic staying the same
in each alternative, lower total time spent in the network a nd higher distance travelled identify
individual travel time gains and can be identified as performance indicators . From this , conclusions

can be drawn if an unbundled situation performs better.

Fifthly , the expectation that  the unbundled 3 -1 with shortcut alternative would perform better or

equal to the unbundled 3 -1 alternative did not come true for any of the distributions. Only for the
distributions of 90% and 100% through traffic, the performances came close. As can be seenin
Appendix F in each of the unbundled 3 -1 alternatives with shortcut, the route via the shortcut is

chosen. If the shortcut is su ch a bad alternative, it would be expected that this route is not used in

the alternative with the shortcut. This is, however, not the case. This has probably something to do

with the initial assignment and the combination of the network and demand input . No good

explanation can be given for the results of the unbundled 3 -1 with shortcut alternative.

Moreover, the decreased capacity of w eaving areas is not taken into account during the
simulations. Due to the turbulence that usually occurs at weaving area s the capacity is lower than
for the standard capacity for the amount of lanes available. One of the reason s for applying
unbundling is that less vehicles suffer from the turbulence caused by weaving traffic. Therefore, the

effect of weaving areas is under estimated in the simulations and more problems (congestion) can

be expected when decreasing the capacity for weaving areas.
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Lastly, as mentioned in Section 3.1 there are many characteristics that can be distinguished when
designing a road. It should be in vestigated what influence they have on the results of this study

and if they have influence on the unbundling measure.

5.9.2 Limitations cost - benefit analysis
Three main limitations are distinguished for the cost -benefit analysis.
First, only car (commuting) and freight traffic purposes are taken into account. All the car traffic is

considered commuting traffic, which has a substantial lower value of time than business traffic, but

a lower value of time than O6remainingo t remdiningtaaficagvhen i ncl u
well, this  will have an impact on the travel time effects, either positive or negative. This depends

on the sh ares of the different purposes and on the distribution of through and local traffic , but also

the time of the day . Therefore it is assumed that, for example, commuting traffic mainly travel s in

peak hours. Besides, a ssumed is that through traffic mainly consists of freight and business traffic.

When the distribution of through traffic is 50%, there is in relation to a distribut ion of 80% through

traffic, a smaller amount of freight traffic present in the network. Therefore, travel times gains lead

to lower societal benefits.

Secondly , as explained in Section 4.2, due tolacking information, safety and noise effects are not
properly taken into account in the CBA . This is actually a very serious limitation, because safety

can have a much higher effect than the travel time gains (positive or negative) . Therefore, this
could have made a difference in the CBA results, especially for the unbundled situations. Since the

unbundled situations are assumed to be safer than the not -unbundled situations, this could have

led to societa | benefits.

Finally , the values that are used in the CBAs are for one situation only and are not corrected over

time. This means that, for example, for value of time for 2020 is considered inthe CBA. Sinceitis
expected that the values for value of time will be higher in the future, the societal benefits are

probably too low in the CBA . This is not taken into account.

5.10 Conclusion

The aim of this chapter has been to find out if unbundling can be deemed societal beneficial under

two defined circumstances. The circumstances under which the alternatives have been tested are

the distribution of through and local traffic, and the (total) traffic demand. There are six

distributions of through traffic determined which starts at 50% through traffic till 100% throu gh

traffic, with steps of 10%. The total traffic demand is increased with 10% and 20%. This results in

answering the eighth sub question: 6l s there a relation between the circums
performance of the unbundling measure?b®6

It can be identifiedt  hat only for the circumstances of 50% through traffic and 50% local traffic and
the initial traffic demand unbundling can be deemed beneficial for the base case with initially four
lanes. More specific, only the unbundled 2 -2 alternative is societally bene ficial under those

circumstances
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Table 5-13 shows the for each distribution of through and local traffic, for the initially three lanes
and four lanes alternative separate, which alternative turned out to be the best option based onth e
network performance indicators and CBA . It must be noted that the extended alternative is the

base case for the alternatives with initially four lanes. Therefore, it means that when the table

shows 6 ext 6 in a col unonurwiltahn eisn i taihaldddfiidhg & isbest option.
Table 5-13. Overview best performing alternative in terms of p erformance and CBA for each
distribution of through and local traffic (base = base case, ext = extended alternative, 2 -2=

unbundled 2 -2 alternative)

Distribution T/L 50-50 60-40 70-30 80-20 90-10 100-0
Initially nr. of lanes 3 4 3 4 3 4 3 4 3 4 3 4
Performance Ext 2-2 Ext 2-2 Ext Ext Ext Ext Ext Ext Ext Ext
CBA Ext 2-2 Base Ext Ext Ext Ext Ext Ext Ext Ext Ext
Together Ext 2-2 Base Ext Ext Ext Ext Ext Ext Ext Ext Ext

For the distribution of 70%, 80%, 90% and 100% through traffic,  the results are the same. For
each case with initially three lanes, it is the best option to ex tend the motorway with one lane
Both the results of the performance as well as the results of CBAs show this. In none of these

situations any of the unbundled alternatives performed better, which is not in line with the

expectations. Therefore, unbundling is not p romising for these distributions.

Moreover, when only evaluating based on the performance indicators, there is one more situation

in which the unbundled 2 -2 alternative performed the best. This is under the circumstances of 60%
through traffic and 40% loc al traffic and the initial traffic demand. In none of the other simulations

an unbundled alternative performed better than a not -unbundled situation (extended alternative)

or was societally beneficial.

Several limitations have been distinguished as well. D ue to the use of static distribution of local
traffic taking the first or the second exit, it is assumed that the results are underestimated because
bottlenecks appeared for which was not anticipated. Secondly, the decreased capacity in weaving

areas is no ttaken into account during the simulations. Therefore, the effect of weaving areas is
underestimated in the simulations and more problems (congestion) can be expected when

decreasing the capacity for weaving areas. Lastly, the safety and noise effects in the CBA are
estimated very roughly and it was not possible to monetarise these effects. Therefore, this could

have made a difference in the CBA results, especially for the unbundled situations. Since the

unbundled situations are assumed to be safer than th e not -unbundled situations, this could have

led to higher societal benefits.

The alternatives are also tested for different amounts of traffic demand. It can be concluded that

the performances of the alternatives come closer together when the traffic deman d increases.
Besides, it can be concluded that the extended and the unbundled 2 -2 alternatives perform the
best under increased traffic demand circumstances of and are therefore the most robust

alternatives. However, this is not true for the distribution o f 100% through traffic. In that situation
the unbundled 3 -1 alternative performs best when the traffic demand increases with 20%. The

distribution of 100% through traffic is however a very unlikely distribution
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It must be noted that , these conclusion are  based on the results of the simulations and CBAs only.

The results of these simulations will be verified ex-ante inthe next chapter by an actual case
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6 Case study: Lei den A4

This chapter aims on verifyin g the found results from the archetype simulations, which
are discussed in chapter 5 . Since the simulations of the archetype are purely

hypothetical, actual data will be used in order to verify the results. For the archetype

alternatives  , assumptions are made on the layout and geometry of the r oad design and
fictitious data and traffic demand are used in order to create congestion. Therefore, an

actual case with  actual data is used to verify the simulation results and should show the

same results. In agreement with an expert, the A4 near Leiden is chosen as the actual

case .

Section 6.1 explains how the simulations for the actual case are setup. Section 6.2

discusses what changes in the execution of the CBA and Section 6.3 discusses the

expectations on the results. Finally, Section 6.4 addresses the results. Su b question 9

will be answered in this chapter.

6.1 Setup of simulation s

This sec tion provides information on how the actual infrastructure/ road design of the A4 ne ar
Leiden (Amsterdam -Den Haag) is translated, so it can be used as input for MAR PLE, how the

alternatives are designed and what the circumstances are in this actual case.

6.1.1 The actual situation

The construction of a parallel road on the motorway A4 near Leiden was finished in 2015 and the

network design corresponds to the base case determined in Section 4.1.2 . Therefore, the

unbundled situation at the A4 near Leiden, has two connections to the parallel road as well. Figure
6-1 shows the considered infrastructure of the A4 near Leiden . Asinthe archetype simulations,
only one direction, Amsterdam i Den Haag, is considered. In this direction the biggest problems

occur (van Loon, 2016; Rijkswaterstaat & Goudappel Coffeng, 2015) . As can be seen from  Figure
6-1 the main carriageway has initially three lanes and is reduced to two lanes after a few hundred
meters of the beginning of the parallel road. Besides, at th e end of the parallel road the main

carriageway merges with the parallel road and becomes three lanes again. The maximum speed on

both the main carriageway and the parallel road is 100 km/h.

Leiden Leiderdorp
N206
& richting Den Haag I
l 1 richting Amsterdam >
N206 N1
Zoeterwoude-Dorp Zoeterwoude-Rijndijk
(Zoetermeer) (Alphen)

Figure 6-1.Con sidered infrastructure Amsterdam - Den Haag (Rijkswaterstaat & Goudappel
Coffeng, 2015)
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Data on the road design characteristics of the selected infrastructure is collected by Google Earth,
Google Maps and Google street view. The collected data includes the number of lanes on the main
carriageway and the parallel road, the number of lanes on the on - and off -ramps, the maximum
speed on all roads and the lengths of  the roads . The recent unbundled infrastructure at the A4 near

Leiden is notyetin cludedin g oogle earth. Google M  aps, however, does include the new road layout

(in O66maps6 view). Therefore, coor atualraaddesignofite Adite ed t o tr ans
google earth in order to measure the infrastructure. Appendix G shows which reference poin ts are

used. In order to be able to compare this case with the results of the archetypes (H6) it is

important to keep the length of the network equal. Therefore, the length of the main carriageway s

9 kilometres. Figure 6-2 shows the characteristics of the actual situation of the A4 near Leiden as
used during the simulation. In order to reconstruct the congestion as on the chosen day (explained
in Section 6.1.3 ), some calibration was needed to reconstruct the congestion as in the actual case.

Therefore, the capacity of some links is adapted.

] _T Data Leiden Actual situation
11
- Link Length {m) Speed (km/h) Nr of lanes Satflow (veh/hr)
= 1 1000 100 3 6000
10 2 1000 100 3 6000
3 500 100 3 6000
) a 500 100 a 3000
) 5 500 100 3 6000
9 6 1000 100 2 4100
7 1000 100 2 4100
C 4\ 8 500 100 2 4100
} 8 “?5'\._ - 3 1000 100 3 6100
; 10 1000 100 3 6100
f 18_ A8 1 1000 100 3 6100
?'-—-2 3___‘ ) 12 500 100 2 4100
= 17 e 13 250 100 2 4100
‘---'?—1 14 250 100 1 2000
16 17 15 500 100 3 6200
L 16 500 100 3 6200
._:: ' 17 350 100 1 2100
g 15 15 TE 100 2 4300
4 1.4 21 19 |[s00 100 1 2100
- Py 20 500 80 1 2100
- ~ 21 500 20 2 4300
5 ,1.3-"'10_-__. N 22 500 20 2 4100
. _+"\“1 b 23 500 80 1 2100
4
‘+ Length of the routes
3
i Origin Destination  Length route (km)
*f 1 12 (MC) 9
1 12 (PR) 91
2 1 20 4
[ Node number iy = e
i ¥  Link number = 12 >8
1 ® Node 21 2 2
'_l —  Link 23 12 4.25

Figure 6-2. Network characteristics actual situation of A4 Leiden
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6.1.2 The alternatives

In order to compare the actual case with the archetypes, the archetype alternatives have to be

translated to the  same characteristics asthe actual case . This means that the links and the length

of all links remains the same and only the amount of lanes and capacity changes.

Therefore, the actual case is converted to a main carriageway of three lanes without parallel road,
a main carriageway of four lanes with parallel road and four unbundled alternatives. The four
unbundled alternatives correspond to the alternatives of the previous chapter. As explained before,

in order to create an equivalent amount of congestion as in reality, some calibration had to take
place. The same link capacities as in the actual case are applied. This is necessary in order to

compare the alternatives to the actual case.

