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ABSTRACT

In the vicinity of ramps, drivers make route choices, change lanes and in most cases also ad-
just their speeds. This can trigger anticipatory behaviour by the surrounding vehicles, which
are also reflected in lane changes and/or changes in speed. This phenomenon is called turbu-
lence and is widely recognised by the scientific literature and various design guidelines. How-
ever the knowledge about the characteristics of turbulence is limited. This study investigates
the microscopic characteristics of driving behaviour around 14 different on-ramps (3), off-
ramps (3) and weaving segments (8) in The Netherlands, based on unique empirical trajectory
data collected from a video camera mounted underneath a hovering helicopter. The data anal-
ysis reveals that lane changes caused by merging and diverging vehicles create most turbu-
lence, that an increase in the amount of traffic results in a higher level of turbulence and that
an increase in the available length for merging and diverging results in a lower level of turbu-
lence. The results of this study are useful for improving the road design guidelines and for
modelling driving behaviour more realistically.

keywords: turbulence, microscopic, empirical, on-ramp, off-ramp, weaving
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1. INTRODUCTION

In the vicinity of motorway ramps, multiple manoees are performed by drivers who enter
the motorway, who exit the motorway, or who coope anticipate on entering or exiting
vehicles. These manoeuvres involve lane changasgels in speed, and changes in head-
ways. This results in changes in lane flow distiitou (Knoop et al. 2010; Van Beinum et al.
2017), greater speed variability and changes idvwaw distribution of the different lanes,
with presumably a greater share of small gaps emtiiside lane. In the literature and in mo-
torway design guidelines, this phenomenon is reteto as turbulence. According to the
Highway Capacity Manual (HCM 2010) turbulence ways present in traffic. A raised level
of turbulence is expected around motorway ramp$ ®@num et al. 2016; HCM 2010) and
has a negative influence on the motorway’s caparity/traffic safety (Abdel-Aty et al. 2005;
Golob et al. 2004; HCM 2010; Kondyli and Elefteimad2012; Lee et al. 2003b, 2003a; Chen
and Ahn 2018). In free flow conditions the levetwfbulence is expected to increase a few
hundred meters upstream of a ramp and to dissdiew dundred meters downstream of the
ramp (Van Beinum et al. 2016). This concept is sinowthe theoretical framework in FIG-
URE 1.

Driving manoeuvres Microscopic behaviour Macroscopic effects
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lateral behaviour:

%[ before discontinuityK anticipation } - lane change density/lane
- gap acceptance
cooperation
%{ at discontinuity % ~
&[ merging/diverging longitudinal behaviour:

- acceleration
%[ after discontinuity k-}[ keeping right - deceleration
\{ - do nothing
relaxation
4

FIGURE 1. Theoretical framework for turbulence (Van Beinum et al. 2016).

speed

Both literature and freeway design guidelines agjnaethe level of turbulence is influenced
by road design, traffic volume, and driver behavieveral researchers have tried to assess
the impacts of different manoeuvres on traffic saéand traffic operations and the influence
of design characteristics on these aspects. Arviweiof these studies is given in (Van
Beinum et al. 2016). The available research orcllagacteristics of turbulence is limited and
different values for the location where turbulestarts and ends are found in different studies
(HCM 2010; Kondyli and Elefteriadou 2012; Van Beimet al. 2017). Also the available re-
search regarding the microscopic characteristithetlifferent manoeuvres is limited. To
gain a better understanding of the different mammuthat contribute to turbulence more re-
search is needed, preferably based on empirical Batlowing this, the main research ques-
tions of this study are:
- How and to what extent do the different manoeugergribute to the raised level of tur-
bulence?
- How is the raised level of turbulence affected iy &mount of traffic and the motorway’s
design characteristics?
- Where does the raised level of turbulence startezi®

To answer these questions, the driving behaviothetehicles that perform the different

manoeuvres was studied. For this study we haveatell empirical trajectory data of indi-
vidual vehicles at 14 different on-ramps (3), &fps (3) and weaving sections (8) in The
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Netherlands. The data was collected under free dlomditions, using a video camera mount-
ed under a hovering helicopter.

The insights from this research can be used toawgmicroscopic simulation models and
motorway design guidelines (Marczak et al. 2014aran et al. 2010; Schakel et al. 2012;
Hill et al. 2015; Marczak and Buisson 2014).

This paper is structured as follows: Section 2 gi@esummary of the currently available
knowledge in the literature regarding turbulendates driving behaviours; Section

3 presents the method used to answer the reseaeshians; Section 4 presents the results of
the performed analysis; and Section 5 and 6 dismodsummarize the conclusions arising
from the analysis.

2. LITERATURE REVIEW

The goal of the literature review is to summarize available knowledge regarding turbu-
lence related driving manoeuvres around rampsagiditmpact on microscopic behaviour,
corresponding to the theoretical framework as shmMiGURE 1. To this end, the literature
study is structured as follows: first the differemhnoeuvres that contribute to turbulence are
discussed in more detail, followed by the mano€avracroscopic aspects in terms of lateral
and longitudinal behaviour. This section conclulbgsliscussing the length of the ramp influ-
ence area on turbulence.

2.1. Manoeuvres
According to the theoretical framework displayedIGURE 1, different manoeuvres are re-

lated to motorway turbulence. These different mamces are graphically explained in FIG-
URE 2.
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lane 1 outside lane
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e) cooperation f) keeping right
********************** <@ e osT T

g) relaxation

mm—> subject vehicle with driving direction adjacent vehicle driving direction <----mm indication for deceleration

FIGURE 2: Type of manoeuvres around discontinuities.

A merge is performed by a vehicle that drives anabceleration lane and changes lanes to
enter the motorway. Studies on merging in the p@stears show that merging is a complex
combination of merging plan choice, gap acceptatacget gap selection, and acceleration
decisions (Choudhury et al. 2009). Merging is atsgarded to be a major cause for capacity
drops at on-ramps (Leclercq et al. 2016; Chen amid 2018). Furthermore, a substantial pro-
portion of crashes on motorways occur in the vigiof ramps (Lee and Abdel-Aty 2008,
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2009). Many researchers have studied the mechamnimerging behaviour. Daamen et al.
(2010) studied empirical trajectory data and fothrat at free flow most of the lane changes
take place in the first half of the acceleratiamelaCalvi and De Blasiis (2011) used a driving
simulator and found that the merging length (distalbetween where a lane change starts and
where it ends) increases as the traffic volumeeiases. The length of the acceleration lane
did not show a significant effect on driving belawui (Calvi and De Blasiis 2011).

A diverging manoeuvre is performed by a vehicleidg on the outside lane and changes
lanes to the deceleration lane to exit the motorways manoeuvre takes place at off-ramps
and weaving segments. Mufioz and Daganzo (2002fthat motorway capacity decreases
when more vehicles take the exit. They used engilbop detector data from a US freeway.
Martinez et al. (2011) studied video records anmdbthat the speed on exit lanes is 20km/h
lower than on the through going main lanes. El-Bastal. (2007) used a radar to measure
speeds and found that exiting traffic also hasgatiee effect on the speed of through going
traffic. Ahn et al. (2010) studied empirical looptéctor data from different off-ramps and
found that diverging traffic causes lane-changiranoeuvres which result in deviations in
flow compared to the average flow over a longerqokof time.

