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In recent years, the Netherlands has focused its road design policies on improving traffic safety
and sustainability, particularly in built-up urban areas. One such policy is the GOW3policy,
which lowers the maximum speed limiton certain distributor roads from 50 km/h to 30 km/h.

This policy primarily targets roads that are characterized by a mismatclhetween design,
intended function and actual use. If there is a mismatch betweemoad designand maximum

driving speeds, vulnerable road users are exposed to disproportionate traffic riskhe need for
GOWa30 roads has grown in response to thgrowing population anda rise in cyclistrelated

incidents, making it imperative to implement policies that address these safety concernsOnly
this way, safety for vulnerable road users can be increased-However, the rapid pace of
urbanization presents significant challenges for cityplanners and policy makerso find abalance

between accessibility and spafal quality, particularly environmental sustainability.

As urban areas expand and become more dominated by concrete and asphalt, they face negative
effects like increased heat stressand reduced biodiversity. Integrating green spaces into urban
landscapes is a promising solution to mitigate these issues and enhance overall livabilityVhile
these sustainable measures can improve environmental quality and reduce urban heat stress
sustainable measures such as thick trees increase severity of traffic accidentsAlso, while the
effect of greenery has been studiedn suburban roads, effects of greenery in urban areas remain
largely unclear.

For these reasons, this research investigates the relationship betweesustainable measures
and driving behaviour on GOW30 roads. The study addresses a critical knowledge gap
concerning the impact of sustainable measures on drivindpehaviour. This is done by providing
an answer to the main research question, which is formulated afllows:

Which sustainable measures are effective in improving driving behaviourcompliance and risk
perception of car drivers for GOW30?

Should these measures prove effectivein reducing driving speeds they could enhance the
credibility of newly imposed speed limits and modify habitual drivingpehaviours. Conversely, if
found ineffective, these measures might leado increased driving speedscompromising traffic

safety. The integration of greemry, suchas trees and grass strips along rads, is a critical area of
focus in this study.

In order to clarify the relationship between green infrastructure andlriving behaviour both
guantitatively and qualitatively, a driving simulator experimenttogether with a surveywas
conducted. Ths experiment together with a surveyassessed changes in drivingbehaviour
amongst different road segments. These road segments varied in road widid narrow road width
of 6 meters and a wide road width of 7 metergarking height(level parking and elevated parking)
and greenery typeg(grass strips, marram grasstrips and Populustrees, varying in thickness. All
measures were selected by means of literature review, interviews with road design experts and
a survey. As participants drove through14 selected segments, their drivingbehaviour was
recorded by means of their speed profiles and lateral position on the road.



The key findingsof the simulation experiment and the postexperiment surveyreveal a clear
relationship between road width and driving speedSolely increasing road width reveadd higher
driving speedsin the experiment. This finding was confirmed byarticipants reporting to drive
faster on wide roads, due to the increased distance from roadside objects. A similar speed
enhancing effect is observed when lowheight greenery, such as grass, is introduced along the
roadside, particularly on narrow roads.According to participants, the primary reason for this
effect is greater visibility on the sidewalk compared to parked cars along the road. This visibility
allows car driversto better anticipate pedestrian actions, which in turn increases their comfort.

Drivers also tend to position themselves closer tdhe center of the roadwhen high greenery is
present between parked cars on both sides of the road. Thisehaviouris also observedon road
segments where cars are parked on both sides without greenery, suggesting that the perceived
risk of parked vehicles may outweigh any calming effects of roadside greenery.

Conversely, whencars are replaced by planters withPopulus trees along the road, drivers
position their vehicles closer to the right edge, although this adjustment does not correspond
with an increase in speed. Whercars are removed, and grass strips are placedlongside the
road, drivers also shift to the right, though to a lesser extewompared to with Populustrees. The
inclusion of grass stripsdoeslead drivers toexhibit higherdrivingspeeds. These findings suggest
that while high roadside objectsguide vehicle positioning, they do not necessarily encourage
slower drivingif no parked cars are present.

In summary, increased road width and enhanced visibilitpn the sidewalkresult in decreased
compliance with the 30 km/h speed limit. To counteract this, road designers should consider
road-narrowingmeasures. If possible, incorporating high and dense types of greenery in between
parked cars has the potential to reduce driving speeddt was found that thedensity of greenery
directly influences driving speed by reducing sidewalk visibility, while the height of greenery
primarily affects lateral vehicle postioning. Increasing road width or incorporating lowheight
greeneryis thus not recommended if speed compliance is the primary goabf the road design

Also, the road designs in this study adhered to GOW30 practices, which typically exclude
centerlines. While this can allow drivers to veer away from roadside objects, the inclusion of
centerlines on low-traffic road segments may enhance the effectiveness of greenery in reducing
speeds by limiting lateral movement since drivers veer away from roadside objectsHowever,
future research on this matter should provide conclusive recommendations Although taffic
conditions were also not varied in this study, itis anticipated that drivers would feelmore
restricted constrained on two-lane roads with higher traffic volumes potentially enhancing the
speed-reducing effects of (dense) greenery.

It is important to note that these findings are based on a driving simulation, which approximates
reality. As such, the results may not fully translate to reaorld driving behaviour, where risk
perception and situational awareness differ. Nonetheless, these insights provide valuable
direction for estimating drivingbehaviouron GOW30 roads in conjunction with sustainable road
design measures. Future research should explorelriving behaviour in real-world conditions,
which can vary by season and weatherto better understand how sustainable measures
influence long-term driving behaviour. Key variables to investigate include vegetation type and
the interaction between greenery and other road features such as cycling lanes. A deeper
understanding of these dynamics is essential for developing futur@roof urban environments
that balance road safety and sustainability.
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In recent years, policies in the Netherlandsregarding road designin the built-up area have
focused on increasing traffic safety andsustainability (SWOV, 2018a)A policy that aims to
increase traffic safety is the GOW30 policyWith this policy, the maximum speed limit is reduced
from 50km/h to 30km/h on roads that fall in between two existing classificationsETW30 and
GOWS50. Here ETW30is an access roadwith a speed limit of 30km/h and GOW50a distributor
road with a speed limit of 50km/h.On grey roads, anismatch between maximum speed limit and
road function increases acident risk for vulnerable road users

In this chapter, the principles of road design in the Netherlands will béoriefly discussed. Then,
the issues with current practices are highlighted, from which the motivation toconduct this
research stems. Following this, a problem definitionis formulated. Based on this problem
definition, the scope of this research is defined. Finallythe objectives andresearch questions
that this researchaims to answer are elaborated.

The Dutch Sustainable Safety framework is structured around three design principles and two
organizational principles, as detailed below(SWOV,2018b; SWOV,2019):

1 Functionality: This principle ensures that road segments and intersections are designed
to fulfill a singular traffic function, either facilitating movement (flow) or enabling
interaction (exchange) across all modes of transportation. The network is hierarchically
organized to enhance safety and efficiency. For example, roads designed for flow
should minimize interactions with surrounding environments, while roads designed for
exchange allow for frequent stops and interactions. Mixing these functions is avoided as
it compromises safety.

1 Biomechanics: This principle focuses on minimizing differences in speed, mass,
direction, and size among road users to prevent severe accidents. It involves designing
road environments and vehicles that are compatible with each other, providing
necessary protections based on the characteristics of different road users. For
instance, separating motorized traffic from pedestrians and cyclists or reducing speeds
in areas with vulnerable users helps to ensure that all road users can navigate safely.
The designshould also consider additional protective measures, especially for the most
vulnerable, such as children and the elderly.

1 Psychology:Road designs should be intuitive, aligning with the expectations and
competencies of road users, particularly older individuals. This principle emphasizes
the importance of making road layouts and traffic signals seléxplanatory and easily
understandable, thereby encouraging predictable and safdehaviour. For example,
clear signage, road markings, and logical layouts that guide drivers and pedestrians
help in reducing errors and enhancing safety. This principle recognizes that when road
users can easily omprehend and anticipate the traffic environment, they are more
likely to behave safely

1 Responsibility: This principle underscores the importance of clearly defining the roles
and responsibilities of all parties involved in road design and maintenance. By assigning
clear tasks to each stakeholder, from planners and engineers to policymakers and



maintenance crews, it ensures that accountability is maintained throughout the
lifecycle of the road. This clarity helps to ensure that safety considerations are
prioritized at every stage of road design and operation, reducing the likelihood of errors
or oversights.

9 Learning and Innovation: Continuous learning from traffic incidents is vital for improving
road safety. This principle advocates for the regular assessment of traffic accidents and
near-misses to identify patterns and areas for improvement. Based on these
assessments, stakeholders are encouraged to develop and implement innovative
solutions aimed at reducing accidents and enhancing overall road safety. This might
involve technological advancements, changes in road design or updated safety
protocols. The emphasis is on creating a dynamic system where safety practices evolve
based on realworld data and emerging trends.

"Grey roads" refer to roadways where the intended function, design, and actual use are not
properly aligned. For instance, a 50 km/h shopping street is considered a "grey road" due to the
mismatch between its design and usage, as discussed in the principteof functionality and
biomechanics. The foundational principle for safe road design and usage is ensuring that each
road's function is clearly defined, leading to the categorization of roads within a hierarchical and
efficient network structure. However, since the Sustainable Safety program originally only
supported ETW30 roads (residential access roads with a 30 km/h limit), there emerged a need for
the introduction of GOW30 roads In practice, this would mean that lower maximum speeds are
maintained compared to GOWS50, but higher traffic volumes are accommodated compared to
ETW30.

In 2021, CROW published guidelines for implementing GOW30 road§.o operationalize this
policy, a framework was developedto illustrate the categorization of the roads in the buik
environment. In figure 1: Decisioamaking framework for GOW30, it can be seen that the GOW30
policy is aimed at access roads where conflicts with vulnerable road users cannot be mitigated
by separating traffic types or changing road function.

The implementation of this policy that targets grey roads is crucial, especialseen the increased
frequency of cyclist incidents and population greying The rise in cyclist accidents can be
explained by a rise in electric bicycle use among the elderly(Westerhuis et al., 2024).
Additionally, according to Davis (2001), the likelihood of a fatal accident at 50 km/h for
individuals aged 60 and above is estimated at 65%, whereas at 30 km/h, this likelihood drops
significantly to 4%. More generally speaking, dwer driving speeds are associated with lower
fatality risks for all types of pedestriansRosén et al. (2011) found in a literature study that fatality
risk for pedestrians decreases 10% if impact speeds with car collisions are reduced from 50km/h
to 30km/h. Factors that influence fatality risk other than driving speed are the age of the
pedestrian and specific area of the body impacted during the collisionrReducing driving speeds
on urban roads is thus a relevant development.
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Decision-making framework for GOW30

1. Determine the function of the road, in coherence with the e
whole network.

«What are important public transport routes?
«What are important access roads?

e

g

v

' Residential function

4

Dual function

A

Transport function

3. Weigh the traffic function
against the residential function.
Does the road have such a
significant traffic function that
flow is the most important factor?

For example:

e Major public transport route
elmportant arterial roads

e« Emergency services route

4a. Are there reasons to set

a 30km/h speed limit?

e«Safe and consolidated
crossings

eLane separation
aPreferably no parking

Figure 1: Decisionmaking framework for GOW30.

Translated from CROW (2021)
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The rapid pace of urbanization presents significant challenges farrban planners, developers,
and policymakers, especially in terms of health and environmental sustainability. As urban areas
become increasingly dominated by concrete and asphalt, they face several adverse effedsich
as elevated heat stress. Integratinggreen spaces into urban landscapes offers a promising
solution to mitigate these issues and enhance overall livability.

First, research from Wageningen University & Research (WUR) highlights the considerable
positive impacts of urban greenery on health, climate resilience, and other societal benefits.
However, the effectiveness of these green elements is influenced by factors suas their design,
quality, scale, and community involvement. This indicates that a oneize-fits-all approach may
be insufficient; rather, tailored solutions are necessary to meet the specific needs of various
urban contexts (Veerkamp et al., 2023).

Empirical studies support the psychological advantages of green environments. Green settings
have been linked to lower anxiety levels, increased enjoyment, and improved cognitive
outcomes. For instance, research shows that green natural environments fosterecovery and
subjective well-being (Kaplan, 2001; van den Berg et al., 2003).

Green spaces are also crucial in mitigating the urban heat island effect. They help cool the
surrounding environment, absorb pollutants, and manage stormwater runoff, thus enhancing a
city's resilience to climate change (Dadvand et al., 20&). Furthermore, they promote alternative
modes of transportation, such as walking and cycling, which can reduce reliance on cars and
lower urban carbon emissions.

The COVIB19 pandemic underscored the importance of urban green spaces for public health
and well-being. During lockdowns, parks and green areas became vital for physical activity and
social interaction, highlighting the need for accessible and welmaintained green spaces in
urban settings (Venter et al., 2020)These spaces not only support physical health but also foster
mental well-being by providing areas for relaxation and socialization.

In summary, incorporating green infrastructure into urban development is crucial for addressing
the challenges of urbanization and promoting sustainability. Green spaces offer extensive
environmental, health, and social benefits, which are essential for @ating vibrant and resilient
cities. As urban areas continue to expand, it is imperative to approach urban growth and
environmental sustainability as interconnected issues, requiring integrated and strategic
solutions to ensure a balanced and thriving urba future (Jabbar et al., 202).
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For many years,scholars have mentioned that streets should serve the community ande
walkable and livable (Appleyard, 1981; Whyte, 1980). This primarily applicable to residential
streets. The concept ofshared space involves reducing or eliminating traditional traffic control
elements like road markings and signs, thus encouraging road users to navigate and interact with
each other more intuitively andcautiously (Moody & Melia, 2011).

Shared space operates on the principle that minimizing visual cuessuch as road signs and
markings, fosters a more natural and interactive environment among road users. This approach
aims to balance various urban functions, including transportation and pedestrian access, by
making the space less about strict regulation and more about mutual awareness and
responsibility. For example,a study on theAmalias Street in Nafplio, Greece, demonstrates this
concept by comparing a conventional road section with ahared space section. In this study,
pedestrian crossing rates increase due to the greater number of crossing points available
compared to conventionalroads (Tzouras et al., 2023Furthermore, Ben-Joseph, E. (1995) found
that shared paved space by multiple road users reduces traffic speed and improves safety

Sharedspace principles align with sustainability goals by fostering environments that prioritize
pedestrian and environmental considerations. The principle of 'Sustainable Safetywhich
emphasizes predictable and recognizable road layouts, contrasts withshared sG¢ HIJKk t LU
approach. While Sustainable Safety relies on clear signage and physical traffic calming
measures to regulatebehaviour, shared space seeks to achieve similar outcomes through more
organic interactions and reduced visual clutter. The goal is to create spaces where traffic
conflicts are managed through increased awareness and mutual understanding rather than
formal regulations. Sharel spaces are most effective when they serve as destination or activity

hubs rather than hightraffic routes, and when velicle volumes are manageable and not
overwhelming (CROW,2023Db).

An extension ofthe shared space principleis the woonerf concept. On woonerfs, car drivers
share space with other roads users but are subordinate to thenT.o define what a woonerf is, the
Dutch Ministry of Transportin the Netherlandsdefined a set of criteriain 1976. According to Kraay
(1986) hese criteria primarily entail that woonerfs are residential areas which must only carry
vehicular traffic with an origin or destination within that particular woonerf. Also, there should be
no continuous difference in cross sectional elements along the roadenough parking space
accompanied with adequatelighting and vertical elements such as plant tubs and shrubs must
not restrict visibility. A key difference with the shared space principle is that woonerfs are
regulated spaces, with clear signage that make car drivers aware of entering a woonerf zone
which makes these zones seHlexplaining (Theeuwes, J., 2021 an example study (Nalmpantis
et al., 2017), the application of the woonerf concept to the campus of Aristotle University in
Greece was shown to reduce tension between car drivers and pedestrians, which led to a
sustainable campus environment that founda medium between a caroriented space and a car
free zone. Driving speeds reduce naturally, since drivers recognizeé the chances of a sudden
conflict.

In summary, by shifting focus from traditional traffic management to more dynamic and user
focused designs, shared space contributes to achieving broader sustainability objectives,
including reduced vehicle speeds, enhanced pedestrian safetyand improved urban livability
(Haaze, 2019).
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GOW30 roads, which have transitioned from a 50 km/h to a 30 km/h speed limit, pose unique
challenges due to insufficient data on the effectiveness of safety measures. These roads require
interventions that enhance speed limit credibility and modify drivingbehaviour, since these
roads are converged from another road category to GOW3(Qlhere is a notable gap in
understanding how infrastructural changes impactdriving behaviour for these roads, prompting
calls from non-governmental organizations for more resarch.

Additionally, the integration of sustainable measures, such as adding greenery, can conflict with
traffic safety goals. While sustainable features can improve environmental quality, they may
inadvertently increase injury severity in accidentsBehavioural adaptation further complicates
this issue, as modifications in road design can lead to unintended increases in driving speed due
to a perceived sense safety.

To address these challenges, it is crucial to quantify how environmental factors influence speed
limit credibility and driving behaviour. With this knowledge, safety measures can beefined and
aligned with sustainability goals.

This study investigates GOW30 within the Netherlands, a policy specific to the Dutclirban
context. The study selects Rotterdam as the focal case due to its relevance: the city is undergoing
substantial population growth, resulting in increased traffic volumes and a more diverse mix of
road users, including automobiles, bicycles, mopeds, scootes, pedestrians, public transport
and freight vehicles. Furthermore, Rotterdam's municipal strategy to transition 115 roads to a 30
km/h speed limit by 2025 underscoes the significance of this case study{Gemeente Rotterdam,
2024).

Interviews with expertsrevealthat 80% of traffic-related injuries in Rotterdam occur on 50 km/h
roads, a proportion that is higher than the national averagef 30% (Rijkswaterstaat, 2024)
Consequently, this research focuses on a specific corridor in Rotterdamstarting from the
Bosdreefand extending to the WalenburgerwedThis corridor has been identified as hazardous,
with plans to convert the Zaagmolestraat segment to a GOW3by 2025. Tlis roadis located in

a high-density built environment and characterized by the presence of tram tracks, limited
pedestrian space, narrow sidewalksand a paucity of greenery, rendering it vulnerable to urban
heat island effects.

The objective of this research is to examine the relationship between the presence of greenery
and driving behaviour in the context of GOW30 roads. Existing policies predominantly aim to
reduce vehicle speeds through lower speed limits and infrastructural modifications, often
without adequately addressing the broader road environment and climate objectives. This study
underscores the necessity of fostering sustainable development that satisfies current needs
without compromising the ability of future generdions to meet their own. It seeks to promote
ecological integrity, mitigate urban heat stress, and advocate for the responsible utilization of
resources, with a particular emphasis on reinvesting in natural resources where applicable.
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b ZWAANSHALSPARK

Figure2: Accident hotspotson the Zaagmolenstraat in Rotterdamwith a lower bound of Znjury-related accidents (red)and a lower
bound of 1 materiatrelated injury (blue) from 2019 onwards(STAR, 2024).
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In this paragraph, the research questions that will guide the thesis are outlined. Theseresearch
guestions will build on the research gaps, mentioned in the previous chapter. Themain research
guestion focuses on identifying sustainable measuresto mitigate driving speeds specifically for
GOW30roads. Thisquestion is formulated as follows:

Which sustainable measures are effective in improving driving behaviour compliance and
risk perception of car drivers for GOW30?

To comprehensively answer thisnain research question, the following subquestions have been
formulated:

SQ1: What are the most promising characteristics of sustainable measures that influence
speed limit credibility?

Here, the focus shifts to identifying features of sustainable measures that can enhance the
credibility of speed limits on GOW30 roads, potentially influencing driver behaviour. These
findings will result from literature research, interviews with road design experts and landscape
architects and a survey.

SQ2: What is the impact of these sustainable measures on the driving speeds of car
drivers on GOW30roads?

This sub-question examines the direct impact of implementing sustainable infrastructural
measures on driving speeds, providing insight into their effectiveness. It is hypothesized that
larger types of greeneryinfluence driving speeds negatively, since larger objects pose a higher
risk to crash into and reduce visibility.

SQ3: What is the impact of these sustainable measures on lateral position of car drivers on
GOW30roads, without presence of a centerline ?

Thissub-question investigates howthe selected sustainable measures influence lateral
position with the absence of acenterlines, since this is a common road design featuréor
GOWa30 roads. Furthermore, it is chosen to examine thi®ehaviour with infrequent oncoming
traffic, to approximate free-flow driving behaviour.

SQ4: In what way do sustainable measures influence the risk perception of car drivers?

Lastly, this sub-question explores how infrastructural adjustments affect 1 | R 2 tibk t K
perception, which can in turn influence their driving behaviour.

By addressing these sub-questions, the thesis aims to achieve its overarching objective of

evaluating the effectiveness of sustainable infrastructural measuresin reducing driving speeds

and improving driving behaviour. It is hypothesized that increasing driversk perception of risk

through infrastructural adjustments will lead to a decrease in driving speeds, contributing to

safer road conditions on GOW30.Toinvestigate the state-of-the-art with regards to road design
and sustainable measures a literature reviewwill be presented in the next chapter
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Todelve deeper into the concept of GOW30, policy documents have been looked up with the
searchterms bih | § 1 GRMKO Mt ANDSAKP Mt Coa the Google Search engine for policy
documents and on GoogleScholarfor scientific literature. Thenfor specific literature, the search

query bih 0 R2 IDRR @D ®'a’'m RDBh K G310 O PRMM ¢ 0 OGRMK ¢ ¢ m FOR !

hel BE O ORIRHKA Y O ORMK {&xplainingl ¥ ¢ ORNKka | ANDR & | cvimsuBert.K b

A study that analyzedthe relationship between road characteristics and user compliance with
speed limits was carried out by Yaoet al. (2020).In this driving simulator study, it was found that
road layout and roadside environment affected the driven speeds. In 8 scenarios developed for
rural highways, road layout was varied in multiple levels: straight or curved alignments, with or
without a cycling lane and with or without an emergencylane. Therefore,this study leavesroom
for further research into different scenarios, especially with regardsto a highly urbanized area
instead of rural roadways.