Data Leiden Base

1.0

Link Length (m) Speed (km/h) Nr of lanes Satflow (veh/hr)

1000 100 6000

1000 100 6000

1000 100 6000

575 100 6000

6000

250 100 6000

[y
P

500 100 8000

8000

1
2
3
4
5 250 100
6
7
8
9

6000

6000

11 1000 100 6000

[y
=

12 1000 100 6000

1000 100 6000

2100

[N e =
e | e
v w w [w
=] S o |2
=} wo &
w [w e e
S |8 oo o
RN
e e e o o e e o |s|s o oo e|e|w

500 4300

500 80 4100

=
=
-
o

17 500 80 2100

— 9
17
. -
9 -
- __.1’6"". ) ) Data Leiden Extended
| —’
o .l ]
8 Link | Length {m) Speed (km/h) | Nr of lanes Satflow [veh/hr)
1 1000 100 4 8000
[ :4+ 2 1000 100 4 8000
3 1000 100 4 8000
7 4 575 100 4 8000
- 5 250 100 4 8000
15-—-_. ; 6 250 100 4 8000
7 500 100 5 10100
- 8 500 100 5 10100
__-.1!'-1'_-‘. i 9 350 100 4 8000
- 10 575 100 4 8000
1 1000 100 4 8000
12 1000 100 4 8000
4 13 1000 100 4 3000
14 500 50 1 2100
15 500 80 2 4300
2 4100
1 2100

1. 0.118

Length of the routes
Origin Destination = Length route (km)
— 1 14 9
~ Node number ! 15 408
’ . 1 17 5.58
X Llink number 16 1 o
® Node 16 17 2
- J— L'lnk 18 14 4.08

Figure 6-3. Characteristics of the base case and the extended alternative (Leiden)
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Length of the routes

L Origin Destination Length route (km)
1 12 (MC) 9
11
1 12 (PR) 9.1
e 1 20 4
1 22 5.5
10 21 12 5.6
- 21 22 2
—® 23 12 4.25
-'_'.‘zg Data Leiden Unbundled 2-1
8 &
- _‘ 18
Link Length [m) Speed (km/h) Nr of lanes Satflow (veh/hr)
1 1000 100 3 6200
7 2 1000 100 3 6200
. 3 500 100 3 6200
9 4 500 100 3 6200
5 500 100 2 4300
6 6 1000 100 2 4300
7 1000 100 2 4300
" Y 8 500 100 2 4300
9 1000 100 3 6200
N 2 10 1000 100 3 6200
— 11 1000 100 3 6200
4 12 500 100 1 2100
. 13 250 100 1 2100
3 14 250 100 1 2100
15 500 100 1 2100
—e 16 500 100 1 2100
13 350 100 1 2100
2 18 250 100 1 2100
fp—1 (3 Node number Lo 1500 100 ! 2100
¥ Link number 20 500 80 1 2100
1 ® Node 21 500 80 1 2100
— Link 22 500 80 1 2100
L—e 23 500 80 1 2100
Data Leiden Unbundled 3-1 Data Leiden Unbundled 2-2
Link Length [m) Speed (km/h) Nr of lanes Satflow (veh/hr) Link Length (m) Speed (km/h) Nr of lanes Satflow (veh/hr)
1 1000 100 4 8200 1 1000 100 4 8200
2 1000 100 4 8200 2 1000 100 4 8200
3 500 100 4 8200 3 500 100 4 8200
4 500 100 4 8200 4 500 100 4 8200
5 500 100 3 6200 5 500 100 2 4300
6 1000 100 3 6200 6 1000 100 2 4300
7 1000 100 3 6200 7 1000 100 2 4300
8 500 100 3 6200 3 500 100 2 4300
9 1000 100 4 8200 9 1000 100 4 8200
10 1000 100 4 8200 10 1000 100 4 8200
11 1000 100 4 8200 11 1000 100 4 8200
12 500 100 1 2100 19 500 100 2 4300
13 250 100 1 2100 13 250 100 2 4300
14 250 100 1 2100 14 250 100 2 4300
15 500 100 1 2100 15 500 100 2 4300
16 500 100 1 2100 16 500 100 2 4300
17 350 100 1 2100 k) 350 100 2 4300
18 250 100 1 2100 18 250 100 2 4300
19 500 100 1 2100 19 500 100 2 4300
20 500 80 1 2100 20 500 80 il 2100
21 500 80 1 2100 21 500 80 1 2100
22 500 80 1 2100 22 500 20 1 2100
23 500 80 1 2100 23 500 20 1 2100

Figure 6-4. Network characteristics of all unbundled alternatives (Leiden)
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- Data Leiden Unbundled 3-1 + shortcut
11 -
Link Length (m) Speed (km/h) Nr of lanes Satflow (veh/hr)
1 1000 100 4 8200
—®
- 2 1000 100 4 8200
3 500 100 4 8200
10
4 500 100 4 8200
— 5 500 100 3 6200
JR—1
13 1000 100 3 6200
9 7 1000 100 3 6200
8 500 100 3 6200
- ; 9 1000 100 4 8200
' .“-,39 e 10 1000 100 4 8200
38 \? 11 1000 100 4 8200
. 18 12 500 100 1 2100
-, B 13 250 100 1 2100
17 3"'-.— - 14 250 100 1 2100
7 9 15 | 500 100 1 2100
~— 16 500 100 1 2100
° vlﬁ 17 17 350 100 1 2100
- v =+_ e 18 250 100 1 2100
15 T 19 500 100 1 2100
6 - 20 500 80 1 2100
14 2o 21 500 80 1 2100
[ Y e— 1 22 500 80 1 2100
13 o—® » 23 500 80 1 2100
5 ‘.---1
e 24 200 100 1 2100
— (13)
4
Length of the routes
: .
3 Origin Destination Length route (km)
- o 1 12 (MC) 9
o 1 12 (PR) 9.1
2 1 12 (SC) 9.2
1 20 5.5
@ (% - Node number 1 2 5.6
X Link number 21 12 5.6
1 ® MNode 21 12 57
— Link 21 2 2
—® 23 12 4.25

Figure 6-5. Network characteristics for the unbundled alternative with shortcut (Leiden)

6.1.3 The circumstances / data collection
Since an actual case is considered, the circumstances, in terms of the dist ribution of through and
local traffic and the traffic demand, are known. Data and information about the traffic demand is

obtained by three sources. Therefore, seven simulations need to be executed.

First of all, a register plate investigation 7. This inve stigation is executed during 5 working days in
the week of 31 ™ of August till the 4 ™ of September 2015 . Since the Tuesday, 1 st of September
201 5, seemed the busiest day, this day is chosen as the reference day. Besides, the morning peak
hours, three  hours between 07:00 AM and 10:00 AM , are considered during the simulation.

Therefore, the simulations exist of 12 periods of 15 minutes. The actual traffic demand between all

” This register plate investigation is executed by Rijkswaterstaat and it is determined how through going traffic
distributed over the main carriageway and the parallel road. This is d one based on licence plate observation of
passing vehicles (Rijkswaterstaat & Goudappel Coffeng, 2015)
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OD pairs of Tuesday, the 1 st of September 2015 between 07:00 AM and 10 :00 AM can be found in
Appendix H.

Secondly, the location of congestion in Google M aps is used to find out what links are congested.

Google Maps includes a function that shows where congestion is located based on speeds of traffic.
This can be visualised in two ways ; live traffic information or typical traffic speeds . For this study
the visualisation of typical traffic on a Tuesday morning is used for verification. Figure 6-6 shows

what the speeds are for the A4 near Leiden on a typical Tuesday morning.

Grote Polder©

Barre Polder(

Kasrigegevens 62017 Google  Voorwaarden  Feadback verzenden 500

Figure 6-6. Typical traffic on Tuesday morning at the A4 near Leiden (Google Maps,
2017)

Thirdly, a speed contour plot is used to visualise the location of congestion of the main carriageway

as well . MoniCa (abbreviation  of MONItoring CAsco) is  a system of Rijkswaterstaat that collects

measurement results derived from the loop detectors on highways mainl y. This data concerns, for
example, velocities and intensities per minute. MoniGraph is a program that is used to process and
visualise this data (Rijkswaterstaat, 2016) . Figure 6-7 (p.87) shows the visualisation of the driven

speeds onthe 1 st of September 2015 between 06:00 AM and 10:00 AM |, between hectometre posts
30.1 and 36.8. In order to give a better insight in how to relate this figure to the actual situation,

the parallel road start approximately at hectometre post 32.5 and ends at 36.0.

Based on this data, the actual case, A4 near Le iden, is simulated. In order to match the simulated
situation with the actual case, some calibration was needed. Therefore, some link capacities and

traffic demand between OD - pairs are adjusted. The traffic demand between all OD - pairs used
during the simul  ation are shown per period in Figure 6-8. Ascanbe seenin Table 6-1 (p. 88), the
average distribution between through and local traffic is 87% through traffic and 13% local traffic.

The distribution for through traffic var iates over the periods between 84% and 90%. Therefore,

these distributions correspond the best to the distribution of 90% through traffic and 10% local

traffic as defined as a circumstance for the archetype simulations. Moreover, the distribution of

local traffic of the two exits is also shown in Table 6-1 (p. 88). As can be seen only in the first

period the distributions match with the distribution used in the archetypes simulations. The

distribution of local traffic that take the first exit varies from 22% to 55%.
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Figure 6-7. Speed contour plot
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Moreover, since no information is available on the type of traffic and thus shares of freight traffic,
the freight traffic shares remain the same as in the archetype sim ulations and are shown in Table
4-3 (p. 37).
Period 1 12(14) 20 (15) 22 (17) Period 2 12(14) 20(15) 22(17)
1 5184 152 526 1 5907 222 648
21 (16) 984 X 508 21 (16) 1076 X 568
23 (18) 750 X X 23 (18) 783 X X
Period 3 12(14) 20(15) 22(17) Period 4 12(14) 20(15) 22(17)
1 4576 278 587 1 5230 291 503
21 (16) 1008 X 588 21 (16) 972 X 480
23 (18) 870 X X 23 (18) 770 X X
Period 5 12 (14) 20 (15) 22 (17) Period 6 12 (14) 20 (15) 22 (17)
1 4244 364 432 1 4216 417 360
21 (16) 884 X 580 21 (16) 852 X 520
23 (18) 703 X X 23(18) 863 X X
Period 7 12 (14) 20 (15) 22 (17) Period 8 12 (14) 20 (15) 22 (17)
1 4347 446 360 1 4450 301 337
21 (16) 872 X 612 21 (16) 740 X 508
23 (18) 712 X X 23 (18) 611 X X
Period 9 12(14) 20(15) 22(17) Period 10 12(14) 20(15) 22(17)
1 3846 260 296 1 4959 222 315
21 (16) 544 X 485 21 (16) 514 X 490
23 (18) 601 X X 23 (18) 593 X X
Period 11 12(14) 20(15) 22(17) Period 12 12 (14) 20(15) 22 (17)
1 3736 294 269 1 3319 260 215
21 (16) 414 X 498 21 (16) 405 X 459
23 (18) 463 X X 23 (18) 432 X X
Through traffic
Local traffic
Figure 6-8. Traffic demand OD -pairs for actual case, A4 near Leiden
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Table 6-1. Distribution of through and local traffic for each period of time

Through traffic Local traffic Local traffieExit 1  Local traffieExit 2

Period 1 88% 12% 22% 78%

Period 2 87% 13% 26% 74%

Period 3 84% 16% 32% 68%

Period 4 87% 13% 37% 63%

Period 5 84% 16% 46% 54%

Period 6 84% 16% 54% 46%

Period 7 84% 16% 55% 45%

Period 8 87% 13% 47% 53%

Period 9 87% 13% 47% 53%

Period 10 90% 10% 41% 59%

Period 11 87% 13% 52% 48%

Period 12 87% 13% 55% 45%

Average 87% 13%
6.2 Cost -benefit analysis
This section describes how the costs -benefit analysis are executed and which values are used for
the actual case. The way of calculating the effects stay the same and the same effects are
included . The biggest change in the cost -benefit analysis are the in  vestment & maintenance costs

for the alternatives.
Investment & maintenance costs

Since the initial situation is an actual network, it has to be determined what the costs for

adjustments to this network/infrastructure are . Therefore , an estimation is ma de on what the costs
are for both the construction of 1 kilometre of main carriageway and 1 kilometre of  parallel road

In order to do so, the costs for construction & maintenance for the base case and extended

alternative of the  archetype alternatives  are compared (Section 4.2.1 ). The only difference

between these two alternatives is that in the extended alternative on e more lane is available over a
length of 9  kilometres. Therefore, the difference in costs for the base case and the extended
alternative is divided by 9 in order to estimate the construction costs for 1 km of main carriageway.

The same is done for the parallel road with the unbundled 2 -1 and unbund led 2 -2 alternative.

Since no costs for removing (part of) roads are available /known , it is assumed that removing costs

will be lower than the construction costs. Therefore, the construction costs are multiplied by 1/3 8in
order to estimate the costs for removing 1 kilometre (1 lane). The estimated costs for constructing
and removing 1km of carriageway and parallel road are shown in Table 6-2 (p. 89).

When comparing the length of the carriageways and parallel road (if available) of each alternative
with the actual case, the differences in the amount of kilometres the costs for adjusting the actual

case can be calculated. The complete calculations for th e adjustment costs of each alternative are

8 This is a rough estimation in order to estimate costs for removing 1 lane over 1 km of the main carriageway
and the para llel road.
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shown in Appendix | and the costs for each alternative are shown in Table 6 -3. These costs are

used in the CBA for adjustment of the actual case.

Table 6-2. Costs for constructing and removing 1km of carriageway and parallel road

Costs for constructing Costs for removing (km)
Main carriageway
Base case U 52,5014
Extended G 59, 494
Difference u 6,990
a 777, ua 259,

Parallel road
Unbundled 2 -1 u 63, 23¢
Unbundled 2 -2 a 72, 48¢€

ua 9, 253

a4 2,606 a4 2,606

Table 6-3. Adjustment costs  infrastructure  in comparison to actual case

Total
Base case U 7,630,000
Extended u 14,62CcC
Unb2-1 a 690,
Unb3-1 G 6,650, 000
Unb 2 -2 ua 6, ,0600
Unb3-1+ G 6,350,00 00

Travel time

Since still only car and freight traffic are considered, the calculation of travel time effects stays the
same as for the archetype alternatives. Therefore, the value of time for cars (commuting traffic) is
09,53 and for fr ei @vintsterie vaa ihffastroctuur énGViilidu42012)

Emissions

The same components are taken into account as for the archetype alternatives, because the

concentrations of those components are often the closest to the health damage limits (Wever &

Rosenberg, 2012) . The amount of grams of emitted substances is calculated by the simulation

model MARPLE . The difference between each emitted substance of the alternative and the actual

case is multiplied by the costs. Therefore, one kg of emitted particulate n
of emitted nitrous oxides costs 0Ul1l1l and(Moei@iekay of emitted
Infrastructuur en Milieu, 2016b) . The costs are the same as for the archetype because the same

location is considered.
Safety & noise pollution

Since itis still not known what the effect s of an unbundled network on safety are and no actual
numbers/risks could be found to calculate with and no information on the number of decibels is

known, t he same methodis used to calculate the effects of safety and noise with as for the

archetype.
The safety effect is determined based on the amount of lanes on the carriageways and the
difference in speed between weaving traffic. The m ore lanes on the carriageway and the higher the

difference between weaving traffic, the less safer. The effect of the amount of lanes stays the same
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as for the archetype simulations. Since the maximum speed is 100 km/h on both the main
carriageway and the  parallel road in the actual case, this does not differ between the alternatives.
Therefore, safety only depends on the amount of lanes on which the weaving movements take

place. Therefore, the unbundled situations are considered safer than the not -unbundle d situations.