Anticipation is performed when a driver changegfatowards the median lane to make way
for a lane changing vehicle (Kita 1999; SchakelleR012; Cassidy and Rudjanakanoknad
2005). In literature this type of lane change soakferred to as a courtesy lane change.
Zheng et al. (2011) studied NGSIM data (NGSIM 204 showed that a lane change, for
example due to merging, is a primary trigger fadiadnal lane changes by adjacent vehicles.
In this way initial lane changes are found to spamsible for transforming a small raised
level of turbulence to substantial turbulence. i® Ibest of our knowledge no other empirical
studies regarding anticipation are available.

Pre-allocation is performed by drivers who wantatce the next motorway exit and pre-
position themselves upstream of the off-ramp byhgirey lanes towards the outside lane
(Toledo et al. 2009; Choudhury 2007). In (Van Bemet al. 2017) we studied empirical loop
detector data from several motorway off-ramps ie Netherlands and found that the lane
flow distribution starts to change at about 1,000pstream of the off-ramp gore. This
change was attributed to pre-allocation and coexidith the location of route signs along
the motorway (which are positioned at 1,200 m &b@ & upstream of an off-ramp). To the
best of our knowledge no other empirical studiesaaailable that focus on the characteristics
of pre-allocation.

In The Netherlands drivers are bound to the righe sule by which they are obliged to
change lanes to the outside lane when there iEguf space to do so (RVV 1990). Overtak-
ing takes place on the inside of the motorway. Tiknaturally result in situations where
faster vehicles drive on the inside lanes and sisehicles drive on the outside lanes of the
motorway (Daganzo 2002). To the best of our knogdedo empirical studies are available
which focus on the implications of keeping right.

A vehicle cooperates when it increases its headwayovide a larger gap for a vehicle that
wants to change lanes in front (Kim and Coifman2@houdhury et al. 2009; Hidas 2005).
Choudhury et al. (2009) proposed a model whichgddee changing under cooperation into
account. The authors used NGSIM data (NGSIM 204 ¥ptidate this model. Although this
study showed promising results, further research weommended to validate the transfera-
bility of the model in different traffic states,mging from very congested to free flow
(Choudhury et al. 2009). Zheng et al. (2013) ubedsame NGSIM trajectory data to cali-
brate cooperation in the model by Laval and Led€&908). This model was later reformu-
lated and calibrated by Duret et al. (2011), whedufhie model as a method to systematically
identify the impact of cooperation on lane chang.et al. (2015) studied freeway lane
change behaviour using trajectory data from amunstnted vehicle and found that drivers
are willing to cooperate with merging vehicles. Huthors speculate that the same holds true
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for all lane changing vehicles in uncongested domab but the results were inconclusive. It
was recommended to analyse more data during unstatgeonditions.

At ramps vehicles are willing to accept very shieadways as they enter or exit the motor-
way. After the merge the driver will increase iesaldlway to more comfortable values further
downstream. This phenomenon is called relaxatichdkel et al. 2012; Laval and Leclercq
2008; Laval and Daganzo 2006; Duret et al. 201aaren et al. (2010) studied trajectory
data from several on-ramps in The Netherlands &sdreed very short net headways which
increase over time. The authors related this txeglon behavior. Duret et al. (2011) studied
the NGSIM trajectory data and found that after &8osids of relaxation an equilibrium was
reached. However, due to inferior results, furtiesearch on mandatory lane changes in the
outside lane was recommended by the authors. Slobiadde (2012) proposed a lane change
model (LMRS) which incorporates relaxation. The wloslas calibrated using empirical loop
detector data from a Dutch two-lane motorway and praven to be accurate for free flow
conditions. The authors recommended that futureares should incorporate other locations
with different speed limits and more lanes (Schakell. 2012).

2.2. Mandatory and discretionary lane changes

Merging, diverging, pre-allocating, anticipatingdakeeping right require lane changes and
gap acceptance. In the literature distinction islenlaetween mandatory lane changes (MLC)
and discretionary lane changes (DLC) (Minderhou@9]l ®aval and Daganzo 2006; Kesting
et al. 2007; Choudhury 2007; Yang and Koutsopoli#6; Hill et al. 2015; Pan et al. 2016).
A MLC is executed when a driver must change lareetdua strategic route choice. A DLC
occurs when a driver seeks for better driving cbhowl$, such as to gain speed (or travel time)
advantage. A MLC is expected to be performed ihaatsr period of time and with smaller
accepted gaps than a DLC (Kusuma et al. 2015)fiichtest wherein different participants
drove an instrumented vehicle it was found tha¢ lelmange durations of DLC to the right and
to the left do not differ significantly. Also, nagsificant difference was found between aver-
age MLC (merging manoeuvres were excluded) and Blw@tions. The authors however
recommend to further verify the results using amcbed dataset. Drivers who perform a
MLC are willing to accept small gaps and new folms/are willing to accept small headways
(Schakel et al. 2012; Laval and Leclercq 2008; Lamal Daganzo 2006; Duret et al. 2011;
Daamen et al. 2010). This will result in shiftingetheadway distribution to the left.

2.3. Utilization of the weaving segment length

A weaving segment is a motorway discontinuity whemeauxiliary lane connects a merge
segment (on-ramp) and a diverge segment (off-rdm@M 2010). Marczak et al. (2014)
analysed empirical trajectory data from an urbamomeay weaving segment in Grenoble,
France. They found that in free flow conditionsyo®0% of the total weaving segment length
Is used for weaving, which leaves 40% of its lengthsed. They also found that vehicles
changing lane from the acceleration/deceleratior ta the main road accept smaller gaps
than vehicles changing lane from the main roadhéceicceleration/deceleration lane. In the
discussion the authors state that the length afaimg segment might not be of significant
relevance for estimating the capacity. Howevely tlesults were not compared to weaving
segments with different lengths. Kusuma et al. ®G&tudied trajectory data from video re-
cordings together with traffic flows and speed frlmop detectors in the UK and found that
91% of the traffic decelerates at the beginningreving segment to cooperate with the
merging and diverging traffic, 48% of the lane dlfiag vehicles change lanes in the first
25% of the weaving segment.
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2.4. Increased level of turbulence upstream and downstream of theramp

The literature and design guidelines agree thatregrs and downstream of a ramp a raised
level of turbulence is present. This area is reféto as the ramp influence area (HCM 2010)
and determines the required ramp spacing to avalfictoperations and traffic safety dis-
turbances. It has been shown that the level ofitarize is expected to increase upstream and
to decrease downstream of a ramp. There is howsveonsistency when it comes to the
length of this influence area (Van Beinum et alLl@0 To the best of our knowledge there are
only two empirical studies available which indictite boundaries of the ramp influence area.
Kondyli and Elefteriadou (2012) studied instrumentehicle observations and found that the
ramp influence area starts at 110 m upstream asl @260 m downstream of the gore of a
ramp. (Van Beinum et al. 2017) studied loop deted&ta from multiple ramps and found

that the ramp influence area starts at 200 m (ompjar 900 m (off-ramp) upstream and ends
at 900 m (on-ramp) downstream of the ramp gomeag recommended that in future research
the turbulence influence length should be studsdgiempirical trajectory data of individual
vehicles.