Thisknowledgecan be supported by research carried out by Aarts & van Schagen(2006)who also
found that road design elements such as road geometry, cross-sections, alignment, and the
immediate road surroundings influence the selection of speed by drivers. Tobe precise, drivers
choose higher speeds on wider roads with emergency lanes, fewer curves, smooth surfaces,
clear road markings, fewer buildings and less greeneryin the surrounding road environment.
Additionally, factors such as driver personality, vehicle characteristics, drivingtask complexity,
driving ability and trip purpose play significant roles. Male drivers generally drive faster than
female drivers, while older drivers and females tend to comply more readily with speed limits
(Aarts & van Schagen,2006).

To add to this, research on the impact of posted speed limit changes (Silvano & Bang, 2016;
Silvano et al., 2020) found with a regression analysis that road characteristics such as
carriageway width, road environments and the presence of on-street parking and sidewalks
heavily influence free-flow speed. A decrease in the posted speed limit from 50km/h to 40km/h
led to a reduction of 1.6km/h in the mean free-flow speed. Then, an increase in posted speed
limit from 50km/h to 60km/h led to an increase of 2.6km/h in the mean free-flow speed. Another
study that revealed different responses depending on the traffic intervention was performed by
Goralzikand Vollrath (2017). This study found that speed limit compliance is dependent on the
level of the speed limit on simulated German urban roads. Also, participants of the experiment
revealed that driving speed was reduced when the roadway became narrower or curved on a
50km/h-road but did not respond to these changesunder a 30km/h speed limit.

Throughoutthe Netherlands, approximately 55% to 60% of vehicles exceed the speed limit on
roads with a speed limit of 50, 60 and 70 km/h. Then,on 30km/h roads throughout Europethese
estimates rangefrom 62%to 90% (SWOV,2021). 1t could be motivated that these estimates are
higher on GOW3Q( since these roads are primarily convergedfrom GOW50with characteristics
that encourage higher driving speeds. Also, research by Goralzik & Vollrath (2017)found that
drivers show different behaviour on 50km/h- and 30km/h-roads. This study was aimed at
estimating differences in driving speed with different road curvatures for 30- and 50km-roads.
Theresults showed that driving speed did not change when road curvature and lane width were
varied on 30km-h roads, but did change on 50km/h-roads. Thisimplies that in order for driving
speedsto be influenced on 30km/h-roads, other measures should be taken. In addition to this,
Distefano, N. & Leonardi, S. (2019) motivate that simply lowering speed limits from 50km/h to
30km/h in urban areas, may not achieve the desired effect unless combined with information
campaigns and police enforcement. A recent example of a road in &terdam, the Netherlands,
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that was converted to a GOW30 but still faces speeding issues is the Walenburgerweg. According
to Merkelbach et al. (2023a), after the redesign, the V85 speed decreased from 41.2 km/h to 39.3
km/hy still exceeding the intended limit. The changes to the roathcluded adding cycling lanes,
introducing speed-reducing plateaus, and removing thecenterlines, but these measures have
not fully curbed speeding.

In order to test whether speed limits are credible, the Veilige Snelheden, Geloofwaardige

Snelheidslimieten (VSGS)method is used. In 2022, Kint et al. tested the validity of this model.
Theirfindings were that only road width and straight alignment can explain the free-flow velocity
of traffic. Other variablesin this method correlate with each other and cannot explain free flow
speed on their own. In table 1, factors that influence speed limit credibility are mentioned per

source.
Tablel: Mentioned measures according to source.
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Little is known about the effectiveness of these measuresin the context of GOW30roads. These
roads are unique because they were originally designed for a speed limit of 50 km/h and have
since been modified to accommodate a lower speed limit of 30 km/h. This means that the
existing road infrastructure must be adapted to enhance speed limit credibility and alter driversk
habitual speeds. Giventhat GOW30is arelatively new concept, its impact on traffic safety, driver
satisfaction, and overall livability remains largely unexplored (Goudappel,n.d.).

As shown in table 1, few of these measures are considered sustainable. While vegetation,
greenery,and planters are mentioned as potential factors that influence driving behaviour, their
actual effectiveness in reducing driving speeds in urban settings is not well understood in
practice. Additionally, it is unclear whether different types of vegetation vary in their ability to
influence driving behaviour. Understanding how these environmental elements contribute to
speed reduction and their relative effectiveness s an areathat requires further investigation.

Toelaborate on the relation between sustainable measures and road safety, first the definition
of sustainability needs to be defined. According to the United Nations (1987), sustainability is
defined as meeting the needs of the present without compromising the ability of future
generationsto meet their own needs. In an urban context, this could mean mitigating heat stress
and reducing pollution for healthy living conditions.

However, sustainable measures and road safety do not always go hand-in-hand. Think for
example of standards developedwith regardsto tree placement along roads, for which minimum
distances between road surface and tree placement should be considered. If these standards
are not respected, view on the roadside is reduced and collision probability with these trees is
increased. Theexistence of these standards was recently supported by Chenget al. (2020), who
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found that a largerthe spacing of trees and a smaller diameter of these trees reduce injury risk of
car drivers. In addition to this research on injury risk for car drivers, Zhuet al. (2022)found that
pedestrian injury decreases with increased density and tree canopy cover. Thisis likely due to
reduced exposurerisk to trees, since these trees act as a barrier between cars and pedestrians.

Another source that investigated the impact of curb-side trees in a (sub)urban environment is
Naderi et al. (2006). In this study, a four-scenario driving simulation was conducted on 31
participants. Thesescenarios varied in landscape (urban and suburban) and presence of trees
along the road (absent and present). Results indicated that people perceived suburban streets
with trees as most safe (4.45 on a scale from O to 6) and urban streets without trees as least safe
(3.38 on a scale from 0 to 6). Furthermore, the addition @urbside trees on suburban streets
significantly increased driver perception of spatial edgeand reduced driving speeds with 4.87
km/h. Sample size however was too small to provide conclusive insights and speed differences
for the other scenarios could not be estimated.

Then,placement and presence of trees have also been shown to reduce driving speeds on rural
roads by Fitzpatrick et al., (2014). Thisreal-life study in Massachusetts revealedthat utility poles
and vegetation density reduce car driving speeds significantly with an averagespeed reduction
of 2 mph on highways. In addition to this study, a simulation study based on the highway
experimentin Massachusetts (Fitzpatrick et al., 2016) found that the width of the clear zone was
observedto influence driving speed. Driverstended to drive closer to the center when the clear
zone was narrower and there were no significant differences in tangential positions based on
varying vegetation densities. The study examined six combinations of clear zone width and
vegetation density, focusing on trees and their placement along highways. It was noted that
vehicle positioning was significantly affected by clear zone width and vegetation density on left
curves and tangents, but not on right curves, likely due to better visibility on the left side.

Another driving simulator study on the effects of trees on driving speed and lateral position for
two-lane rural roads (Calvi, 2015) found that driver performance was influenced by tree
configurations. The findings revealed that drivers used roadside trees as guidance while also
considering the potential hazards these trees posed. When trees were distant at a 4.0 meter
offset, drivers prioritized the sense of direction provided by the trees and increased their speeds,
similar to the findings of Naderiet al. (2008). However,astrees came closer to the road edgewith
a 1.5 meter offset, drivers perceived them as risky obstacles, prompting them to slow down and
veeraway from these objects.

Also, in this experimentthe spacing of trees was found to have an impact on driving speed. Here,
the author refers to the concept optical flow as a potential cause. The concept of optical flow
states that the distribution of objects alongaroad influence the patterns of light perceived by the
human eye. If the speed of this pattern is increased, this indicates a faster driving speed. The
findings in the study by Calvi (2015)exclusively considered large diameter trees within flat grass
areasfor the clear zone.

Basedon the findings from Fitzpatrick et al. (2014,2016)and Calvi (2015),the tree offset along a
road influences driving behaviour. This effect cannot be explained by the density of the
vegetation, which was defined as the number of trees on a givensurface. Recent insights by Wu
et al. (2023)further add to this knowledge with insights from a study on transition zones from
rural to small town roads. Namely, it was found that a narrow road, narrow road with short
vegetation, normal lane with tall vegetation in different spacingshad an effective speed reducing
effect. Despite these previous insights, it still remains unclear how driving behaviour is
influenced by greeneryin the urban context.
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Limited knowledge exists regarding the performance of various measures on GOW30, which are
unique because previously they primarily were GOW50with a 50km/h speed limit. This means
that effective measures need to enhance speed limit credibility and alter habitual driving speeds.
Non-governmental organizations emphasize that there is a necessity for additional information
on the effects of infradructural changes on traffic safety for GOW30.

Furthermore, governments and municipalities strive to achieve sustainable development goals,
yet many measures lack sustainabilityThen, it has been shown that sustainable measures such
as placing trees along roads increase the severity of injuries in case of a collision between a car
and a tree But, placing trees in between the road and the sidewalk is shown to reduce pedestrian
injuries. Thisstresses that balancing safety and sustainability is crucial to achieve futurgroof
cities.

Understanding the effects of sustainable measures on drivingbehaviour is paramount,
considering that drivingbehaviouris of large influence in traffic accidents(McCarty & Kim, 2024)
Also, when changing road infrastructure, the concept of behavioural adaptation should be
mentioned. This concept suggeststhat unintended behaviours may occur, such as increased
driving speed in response to a safer road environment, as drivers perceive the area as less risky
(Rudin-Brown & Jamson,2013). An example of this is found in research by Andriesse, R. (2021),
which showed that the presence of large trees, hedges, lampposts, and tall facades forming
lanes is associated with higherdriving speeds. Thisis surprising, as these elements, being close
to the road, should theoretically reduce the perceived road width and decrease speed. It is
hypothesizedthat drivers may associate these features with more luxurious and typically wider
streets. However, the relationship between the presence of trees, hedges, and lampposts, and
speed limit credibility in GOW30 zones remains unclear and is not addressed in policies or
current practices.

To do this, the relationship between the environment, speed limit credibility and driving speed
needs to be quantified. This will improve safety and sustainability for urban environments, which
is in line with safety and sustainability ambitions In the next paragraph, the conceptual
framework for this research isdeveloped and explained.

As statedbefore, afactor that influences speedingbehaviouris speed limit credibility. According
to Schagen et al. (2006), aredible speed limit is one that meets the expectations raised by the
road characteristics and road environment, so that drivers are more inclined to comply with
them.

A theoretical model that explains the relationship between road characteristics and driver
behaviouris the Task Capability Interface model by Fuller, R.W. (2000).In this model, the author
contrasts the capability of a driver with task demands. If the task demand is closer to the driver
capability, a task will be perceived as more difficult (Fulleret al., 2008). Fuller (2000) proposes
that drivers usually opt for a speed which leavesa margin of capability, which the driver can use
if an increase in demand unexpectedly is needed. The inverse is also true, if the margin of
capability is too high giventhe traffic situation, the driving speed will increase. However, in the
TCImodel by Fuller (2000),the effect of a road environment on driving behaviour is not included
explicitly, despite Schagenet al. (2006) havingmentioned that speed limit credibility is a result
of the raised expectations by the road environment and road characteristics. Roadenvironment
is therefore likely to influence driving behaviour as well. Furthermore, choosing a driving speed
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and road position is a dynamic process, givena specific traffic situation and driver preferences.
This should be adequately addressed in a conceptual model that explains the relationship
between the physical environment and the effect on driving behaviour. Based on Fuller (2000),
Schagenet al. (2006)and Wickenset al. (2013), the below conceptual model was developedthat
representsthe relations between factors that influence driving behaviour.

Physical
environment

A 4

Speed limit Driving style
credibility preferences

1 \ | /

Driver decision and |
-
response

] X

Driving behaviour

Expectations > Physiological state

Other road users

A

Experience

Figure3: Conceptual model on drivingbehaviour. Based on Fuller, R.W. (2000), Schagen et al. (2006\\8ckens C.D. et al. (2013)

First, it is important to mention that the above model aims to illustrate factors that relate to
driving behaviour, where driving behaviouris defined as the longitudinal and lateral movements
a driver makes. Then, it is important to mention that this research is not aimed at estimating a
relation between driver capability and task demands. Fuller (2000) offers valuable insights in
factors that contribute to driving behaviour, such as that driver capability is limited by human
factor variables and experience. Here, human factor variables such as fatigue, stress and
emotional state have a direct impact on decision and response of a driver. The inclusion of
human factor variablesis further motivated by Davidseet al. (2010). Inaliterature study on status
recognition, physiological state is motivated to be included as a part of driving behaviour. Thisis
because physiological state is influenced by intoxication, tiredness and stress. Then,to account
for speeding behaviour, individual driving style preferences should also be considered in the
conceptual model on driving behaviour. This way, the conceptual model also includes a
disposition to show risky traffic behaviour or differences in driving behaviour amongst drivers.
Other road users furthermore also play a role in the model of Fuller (2000). Thinkfor example of
cars drivingin front of each other, influencingeach Y q) 6 I9geddbr a sudden steeringmovement
from a car that passes by, which influences lateral positioning of the car next to this.
Furthermore, Y U 13dkiing behaviouralso impacts other road users, which is why aloop between
driving behaviour, other road users and driver decision and response can be seen.
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Finally, the relationship between road environment and expectations as mentioned by Schagen
et al. (2006)is included too. Here, expectations are built upon experience such as education,
training and yearsof drivingexperience, often also dependenton age. For example, literature has
shown that differences exist in drivindbehaviouramong different age groups. According to SWOV
(2021), younger drivers, particularly those aged 184, are 4.5 times more likely to be involved in
traffic accidents compared to more experienced drivers aged 3@®5. The primary factors
contributing to this increased risk include lower driving experience, the tendency for younger
drivers to operate older vehicles, and the fact that the part of the brain responsible for risk
regulation is not fully developed until the age of 25. Similar findings stem from Abdalty, Chen,
& Schott (1998), who found that driver age has a statistically significant impact on injury severity.
Especially drivers in the age groups 139 years old and 2624 years old speed more often,
leading to a higher traffic incident risk.

Then, according to Wickens C.D. et al. (2013), human information processing is a complex
system that processes information and chooses a response based on formed expectations and
previous experiences. This could motivate why it might be more difficult for car driversto adapt
their speed on a road that is converged from a GOW50road to a GOW30 road; if a road
environment does not match the expectations, a speed limit is not perceived as credible. Here,
the concept of self-explainingroads is also relevant. Aself-explainingroad is characterized by its
structural safety, which is influenced by two key factors: self-explaining properties and inherent
safety. Self-explaining properties refer to designfeatures that align with the expectations of road
users, while inherent safety involves reducing potentially dangerous encounters (Theeuwes&
Godthelp, 1995). Therefore, road design should consider human capacity limitations, as
proposed bythe principles of Sustainable Safety. Ratherthan individual objects or environments,
people store an abstract representation of the world containing typical properties. Consistency
in the physical appearance of objects and environments s crucial for ensuringcoherence in how
individuals perceive and navigate their surroundings. Only this way roads correspond to the
formed expectations, which leads to speed limit credibility.
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Thischapter outlines the methodology employed in this study. First, the recruitment processin
accordance with TUDelft guidelines is explained. Next, the chosen researtr method is further
clarified, highlighting how drivingoehaviour data was safely collected in a controlled simulation
road environment In subsection 3.4, the experimental procedure is explained which was
followed up by questionnaire in subsection 3.5. Finally, the data collection method is mentioned
in 3.6. This chapter comes to a close with paragraph 3.7, which explains the data analysis
approach.

A total of 47 participantsparticipated in this study. These participants were recruited through
advertisements on social media, at the Witteveen + Bos offic&@ Rotterdam, the Netherlandsand

on the TU Delft campus in Delft, the Netherlands. All participants were required to hold a valid
TITR2UI kt WaRAHWOY Dwe UT WAWYWN ! WU WYnwe 0! Wi WIT RACaWRYUIT
experiment, as outlined by Anses (2021). Such risk fears include pregnancy, susceptibility to

migraines, motion sickness and epilepsy. These risks were clearly communicated to potential
participants in the recruitment materials, as detailed in AppendidE: Recruitment advertisement.

Priorto participation, all participants signedan informed consent form which made participants
once again aware of the risks. Thisinformed consent form received approval from the TU Delft
Human ResearchEthics Committee (2023), as detailed in AppendixF: Instructions and informed
consent form. In case of experiencingnausea, dizzinessor eye strain that severelyimpacted the
wellbeing of participants, they were able to quit the experiment. Thishappenedin 2 cases, which
are left out from the sample since their results were impacted by these symptoms. Also, a
participant who did not disclose their genderwas left out from the sample.

The chosen method for this study is a driving simulator experiment, followed by a survéydriving
simulator allows for a controlled environment whilst minimizingexposure to reatlife risk in
traffic. It should be taken into consideration that the face validity of driving simulators is a widely
discussed topic. Forexample, de Winter et al. (2012) mention that the elimination of exposure to
real-life traffic risk is eliminated in driving simulator experimentswhich gives participantsa false
perception of safety. In a recent study by Wynne et al. (201%jmulation fidelity is influenced by
field of view, with low field of view simulators not being able to achieve validity for line crossing
behaviour. Also, drivers may engage in riskidrehaviour since minimal consequences follow as
a result of noncompliance. These Imitations will further be mentioned in the discussion of the
results.

The experiment was conducted using two fixedbased driving simulators located at the Faculty

of Civil Engineeringand Geosciences at TWDelft and the Witteveen + Bos officeAt the Faculty of

Civil Engineering, the simulator setup included three 4K higresolution screens, providing
approximately 180-degree vision. The setup also featured the Fanatec BMW Clubsport V2

steering wheel and Fanatec ClubSport V3 pedald-or the simulation at the Witteveen + Bos
YnnRADALWE WO NE O9 c WAR2 ¢ LM d, Bang with lieYPiayséat Bdlukiod AdtiFit ¢ + We q R
and Logitech G920 Driving Force controllers. The use of two different simulators allowed for a

higher number of participants, as the experiment was conducted primarily during vacation

periods in the Netherlands.
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To maintain consistency between the two setups, the view was adjusted in both simulators to
make them as comparable as possible. It is worth noting that while the touchscreen offers a
larger overall display and a broader view of the environment, the view approximately 120
degrees. This is not expected to have influenced the outcomes of the driving simulation, as the
task did not involve lanechanging behaviour, but should be consideredin the analysis ofthe
results.

1

) TS 'fl "
Figure4: Driving simulator of the faculty of Civil Engineering and Figure5: Driving simulator at Witteveen + Bos
Geosciences at TU Delft.

4

3.3 Simulatiordesign

3.3.1 Case: Zaagmolenstraat

To evaluate the effectiveness of sustainable measures for GOW30 roadsn existing road was
selected as a test site.The chosen road for the analysis is the Zaagmolenstraat Rotterdam, the
Netherlands, which is a road with acident hotspots according to Smart Traffic Accident
Reporting (2024)and the municipality of Rotterdam.This street issituated in highly urbanized
environment andaccommodates various types of traffic,including trucks, cars, and vulnerable
road users such as cyclists and pedestriansAccording to an interview with employees from the
municipality of Rotterdam, primary reasons for these high incident numbers are the presence of
public transport, the high population density and parking spaces. No clarity can be given with
regards to thenature of the accidents.
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Figure6: Cross-section based on the Zaagmolenstraat(designed with Streetmix)

The above imagepresents a crosssection of Zaagmolenstraat As can be seen in the image,
multipl e traffic modes are present such as vulnerable road users, public transport and motorized
vehicles. Since this road is a public transportation route,the road width is approximately 6
meters. Furthermore, parking spaces have a width of approximately.6 meters. The remainder
of the space is designated for pedestrianswhich is oftennarrower than 1.8 meters This is too
narrow according to guidelines of CROW (2023a) which recommend a sidewalk width of
minimally 1.8 meters to ensureadequate passing of wheelchairs and oncoming pedestrians
Sincethe built-environment cannot be changedthe incorporation of sustainable features would
directly reduce spacefor other traffic modes on the ZaagmolenstraatConsequently, lane width
is also not a variable that can be easily adjusted in realvorld scenarios on this road. However,
given that lane width is an effective variable in reducing driving speedsis will be varied in the
simulated environmentto ensure wider applicability of the derived results.

Since this research is aimed at investigating the influence of greenery in the context of GOW30
roads, this provides a direction for the simulated environment.To develop the road designs, the
simulated environment was modeled after a highdensity urban area with buildings of 3 to 4
stories, similar to those found in Rotterdam and other Dutch cities where the GOW30 policy is
implemented. The building types were the same foreach road segment, but placement was
randomized across all scenarios
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The previous chapterhas shown that road width is a key factor influencing driveksspeed
choices, making it a crucial variable in the simulation experimentTo test which variables would
be most promising to investigate, greliminary survey was conductedon 42 participants, who
did not necessarily take part in the driving simulator experiment. This survey let participants
evaluate multiple types of greenery, parking height and statements with regard to road design.
This survey is presented in Appendi®: Survey on road designdn this survey,more than 90% of
respondents mentioned thatincreased road widthwould lead them to drive faster.