Noise effects are determined based on the size of the traffic flow, the speeds and the acceleration.

Since there are no speed differences between all the alternatives, this factor is left out for the

actual case. For the other two factors ar e taken into account the same way as for the archetype
simulations.
6.3 Expectations

As mentioned earlier,  the average distribution between through and local traffic is 87% through

traffic and 13% local traffic for the actual case ( Table 6-1, p.88). Therefore, these distributions

correspond the best to the distrib ution of 90% through traffic and 10% local traffic as defined as a

circumstance for the archetype simulations. Therefore, it is expected that the results of this actual

case will correspond to the results of the distribution of 90% through traffi cinthe a rchetype

simulations, which are discussed in Section 5.6 . For the alternatives with initially three lanes the

extended alternative performs best and the societal benefits for this alternative outweigh the costs.

For the alternatives with initially four | anes, O0the base
best as well. Therefore, the unbundling measure is expected to not be societal beneficial in the

actual either.

Moreover, the distribution of local traffic leaving the motorway at the first and the second off -

ramps differs from the distribution used in the simulation of the archetype ( Table 6-1, p.88). The
distribution of local traffic taking the first exit rises over the periods. Therefore it is expected that in
the base case no congestion occurs at the first on -ramp, because a higher share of traffic is leaving

the motorway at first exit. Besides, it is expected that no congestion will occur in the unbundled 3 -

1 with shortcut alternative o n the parallel road because of the same reason.

For the distribution of 90% through traffic and 10% local traffic in the archetype simulations, in all
alternatives congestion occurred, except in the extended and the unbundled 2 -2 alternative.  This
means that is expected that no congestion will occur in the no t-unbundled carriageway with four

lanes and the unbundled 2 -2 alternative in the actual case either. Therefore, they are expected to

perform better than the actual case.

For the alternatives with ini tially three lanes, the base case performed equal to the unbundled 2 -1
in the archetype simulation and the extended performed better than the base case. Therefore, it is

expected that the not  -unbundled carriageway with three lanes will perform equal to the unbundled
2-1 alternative and the not  -unbundled carriageway with four lanes will perform better than the

alternative with three lanes. Congestion occurred in the base case archetype simulation at the two

on-ramps and congestion occurred in the unbundled 2 -1 alternative at the junction where the

parallel road start and where the main carriageway and the parallel road merge again.

For the alternatives with initially four lanes, the extended alternative performed better than any of

the other alternatives. Ho  wever, in the unbundled 2 -2 alternative no congestion occurred either.
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The total time spent and the total distance travelled are slightly hi gher for this alternative, but can
be explained by the presence of the parallel road. The maximum speed on this lane is 20 km/h
lower than on the main carriageway and the route via the parallel road for through traffic is slightly

longer than the one via the main carriageway. Since the speeds on the main carriageway and the

parallel road are equal for the actual case at the A4 near Leiden, it is expected that the difference

of the performance between the unbundled 2 -2 and the extended alternative will be smaller.

When comparing all alternatives to the actual case, it is expected that the alternatives with initially
four lanes will perform better. The actual case has initially three lanes as well, which is decreased
by one lane just after the beginning of the parallel road. This is one of the main bottlenecks in this
case. Therefore it is expected that any alternative wit h three lanes on the main carriageway
(initially four lanes) will perform better. The other main bottleneck is when the main carriageway
and the parallel road merge again. Since the same amount of lanes is available at the bottlenecks

in the unbundled 2 -1 alternative it is expected that this alternative will perform equal to the actual

case.
6.4 Results

As for the result of the archetype simulations, the results are for  alternative are  expressed in the
network performance (indicators), the visualisation of th e location of congestion and the outcome

of the cost -benefit analysis. The conclusions are drawn based on those three results. The tables

and figure contain the same aspects as shown for the simulations of the archetype.

Therefore, atable with the netwo  rk performance of  the actual case and  all six alternatives will be
shown. Besides, the performance of each alternative is again shown for the main carriageway and
the parallel network parts separately. By showing the results for the network parts separatel y, it

can be seen in which sub network  delays occur.

Secondly, the location of congestion for each alternative will be shown. Si nce each simulation

exists of 12  time periods of 15 minutes, one of the periods had to be chosen to visualise the

congestion of. The congestion is ,again, the worstineach5 ™ period of the simulations and
therefore chosen to visualise. As for the archetype simulations, i thas to be not ed that there is a
difference between congestion (i.e. jammed traffic) and slow -moving traffic.

Lastly, the cost -benefit analysis results. The societal costs and benefits will be shown for each
comparison. Since the effects are roughly estimated, the amou nts are rounded to the nearest
thousand euros. It is not possible to round to then thousands, because otherwise some amounts

disappeared from the CBA.

Since alternatives can only be compared when they have initially the same amount of lanes and in

order to not compare separate issues, the networks with initially three lanes are compared and the
networks with initially four lanes are compared separately for each distribution of through and local

traffic. Besides the same comparisons have to be made as for the archetypes simulations in order
to verify the results of the archetype simulations. Therefore, the  not -unbundled carriageway with
three lanes will be compared to the unbundled 2 -1andthe not-unbundled carriageway with four

lanes and the not-unbundled carriageway with four lanes, will be compared to all other unbundled

Page 91 of 153



alternatives. Moreover, all six alternatives will be compared to the actual case in order to say

something about which alternative is the option to solve the problems at the bottlenecks.

As for the archetype simulations , an alternative (network) performs better than another one when

the total distance travelled and the average speed increase while the total time spent and the total

delay decrease. When the average speed increases, that me ans that there is less congestion (in at
least one part of the network). Since no new traffic is attracted because of lower travel times, the

travel times decrease and the total time spent in the network decreases as well. With this, more

vehicles can pass the network in a shorter time, which means that the total distance travelled

increases and the total delay decrease.

6.4.1 N etwork performances

In this section the results of the actual case, the A4 near Leiden, will be shown and discussed.

Table 6-4 (p. 93) shows how the alternatives perform and in Figure 6-10 (p. 94) is visualised where
congestion is located in the actua | case and all alternatives.

The actual situation of the A4 near Leiden is simulated as good as possible by , as explained earlier,
adapting the capacity on some links and by changes in the traffic amount between OD -pairs in

some of the periods . Figure 6-9 shows the speed contour plot of the actual case after simulation
generated by MARPLE. In this situation the parallel road stars at 3 and ends at 6. As can be seen
the bottlenecks are replicated at the same places ( Figure 6-7 & Figure 6-9). Due to the congestion
(and spillback) that occurs at link 5 because of the disappearance of one lane, the access to the
parallel road is blocked. This causes the low average speeds and the high total delay and high total

time spent in the network.

Speed contour plot for route part 1
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Figure 6-9. Speed contour plot simulated actual case, A4 near Leiden, MARPLE

Initially three lanes

When comparing only the three alternatives with initially three lanes, the results correspond to the
results of these cases in the simulations of the archetype with a distribution of 90% through traffic

In those was expected that the not unbundled carriageway with four lanes (i.e. extended
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alternative ) always performs better than the not unbundled carriageway with three lanes (i.e. base

case). Once again, this turns out to be true.

It was also expected tha  tthe unbundled 2 -1 alternative performs equal to the not -unbundled
carriageway with three lanes. This turns out to be true as well. The total time spent in the network

is for both alternatives the same, the total delay differs just with 10 hours and the average speed

is equal as well. Therefore, the results for the alternatives with initially three | anes are in line with

the results of the archetypes simulations.

However , the expectation that no congestion occurred in the base case at the first on -ramp did not
come true (Figure  6-10, p .94). But, the second on  -ramp is not the bottleneck anymore. Since
much more traffic is entering the motorway at the second on -ramp than in the archetype

simulations, this bottleneck stays and the congestion spills back throughout the network.

Table 6-4. Simulation results of all alternatives for actual case, A4 near Leiden

Travel time Distance travelled
Total (min) (km)
distance | Total time | Total Average
Network | travelled | spent delay speed

part (veh*km) | (veh*hrs) | (veh*hrs) | (km/hr) Car Freight | Car Freight

Actual case Total 157984 3431 1911 46 3023 408 139160 18824
1 136907 2773 1475 49
2 21077 658 435 32

Not. Unb. 3 Total 156830 4199 2691 37 3690 510 138106 18723
1 152008 4139 2690 37
2 4822 61 0 80

Not. Unb. 4 Total 156970 1629 47 96 1422 207 138230 18740
1 152156 1569 47 97
2 4815 60 0 80

Unb. (21) Total 157774 4199 2681 38 3692 507 138976 18799
1 136806 3535 2239 39
2 20968 664 442 32

Unb. (31) Total 157818 1786 196 88 1569 217 139014 18805
1 136199 1403 41 97
2 21620 383 155 56

Unb. (22) Total 158175 1643 49 96 1435 208 139321 18854
1 124460 1284 39 97
2 33715 359 10 94

Unb. (31) Total 158443 1725 128 92 1508 217 139559 18884
& shortcut 1 131985 1360 40 97
2 26457 365 88 72

Initially four lanes

Secondly , the four alternatives with initially four lanes will be compared. The not -unbundled
carriageway with four lanes, has the lowest total time spent in the network and the lowest total

delay. However, the unbundled 2 -2 alternative has the highest speeds. The speed maximum
speeds difference between the parallel road, 100 km/h, and the on - and off -ramps, 80 km/h, need
to be taken into account here. The second network part of the unbundled 2 -2 alternative exists of

the parallel road and the on - and off -ramps, wh ile the second network part in the not -unbundled
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carriageway with four lanes exists of on - and off -ramps only. Therefore the average speed of the

not -unbundled alternative will never be higher than 80 km/hr.

That the unbundled 2 -2 alternative performs sli ghtly better than the not -unbundled situation, while
it did not in the archetype simulations, can be explained by the maximum speed limits. Since there

is no difference between the maximum speed on the main carriageway and the parallel road and

the route v ia the parallel route is just slightly longer, the differences in travel times between the

two routes become very small. This is in line with the expectations.

The unbundled 3 -1 alternative performs worse than the not -unbundled carriageway with four lanes
and the unbundled 2 -2 alternatives. The unbundled 3 -1 alternative has a higher total times pent,

higher total delay and a lower average speed than both of the other two alternatives.

In the archetype simulations, the alternative with the shortcut never performed better than the
unbundled 3 -1 alternative. However, the problem did not occur in the actual case. Apparently, the
problem was caused by  an unhappy combination of the number of routes, the capacity on the | inks

and the traffic demand.

The expectation that no congestion would occur in the unbundled 3 -1 with shortcut alternative at
the first on -ramp came true. The bottleneck, however, moved to the first exit, because of the
increased distribution of local tra ffic that wants to take the first exit. This exit does, with its one

lane, not provide enough capacity.

Initially 4 lanes
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Figure 6-10. Visualisation congestion all alternatives (Actual case, A4 near Leiden)
Therefore, these results, except for the alternative with shortcut, are also in line with the results
for the archetype simulations with a distribution of 90% through traffic. The not -unbundled
carriageway with three lanes performed best of the alternatives with initially three lanes and the
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not -unbundled carriageway with four lanes and the unbundled 2 -2 alternatives performed the best

of the alternatives with initially four lanes.
The actual case

First the actual case will be compared to the not unbundled alternatives. A s can be seen from  Table
6-4 (p. 93), a not unbundled infrastructure with three lanes on the carriageway does not provide

enough capacity to handle traffic without any major delays. The total delay is higher than for the

actual case. Therefore, the total time spent is higher as well and the average speed is lower. From

this can be deduced that a not unbundled carriageway with three lanes does not perform better

than the actual case.

Unlike the not unbundled carriageway with three lanes, the not unbundled carriageway with four

lanes does perf orm much better than the actual case. Besides, no congestion occurred in this

alternative. Therefore, the total delay and the total time spent in the network are low, the lowest of

all alternatives. Moreover, the average speeds are (almost) equal to the ma ximum allowed speeds,
which also indicates the absence of congestion. Therefore, the alternative consisting of a not

unbundled carriageway with four lanes performs better than the actual case.

Secondly the actual case will be compared to the other alterna tive with initially three lanes, the
unbundled 2 -1 alternative. In the unbundled 2 -1 alternative congestion occurred at the same

locations as in the actual case ( Figure 6-10, p. 94), but in the alternative the congestion spills

further back. Therefore, the unbundled 2 -1 alternative has a higher total time spent, a higher total
delay and lower average driven speeds than the actual case. It can be stated that the unbundled 2 -

1 alternative performs worse than the actual case.

Thirdly, all alternatives with initially four lanes will be compared to the actual case. In the
unbundled 3 -1 alternative the vehicles spent almost half of the time in the network ( Table 6-4,
p.93). Besides, the total delay is significantly lower than in the actual case as well. Moreover,
congestion only occurred on the parallel road at the second on -ramp ( Figure 6-10, p. 94).Link 18

does not meet the capacity to accommodate the traffic that is already on the parallel road and the
traffic that enters the motorway at the second on -ramp. However, the u nbundled 3 -1 alternative
does perform better than the actual case. The biggest bottleneck that exists in the actual case, that

the main carriageway goes from three to two lanes, has been removed in this alternative.

In the unbundled 2 -2 alternative the vehicles spent less than half of the time in the network than

the vehicles in the actual situation ( Table 6-4, p. 93). The total delay is low and the average speeds
almost reaches th e maximum allowed speed. Besides, no congestion occurred in the unbundled 2 -2
alternative either (Figure 6-10, p. 94). Therefore this alternative also performs better than the

actual case.

As in the not -unbundled carriageway with four lanes and the unbundled 2 -2,inunbundled 3 -1 with
shortcut no congestion occu  rred either ( Figure 6-10, p. 94). Also in this alternative the total time
spent is lower, the total delay is lower and the average speed is higher than in the actual case.