2.5. Research gaps

Several research gaps were identified in the titeea
- No studies consider the relation between all thieufence related manoeuvres. There are

several studies available which consider one oemuanoeuvres but, to the best of our
knowledge, there is no literature available whiohgsiders all manoeuvres simultaneous-
ly. For all the different manoeuvres only the cloégdstics of merging, diverging and lane
changing are well described in literature. The abtaristics and mechanisms of pre-
allocation, cooperation, anticipation, keep-rightl aelaxation are yet not well under-
stood, as well as the cohesion between the diffen@moeuvres. Such understanding is
necessary for modelling vehicle interactions réiakdly.

- There is a debate on weaving segment length. Acwptd the motorway design guide-
lines the level of turbulence is expected to beedépnt on the available length for merg-
ing (HCM 2010; Rijkswaterstaat 2017) but empiristaldies suggest that the length of a
weaving segment might not have a significant infleeeon road capacity, due to an ineffi-
cient use of the total weaving segment length (M&keet al. 2014). This seems contra-
dicting and requires further research.

- Currently available empirical studies have limas regarding the available data. In-
strumented vehicle studies suffer from a limitedhber of participants and therefore also
limited validity (Hill et al. 2015). Studies usihgop detector data fail to capture the be-
havioural characteristics of drivers at an indiatievel (e.g. location and duration of lane
changes) (Schakel et al. 2012; Van Beinum et dl6R0rhe currently available trajectory
data captures only a limited length of a motorwRggmen et al. 2010), and is only avail-
able for a limited number of locations with limite@mhge of characteristics, such as availa-
ble length for lane changes, amount of trafficalegpeed limits and amount of heavy ve-
hicles (e.g. trucks) (Marczak et al. 2014; DuredleP011; NGSIM 2015).

3. METHOD

In this study we have analysed driving behaviourmdythe different manoeuvres which are
related to turbulence. Empirical microscopic ddescribing the position (X, y, t) of every ve-
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hicle at every time step (trajectories of eachvittlial vehicle) was collected and used for
analysis. The different manoeuvres were identifiech the data and were assessed on micro-
scopic behaviour.

3.1. Datacollection

Empirical trajectory data from 14 sites in the Nethnds were used for analysis. The trajecto-
ries were collected using a camera mounted undéragaoovering helicopter, comparable to
the method described in (Hoogendoorn et al. 2088)using a 5120 x 3840 pixel camera and
a 15mm Zeiss lens, which enabled us to capturaastretch of approximately 1,200m -
1,500m from an altitude of approximately 500m. Thages were corrected to compensate
for the radial distortion that manifests in formtbé “barrel” or “fish-eye” effect. The intrin-
sic characteristics of the lens were calibratedgiai method comparable to OpenCV
(OpenCV 2018). The image positions in pixels wereverted to accurate world positions in
meters by relating recognisable objects in thewragtimages to their locations in Google
Maps. The measurements were taken on thef Gune and the™7of July 2016, under sunny
weather conditions, between 14:00 and 17:00 haoulgh is the build up towards the even-
ing peak hour), under free flow conditions, forrBbhutes at each site. The distance of
1,200m - 1,500m coincides with the findings front earlier study (Van Beinum et al. 2017),
where we found that an increased level of turbdeaton-ramps starts at approximately
200m upstream of the ramp gore and ends approXyr#6m downstream of the ramp gore.
At off-ramps these values are respectively 1,00@pstream of the ramp gore and approxi-
mately 600m downstream of the ramp gore.

The sites were selected by the following critefa:an on-ramp: no other discontinuity exists
within a range of 1,000m upstream and 3,000m dawast; for an off-ramp no other discon-
tinuity exists within a range of 3,000m upstreard &f000m downstream; and weaving seg-
ment length should be between 500m (minimum leagtording to the Dutch design guide-
lines (Rijkswaterstaat 2017)) and about 1,200nhedotal length can be measured by the
helicopter camera. The following additional chagaistics were desired: a) number of
through lanes (2 and 3); b) variability in the amibof trucks; c) variability in the traffic flow,
and d) legal speed limit (L00km/h and 130km/h).o&erview of the different sites with their
characteristics is given in TABLE 1.
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TABLE 1 Site Characteristics

speed number of vehicles number

Site name length* | limit through of

Road | GPS coordinates type Config. [m] [km/h] flow FIC on off | on/off | trucks
Delft 4

Al13 52.014718, 4.373768 off-ramp 3+1 250 100 2.569 0.78 - 270 - 1p3
Terheijden

A59 51.655155, 4.750176 off-ramp 2+1 250 130 1.599 0.97 - 1%0 - 200
Zonzeel

Al6 51.639134, 4.697074 off-ramp 3+1 210 130 1.943 0.69 - 395 - 444
Delft

- D
Al13 52.014498, 4.374516| ONTaMP 3+1 300 100 2.65¢ 0.1 3p3 168
Asg | rerheiiden on-ramp 2+1 320 130 1422 051 38 109

51.655327, 4.750221

Zonzeel-north d
Al6 51.651250, 4.688500 on-ramp 3+1 340 13( 1.679 0.5

oo
N
T
=
m

08

Bergen op Zoom-east

Ad | oo eo1703 4313043 Weaving 2+1 500 129 1582 035 147 148 494 163
Bergen op Zoom-wes . )

A4 | o soosar 4313160 Weaving 2+1 400 120 143 0§85 142 85 356 118
Klaverpolder-north ) o

RSO | o eons8o. 4645806 Weaving 2+1 600 130 123 055 205 73 33 154

Asg | Klaverpolder-south | a0 2+1 500 130 176D 074 181 446 89 274

51.695868, 4.645407

Princeville-east . d g 5
Al6 51.576286, 4.727040 weaving 3+1 1.000 13 2.396 0.58 107 316 518 629

Princeville-west ) d ;
Al6 51.576906, 4.726322 weaving 3+1 1.100 13 2.082 0.52 272 160 325 110

Ridderkerk-north .
Al5 51.856599, 4.621377 weaving 3+1 700 13( 2.158 0.61 122 110 152 146

Ridderkerk-south . 4 A |
Al5 51.856330, 4.620257 weaving 3+1 1000 13( 2.868 0.718 107 186 309 555

* Length of acceleration lane (on-ramp), deceleratane (off-ramp) or weaving segment