To explore thisfinding, road width will be varied at two levels in the experiment: a narrow
configuration with a lane width of 3 meters and a wide configuration with a lane width of 3.5
meters. Based on the guidelines developed b ROW (2023a), theninimum road width for a road
with a segregated bicycle path and twewvay motor vehicle traffic is9.2 meters, without central
axismarking. This road type furthermore comprises two cycling paths of at least 1 meters width
and a lane width for motor traffic ofat least 5.8 meters. However, this lane widthis considered
too narrow if the road is a public transport route, as it may not allow for the safe passing of
vehicles. If this road is a public transport route and falls in the ETW30 category, the preferred
minimum lane width is6.5 meters. If the road falls in the GOW50 categoryt is 7 meters. Careful
consideration is needed when choosing road widths, as wider roads can undermine the
credibility of a 30 km/h speed limit. Therefore, it is recommended to adopthe road width
standards for ETW3Q0 maintain speed limit credibility.

In the experiment, these findings leads ta road width of 6 meters fornarrow roads and a road
width of 7 metersfor a wide road.The chosen road widths are thus representative, since GOW30
applies to roads that are either ETW30 and GOWS5@arking spaces have standardized sizes
regardless of the road categoryapproximately 2 meters in width and 5.5 meters in length (TU
Delft OCW, 2024).

Other variablesof interest are traffic signs:the traffic sign A£30 has to be repeated after each
crossing. The road sign ABOzb could be posted along the roads as well, but only upon entering
a zone with a 36km/h speed limit (CROW, 2023a)This way, a clear distinction between ETW30
and GOW30 can be made by road users. However, to ensure consistency in each scenario, the
former option is chosen.

ZONE

Figure7: A1-30 From:TrafficSupply (2024). Figure8: A1-30zb. From Traffic Safety Systems. (2024)
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To determine the appropriate greeneryypes for the road environment insights were gathered
through interviews with three road designers from Witteveen + Bos and two mobilispecialists
from the municipality of Rotterdam. These insights were incorporated in the survey on road
designs as well.

According to the interviews with the road designers and mobility specialistsgreenery options
include grass, hedges, marram grass, or trees with a maximum height of 4 metefsr the
Zaagmolenstraat This is practically relevant, since tram catenaries are present. The experts also
revealedthat several criteria must be considered when selecting the appropriate type of greenery
for urban roads. Firstly, the greenery should be aesthetically pleasing and wellited for the built
environment, taking into accownt factors such as size and whether the leaves have the potential
to bleed color, which can create spots on the road. Additionally, the placement of trees should
not obstruct visibility around (pedestrian) crossings, to ensure that road users can anticipate
other traffic effectively. In a dense urban environmentpnly trees that grow vertically both above
and below ground can be selectedSuitable examples includePopulus, Conifers, and Cypress
trees. In areas where there are no parking spaces, green stripgth varying grass heights can also
be incorporated to enhance the road environment.

Potential redesigns that focus on durabilityfor the Zaagmolenstraatmight include elevated
parking spacesthat are alternated with trees. Thiscorresponds to the concept of shared space,
since pedestrians share space with parked carsThis approach would create the optical effect
of a wider sidewalk for pedestrians while simultaneously narrowing the visual appearance of
Zaagmolenstraat.In the next paragraph, the chosen configurations are explained together with
findings from the survey that evaluated preferences of 42 participants.
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The beforementioned survey evaluate®2 developed designs, which can bdound in Appendix
B: Survey on road designsAll specific insights from this survey can be found iMAppendix C:
Survey results

First, when asked on differences in driving speeds between roads wilivel and elevated parking,
39% of participants did not perceive any significant differences between the two road
configurations. Meanwhile, 24.4% (10 respondents) observed a difference but indicated that it
would not affect their driving speed. Conversely, 14.6%46 respondents) reported a perceived
difference and stated that they would drive faster, while 22% (9 respondents) reported that they
would reduce their speed.To clearly see whathe general effect is of elevated parking on driving
speeds, this elevated parking is combined with two levels of road width.

Regarding greenery placement on the right side of the road, both greenery height and planter size
were tested. Short green strips adjacent to the road were perceived as chaotic, particularly when
participants drove at higher speeds. In contrast, continuoudong green strips along the entire
road were wellreceived because they acted as a barrier between the road and the sidewalk,
limiting pedestrian crossings. However, this approach was deemed impractical due to the need
to provide informal crossing pointsfor pedestrians. As a result, planters measuring 5 meters in
length and 1.5 meters in width, spaced 5.5 meters apart, were chosen to balance aesthetics and
practicality. These planters housed greenerywith varying heights ¢rass, marram grass and
Populustrees).

For bilateral greenery, low or mediurrheight greenery between parking spaces wasxcluded, as
this almost was invisible in the driving simulator experiment between parked cars.
Consequently, only high greenery was tested between parking space3he plantersfor this
greenery typemeasured 1.5 meters in length and 1.5 meters in widthariations in the width of
the greenery were also examined, athicker greenery reduced visibility of the sidewalk. Survey
results indicated that 92.7% of participants agreed hat reduced visibility due to greenery
resulted in slower driving speeds.

These insights led to the configurations from table 2: Road segment configurations. This table
illustrates that the designs val across five main factors: road width (narrow and wide), parking
space height (elevated and level)greenery placement (none, right side of the road and both side
of the road)and greenery height (low, medium, and highHigh greenery between cars was also
tested at two width levels. Thewider option, labeled rbigh++ featured trees that were twice as
thick as the standard configuation. In each scenario, the greenery is placed in dedicated
planters to ensure consistency in offset to the road and spacing between the greenery to be able
to compare theimpact of greeneryto one another.

All participants drove through a circuit, in which the ordeof segmentswas randomly determined

H! W9 6c¢q] ANWs RS W6 WWnYddYs RUDWG! YO Gaa lWmf WEE21MWe
please randomize the order: NE, N, NLRL, NLRM NLRH, NLBH, NLBH+, WE, W, WLRL, WLRM,

WLRH, WLBH and WLBH+. Start with two segments that start with/dWk, then follow by 7
configurations starting with /N, followed by the remaining segments starting withb 1 FOWLIN 6 Rt LU
prompt resulted in the circuit with the following order,as seenintablez a WHEY G2 G UK EXING IJU q
R U LU # RHefd,2e&chy gefinent was 500 meters in length, similar to the Zaagmolenstradfor

reference, images of all segments have been includesh AppendixD: Road segments
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Table 2:Road segment configurations
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First, participants were askedto signthe informed consent form. Thisform explainedthe context
and purpose of this research. It also assured participants that their results would remain
anonymous and instructed them to drive as they would in real-life situations.

After signing the informed consent form, participants were seated in the driving
simulator. Theywere askedto adjust their seating position and were giveninstructions on how to
operate the simulator, including the use of the throttle, braking pedal, steering wheel, reverse
gearand indicator lights.

Then, participants engagedin a preliminary training for 5 minutes to get acquainted with
the simulator. In this training, the built-environment was similar to the built-environment of the
experiment, however roadside vegetation was not similar to the final experiment, to minimize
bias. Consecutively, participants were asked to turn left on a crossing, park a car in a parking
space, exit this parking space, make a 360-degreeturn and continue their ride with a constant
driving speed. In this training, participants encountered oncoming traffic after 2 minutes, with a
frequency of 1 car per minute. Upon finalization of this training, participants had a 2-minute
break.

After the break, participants were once againinstructed to drive as they normally would
and to start the driving simulation experimentin which they drove through 14 road segments. At
the beginning of each road segment, a 30 km/h sign was placed, in line with CROWs (2023a)
recommendations for GOW3Q On each segment, participants encountered oncoming traffic
with a low-frequency of 2 cars per minute, along with pedestrians standing at random places in
orderto mimic reality. Thesepedestrians did not cross the street, to minimize influence ondriving
behaviour. A stop sign was positioned at the end of each segment, serving as a point for
participants to come to a complete stop and reset. At the end of scenarios 4, 7 and 11,
participants turned right. Midway through the experiment (at the end of scenario 7), participants
had a break of 5-minutes again, to reduce potential fatigue before resuming the simulation and
driving as they would in real-life.

Upon completion of the simulation experiment, participants were asked to fill in @uestionnaire
which comprised of four parts. This survey can be found in Appendix H: Posxperiment
guestionnaire The first partobtained information on their demographics and driving experience
Thetarget variables of this part were agegender,nationality, educational degreeand their driving
frequency per week.It should be noted thatall data was made anonymous, in correspondence
to guidelines of the Human ResearchEthics Committee from TUDelft.

The second part of the questionnaire was aimed athe experience with the driving
simulation, such as theextent to which participants experienced discomfortsuch aseye strain,
disorientation and nausea on a 4point scale bl /bU 1 aBeeveres based on the Simulation
Sickness Questionnaire(Kennedy et al., 1993).

NEWUWag8RI T WGE! qWVYnagd IWhue 3t qRYUUGRI WJWs ¢+ We RG T
the drive. For this aimjtems from the Presence Questionnaireby Witmer et al. (2005were used
that measured fidelity of the simulator, immersion in the experiment and the extent to which the
experience felt similar to reality.

Then, q6 W Gc¢t ql Gel qWl Ynll 6 UW hue I3t qreldtiohUte Rie I W 1% ¢ G
sustainable measures with a mix of scaled multiple choice and open questions. For example,to
which extent drivers find greenery comfortable, which road designs have their preferences and
the influence of greeneryon their sense of safety. Furthermore, questions were askean other
variables such as the presence of cars alongpads andhow participants expect acenterlines to
have an influence on their drivindbehaviour. Finally, respondents were given the opportunity to
make final remarks and explain why certain roaglwere preferred.
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In the experiment, the drivingsimulators collected driving trajectories with a frequency oflHz.
The following variables were collected forthe trajectories: driving speed [m/s], acceleration
[m/s?] and car position in each direction (x,y and z) In order to filter outnon-representative data
as a result of colliding with other vehicles, collision times were also recorded.

When analyzing the results othe driving experiment several data analysis options are available
such as an analysis of variance (ANOVA) and a Linear Mixed Model (LMBéyeral criteria need
to be considered when selecting a data analysis methodrirst, the appropriate method should
account for the correlation between the results for each participant since the road
(environment) isvaried 14 times throughout the experimentSecond, demographic variables are
important to include in the model, since literature has shown multiple times that these variables
influence driving behaviour. Third, the sample of this experiment is not random, since
participants are recruited at specific locations.

Given these criteria and complexity of data, a Linear Mixed Model (LMM#@s chosen for the
analysis. The LMM allows for the inclusion of various effects, such gmarticipant, age, gender,
weekly driving frequency nationality, andeducational degree In addition to this, the dependent
variable can be explained by the factors that were varied in the experiment: road width, parking
height and greenery type.Elaboration on the categorization ofthese factors is explained in
subsection 4.5: Data analysis.

This approach allows for a more detailed analysis, capturing the complexities of the experimental
design and the interrelated nature of the data. Furthermore, the method employed represents a
state-of-the-art technique, previously utilized in the analysiof driving simulation tests (Rad et
al.,, 2021). Since two driving simulators were used in this study, theesults are analyzed in
combination and separately. It is expected that this will lead to differences in outcomes, thus
these outcomes are compared toeach other.
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4 Analysis and results

In this chapter, the demographic statistics of the experiment are presented in the following
subsection. Then,the data filtering approach is explainedin subsection 4.2, which is followed by
the distribution of driving speeds and lateral position in subsections 4.3 and 4.4. In paragraph
4.5, linear mixed model analyses are performed for driving speeds and lateral position. Finally,
the surveyresults are presented in subsection 4.6, which is of importance for the interpretation
of the results from the linear mixed models.

4.1 Demographic statistics of the experiment

In this sub-section, the descriptive statistics with regards to demographics of the participants

are presented. For the 44 participants in both simulators, the mean age was 30.87 yearwith a

standard deviation 0f8.48. It can be seen that most participants dive on average less than 2

hours per week. 30 of the participants identified as maleand 14 as female Furthermore, the

majority of the sample is higher educatedno participants have a vocational education. Finally,

two people in the sample hare another nationality than Dutch. This is assumed to not influence

qé Wl Pt edgqt WYnNnWadWDWx x~kt At RUHWDWE G0 WGel qRARGE Uaqt

Distribution of age Distribution of driving frequency per week
5 2
l 15 ‘
25
= 15-24 w25-23 = 30and higher m Lessthan 2Zhours » Between2and 5 hours = More than 5 hours
Distribution of gender Distribution of educational degree

P

m Male = Female = HBO/Bachelor = WO/Master or higher

35

Distribution of nationality
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\
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Figure9: Distribution among participants based on personal characteristis (including TU Delft simulator)
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As mentioned in the previous chapter, participants dove through a circuit of 14 road segments
with a length of 500 metergper segment In this circuit, participants made a total of 4 rightturns
and braked for zebra crossings. Also, each participant braked for a stopping sign at the end of
each road segment. Since these handlings influence the average frdow speed and average
lateral position on the road, the data resulting from these actions need to be filtered from the
dataset for the data to be relidle.

ERURIWIIC HE WG CE | byhavoRréan Uhoy kvidell] itlis Rat fieddillelio establish concrete
thresholds that would consistently identify and remove problematic data across all participants.
Therefore, no fixed criteria are applied for data removal based on changes in speed or lateral
position, recognizing the individual differences in driving patterns.

With regards to data filtering, a balance needs to be found between improving the reliability of
data, without significant loss of information and introducing selective bias to favor the developed
hypotheses in chapter 2. In order to ensure a balance betves improving the reliability, without
significant loss of information and introducing selective bias, the below rulesvere developed:

R1: For all scenarios, if a participant collides with another vehicle in the simulation,
measurements from the collision up to the point where lateral positioning and driving speed
stabilize are removed from the dataset.

R2: In scenarios 1, 5, 8 and 11, the initial measurements are excluded, since these scenarios are
preceded by right turns, which affect lateral positioning in the beginning of the road.

R3: O eliminate braking patterns, any braking movement immediately before reaching a zebra
crossing is assumed to be due to approaching the crossing. Data from thiisaking pointuntil the
passing ofthe crossing is removed.

R4:1f the speed profile immediately after passing the zebra crossing shows a new minimum or
maximum compared to the profile before the crossing, this measurement is considered an
anomaly. Data is excluded until the speed returns to the levelf minimum or maximum driving
speed before the crossing.

R5:When data is removed based omither speed or lateral position, the corresponding data for
the other measure is also removed to maintain consistency.

In the following paragrans, representative data was used to generate boxplotsThis same data
was usedto perform the linear mixed model analyses for thelerived metrics.
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First, boxplots were generated fomall segments of the combineddatasets for the Witteveen + Bos
simulator as well as the TU Delft simulatorAs illustrated in the figure7, the mean driving speeds

in each scenarioare consistently close to 30 km/h. Still, large outliers can be seen iralmost all
scenarios. The largest outliercan be seenin scenario WLRL, which is a scenario with a wide road
and low greenery on the right sidef the road. Notably, the lowest average driving speed occurs
in segmentNLBH+ which exhibits no outliers, suggesting a more uniform driving speegimong
participants. This scenario comprises a narrow road bordered by tall and dense greenery. This
homogeneity is particularly relevant, as variations in driving speeds can influence road safety.
Higher speed differentialsbetween vehiclesand high driving speed are associated with higher
accident risks, as found by research from Elvik (2014).

For the data that is based only on the simulator at Witteveen + Bos, driving speeds are also close
to 30km/h. The largest bandwidth can be seen in scenario WLRL, which is a wide road with low
greenery on the right side. This illustrates that the participants in this sample also have their own
driving speed preferences and sensitivity towards a change in roadside.

In figure 8, which illustrates the boxplots for the Witteveen + Bos simulatothe mean driving
speed in each scenario is consistently close to 30 km/las well. Thelowest average driving speed
still occurs in segmentNBLH+, suggestingagainthat thick Populustrees placed in between cars
have a speed reducing effectThe second lowestaveragedriving speed can be seen in scenario
WLRM, which features a wide road flanked by mediurheight greenery. Then, a smaller
bandwidth can be seen in scenarios NLBH anWVE, which suggests more homogeneous driving
speeds in these scenarios.Finally, outliers are reduced for NLRL, Wiand WLRL which are
primarily scenarios with low greenery.To test whether these observations for driving speeds are
significant, a linear mixed model is estimated, which can be found in paragraph 4.5.
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Figure10: Distribution of driving speeds per segmen(including TU Delft simulation data, total observations: 616)
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Figure11: Distribution of driving speeds per segmentWitteveen + Bos simulation (total observations: 560)
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To get a clear insight ito drivingbehaviourin general on the developed segments, boxplots have
been generated to present theaverage driving position on the road for each segmeriilere, a zero
position indicates that car drivers position themselves in thecenter of their lane. Also, apositive
lateral position indicates aright-position and anegativelateral position signifies a left-position.

As can be seen in the below figur® participants were mostly driving on the left side of théane
on road segments withparked cars on both sides NL, NE& WL Thesame can be seen in
scenarios with parked cars and trees placed in between car®LBH, NIBH+, WLBH and WLBH+.
The most rightoriented driving behaviour can be seen in segmenWLRH which is a wide road
with level parking andhigh greenery on the right side.

Also, a high varietyamongst participants in the metric can be seerin segmentsWLRM NL, WLRL
and WLRH which could mean that participants each have a different sensitivity for objects along
the road which influences their lateral positioning.In chapter 4.3, also a linear mixed effects
model was estimated far lateral positioning on the road. Then, in chapter 5, these results will be
discussed together with the findings of the linear mixed model fadrivingspeeds, since t is likely
that proximity to an object along a road segment aml driving speed on that road segment
influence each other. For the TU Delft driving simulator, narrow roads (e.g., NL, NE, NLRL) tend
to have wider distributions with drivers positioning further from theenterlines. In contrast, wide
roads (e.g., WL, WLRL, WLRM) display more centralized positioning, indicating that drivers are
generally morecentered or closer to thecenterlines. The effect of greenery, especially high or
dense greenery (e.g./DILRHHBILBHH#), also appears to influence lateral positioning pushing
drivers slightly further away from thecenterlines compared to scenarios without greenery.The
variance in lateral position across different road conditions suggests that road width, elevation,
and greenery type all play significant roles in how drivers choose their position relative to the
centerlines.
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Figure12: Distribution of driving positionper segment (including TU Delt simulation data, total observations: 616)

Distance from centerline [m]

1.5

0.5

-1.5

Distribution of lateral position per segment

ONL B NE MNLRL @ NLRM ONLRH ® NLBH B NLBH+ OWL @EWE ®WLRL ®WLRM EBWLRH BWLBH O WLBH+

Figure13: Distribution of driving positionper segment: Witteveen + Bos simulation (total observations: 560)
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As indicated by the boxplots in paragrap$4.3 and 4.4 driving speeds and lateral positioning vary
across scenarios, exhibiting different bandwidths and averages. To determine whether these
differences are statistically significant from the base scenarig Linear Mixed Effect Model
analyses wereperformed with R.First, the estimated L~ ~ KWwillllhe explained for average driving
speeds per segmentOLL[ Y @ U Y 5 R U N WeaGragédadetaliasitioning obltheYrdad.

In total, four LLMs were estimated driving speed and lateral position are estimatedor the

combined dataset (including participants from TU Delf) and for the dataset excluding these
participants. For all models, a random intercept was included for participants. A random

intercept accounts for correlations between observations for each participant, varying by
individual. In other words, some participants may naturally drive faster or prefer different
positioning compared to others, even when road environment and other conditions are held
constant. This random intercept estimated a diffeence for each participant based on the
regressionline, providing a more accurate estimate of the effects of the experimental variables.

In addition to the random intercept, each model included a random slope per segment. This
choice was made since it is expectedhat drivers each have a different sensitivity towards the
change of road environmentsand the duration of the experiment For example, while some
participants may show a strong change in drivingpehaviour when encountering different road
environments, others may exhibit a weaker response. With the inclusion of a random slope, the
model accommodates this variability in sensitivity bwards the different driving conditions.

As stated in the literature review, drivindehaviouris different for various age groupsFor these
reasons, age in the analysis is categorized in very young adults {28), young adults (%-29) and
older adults (30 and higher)The last category of users is expected to hauaany moreyears of
driving experience

In this study, gender is categorized into two groups: male and female. Weekly driving frequency
is classified into three categories: less than 2 hours, between 2 and 5 hours, and more than 5
hours. Despite two participants not having the Dutch nationality nationality is not a variable of
interest in these analyses since all participants were recruited in the Netherland€ducational
degreeis grouped into three categories: secondary educationa bachelons degree (BSc), and a
masteris degree (MSc) or higher

In this analysis, road width is categorized in two levelsnarrow (0) and wide (1), while parking
height is classified aslevel (0) or elevated (1). The primary objective of this research is to assess
the impact of sustainable measures on drivingoehaviour. Toinvestigate this, greenery type is
varied across six conditions: no greenery0), low greenery on the right sidégras1)), medium
greenery on the right sidgmarram grasg2)), high greenery on the right sidéPopulus trees(3)),
high greenery on bothsides between cars(Populus trees(4)), and high and dense greenery on
both sides between cars(Populustrees, twice asthick(5)).
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For driving speedthe models in table 3 and 4 were estimated to investigate the differences in
driving speeds among thesegments that differed insustainable measures. These models were
estimated in Rwith the following formula:
"@JOi Q0 Q¢ "V WE@B@MADNQAD i QQE MO @OE Qi O VRRV0QE QQI
0Q0 OWo Vi Q0 QE QO QY H QR E@DO QQE Q1 Yo Q
Y OQA@BBdI QQE MOQN'AYQQE Q& dBi 0 QOQN WE O
This illustrates that personal characteristics were included such as age, gendereducational

degreeand driving frequency. Furthermore, interaction effects are included for road widthwith
elevated parkingand greenery type

Table 4 which is the estimated model for both simulatorsshows asignificant intercept of 34050
km/h, which is the base driving speedn a narrow road with no greenery, for a male driver aged
18-24 with a BSc education and less than 2 hours of weekly driving.