Therefore, the unbundled 3 -1 alternative performs better than the actual case.
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Since all alternatives with initially four lanes perform better than the actual case, it can be stated
that more capacity is ne eded on the main carriageway. The not -unbundled carriageway with four

lanes and the unbundled 2 -2 alternatives are the best options in order to solve the bottlenecks.

6.4.2 Cost -benefit analysis

Also for the CBA the alternatives with initially three lanes and initially four lanes are compared.
Besides, all six alternatives are also compared to the actual case in order to say something about

which alternative is the option to solve the actual problems at the bottlenecks.

Table 6-5 shows the results of the cost -benefit analysis for the alternatives with initially three and

with initially four lanes. In the cost -benefit analysis for the archetype simulations wi th a distribution
of 90% through traffic, only the extended alternative (not -unbundled car riageway with four lanes)
lead to societal benefits. This is also true for this actual case, all other alternatives lead to societal

costs. In the archetype simu latio ns the unbundled 2 -2 lead to the least societal costs for the
alternatives with initially four lanes. The unbundled 3 -1 alternative leaded to more societal costs.

This also turned out to be true for this actual case. The only difference is that the unbundl ed3-1
alternative with shortcut leads to less societal costs than the unbundled 3 -1 alternative without

shortcut. But, due to the performance results this could be expected.

Table 6-5. Cost -benefits results

Not-unbunlded 3 lanes & Unbundled 2-1 Not-unbunlded 3 lanes & Not-unbundled 4 lones
8 Costs Benefits Costs Benefits
% Inv. & Maint. | £ 15,980,000 £ - Inv. & Maint. | £ 7,020,000 € -
E Travel times | € - 3 - Travel times | € - 3 -
8 Car| € 90,000 € - Car| € - € 120,390,000
< Freight | € - B 650,000 Freight | € - £ 78,500,000
> Emissions € - € - Emissions € - € -
E PM| £ 430,000 € - PM| £ 180,000 (£ -
E Nox| € 1,770,000 € - Nox| € - € 2,090,000
- Coz|€ 840,000 € - Coz|€ - € 50,000
Safety ++ Safety -
Noise 0 Noise 0
€ 19,110,000 € 650,000 € 7,200,000 € 201,020,000
Total € -18460,000 £ - Total € - € 193,880,000
8 Not-unbundled 4 lanes & Unbundled 3-1 Not-unbundled 4 lanes & Unbundled 2-2 Not-unbundled 4 lanes & Unbundled 3-1 & shu
% Costs Benefits Costs Benefits Costs Benefits
: Inv. & Maint. [e€ 16,590,000 € - Inv. & Maint. | € 19,420,000 € - Inv. & Maint. | € 17,830,000 € -
8 Travel times | € - € - Travel times | € - € - Travel times | € - € -
e Carl € 7,790,000 € - Carl € 650,000 € - Carl € 4,580,000 € -
> Freight| € 2,750,000 € - Freight| € 360,000 € - Freight| € 2,540,000 € -
< Emissions € - € - Emissions € - € - Emissions € - € -
Z*g PM| e 910,000 € - PM| e - € 130,00( PM| € 210,000 € -
- Nox| € 5,180,000 € - Nox| € 230,000 € - Nox| € 1,060,000 € -
CO7 e 2,230,000 € - CO7 e - € 150,00( COZ € 500,000 € -
Safety ++ Safety + Safety +
Noise 0 Noise ++ Noise +
€ 35,450,000 € - € 20,660,000 € 270,00( € 26,720,000 € -
Total € -35,450,000 € - Total € -20,390,000 € - Total € -26,720,000 € -
Overall, the results of the cost -benefit analysis are in line with the archetype simulations in the

previous chapter. Therefore, the unbundling measure is not societally beneficial for this distribution
of through and local traffic. This means that with a distribution of 90% through traffic, and in this

case 87%, the only alternative that leads to societal benefits is the not -unbundled carriageway with
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four lanes (i.e. extended alternative) when having initially three lanes. In case there are initially

four lanes, none of the alternatives seems a better option.

In order to say something about which alternative is the option to solve the problems at the

bottlenecks in the actual case , cost -benefits analysis are also executed for all alternatives in

compariso nto the actual case.  Table 6-6 shows the results of these CBAs. As can be seen from the
table, only for the not -unbundled carriageway with three lanes and the unbundl ed 2 -1 alternative
no travel times are gained. For all other alternatives the societal benefits that result from travel

time gains, do outweigh the societal costs, and lead to high societal benefits. Therefore it can be
said that, in order to solve the bot tlenecks, at least three lanes must be available over the full

length of the main carriageway or the parallel road should be provided with two lanes over the full

length of the parallel road.

Table 6-6. Cost -benefit analysis results (actual case, A4 near Leiden)

Actual situation & Not-unbunlded 3 lanes Actual situation & Not-unbundled 4 lanes Actual situation & Unbundled 2-1
» Costs Benefits Costs Benefits Costs Benefits
8 Reconstruction | € 7,630,000 € = Reconstruction | € 14,620,000 € = Reconstruction | € 690,000 € =
© Travel times £ - £ = Travel times £ = £ = Travel times £ = € =
% Car|€ 35,400,000 € - Car| € - € 84,990,000 Car|€ 35,500,000 € -
E Freight| € 26,370,000 € - Freight | € - £ 52,130,000 Freight| € 25,720,000 € -
“; Emissions € = € = Emissions € = £ = Emissions £ = € =
% PM| € € 530,000 PM| € = £ 350,000 PM| € € 100,000
= Nox | € € 2,240,000 Nox | € - € 4,330,000 Nox | € € 470,000
= o2 € € 1,110,000 coz| € = € 1,190,000 co2]€ = € 270,000
Safety - Safety - Safety 0
Noise 0 Noise = Noise 0
€ 69,400,000 € 4,070,000 € 14,620,000 € 143,160,000 € 61,910,000 € 870,000
Total € -65,330,000 € - Total € - € 128,540,000 Total € 61,040,000 €
8 Actual situation & Unbundled 3-1 Actual situation & Unbundled 2-2 Actual situation & Unbundled 3-1 & shortcut
% Costs Benefits Costs Benefits Costs Benefits
= Reconstruction | € 6,650,000 € = Reconstruction | € 6,750,000 € = Reconstruction | € 6,350,000 € =
8 Travel times £ - 3 - Travel times € - £ - Travel times £ - € -
= Car| € € 77,200,000 Car| € - £ 84,340,000 Car| € € 80,410,000
> Freight | € € 49,380,000 Freight | € = € 51,770,000 Freight | € € 49,590,000
% Emissions € = € = Emissions € = £ = Emissions £ € =
Z*g PM | € 560,000 € = PM| € - £ 470,000 M| € € 140,000
- Nox | € 850,000 € - Nox | € - € 400,000 Nox| € € 3,270,000
c02|€ 1,040,000 £ - co2| € - € 1,340,000 coz?| € - £ 700,000
Safety 0 Safety - Safety -
Noise + Noise 0 Noise 0
€ 9,100,000 € 126,600,000 € 6,750,000 € 142,030,000 £ 6,350,000 € 134,110,000
Total € - € 117,500,000 Total € - € 135,280,000 Total € - € 127,760,000
6.5 Conclusion
This chapter has aimed to verify the found results from the archetype simulations, which are
discussed in chapter 5. The results of these simulations are in this chapter verified by an actual
case, the A4 near Leiden, in which unbundling is applied recently .

In order to do so,th e altern atives of the archetype simulations are adjusted so they met the

characteristics of the actual case. The actual case and the actual traffic demand, obtained from a
license plate investigation, of the 1 st of September 2015 are used to reconstruct the bottle necks
and the length of the congestion. Alternatives with initially three lanes and the alternatives with

initially four lanes are compared, but all six alternatives are also compared to the actual case in

order to say something about the best alternative for solving the bottlenecks in reality.
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The unbundling measure is not societally beneficial for the actual case. This means that these

results are in line with the archetype results. For each case with initially three lanes, it is the best
option to ex ten d the motorway with one lane . Both the results of the performance as well as the
results of CBAs show this. Therefore it can be stated that it was not a good idea to unbundle the

infrastructure at the A4 near Leiden.

Moreover, it turned out that in order to solve the bottlenecks in the actual case, at least three lanes
must be available over the full length of the main carriageway, instead of partly two, or the parallel

road should be provided with two lanes over the full length of the parallel road (and t wo lanes on
the main carriageway  as it is in the current situation ) in case of an unbundled situation. It can be
questioned if this situation at the A4 near Leiden should have been unbundled, because the not -
unbundled main carriageway with four lanes lead to a great performance and societal benefits as

well.
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7 Conclusi on & Recommenda

This chapter provides the conclu sions to the main research question through its sub

questions and those are presented in Section 7.1 . Additionally, Section 7.2 provides

recommendations for further research.

7.1 Conclusions

Two main goals were appointed for this study. On the one hand, the si tuations in which unbundling
can be considered an option and , on the other hand, circumstances under which unbundling can be
deemed benef icial. Consequently, the following research question was specified:

6ro what extend can unbundling of traffic flows be considered as a potential solution in
solving bottlenecks on motorways and are there (any) circumstances in which

unbundling can be deeme d societally beneficial ?6

7.1.1 Finding viable solution

Unbundling of traffic flows can be considered a potential solution in solving bottlenecks on

motorways, but  to a limited extend. A base case (road design/infrastructure) and five alternatives

were tested un der two circumstances.  The circumstances under w  hich these alternatives  were
tested are the distributi on of through and local traffic , and the (total) traffic demand. There are six
distributions of through traffic determined which start at 50% through traffic till 100% through

traffic, with steps of 10%. Besides, the determined traffic demand was raised by 10% and 20% in

order to test the robustness of the alternatives. There were six alternatives, six distributions of

through and local traffic and three amounts of traffic demand. Therefore, 108 simulations were
executed. The simulations were evaluated based on road performance indicators and cost -benefit
analysis.

The unbundling measure can only be deemed societally beneficial for one alternative . The
unbundled alternative is societally beneficial under the circumstances of 50% through traffic and

50% local traffic and the initial traffic demand.  This alternative  consists of a main carriageway  with
two lanes and the parallel road exits of two lanes as well (the unbundled 2 -2 alternative ). However,
there are three main limitations on how the simulations are executed which will be explained later

on.

Moreover, w hen only evaluating based on the performance indicators, there is one more situ ation
in which an unbundled alternative performed the best. This is again the unbundled 2 -2 alternative,
but now under the circumstances of 60% through traffic and 40% local traffic and the initial traffic
demand. In none of the other simulations , an unbun dled alternative performed better than anot -
unbundled situation (extended alternative) or was societally beneficia  I. This can partly be explained
by the high investment & maintenance costs for unbundled alternatives in comparison to building

an extra lane

Page 99 of 153



Besides, in order to say something about the robustness of the unbundling measure, the traffic

demand was increased with 10% and 20%. From this it can be concluded that the performances of

the alternatives come closer together when the traffic demand inc reases. Moreover , it can be
concluded that the extended and the unbundled 2 -2 alternatives perform the best under increased

traffic demand circumstances and therefore are the most robust alternatives.

7.1.2 Main limitations

The three main limitations are discussed hereafter, but the conclusions will probably not be

influenced by them.

First of all, besides the two circumstances , all data was static.  The circumstances under which the
alternatives have been tested are the dist ribution of through and local traffic, and the (total) traffic

demand. The distribution of local traffic that took the first exit was 20% and local traffic that left

the motorway at the second off -ramp was 80% in all simulations. A different distribution o f this
local traffic can have a huge impact on the performance of some alternative s. Besides, MARPLE
does not take into account the effect of shorter travel times (road design change) attract ing more
traffic . Therefore, the traffic for each OD -pair was sta tic as well.

Secondly, the simulations are strongly simplified. Only t wo types of vehicles are taken into

account, no road design parameters are considered, no weather conditions and no accident s
(unusual situations) are taken into account. However, the simulations of the actual case , in which

actual data was used, verified the results of the archetype simulation.

Lastly, two reasons for applying unbundling include freeing a part of the traffic from turbulence
because of weaving areas and because unbundle d situations are assumed to be safer. Due to
turbulence weaving areas have less capacity than the standard capacity known for the amount of

available lanes , which is not taken into account in the simulations . Therefore, it could be the case
that some alter natives performed better in the simulations than that they would do in reality.

Besides, t he effects of safety could not be monetarized and are therefore roughly qualitative ly
estimated. This can mean that CBAs for some alternatives are more negative than that they would

be with the safety effects taken into account. Nevertheless , these effects are not taken into

account but can have a significant influence on the simulations and CBA outcomes.

7.1.3 An swers tosub  -questions
The rest of this section will provide the answers to the sub -questions presented in Section 15.
1. What is meant by unbundli ng?

Unbundling is generally in defined as follows: separation of disparate traffic (flows) which all ask
for different handling qualities (speed, travel time, etc.) (i.e. Level of Service). However,
unbundling is in this study defined as the separation of through and local traffic. Local traffic is

defined as traffic that enters or leaves the motorway (or both) in the considered network.

Besides that this type is the most common type, the documents of The Ministry of Infrastructure
and the Environment  refer explicitly to the separation of through and local traffic. Moreover, they

also state that unbundling should be considered during the exploration phases of infrastructural
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projects on solving bottlenecks on motorways. Besides, unbundling is described as th e separation
of through and local traffic within Rijkswaterstaat as well and this type of unbundling is also of

most interest for Rijkswaterstaat.

Unbundling in practice is in this study understood as static separation by the presence of a parallel
road which has to be a continuous road. Therefore, it must be possible to drive with a constant
speed on this parallel road, without any disruptions (e.g. roundabouts or intersections). The

parallel carriageway should begin and end at the same motorway.
2. In which situations can unbundling be applied?