3.2. Processing raw data

The trajectory data originates from video footab fps), which were processed with auto-
mated vehicle recognition softwarexoy, t - coordinates, which represent the centre of the
vehicle at a specific time. The raw data was preeg$o reduce the noise due to measurement
errors and inaccuracies. FIGURE 3(a) shows 4 diffeissues in the data that were encoun-
tered. The automatic vehicle recognition and vehicllowing software sometimes loses

track of the vehicle due to objects overhead @\gaduct). When the vehicle is recognized
again, it was sometimes recognized as a new vefsslee 1), as a different, wrong, vehicle
(issue 3) or as the same, correct, vehicle fudibbamstream (issue 4). Also unrealistic x- and
-y values were measured (issue 2). These unrealaiies are caused by shadows besides the
vehicle, that were sometimes recognized as pdhteo¥ehicle, or by vehicles driving closely
next to each other that were recognized as one&leehi

These issues in the data where repaired as follewnat.unrealistic x- and y-values were fil-
tered from the dataset. Unrealistic x-values ateesawhere vehicles are moving backwards
and unrealistic y-values are the outliers. Thiseslissue 2. Also overlapping x and y-values
for equal time entries were removed. After thefiig process all trajectories where cut into
parts. Cuts were applied when the trajectory dasaghgap. This solves issue 3. After cutting,
the trajectories were merged again by using aatiter search process. Two trajectories were
merged into one when 1) the trajectory to mergé vegtarts at a short distance from where the
subject trajectory ends and 2) when the speedrdifte between the end of the subject trajec-
tory and the start of the potential trajectoryngadl. This search is repeated for increasing dis-
tances and for increasing speed differences. Tives issue 1 and 4. Finally all missing data
points in the trajectories were interpolated areltthjectories were smoothed using a poly-
nomial regression filter (Toledo et al. 2007). FIBE 3(b) shows the trajectories after pro-
cessing.
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example of raw trajectories

8 —
6~ A @ —O—trajectory 1
= i . - - —&— trajectory 2
E 41— vehn:lg tracking lost: trajectory 3
® new trajectory started
£ 2
°
8 o
ES
2+ value outliers \ " ;
| Yy fssue 2 issue 3 | vehicle tracking lost |
4
-200 0 200 400 600 800 1000
x-coordinate [m]
(a)
- example of processed trajectories
—E— trajectory 1
E 6 trajectory 2
Q
w 4
C
s
5 2
Q
?
> 0 —
ol i ) | |
-200 -100 0 100 200 300 400 500 600 700 800
x-coordinate [m]

FIGURE 3: Example of raw (a) and processed trajectories (b).

3.3. ldentification of manoeuvres

The different manoeuvres were identified in theadat by using the criteria shown in TABLE
2. For each individual vehicle that performs a fgemanoeuvre, microscopic characteristics
were stored in a database for further analysisigodeine change location, lane change direc-
tion, accepted gap, headway and speed.

TABLE 2 Manoeuvre | dentification Criteria

manoeuvr e origin destination | lane change location of manoeuvre extracriteria

merging lane -1* lane 1 to inside at acceleratanel only entering traffic

diverging lane 1 lane -1 to outside at deceleratoe only exiting traffic

pre-allocating lane 2, 3 lane 1 to outside upstrefwoff-ramp only exiting traffic
cooperating vehicle has same leader in p

cooperation lane 1 lane 1 none upstream and at ramp 10 seconds period before a merging or
pre-allocating vehicle moves in front

anticipation lane 1 lane 2, 3 to inside upstreathatramp merging or pre-allocating vehicle in frof
1) only entering traffic

relaxation lane 1 lane 1 none downstream of on-ramf2) vehicle has same leader in a 10 seconds
period after it has merged

keeping right lane 2, 3 lane 1,2 to outside whelnsent -

* The lane coding correspondents with the lanerapdh FIGURE 2.

Not all lane changes towards the left could begmaized to a specific manoeuvre class. For
example a lane change where a vehicle overtakébemeehicle to improve its driving con-
ditions, without being triggered by a merging oe4atlocation vehicle that moves in front.
These lane changes were labelled as other (left).

3.4. Dataanalysis
The location and intensity of lane changes werestigated for merging, diverging, pre-

allocation, anticipation, keeping right and otheftf. To do so the number of lane changes
where determined for 25 m bins.
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Merging and diverging only takes place at the aegion and deceleration lane. Some enter-
ing vehicles make additional lane changes to thiglenof the motorway. These are labelled as
secondary merges. Secondary merges take place sleamsof the ramp and contribute di-
rectly to the increased level of turbulence thatagsed by entering traffic. However, the fur-
ther downstream of the ramp a merged vehicle \etl] the less a secondary merge is related
to the primary merge and the more it will be redai@ a discretionary lane change to improve
driving conditions. For the analysis we assume e changes related to secondary merges
no longer contribute to the raised level of turbgke when the intensity of secondary merges
gets below 2 lane changes per 25m.

Pre-allocation takes place upstream of the rampsaexlpected to be influenced by the posi-
tion of routing signs, which are placed at 1.200md 600m upstream of the studied ramps.
The remaining pre-allocating lane changes are eé@gdo take place just prior to the ramp.
For lane changes that involve keeping right and ldranges towards the inside (left side) of
the motorway, which could not be attributed to ecsiic manoeuvre, it was assumed that
these are always present in the traffic streamaaacdhot directly caused by entering or exiting
traffic. However, these lane changes can be traghby entering or exiting traffic. For these
lane changes the average intensity outside the naflapnce area is of interest. For the anal-
ysis the ramp influence area was, for practicadoaa, assumed to be restricted to an area that
starts 200m upstream of the start of the ramp add 200m downstream of the end of the
ramp. The average number of lane changes outstdeftience area was used to identify the
locations where the number of lane changes is ahoeeage. An overview of the aspects that
were analysed for each manoeuvre is given in TABLE

Both traffic flow and the available length for clgimg lanes are expected to have an impact
on: 1) lane change location and intensity, 2)silze of accepted gaps for MLC and DLC and
3) the need for anticipation, cooperation and a&iax. The impact of the available length for
lane changes was studied by comparing results different weaving segments with differ-
ent lengths. The impact of traffic flow was studdcomparing the results of different on-
ramps, off-ramps and weaving segments with diffeflews.

