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Abstract in English 
Horizontal curves have been a significant safety concern on roads for years, often resulting in a 
high incidence of crashes. According to a European Road Safety Observatory report, 53% of all 
road crashes in the European Union occurred on rural roads in 2020, mainly due to misjudging 
when navigating these curves. This study aims to explore innovative and low-cost solutions to 
this issue, such as implementing continuous red and red-white patterns on edge road markings. 
The objective is to evaluate the impact of red-white patterns and solid red edge lines on driving 
behaviour, including speed, lateral position, and acceleration before and during horizontal 
curves. 

The various road markings were tested in a driving simulator using STISIM software. Fifty 
volunteers, comprising 35 men and 15 women aged between 20 and 75, participated in the 
study. The simulation road was designed according to the Flanders road agency (AWV) 
guidelines. The simulation tested twelve horizontal curves, including left and right turns, with 
125 m and 350 m radii. 

The results were analysed using the repeated measures Analysis of Variance (ANOVA), a within-
subjects design. The study found that using low-cost edge road markings can help reduce 
driving speeds around curves and improve driver behaviour and control, ultimately enhancing 
road safety. These results indicate that road authorities should consider implementing these 
markings in dangerous curves.  



 
 

Abstract in het Nederlands 
Horizontale bochten zijn al jarenlang een groot veiligheidsprobleem op de weginfrastructuur, 
vaak leidend tot een hoog aantal ongevallen. Volgens een rapport van het European Road Safety 
Observatory vonden in 2020 53% van alle verkeersongevallen in de Europese Unie plaats op 
landelijke wegen, voornamelijk als gevolg van verkeerde inschattingen van bochten. Daarom 
onderzoekt deze studie de impact van innovatieve kost effectieve oplossing voor dit probleem, 
meer bepaald het implementeren van volle rode en rood-witte patronen lijnen op 
randwegmarkeringen, in vergelijking met de standaardwegmarkeringen die in Vlaanderen 
gebruikt worden.  

De verschillende wegmarkeringen werden getest in een rijsimulator met behulp van STISIM-
software. Vijftig vrijwilligers, waarvan 35 mannen en 15 vrouwen in de leeftijd van 20 tot 75 
jaar, namen deel aan het onderzoek. De wegen waren ontwerpen volgens de richtlijnen van 
Agentschap Wegen en Verkeer. Twaalf horizontale bochten, waaronder linker- en 
rechterbochten met boogstraal van 125 m en 350 m, werden in deze studie onderzocht. 

De resultaten werden geanalyseerd met behulp van repeated measures ANOVA, een within-
subjects design. Uit de resultaten blijkt dat het gebruik van kost effectieve randwegmarkeringen 
kan helpen om de rijsnelheden in bochten te verminderen en het rijgedrag van bestuurders te 
verbeteren, zodat hierdoor de verkeersveiligheid wordt verhoogd.  



 
 

1 Introduction 
Horizontal curves in rural areas have been a significant road safety concern for many years. 
More than 25 per cent of fatal crashes were associated with a horizontal curve, and the risk was 
1.5-4 times higher than in straight sections. About 75 per cent of curve-related fatal crashes 
involved running off the roadway and striking an object or overturning [1, 2]. These crashes 
were mainly caused by human error, as well as by the geometric design of the road and poor 
vehicle maintenance. These crashes could have been prevented by changing the geometric 
design of the horizontal curve, such as increasing the shoulders’ width or placing barriers along 
the curve. However, these interventions were not always possible due to limited available space, 
and they could have been costly projects for what they returned. Therefore, a cost-effective 
approach to reduce rural crashes on horizontal curves, such as signage and pavement markings, 
should have been implemented. To understand the impact of these countermeasures on 
reducing crashes in rural areas, they should first be tested on drivers' behaviour through a 
driving simulator. 

This driving simulator study analysed the effect of two low-cost road marking countermeasures, 
including a red-white pattern edge line and a solid red edge line, combined with a vertical 
warning sign on driving behaviour. This countermeasure was inspired by a typical racetrack 
where the curve is visible to drivers before entering. These measures were analysed before and 
during the horizontal curves with 125 m and 350 m radii. The two low-cost road markings were 
compared to a control condition based on the Flemish Road and Traffic Agency (AWV) 
guidelines. Each condition was analysed for left and right turning for each radius, resulting in 
12 horizontal curves for this research. The driving speed, lateral positioning, and acceleration 
were measured during the test to analyse the driving behaviour and were analysed using the 
repeated measures ANOVA within-subject method. 

The main objective of this research was to investigate the impact of red-white pattern (RWE) 
and solid red edge lines (RE) on speed, lateral position, and acceleration in and during 
horizontal curves. The following hypotheses were formulated for this experiment: 

 The RWE stimulated drivers to slow down while approaching a dangerous curve. 
 Both treatments encouraged drivers to decelerate early before the curve. 
 Both treatments warned drivers to stay away from the edge road marking. 
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2 Literature review 
To gain a better understanding of the topic of this thesis, this chapter details the research 
questions. The chapter starts by pinpointing the search areas for the problem and the concept 
of human reaction on the road and ends with the theoretical hypotheses of this research.  