There are three situations in which unbundling can be applied: policy -, safety - or capacity reasons.
First, unbundling can be applied due to policy reasons . In these situations, unbundling is

considered as the main instrument in order to reach the goal. The main decision is which traffic
flows to separate. Secondly, applying unbundling because of safety reason i s to prevent any
accidents or deaths. Thirdly, problems with a capacity nature, can be described as; traffic flows are

not getting the LoS they ask for or they should get. In order to provide (one or more) traffic flows

with the LoS asked for, redistributi on can be the solution  to do this . Therefore, capacity problems
refer to the redistribution of capacity, not necessarily to solving the capacity problem itself. A

decision tree was  built of these situations in which unbundling can be applied.
3. How can cos ts and benefits of an unbundling project be determined?

In this kind of infrastructural road design projects , the most significant factor are the investment
costs (including maintenance) and the travel time gains. This is because the main effect of a road
extension project, is usually to shorter travel times. Furthermore, the externalities taken into

account include safety, emissions and noise pollution.

The investment and maintenance costs are determined with the SSK 9 method and are higher for
unbundling t han for building an extra lane . Therefore, more travel time gains and less congestion

was needed in unbundled alternatives in order to be societal beneficial. Travel time effects are
calculated based on the total spent time difference divided over car and freight traffic.  Since the

maximum speed on the parallel road (in unbundled situations) was lower than on the main

carriageway, the route via the parallel road took longer. However, when congestion decreased in

an unbundled alternative there were still tra vel time gains which lead to benefits. Local air quality
is mainly determined by the amount of nitrogen oxides and particulate matter, because the

concentrations of these components are often the closest to the health damage limits . The
emission is higher in case of congestion due to constant accelerating and braking. Besides, higher

speeds lead to more emission. Therefore, in case of no congestion the unbundled alternatives lead

to societal benefits because of less emissions. The saf ety and noise pollution effects could not be
monetarised and are qualitatively analysed. It is assumed that the bigger the difference in speeds

of weaving traffic, the less safe the situation is. In unbundled situations the weaving movements

take place at the parallel road, which means that not all traffic suffers from turbulence. Therefore,

® This method is used by Rijkswaterstaat to make cost estimation of infrastructural road design changes.
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unbundled situations are assumed to be more safe than not -unbundled situations. Besides, the
maximum speed at the parallel road is lower than on the main carriageway. T herefore, the weaving
movements take place at lower speeds (more homogeneity in terms of speed), which is assumed

to be safer. The effects of noise pollution are expressed in the size of the traffic flow, the speeds

and the acceleration. When more lanes ar e available (comparing alternatives at the same location

in each network), more vehicles can drive over the same length of the road. This results in more

noise production. Therefore alternatives with more lanes have a negative influence on noise

pollution. Secondly, h igher speed causes higher noise levels. Since only alternatives will be

compared with initially the same amount of lanes and the maximum speed on the parallel road is

lower than on the main carriageway, it is assumed that all unbundled alternat ives have a positive
effect on noise pollution. Lastly, the noise level increases during acceleration. Therefore,

congestion leads to more noise pollution than in situations without congestion
4. What performance indicators are needed in order to analyse ar oad network?

With the indicators can be perceived what effects the alternatives, changes in the infrastructure,

have on the network performance. Performance of a network
network is exploited and is a multi -faceted indicato r. Based on the performance indicators stated in
the 6Capaciteitswaarden | nfr as,tthe pecfarmance indicatorocensideredvie g e n 0

this study include a mount of vehicles loss hours (total delay), total distance travelled, congestion,

average s peed and the total time spent in the network (total travel time).
5. Which standard road designs (archetypes) can be defined?

This research question has been answered through defining different areas in the Netherlands for

which all possible motorway road designs have been determined. The areas include a rural area, a

radial area and an urban area. In order to determine all the possib le road designs in each area in
which unbundling could be applied, is looked to all already unbundled situation in the Netherlands.

There are five standard road designs (archetypes) defined for the urban area, which are shown in

Figure 7-1. The first archetype, straight through, is the only archetype that is tested under certain

430

&) Straight through / B} One node ) Twe nedes D} Three nodes E} Ringroad

circumstances.

Figure 7-1. Archetypes for urban area

6. Which model can be used for simulating both the archetypes and a real -life case?
A list of criteria was determined and all simulations models that are currently used in the
Netherlands and internationally were listed in order to choose a simula tion model. The criteria that

are determined include that the model should simulate macroscopic, it must be possible to insert
the capacity of the links and the OD matrix as input, the simulation must be dynamic (en -trip route
choice), simulation of differ ent user classes must be possible (car and freight) and the model

should be able to simulate motorway. Besides, a ccess to the simulation models must be obtained
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without paying  for it or without using the tria | version. Moreover, the model had to be able to

provide the defined performance indicators as output. The model that met all criteria was chosen

and isnamed MARPLE, which i s an abbreviation of oO0OModel for Assi

Evaluationo. MARPLE i s fast and s i mechoee. nMbhedmodel dbeb 3 t can

however, not take into account the effect that when shorter travel times are provided, more traffic

is attracted. Therefore, the amount of traffic demand stayed the same for all simulations.

7. Which circumstances that may influence the performance of unbundled networks can be

defined?

Since unbundling of through and local traffic is mainly done in order to improve the traffic handling
and free through traffic of turbulence. It is assumed that the distribution of through and local t raffic
has the highest impact on the performance of an unbundled network. Therefore, six different

distributions of through and local traffic are determined:

50% through traffic - 50% local traffic
60% through traffic - 40% local traffic
70% through traf ~ fic - 30% local traffic
80% through traffic - 20% local traffic
90% through traffic - 10% local traffic
100% through traffic - 0% local traffic

= =4 =4 -4 -4 -

Through traffic is in this case considered the traffic that does not leaves or enters the network and
local traf fic is considered the traffic that enters the network at node 1 and takes either the first or

the second off -ramp.

Besides, the other circumstance concerns the amount of traffic demand. Therefore, an initial demand

was determined and increased with 10 and 20 percent.

8. Is there a relation between the circumstances and the performance of the unbundling

measure?

All the simulations are evaluated based on the network performances, the location (and length) of

the congestion and the cost  -benefit results.

For th e alternatives with initially three la nes, for all  of the distributions for through and local traffic
the extended alternative performed the best . Besides, the extended alternative also lead s in all
distributions, except  for the distribution of 60% through traffic, to the (highest) societal benefits.
With a distribution of 60% through traffic, the travel time gains did not outweigh the costs.

However, based on these result s only, it can be said that unbundling alternative cannot be

considered an option ins  ituations with initially three lanes.

Unbundled is only societal beneficial for on e of the alternatives  with initially four lanes, namely the
unbundled 2 -2 alternative.  For all other alternatives the with initially four lanes none of the

unbundled alterna tives lead to societal benefits. Although, the unbundled 2 -2 alternative performed
better than the extended alternative in for both distributions of through traffic of 50% and 60%.

Only for a distribution of 50% through traffic, the unbundled 2 -2 performed better and lead to
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societal benefits. In all other considered distributions for through traffic the extended alternative is
turned out to be the best option. Since the extended alternative is the base case for alternatives

with initially four lanes, this means that o6do nothingd is the best

9. Can the found results be verified by an actual study case?

The results from these archetype alternatives were compared to the unbundled situation at the A4
near Leiden. This is done in order to verify the found results of the simulations of the archetype
alternatives . All the simulations are evaluated by the performance indicators and by cost -benefits

analysis as well. In order to do so, the alternatives of the archetypes simulations are adjusted so

they met the characteristics of the actual case. The actual case and the actual traffic demand,

obtained from a license plate investigation, of the 1 st of September 20 15 are used to reconstruct
the bottlenecks and the length of the congestion. The distribution of through and local traffic in the
Leiden case is equal to 87% through traffic and 13% local traffic, which corresponds the best to the
distribution of  90% throu gh traffic and 10% local traffic as defined as a circumstance for the

archetype simulations.

It turned out that the results of both the performance and the costs -benefit analysis are in line with
the results of the archetype simulations for a distribution of 90% through traffic. Therefore ,

unbundling cannot be deemed beneficial for a distribution of 90% through traffic.

7.2 Recommendations

Since there are just a few studies on unbundling, the recommendations are split in practical and

scientifically recommen  dations.

7.2.1 Practical recommendations
There are four main practical recommendations determined

First, mainly static data is used in this study. For instance, the distribution of local traffic leaving

the motorway at the first or the second exits was fixed during this study. However, this can have a
major impact on the performance of the networks. It is assumed that when the local traffic is more

equally distributed over the two exits, the networks perform better. Therefore it is important to

also take this  distribution into account. Besides, in order to improve the applicability and the

reliability of the results, it is essential to define more circumstances and simulate more different

road designs to get a better overview. Another static aspect were that during the simulations the
exit turned out to be the bottleneck because the off -ramps exist of one lane . Therefore, the whole
network was blocked and nothing could be said about unbundling being a good option to

implement. It is recommended to adapt the num ber of lanes onthe on - and off -ramps to the traffic

demand in order to provide enough capacity and to not create the bottleneck there.

Secondly, t he only variation taken into account in this study is the distribution between through
and local traffic. Mor e circumstances should be taken into account than only this one. For instance,
what happens when accidents, other time of day, detours or bad weather occurs. Besides, in order

to create a manual on under which circumstances unbundling can be deemed an opti on, itis
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important that all possible road designs on motorways in the Netherlands are included. Therefore,

all archetypes (i.e. road designs) should be included to create a complete overview.

Additionally, decreased capacity in weaving areas is not taken into account during the simulations.
Due to the turbulence that usually occurs at weaving areas the capacity is lower than for the
standard capacity for the amount of lanes available. Therefore, the performances of the

alternatives (networks) are probably overestimated.

Lastly, in order to say something about robustness, alternatives with shortcuts should be simulated
better. Besides, more and other circumstances will also have impact on the robustness. Therefore,
it should also be taken into account that the distribution of through local traffic should not be
varying too much during the day. Otherwise, it is possible that the unbundled measure works fine
between 07:00AM and 10:00AM (peak hours) and because the distribution of through and local

traffic dif fers during the day or during the weekend, this leads to new problems/ bottlenecks.

7.2.2 Scientifically recommendations

The one main scientifically recommendations is to conduct research on the monetarisation of safety

and noise effect in unbundled situations in order to execute more reliable cost -benefit analysis. It
should be investigated what the effect of unbundling is on those effects and maybe even more

important, how big the effect is and how this can be captured in values or risks. This is important

because safety can have a much bigger influence (positive or negative) on the outcome of the cost -

benefit analysis than travel time effects.

The other recommendation is to conduct more research on unbundling itself. Currently, there are
only studies which a  ddress only one specific way of unbundling and some specific reasons for
applying it. However, it not really known what the effects are of the unbundling measure. This can
be illustrated by the fact that the results of the already unbundled situations in t he Netherlands are

varying.
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A. Unbundled situations in the Netherlands
A1l. List of unbundled situations
The list of unbundled situation in the Netherlands, composed by Van der Velden (2015) ,is used as

starting point for the this current list of unbundled situation. This list is adapted to the definition of

unbundling used dur ing this study (Section 2.1.3) and, the recent applied unbundling situations are

added (Walhout, 2016; van Loon, 2016) . The situations that are not considered as unbundling in in
this study, but are considered as unbu ndling by Van der Velden, are shown in Table 8-1(p. 114).
The list with all the unbundled situation in the Netherlands can be found Table 8-2 (p. 114).

Following is some explanation about the information that can be found in each column:

Location : where in the Netherlands the unbundled situation is located.
Nodes :the amount of connected motorways. 0.5 means that the connected motorway is
not crossing the other motorway, but is only connected. 1 means in almost every situation
that the node is designed as a cloverleaf interchange. This column also shows which
motorway is connected.
1 Connections :the amount of roads (excluding motorways) connected to the motorway.
One connections is defined as one on -ramp and one off -ramp.
T Unbundled flows : which traffic flows are separated. As mentioned in Section there are
only three types that occur in the Netherlands: separation of through and local traffic,
Public and/or freight traffic. There is one special type, which is not mentioned in the report:
reversible lane. In this situation an extra lane is located in the middle of two ca rriageways,
which can be used as an rush  -hour lane. Only one of the carriageways (one of the
directions) at the time can use the lane. This can also be seen as a form of separation of
local and through traffic, because traffic that makes use of the reversi ble lane cannot exit
the motorway.
In this column is also mention what kind of node there is when two motorways are

intersecting. There are three options:

N

Cloverleaf intersection Trumpet intersection 4-level stack

https://www.wegenwiki.nl/Knooppunt

1 Type : how the traffic flows are sep arated, physical or non  -physical.

Page 113 of 153


https://www.wegenwiki.nl/Knooppunt

Table 8-1. All unbundled situation in the Netherlands

Functional
Nr | Road Location Nodes Connections | Unbundled flows Type
1 |A1 |Amsterdam <>Muiden 0.5 (%2, ABRAT) 1 Reversible lane Physical separation
Node Muiderberg - Diemen
2 |A1 |Diemen 0.5 (A9) 1 Through and local traffic Mon-physical separation, flexible poles
West of node Diemen
3 a1 Eemnes 1(Az7) 2 Eastfwest | Through and local traffic Physical separation
Node Eemnes Coverleaf interchange
4 |a1 Hoevelaken 1 (az8) 1 East Through and local traffic Physical separation
Node Hoevelaken Cloverleaf interchange
5 |A2 |Holendrecht 0.5 (%2, AS&AZ) 1 Middle Through and local traffic Physical separation
Node Holendrecht Separation over two nodes
6 |az Utrecht 1(Aa1z2) 3 North Through and local traffic Physical separation
West of Utrecht - Node Oudenrijn End in cloverleaf interchange
7 o |az Den Bosch 0.5 (%2, AS9&A59) 3 Through and local traffic Physical separation
Node Empel - 5t Michielsgestel Separation over two nodes
& |A2 |Eindhoven 0.5(x3, ASORASERAGT) |6 Through and local traffic Physical separation
Node Ekkersweijer - Leenderheide Trumpet interchanges
9 |A79 |Maastricht ? ? Through and local traffic Physical separation, vertical
— Under construction—
10 |a4 |Hoofddorp 0.5 (A5) 2 Through and local traffic Physical separation
South of Node De hoek
11 |A4 |Den Haag westvliet 1(A12) 1 North Through and local traffic Physical separation
Nede Prins Clausplein 4-level stack
12 |A4 |Ypenburg 0.5 (A13) 1 South Through and local traffic Physical separation
Flaspoelpolder Trumpet interchange
13 |Aa10 |Amsterdam 0.5 (%2, AB&AS) 1 Reversible lane Physical separation
Coentunne!
14 |A12 |Ringroad Utrecht-Zuid 2 (AZ) (A27) 3 Middle Through and local traffic Physical separation
Node Lunetten - Qudanrijin Cloverleaf interchanges
15 |A15 |Brielle 0 1 Through and local traffic Fhysical separation
Oostvoorne
16 |A15 |Ridderkerk 1.5 (A16, 0.5 A38) 1 Through and local traffic Physical separation
Node Ridderkerk Cloverleaf interchange
17 |A15 |Gorinchem 1(A27) 1 Through and local traffic Physical separation
Node Gorinchem Cloverleaf interchange
18 |A16 |Brienencordbrug <> kralingen 0 4 Through and local traffic/ Physical separation/
Public transport & freight traffic Non-phvsical separation. line on pavement
1% |AZ0 |Terbregseplein 0.5 (A16) 1] Public transport & freight traffic Both physical and non-physical separation
Node Terbregseplein Trumpet interchange
20 |a28 |Utrecht <> Zeist 1(a27) 1 Through and local traffic Physical separation
Node Rijnsweerd Cloverleaf interchange
21 |AS0 |Beskbergen 1 (A1) o Through and local traffic Physical separation
Node Beekbergen Cloverleaf interchange
22 |A4  |Leiden 0 2 Through and local traffic Physical separation
Zoeterwoude-Rijndijk - Zosterwoude-Dorp
Table 8-2. Situations which are not considered unbundling
No Unbundling = sluipweqgen
Nr |Road |Location Reason
1 |a4 |Amsterdam (Zuidas) This is not unbundling because the parallel road is interrupted by a crossing.
2 |aa  |Leiderdorp This is not unbundling because the parallel road is interrupted by a roundabout.
Connection to N446
3 |A7 |Groningen This is not unbundling because the parallel road is interrupted by a roundabout.
Hoogkerk
4 |ag  |Diemen <> Holendrecht This iz not unbundling because the parallel road is interrupted by a crossing.
5 |a16 |Drechttunnel Fysical limits of the construction, because it is build in the '70s.
& |A37 |Hoogeveen There are no parallelroads in the cloverleaf interchange.
MNode Hoogeveen

At the A6, near Almere, is planned to apply unbundling and at the A35, near Borne, an unbundled

situation is removed.
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B. Characteristics base case and alternatives (infrastructure)

B1. Base case values

Length network - The length of the network is based on some roads located next to a city ,
measure with the measure tool in Google Eart h.

City Length  of network

Amsterdam 10,1 km (length) / 9,0 km (width)

Utrecht 7,8 km (length) / 5,9 km (width)

Rotterdam 8,5 km (length) / 10,6 km (width)

Eindhoven 9,7 km (length) / 6,3 km (width)

Den Haag 8,7 km (length) / 6,7 km (width)

Average 8,96 km (length) / 7,7 km (width)
Number of ramps - In order create a bottleneck, two connections are considered. Another

reasons for considering two connections, is that one of them can serve as the connection to

another motorway.

Number of lanes main carriageway i The amount of lanes on the main carriageway is set to 3.
In this way unbundled , 2 lanes on the main carriageway and 1 on the parallel road, and not

unbundled situations can be compared. The amount of lanes stays the same.

Number of lanes on off -and on ramps I The number of lanes on the entry and exit ramp is 1,

because this isthe = most common in the Netherlands.

Distance betweenon -offramps T 1 n t he &éGui del i ne DRijgsivagentaM@il®er way s o0
all numbe rs and values are given, which are needed for designing motorways. The table below

shows the minimal distances. In case of two consecutive convergence points (entering, merging),

just sum up the values in the table. In all other cases, take half of the sum of the values. This

comes down to:

1 Distance between exit and on -ramp: %2 * [Downstream of exit]+ %2 * [Upstream of
entrance] =% * 150m + %2 * 150m = 150m.
1 Distance between on -ramp and exit: ¥2 * [Downstream of entrance]+ %2 * [Upstream of
exit] =% * 750m + Y% * 750m = 750m.
Table 8-3. Road design values (Rijkswaterstaat, 2015)

Location road Design speed

section 120 km/h 90 km/h 70 km/h
Upstream of entrance 150 m 110 m 90 m
Downstream of 750 m 550 m 450 m
entrance

Upstream of merging 150 m 110 m 90 m
Downstream of 375 m 275 m 225 m
merging

Upstream of exit 750 m 550 m 450 m
Downstream of exit 150 m 110 m 90 m
Upstream of junction 150 m 110 m 90 m
Downstream of 150 m 110 m 90 m
junction
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Length of ramps ( connection lane s) T The length of connection lanes at several nodes are

measures with the measure tool in Google Earth.

Node Length of ramp
Holendrecht 570m
Hoevelaken 450m

Eemnes 480m
Ridderkerk 510m
Rijnsweerd 460m

Average 494m A 500m
B2. Additional network  characteristics for alternatives

The d istance between the  junction (towards the parallel road) and the first exit, is represented by

link 10 in the unbundled alternatives. Since the speed is 100 km/h on the parallel road, the length
of the link is based on a design speed of 120 km/h (Rijkswaterstaat, 2015) . Therefore, the length
of link 10 is:

Y * [Downstream of junction] + %2 * [Upstream of exit] = %2 * 150m + %2 * 750m = 450m.

Then, the distance between the second on -ramp (entrance) and the merging of the parallel road

and the main carriageway (also based on a design speed of 120 km/h):
[Downstream of entrance] + [Upstream of merging] = 750m + 150m = 900m.

This distance is repr  esented by the length of link 15 in the unbundled alternatives. Since, these are

two converging points, the values must be summed up (ibid.) .
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C. Example of input file simulations
This example concerns the base case, with at distribution of 60% through traffic at the initial

demand amount (0).
Network input file

/[Title
Base case, 60 -40,0
/[Parameters

;nrTimePeriods LengthTim LTimeStep ScaleFlow ScaleCap ScaleSpeed DemandPar

10 900 5 1.00 1.00 1.00 0
;ne ttype : number of subnetwork ;linktype: 0 = normal, 1 = controlled intersection, 2 = controlled
ramp meter, 3 = roundabout ;link, 4 = give way link :nrSG can be more than one, due to shared
movements ;CTR is controller number, nrSG is the number of traffic signals which control the link
and ;Signal(s) are the signal numbers. These should correspond with //TrafSignals. ;nrCL is
number of conflicting links and ConfLinks are the numbers of the conflicting links ;(only for
roundabouts and priority junctions).
/ILinks

;linknr nettype length nrlanes satflow speed type CTR nrSG Signal(s) nrCL ConflLinks
; (m) (veh/hr) (km/hr)
1000 3 6200 120 O
1000 3 6200 120 O
1400 3 6200 120 O
350 3 6200 120 O
750 3 6200 120 O

N

© 0o N o g b~ W N P
'_\

1 750 3 6200 120 O

1 350 3 6200 120 O
1 1400 3 6200 120 0
1 1000 3 6200 120 0
10 1 1000 3 6200 120 0
11 2 500 1 2100 80 0
12 2 500 1 2100 80 0
13 2 500 1 2100 80 0
14 2 500 1 2100 80 0

;nodetype: 0 = normal, 1 = input node, 2 = output node, 3 = controlled node, 4 = node with ramp

;metering, 5 = controlled node (FT), 6 = roundabout 1 lane, 7 = roundabout 2 lanes, 8 = give way

node ;In this network link 13 is for through traffic and link 14 is a left turn. That means that some
combinations for node 8 are not possible, e.g. also taking the off -ramp and then the on  -ramp.
These combinations are given a 1 and allowed combinations a 0. Route choice (if no routes are

specified) will take this into account. For metered nodes an up and downstream link is specified.

The algorithm  checks the flow upstream and the capacity downstream and will not all more

vehicles to enterthe  on-ramp (RWS algorithm). AllowedTurns can be used to block specific
movements on a node. For every incoming link T outgoing link combinationa 0 (  movement is
allowed) or 1 (movement is blocked) should be given.

/INodes

;nodenr type nin links nOut links  AllowedTurns
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© 00 N O O A~ W N P

A < =
N W N R O

15

1
0
0
0
0
0
0
0
0
0
2
2
1
2
1

/IOrigins

O R O B B B P NP P NP P P O

© © N o 0 A~ W N B
[y
o

;nrOrigins nodenrs
11 315

3

/IDestinations

:nrDestinations nodenrs
1112 14

3

/IOD table

1 11
1 12
1 14
13 11
13 14

1

1
1
1
1

;origin destination nRoutes Routenrs. timeperiod 1 -
1 3660 4026 3660 3477
2 488 537 488 464
3 1952 2147 1952 1854
4 400 440 400 380
5 100 110 100 95
6 1000 1100 1000 950

15 11

1

timeperiod n
2928 2379
390 317
1562 1269
320 260
80 65
800 650

;If distribution is specified MARPLE will use this to redistribute flows

commuters, type 2: business, type 3: other
type aline must  be specified with a distribution in

/IDistribution

;origin destination type timeperiod 1

1

1
1
1
1
1
1

11
11
11
11
12
12
12

- timeperiod n

1 85 90 90 85 85 85 85 85 85 85

0O 0 0OOOOOTOT OO
0 0 0OOOOOOTO OTO O

95 95 95 95 95 95 95 95 95 95

0 00 0O OOOT OGO ODDO

2
3
4 15 10 10 15 15 15 15 15 15 15
1
2
3

0 0 00 00O O OO0OTP O

1464
195
781
160
40
400

732
98
390
80
20
200

732
98
390
80
20
200

366
49
195
40
10
100

for the 4 LMS types: type 1:
travel purposes, type 4: trucks. For every OD pair and
percentage per time period.
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1 12 4 5 5 5 5 5 5 5 5 5 5

1 14 1 95 95 95 95 95 95 95 95 95 95

1 14 2 00 0O0O0OOO0OO0OTUO0OTO

1 14 3 00 0 0O O0OO0OO0O0O0TO

1 14 4 5 5 5 5 5 5 5 5 5 5

13 11 1 95 95 95 95 95 95 95 95 95 95

13 11 2 0 0 0 0 0 O0O O0O0ODO0TO

13 11 3 00O0O0O0OOO0OOTG OO

13 11 4 55 5555 5 5 5 5

13 14 1 100 100 100 100 100 100 100 100 100 100
13 14 2 0 0 0 0 O0O O0OO0OO0ODO0TO

13 14 3 0000 0 00 0 OO

13 14 4 0 00 O0O0O0OTO0OTO 0GOSO

15 11 1 95 95 95 95 95 95 95 95 95 95

15 11 2 000 O0O0OOOTG OO

15 11 3 00 O0O0O0OOOOTG OO

15 11 4 5 5 5 5 5 5 5 5 5 5
;If routes specified mode | will use these routes, otherwise it will generate it's own routes

Dijkstra algorithm. These routes are saved in 'routes.txt' and can be used later on.

'Routes' parameters in 'MARPLEparm.txt'.
/IRoutes
:Routenr nrLinksRoute Links

1 10 12345678910

2 4 12311

3 7 12345613

4 7 1256 7 89 10

5 4 12 5 6 13

6 4 14 8 9 10
//IRouteParts

:RoutePnr nrLinksRouteP Links

1 10 12345678910
;/[TrafSignals
;controller signal green cycle mingr maxgr
; (sec) (sec) (sec) (sec)
;//IRampMeters
;controller signal green cycle mingr maxgr uplink downlink percinc algCap
; (sec) (sec) (sec) (sec)
;/IVMSinfo
;linknr routeinfo incident deltaTeta

11 1 0 1.0

Page 120 of 153

by
See also



;userclass: 1=habitual, 2=unguided, 3=guided

;For the habitual travellers only the percentage has to be specified. The users are equally
distributed on the available routes. For the other users the percentage and a teta is specified: level
of information (the higher the more information travellers ha ve).

/lUserClasses

;userclass percentage teta
1 10 0.0
2 70 1.0
3 20 3.0

;user can specify initial flow distribution, if not present model calculates flow distribution  based on
distance or free flow (paramater initialAssign)

;/nitialFlows
;Route timeperiodl - timeperiodn

;User can specify events, which can be used to change link attributes during the simulation . This
change is relative to old attribut e.