Cooperation and anticipation were studied by commpgahe headway and speed that were
measured prior to the manoeuvre and after the nuamn@eThe following moments were cho-
sen: 1) for cooperation at 10 s before the momerhi&le merges and at the moment of the
merge and 2) for relaxation at the moment of meygind 10 s after the merge. For relaxation
only the on-ramp data was studied, because retaxetiexpected most at locations where ve-
hicles merge. For cooperation also the influenceedving segment length was studied. The
10s period was chosen based on the area thatesezblsy the video images. This ranges
from approximately 300 m upstream of the gore faraximately 600 m downstream of the
gore. When assuming that merging vehicles chanmgsIaear the gore and drive with a speed
of approximately 30 m/s (108 km/h), it is possitdenvestigate headways in a period of 10 s
before the merging area until 20 s after the marga.
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TABLE 3 Overview of analysis

Analysis | aspect | typeof ramp
L ocation and frequency of lane changes
location where lane changes take place on-ramp

merge and diverge the percentage of total number of LC that invoherging or diverging off-ramp

percentage of diverging vehicles that pre-allocate
percentage of diverging vehicles that pre-alloeat®00m upstream, where
Pre-allocation the road sign is. off-ramp

percentage of diverging traffic that is already iy on the outside lane at
the beginning of the measured area

anticipation as percentage of total number of LC

anticipation - - — on-ram
P location of first anticipation LC P
secondary merae percentage of merging vehicles that are secondarges on-ram
y g location where intensity of LC gets below 2LC/25m P
average intensity of LC outside ramp area
location where intensity of LC gets above averagenisity of LC upstream
) . on-ramp
keep right and uncategorised left| of ramp off-ramp

location where intensity of LC gets below averagernsity of LC down-
stream of ramp

Impact of weaving segment length and traffic flow

cumulative distribution of number of LC over theatcavailable length for on-ramp

merge and diverge merging and diverging for different weavings segtiengths and different | off-ramp
traffic flows weaving segment
difference in headway and speed distribution betvise moment a vehicle | /-
cooperation changes lanes in front and becomes a new leadef,Gaseconds before that P

LC weaving segment

—

difference in headway and speed distribution betviee moment the subjeq

relaxation vehicle merges and 10 seconds after that merge on-ramp
difference between MLC and DL( on-ramp

for merge, secondary merge, di- | distribution of accepted gaps for different off-ramp

verge, keep right weaving segment
4, RESULTS

The goal of this section is to present the anakgsslts that are used to answer the research
questions. To this end this section is structusetbbows: In the first part the results regard-
ing the contribution of the different manoeuversit@ised level of turbulence and the loca-
tion where the raised level of turbulence starts @mds are shown in terms of location and
frequency of lane changes. In the second partehidts regarding the impact of the amount
of traffic and the motorway’s design on the levietuwbulence are shown in terms of utiliza-
tion of the available length for merging and diveggand gap acceptance.

4.1. Location and frequency of lane changes
The lane change locations and number of lane clsaargedisplayed in FIGURE 4. The re-
sults if the analysis are summarised in TABLE 4.

The results show that the majority of the lane gearoccur at the acceleration lane or decel-
eration lane. This effect is stronger for off-rantipan for on-ramps, which indicates that the
ramp influence area for on-ramps is larger tharofbramps. Of all the merging vehicles
about a third of the vehicles make additional leln@nges towards the left (secondary merg-
es). The location where the intensity of secondaeyges is reduced to an intensity of less
than 2 lane changes per 25 m appears to be retathd traffic flow. The location with the
highest flow (Delft) gives the longest distance5&j.

Most of the diverging vehicles change lanes diyeatier the start of the deceleration lane. On
average 96% of the vehicles change lanes in thiehalf of the deceleration lane. Diverging
vehicles appear to pre-allocate at a relativelgldistance upstream of the off-ramp. More
than 85% of the diverging vehicles are alreadyidgwn the outside lane at when entering

driving bahaviour at motorway ramps - empiricajectory data - repository.docx - May 15, 2018 Pagef 24



the measured area. At the off-ramp of Terheijdemareased number of pre-allocation lane
changes is found at 600m upstream of the off-raamp.gn total 6% of the diverging vehicles
pre-allocate at this position. A second locatiothvain increased number of pre-allocation re-
lated lane changes is found at 400m upstream ajdhes(Zonzeel).

The first lane change identified as anticipatiorswecorded at 100m upstream of the on-ramp
and on average 4% of all lane changes was idahtifseanticipation. The lane change loca-
tion seems not to be effected by traffic flow.

Lane changes identified as keeping right and ugeaiteed lane changes to the left are present
over the whole length of the measured motorway segsn Outside the assumed 200m ramp
influence area the average number of keep riglet tdvanges are relatively constant. Howev-
er, the average is a little lower for the site vatlow traffic flow (Terheijden). The amount of
keeping right related lane changes increases wiltl@mamp influence area. This is especially
the case for the off-ramps. The number of keepmig tane changes seems to be related to
the number of exiting vehicles: a higher numbeexfing vehicles corresponds to a higher
number of keeping right lane changes. The distanee which the average number of keep-
ing right lane changes is above average, is relgtcsonstant for on-ramps and off-ramps but
its location differs. At on-ramps the area withiacreased average is measured further down-
stream than at off-ramps. The same holds foutieategorised lane changes to the left. Again
the distance over which average number of laneggsis increased is comparable for on-
ramps and off-ramps but the locations differs. dioramps the area is measured further
downstream than for off-ramps.
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FIGURE 4: Lane changelocations near on-ramps and off-ramps.
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TABLE 4 Analysisresults of lane change location and intensity

on-ramp off-ramp

Delft | Terheijden | Zonzedl Delft | Terheijden | Zonzedl
Flow/Capacity ratio 0.81 0.51 0.58 0.78 0.5 0.69
merge as percentage of total number of LC 56% 33% 1% 4 - - -
percentage merges which are secondary merges 26% % (32 41% -
downstream location where number of sec. merge.€/25m 475m 425m| 575n F - F
diverge as percentage of total number of LC - - - 7% 61% 58%
percentage of diverging veh. that are alreadyne that start 969 86% 91%
percentage of diverging veh. which pre-allocat&s80m - - - 6% -
anticipation as percentage of total number of LC P% 6% 4% - -
location of first anticipation LC -25n -75m -100m - - -
Average number of keep right LC/25m outside 200mezo 3.0 2.9 3.2 2.9 1.6 2.7
Average number of keep right LC/25m at acc. lane 0 3.8 3.4 11.9 3.5 59
first loc. where number of keep right LC/25m is ebaverage -425n -300m -250m  -478m -600m -500m
last loc. where number of keep right LC/25m is abaverage 525n 550m 500m  375m 250m 325m
Average number of uncategorised left LC/25m outgideém zone 34 4.5 7.8 31 2{1 5.0
Average number of uncategorised left LC/25m at ko 8.3 6.4 13.1 10.0 39 10{1
first loc. where number. of uncategorised left L&1Ris above avg| -400n -200m -300m  -500m -675m 15
last loc. where number of uncategorised left LC/28m@mbove avg. 525n| 675m 575m  450m 276m 645m

4.2.

Impact of weaving segment length and traffic flow

Utilization of the available length for merging and diverging
Most of merging and diverging lane changes weréop®ed in the first part of an accelera-
tion lane, deceleration lane or weaving segme@URE 5 shows that most lane changes are
performed in the first 25% of the lane. The coroegpng percentages are displayed in TA-
BLE 5. The figure shows distributions with compdeatshapes for a scenario with a low traf-
fic flow. However, a two sample Kolmogorov Smirn@sS) test showed that the difference
between the distributions is significant. In thersario with a high traffic flow the distribution
shapes start to deviate at F(X)=0.5. For both h hitd a low traffic flow on the motorway
the use of a long weaving segment by merging ve$iisl comparable (KS-test: n1=107,

n2=122, p=0.624).