Section 2.1 defines the scope of the topic of this thesis, which will focus on fatalities in rural 
areas and existing countermeasure interventions and guidelines to design a safe roadway. 
Section 2.2 describes the possibilities and the concept of testing the interaction with human 
subjects to increase safety on the horizontal curves of the road. Learning human interactions of 
drivers on the road can be a guideline to pinpoint the areas of improvement and how to translate 
them into objective data. Section 2.3 highlights the research gap found in past research and the 
possibility of debate about driving simulation. Finally, in section 2.4, the theoretical hypotheses 
of this research will be detailed to fill up the gaps in the current study.   
  

2.1 Road safety 
Road safety is one of the critical factors considered when designing a roadway. According to 
the World Health Organization (WHO), approximately 1.19 million people worldwide are lost 
each year due to road traffic crashes, and 20-50 million extra people suffer non-fatal injuries, 
often leading to disability. These road traffic injuries caused considerable economic losses to 
individuals, their families, and the nation. The report states that road traffic death rates are 
highest in low- and middle-income countries and lowest in the European Region. However, 
people with lower socioeconomic backgrounds were more likely to be involved in road traffic 
crashes [3].  

In Europe, the European Road Safety Observatory report states that in 2020, 53% of all road 
fatalities in the European Union (EU) occurred on roads outside urban areas [4, 5], contrasting 
with 40% within urban areas [4]. Another 7% of traffic crashes occurred on motorways and 
off-road regions. 

According to the statistics reports of the Flemish federal government showed that in 2022, there 
were almost 38,000 road crashes occurred in Belgium, of which 62% of all crashes in Belgium 
occur in Flanders [6], which comes to approximately 23,560 road crashes. The European Road 
Safety Observatory further noted that the proportion of fatalities on roads outside urban areas 
in total fatalities tended to be high in Northern Europe. The proportion of traffic crashes outside 
urban areas in the total number of crashes per country in the EU27 is shown in Figure 1.   
 

         

 Figure 1: Fatalities rate on roads outside urban in Europe  
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The European Road Safety Observatory further noted that 46% of road fatalities in Belgium 
were in rural areas [5]. This rate was relatively lower than in neighbouring countries like the 
Netherlands (52%), Germany (59%), France (59%), and Luxembourg (58%). This was a critical 
safety issue in different parts of the world, as crashes on horizontal curves are a big concern in 
all countries [7-10]. The most common type of crash on curves was single-vehicle crashes (run-
off-road), particularly in rural areas where these crashes could account for up to 76 per cent of 
curve-related fatalities [11].   
 

2.2 Risk factors and causes of vehicle crashes 
According to the Vias Institute report [12], the primary source of vehicle crashes came from 
three main categories: human factors, infrastructure design and defections of the vehicle. 
According to the report, 80-90% of fatalities came from human factors. The main factors that 
influence the behaviour of the driver are speed, usage of alcohol or drugs, distraction and 
tiredness.   
 

2.2.1 Inappropriate speed 

There was a link between vehicle speed and the risk of fatal crashes. Inappropriate speed could 
be the source of vehicle crashes or a higher risk of fatal crashes. This had to do with the longer 
reaction time for the driver at high vehicle speeds. Reaction time is how long a driver needs to 
react to unexpected events, such as reaching the brake to lower the speed or stop the vehicle. 
A higher speed increased not only the distance during the reaction time but also the braking 
distance of the car as well. As a consequence, the risk of frontal crashes was higher.  

Several studies [13-16] confirmed an exponential relation between initial speed and the 
number of crashes, as shown in Figure 1. The higher the initial speed, the higher the risk of 
many crashes would be in an exponential way. Driving at a lower initial speed could decrease 
the risk of crashes.  
 

 

Figure 2: Power Model and exponential function fitted to the crash data  
 

However, speed is the primary factor in vehicle crashes, not the only factor. In general, 
approximately 10-15% of all crashes were caused by inappropriate speed on the road [17]. 
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2.2.2 Usage of alcohol or drugs 

Driving a vehicle under the influence of alcohol was one of the essential primary factors of 
vehicle crashes. However, there was a small percentage that used the car while drunk; alcohol 
is involved in vehicle crashes most of the time. According to the Vias Institute, nearly 47,000 
drivers were tested positive and fined for driving while under the influence of alcohol in 2022. 
A European survey also showed that 7% of vehicle crashes in Belgium involve alcohol usage 
[18]. Driving under the influence of alcohol is a traffic crime in all European countries, but the 
limit of alcohol usage varies from country to country. In most countries, including Belgium, the 
legal limit is a blood alcohol content (BAC) of 0.2-0.5 g/l. Alcohol consumption has several 
adverse effects on driving ability: concentration decreases, reaction speed decreases, speed 
fluctuations and some form of drowsiness may occur. Drivers often thought they were still 
perfectly capable of driving even though they had been drinking. 