;/[Events
;begintime endtime linknr nrlanes satflow vfree type

; (%) (%)

900 2700 3 -1 50 70 1
;User can specify links for a selected link analysis, but also to change the OD flows which these
links. A positive 'perc change' means extra traffic on that link. If this number is zero, only a
selected link analysis is performed. This change is relative to old attribute.
://SelectedLinks

;selected links perc change

3 5.0
11 0
;/[NetTolls (euro/km)
;nettype timeperiodl - timeperiodn

2 0.0 0.10 0.10 0.10 0.10 0.10 0.10
1 0.10 0.10 0.10 0.10 0.10 0.10 0.10

/ILinkTolls

;linknr toll (euro's)
1 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 2.00 2.00 2.00 2.00 2.00 2.00 2.00

;For visualisation purposes

://INodeCoordinates

;nodenr x -coord y -coord
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Parameters input file

/[Title
Simulation Parameters

/IGeneral
;Assign Optimization Metering SmoothG SmoothFlow DelayType InitialFlow ThresFlow ConvError
minCounter maxCounter

2 0 0 0 1 0 1 0 1.0 1 30

Assign parameter for assignment
0 = no assignment
1 = DDUO (deterministic dynamic user equilibrium)

2 = SDUO (stochastic dynamic user equilibrium with C -logit model using overlap
in routes)
Optimization parameter to determine optimisation of green times
0 = no optimization
1 = local optimization with Webster
Metering parameter to determine type of ramp met ering
0 = no ramp metering
1 = local ramp metering using capacity algorithm
SmoothG parameter to smooth the optimised green times or not
0 = no smoothing
1 = smoothing with g=gold+alpha*(gnew -gold)
SmoothFlow parameter to smooth the new route flows or not
0 = no smoothing
1 = smoothing with u=uold+delta*(unew -uold)
DelayType parameter for calculation of delay
DelayType = 0: basis for the calcultion of delay is the maximum speed specified
by the user

DelayType > 0: basis for the delay is the maximum speed specified by the user
and possibly adjusted with events

InitialFlow parameter to determine initial flows in the network at the start of the
simulation
0 = initial flows are zero
1 =initial flows aret  he same as for the first time period

ThresFlow threshold for the minimum flow for a route

ConvErr maximum allowed difference in flows between two iterations for convergence
(percentage of demand)

minCounter minimum number of iterations

maxCounter maximum number of iterations

/IAssignment
; rho beta gamma Kirchhoff initialAssign

10 1 2 0 0
rho parameter projection method
beta, gamma parameters C -logit model
Kirchhoff parameter to determine if Kirchhoff assignment is used

0 = stochastic assignment with overlap in routes
1 = assignment according to Kirchhoff's law
2 = stochastic assignment without overlap in routes

Page 122 of 153



initialAssign parameter for initial assignm ent
0 = initial assignment is based on distance
1 =initial assignment is based on free flow travel time, including
junction delay
2 = initial assignment is based on free flow travel time, without
jun ction delay

//LocalControl
;LContrMethod LOptPeriod
1 60

/IAntControl
;nrAssign nRTperiods optCriterium LTimeStepOpt

2 1 2 150
nrAssign number of assignment iterations to predi ct route choice
/IRoutes

;nrRoutes nrRand scaleFac linkCost linkEqual junctionDelay ODdist
1 60 0.66 1 1.00 0 1

nrRoutes maximum number of routes for each OD pair (route generation)
nrRand number of random generations to determine routes
scaleFac scale factor for scaling the random component

linkCost parameter for shortest path calculations:

0 = calculation is based on distance
1 = calculation is based on free flow travel time

linkEqual percentage of links that is allowed to be equal in routes
if higher percentage is found, routes are considered to be equal
JunctionDelay 0=c alculation of routes does not take into account delay at junctions
1 = calculation of routes does take junction delay into account
ODdist 0 = OD relations with flow smaller than ThresFlow are uniformly distributed

among other OD relations with same origin or destination
1 = OD relations with flow smaller than ThresFlow are distributed amont other
OD relations with same origin or destinati on, taking into account the flows.

/IVehPar
:VehLen TruckV minV1l minV2 Jal Ja2 Ja3 Ja4 Ja5 Ja6 Ja7 Ja8 Ja9
75 90 10 10 85 75 60 50 40 20 15 10 10

VehLen average vehicle length
TruckV free speed for trucks (used for travel time calcualations for trucks)
minV1 minimum speed for links with free speed > 90
minV2 minimum speed for links with free speed <= 90
Jal speed at ¢ ongestion for links with free speed > 110
Ja2 speed at congestion for links with 90 < free speed <= 110
Ja3 speed at congestion for links with 70 < free speed <= 90
Jad speed at congestion for lin ks with 60 < free speed <= 70
Jab speed at congestion for links with 50 < free speed <= 60
Ja6 speed at congestion for links with 40 < free speed <= 50
Ja7 speed at congestion for links with 30 < free speed <= 40
Ja8 speed at congestion for links with 20 < free speed <= 30
Ja9 speed at congestion for links with 0 < free speed <= 20
/[TollPar
;TollType ValTimel ValTime2 ValTime3 ValTime4
0 10.0 15.0 85 246
TollType type of toll: 0 = no tolling
1 =tolling on every link (price (euro) per km)
2 =tolling on specified links (//TollLin ks)
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ValTimel Value of Time (euro/hr) for travel motive 1 (commuting)
ValTime2 Value of Time (euro/hr) for travel motive 2 (business)
ValTime3 Value of Time (euro/hr) for travel motive 3 (other purposes)
ValTime4 Value of Time (euro/hr) for travel motive 4 (freight)

/[EventSimPar
;EventSimType EventSimAssign EventSimNriter

0 2 3
EventSimType Type of event simulation: 0 = no extra simulation o f events
1 = extra simulation of events
2 = extra simulation of events + VMS info
3 = extra simulation wit h only VMS info
EventSimAssign Value for Assignment type for extra simulation of events
EventSimNriter Number of iterations for extra simulation of events
//PlotPar
;MFDplot MFDperiod ContourPlot StartTime FlowPlot SpeedPlot ControlPlot TravelTimePlot
0 5 1 7 0 0 0 1
MFDplot flag to determine if MFD plots will be generated
MFDperiode aggregation period for the MFD plots i n minutes
ContourPlot flag to determine if speed contour plots for the route parts will be generated
StartTime start time of the contour plot in hours on a 24 hour scale (so 6 = 06:00 and
15.5is 15:30).
FlowPlot flag to genera te plots for link flows for the links specified in
the file 'MARPLE -Graphs.txt'
SpeedPlot flag to generate plots for link speeds for the links specified
in the file 'MARPLE -Graphs.txt'
ControlPlot flag to generate plots for timings for the signals sp ecified in

the file 'MARPLE -Graphs.txt'
/IEmissionPar
;truckperc excelout binout

15 0 O
//Output
;outputflag binary emissions

1 0 1

outputflag flag for output: 0 = minimal, 1 = normal, 2 = selec ted link, 3=LMS, 4 =
selected link + LMS
binary flag for writing output directly into the OmniTRANS database
emissions flag for calculating emissions from MARPLE output
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D. Index numbers used in CBA

Safety

Table 8-4. Social costs of safety (eurocent per vehkm)

Bibeko Bubeko
Auto 6,3 2,5
Bus 15 8,57
Motorfiets 6,3 10,7
Trein 25

Bibeko Bubeko
Bestelauto 2,4 3,5
Vracht solo 14,6 6,2
Vracht Combi 13,2 49
Trein 85,2
Binnenvaartschip 54

(Wever & Rosenberg, 2012)

Bibeko = inside the residential area

Bubeko = outside the residential area

Noise

Table 8-5. Index numbers on noise effects (eurocents per vehkm)

Voertuigcategorie Subcategorie Bibeko Bubeko
Personenauto Banzine 0,2 0,1
Diesel 1,3 0,1
LPG 1,0 01
Gemiddeld 1,1 0,1
Bus 9,7 0,4
Motorfists 13,0 1,9
Bestelauto 1,5 0,2
Voertuigcategorie <12t 9,7 0,4
=12t 13,0 0,6
Combi 16,2 0,2
Binnenvaart 0,0 0,0
Trein Passagier 180,1 14,1
Goederan 7204 56,0

(Wever & Rosenberg, 2012)
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E. Investment and maintenance costs base case

E1l. Input SSK model base case

1 %

berm hoofdrijbaan paralielbaan op- afrit
3 I;l 15.00 I;l25 0.00 3 I;I 8.00 [? 3
-

Hoogte is 0 mir.

I —
i Grondlichaam =" Talud
As van de lekiwegi

Dit is totale breedte van in 1 rijbaan [ is dus 1 rijrichting] 34.5 mtr.

\ "I Jiepte is 2 mir

breedte is 18 mir. |afwater|ng

Totale ruimte beslag t b v. aankoop onroerend goed 57.5 mir

stuks m Doorsteek

Aantal rijstroken hoofdrijpbaan stuks
Aantal rijstroken parallelbaan en doorsteek
Aantal rijstroken op- afrit stuks
Aanleg niveau rijpbaan t.o.v. M.V. [6 of 0 mtr.
1
Talud breedte is18 mtr. : mtr.
Diepte is 2 mtr. mtr.
KW over de Rijksweg hoogte t.0.v. M.V. mtr.
c C [oX T C C T = c [oX
g8 S S38 &% 5 8
22 S »ag K =
E2 ¥ %5@ 8§ g
58 58
28 28
E=Y
—
Eenheid nr. nr. mtr. mtr. nr. nr.
Zonder
parallelbaan 9000 2000
11
10 1000
10
9 1000
9
8 1400
8
500 14 15
7 350
500 13 14
7
6 750
6
5 750
5
500 12 13
4 350
500 11 12
4
3 1400
3
2 1000
2
1 1000
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E3. All the costs taken into account
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costs for each alternative

Investments

E4. Calculated

Investment & maintenance costs

Alternative

52,503,866.65

Base case

275.94

59,494,

Extended

-1

Unbundled 2

30

136.

72,486,016. 25

0 70,841,991.27

[32]
[c°]
©
o
~

-1
-2

Unbundled 3

Unbundled 2

-1 + shortcut

Unbundled 3
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F. Overview a Il simulation results
F1. Distribution of 50% through traffic

As already mention in the report (Section 5.2), the performances of the 10% and 20% increased

traffic simulations are in line with the performances of t
Therefore, the main capacity problems for the unbundled 2 -1, the unbundl ed 3 -1 and the

unbundled 3 -1 with shortcut alternatives occur on the parallel road at the first on -ramp. Since the

parallel road consist of only one lane, not enough capacity is provided to handle the traffic that

wants to leave the motorway at the second exit and the entering traffic at the first on -ramp
together. This has to do with the amount of traffic that enters the motorway at the first on -ramp,
by changing this amount, the results could be different. In the base case, the extended 2 -2 and the
extend ed alternatives, problems occurred because the second off -ramp exists of only one lane
(bottleneck).

Based on the performances and the location of congestion the extended alternative performs best
when having initially three lanes and the unbundled 2 -2 al ternative performs best with initially four

lanes. This also holds for the +10% and +20% traffic demand.
Increased traffic demand

The first thing that stands out is that with the increase of 10% traffic demand, not all traffic

departs and arrives in the un bundled 2 -1, unbundled 3 -1 and the unbundled 3 -1 with shortcut
alternatives. This also holds for the 20% increase of traffic demand. Therefore it can already be

stated that the other three alternatives are more robust and are more resilient to an increase of

traffic.

When comparing the base case to the extended alternative, it turns out that in both cases (+10%
and +20% traffic demand increase) the extended alternative performs better that the base case.
However, for the +20% traffic demand increase the di fference is very small between the
alternatives. In the extended alternative slightly more time is spent in the network but there is less
delay. Since the difference is so small between the extended alternative and the base case for

+20% traffic, it can be questioned if this would be an alternative.

The unbundled 2 -2 alternative performs in both circumstances better than the extended
alternative. In both cases the total time spent is lower, the total delay is lower and the average is
higher. It can be stat  ed that the unbundled 2 -2 alternative can cope with increasing traffic the

best.
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Travel time (hour) stance travelled (km
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Base case 12160 12581 12161 Total 81808 1914 1274 43 1726 187 74006 7801

1 78027 1848 1256 42
2 3781 65 18 58

Extended 12160 12581 12161 Total 81808 1572 874 52 1412 160 74006 7801
1 78027 1507 856 52
2 3781 65 18 58

Unb. (2-1) 12161 12292 12161 Total 81071 2506 3350 32 2276 230 73350 7721
1 63345 2070 3100 31
2 17726 436 250 41

Unb. (3-1) 12161 12291 12161 Total 81074 2419 2627 34 2195 224 73353 7721
1 63348 1982 2377 32
2 17726 437 250 41

Unb. (2-2) 12160 12598 12161 Total 82190 1219 494 67 1108 111 74363 7828
1 64022 590 56 109
2 18168 629 438 29

Unb. (3-1) 12161 11840 12161 Total 79135 2405 2961 3 2180 225 71600 7535
& shortcut 1 62037 2012 2748 31
2 17088 393 213 43
10%
Basecase 13376 13839 13376 Total 89987 2649 2394 34 2393 256 81405 8581

1 85828 2566 2363 33
2 4159 83 31 50

Extended 13376 13839 13376 Total 89987 2400 1633 38 2163 237 81405 8581
1 85828 2317 1602 37
2 4159 83 31 50

Unb. (2-1) 13265 12445 13376 Total 82903 2629 5134 32 2389 240 75008 7895
1 64929 2180 4874 30
2 17974 449 260 40

Unb. (3-1) 13376 12445 13376 Total 83421 2627 4257 32 2386 242 75476 7944
1 65446 2178 3997
2 17974 449 260

2&58

Unb. (2-2) 13376 13856 13376 Total 90405 1951 1155 1776 175 81796 8610
1 70841 1162 571
2 19564 789 583 25

Unb. (3-1) 13225 12013 13376 Total 80661 2537 4647 32 2301 235 72981 7680

& shortecut 1 63316 2136 4429 30
2 17345 401 218 43

20%
Basecase 14592 15097 14592 Total 98166 3267 3805 30 2953 2l 88804 9361

1 93629 3163 3757 30
2 4537 104 48 44
Extended 14592 15097 14592 Total 98165 3340 2605 29 3018 322 88804 9361
1 93629 3236 2557 29
2 4537 104 48 44
Unb. (2-1) 13364 12594 14592 Total 82889 2608 6979 32 2370 238 74996 7894
1 64678 2145 6708 30
2 18211 463 271 39
Unb. (3-1) 13765 12595 14592 Total 83702 2661 6084 2l 2418 243 75731 7971
1 65490 2199 5814 30
2 18212 463 271 39
Unb. (2-2) 14592 15115 14592 Total 98625 2731 2118 36 2489 241 89233 9392
1 77583 1806 1415 43
2 21042 925 703 23
Unb. (3-1) 13347 12184 14592 Total 80819 2539 6417 32 2304 234 73125 7694
& shortcut 1 63232 2130 6193 30
2 17587 409 223 43
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plot for '0" traffic demand