) cumulative lane change distributions at high flow
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FIGURE 5: Use of acceleration and deceleration lane under different conditions.
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TABLE 5 Utilization of the available length for weaving

Per centage of lane changes performed in first 25% of thelane

High traffic flow (0.74 < F/C <0.81) | Low traffic flow (0.55< F/C < 0.61)
off-ramp - diverge 80% 95%
on-ramp - merge 65% 68%
short weaving - diverge 80% 95%
short weaving - merge 85% 90%
long weaving - diverge 73% 74%
long weaving - merge 80% 86%

In FIGURE 6 headway and speed distributions arepawed. The first line represents the dis-
tribution at the moment another vehicle mergesontf(t = 0s). The second line shows the
distribution 10 seconds prior to this moment (68s). This comparison is done for both sites
with a relative high traffic flow and sites withrelative low traffic flow. TABLE 6 shows the
descriptive statistics of the headway progressiahthe results of a two sample KS-test. The
results show no cooperative behaviour. Both thelWwag and speed distributions do not sig-
nificantly differ at t = Os and t = -10s, regardiéke flow or the length of the weaving seg-

ment.
1 cooperation at all locations high flow 1 cooperation at all locations high flow
T e T T : /"_, > . T
e 7
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__06¢f / __06¢f 4
it . it
I / I
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FIGURE 6: Headway and speed progression of cooper ating vehicles.
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TABLE 6 Descriptive statistics of headway progression of cooper ating vehicles

Site n mean at t=0s | mean at t=10s | std. at t=-10s std. at t=0s p-value
[sec] [seq] [sec] [seq] KStest

on-ramp Zonzeel-north 31 2. 3.0 0.559
weaving Ridderkerk-north [é 4.4 50 3(2 3.1 0.810

> weaving Klaverpolder-north 12 5.1 417 3.7 3.4 1.000
-% all locations - low flow 49 5.9 5.3 3.2 29 0.665
8 | on-ramp Delft 97 3.3 3.2 2.2 21 0.778
T [ weaving Ridderkerk-south 5 4B 4|7 29 3.4 1.000
weaving Klaverpolder-south 14 37 44 2.5 24 0.862

all locations - high flow 116 3.4 3.4 2.2 2|2 0.541
on-ramp Zonzeel-north 31 832 85\3 10.9 5.9 0.944
weaving Ridderkerk-north [é 81.0 844 5.2 3.1 0.318
weaving Klaverpolder-north 12 87.8 9410 16.2 11.7 0.786

'g all locations - low flow 49 84.1 87.38 119 8/8 0.494
& | on-ramp Delft 97 84.2 85. 9.L 59 0.883
weaving Ridderkerk-south b 860 84,1 4.1 b.5 1.000
weaving Klaverpolder-south 14 83,8 85.8 12.4 8.1 0.541

all locations - high flow 116 84.2 85.p 9/4 6.1 0.938

The different headway and speed distributionsdtaxation at on-ramps are displayed in
FIGURE 7. The black line represents the distribuad the moment the subject vehicle merg-
es from the acceleration lane to lane 1 (t=0s).dreg line shows the distribution 10 seconds
after to this moment (t=10s). The descriptive stais for the headway progression are shown
in TABLE 7, as well as the results of a two sanif&test.

The results shown that the headways show a shghtase after t=0s for all 3 on-ramps.
However, only for the on-ramp of Delft the diffepenis significant. The measured mean
speeds also show an increase but this differenoet isignificant.

relaxation at all on-ramps relaxation at all on-ramps

1 —— 1
-
0.8
- ~06f
X X
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04
at moment of lane change 02+F at moment of lane change
10 seconds after lane change 10 seconds after lane change
Il 1 L 1 O = 1 1 1 Il Il
0 2 4 6 8 10 60 70 80 90 100 110 120 130
headway [s] speed [km/h]
FIGURE 7: Headway and speed progression under relaxation.
TABLE 7 Descriptive statistics of headway progression of relaxation
Site n mean at t=0s | mean at t=10s std. at t=0s std. at t=10s p-value
[seq] [seq] [seq] [seq] KStest
> on-ramp Delft 115 1.2 1.4 1.0 09 0.005
% on-ramp Terheijden 22 2.4 27 2{1 2.5 1.000
8 on-ramp Zonzeel-north 29 2.0 2|1 1.7 1.9 0.996
T [ all on-ramps 166 1.5 1.7 14 1|5 0.0p8
on-ramp Delft 115 83.3 86.0 78 6|8 0.054
§ on-ramp Terheijden 23 90.1L 93|1 17.6 14.3 0.821
& | on-ramp Zonzeel-north 29 829 8311 5.9 2 0.996
all on-ramps 166 84.1 86.p 916 8.5 0.099
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Gap acceptance for merging at different designs and speeds

FIGURE 8 displays the cumulative distribution fuoos of accepted gaps (net headways)
during merging, secondary merging, diverging anepkag right. Four scenarios are dis-
played: gap acceptance at long weaving segmendsy inigh and low flow, and gap ac-
ceptance at short weaving segments under highcantraffic flow conditions. The descrip-
tive statistics for these distributions are showi ABLE 8. For each scenario the accepted
gaps of MLC (merge and diverge) and DLC (secondagyge and keeping right) are com-
pared. The results of the comparison is shown iBOR9. To give an indication of the im-
pact of the weaving segment length the distributibaccepted gaps of merging traffic at on
on-ramp is taken as a reference. The acceptedig@ibutions show that gap acceptance at a
long weaving segment, under low traffic flow coimalits, is comparable to merging at an on-
ramp at low traffic flow conditions. The mean adeebgap is between 5.5 and 7.5 seconds.
For the other scenarios in FIGURE 8 the shapeseoflistributions seem to be similar, but the
results of the KS-test do not support this for ntastes. In the scenario with a long weaving
segment and high traffic flow conditions, the difflece might be explained by the high vol-
ume of trucks in the weaving segment “Ridderkerkitf§band the low volume of trucks at

the on-ramp of “Delft”. For the scenario with a ¢pweaving segment length and high traffic
flow conditions and the scenario with a short wag\segment and low traffic flow condi-
tions, the accepted gap distribution for divergstands out. This can be explained by the
amount of entering and exiting traffic, as showdTABLE 1. In the long weaving segment
“Ridderkerk - south” the amount of entering trafédow (416 vehicles), which explains a
relatively large average accepted gap. In the shealving segment “Bergen op Zoom - east”
the entering flow is high (641 vehicle), which exipk a relatively small average accepted
gap. When comparing merging (MLC) and secondarymgr(DLC) the results show that on
average smaller gaps are accepted for mergingoiilyeexception is the scenario with the
short weaving segment and the low traffic flow atinds. Here the average accepted gap for
secondary merging is smaller, but for merging awbsdary merging the average accepted
gap is relatively large due to the small amourttaffic.