On the other hand, driving under the influence of drugs is considered, in general, a potential 
risk for vehicle crashes due to the delay of perception and reaction time. A study by Schulze  
et al. estimated that about 2% of vehicle crashes involve drug usage [19].  
 

2.2.3 Distraction and sleepiness 

Driving a vehicle on the road requires a lot of focus and attention to ensure safety while 
travelling from one location to another. Ranney [20] estimated that 25-30% of drivers spend 
their rides with other activities, distracting them from focusing on the road. There were many 
causes of distraction, such as mobile phones, billboards, passengers, built-in entertainment 
systems, etc. A distracted driver is not paying attention to traffic and may not perceive an 
obstacle in time to react, and the consequences cause potential vehicle crashes. Distraction was 
a primary factor in the risk of vehicle crashes.  

Similarly, tiredness or sleepiness behind the wheel was a big issue for road safety. According to 
a report by Riguella and Goldenbeld [21], 20-25% of vehicle crashes in Europe are caused by 
tiredness or sleepiness. Tiredness is a lack of attention due to decreased ability and motivation 
to act. This could be physical and mental aspects. Typically, seniors and people in poor health 
conditions get tired faster than average or younger people.   
 

2.2.4 Surface friction or grip 

In contrast with the infrastructure design, the grip between vehicles and the road was the 
primary factor for crashes. A high-quality road type offers better grip, which, in dangerous 
situations, notably results in a shorter braking distance. However, friction is easily influenced 
by weather conditions. According to the report of Leblud et al. [22], wet road conditions led to 
lower friction and, consequently, a longer stop distance for a vehicle, while dryer road surfaces 
provided better grip, as shown in Figure 3. 
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 Figure 3: Braking distance on type of road surface  

According to the EU report [5], most of the single-vehicle fatalities reported in 2022 in the 
European Union occurred in dry weather and daylight on rural roads. This indicated that drivers 
often experienced difficulties controlling lateral positions rather than struggling with road 
perception and pavement grip.  
 

2.2.5 Poor maintenance vehicles 

The Vias Institute suggested that there was also a slight percentage chance that older or poorly 
maintained vehicles can lead to vehicle crashes as well. However, according to the Hermitte  
et al. report [23], inspecting every part of the vehicle to determine the risk of failing parts is 
tricky. To minimise the risk of vehicle crashes due to defective vehicles, the drivers in Belgium 
are obligated to get inspections at least once a year.   
 

2.3 Countermeasures 
The previous section explained the possible risk of vehicle crashes. This section applied the 
potential interventions to minimise vehicle crashes. Several studies have shown two categories 
of intervention: Design-assisted intervention and low-cost interventions.  
 

2.3.1 Design aspect intervention 

The Vias Institute report [12] suggested that upgrading shoulders would significantly impact 
the safety of passengers in the vehicle. Studies by Alari and Usami [24] also indicated that there 
shouldn’t be any obstacle near the shoulder to increase road safety. By increasing the shoulder 
when a vehicle deviates from the road, the shoulder allows the driver to correct it without 
causing any crashes. Studies by Jurewicz et al. [25] and Levett [26] suggested that the risk of 
vehicle crashes could be significantly reduced by up to 69% by implementing the shoulder. 
However, there were concerns about increasing the shoulder width in infrastructure; building 
the shoulder was only sometimes possible due to the available geographical space. Mecheri  
et al. [27] were concerned that there might be a new style of driving through the corner called 
corner cutting. Corner cutting is when the driver intentionally uses the shoulder to travel faster 
through the corner, which was not designed for this reason.  
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Another solution in design intervention was increasing curve widening. A curve widening is a 
widened section inside the carriageway in a horizontal curve. The existing sharp curves would 
mainly be added to improve safety through the curve. According to Charles et al. study [28], 
curve widening significantly impacted road safety. They expected this intervention would 
reduce the crash rate by up to 21 per cent. However, widening the space of the shoulder could 
reduce crashes by as much as 33 per cent. The challenging part of proceeding with this 
intervention is the geographic space and budget to build on.    
 

2.3.2 Low-cost intervention 

As previous sections were told, the leading cause of many traffic crashes on rural roads was 
human behaviour due to lack of attention. Low-cost interventions, including speed limits, road 
design, marking, and safe infrastructure management, could be implemented to increase road 
safety for a reasonable investment budget. Most of these interventions were unrestricted to the 
geographic space used to build the road. It is a cost-effective intervention for maximal safety on 
road safety. A low-cost intervention shared the same concept as self-explanation roads.  
Self-explaining roads are designed to naturally guide drivers through the road elements such 
as signs, markings, road surfaces, lighting, and speed management. The goal was to encourage 
drivers to follow the road's design and purpose instinctively and reduce unsafe driving 
manoeuvres. [29, 30]. Albin et al. report [31] recommended implementing low-cost 
interventions to enhance road safety. These include profiled road markings, delineators, 
advance warning signs, dynamic curve warning systems, and roadside barriers. Figure 4 and 
Figure 5 show an example of low-cost interventions.  
 