Furthermore, road width solely isshown to significantly increase driving speeds witt8.229km/h
(p < 0.001) This results is consistent with previous literature, that stated that drivers increase
speed when given more spaceSimilarly, the presence of elevated parking, whilenarginally
significant (estimate =1.267, p = 0064), shows a slight increase in speed. Although this effect
does not reach statistical significance, it suggests that elevated parkingnight slightly affect
driverskspeed behaviour.

The analysis ofthe greenery types reveals that low greenery and high greenery on both sides of
the road impact driving speeds significantly. Both greenery types have a positive effect on driving
speed: low greenery increases driving speeds with 1.364 km/h (p = 0.047) amdh greenery on
both sides increases it with 1.405 km/h (p = 0.046).

Interestingly, high greenery on the right side results only in a slight, naignificant increase
(estimate = 0.622, p = 0.035), and medium height greenery also in a msignificant increase in
driving speeds of 1.059 km/h (p = 0.127Lonversely, the densest configuration (both sides with
high and thick greenery) reduces speednsignificantly by-1.082km/h (p = 0113), suggesting that
excessive greenery may hinder visibility or create a psychological barrier for drivers.

Exploring interactions between road width and other factors, wide roads combined with elevated
parking significantly reduce speedégstimate =-3.568, p<0.001), indicating an interplay between
road width and parking configurationsThe interaction between wide roads and medium greenery
also has a strong negative effect on speedegtimate =-4.714, p<0.001), suggesting that when
wide roads are paired with medium greenery, drivers may perceive the environment as more
constrained, leading to a significant redution in speed. On narrow roads, driving speeds were
shown to increase with high greeneryHowever, high greenery on both sides on wide roads is
shown to decrease driving speeds with 3.447 km/h (p = 0.003).

Demographic factors also play a role. The age group 0529 years shows a significant decrease
in speed compared to the reference group (124 years), with an estimate 0f6.671 km/h (p =
0.007). Similar reductions are observed for the 3@ears and higher grougestimate =-5.959, p =
0.016), reflecting that older drivers tend to adopt more cautious drivindehaviour. Gender,
educational degreeand driving frequency did not influence driving speeds significantly.

40



Then, table 5 showsthe results for the experiment without 4 participants from the TU Delft
simulator. These 4 participants were in the age groups 134 and 30 and higher. All 4 participants
drove less than 2 hours per weekThis model shows adwer significant intercept of 32.946 km/h
(p<0.001), which also is the base driving speed on a narrow road with no greenery, for a male
driver aged 1824 with a BSc education and less than 2 hours of weekly driving. However, this
indicates that participants generaly drove slower in the Witteveen + Bos simulation.
Furthermore, dmost all effects that were significant in the combined dataset are still significant,
despite all estimates being lower.

One interesting finding is that now, high andhick greenery on both sides of the road reveals a
significant speed reducing effect of 1.381 km/h (p = 0.028). This indicates that drivers in the
driving simulator at TU Delft were generally less sensitive to an increase in greenery width of high
greenery.Another finding is that now,grassdoes not have a significant speed increasing effect,
despite it still indicating that it increases driving speeds with 0.670 km/h (p = 0.286).

In conclusion, both models highlightthe significant impact of road design elementsand driver
age. Wide roads significantly increase driving speed, as well as high greenery on both sides on a
narrow road. Findings also indicate that low greenery on narrow roads increase driving speeds
and high andthick greenery decreases driving speeds. However, these effects are not clearly
significant for all participants. When analyzing interaction effects with wide roads, elevated
parking, marram grassand Populustrees on both sides have a speed reducing effect.
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Table3: Linearmixed model for driving speed (including simulation at TU Delft)
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Table4: Linear Mixed Model for Driving SpeedlVitteveen + Bos simulaton
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To fully understand thedriving dynamics for the simulated environment, lateral positioning on
the roads should also be evaluated. Inable 5, the estimates for lateral position of the combined
dataset are presented. In tables, the estimates for lateral position without the participants from
the TU Delft simulation areshown.

Similarly to the estimations for driving speed, a model was estimated that took into account all
demographic variables.This model was formulated as follows:
QD £ 1 QO QL E D & TYE GOBODDOT QQE MO MOE Q1 © YRRQ
"0Q¢ QQDQ6 w®wo Vi €Q0 Q¢ Q01 Q¥ H QR G@DO QQE Qi 1'YON Q
Y QQI@B®I Q0L MOQN'AYQ Q4 @ Bi 0 'QOQR WE O

A random intercept was included in this model to account for correlations between observations

for each participant, which can vary by individual. This is a logical approach, given that each

driver may have a different baseline lateral position on the road’he baseline condition is defined

as a narrow road devoid of greeneryAll baseline conditions were similar to those for the
estimated models for driving speed.

First, table 6 reveals an intercept 0f0.637 with a significant pvalue of <0.001. This suggests that
in the base scenario, drivers were driving more on the left side of their lane rather than central in
their lane. Alsoelevated parking shows a significant effect, with an estimate of 030 meters and

a p-value of 0.@8.

Then, all types of greenery except for high greenery on both sides show a significant difference
compared to base. The biggest change in lateral position can be seen if high greenery is placed
on the right side of the road. This measure has an estimate 0f441 (p-value: <0.001), followed

by medium heightgreenery (Marram grassyith an estimate of 0.387 (p-value: <0.001) and lastly
by low greenery with an estimate of 0.31 (p-value <0.001) High andthick greenery on both sides

of the road also lets drivers drive more centrally in their lane, as it increases lateral positioning
with 0.116 meters (p = 0.017)None of the interactions of elevated parking and greenery types
with road width show a significant difference compared to base, suggesting that the combined
effects do not differ from the main effects and that lateral positioning is not influenced by
greenery ifroad width is increased with 1 meter

In table 7,the intercept estimate of-0.612 (p<0.001) suggests that the baseline lateral position
is significantly different from zero. Several factors show significant effects on lateral position.
Elevated parking increases lateral position by A07m (p =0.031), and grass also shows a
significant increase of 0355 m (p <0.001). High greeneryalso increases lateral positioning by
0.438 m (p<0.001), indicating that drivers position themselvesloser to the road edge when high
greenery is present.Contrary to the combined model, high andthick greenery on both sides
shows a marginally significant positive impact on lateral position. Finallygombinations of wide
roads and various measures have nosignificant effects on lateral position. Age, gender,
educational degreeand driving frequency do not show a significant impact on lateral position in
the experiment.

In conclusion, both models reveal significant intercepts and significant differences in lateral
position on road with elevated parking, low greenery, medium height greenery and high greenery
on the right side. In the model estimated solely for the Wittevee+ Bos simulation participants,
high andthick greenery on both sides of the road does not show a significant difference, whereas
there is a significant impact on lateral positioning in the combined model.
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Table5: Linear Mixed Model for Lateral Positiofincluding TU Delft simulation)
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Table6: Linear Mixed Model for Lateral PositianVitteveen + Bos simulaion
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4.6 Survey results

In this section, the findings fromthe follow-up surveyare presented which will aid in interpreting
the results from the Linear Mixed Modehnalyses. Also, immersion in the experiment will be
discussed, which is of importance for the interpretation and discussion of the resultsin the

following subsections, the figures are presented for the combined sample. The responséasr the

sample that took part in the TU Delft simulator are presented in appendix I.

4.6.1 Simulation Sickness during the experiment

Using the Simulator Sickness Questionnaire byKennedy et al., 1993)participants were asked
guestions to assess the extent of nausea, disorientation (such as dizziness or motion sickness),
and oculomotor discomfort (including eye strain and headaches) they experienced. They rated
their symptoms on a 4point Likert scale, ranging from 1 (no) to 4 (yes, severeJhe results from
these questions areprimarily positive, with the majority of participants not experiencing any of
these symptoms, and a minority xperiencing these symptoms mildly. Of 44 participants, 36 did
not experience nausea and4 experienced this mildly. For disorientation, the number of
participants experiencing this was slightly higher, with7 participants experiencing mild
disorientation. 33 participants did not experience disorientation. Oculomotor discomfort
showed a different response pattern. Here, 2 participants did not experience oculomotor
discomfort, 7 experienced this mildly andL noticeable.

Experience of nausea in the experiment Experience of disoriéntation
16 35 33

;
4 5
]
0

=No =Yes, midly =No =Yes, mild

Experience of oculomotor discomfort
32

7
B

=No =Yes, mildly =Yes, noticeable

Figure 14: Simulation Sickness Questionnaire results (combined sample)

47



CNAO SN ED B

P - =T X

(=T ]

Then, to estimate presence during the experiment th@resence Questionnaireby Witmer et al.

(2005) was usedto measure immersion, control of the simulator andperceived realism. On a

scale from 1 (Not at all ) to 7 (Extremely immersed), the majority of respondengésored a 5 on
visual immersion and a 4 on auditory immersionFurthermore, the majority of respondents

scored a 5 ona scale from 1 (Not at all) to 7 (Extremely delayed) when asked on whetlbey

experienced a delay in the simulation.The majority of participants was content with the
simulation and the perceived realism of thesimulation is almost equally distributed along the

axis from 1 (Totally not similar) to 5 (Totly similar). Then, handling the accelerator pedal was
primarily perceived as difficult, with respondents stating that this pedal was sensitiveBefore

conducting the experiment, his was mitigated by reducing the sensitivity of the pedaHowever,

if sensitivity was reduced this also increased delay of the pedaFurthermore, the display quality
during the experiment wasprimarily not interfering with the driving task.

Visual immersion on a scale from Auditory immersion on a scale from
Mot at all (1) to Extremely immersed (7) Mot at all (1) to Extremely immersed (7)
17
15 12
12 50 1"
10
] 7
8 5
4 3 3
5 3
1 I 1 2 !
0
1 2 3 4 5 5 7 1 2 3 4 5 ] 7
Experience of delay on a scale from Contentness with the simulation on a scale from
Mot at ali (1) to Extremely delayed (7) Mot at all (1) to Very content (5)
15 25 23
20
9 15
7 0 10
5
4 5
5 2
0
1 2 3 4 5 6 7 1 2 3 4 5
Perceived realism of driving speed on a scale from Extent to which the display quality interfered with the
Totally not similar (1) to Totally similar (5) driving task on a scale from
13 Mot at all (1) to Very much (5)
20 18
9 8 15 14
6 10
4 7
1 0
0 1
1 2 3 4 5 1 2 3 4 5

Experience with regards to handling the accelerator

pedal

20 18
18
18
14
12 11
10 9

2

[

4 2

0

Very easy Easy Meutral Difficult Very difficult
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Then, questions followed with statements that evaluated the presence of greenery and the
influence of greenery on visibilitySimilar to the findings of the survey used to select road designs,
green stripsinfluence sense of safety 26 out of 45 participant state thatgreen stripson the right
side of the road compared to parked cars on the right side of the road make them drive faster.
Furthermore, 11 participants stated that this change influences their safety perception, without
making them drive faster The remaining 4 participants state that this does not influence their
safety perception, with half stating that they drive faster anthalf stating they do not drive faster.
Furthermore, the majority of participants states that agreen strip is perceived as a strong
separation between the road and pedestriansMost participants did not notice that trees were
varied in thickness. Howeverthickness of greenery in this experiment didhfluence visibility for
all participants except 5.When evaluating greenery in generathe majority of participants (19)
state that greenery influences their drivingpehaviour much, followed by moderate (12)little to
not (6)very much(5)and not much (3).

Grass lane and safet}-' perception Extent to which a qrass lane is perceived asa seperation
26 b 23
20
15
10 11
10
2 2
I | 5 3
Yes, it has an Yes, it has an No, it does not No, it does not 1 2
influence on my influence on my influence my sense influence my sense ’—|7
sense of safety and sense of safety and of safety and | drive of safety and | do Q
| drive faster | do not drive faster faster not drive faster Mot at all Mild Maoderate Sirong Very strong
Did you observe that rees were varied in thickness? Did you find that the thickness of greenery influenced your
visibility ?
18
14
24 14
12
12 11
10
]
8 8 o
4 3
2
0
0

Mo I am not sure Yes Mot at all Slightly Moderately Significantty Exiremely

To what extent do you think the greenery has an influence
on your driving behavior?
18 17

186
14
12

10

5

. ]

Mot Litle to not Moderate Much Very much

=" % R N = I = |

Figure I7: Perception of greeneryresults (combined sample) 49
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Finally, the questionnaire evaluated theinfluence of a centerlines in the experiment. If a
centerlines were added, 24 participants state they would have driven slower and 19 participants
state that theywould have driven faster. Only 2 participants mention that aenterlines would not
have had an influence on their driving speed. Also, 41 participants state thahey would keep
their lane more with acenterlines, whilst 2 participants state that this would not influence their
lane keepingand 2 state that they would keep their lane lessWhen keeping oncoming traffic in
mind, the majority of respondents(34)state they reduce their driving speed a bivith oncoming
traffic and 9 state they reduce their speed a lot. Only 2 participantdo not reduce their driving
speed. All statements with regards to the experiment can be found in Appendix J: Pest
experiment questionnaire statements. These statements can be summarized as followsThe
most comfortable road designs feature greenery such as grass lmw vegetation on the right side,
offering better visibility and a sense of openness. In contrast, nharrow roads with parked cars on
both sides feel restrictive and reduce visibility. Trees between cars can improve comfort, though
densetrees are less comfortable than normal trees

How does a centerline influence your driving speed?

17

40 38

How does a centerline influence your lanekeeping?

22

This has no influence on
my driving speed

Extent to which oncoming traffic reduces driving speed

[X]

| would drive faster

3z

N T
I would drive slower
my lanekeeping more

No

Yes, a bit

This has no influence on | would keep my lane

1

24

|

Very Uncomfortable Neutral
Yes, a lot uncomfortable

Figure 1B: Perception ofcentreline and traffic (combined sample)

Comfortable

I would keep my lane less

How comfortable did you feel driving on these roads?

0

Very
comfortable
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In this chapter, the results of the study are discussed and interpreted in the context of existing
research, highlighting bothsimilarities and deviations. Then, limitations of the current study are
considered that deal with the experimental design of this study peripheral view andsimulator
fidelity. Finally, recommendations for future research are given.

In terms of sustainable measures, the data shows significant increases in driving speed under
specific conditions. On wide roads devoid of greenery, thdriving speed increases 2.&km/h (p <
0.001to 3.2 km/h(p < 0.001) depending on the analyzed sampleOn narrow roads withPopulus
trees on both sides,driving speeds increase with 1.3 to 1.4km/h. Then, findings also indicate that
low greenery (grass) and high ahthick greenery on both sides of a roadthick Populus trees)
influence driving speeds. However, these findings differ depending on the used sample for the
analysis. In the combinedsample which, includes participants from Witteveen + Bos and TU
Delft, grass increases driving speeds with approximately 1.4 km/h (§047), but this effect is
not significant in the sample that excludes participants from TU Delftin the sample that
excludes participants from the TU Delft driving simulatonowever, high andthick greenery placed
on both sides in between cars decreases driving speeds with approximately 1.4km/h (p = 0.028).

Contrary to the initial expectations, significant decreases in speeavere observed for interaction
effects with road width andthree measures:elevated parking, medium height greenery (marram
grass) and high greenerfPopulustrees)on both sides. Medium height greenery has the strongest
speed reducing effect: around 4 to 5 km/h. Though, this findingshould be interpreted with
caution, since this was the first segment in the circuit that all participants drove throughAlso,
the second segment in the samplefeatured a wide road withPopulus trees on both sides.This
may indicate that despite initial training, participants might still have felt unsure in the first
segments which could have influenced the results for tkese segments.

Then, the interaction effect of road width with elevated parking reduces driving speed with
around 2.1 to 3.6km/h, with lower impacts for the dataset that only considers the Witteveen +
Bos participants. To clearly understand drivingpehaviour, lateral position on the road should also
be considered.

An intriguing aspect of the study is the impact of greenery on lateral positioning within the lane.
If no cars are present on the right side of the road,igh greenery leads drivers to position
themselves further to the right of the lane, followed by mediurheight and low greenery. Notably,
high greeneryon the right sideshows the least significant change in driving speed relative to the
baseline condition, with low and mediumheight greenery having progressively larger impacts
medium-height greenery caugs drivers to increase driving speed with 2.km/h compared to
base, although this effect is marginally significant in the sample with only Witteveen + Bos
participants.

In scenarios with elevated parking on narrow roads, drivers tend to steer closer to the elevated
parking. This can be explained by the fact that elevated parking optically separates parked cars
from the road. This corresponds to findings from the posexperiment questionnaire, where
participants mentioned that elevated parking created aperceptual buffer from potential
roadside obstacles, which increases driving speeds for the combinedample.
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Conversely, on wide roads, drivers generally maintain a consistent lateral position due to the
ample roadway width. While greenery and elevated obstacles can reduce driving speeds, their
influence on lateral positioning is minor and not statistically sigrficant on wider roads. The extra
space allows for more consistent driving, regardless of roadside objects. Another factor could be
that the greater variance in lateral positioning on wider roads complicates the estimation of
significant effects in the linear mixed model.

Interestingly, the observed reduction in driving speed on wide roads with elevated parking is
counterintuitive, given the increased space. This may be due to the presence of lewequency
oncoming traffic in the simulation, which heightens risk perceptionif drivers do not remain
centered in their lane. Participants indicated that their sense of risk on GOW30 roads is
influenced by the likelihood of a pedestrian emerging from behind roadside elements or potential
collisions with other vehicles. Thus, driviig behaviourcan partly be attributed to risk avoidance.
This aligns with the principles of the "woonerf" concept, where drivers reduce their speed in
shared spaces with pedestrians and cyclistsPsychological insights into loss aversion reveal that
individuals weigh potential losses more heavily than equivalent gains, influencing both risk
perception and driving behavior (Raue & Schneider, 2019). This dynamic explains why drivers
tend to respond nore to perceived increases in risk than to safety improvemest which often
leads to complex behavioral adjustments.

These findings underscore that proximity to obstacles typically correlates with a reduced
tendency to increase driving speeds. Specifically, as drivers approach obstacles, they generally
exhibit more consewative driving speeds andhe presence ofPopulus trees positioned on the
right side of the road appears to attract drivers more effectivelyThis phenomenon may be
attributed to enhanced visual guidance provided by high objects, which could improve spatial
awareness and navigation, thereby influencing drivebehaviour. Thisis in correspondence with
findings from Calvi (2015), who also found that obstacles along the road were used as visual
guidance, but when these obstacles were placed closer led driver® drive more cautiously.

To summarize,participants drove at an average lateral position 0f0.6 meters and with a driving
speed ofapproximately 33 km/h to 34km/h in the baseline condition, which is a narrow road with
parked cars on both sides and devoid of greenery. This indicates thatjthout a centerlines and
low frequency of oncoming traffic, participants are positioned more to thecenter of the road
rather than thecenter of their laneand exceedthe 30km/h speed limit. Furthermore, the analysis
demonstrates a significant @rrelation between age and driving speeddrivers older than 30
drove around 5 to 6 km/h slower than drivers in the age group -P&. This observation
corroborates findings from SWOV (2021), which also reported agelated variations in driving
behaviour. Additionally, the study found that driving frequency, gender and educational degree
did not reveal significant differences for driving speedslin the following paragraphs, the
limitations of this study are discussed.

In this experiment, each participant drove through the same circuit, which introduces the
potential for bias due to a learning effect, either from familiarization with the built environment
or the handling of the driving simulator. It is assumed that anyeérning effect related to the
simulator's handling was mitigated by the initial training session that familiarized participants
before the experiment. Additionally, participants were instructed to drive as they normally would,
both at the start of the expeiment and again after the midway break, further reducingffects
related to the duration of the experiment.
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To account for unobserved variables, a random intercept was included in the linear mixed model,

along with a random slope based on the sequence of segments. Regarding the built environment

and the number of parked cars along the road, these variables wereeld constant across

scenarios. However, since the focus of this research was on sustainable measures for GOW30

roads, the influence of the built environment and parked cars was excluded from the analysis.
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road environments.

Additionally, this study was conducted within the context of urban roads in the Netherlands,
where local traffic laws and cultural driving habits may restrict the transferability of these
findings to other regions. Therefore, caution is advised when apphg these results to areas
outside of dense urban environments or the Dutch road network. Further research across diverse
settings is necessary to assess the broader applicability of these findings.

Second, regarding the simulation setup,sideview mirrors on the vehicle were present, but did
not provide view.There is a lack of literature specifically addressing the impact of side mirrors in
driving simulator studies, although research on their impact in real driving conditions may exist.
Despite this limitation, the absence of side mirrors in the simulation wa consistent across all
participants, allowing for direct comparisons. This uniformity may even enhance the consistency
of results, as participants assess their lateral position based on a similar field of visionFor
clarification : while some participants rely heavily on side mirrors, others rarely use them study
on digital mirrors by Pampel et al. (2020) found that digital mirrors can increase driver view.
However, this benefit is compromised when the mirrors fail. Research shows that failures such
as degraded vision and mirror freezing increase cognitive workload, while a blank mirror has a
less pronounced impact on workload. Additionally, variability in miror usage is influenced by
factors such asage and driving experience, with young and inexperienced drivers using mirrors
less (Crundall & Underwood, 1998)Additionally, since this study doesnot involve lane-changing
tasks, the side view is primarily redvant when approaching intersections.This data was not
recorded, as the influence of drivingoehaviour near intersections with varying fields of view is
beyond this study's scope.