The results of a cross comparison between weaegments with comparable lengths and
flows are shown in the second part of TABLE 9. K&test results show that the accepted
gap distributions at long weaving segments areoretdy comparable for both high and low
traffic flow conditions. The same holds for gapgu@ance when weaving under high traffic
flow conditions. The distributions for both the tpand short weaving segment are compara-
ble at high flow conditions. Except for the accelpgap distribution for diverging.
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FIGURE 8: Comparison of ML C and DL C under different conditions.
TABLE 8 Descriptive statistics of accepted gap distributions
siteand manoeuvre | n] mean | std. | siteand manoeuvre | n] mean | std.
low flow and long weaving segment high flow and long weaving segment
onramp Zonzeel-north merge 212 6.36 5.02| onramp Delft merge 322 3.95 2.68
Princeville-west merge 188 5.46 3.59| Ridderkerk-south merge 96 4.78 3.26
Princeville-west merge secondary 201 6.05 5.05| Ridderkerk-south merge secondary 72 5.34 4.05
Princeville-west diverge 93 7.40 5.48| Ridderkerk-south diverge 75 8.69 5.61
Princeville-west keeping right 15 5.66 3.51| Ridderkerk-south keeping right 115 531 3.09
low flow and short weaving segment high flow and short weaving segment
onramp Zonzeel-north merge 212 6.36 5.02| onramp Delft merge 322 3.95 2.68
Bergen op Zoom-east merge 189 9.06 6.22| Klaverpolder-south merge 130 5.55 4.15
Bergen op Zoom-east merge secondary 548.88 6.47| Klaverpolder-south merge secondary b5 6.13 5.28
Bergen op Zoom-east diverge 12 3.22 2.74| Klaverpolder-south diverge 158 4.15 2.99
Bergen op Zoom-east keeping right b3 7.68 4.51| Klaverpolder-south keeping right 217  5.40 3.51
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TABLE 9 Results statistical comparison gap acceptance

Scenario 1 Length | F/C n | Scenario 2 Length | F/C n p
[m] [m]

onramp Zonzeel-north merge 34®.58| 212| Princeville-west merge 11000.52| 183 0.259

£ | » |©onramp Zonzeel-north merge 34®.58| 212] Princeville-west merge sec. 11p®.52| 201 0.303
g’ 2 | onramp Zonzeel-north merge 34@.58| 212| Princeville-west diverge 11000.52| 93]0.221
% g onramp Zonzeel-north merge 34@.58| 212| Princeville-west keeping right 11000.52| 15| 0.987
c | Princeville-west merge 11000.52| 183] Princeville-west merge sec. 11p®.52| 201 0.661
g’ Princeville-west diverge 11000.52| 93| Princeville-west keeping right 11000.52| 15|0.643
2 onramp Delft merge 3000.81| 322]| Ridderkerk-south merge 10000.78| 95| 0.038
% = | onramp Delft merge 3000.81| 322]| Ridderkerk-south merge sec. 1000.78| 72]0.015
z |2 onramp Delft merge 3000.81| 322]| Ridderkerk-south diverge 10000.78| 75 0.000
g ﬁ: onramp Delft merge 3000.81| 322| Ridderkerk-south keeping right 10000.78| 115 0.000
- | = | Ridderkerk-south merge 10000.78| 95| Ridderkerk-south merge sec. 1000.78| 72]0.922
Ridderkerk-south diverge 10000.78| 75| Ridderkerk-south keeping right 10000.78| 115| 0.000

onramp Zonzeel-north merge 34®.58| 212| Bergen op Zoom-east merge 500.35| 139 0.000

£z onramp Zonzeel-north merge 34®.58| 212]| Bergen op Zoom-east merge sec bAM35| 54|0.013
g’ 2 | onramp Zonzeel-north merge 34®.58| 212| Bergen op Zoom-east diverge 500.35| 72| 0.000
% g onramp Zonzeel-north merge 34@.58| 212| Bergen op Zoom-east keeping right 500| 0.35| 53] 0.086
£ Bergen op Zoom-east merge 500.35| 139| Bergen op Zoom-east merge sec bAM35| 54|0.723
g’ Bergen op Zoom-east diverge 500.35| 72| Bergen op Zoom-east keeping right 500| 0.35| 53| 0.000
= onramp Delft merge 3000.81| 322] Klaverpolder-south merge 5000.74| 130 0.001
% = | onramp Delft merge 3000.81| 322| Klaverpolder-south merge sec. 500.74| 55]0.005
E 2 | onramp Delft merge 3000.81| 322| Klaverpolder-south diverge 5000.74| 153|0.914
o] ﬁ: onramp Delft merge 3000.81| 322] Klaverpolder-south keeping right 5000.74| 217]0.000
PRI Klaverpolder-south merge 5000.74| 130] Klaverpolder-south merge sec. 500.74| 55/ 0.300
Klaverpolder-south diverge 5000.74| 153] Klaverpolder-south keeping right 5000.74| 217|0.001

= Princeville-west merge 11000.52| 183| Ridderkerk-south merge 10000.78| 95| 0.410
g’ © | Princeville-west merge sec. 11p®.52| 201 | Ridderkerk-south merge sec. 1000.78| 72]0.710
% 2 | Princeville-west diverge 11000.52| 93| Ridderkerk-south diverge 10000.78| 75]0.125
IS Princeville-west keeping right 11000.52| 15| Ridderkerk-south keeping right 10000.78| 115| 0.858
§’ Bergen op Zoom-east merge 500.35| 139| Klaverpolder-south merge 5000.74| 130 0.000
_E’ ‘g Bergen op Zoom-east merge sec. bAN35| 54| Klaverpolder-south merge sec. 500.74| 55(0.017
§ % | Bergen op Zoom-east diverge 500.35| 72| Klaverpolder-south diverge 5000.74| 153|0.016
= Bergen op Zoom-east keeping right 500.35| 53] Klaverpolder-south keeping right 5000.74| 217|0.002
Princeville-west merge 11000.52| 183| Bergen op Zoom-east merge 500.35| 139/ 0.000

= | Princeville-west merge sec. 11p®.52| 201 | Bergen op Zoom-east merge sec bAM35| 54| 0.005

2 | Princeville-west diverge 11000.52| 93| Bergen op Zoom-east diverge 500.35| 72| 0.000

g Princeville-west keeping right 11000.52| 15| Bergen op Zoom-east keeping right 500| 0.35| 53] 0.232
= Ridderkerk-south merge 10000.78| 95| Klaverpolder-south merge 5000.74| 130| 0.486
5, | Ridderkerk-south merge sec. 1000.78| 72| Klaverpolder-south merge sec. 500.74| 55| 0.610

< | Ridderkerk-south diverge 10000.78| 75| Klaverpolder-south diverge 5000.74| 153 0.000
Ridderkerk-south keeping right 100®.78| 115| Klaverpolder-south keeping right 5(000.74| 217 0.518

5. DISCUSSION

The level of turbulence is defined as the frequeaanay intensity of individual changes in
speed, headways, and lanes (i.e. lane-changes)Bdanom et al. 2016). The results show
that the largest contribution to turbulence is gitg the intensity of lane changes. Only small
changes in headway and speed were found for bafiecation and relaxation. For changes in
speed, the differences were found to be not samfi For changes in headway, only the
change in headway during relaxation under highieribw conditions was found to be sig-
nificant. Nevertheless, it is expected that thea# of cooperation, anticipation and relaxa-
tion will increase as the traffic flow increasasce these manoeuvres are more likely to oc-
cur in (near) saturated or congested traffic.