 

Figure 4: Roadside barriers, chevron signs and speed limit sign  

 

Figure 5: Profiled dot marking  

 
A study by Garach et al. [32] involved experimenting with widening road markings as a low-
cost intervention on rural roads. The study surveyed 185 participants who watched 14 pre-
recorded videos of a vehicle driving in real scenarios on both wide and narrow road markings 
in Spain. The results showed that almost half of the participants perceived a higher speed with 
wide markings than narrow markings. This perception made the drivers feel like the road was 
narrowing, which could potentially lead them to lower their speed and drive more safely.  
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2.4 Driving simulators 
To test a new innovative intervention on the road, it would likely be tested in driving simulators 
first before applying it on a small scale in real scenarios. With driving simulators, the research 
could be tested on a small research budget for a short period and could also secure the safety 
of the drivers during the experiment. Most of the studies have shown that using driving 
experiments is a better way to understand the driving behaviour behind the wheel [27, 33-38].  

A driving simulator was used in a study by Babic et al. [38] to analyse low-cost road markings 
in horizontal curves to increase road safety. The research tested two types of road markings, 
including red median and horizontal warning signs on dangerous horizontal curves with radii 
of 175 m on a two-way rural road. Dangerous horizontal curves with radii less than 200 m 
present an increased road crash risk due to inappropriate speed and underestimating the 
sharpness of the curve [2, 38-41]. This research aimed to warn drivers from the farthest possible 
distance before the curve to slow down the driving speed and improve driving control along the 
curve. The total length of the scenarios was almost 15 km long, including ten identical curves 
of radii 175 m for both the left and right curves. All the curves had a total length of 210 m,  
a deflection angle of 90° for each curve, and a transition of 50 m. Each curve had a different 
combination of interventions, including a red median on the curves, horizontal warning signs 
on the pavement surface and standard vertical warning signs of curvature ahead. The scenarios 
were tested in a randomised order to prevent the prediction of what was coming next. The 
driving scenarios consisted of a two-way road in a rural area with 3.5 m wide road lanes and 
15 cm wide for both centre line and edge road markings. In the experimental intervention, the 
red median started 50 m before the curve until the end of the curve. The median was 50 cm 
wide with a 15 cm solid white road marking on both sides. There were five dangerous curve 
warning signs for the horizontal warning sign in white road markings. The first sign started at 
205 m before the curve, and the last sign was set at 100 m before the curve. The size of each 
horizontal warning sign was 25% more than the previous sign. A total of 47 participants 
between 22 and 66 years old were tested in this study. From the driving simulator, 11 data 
points were collected for each curve, including longitudinal speed, lateral movement, and 
acceleration/deceleration. Five data points are located before the curve, five data points in the 
curve, and one point after the curve. The study showed that both road marking interventions 
decreased the driving speed by 5 km/h compared to scenarios without road marking treatments 
(only vertical warning signs). The study also highlighted that the speed reduction from 300 m 
before the curve until the start of the curve for scenarios with vertical warning signs only was 
much higher, 30.60%, than the two experimental treatments, which is a 26.27% speed 
reduction for red median and 25.78% for horizontal warning signs. This is due to the relatively 
low perception of traffic signs, as drivers may not notice many warning signs [42, 43]. 
Consequently, the control condition's deceleration was more abrupt than the treatments. 
Regarding the lateral movement during the curve, the vehicle drove closer to the centre line in 
the control condition and horizontal warning signs. While on the red median, the car moved 
closer to the edge of the road marking. 

Awan et al. [41] conducted a similar study on road marking treatments  and investigated the 
impact of two different road marking treatments on driver behaviour during horizontal curves, 
using a driving simulator as the experimental platform. These treatments included the 
implementation of optical circles placed before the curve and a herringbone pattern running 
along the curve itself. The idea behind this experiment was to influence driving speeds by 
manipulating drivers' perceptions, creating an illusion of high-speed driving, a concept known 
as perceptual pavement markings [35, 44, 45].  
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Such markings were intended to enhance drivers' attention and prompt them to reduce speed 
before entering the curves. The study was based on real-life scenarios from Hoogstraten and 
Maaseik in Belgium, with 3.2 m and 2.8 m as lane widths. Each scenario consisted of an 18 km 
road with 12 horizontal curves, and it was tested for optical circles and herringbone treatments. 
The optical circles treatment spanned a length of 90 m, with the diameter of the circles 
gradually increasing from 1.4 m to 2.3 m at 10 m intervals. The optical circles concluded at 91 
m and 107 m before the curve in both scenarios. On the other hand, the herringbone pattern 
reduced lane width to 2.5 m at the beginning of the curve, gradually expanding to the maximum 
lane width at the midpoint of the curve and then decreasing once again. The herringbone 
pattern treatments started at approximately 40-50 m before the curve and extended 30 m 
beyond it. The experiment involved 49 participants aged 19 to 54, each of whom experienced 
the two scenarios of Hoogstraten and Maaseik in the driving simulator. The driving simulator 
recorded 11 data points for each curve, including longitudinal speed, lateral movement, and 
acceleration/deceleration. Four data points were collected before the curve, five within the 
curve, and two after the curve. The results indicated that the optical circles effectively 
contributed to a safe reduction in speed before entering the curve compared to the herringbone 
pattern. Additionally, the herringbone markings provided a comfortable driving experience 
through the curve by controlling the vehicle's lateral position. This study sheds light on the 
potential of different road marking treatments to influence driver behaviour and safety when 
navigating horizontal curves. 