Third, when comparing metrics across the different simulators used in the studydifferences can

be seen in driving speeds and lateral positioning. Treddition of data from the TU Delft simulator
increases intercepts and generally leads to measures having a larger impaciiven the fact that
both simulators use different apparatus and provide a different field of view, thelata was

analysedin combination and separately, which illustrated minor differences in the results

In general,participants' behaviourin a simulated environment may differ from realife situations.
Matviienko and Muhlh&user (2023) foundhat individuals tend to be more confident and spend
more time observing their surroundings after becoming acclimated to simulation conditions.
Designing engaging scenarios is crucial to maintain participants' attention and ensuring task
completion while simulating driving conditions, which is why pedestrians were placed at random
locations throughout the experiment, aswell as changing the colors of oncoming traffic.
Evaluation by means of the Presence questionnaire by Witmer et al. (2005) allowed for insights
to which extent the driving simulator experiment was similar to reality, with most participants
answeringa score of 3 on a scale from 1 (Totally not similar) to 5 (Totally similaFhisunderpins
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the need to interpret the results in the light of a driving simulator experiment, and not as if these
were produced under reallife conditions. Although the nature of the experiment has its

shortcomings, the resultsprovide valuable insights into the relationship between driving speeds

and lateral positioning on the road, specifically in the context of sustainable measures for
GOWa30 roads.

Given the limitations, future research could explore the longterm impact of sustainable road
infrastructure on drivingbehaviour, considering variables like vegetation type, proximity to the
road, and the presence of pedestrians and cyclistsAlso, the diversity of the sample can be
increased, since this sample only included higher educated people around the age of 30/hen
integrating sustainable measures into road infrastructure, various factors must be carefully
evaluated. For instance, while adding trees can enhance the stréscape and provide
environmental benefits, it also has potential drawbacks, such as increasing collision severity
and water demand, potentially exacerbating water shortage§Stapel et al., 2021) When
incorporating sustainable measures, these factors must be balanced against their potential
benefits, such asreducing driving speed, influence on visibility on the roadmproving air
quality, and promoting public health through increased physical activity in green urban spaces.
For this aim, an MCDA analysiscan be performedfor these variables,whilst also taking into
account the extent to which various greenery types are speed reducing.

Furthermore, this research did not includeroad designswith cycling lanes.The interaction
between greenery and cycling lanes igteresting to investigate since cycling lanes could be
perceived as abuffer between driving carsand greeneryplaced along the road Finally, since
this research has a reduced validity compared to a redlfe study, it is recommended that
researchis performed in reallife, under varying traffic and weather conditionsin this study,
frequency of oncoming traffic was lowin order to estimate drivingbehaviour of participants with
minimal interference of other variables.Despite one participant not being able to finish the
experiment, this participant did state that typically the absence of aenterlines reduces driving
speeddue to oncoming traffic, however in the experiment this participant found this effect
negligible due to a lownumber of oncomingvehicles.
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The objective of this study was to evaluate the effectiveness of sustainable infrastructural
measures inenhancing drivingbehaviourcompliance on GOW30by means of a driving simulator
experiment, guided by a series of research questionsin this conclusion, these research

guestions are answered consecutively.

First, the question needed to be answeredn which characteristics of sustainable measures
were likely to influence driving behaviour. These characteristics were identified through
interviews with road designers literature study and a survey involving 42 participants.
Characteristics of interest were road width, parking height, greenery height and greenexydth.
Based on theseinsights, a driving simulator experiment was designed that tested multiple levels
of these characteristics.

Road width was varied at two levels: narrow (6 meters) and wide (7 meters), with the expectation
that wider roads would lead to higher driving speeds. Parking height was also manipulated at two
levels: level and elevated, with both conditions tested on naow and wide roads. Greenery was
varied at three height levels: low, medium, and higiplaced on the right side of the road Low
greenery was represented by grass, mediurheight greenery by marram grass, and high greenery
by Populus trees, approximately 3.5meters tall. Additionally, greenery density was considered
an important variable; Populus trees placed between parked cars were varied in thicknessA
thick Populustree was defined as twice the thickness of a normdPopulustree, providing another
layer of complexity in assessing the impact of greenery on drivirigehaviour. Similar to parking
height, all greenery types were varied in combination with road widtHn total, this led to a
combination of 14 road segments.

To conduct the experiment,4 participants were recruited on the Delft University of Technology,
the Netherlands and 40 participants were recruited at Witteveen+Bos, an engineering
consultancy company. All participantt W6 ¢ T We W2 ¢ O RT WT 1 R2JI+ k WaRHWIUL UL
background that restricted them from participating in the experiment, such as epilepsy or being
susceptible to migraines. Personal characteristics of these participants were collected.The
characteristics of interest were age, gendernationality and educational degree.Furthermore,
driving frequency per week was also registered’he average agef the samplewas 30.8 years,
with a standard deviation of 8&7. The majority of the sample was male30 participants) and the
majority of participants had the Dutch nationality (42). Furthermore, all participants had an
educational degree of BSc or higheand the majority drove a carless than 2 hours a week After
completion of the simulation experiment, simulation sickness and presence during the
experiment were estimated by means of a survey. Thepreferences and opinions with regards
to the road designs were asked and recorded anonymously.

With these findings, answers could be found with regards tthe impact of sustainable measures
on driving speeds, lateral positioning and risk perceptionThe results of this driving simulator
experiment clearly demonstrate that wider roads lead to higher driving speeds, likely because
drivers perceive these environments as safer or less restrictive, thereby reducing the credibility
of the 30 km/h speed limi. This finding aligns with previous literature, which highlights road width
as a critical factor inluencing speed limit credibility and driving speeds. In the followingections,
the impact of sustainable road design measures on driving speeds and lateral positioning is
explored.
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Similar to wide roads, narrow roads with lowheight greenery also saw increased speeds,
suggesting that certain types of greenery may not sufficiently reinforce speed limits for all drivers.
Of the greenery types investigated, narrow roads with high and dse greenery between parked

cars had the most significant speedreducing effect, supporting the hypothesis that larger

roadside objects increase perceived risk and encourage lower speeds or consistent driving
behaviour.

An interesting observation is that on wide roadsroadside greenery does not have an influence
on lateral positioning. Roadside objects do have an influence on lateral positioning for narrow
roads however. Here, thesuggest a pattern: when lateral positioning shifts toward theenter of
the road, driving speeds can decrease due to the perception of oncoming traffic. Lateral
positioning shifts to the center of the road when parked cars are presentThis suggests that
drivers tend to veer away from roadside lustacles on the right, allowing them to maintain higer
driving speeds again. The absence of aenterlines and low traffic volumes facilitate this
behaviour, with almost all participants stating they would drive more in their lane if eenterlines
were present.

To answer the research question omwhich sustainable measures can enhance drivingpehaviour
compliance on GOW30 and improve risk perceptionresults demonstrate that sustainable
infrastructural measuresy particularly road width and the strategic placement of greenergan
significantly influence driving behaviour on GOW30 roads. While wider roads tend to increase
driving speeds, the presence of dense or high greenery has the potential to reduce speeds and
promote safer lateral positioning due to the provided visual guidance Incorporating low
greenery, such as grass or marram grass may create a perceptual buffer for car drivers whilst
providing more overview. This leads to increased comfort and potentially also to more
(over-)confident drivingbehaviour.

Practical recommendations are to prioritize the incorporation of dense or high greenery to
enhance speed limit credibility and to avoid low types of greenery that enhance sidewalk
visibility, whilst keeping into account established guidelines for adequatevisibility in traffic.
These high types of greenery namely also have the potential to improve lateral positioning, which
is important for GOW30 without centerlinessince optical guidance on these roads is reduced.

It is important to note that these findings are derived from a driving simulation experiment, and

as such, the results may not fully reflect realworld behaviour. The lack of perceived risk and the

absence of physical forces, such as acceleration and lateral forces during turns, reduce the
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real-world studies or analyses of drivingbehaviour on GOW30 roadswith different traffic and

weather conditions.

Future research should also investigate additional factors, such as traffic density and the
presence of cycling lanes, to deepen the understanding of drivingpehaviour in the built
environment. Expanding the range of road segment types and including a more diverse sample
of drivers could further refine insights into how sustainable infrastructure influences driving
behaviour, potentially uncovering effects that were not significant in this study.
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Appendix A: Scientific paper

The scientific paper starts at the next page.
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Evaluating the effectiveness of sustainable measures in achieving
driving behaviour compliance on GOW30 roads

A driving simulator experiment based on the Zaagmolenstraat in Rotterdam, the
Netherlands

B.C. van Burik
TU Delft - Faculty of Civil Engineering and Geosciences
Delft, the Netherlands

Abstract

In order to increase traffic safety in the Netherlands, the government implemented the GOW30

policy. However, evaluation of this policy shows that drivers do not comply with this newly imposed
speed limit sufficiently. For this reason, roads need to bhgrkxsin such a way that speed limits are
perceived as credible. At the same time, the need for sustainable road designs arises, due to factors as
increased urban heat stress and population grditls, bad designers need to make tradis

between spadi quality and mobility. Incorporating greenery is a promising way to reduce urban heat
stress, but the presence of greenery, particularly thick trees, can also increase the severity of traffic
accidents. This study evaluated the impact of roadside gyeeneirivingbehaviour utilising a

driving simulator experiment complemented by a fgogteriment survey. Linear Mixed Model
analyses (LLMés) together with survdegdsionsi ght s
increased driving speedSomfortincreases on wider roads and on roads with more overview. For

this reason, it is not recommended to incorporate low greenery on GOW30 roads. Moreover, high and
dense greenery is shown to reduce driving speeds while promoting better positioning on thésroad.
furthermore recommended that research is performed Hiifesalhilst evaluating roadside greenery

in combination with cycling lanasnder varying traffic and weather conditions.

Key words: driver behaviour driving simulation, GOW30 policy, grey roads, sustainability, traffic
safety, selexplaining roads, urban mobility, urban road design.

E INTRODUCTION between cars and vulnerable road users. Rosén
o _ et al. (2021) found that fatality risk for

In recent years, policies in the Netherlands with pedestrians on roads with a 30krsfreed limit
regards 1o road design in the built area have is reduced by 10%, compared to roads with a
been.focu.ged on increasing t.rafflc sgfety and  g5m/h speed limit. Additionally, the
sustainability. A policy that aims to improve Netherlands is seeing a rise in elctiicycle
traffic safety is thg GOW3policy, which accidents among the elderly, which can be
targetsg.;rey roadsThlgterm refers to roadways explained by factors such as increased cycling
where intended function, design and actual use jistances and ag# the victims(Westerhuis et

are not properly aligned. Think for example of al., 2024). According to Davis (2001), the
a distributor road with a 50km/h speed limit,

where cyclists do not have a separate lane.
Reduced driving speeds on these roads are
expeted to lower the impact of collisions

likelihood of a fatal accent in vehicle
pedestrian crashes at 50 km/h for pedestrians
aged 60 and above is estimated at 65%, whereas
at 30 km/h, this likelihood drops significantly to
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4%. Thus, the GOW3folicy is a currently
relevant policy that needs to be evaluated.

The policy is in line with the Dutch Sustainable
Safety framework (SWOV, 2019), which is
framed around three design principles and two
organizational principles:

1. Functionality. This principle ensures
that road segments and intersections are
designed to fulfil a singular traffic function,
either facilitating movement (flow) or
enabling interaction (exchange) across all
modes of transportation.

2. Biomechanics. This principle focuses
on minimizing differences in speed, mass,
direction, and size among road users to
prevent severe accidents. It involves
designing road environments and vehicles
that are compatible with each other,
providing necessaryrptections based on

the characteristics of different road users.

3. Road designs should be intuitive,
aligning with the expectations and
competencies of road users, particularly
older individuals.  This  principle
emphasizes the importance of making road
layouts and traffic signals sedfplanatory

and easily understandable,thereby
encouraging  predictable and safe
behaviour

4. Responsibility. All parties involved in
road design and maintenance should have
clearly defined tasks, so that accountability
and safety considerations are well
maintained at every stage of road design.

5. Learning and innovation. Traffic
incidents should regularly be assessed to
identify areas for improvement.

In practice, urban designers make tradfs
between liveability, practicality and land use
when roads need to be designed. For many
years, scholars have mentioned that streets
should serve the community and be walkable

and liveable (Appleyard, 1981; Whyte, 1980).
A principle that relates to this is shared space.
This principle involves eliminating traffic
control elements such as markings, encouraging
road users to navigate and interact with each
other more intuitively ad cautiously (Moody &
Melia, 2011) BenrJoseph, E. (1995) found that
shared paved space by multiple road users
reduces traffic speed, which enhances
predictability and improves safety.
Additionally, pedestrian crossing rates increase
due to the greater number of crossing points
available cmpared to conventional roads
(Tzouras et al., 2023).

An extension of the shared space principle is the
woonerf concept. According to Kraay (1986),
woonerfs are residential areas which must only
carry vehicular traffic with an origin or
destination within that particular woonerf.
Also, there should be no camtious difference

in cross sectional elements along the road,
enough parking space accompanied with
adequate lighting and vertical elements such as
plant tubs and shrubs must not restrict visibility.
Because drivers recognize the probability of
sudden coricts, driving speeds are lowered
and attention is heightened. This is
contradicting the principle of Sustainable
Safety, which emphasizes clearly defined road
layouts. The question therefore remains on how
to seek a balance between road safety, mobility
and sustainable road designs.

More specifically, this research aims to answer
the main research question, which is formulated
as follows: Which sustainable measures are
effective in improving driving behaviour
compliance and risk perception of car drivers
for GOW307This is done by providing answers
to the following sub questions:

1. What are the most promising
characteristics of sustainable measures
that influence speed limit credibility?
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2. What is the impact of these sustainable
measures on driving speeds of car
drivers on GOW30 roads?

3. What is the impact of these sustainable
measures on the lateral position of car
drivers on GOW30 roads, without the
presence of aenterline®

4. In what way do sustainable measures
influence the risk perception of car
drivers?

It is generally anticipated that vision

enhancing greenery and wide roads contribute
to increased driving speeds. Conversely, larger
greenery is expected to have a greater
influence on lateral positioning, as it may be

expectations, shaped by experience, training
and age, highlight that younger drivers are more
prone to riskybehaviou(SWOV, 2021; Abdel

Aty et al., 1998). Wickens et al. (2013) explain
that human information processing relies on
expectations formed from past experiences,
which can lead to noeoredible speed limits
when road environments are changed, such as
transitionig  from GOW50 to GOW30.
Theeuwes & Godt hel p-6s
explaining roads supports this, suggesting that
roads aned with driver expectations promote
safer, more predictable drivindpehaviour
Thus, the model posits that aligning road
environments with user expectations is
essential for speed compliance and overall
safety.

perceived as a more significant oloita
heightening the driwv

environment

Physical

encouraging them to maintain a safer distanc

(1909

The basis of these research questions lies

Expectations

N Speed limit Driving style
credibility preferences

Physiological state

findings by various scholars, illustrated in th
conceptual modeih figure 1 The conceptual
model illustrates factors influencing driving
behaviour defined as the longitudinal anc

\ ’ /

Driver decision and
response

Other road users

l

lateral movements of a driver, withou

Experience <

Driving behaviour

estimating the relationship between driver
capability and task demands. According to
Fuller (2000), drivingoehaviouris constrained

by human factor variables like fatigue, stress,
and emotional state, which directly affect
decisions and responses. Davidse et al. (2010)
emphasize the importance of including
physiological states, impacted by intoxication
and tiredness in understanding driving
behaviour Individual driving style preferences,
including tendencies toward riskyehaviour

are also vital. Additionally, other road users
significantly influence driving behaviour
vehicles in proximity can affect each other's
speed and positioning, creating a feedback loop
between drivingbehaviour road users, and
driver decision and response. The model further
builds on the premise that road design
influences drivers' expectations, as discussed
by Aarts & van Schagen et gR006). These

Figure 1: Conceptual model based on Davidse et al. (2010), Fuller
(2000) & Wickens et al. (2013).

The remainder of this paper is structured as
follows. Section 2 reviews the stadéthe-art

in sustainable road design and its effects on
driving behaviour identifying key knowledge
gaps. Section 3 outlines the methodology used
to address these gaps, which is a driving
simulator study. Section 4 presents the results
from the simulation study. These are discussed
and concluded in section 5.

Il. LITERATURE REVIEW

The relationship between road design, roadside
environment, and user compliance with speed
limits is welldocumented in literature. Yao et
al. (2020) conducted a driving simulator study
to examine how road layout and roadside
environments impact driving epds. Their
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research incorporated eight different scenarios
with variations in road alignments (straight or
curved), the presence of cycling lanes, and
emergency lanes for rural highways. While this
study yielded valuable insights, it leaves room
for further investigaon, particularly in urban
settings where road complexity, congestion,
and pedestrian activity are more prevalent. The
research by Yao et al. (2020) is reinforced by
the findings of Aarts & van Schagen (2006).
Their study revealed that drivers tend taeséel
higher speeds on wider roads with emergency
lanes, fewer curves, smooth surfaces, and clear
road markings. These factors, coupled with
fewer surrounding buildings and less greenery,
encourage drivers to maintain higher speeds.
Additionally, personal étibutes such as driver
personality, vehicle characteristics, driving task
complexity, and even trip purpose significantly
influence drivingbehaviour For instance, male
drivers are more likely to drive faster than
females, while older drivers and womemd to
comply more closely with speed limits (Aarts &
van Schagen, 2006).

Then, Silvano and Bang (2016) found that
reducing the posted speed limit with varying
road characteristics, such as carriageway width,
the presence of estreet parking and sidewalks,
influence free flow speeds. It was found that if
posted speed limits areduced from 50 km/h

to 40 km/h, fredlow speed reduces 1.6 km/h.
Increasing the posted speed limit from 50km/h
to 60km/h led to an increase of 2.6km/h. So,
drivers are generally more sensitive to an
increase in posted speed limit than they are to a
decease. Goralzik and Vollrath (2017) further
investigated speed compliance under varying
traffic interventions. Their study on simulated
German urban roads found that drivers
responded differently to road narrowing and
curves depending on the speed limit. ©ads
with a 50 km/h limit, drivers reduced speed in
response to narrowing or curvature, but on 30
km/h roads, these road features did not trigger
the samebehavioual changes. This suggests
that lower speed Ilimits may create a
behavioual "floor" that limits driver response

to road geometry changes, emphasising the
need for additional measufesuch as
enforcement or road redesigng influence
speed on 30 km/h roads.

Either way, speedingehaviouron roads with a
30km/h speed limit is still common. In the
Netherlands, between 55% and 60% of vehicles
exceed the speed limit on roads with limits of
50, 60, and 70 km/h (SWOV, 2021). On 30
km/h roads, these numbers are even higher,
ranging from 62% to @6 across Europe. One
can easily assume that if roads are converged to
a GOW30, without changing the road design
and environment, speedindehaviour is
encouraged. This is supported by Distefano and
Leonardi (2019), who alsamjmnt out that simply
reducing speed limits from 50 km/h to 30 km/h
may not achieve the desired effects without
accompanying measures like information
campaigns or police enforcement. Thus, a
multi-faceted approach is necessary to enhance
speed limit creditity and to promote safe
driving behaviour To assess whether speed
limits are credible, the Dutch methodology
"Veilige Snelheden, Geloofwaardige
Snelheidslimieten" (VSGS) is used. Kint et al.
(2022) tested the validity of this model and
found that only oad width and straight
alignment consistently explain frélew traffic
speeds. Other factors in the model, such as
surrounding road features, tend to correlate
with one another, making it difficult to isolate
their individual effects on freflow speeds.
Additionally, changing road width and curves
are expensive and not very sustainable. How
can sustainable measures, such as greenery,

play a role in promoting safe driving
behaviou?
To examine the relationship between

sustainability measures and road safety, it's
important to first clarify the concept of
sustainability. As defined by the United Nations
(1987), sustainability refers toneeting the
needs of the present without compromising the
ability of future generations to meet theiis
urban environments, this often involves
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initiatives to reduce pollution and mitigate heat
stress, promoting healthier living conditions.
However, implementing sustainability
measures does not always align with road safety
objectives. For example, tree placement
standards along roads are critjica$ improper
spacing can obstruct visibility and increase the
likelihood of collisions. Cheng et al. (2020)
found that wider spacing and smaller tree
diameters significantly reduce injury risk in
accidents for car drivers emphasising the
importance of sth standards.

Research also highlights the influence of trees
on driver perception andehaviour Naderi et

al. (2006) conducted a driving simulation
involving urban and suburban settings with and
without trees, finding thatuburban streets with
trees were perceived as safer, while urban
streets without trees were seen as least safe.
Additionally, the presence of curb side trees in
suburban areas improved drivers' sense of
spatial edge and reduced speeds by an average
of 4.87 km/h. However, the sample size was
small, and speed differences for other scenarios
were not statistically significant.

Further studies by Fitzpatrick et al. (2014)
demonstrated that dense vegetation and utility
poles along highways reduced driving speeds
by an average of 2 mph. In a follewp
simulation (Fitzpatrick et al., 2016), the width
of the clear zone was found wfluence driving
behaviour with narrower clear zones
prompting drivers to position themselves closer
to thecenterof the road. However, vegetation
density did not significantly affect speed, but it
did influence lateral positioning, especially on
left curves.

Calvi (2015) extended these findings to two
lane rural roads, showing that the proximity of
trees to the road significantly affects driving
speeds. When trees were positioned atreetre
offset, drivers increased speed, using the trees
as visual cues fadirection. Conversely, when
trees were placed closer (drteter offset),
drivers perceived them as hazards, leading to

reduced speeds and more cautious driving. This
phenomenon was linked to the concept of
optical flow, where the speed of perceived

visualpatterns influences driving speed.

Recent research by Wu et al. (2023) supports
these insights, showing that roadside vegetation
and narrower lane widths are effective in
reducing speeds during transitions from rural to
smalttown roads. Variations in tree height and
spacing also contributieto speed reduction in
these transition zones. Despite these findings,
the effects of roadside greenery on driving
behaviour in urban settings remain
underexplored, indicating a gap in current
research on how sustainable urban design can
integrate road $aty considerations.