In this paper, we found that the frequency of lehanges was found to be highest around
ramps: 50% of all lane changes in the vicinityarhps take place at the acceleration and de-
celeration lane, which is only 20-25% of the meaduength of motorway. Pre-allocation and
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anticipation were found to be of little influena® turbulence. The intensity of these lane
changes is low and mainly take place at a clogamie from the ramp. This suggests that the
ramp influence area is smaller than currently pgeeckin the different guidelines
(Rijkswaterstaat 2017; HCM 2010). This is espegitike case for off-ramps where only pre-
allocating vehicles provide a little increase ia tavel of turbulence. For on-ramps mainly
secondary lane changes create turbulence downstrethra ramp. These secondary lane
changes might also explain the increased inten$ikgeping right lane changes downstream
of the on-ramp.

Not all measured lane changes can directly be dirnieentering or exiting traffic. Lane
changes to the inside and outside of the motorwhich are not triggered by entering or exit-
ing vehicles nearby, are present over the wholesored area with an average of lane chang-
es per 25 m that ranges between 2 and 8. Thisatedi¢hat turbulence is always present in
traffic, which is consistent with (HCM 2010). Howeay it was found that the rate of these
lane changes increases in the vicinity of ramps.

A higher traffic volume results in a higher levéltorbulence. Shorter gaps are accepted for
MLC under high traffic flow conditions which ressilin small initial headways which gradu-
ally increase over time (relaxation). A longer wegvsegment length has a positive effect on
the level of turbulence. Drivers make use of a @rdjstance to select a suitable gap which
results in larger accepted gaps for MLC. This ikria with the findings of (Calvi and De
Blasiis 2011). However when a weaving segmentlgeger this effect gets smaller, since
only the first part of the weaving segment is udédre than 85% of the lane changes for
merging and diverging are performed in the firsib0f the weaving segment length. This co-
incides with previous findings (Daamen et al. 208@yczak et al. 2014). Weaving segment
lengths longer than 1,000m are not expected toigecy significant additional benefit.

6. CONCLUSIONS

This study focusses on driving behaviour near nvedgrramps (on-ramps, off-ramps and
weaving segments). Different manoeuvres are idedtthat are performed by drivers that ei-
ther enter the motorway, exit the motorway or apéite / cooperate with entering or exiting
vehicles. These manoeuvres create an increasddfewebulence that starts upstream of the
ramp, is at its highest at the ramp and decreasgssiream of the ramp. The study shows
that the increased level of turbulence, in freev/flinditions, is mainly characterised by in-
creased numbers of lane changes. Changes in spedeadway are limited. Only for relaxa-
tion a significant change was found under higHitrdliow conditions. Most of the lane
changes are attributed to merging and divergingtakel place at the acceleration lane or de-
celeration lane. Further upstream and downstreammtinsity of lane changes is much less.
Especially for off-ramps, where only pre-allocatiwas shown to be of influence. Pre-
allocation related lane changes are small in nurabdrseem to be correlated to the location
of routing signs. At on-ramps anticipation genesdéeme changes upstream of the ramp but
only at a maximum distance of 25m - 100m. Downstre&the on-ramp secondary lane
changes are performed. 26%-41% of the merging ke=hperform additional lane changes
towards the median lane after they have mergeseTllame changes are performed until about
475m - 575m downstream of the ramp.

The findings related to the start and end of teboé are shown in TABLE 10 and are com-
pared to previous studies. The prescribed upstrednes in the HCM are slightly larger than
found in our study. This coincides with the findsngf (Kondyli and Elefteriadou 2012). The
downstream values are comparable. The prescridads/éor on-ramps in the Dutch design
guidelines (Rijkswaterstaat 2017) are reasonahbhgistent with our findings. For off-ramps
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the upstream value is slightly higher when the iohpé the routing sign is not taken into ac-
count.

TABLE 10 Ramp influence areas

on-ramp off-ramp source
upstream [m] downstream [m] upstream [m] downstream [m]
25-100 475-575 400-600* 200-375 this study
200 900 1,000 - (Van Beinum et al. 2017)
110 260 - - (Kondyli and Elefteriadou 2012)
460 460 460 460 (HCM 2010)
150 750 750 150 (Rijkswaterstaat 2017)

* location of routing sign

The use of the available road length by mergingdinerging vehicles is rather constant.
Most vehicles make only use of the first part & #tceleration lane or deceleration lane, re-
gardless of the traffic flow or the available ldm@ivhich ranged between 210m - 250m for
off-ramps and 300m - 340m for off-ramps). Compaedi®haviour is observed at weaving
segments (with lengths ranging from 400m - 1,10@o}h entering and exiting vehicles
make use of only the first part of the weaving segimwhich results in an accumulation of
lane changes in the first part and only a few lamenges in the last part of the weaving seg-
ment. This corresponds to findings in other stu@i¢arczak et al. 2014; Kusuma et al. 2015).

Based on the analysis of our dataset, both roadreasd traffic flow have shown to affect
the use of the acceleration lane and deceleraim® MWhen the length of a weaving segment
is increased, more length is used for merging. RiEsign and traffic flow seem to hardly af-
fect gap acceptance. We found significant diffeesimcthe mean accepted gaps between low
and high traffic flow at short weaving segmentg, fat at long weaving segments. For long
weaving segments similar accepted gap distributiegre found for both high flow and low
flow traffic conditions. At short weaving segmeatsignificant difference was found between
the two distributions. Therefore, the results ataonclusive.

Our findings give an interesting insight into theacteristics of the different manoeuvres
that contribute to turbulence. It shows where tlebce starts and ends, but more importantly:
it shows how the different manoeuvres are perforaretihow these are affected by motor-
way design and traffic flow. This study is basedadarge dataset of trajectories from indi-
vidual vehicles driving in the vicinity of rampshit information is essential for gaining more
understanding on driving behaviour which can beldseimproving our microscopic simula-
tion models and for improving our design guideliniess recommended to use this data to
improve the modelling of the different manoeuvred the interaction between vehicles that
perform these manoeuvres. Some of the studied maresgehave been given much attention
in literature, such as merging and diverging, loutother manoeuvres much less research has
been performed. Examples of manoeuvres that refuriteer research are: pre-allocation,
secondary merges and keeping right. Moreoverrggemmended to further investigate the
variability in behaviour among drivers (e.g. thedkeof risk different drivers are willing to

take) and its impact on traffic flow characteristand safety. Our final recommendation is to
put more effort in investigating the impact of rq@esign) characteristics on driving behav-
iour. For example the impact of horizontal aligntewrrtical alignment, number of lanes and
lane width on lane change behaviour.
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