In another study led by Babic et al. [37], a driving simulator was used to evaluate the 
effectiveness of various chevron sign designs as low-cost treatments for assisting drivers in 
navigating horizontal curves. The objective was to understand how these signs influenced driver 
behaviour and which designs attracted the most attention for safe navigation through the curve. 
The chevron signs featured various colour combinations, such as white backgrounds with red 
arrows, fluorescent green backgrounds with red arrows, white backgrounds with black arrows, 
yellow backgrounds with black arrows, and black backgrounds with white arrows. The research 
occurred on a rural two-lane road with 3.5 m wide lanes in Croatia, including ten identical 
curves. The speed limit on a rural road in Croatia is 90 km/h. Each curve consisted of 50 m 
transition curves with a 110 m length curve and a 150 m radius of curvature. In between the 
curves, there was a straight section of 800 m. Four chevron signs and a dangerous curve warning 
sign were placed on each curve, with the dangerous curve warning sign positioned 150 m before 
the curve. The study involved 60 participants aged 19 to 33. Two parameters were measured 
to analyse driver behaviour: longitudinal speed and lateral movement. Six measuring points 
were collected for each curve: three points before and three points during the curve. The results 
indicated that the chevron signs had an impact on driving speed. A fluorescent background with 
red arrows reduced speed from the speed limit to 83.46 km/h, while a white background with 
a red arrow reduced to 84.56 km/h and a black arrow to 84.08 km/h. However, all chevron 
designs caused a slight shift in the lateral movement towards the edge line. The study suggested 
that fluorescent, red, or white colours were more effective at capturing drivers' attention on the 
road. It also proposed utilising colour combinations to indicate the sharpness of horizontal 
curves but cautioned that doing so could confuse drivers and lead to increased speeds while 
navigating the curves. 
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2.5 Research gap 
The literature review revealed extensive research on the effects of various road markings 
implemented before and during curves on drivers' behaviour. Most studies focused on different 
variations of median centreline and herringbone markings, while others examined the use of 
coloured median or chevron signs in combination with a vertical warning sign. However, there 
is limited research on the impact of edge line markings as a cost-effective intervention.  
This study assesses the effects of two types of low-cost edge road marking treatments on drivers' 
behaviour before and during sharp and shallow horizontal curves. The two road marking 
treatments to be analysed are a red-white pattern line and a solid red line. The red-white pattern 
line aims to create an illusion for drivers, encouraging them to slow down during the curve 
automatically. The solid red edge line is also implemented to determine if it enhances curve 
visibility. The primary objective of this research is to improve road safety in horizontal curves, 
thus necessitating the analysis of these treatments in the context of both sharp and shallow 
curves.  

 

2.6 Theoretical hypotheses 
This research project focuses on analysing the effects of two low-cost road marking techniques 
on driver behaviour before and during horizontal curves with two distinct radii (sharp and 
shallow). An extensive review of the existing literature informs the hypotheses of this study. 
These hypotheses are described in the following sections.  
 

2.6.1 Speed 

Speed of driving speed is defined as the distance or position the vehicle travelled divided by 
time. Elvik [16] has demonstrated the relationship between speed and crash risk. Lowering the 
speed before entering the curve potentially reduces the risk of crashes. As hypotheses for this 
research, the treatments would stimulate drivers to slow down while approaching a dangerous 
curve. Moreover, the RWE would most encourage drivers to reduce their driving speed.  
 

2.6.2 Acceleration or deceleration 

Acceleration or deceleration is the rate at which a vehicle or other vehicle can increase or 
decrease its speed. Acceleration has a direct link to speed. When a car decelerated abruptly, the 
risk of a crash also increased. As hypotheses for this research, both treatments encourage drivers 
to decelerate early before the curve and, therefore, a moderate deceleration, corresponding to 
a lower risk of crashes due to complete vehicle control.  
 

2.6.3 Lateral position 

The lateral position is the distance between the vehicle's centre and the road's centre line.  
This factor represents one of the driver's behaviour risks, whether a frontal crash or running off 
the road causes the crash. The higher the lateral position, the closer the vehicle will be to the 
edge of the road. When the car is closer to the edge of the road, the risk of run-off-road crashes 
will increase. As hypotheses for this research, the treatments would encourage drivers to avoid 
the edge line to reduce run-off tracks.  
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3 Methodology 
To test these hypotheses, 12 curves with two different curve types (six dangerous and  
six shallow curves) were created in the driving simulator software STISIM Drive, produced by 
Systems Technology Inc. (STI). In this chapter, the scenarios design for the driving simulator 
will be explained in detail. The chapter starts with the design of the experimental route, 
participants, the setup of the driving simulator, and the protocol used during the test of this 
research. 