In conclusion, while roadside greenery can
enhance sustainability and improve road safety
in specific contexts, such as rural and suburban
environments, there is still much to learn about
its effects in urban areas. For this reason, a
driving simulator expriment will be conducted

to investigate the effects of roadside greenery in
an urban context. This way, the effect of
sustainable measures can be tested in
controlled environment.

a

Il METHOD

A. Participants
A total of 40 participants were recruited
through advertisements at the Rotterdam office
of Witteveen + Bos, an engineering consultancy
company located in the Netherlands. All
participants were required to hold a valid
driverods |l icence edead
conditions that could pose a risk during the
simulation experiment, such as epilepsy and
susceptibility to migraines or motion sickness
(Anses, 2021). These considerations were
communicated to potential participants, before
signing an informed consent form. This form,
which received approval from the TU Delft
Human Research Ethics Committee, made clear
that participants agreed to participate in the
study whilst taking into account the potential
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risks, as well as registration of age, gender, B. Apparatus
driving frequency per week and level of  The apparatus used for this experiment was the
educational degree. The majority of participants CTOUCH Riva 4K 650 touchsc

fell in the age group of 289 years old. Also, the fixedbased Playseat Evolution Actifnd

the majority of participants drove a car lessthan  Logitech G920 Driving Force controllers. The
2 hours and were prianily male. More than screen provided approximately 120 degrees of
75% had a MSdegree, the remainder a BSc view.

degree.

C. Procedure
Participants began the experiment by adjusting
their seating position in the driving simulator

5
and receiving instructions on howdperate the
. ' vehicle (accelerating, braking, steering,
reversing and using indicator lights). They then
completed a #%ninute training session to
18 familiarise themselves with the controls,

including tasks such as turning, parking,
performing a 36@legree turrand driving at a
Distribution of gender steady speed. Oncoming traffic appeared after
two minutes, which had a frequency afdr per
minute Upon completion of the training,
participants took a-gninute break.

After the break, they drove a
standardised circuit consisting of 14 segments
modelled after the Zaagmolenstraat in
Rotterdam, a narrow twiane road in a dense
urban area shared by multiple modes of traffic,
Distribution of driving frequency per week as seenin figure 2. This road was chosenesinc

2 it will be converged toGOW30 in 2025
‘ (Gemeente Rotterdam, 2024).

Distribution of age

m18-24 = 25-29 m30and higher

= Male w Female

m Lessthan 2 hours m Between 2 and 5 hours = More than 5hours

Distribution of educational degree

7

2

= HBO/Bachelor — m WO/Master or higher

33

Figure 1: Distribution of personal characteristics

Figure 2: Zaagmolenstraat in Rotterdam, the Netherlands.
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Each 500metre segment varied in road width,
parking setups, and greenery placement, as
shown in Table 2: Experimental design. For
each segment, images are included in Appendix
A: Road segments.

Table 2: Experimental design

Road
width

Parking Greenery placement | Greenery type Segment | Order

Narrow
(6m)

Elevated
(+15cm)

None None NE 6

Level None None NL 5

Right side of the road Grass strips

Marram grass strips
Populus tree strips
Populus trees

Populus trees (twice as

4

[

s}

I
B~ w

Both sides of the road

thick)

Wide
(7m)

Elevated None None WE 1
(+15cm)
Level None None WL 13
Right side of the road Grass strips WLRL 14
Marram grass strips WLRM 1
Populus tree strips WLRH 12
Both sides of the road Populus trees WLBH 2
Populus trees (twice as WLBH+ 10

thick)

To simulate realife conditions, participants
encountered a 30 km/h speed limit sign at the
start of each segment, which complies to
guidelines for road design in the Netherlands
(CROW, 2023). They also encountered zebra
crossing approximately midway theoad
segment and a stop sign at the end. This forced
participants to come to a full stop, before
entering a new segment. Oncoming traffic
appeared at a frequency ofcars per minute
with pedestrians along the sidewalks. A 5
minute break was given midway to prevent
fatigue before participants resumed driving.
After this break, they were instructed to drive as
they would normally. Finally, the participants
filled in a survey on theiexperience.

D. Data collection

During the experiment, the driving simulator
recorded driving trajectories at a frequency of 1
Hz. The following variables were collected:
driving speed (m/s), acceleration (m/s?), and
vehicle position along the x, y, and z axes. To
account for potentialata distortion caused by
collisions, collision times were also recorded.
Since participants made four right turns during
the experiment and encountered zebra
crossings, these events influenced their driving
behaviour As a result, initial driving
trajectories following right turns were excluded

from the analysis unt.i
had stabilised. Similarly, braking patterns prior
to zebra crossings were omitted from the
dataset to ensure a more accurate representation
of typical drivingbehaviour

E. Postexperiment survey
After the completion of the simulation
experiment, participants filled in a survey
which consisted of four parts. The first part
obtained information on their demographics
and driving experience. The target variables of
this part were age, gender, nationality,
education level and their driving frequency per
week. All data was made anonymous, in
correspondence to guidelines of the Human
Research Ethics Committee from TU Delft. The
second part of the questionnaire was aimed at
the experience with the driving simulation, such
as the extent to which participants experienced
discomfort such as eye strain, disorientation
and nausea on a-ploi nt scal e
fsever eod) based on
Questionnaire (Kennedy et a993). The third
part of the questionnaire was aimed at
estimating
drive. For this aim, items from the Presence
Questionnaire by Witmer et al. (2005) were
used that measured fidelity of the simulator,
immersion in the expenent and the extent to
which the experience felt similar to reality. This
is critical to do, since driving simulator studies
have a reduced validity due to the absence of
reatlife risk and different field of view (De
Winter et al., 2012; Wynne et alQ29).
Then, the last part of the questionnaire
examined respondent sb
sustainable measures with a mix of scaled,
multiple choice and open questions. For
example, to which extent drivers find greenery
comfortable, which road designs have their
preferences and the influence of greenery on
their sense of safety. Furthermore, questions
were asked on other variables such as the
presence of cars along roads and how
participants expect &enterlinesto have an
influence on their drivingoehaviour Finally,
respondents were given the opportunity to make
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final remarks and explain why certain road
types were preferred.

V. RESULTS
This section presents the results of the driving
simulator experiment, together with thest
experiment survey. In the next subsection, the
descriptive statistics of driving speed and
lateral positioning are presented. These are
followed in by the results of the Linear Mixed
effects Models for driving speed in subsection
B and lateral positioing in subsection C.

Driving speed [km/h]

Distribution of driving speeds per segment

oNL
aWL
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30.
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0.0
BNE
BWE

BNLRL B®NLRM ®NLRH ONLBH ®NLBH+
OWLRL BWLRM SWLRH ®WLBH OWLBH+

A. Descriptive  statistics of driving

Figure 3: Distribution of driving speeds per segment

behaviour

In below boxplots for driving speeds per
segment, mean driving speeds are close t
30km/h. The lowest mean driving speed can be
seen in scenario NLBH+, which is a narrow
road with medium height greenery. The lowest
average driving speed still occurs in emt
NBLH+, suggesting that wide populus trees
placed in between cars have a speed reducin
effect. The second lowest driving speeds can b
seen in scenario WLRM, which features a wide
road flanked by mediurheight greenery. Then,

a smaller bandwidth carebseen in scenarios

Distance from centerline [m]

Distribution of lateral position per segment
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NLBH and WE, which suggests more
homogeneous driving speeds in these scenarios.
But al so, wi de road
generally have more outliers. To test whether
these observations for driving speeds are
significant, a lineamixed model is estimated,
which can be found in the next chapter. When
looking at boxplots for lateral positioning,
participants were mostly driving on the left side
of the lane on road segments (negative
estimate) with parked cars on both sides: NL,
NE & WL. The same can be seen in scenarios
with parked cars and trees placed in between
cars: NLBH, NLBH+, WLBH and WLBH+.
The most rightoriented drivingbehaviourcan

be seen in segment WLRH, which is a wide
road with level parking and high greenery on
the right side. Drivers tend to position
themselves further to the right in their lane
when there are no parked cars, especially if the
greenery strips feature talleegetation.

Figure 4: Distribution of lateral position per segment

S € g MB, Linear Mixed Effect Model for drivingh

speed
To estimate whether the differences observed in
the boxplots are statisticallignificant, Linear
Mixed Effects Models (LMM) were conducted,
accounting for participant characteristics. LLM
is a robust analytical approach, especially
suited for analysing unbalanced longitudinal
data where the same individuals are measured
at varyingt i me points. I
allow inclusion of random effects that cannot be
controlled for in the experiment.

In the model analysing driving speed, two
random effects were incorporated for each
participant. First, a random intercept captures
individual baseline driving speeds and the
inherent  correlation  between  multiple
measurements from the same participant.

65

mporta



Table 3: Linear Mixed Model for driving speed [km/h]

Dependent variable Model
Estimate | p-value | t-value

Intercept 32.946 <0.001 17.319

Measure Wide road (7 meters wide) 2.321 <0.001 3.449
Elevated parking 0.670 0.286 1.067
Grass strips 0.775 0.219 1.230
Marram grass strips 1.211 0.056 1.912
Populus tree strips 0.215 0.733 0.342
Populus trees on both sides 1.295 0.043 2.027
Populus trees on both sides -1.381 0.028 -2.200
(twice as thick)
Wide road * elevated parking -2.129 0.017 -2.388
Wide road * grass 0.125 0.889 0.140
Wide road * marram grass -4.241 <0.001 -4.249
Wide road * Populus trees -0.283 0.751 -0.318
Wide road * Populus trees on both -2.958 0.003 -2.963
sides
Wide road * Populus trees on both 0.634 0.476 0.714
sides
(twice as thick)

Age 251029 -5.975 0.0186 -2.532

(Reference 730 and higher -4.975 0.047 | -2.063

group: 18to

24)

Gender Female -1.853 0.191 -1.336

(Reference

group:

Male)

Education WO/MSc or higher 0.809 0.692 0.399

(Reference

group: BSc)

Driving Between 2 and 5 hours 2.194 0.095 1.720

frequency More than 5 hours 4412 0.138 1.530

per week

(Reference

group: Less

than 2

haurs)

Statistics

Number of | 560

observation

s

Numberof | 40

groups

REML 2854.900

criterion at

convergenc

e

Log- -1427.441 (df=24)

likelihood

AlC 2802.881

BIC 3006.752

Second, a random slope for each road segment
was added, allowing the effects of the
independent variables to vary for each
participant based on the segment sequence.
This is a critical adjustment given that all
participants drove through the same circuit, and
it accounts for potential withisubject
variability across different road conditions

The model was estimated in R using the
following formula: DrivingSpeed ~
RoadWidth + ParkingHeight + GreeneryType
+ Age + Gender + Education +
DrivingFrequency +
RoadWidth*GreeneryType +
RoadWidth*ParkingHeight + (1+ Segment |
Participant).

This formulation demonstrates that personal
characteristics, such as age, gender, education
level and driving frequency, were controlled for
in the model. Moreover, interaction effects are
included for road width with elevated parking
and greenery type, pturing complex
relationships between these variables and
driving behaviour This comprehensive model
structure ensures a nuanced understanding of
the factors influencing driving speeds,
accounting for both fixed and random effects.

From the results in table 3, a significant
intercept of 32.946 km/h (p<0.001) can be seen.
This intercept represents the base driving speed
on a narrow road with no greenery, for a male
driver aged 184 with a BSc education and less
than 2 hours of weeklgriving.

Significant effects include Populus trees on
both sides and Populus trees on both sides,
which weremade twice ashick. Populus trees

on both sides between cars increase driving
speed with approximately 1.3km/h-¢plue =
0.043), whereas the same tree increased twice
in width reduces driving speeds with
approximately 1.4km/h (palue = 0.028). If
road width is increasedhis leads to higher
driving speeds of 2.321 km/h-f@alue <0.001).

A contradicting finding is that wide roads
interacted with elevated parking, medium
height greenery anf@opulus trees on both sides
of the road have a speed reducing effect that
ranges from approximately 2.1km/h on wide
roads interacted with elevated parking to
4.2km/h on wide roads interacted with Marram
grass strips.

Finally, the model also reveals that participants
aged 25 and higher drive faster than drivers
aged 18 to 24. Gender, education and driving
frequency do not reveal significant effects, but
do indicate that females tend to drive slower,
and participants whdrive more than 5 hours
per week tend to drive faster.
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In conclusion, wide roads significantly increase
driving speed, as well as high greenery on both
sides on a narrow road. High ahitk greenery
decreases driving speeds. When analysing
interaction effects with wide roads, elevated
parking, marram grass and Populus trees on
both sides have a speed reducing effect. To
fully understand drivingbehaviouy lateral
positioning also needs to be reviewed.

C. Linear Mixed Model for lateral
position

Similar to the estimations for driving speed, a
model was estimated that took into account all
demographic variables with the following
formula: PositionNormalized ~ RoadWidth +
ParkingHeight + GreeneryType + Age +
Gender + Education + DrivingFrequency +
RoadWidth*GreeneryType +
RoadWidth*ParkingHeight + (1+ Segment |
Participant). A random intercept was included
in this model to account for correlations
between observations for each participant,
which can vary by individual. This is a logical
approach, given that each driver may have a
different baseline lateral position on the doa
The baseline condition is defined as a narrow
road devoid of greenery. All reference
categories for personal characteristics can be
seen in table 4.

In this table, the intercept estimate -6£612
(p<0.001) suggests that the baseline lateral
position is significantly different from zero.
Several factors show significant effects on
lateral position. Elevated parking increases
lateral position by 0.107nfp = 0.031), and
grass also shows a significant increase of 0.355
m (p <0.001). High greenery (Populus trees)
also increases lateral positioning by 0.438 m (p
<0.001), indicating that drivers position
themselves closer to the road edge when high
greenery $ present. Also, high and thick
greenery on both sides shows a marginally
significant positive impact on lateral position.
Finally, combinations of wide roads and
various measures, as well as the personal
characteristics, have naignificant effects.

Table 4: Linear Mixed Effects Model for lateral position [m]

Dependent variable Model
Estimate | p-value | t-value

Intercept -0.612 <0.001 -4.112

Measure Wide road (7 meters wide) 0.017 0.754 0.313
Elevated parking 0.107 0.031 2.159
Grass strips 0.355 <0.001 7.139
Marram grass strips 0.394 <0.001 7.867
Populus tree strips 0.438 <0.001 8.793
Populus trees on both sides 0.007 0.891 0.137
Populus trees on both sides 0.095 0.055 1.926
(twice as thick)
Wide road * elevated parking 0.068 0.335 0.966
Wide road * grass strips 0.021 0.763 0.301
Wide road * marram grass strips -0.096 0.232 -1.198
Wide road * Populus tree strips 0.024 0.727 0.350
Wide road * Populus trees on both -0.088 0.269 -1.107
sides
Wide road * Populus trees on both -0.047 0.502 -0.672
sides
(twice as thick)

Age 25t0 29 0.027 0.883 0.148

(Reference  ["30 and higher -0.031 0870 | -0.165

group: 18

10 24)

Gender Female -0.166 0.138 -1.530

(Reference

group:

Male)

Education WO/MSc or higher -0.008 0.956 -0.056

(Reference

group: BSc)

Driving Between 2 and 5 hours -0.107 0.292 -1.071

frequency More than 5 hours -0.233 0.309 -1.034

per week

(Reference

group: Less

than 2

hours)

Statistics

Number of | 560

observatio

ns

Number of | 40

groups

REML 115

criterion at

convergenc

e

Log- -57.505 (df=24)

likelihood

AlC 163.011

BIC 266.881

D. Questionnaire results
In this subsection, the findings from the post

experiment survey are presented which will aid
in interpreting the results from the Linear
Mixed Model analyses. Also, immersion in the
experiment will be discussed, which is of
importance to reflect on the hdity of the
experiment. All figures regarding these findings
are presented in Appendix C: Questionnaire
results.

Using items from theSimulator Sickness
Questionnaire by (Kennedy et al., 1993),
participants were asked questions to assess the
extent of nausea, disorientation (such as
dizziness or motion sickness), and oculomotor
discomfort (including eye strain and headaches)
they experienced. They rated their symptoms
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on a 4point Likert scale, ranging from 1 (no) to
4 (yes, severe). The majority of participants did
not report experiencing any of these symptoms,
which is a reassuring outcome. Out of 40
participants, only 4 reported mild nausea.
Regarding disorientation, 7  participants
experienced it mildly, while the remaining 33
did not experience any disorientation at all. As
for oculomotor discomfort, 32 participants did
not report any symptoms, 7 experienced mild
discomfort, and 1 participant noted noticeable
discombrt.

Regarding items from the Presence
Questionnaireby Witmer et al. (2005), results
were more heterogeneous. The participant
feedback provides a generally positive outlook
on the simulation experience. The participant
feedback reveals generally positive experiences
across several areas of the simulatiéior
visual immersion, on a scale from 1 (nhot
immersed) to 7 (extremely immersed), most
participants rated their experience highly, with
17 giving it a 6. Similarly, auditory immersion,
rated on the same 7l scale, showed moderate
to high engagement, withlLJparticipants rating
itab.

In terms of delay experience, where 1 means
"not delayed at all" and 7 indicates "extremely
delayed," participants showed moderate
concern, with 15 rating it a 6. Despite this,
satisfaction remained high. Contentment with
the simulation was measured on a(fdot
content) to 5 (very content) scale, and 23
participants rated it a 5, indicating a largely
positive reception.

Perceived realism of driving speed was
assessed on a scale from 1 (not similar) to 5
(totally similar), with 13 participants scoring it
a 4, indicating fairly realistic perception of
driving speeds. Display interference was rated
on a scale from 1 (not atl) to 5 (very much),
with 18 participants giving it a 2, showing
minimal interference. However, handling the
accelerator pedal posed some difficulty for
participants. On a scale from 1 (very easy) to 5

(very difficult), 11 participants rated it as "very
difficult,” while 18 found it "“neutral,”
highlighting an area that could benefit from
improvements.

In terms of perceptions regarding greenery, a
notable 26 out of 40 participants indicated that
the presence of grass lanes positively influences
their sense of safety, resulting in increased
driving speeds. Additionally, 23 participants
recognized grass has as a significant visual
barrier separating them from the sidewalk.
Overall, 10 participants reported a moderate
influence of greenery on their driving
behaviour while 17 participants acknowledged
a substantial impact. Furthermore, 32
participants indiated that the presence of
oncoming traffic tends to slightly reduce their
driving speeds.

Regarding the presence dafenterlines 38
participants expressed that they would maintain
their lane more effectively whercenterliness
present. Interestingly, nearly half of the
participants (17) reported that they would drive
faster due to the presence otenterlinesIn
contrast, 22 participants indicated that they
would drive more slowly with aenterlinesand
only one participant claimed that it would have
no effect on their drivindgpehaviour

V. DISCUSSION AND CONCLUSION

This study evaluated the effectiveness of
sustainable measures in enhancing driving
behaviour compliance within the GOW30
framework, utilising a driving simulator
experiment. The findings indicate that specific
characteristics of road design, particularly the
presence of greenery and the usearfterlines
significantly influence driving speeds and
perceptions of safety.

Baseline driving speeds observed on narrow
roads devoid of greenery averaged between
approximately 33km/h, exceeding the posted
speed limit of 30 km/h. Age emerged as a
significant factor, with drivers over 25 years of
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age exhibiting speeds that were 5 to 6 km/h
lower than those of younger drivers,
corroborating existing literature that identifies
agerelated variations in drivingehaviour The
analysis demonstrated that increasing road
width (7 metres) was associated with an
increase in driving speeds of approximately
2.3km/h (p < 0.001). Then, the most promising
characteristics of greenery were height and
density: low greenery (grass), diem height
greenery (marram grass), high greenery
(Populus trees) and high andicth greenery
(thick Populus trees) were varied and tested in
the experiment. Regarding the impact of these
sustainable measures on driving speed, a few
findings became clear. Notably, narrow roads
featuring high and dense greenery positioned
between parkedars exhibited a marked speed
reducing effect of 1.4km/h (p = 0.028),
supporting the hypothesis that larger roadside
objects enhance perceived risk, thereby
encouraging more cautious drivibghavious.
Interestingly, while wide roads generally
promote hijher speeds, the presence of marram
grass, elevated parking and trees significantly
mitigated this effect. It should be noted that in
the experiment, participants drove through a
fixed circuit that was the same for each
participant. In this circuit, a scario with
marram grass was the first scenario and one
with trees on both sides the second scenario.
For this reason, the validity of these findings are
guestionable. Another explanation for observed
speed reductions on wide roads is the fact that
lateral positioning compared to base was not
changed. Thus, drivers drove more to center of
the road, rather than centrally in their lane.
Road positioning is associated with risk
perception of car drivers. Here, the influence of
centerlinesvas complex; although a majority of
participants indicated thatenterlinesassisted

in maintaining their lane, nearly half reported
that they would drive faster whercanterlines
was present. This finding suggests that the
psychological effects of road design can yield
unexpected outcomes, impacting driver
behaviourin nuanced ways.