Table 8-6. Traffic flows for '0" traffic demand

RouteFlows (in veh/hr)

Base case

Route 1 2
1 3050 3355
2 610 671
3 2440 2684
4 400 440
5 100 110
6 1000 1100

Extended

Route 1 2
1 3050 3355
2 610 671
3 2440 2684
4 400 440
5 100 110
6 1000 1100

Unbundled 2-1

Route 1 2
1 2871.646 3231.823
2 178.354 123.177

3 610 671
4 2440 2684
5 400 440
6 100 110
7 1000 1100

3 4 5
3050 2898 2440
610 580 488
2440 2318 1952
400 380 320
100 95 80
1000 950 800
3 4 5
3050 2898 2440
610 580 488
2440 2318 1952
400 380 320
100 95 80
1000 950 800
3 4 5

2943.19 2793.895 2347.262 1880.818 1091.056
92.738 102.182

106.81 104.10%

610 580 488
2440 2318 1952
400 380 320
100 95 80
1000 950 800

6
1983
397
1586
260
65
650

6
1983
397
1586
260
65
650

6

397
1586
260
65
650

Extended

Specd contour piot for route pert 1

COTOD 0730 DROD  OR30 0900

Unbundled 31 + shortcut

Spead conour plot for iouta pa 1

.00 -
0700 0730 0800 0430 0M00

7 8 9
1220 610 610
244 122 122
976 488 488
160 80 80
40 20 20
400 200 200
7 8 9
1220 610 610
244 122 122
976 488 488
160 80 80
40 20 20
400 200 200
7 8 9
535.72& 535.28
128.944  74.272 74.72
244 122 122
976 488 488
160 80 80
40 20 20
400 200 200

54.50
200
o.00

10
305
61
244
40
10
100

10
305
61
244
40
10
100

10
267.624
37.376
61

244

40

10

100
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Unbundled 2-2

Route 1 2 3 4 5 6 7 8 9 10
1 2604.273 3227.192 2963.512 2817.195 2371.9€ 1927.628 1181.811 440.451 380.591 190.234
2 445727 127.80& 86.488 80.805 68.04 55.372 38.189 169.549 229.409 114.76€

3 610 671 610 580 488 397 244 122 122 61
4 2440 2684 2440 2318 1952 1586 976 488 488 244
5 400 440 400 380 320 260 160 80 80 40
6 100 110 100 95 80 65 40 20 20 10
7 1000 1100 1000 950 800 650 400 200 200 100

Unbundled 3-1

Route 1 2 3 4 5 6 7 8 9 10
1 2866.774 3229.488 2943.367 2794.006 2347.267 1880.238 1090.761. 535.87Z 535.465 267.717
2 183.226 125.51Z 106.63% 103.994 92.733 102.762Z 129.239 74.128 74.535 37.283

3 610 671 610 580 488 397 244 122 122 61
4 2440 2684 2440 2318 1952 1586 976 488 488 244
5 400 440 400 380 320 260 160 80 80 40
6 100 110 100 95 80 65 40 20 20 10
7 1000 1100 1000 950 800 650 400 200 200 100

Unbundled 3-1 + shortcut

Route 1 2 3 4 5 6 7 8 9 10
1 2664.763 3151.081. 2874.723 2723.126 2278.179 1782.612 995.451 492.377 492.004 245.984
2 238.382 144.547 126.01& 124.61%5 112.884 129.242 134.936 70.478 70.721 35.371
3 146.855 59.372 49.259 50.259 48.937 71.145 89.613 47.145 47.275 23.645
4 610 671 610 580 488 397 244 122 122 61
5 2440 2684 2440 2318 1952 1586 976 488 488 244
6 202.609 234.769 214.214 203.665 171.77¢ 139.97 86.547 43.671 43.809 21.932
7 197.391 205.231 185.786 176.335 148.222 120.03 73.453 36.329 36.191 18.068
8 100 110 100 95 80 65 40 20 20 10
9 1000 1100 1000 950 800 650 400 200 200 100

F2. Distribution of 6 0% through traffic

As discussed in Section 5.3 no congestion occurred at the base case, unbundled 2 -2 and the
extended alternative for 606 traffic demand. Therefore,
distribution of local traffic as opposed to 50% through traffic, the second off -ramp with lane does

provid e enough capacity now. The problems, location of congestion, for the other alternatives

remained the same as for the distribution of 50% through traffic.

This results in, for a distribution of 60% through traffic and 40% local traffic, t he extended
altern ative performing  best when having initially three lanes and the unbundled 2 -2 alternative
perform ing best in cases with initially four lanes. The same results are obtained with a distribution

of 50% through traffic and 50% local traffic.
Increased traffic demand

All traffic was able to depart and arrive for 10% of traffic demand increase. Besides, only for the
unbundled 2 -1, unbundled 3 -1 and the unbundled 3 -1 with shortcut not all traffic was able to arrive

for 20% traffic demand increase.
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Itis remarkabl e thatfor both increased traffic demand circumstances the average speed for the

extended alternatives is lower than for the base cases, while the total delay is lower and the total

time spent in the network is higher. Therefore, it can be said that neithe r of them performs better.
The same can be said for the unbundled 2 -1 and unbundled 3 -1 alternatives. They perform equal
for an increase of 10% and 20% traffic demand. However, they both perform worse than the base

case and the extended alternative. This is in line with the result of the

through traffic. ~ The unbundled 2 -2 alternative performs again the best for both traffic demand

increase circumstances.

Base case Unbundled 2 -1 Extended

Speed cortour plt for route part 1 Speed contour plot for route part 1

8 contour plat for raute part 1
peed 4P e e 180 B0 180 160
140 700 140 140
650
120 8.0 120 120
g 100 500 100 100
¥ g 4
80 5 [ 5 a0
.. °
80 80 60
L 40 40 | 40
20 20 20
o 000 ¢ 0 o
0730 08:30

a0
07.00 07:30 08:00 08:30 g0 o700 07:30 08:00 08:30 08:00

Unbundled 3 -1 Unbundled 2 -2 Unbundled 3-1 + shortcut

Speed contour plot for route part 1 Spees cortour piot for route part 1
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Figure 8-2. Contour plot '0" traffic demand
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Travel time (hour) Distance travelled (km)
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Base case 12160 12598 12161 Total 85452 849 181 101 752 97 76719 8733
1 82171 804 177 102
2 3281 45 4 73
Extended | 12160 12598 12160 Total 85452 781 56 109 684 97 76719 8733
1 82171 736 51 112
2 3281 45 4 72
Unb. (2-1) 12160 12611 12160 Total 85795 2221 1784 39 1995 226 77037 8758

1 69630 1856 1588 38
2 16166 366 196 44

Unb. (3-1) 12160 12611 12160 Total 85799 2064 1320 42 1851 213 77040 8759
1 69648 1698 1124 41
2 16151 366 196 44

Unb. (2-2) | 12160 12617 12160 Total 85829 808 49 106 711 97 77065 a764
1 64930 552 11 118
2 20899 256 38 82

Unb. (3-1) 12160 12612 12160 Total 85989 2207 1621 39 1979 228 77213 8776

& shortcut 1 69875 1847 1429 38
2 16113 361 191 45

10%

Base case 13376 13858 13376 Total 93998 1090 804 86 971 120 84392 9606
1 90389 1039 798 87
2 3609 51 6 71

Extended 13376 13858 13376 Total 93999 1237 438 76 1095 142 84392 9606
1 90389 1182 429 76
2 3609 55 9 66

Unb. (2-1) 13376 13872 13376 Total 94369 2585 3082 37 2323 261 84736 9633

1 76764 2172 2854 35
2 17605 413 228 43

Unb. (3-1) 13376 13872 13376 Total 94366 2548 2394 37 2289 259 84733 9633
1 76757 2134 2166 36
2 17609 414 228 43

Unb. (2-2) 13376 13876 13376 Total 94346 1039 212 91 925 115 84714 9632
1 75218 652 26 115
2 19127 387 186 49

Unb. (3-1) 13376 13667 13376 Total 93890 2631 2874 36 2363 269 84308 9581

& shortcut 1 76479 2236 2662 34
2 17410 396 213 44

20%

Base case 14592 15117 14592 Total 102539 1367 1776 75 1219 147 92060 10479
1 98602 1310 1769 75
2 3937 57 8 69

Extended 14592 15117 14592 Total 102539 1997 1126 Zil 1780 216 92060 10479

1 98602 1931 1110 51
2 3937 65 16 60
Unb. (2-1) 14592 14557 14592 Total 100470 2891 4738 35 2600 291 90214 10256
1 82052 2441 4482 34
2 18417 450 256 41
Unb. (3-1) 14592 14561 14592 Total 100532 2914 3885 35 2621 293 90270 10262
1 82114 2464 3629 33
2 18417 450 256 41
Unb. (2-2) 14592 15135 14592 Total 102905 1421 521 72 1360 61 92400 10505
1 83445 824 129 101
2 19460 597 392 33
Unb. (3-1) 14592 13833 14592 Total 96514 2869 4506 34 2578 291 86665 9849
& shortcut 1 78872 2468 4291 32
2 17642 401 215 44
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Table 8-7. Traffic flows for '0" traffic demand

RouteFlows (in veh/hr)

Base case

Route 1 2 3 4 5
1 3660 4026 3660 3477 2928
2 488 537 488 464 390
3 1952 2147 1952 1854 1562
4 400 440 400 380 320
5 100 110 100 95 80
6 1000 1100 1000 950 800

Extended

Route 1 2 3 4 5
1 3660 4026 3660 3477 2928
2 488 537 488 464 390
3 1952 2147 1952 1854 1562
4 400 440 400 380 320
5 100 110 100 95 80
6 1000 1100 1000 950 800

Unbundled 2-1

Route

1 2 3 4 5
1 3341.16 3848.424 3513.978 3333.132 2798.675
2 318.84 177.576¢ 146.02Z2 143.86& 129.32%
3 488 537 488 464 390
4 1952 2147 1952 1854 1562
5 400 440 400 380 320
6 100 110 100 95 80
7 1000 1100 1000 950 800

Unbundled 2-2

Route

1 2 3 4 5
1 2335.275 2974.836 3045.582 2606.382 1838.824
2 1324.725 1051.164 614.41& 870.61& 1089.176
3 488 537 488 464 390
4 1952 2147 1952 1854 1562
5 400 440 400 380 320
6 100 110 100 95 80
7 1000 1100 1000 950 800

Unbundled 3-1

Route

1 2 3 4 5
1 3335.139 3845.382 3514.925 3334.328 2799.313

2 324.861 180.61& 145.075 142.672 128.687
3 488 537 488 464 390
4 1952 2147 1952 1854 1562
5 400 440 400 380 320
6 100 110 100 95 80
7 1000 1100 1000 950 800

Unbundled 3-1 + shortcut

Route

1 2 3 4 5

3140.995 3766.198 3432.907 3249.138 2719.154 2140.46Z. 1196.908

1

2 318.95 181.911 160.52& 159.607 143.712
3 200.056 77.892 66.566 68.255 65.134
4 488 537 488 464 390
5 1952 2147 1952 1854 1562
6 213.244 237.249 215.887 205.27& 173.189
7 186.756 202.751 184.113 174.722 146.811
8 100 110 100 95 80
9 1000 1100 1000 950 800

6 7

2379 1464
317 195
1269 781
260 160

65 40

650 400

6 7

2379 1464
317 195
1269 781
260 160

65 40

650 400

6 7
2233.76 1299.561
145.24 164.439
317 195
1269 781
260 160

65 40

650 400

6 7
1488.504 913.95%
890.496 550.04%
317 195
1269 781
260 160

65 40

650 400

6 7
2237.112 1307.09¢
141.888 156.90Z
317 195
1269 781
260 160

65 40

650 400

6 7
154.403 160.84%
84.135 106.247
317 195
1269 781
141.084 87.162
118.916¢ 72.838
65 40

650 400
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80
20
200
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98
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200
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638.885
93.115
98

390

80

20

200

8
456.613
275.387

98
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200
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390
43.804
36.196
20
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9
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200

9
496.405
235.595
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80
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200

9
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68.159
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43.896
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200

10
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100
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100
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195
40
10
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195
40
10

100
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104.444
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49
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17.961
10
100
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F3. Distribution of 7 0% through traffic

As mentioned in  Section 5.4, for a distribution of 70% through traffic and 30% local traffic, the

extended alternative performs best for both situations of initially three lanes and initially four lanes.

However, no congestion occurred in the unbundled

2-2 alternative either.

For the alternatives with initially three lanes, the extended alternative performed better than the

base case and the unbundled 2

alternatives with initially four lanes, the

-1 alternative performed worse than the base case. For the

alternatives performed worse than the extended alternative and the unbundled 2

unbundled 3 -1 and the unbundled 3 -1 with shortcut

-2 alternative

performed quite equal. The same holds for the circumstances of increased traffic demand.

Increased traffic dema nd

Unlike the distribution of 50% and 60% through traffic

increased traffic demand.

all traffic can depart and arrive for

The differences between performance of 10% and 20% increased traffic demand do not differ very

much for the extended and unbundled 2

speed of the extended alternati
increased traffic demand is 114 km/h and for the 20% increased traffic demand is 110 km/h.

Therefore, those two alternatives are the most robust.

Base case

Speed contour plot for route part 1

Unbundled 3 -1

Speed contour plot for route part 1

" 07:30 08:00 08:30 09:00

0

Unbundled 2 -1

Speed contour piot for route part 1

o700 07.30 08:00 08:30 00:00

Unbundled 2 -2

Speed contour plot for route part 1

07.00 07:30 08:00 08:30 00:00

Figure 8-3. Contour plot for '0' traffic demand
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