Section 3.1 explained different aspects of designing the route for the driving simulator in detail, 
including the requirement of developing a horizontal curve from AWV, trajectories of the 
driving simulator and road markings treatment design. Section 3.2 described the participants 
participating in this research and the side effects of driving simulation. Section 3.3 described 
the set-up of the driving simulator, and section 3.4 explained the protocol of the participants in 
this research. Section 3.5 described the location of measuring points, and section 4.1 explained 
the necessary steps before starting statical analysis: detecting outliers to ensure the result is 
reliable for this research.  
 

3.1 Scenarios design 
The scenarios of these curves were created in a region of Flanders in Belgium. Therefore, the 
traffic law of this research will also follow the traffic law of Flanders, as shown in Figure 6. 
  

 

Figure 6: Speed limits in Flanders 

 
In urban areas, the speed limit is 50km/h, while in rural areas, the speed limit is up to 70 km/h. 
Additionally, the speed limit is 120 km/h on the highway [46]. Since the experiment scenarios 
were created in a rural area with a two-way road, the maximum speed limit would be 70 km/h.  
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In the literature review, several previous studies have indicated that curves with a radius less 
than 200 m are considered the most dangerous. The crashes on these horizontal curves include 
running off the road, frontal collisions, and collisions with objects at the roadside. Therefore,  
it was determined that a sharp curve would have a radius of 175 m for the experiment, while  
a gentle curve would have a radius of 350 m. However, due to the lack of realistic feel in the 
driving simulator of the curve, the radius of 175 m was not sharp enough and had to be reduced 
to 125 m to increase the sharpness of the curve feeling. As a result, the curve with a radius of 
125 m was considered a sharp and dangerous curve. In comparison, with a radius of 350 m,  
it was regarded as a gentle curve and is used to analyse further the impact of drivers' behaviour 
on road marking treatments. The design of horizontal curves followed the guidelines of 
designing the infrastructure according to AWV.  
 

3.1.1 Guideline AWV 

According to the guideline “Vademecum weginfrastructuur deel Vlaamse hoofdwegen”,  
the visibility of drivers is an essential aspect that needs to be considered when designing a road 
section [47]. Requirements from visibility determine the dimensioning of many design 
elements. 

A driver was required to have visibility of the road to control the vehicle's lateral position and 
respond safely and comfortably to events that occurred ahead. "Safely" refers to drivers 
identifying and reacting to unexpected events on the road in time, such as stationary vehicles 
and objects on the road. "Comfortably" refers to drivers identifying and being able to perform 
necessary manoeuvres in time and being comfortable with unexpected events on the road.  
To analyse the impact of the treatments on drivers' behaviours, only the minimum requirements 
to design the road were necessary for this research, which meant safety requirements were 
applied in this study. 

To design the horizontal curve, the following elements had to be determined: the horizontal 
straight section, horizontal curve section, and transition curve. Design speed was the primary 
factor in determining the dimensions of these design elements.  
 

Horizontal straight section 
The horizontal straight section or straight section is a straight section that connects two curves. 
The designed speed of the road determined the length of the straight section. AWV had a table 
with suggestions for the minimal and maximal lengths of the straight section in Table 1.   

Table 1: Minimum and maximum length of the horizontal straight section 

Design speed (km/h) Minimal length (m) Maximal length (m) 
between  

rectified curves 
between  

opposing curves 
90 360 180 1800 
70 280 140 1400 
50 200 100 1000 
30 120 60 600 

 
For this research, the designed speed was chosen to be 70 km/h to be safe on the curve in both 
the left and right direction, and the straight section had a minimum of 280 m length between 
the two curves in the simulator.  
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Transition curve 
The transition curve is a gradual transition between a horizontal straight and a horizontal curve 
or between two horizontal curve sections. The transition curve provides drivers with the 
opportunity for smooth steering deflection and keeps lateral vehicle force manageable.  

The trajectory of the transition curve is identical to the clothoid, also known as the Euler spiral. 
Therefore, the Euler spiral theory is applied [47]. This curve was the trajectory traversed if the 
vehicle's speed and the steering wheel were constant. This created a smooth transition between 
the two design components. The clothoid was characterised by the clothoid parameter A.  
The clothoid is a spiral whose radius of curve R is inversely proportional to its length counted 
from the zero point (where R = infinity). The following formula represents the calculation of 
the transition curve.   
 

𝐴ଶ = 𝑅௫ ∗ 𝐿௫ (1) 

Wherein: 

A: clothoid parameter (m)  

Rx: radius of clothoid at point x (m) 

Lx: length of clothoid between point x and zero point (R = infinity) (m) 

In the meantime, AWV has established the minimum requirements for the clothoid parameter 
A. For a curve with a radius of 125 m, A should be 41.67, and for a radii 350 m, A should be 
95. Additionally, the length of the transition curve L should be 14 m for a radius of 125 m and 
26 m for a radius of 350 m.  
 