Overall, the study underscores that sustainable
measures, such as the incorporation of
greenery, significantly shape drivilghaviour

on GOW30 roads. While wider roads tend to
encourage increased speeds, the integration of
dense or high greenery has the potential to
counteract this trend and promote safer driving
practices. While this speed reducing effect was
significant, the impact iselatively minor. It is
important to acknowledge that these
conclusions are derived from a driving
simulation, which mayot fully replicate real
world driving conditions. In this study, most
participants experienced driving speeds as
similar to reality and were generally content
with the quality of the experiment. However,
handling speed in the simulator was perceived
as dfficult. This was mitigated by a training
that aimed to improve handling of the
simulator. Because of this reduced validity,
future research should extend to realrld
studies and consider additional variables such
as traffic density and the presence gélng
lanes, to deepen the understanding of how
sustainable infrastructure impacts driving
behaviour

In conclusion, this study underscores the vital
importance of intentional road design in urban
planning, recommending the integration of
greenery and other sustainable elements to
create safer driving environments. The answer
to the main research questiomhich aims to
review which sustainable measures are
effective in improving driving behaviour
compliance and risk perception of car drivers
for GOW3Q is as follows: Roads with
greenery, such as grass or trees, are generally
associated with higher drivingpeeds and
greater comfort, while roads lined with parked
cars tend to restrict speed and are perceived as
the least comfortable. Enhanced visibility and
reduced obstructions on greener roads
contribute to a more confident driving
experience, allowing drers to maintain speeds
above posted limits. Practically this could mean
that incorporating low greenery for GOW30
should be avoided to enhance speed limit
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credibility. Also, the absence dfenterlines
allows drivers to veer away from object and
drive centrally on the road, which allows them
to drive faster again. It is expected that on
GOW30 with high traffic volume, this effect is
reduced. However, future research should
investigate the effects of drent traffic
volumes, with or withoutcenterlines and
interactions with cycling lanes. This preferably
should be done in redife conditions, which
can vary by weather. This way, understanding
of driving beha/iour on GOW30 is heightened
while addressing the limitations of this study.
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APPENDIX A: ROAD SEGMENTS

In the below table, images are included that present the 14 tested road segments. In the left column, all
narrow segments can be seen. The wide road segments are presented in the right column, starting with
A Wo .

Table 5: Road segments in the experiment
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APPENDIX B: POST-EXPERIMENT SURVEY

After the completion of the driving simulation experiment, participants were administered the below
guestionnaire to retrieve information on their demographics and the extent to which their wellbeing
was influenced by the simulation setup. Furthermorggestitee information was gathered with

regards to the presented road designs in relation to diighgviourand safety perceptions. The

results of this survey are presented in Appendix C: QUESTIONNAIRE RESULTS

Driving simulator experiment

Dear respondent,

Thank you for participating in the simulator experiment! Now a few questions regarding this
simulation will follow. This will not take more than 5 minutes. Good luck!

Sign in to Google to save your progress. Learn more

* Required question

Please fill in your participant number *

Your answer

What is your nationality? *

Your answer

What is your age? *

Your answer

What is your gender? *

() Female

o

() Male

P

() Prefer not to say
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What is your level of education? *

() vmBO

() HAvOo/vWO

() MBO/Vocational education
() HBO/Bachelor

() WO/Master or PhD

Do you have a drivers' license? *

() Yes
() No

How many hours a week do you drive a car? *

() Lessthan 2 hours
() Between 2 and 5 hours

() More than 5 hours
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Now, a few questions on your experience will follow

Did you experience any nausea, fatigue or sweating? *

P

7 No

o

Pl

() Yes, mildly

o

P .
(") Yes, noticeable

L

p
(") Yes, severe

L

Did you experience any oculomotor discomfort (e.g. headache, blurred vision or  *
eye strain)?

() Yes, severe

Ix_\-\I
o

Yes, noticeable

() Yes, mildly

P

() No

L

Did you experience any disorientation during the experiment (e.g. dizziness or *
motion sickness)?

I{H_-\I
L

Mo

() Yes, mild

o

-
() Yes, present

o

p
(") Yes, severe

L



To what extent were you immersed in the simulation visually? *

Not at all O O O O O O O Extremely immersed

To what extent were you immersed in the simulation auditorily? *

Not at all O O O O O O O Extremely immersed

To what extent did you experience a delay in your actions versus the outcome? *

Not at all O O O O O O O Extremely delayed

How content are you with the visual quality of the simulation?

Not at all O O O O O Very content
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How much did the visual display quality interfere or distract you from performing
assigned tasks or required activities?

If _'\I O If _'\I If _'\I If _'\I
Mot at all o - o o Very much

To what extent did your driving speed feel similar to driving speeds in reality? *

LY Ir"'_"'\ Ir"'_"'\ Ir"'_‘\ Ty

Totally not similar L_J / / / / Totally similar

How did you experience maintaining your driving speed in the simulation? *

Very easy O O O O O Very difficult

FPlease elaborate *

Your answer
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Now, a few questions on your perception will follow

To what extent does a grass lane serve as a separation between you and
pedestrians?

(:) It is a very strong seperation between me and other road users
O It is a strong seperation between me and other road users

O It is a moderate seperation between me and other road users
O It is a mild seperation between me and other road users

() Itis not at all a seperation between me and other road users

Does a grass lane seperation influence your sense of safety, making you drive
faster (compared to a situation with parked cars)?

O Yes, it does influence my sense of safety and | drive faster
() Yes, itdoes influence my sense of safety and | do not drive faster
(:) Mo, it does not influence my sense of safety and | drive faster

O Mo, it does not influence my sense of safety and | do not drive faster

Did the oncoming traffic in the simulation make you driver slower?

() Yes, alot (> 5km/h)
() Yes,abit (<5km/h)

() 1 don't know

() No
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In this experiment, did you observe that trees were varied in thickness? *

() Yes

(") 1 am not sure

L

() No

Did you find that the thickness of greenery influenced your visibility? *

() Extremely

L

-~

() significantly

L

Ty

() Moderately

L

Ty

() Slightly

L

Ty

(1 Notatall

L

Suppose you were a pedestrian, do you see a tree as a protective barrier? And *
what if you are a car driver?

Jouw antwoord

Do you think parked cars along a road make you drive slower? Please elaborate *
why (not)?

Jouw antwoord
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In what way would your driving style change if a centerline was added to the
roads? Please check the boxes that apply.

L] 1would drive faster

] twould drive slower

|:| This has no influence on my driving speed

|:| I would keep my lane maore

|:| | would keep my lane less

|:| This has no influence on my lanekeeping

To what extent do you think that greenery in general influences your driving
behavior? Think of your speed, steering movements and acceleration.

Yy

) Mot

L

() Little to not

() Neutral

L

() Much

Fa

() Very much

p—

Please explain briefly

Your answer
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Now, the final 2 questions on your comfort!

Generally speaking, how comfortable did you feel driving on these roads? *

() Very comfortable

L

() Comfortable

() Neutral

L

() Uncomfortable

() Very uncomfortable

L

Generally speaking, which road(s) did you experience as the most comfortable
and which one(s) the least?

Your answer

*
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APPENDIX C: QUESTIONNAIRE RESULTS

After the experiment, participants were asked to fill in a survey with regards to their experience. This
survey asked personal characteristics of these participants, followed by questions on which extent they
experienced simulation sickness, based on ithm the Simulation Sickness questionnaire by
Kennedy et al. (1995). Also, their presence during the experiment was evaluated based on items by the
Presence Questionnaire from Witmer et al. (2005). Finally, preferences with regards to road design were
evaluated.

As can be seen in the below figures, the majority of participants did not experience nausea, disorientation
or oculomotor discomfort. Only one participant found their experienced oculomotor discomfort
noticeable.

Experience of nausea in the experiment Experience of disorientation
40 36 35 33

7
4 5
]

= No =Yes, mildly sNo =Yes, mild

Experience of oculomotor discomfort
35 32

7
; B
0 ———

=No =Yes, mildly =Yes, noticeable

Figure 5:Simulation Sickness Questionnaire items results

Then, visual immersion scored primarily positively, with the most participants scoring a 5 on a scale
from 1 (Not at all) to 7 (Extremely immersed). Auditory immersion was generally less, with most
participants scoring a 4 on a scale from (Not at all) (Extremely immersed). Also, participants did
experience a delay in the experiment, which can be explained by the fact that most participants found
handling the accelerator pedal difficult. This was mitigated before the experiment, by increasing
sensitivily. However, if sensitivity was too high, the simulator became too responsive and maintaining
driving speeds constant was difficult. The participants primarily experienced driving speeds neutral,
which is a limitation of a fixedbase driving simulator. De#e these findings, almost all participants

were (very) content with the simulation and display quality did not interfere with the driving task.
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Visual immersion on a scale from Auditory immersion on a scale from

Not at all (1) to Extremely immersed (7) Not at all (1) to Extremely immersed (7)
20
17 12 P
15 10
15 10
8 7
10 6 5
5 ) 3 4 3 3
1 1 ’— 1 2 1
0 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Experience of delay on a scale from Contentness with the simulation on a scale from
Not at all (1) to Extremely delayed (7) Not at all (1) to Very content (5)
16 15 25 23
14
12 20
10 9 15
8 ’ 10
6 1 5 10
4 5
5 2
2 0 0 0 ,—l
0 0
1 2 3 4 5 6 7 1 2 3 4 5
Perceived realism of driving speed on a scale from Extent to which the display quality interfered with
Totally not similar (1) to Totally similar (5) the driving task on a scale from
14 13 Not at all (1) to Very much (5)
12 20 18
9
10 8 15 14
: 6 10
6 4 7
4
5
2 ! 0
0 0 —
1 2 3 4 5 1 2 3 4 5
Experience with regards to handling the accelerator
pedal
20 18
15
1"
10 o
5
2
0 ]
0
Very easy Easy Neutral Difficult  Very difficult

Figure 6: Presence Questionnaire items results

In addition to the previous findings, grass lanes were stated by the majority of participants to have an
influence on their sense of safety in such a way that they drive faster. This can be explained by the fact
that grass lanes are perceived as strongragpns between the driver and the sidewalk. The majority

of participants did not notice that trees were varied in thickness, however the Linear Mixed Model
analysis for driving speed did indicate a speed reducing effect of high and thick greeneryllyGenera
greenery influences drivingehaviourmuch and thickness of greenery does influence visibility for 37

out of 40 participants.
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Grass lane and safety perception

Yes, ithas an Yes, it has an No, it does not No, it does not
influence on my influence on my influence my sense influence my sense
sense of safety and sense of safety and of safety and | drive of safety and | do
| drive faster | do not drive faster faster not drive faster

Did you observe that trees were varied in thickness?

No | am not sure Yes

25

Extent to which a grass lane is perceived as a seperation
23

1

Not at all Mild Moderate Strong Very strong

Did you find that the thickness of greenery influenced your
visibility?

14

0

Not at all Slightly Moderately  Significantly Extremely

To what extent do you think the greenery has an influence
on your driving behavior?
18 17

16
14
12
10

o N RO

Not

Little to not

Moderate

Much

Very much

Figure 7: Perception of greenery results

Then, the effects afenterlinesoncoming traffic and perceived comfort are presented below.

How does a centerline influence your driving speed?
25
22

20

w

H

1

o

This has no influence on
my driving speed

| would drive faster | would drive slower

40
35
30
25
20
15
10

5

0

How does a centerline influence your lanekeeping?

This has no influence on
my lanekeeping

| would keep my lane
more

| would keep my lane less

Extent to which oncoming traffic reduces driving speed

35 22

No

Yes, a bit Yes, a lot

30

25

20

10

How comfortable did you feel driving on these roads?

24

1

Very Uncomfortable

uncomfortable

Neutral Comfortable Very

comfortable

Figure 8: Perception of other traffic anenterlines
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Finally, all participants provided insights with regards to their preferences for road design. These
statements found thalhe driving experience is significantly influenced by road design, particularly
through the presence of greenery and parked cars. Participants reported that roads with grass strips or
low greenery on one side are the most comfortable, providing enhancedityisibd a sense of

spaciousness. As one respondent noted, AiThe most
while the |l east comfortable is having cars and t
dense trees, especially whemmbined with parked cars, create discomfort by limiting visibility. One

participant remar ked, AThe | east comfortable s

emphasizing the restrictive feeling that such setups can provoke.

Visibility plays a crucial role in determining comfort levels, with many respondents indicating that
increased visibility allows for faster driving while maintaining a sense of safety. As another participant

s t a tTleednpst ddmfortable setup is having grass or shrubs on the right side. The least comfortable is
having cars parked on a level surface. A sloped curb adds some comfort. Thin trees are more pleasant
than thick trees, but thick trees are still more comfdetétian having cars parked on both sid@bese

findings highlight the importance of thoughtful road design, which combines greenery with minimal
obstructions to enhance both safety and driving enjoyment.

87



Aarts, L., & van Schagen, |. (2006)riving speed and the risk of roadrashes: A reviewAccident
Analysis and Prevention, 3@), 215r224. https://doi.org/10.1016/j.aap.2005.07.004

Abdel-Aty, M. A., Chen, C. L., & Schott, J. R. (1998). An assessment of the effect of driver age on
traffic accident involvement using loglinear models. Accident Analysis & Prevention30(6),
8511861. https://doi.org/10.1016/s0001-4575(98)000384

Andriesse, R. (2021)Het nieuwe 30. Eindrapport dataonderzoek 005496.20200708.R1.05. DTV
Consultants & Goudappel Coffeng

ANSES. (2021)What are the risks of virtual reality and augmented reality and what good
practices does ANSES recommend2NSES. Retrieved June 19th, 2023, from
https://www.anses.fr/en/content/what -are-risks-virtual-reality-and-augmented-reality-and-
what-good-practices-does-anses

Appleyard, D. (1981)Livable Streets.University of California Press.

Ben-Joseph, E. (1995). Changing the Residential Street Scene: Adapting the shared street
(Woonerf) Concept to the Suburban Environmentlournal Of The American Planning
Association, 61(4), 504r515. https://doi.org/10.1080/01944369508975661

Brolsma, R. (2020)Tabellen aanleg en beheerkosten.Deltares. Retrieved from
https://publicwiki.deltares.nl/display/AST/Tabellen+aanleg-+en+beheerkosten

Calvi, A. (2015). Does Roadside Vegetation Affect Driving Performance?: Driving Simulator Study
YUWg6 WWENn WAt WYnWNI 1313t WY U UTrrahsfatadiontRésHsEcH Redordllc UT LWx ¢
2518(1), 1r8. https://doi.org/10.3141/2518-01

Cheng, G., Cheng, R., Pei, Y., Xu, L., & Qi, W. (2020b). Severity assessment of accidents
involving roadside trees based on occupant injury analysi®2LOS ONE15(4), e0231030.
https://doi.org/10.1371/journal.pone.0231030

CROW. (2021)Afwegingskader 30km/h Article number D396.Retrieved from
https://www.crow.nl/downloads/pdf/verkeer -en-vervoer/wegontwerp/afwegingskader30-km-

er-uur.aspx

CROW. (2023). Voorlopige inrichtingskenmerken voor GOW3®Retrieved from
https://www.crow.nl/downloads/pdf/verkeer -en-vervoer/wegontwerp/handreikingvoorlopige-
inrichtingskenmerken-gow30.aspx?ext=

CROW (2028). Toegankelijkheid in shared spaceRetrieved from
https://www.crow.nl/downloads/pdf/mabiliteit/toegankelijkheid -in-shared-

space.aspx?ext=.pdf

Crundall, D., Underwood, G., & Chapman, P. (1999). Driving Experience and the Functional Field
of View.Perception, 28(9), 10751087. https://doi.org/10.1068/p281075

Dadvand, P., Bartoll, X., Basagafia, X., DalmaBueno, A., Martinez, D., Ambros, A., Cirach, M.,
TrigueroMas, M., Gascon, M., Borrell, C., & Nieuwenhuijsen, M. J. (2016). Green spaces and
General Health: Roles of mental health status, social support, andipysical activity.
Environment International 91, 1611167. https://doi.org/10.1016/j.envint.2016.02.029

88


https://doi.org/10.1016/j.aap.2005.07.004
https://doi.org/10.1016/s0001-4575(98)00038-4
https://www.anses.fr/en/content/what-are-risks-virtual-reality-and-augmented-reality-and-what-good-practices-does-anses
https://www.anses.fr/en/content/what-are-risks-virtual-reality-and-augmented-reality-and-what-good-practices-does-anses
https://publicwiki.deltares.nl/display/AST/Tabellen+aanleg-+en+beheerkosten
https://doi.org/10.3141/2518-01
https://doi.org/10.1371/journal.pone.0231030
https://www.crow.nl/downloads/pdf/verkeer-en-vervoer/wegontwerp/afwegingskader-30-km-per-uur.aspx
https://www.crow.nl/downloads/pdf/verkeer-en-vervoer/wegontwerp/afwegingskader-30-km-per-uur.aspx
https://www.crow.nl/downloads/pdf/verkeer-en-vervoer/wegontwerp/handreiking-voorlopige-inrichtingskenmerken-gow30.aspx?ext=
https://www.crow.nl/downloads/pdf/verkeer-en-vervoer/wegontwerp/handreiking-voorlopige-inrichtingskenmerken-gow30.aspx?ext=
https://www.crow.nl/downloads/pdf/mobiliteit/toegankelijkheid-in-shared-space.aspx?ext=.pdf
https://www.crow.nl/downloads/pdf/mobiliteit/toegankelijkheid-in-shared-space.aspx?ext=.pdf

Davidse, R. J., Vlakveld, W. P., Doumen, M. J. A., & Craen, S(218¢10). Statusonderkenning,
risico-onderkenning en kalibratie bij verkeersdeelnemers: Een literatuurstudigk-2010-2).
SWOV. Leidschendamhttps://swov.nl/system/files/publication -downloads/r-2010-02.pdf

Davis, G. A. (2001).Relating Severityof PedestrianInjury to Impact Speedin Vehicle-Pedestrian
Crashes: Simple ThresholdModel. Transportation ResearchRecord JournalOf The
TransportationResearchBoard, 1773(1),1081113. https://doi.org/10.3141/1773-13

de Winter, JC.F.,vanLeeuwen,P.M., & Happee, R.(2012). Advantagesand disadvantagesof
driving simulators: Adiscussion. In A. J.Spink, F. Grieco, O. E.Krips,W. S. Loijens, L. P.J.J.
Noldus, & P.H. Zimmerman (Eds.),Proceedingsof MeasuringBehaviour2012 (pp. 47-50).

Dijkstra, A. & van Petegem,J.W.H (2019). Naar een algemene snelheidslimiet van 30 km/uur
binnen de bebouwde kom? SWOV,DenHaag.R-2019-24

Distefano, N., & Leonardi, S. (2019). Evaluation of the Benefits of Traffic Calming on Vehicle
SpeedReduction. Civil EngineeringAnd Architecture, 7(4),2001214.
https://doi.org/10.13189/cea.2019.070403

Elvik, R. (2014)Fart og trafikksikkerhet. Nye modellerReport 1296. Oslo, Transportgkonomisk
institutt.

Fitzpatrick, C., Harrington, C. P., Knodler, M. A., & Romoser, M. R. E. (2014). The influence of
clear zone size and roadside vegetation on drivérehaviour. Journal Of Safety Researcht9,
97.e1-104. https://doi.org/10.1016/].jsr.2014.03.006

Fitzpatrick, C., Samuel, S., & Knodler, M. A. (2016). Evaluating the effect of vegetation and clear
zone width on driverbehaviourusing a driving simulator.Transportation Research Part F: Traffic
Psychology AndBehaviour, 42, 80r89. https://doi.org/10.1016/j.trf.2016.07.002

Fuller, R.W. (2000). Thetask-capability interface model of the driving process. Recherche-
Transports- Sécurité, 66, 47157. https://doi.org/10.1016/s0761-8980(00)900062

Fuller, R.,McHugh, C., & Pender, S.(2008). Taskdifficulty and risk in the determination of driver
behaviour. EuropeanReviewOf Applied Psychology, 58(1), 13121.
https://doi.org/10.1016/j.erap.2005.07.004

Gemeente Rotterdam. (2024). 30km/h in Rotterdam. https://www.rotterdam.nl/30 -kmu-in-
rotterdam

Gemonet, E.,Bougard,C., Honnet, V., Poueyo,M., Masfrand, S., & Mestre, D. (2021).7? | R21JI t K
performances and their subjective feelings about their driving during a 40-min test on a circuit
versusadynamic simulator. Transportation ResearchPart F Traffic PsychologyAnd Behaviour,

78, 4661479. https://doi.org/10.1016/j.trf.2021.03.001

Goralzik, A., & Vollrath, M. (2017). Theeffects of road, driver, and passengerpresence on
I | R Zchblce okspeed: a driving simulator study. Transportation ResearchProcedia, 25, 20611
2075. https://doi.org/10.1016/j.trpro.2017.05.400

Goudappel. (n.d.). Gebiedsontsluitingweg30 (GOW30):concreet concept voor de invoeringvan
30km/h. Retrievedfrom

89


https://swov.nl/system/files/publication-downloads/r-2010-02.pdf
https://doi.org/10.3141/1773-13
https://doi.org/10.13189/cea.2019.070403
https://doi.org/10.1016/j.jsr.2014.03.006
https://doi.org/10.1016/j.trf.2016.07.002
https://doi.org/10.1016/s0761-8980(00)90006-2
https://www.rotterdam.nl/30-kmu-in-rotterdam
https://www.rotterdam.nl/30-kmu-in-rotterdam

https://www.goudappel.nl/nl/themas/verkeersveiligheid/gow30#:~:text=30%20km%2Fu%20in
%20de%20praktijk%20brengen%20met%20GOW30&text=Dit%20nieuwe%20wegtype%20is%2
0ge%C3%AFntroduceerd,00k%20veel%20rondom%20de%20weg

Haaze, Y. (2019)Shared space, wel of nietRetrieved from
https://frw.studenttheses.ub.rug.nl/3204/1/Thesis%20Haaze.pdf

Jabbar, M., Yusoff, M. M., & Shafie, A. (2021). Assessing the role of urban green spaces for
human well-being: a systematic reviewGeoJournal 87(5), 44054423.
https://doi.org/10.1007/s10708-021-10474-7

Kaplan, R. (2001). The Nature of the View from Hontenvironment AndBehaviour, 33(4), 507
542. https://doi.org/10.1177/00139160121973115

Kennedy, R. S., Lané\l. E., Berbaum, K. S., & Lilienthal, M. G. (1993). Simulator Sickness
Questionnaire: An Enhanced Method for Quantifying Simulator Sickneskiternational Journal
Of Aviation Psychology3(3), 203r220. https://doi.org/10.1207/s15327108ijap0303_3

Kennedy,R.S., Stanney,K. M., & Dunlap, W. P. (2000).Duration and Exposureto Virtual
Environments: SicknessCurves Duringand Across Sessions. PRESENCirtual And Augmented
Reality, 9(5),4631472. https://doi.org/10.1162/105474600566952

Kint, S.T.vander, Schermers,G., Gebhard, S.E.,& Hermens, F. (2022).Veilige Snelheden,
GeloofwaardigeSnelheidslimieten (VSGS) SWOV,Den Haag. (Reportnumber R-2022-5).