Horizontal curve section 
The horizontal curve section is a circular curve with a given radius. The horizontal curve had 
several functions, such as connecting roads in different directions, providing a variety of road 
scenes to increase concentration while driving, and improving visibility downstream. The most 
important parameters when designing a horizontal curve were the length of the curve  
(the arc length) and the radius of the curve (the curve radius).  

A minimum arc length based on three driving seconds was prescribed to recognise the 
horizontal arc as an independent element. In Table 2, AWV prescribes the minimum circular 
curve length. 

 Table 2: Minimal circular curve length 

Design speed (km/h) Minimal arc length (m) 
90 75 
70 60 
50 40 
30 25 

 

As other studies have experimented, the deflection angle of the curve was 90° [38, 48].  
This was a good angle from which to start the curve and would also be used in this research. 
Therefore, the arc length would be 183 m for the radii 125 m and 524 m for the radii 350 m, 
which was clearly above the minimum requirement of an arc length.  
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3.1.2 Scenarios 

For this research, four different driving routes were created. Each route consisted of a 
randomised order of 12 scenarios with horizontal curves, six curves with a radius of 125 m and 
six curves with a radius of 350 m. As mentioned in the guideline of AWV, the curve with a 
radius of 125 m had a length of 183 m and a transition section of 14 m. The curve with a radius 
of 350 m had a length of 524 m and a transition section of 26 m. Of the 12 scenarios, every 
four scenarios had a different condition of road marking treatments in combination with a 
vertical warning sign. The conditions are control condition (solid white edge line), red-white 
pattern condition (red-white pattern edge line) and red condition (solid red edge line).  
A vertical warning sign of dangerous curves is placed 150 m before each curve. The road 
marking treatments started 100 m before the curve began and went until the end of the curve.  

The road section consisted of a two-way rural road with 3.5 m wide lanes with 30 cm of 
shoulder and 15 cm white centreline and edge lines. The centreline was a dashed line of 2.5 m 
long and had a distance of 10 m between two dashed lines. However, 150 m before the curve, 
the dashed line changed to 1 m long with a distance of 1.5 m between the two lines until the 
start of the transition curve. From that point until the end of the transition curve, the centreline 
was a single solid line. After the transition curve, the centreline was a dashed line again with a 
length of 1 m for each line until 150 m after the curve, and the centreline changed back to a 
dashed line with 2.5 m long. The dimensions for the road markings were designed according 
to the regulations prescribed by AWV [49]. Figure 7 shows the dimensions of the centreline. 
  

Standard dashed line 

 
Dashed line before entering a curve 

Figure 7: Dimension of dashed centreline 

 

The layout of each route consisted of 6 combinations of 2 horizontal curves with a filler section. 
A filler section was a section that aimed to change the scenery during the test drive to keep the 
route interesting for the participants of this research. Filler sections of this research were urban 
city areas, a couple of houses, tunnels, hills, intersections or an overpass. 
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Each route had a total length of approximately 15 km, which could correspond to a 15-minute 
test drive in a rural area. In the beginning, there was a vertical speed limit sign to ensure which 
driving speed the participants could be ridden on the road, as shown in Figure 8. On every 
route, some vehicles came from opposite directions to the test driver. However, no traffic was 
moving from the opposite direction around the curve area to ensure that the driver's behaviours 
were not influenced by the traffic along the curve. Besides the two-way road, the environment 
consisted of trees throughout the entire route with filler sections. To ensure the sudden finishing 
of the route, there was a traffic light at the end of every road, as shown in Figure 9.  
The participants could slow their speed to almost entirely stop, and the test route would end. 
  

 

Figure 8: Start scene of the simulator 

 

Figure 9: End scene of the  simulator  
 

3.1.3 Road marking treatments 

Based on the previous studies in the literature review section and the concept of perceptual 
markings, the road marking treatments were implemented with two different experimental  
low-cost road markings, especially edge markings in this study, which are red-white dashed 
pattern lines and solid red lines before and along the horizontal curve. This section describes 
both treatments in detail. 

The red-white dashed pattern line resembled the red and white checkered line. However,  
the dimensions of those red and white parts differed depending on the distance to the curve. 
The red-white line is 10 m long for both colours and reduced gradually to 1.5 m long.  
This treatment aimed to create an illusion of driving too fast by alternating red and white 
colours. Therefore, it is hoped that the drivers would slow down automatically before entering 
the curve. Four zones were created for this treatment to reduce the pattern gradually, as shown 
in Figure 10.  



28 
 

  

 Figure 10: Overview of red-white marking zones 

 
The first zone started at 100 m before the curve and ended at 75 m before the curve.  
In this zone, the red-white marking had a width of 15 cm and was 10 m long for each colour.  
The second zone began at 75 m and ended at 30 m before the curve. The red-white marking 
changed to 6 m for each colour. The third zone started 30 m before the curve until the beginning 
of the transition curve. The red-white marking altered the length to 3 m. The fourth zone 
markings were from this point until the end of the transition curve. The red-white marking 
reduced the length again to 1.5 m for each colour. Figure 11 shows the design of each zone 
with dimensions.  