Kraay,J.H. (1986).Woonerfs and other experimentsin TheNetherlands. Built Environment,
12(1/2),20129. SWOV.

Matviienko, A. & Mihlh&user, M. (2023).What does it mean to cycle in Virtual Reality?Exploring
Cycling Fidelity and Control of VRBicycle Simulators. https://doi.org/ 10.1145/3544548.3581050

Merkelbach, ., Tendron,E., Goossens, E.(2023a).VerlagingSnelheidslimiet Walenburgerweg
Eindrapport. https://www.bigrotterdam.nl/assets/files/walenburgerweg -30kmu-

eindrapportage-final-1.pdf

Merkelbach, ., Tendron,E., Goossens, E.(2023b).Gedragsonderzoek30km/h in Rotterdam.
Retrievedfrom https://www.bigrotterdam.nl/assets/files/stadsbreed -30kmu-rotterdam-
rapportage-final.pdf

Moody, S., & Melia, S. (2014). Shared spaceesearch, policy and problems.Proceedings Of
The Institution Of Civil EngineersTransport, 167(6), 384r392.
https://doi.org/10.1680/tran.12.00047

Naderi, J. R., Kweon, B. S., & Maghelal, P. (200&mulating impacts of curb-side trees on driver
performance and perceptions. InProceedings of the 85th Annual Meeting of th€ransportation
Research Board(pp. 1-23).

Nalmpantis, D., Lampou, S., & Naniopoulos, A. (2017). The concept of woonerf zone applied in
university campuses: the case othe campus of the Aristotle University of Thessaloniki.
Transportation Research Procedia24, 450r458. https://doi.org/10.1016/j.trpro.2017.05.071

90


https://www.goudappel.nl/nl/themas/verkeersveiligheid/gow30#:~:text=30%20km%2Fu%20in%20de%20praktijk%20brengen%20met%20GOW30&text=Dit%20nieuwe%20wegtype%20is%20ge%C3%AFntroduceerd,ook%20veel%20rondom%20de%20weg
https://www.goudappel.nl/nl/themas/verkeersveiligheid/gow30#:~:text=30%20km%2Fu%20in%20de%20praktijk%20brengen%20met%20GOW30&text=Dit%20nieuwe%20wegtype%20is%20ge%C3%AFntroduceerd,ook%20veel%20rondom%20de%20weg
https://www.goudappel.nl/nl/themas/verkeersveiligheid/gow30#:~:text=30%20km%2Fu%20in%20de%20praktijk%20brengen%20met%20GOW30&text=Dit%20nieuwe%20wegtype%20is%20ge%C3%AFntroduceerd,ook%20veel%20rondom%20de%20weg
https://frw.studenttheses.ub.rug.nl/3204/1/Thesis%20Haaze.pdf
https://doi.org/10.1207/s15327108ijap0303_3
https://www.bigrotterdam.nl/assets/files/walenburgerweg-30kmu-eindrapportage-final-1.pdf
https://www.bigrotterdam.nl/assets/files/walenburgerweg-30kmu-eindrapportage-final-1.pdf
https://www.bigrotterdam.nl/assets/files/stadsbreed-30kmu-rotterdam-rapportage-final.pdf
https://www.bigrotterdam.nl/assets/files/stadsbreed-30kmu-rotterdam-rapportage-final.pdf
https://doi.org/10.1680/tran.12.00047
https://doi.org/10.1016/j.trpro.2017.05.071

Niehorster, D. C. (2021). Optic Flow: a History-Perception, 12(6), 204166952110557.
https://doi.org/10.1177/20416695211055766

Nilsson, L. (1993)Behavioural Research in an Advanced Driving SimulatefExperiences of the
VTI System. Proceedings of the Human Factors and Ergonomics Society Annual Meetjr&y(9),
6121616. https://doi.org/10.1177/154193129303700921

Oviedo-Trespalacios, O., Boyle, L. N., King, M., & Washington, S. (2017). Effects of road
infrastructure and traffic complexity in speed adaptationbehaviour of distracted drivers.
Accident Analysis & Preventionl101, 67177. https://doi.org/10.1016/j.aap.2017.01.018

Pampel, S. M., Southey, T. J., & Burnett, G. (2020). Understanding the distraction and
behavioural adaptations of drivers when experiencing failures of digital side mirror¢ET
Intelligent Transport Systems14(7), 775r782. https://doi.org/10.1049/iet-its.2019.0673

Pas, P. (2022)Stop before it pops: Using VR headsets to measure risiehaviour. Utrecht
University. https://www.uu.nl/en/news/stop -before-it-pops-using-vr-headsets-to-measure-risk-
behaviour

Rad, S. R., Farah, H., Taale, H., Van Arem, B., & Hoogendoorn, S. P. (20&E)impact of a
dedicated lane for connected and automated vehicles on thdehaviour of drivers of manual
vehicles. Transportation Research Part F Traffic Psychology ABeghaviour, 82, 1411153.
https://doi.org/10.1016/j.trf.2021.08.010

Raue, M., & Schneider, E. (2019). Psychological Perspectives on Perceived Safety: Z&igk
Bias, Feelings and Learned Carelessness. Risk engineeringpp. 61181).
https://doi.org/10.1007/978-3-030-11456-5 5

Reason,J.(1990).Humanerror. https://doi.org/10.1017/cbo9781139062367

Rijkswaterstaat. (2024).Actuele verkeersongevallencijfers.Retrievedfrom
https://www.rijkswaterstaat.nl/wegen/wegbeheer/onderzoek/verkeersveiligheid-en-
ongevallencijfers/actuele-verkeersongevallencijfers#cijfersbron

Rosén,E., Stigson,H., & Sander,U. (2011).Literature review of pedestrian fatality risk as a
function of car impact speed. Accident Analysis& Prevention, 43(1), 25133.

https://doi.org/10.1016/j.aap.2010.04.003

Rudin-Brown, C., & Jamson,S. (2013).Behavioural Adaptation and Road Safety.In CRCPress
eBooks. https://doi.org/10.1201/b14931

Silvano,A.P.,&Bang,K.L. (2016).Impact of speed limits and road characteristics on free-flow
speedin Urban Areas. https://doi.org/10.1061/(ASCE)TE.1943%436.0000800

Silvano, A. P.,Koutsopoulos, H. N., & Farah,H. (2020).Freeflow speed estimation: A
probabilistic, latent approach. Impact of speed limit changesand road characteristics.
Transportation ResearchPart A: Policy and Practice, 138, 283-298.
https://doi.org/10.1016/j.tra.2020.05.024

91


https://doi.org/10.1177/154193129303700921
https://doi.org/10.1016/j.aap.2017.01.018
https://www.uu.nl/en/news/stop-before-it-pops-using-vr-headsets-to-measure-risk-behaviour
https://www.uu.nl/en/news/stop-before-it-pops-using-vr-headsets-to-measure-risk-behaviour
https://doi.org/10.1016/j.trf.2021.08.010
https://doi.org/10.1007/978-3-030-11456-5_5
https://doi.org/10.1017/cbo9781139062367
https://www.rijkswaterstaat.nl/wegen/wegbeheer/onderzoek/verkeersveiligheid-en-ongevallencijfers/actuele-verkeersongevallencijfers#cijfers-bron
https://www.rijkswaterstaat.nl/wegen/wegbeheer/onderzoek/verkeersveiligheid-en-ongevallencijfers/actuele-verkeersongevallencijfers#cijfers-bron
https://doi.org/10.1016/j.aap.2010.04.003
https://doi.org/10.1061/(ASCE)TE.1943-5436.0000800
https://doi.org/10.1016/j.tra.2020.05.024

Stapel, W., Heuvelink, D., Jensen,l. & Hulsman, R.(2021).Klimaat en WatervraagStedelijk

Gebied. Retrievedfrom https://klimaatadaptatienederland.nl/publish/pages/188719/klimaat -
en-watervraagstedelijk-gebied-eindrapport_1.pdf

Smart Traffic Accident Reporting.(2024).Actueel ongevallenbeeld. Retrievedfrom
https://www.star -verkeersongevallen.nl/nkNL/Map#4.4842/51.9332/13.4301/0.0000/0/t=5

SWOV.(2018a).30km/uur-gebieden. Retrievedfrom https://swov.nl/nl/factsheet/30kmuur -
gebieden

SWOV.(2018b).Sustainable Safety 3" edition wiTheadvanced vision for 2018-2030. Retrieved
from https://swov.nl/system/files/publication -downloads/dv3_en_kort_rapport.pdf

SWOV.(2019).Duurzaamveiligwegverkeer. Retrievedfrom
https://swov.nl/nl/factsheet/duurzaam -veilig-wegverkeer

SWOV. (2021)Jonge automobilisten.Retrieved fromhttps://swov.nl/nl/factsheet/jonge -
automobilisten

Theeuwes, J., & Godthelp, H. (1995). Sadikplaining roads.Safety Science 19(213), 217r225.
https://doi.org/10.1016/0925-7535(94)00022u

Theeuwes, J. (2021). SeHxplaining roads: What does visual cognition tell us about designing
safer roads?Cognitive Research Principles And Implications6(1).
https://doi.org/10.1186/s41235-021-00281-6

Thompson, T.D., Burris, M., & Carlson, P. J.(2006). Speedchangesdue to transversetumble
strips on approachesto High-Speed Stop-Controlled intersections. TransportationResearch
Record, 1973(1),1-9. https://doi.org/10.1177/0361198106197300101

Traffic Safety Systems. (2024 erkeersbord RVV A0BOzb- Begin zone maximum snelheid 30
km/u. Retrieved from https://www.trafficsafetysystems.eu/nl/verkeersbord -rvv-a01-30zb.html

TrafficSupply. (2024) Verkeersbord RVV AGD30- Maximum snelheid 30 km/h. Retrieved from:
https://www.informatiebord.nl/p/30/verkeersborden -rvv/snelheidsborden/verkeersbordrvv-
a01-030-maximum-snelheid-30-kmh/?i=1

TUDelft. (2023).HRECApproval 1: Application. Retrievedfrom https://www.tudelft.nl/over -tu-
delft/strategie/integriteitsbeleid/human -research-ethics/hrec-approval-1-application

TU Delft OCW.Z2024). Parkeren Retrieved fromhttps://ocw.tudelft.nl/course -
readings/parkeren/

Tzouras, P. G., BatistalM., Kepaptsoglou, K., Vlahogianni, E. I., & Friedrich, B. (2023). Can we all
HYU+Rt qell UWIJGGRI Re¢ O We Uce behdvieur inddundifféréntsBaked + k We UT WC
space road environments.Cities, 141, 104477 .https://doi.org/10.1016/|.cities.2023.104477

United Nations. (1987). Report of the World Commission on Environment and Development: Our
common future (A/42/427).United Nations. https://digitallibrary.un.org/record/139811?v=pdf

92


https://klimaatadaptatienederland.nl/publish/pages/188719/klimaat-en-watervraag-stedelijk-gebied-eindrapport_1.pdf
https://klimaatadaptatienederland.nl/publish/pages/188719/klimaat-en-watervraag-stedelijk-gebied-eindrapport_1.pdf
https://swov.nl/nl/factsheet/30kmuur-gebieden
https://swov.nl/nl/factsheet/30kmuur-gebieden
https://swov.nl/system/files/publication-downloads/dv3_en_kort_rapport.pdf
https://swov.nl/nl/factsheet/duurzaam-veilig-wegverkeer
https://swov.nl/nl/factsheet/jonge-automobilisten
https://swov.nl/nl/factsheet/jonge-automobilisten
https://doi.org/10.1177/0361198106197300101
https://www.trafficsafetysystems.eu/nl/verkeersbord-rvv-a01-30zb.html
https://www.informatiebord.nl/p/30/verkeersborden-rvv/snelheidsborden/verkeersbord-rvv-a01-030-maximum-snelheid-30-kmh/?i=1
https://www.informatiebord.nl/p/30/verkeersborden-rvv/snelheidsborden/verkeersbord-rvv-a01-030-maximum-snelheid-30-kmh/?i=1
https://www.tudelft.nl/over-tu-delft/strategie/integriteitsbeleid/human-research-ethics/hrec-approval-1-application
https://www.tudelft.nl/over-tu-delft/strategie/integriteitsbeleid/human-research-ethics/hrec-approval-1-application
https://ocw.tudelft.nl/course-readings/parkeren/
https://ocw.tudelft.nl/course-readings/parkeren/
https://doi.org/10.1016/j.cities.2023.104477
https://digitallibrary.un.org/record/139811?v=pdf

Vanden Berg, A. E., Koole, S. L., & Van Der Wulp, N. Y. (20B8yironmental preference and
restoration: (How) are they relateddournal Of Environmental Psychology23(2), 135r146.
https://doi.org/10.1016/s0272-4944(02)001111

Veerkamp C., Schoolenberg M., van Rijn F. & Dassen T. (2023), Natuur in en om de stauh
een groene ambitie naar het realiseren van een gezonde, klimaatadaptieve, biodiverse en
economisch aantrekkelijke leefomgeving. Den Haag: Planbureau voor de Leefomgng.

Westerhuis, F., Velasco, P. N., Schepers, P., & De Waard, D. (202Z3).electric bicycles cause
an increased injury risk compared to conventional bicycles? The potential impact of data
visualisations and corresponding conclusions.Accident Analysis & Prevention195, 107398.
https://doi.org/10.1016/j.aap.2023.107398

Whyte, W. H. (1980). The social life of small urban spaces. Washington DC: The Conservation
Foundation.

Wickens, C. D., Hollands, J. G., Banbury, S., & Parasuraman, R. (2013). Engineering psychology
and human performance (4th ed.). New York, NY: Routledge.

Witmer, B. G., Jerome, C. J., & Singer, M. J. (2005). The Factor Structure of the Presence
Questionnaire. PRESENCE Virtual And Augmented Reality}(3), 298r312.
https://doi.org/10.1162/105474605323384654

Wu, J., Jiang, J., Duffy, V. G., Zhou, J., Chen, Y., Tian, R., McCoy, D., & Ruble, T. (2023). Impacts
of Roadside Vegetation and Lane Width on Speed Management in Rural Rodésceedings Of

The Human Factors And Ergonomics Society Annual Meetirj/(1), 22672273.
https://doi.org/10.1177/21695067231192639

Wynne, R. A, Beanland, V., & Salmon, P. M. (2019). Systematic review of driving simulator
validation studies. Safety Science 117, 138r151. https://doi.org/10.1016/j.ss¢i.2019.04.004

Yao, Y., Carsten, O., & Hibberd, D. (2020). Predicting Compliance with Speed Limits using Speed
Limit Credibility Perception and Risk Perception Datalransportation Research Record2674(9),
450t1461. https://doi.org/10.1177/0361198120929696

Yang, Q., Overton, R., Lee, H., Yan, X., & Richards, S. H. (2013). The influence of curbs on driver
behaviours in fourlane rural highwayy A driving simulator based studyAccident Analysis &
Prevention, 50, 1289r1297. https://doi.org/10.1016/j.aap.2012.09.031

Zhu, M., Sze, N., & Newnam, S. (2022). Effect of urban street trees on pedestrian safety: A micro
level pedestrian casualty model using multivariate Bayesian spatial approactAccident
Analysis & Prevention176, 106818. https://doi.org/10.1016/j.aap.2022.106818

93


https://doi.org/10.1016/s0272-4944(02)00111-1
https://doi.org/10.1016/j.aap.2023.107398
https://doi.org/10.1162/105474605323384654
https://doi.org/10.1177/21695067231192639
https://doi.org/10.1016/j.ssci.2019.04.004
https://doi.org/10.1177/0361198120929696
https://doi.org/10.1016/j.aap.2012.09.031

With insights from literature and practice, a full factorial design was developethat varied road
width in 2 levels(narrow and wide) placement of greenery in 2evels (planters in between cars
and on the right side of the roadand greenery in3 levels (low, medium and high greenery)
Furthermore, if parking was present on the road, this parking was varied iAd&vels (level and
elevated)as well. This combination led to a fulifactorial design of32 road segments.

However, doubts were existing regardingthe visibility of low and medium greeneryif placed in
between vehicles, as well as the difference between elevated parkingand level parking. In order
to reduce the number of scenarios of the full factorial design, a surveywas conducted to
estimate preferencesor indifferences amongst car drivers.

This survey was first aimed at estimating drivingpeed regardless of a speed limit. This was
done based on images from the Walenburgerweg and the Zaagmolenstraat (Google, 2024). The
former has been transformed to a GOW30 road, and the Zaagmolenstraat is to be transformed
to a GOW30 road in 2025 (Rotterda, 2024). Thidurthermore ensured that respondents could
relate the developed road designs to realife cases. Then,questions were asked with regardsto
driving behaviourwithout a centerlines on the 2-lane bidirectional road and the visibility and
effect that elevated parking had on driving behaviour, which were followed by questions that
aimed at estimating preferences and the visibility of greenery.

Respondentswere found via social media and sent to a team of mobility expertsto ensure a
variety of the sample. Themajority of this sample did not take part in the driving simulation
experiment. Thesoftware used for this surveyis QualtricsXMand the surveywas conducted in
Dutch and Englishfor the duration of 4 consecutive days, in which 32 respondents were found.
In order to increase the number of respondents, the surveywas set out for 7 consecutive days
againwhich increasesthe number of respondents up to 52 respondents. However, 10
respondents who only engagedin three questions were filtered from the answers. The
presented questions are presented on the following pages. Theresults together with the
selected designsare presented in AppendixC: Selected road designs
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Dear respondent,

For this short survey, | am interested in the preferences of car drivers for
certain types of roads. To investigate these preferences, you will be shown
images of roads that differ from each other.

Completing this survey takes approximately 7 minutes. Your participation in
this survey is voluntary. You have the right to withdraw at any time. For this
survey, your age and driving experience as a car driver will be recorded. Do
not provide any other pe  rsonal information, as this ensures anonymity.

Thank you for participating in this questionnaire and good luck!

1 I have read the above text and give permission for the recording of my
preferences

o | have read the above text and do not give permission, | am now
terminating the survey

Q1: What is your age?

Q2: How often a week do you drive a car?
Not

Less than 2 hours a week

2 to 5 hours a week

More than 5 hours a wee Kk

o O O O
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Q3: The Walenburgerweg in Rotterdam was transformed to a road with a
30km/h (approximately 20 mph) speed limit. What would be your driving
speed on this road as a car driver?
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Q4: The Zaagmolenstraat is a through road within the built - up area of
Rotterdam that is perceived as unpleasant. What driving speed would you
maintain as a car driver on this road?

Q5: Suppose the centerlines is removed from this street. How would this
affect your driving speed?

o This has no influence on my driving speed
o Inow drive slower compared to aroad with a center line
o Inow drive faster compared to aroad with a center line
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Q6: Do you see a difference between these roads? Does this affect your
driving speed and position on the road?

| do not see a difference and do not drive differently

| do see a difference and do not drive differently

| do see a difference and drive slower in the upper image
| do see a difference and drive faster in the upper image

o O O O
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Q7: Suppose trees are added to the Zaagmolenstraat, do you drive slower
because of this?

Yes
Likely
Unsure
Unlikely
No

O O O O O
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Q8: Judge your speed difference between these two road segments

o No difference
o A small difference
o Alarge difference
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Q9: Do you drive differently due to the addition of a green strip?

o O O O

No

Yes, but my speed difference is minimal

Yes, | clearly drive slower due to the addition of greenery
Yes, | clearly drive faster due to the addition of greenery
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Q10:Mark the street you find most pleasant

Q11Why do you experience the other options as less pleasant?
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Q12:0n which road do you drive the slowest?
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Q13:0n which road do you drive the fastest ?
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Q14: Is there a speed difference between these two road segments? If so,
where do you drive faster?

o |drive faster in the upper image
o No difference
o |drive faster in the lower image
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Q15:Evaluate the following .
two road segments is, | |

o O 0O o o

Disagree
Disagree a little
No idea

Agree a little
Agree

speedddifference between these

xxxxx
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Q16:Evaluate the  * . . drive slddeér if my visibility is ' ' * 4
Agree

Agree a little

Do not agree, do not disagree

Disagree a little

Disagree

o O O O O

Q17:Would you like to see more greenery in cities?

o No
o Indifferent
o Yes
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Q18:lIs there a difference in your driving speed between these two road
segments? If yes, where do you drive slower?

o No
0 Yes,ldrive slower in the lower image
0 Yes,ldrive slower in the upper image
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Q19:Does your driving speed differ between these two roads?

Yes
Likely
1" _ . Khow

Likely not
No

O O O O O
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Q20: Mark the road segment on which you drive the slowest

(0]

0o My driving speed on both segments is equal
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Q21:Mark the road segment on which you drive the slowest now
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