The red-white pattern line in Zone 1 

The red-white pattern line in Zone 2 

The red-white pattern line in Zone 3 

The red-white pattern line in Zone 4 

Figure 11: Dimension of red-white pattern edge line 
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On the other hand, the solid red line had the same dimension as the white line in the control 
condition. However, during the simulation, the white edge line changed colour to red at 100 m 
before the horizontal curve and ended at the end of the transition curve. Figure 12 shows the 
differences between the red and white edge lines (control conditions).  
 

Red solid line 

 
White solid line 

 
Figure 12: Dimension of solid edge lines 

 
These designs of road marking treatments were the result of an iterative process in the driving 
simulator to ensure that the participants noticed the changes in perceptual road markings 
during the test. Table 3 shows drivers' perspectives in simulation with all road marking 
conditions and two different radii curves for the left curves. This is also identical to the right-
direction curve.  
 

Table 3: Preview of road marking during the right curve in a driving simulator 

 Radius 125 m Radius 350 m 

Control 
condition 

  

Red-white 
pattern 

  

Solid red line 
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3.2  Participants 
For this research, 52 volunteers with a valid driving licence type B or similar participated.  
The test participants were recruited through announcements on several social media platforms, 
flyers, and word of mouth. The recruiting flyers can be found in Appendix A. The volunteers 
were between 20 and 75 years, with a mean age of 34 years, and the driving experience between 
1 year and 56 years, with a mean experience of 15 years. Every volunteer gave their informed 
consent based on the research protocol approved by the Ethics Committee of Hasselt University. 
However, two participants were excluded due to being affected by simulation sickness. 
Therefore, the data from the driving simulator were collected from 50 participants, consisting 
of 15 female and 34 male drivers. According to the participation report, 51% of the participants 
used an automatic transmission vehicle as a daily driver, and 67.3% drove between less than 
5,000 and 14,999 km.  
  

3.2.1 Simulation sickness 

Simulation sickness (SS) is similar to motion sickness; the difference is that the physical and 
mental feelings from SS are usually less severe. Only a minority of a proportion of people are 
exposed to SS [50]. Several studies [50-52] reported symptoms similar to motion sickness, such 
as headache, dry mouth, drowsiness, disorientation, dizziness, nausea and vomiting.  
The studies highlighted that in fixed-based simulators, the SS is related to elements of the visual 
experience. There are several theories about SS, and the most well-known is cue conflict theory.  

The Cue Conflict Theory is used to explain the development of simulator sickness. This occurs 
when the sensory systems expect one thing in the simulator but experience something different. 
This created an internal conflict that could not be resolved, ultimately leading to symptoms 
similar to motion sickness. For instance, the feeling of acceleration and deceleration may differ 
between the simulated vehicle and the physical vehicle [53, 54]. 

According to Brooks et al. [52], SS could occur rapidly and persist until the simulation ends. 
Therefore, the participants' data exposed to simulation sickness are considered invalid and 
could significantly impact the research project. Several studies recommended considering 
aspects to keep the level of SS low, such as room temperature, amount of turns, traffic flow and 
duration of the simulation. Kennedy et al. [55] found an almost linear relationship between the 
duration of a simulator and SS and concluded that a safe maximum duration is approximately 
one hour.   
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3.3 Set up 
The experiment occurred at the Institute for Mobility (IMOB) of Hasselt University. The institute 
itself provided the set-up of the driving simulator. This driving simulator operating system that 
participants utilised consists of two primary components: a driving unit and three monitors,  
as shown in Figure 13.  
 

 

Figure 13: Fixed-based driving simulator in IMOB 

 
The driving unit was the actual interior of a Peugeot vehicle with all the tools and functions of 
a typical average vehicle, such as pedals, a driver's seat, a dashboard, a manual transition 
gearbox, and a steering wheel. The monitors were 48-inch OLED TV displays with dimensions 
of 107.1 x 61.8 cm and integrated audio speakers. Two of these screens were placed at a 45° 
angle. This was to ensure the realistic feeling of driving in the simulator. The resolution of these 
screens was 3840 x 2160 pixels with a refresh rate of 100 Hz. These components were 
connected and integrated with STISIM Drive software. The performance measurement system 
of STISIM could register 67 different output parameters. The output parameters of driver 
behaviour for this research were driving speed, lateral position and acceleration, which were 
standard output parameters for this type of research [32-35, 37, 38].   
 

3.4 Protocol 
In this study, all participants adhered to a detailed and standardised driving simulator protocol 
according to the University Hasselt to ensure the reliability and validity of the collected data. 
This protocol took a total of around one hour per participant. It consisted of specific guidelines 
and steps that each participant followed throughout the experimental phase, including consent 
forms, pretest questionnaires, warm-up sessions, two experimental sessions, and posttest 
questionnaires. The documents for this protocol can be found in Appendices B through E.  
After recruiting volunteers through various channels, participants were invited to IMOB in 
Hasselt at specific timeslots. Every participant read the consent form carefully, agreed with the 
purpose of the research, and filled out the pretest questionnaires before starting the driving 
simulators. The pretest questionnaires aim to identify participants by identifying their gender, 
date of birth, driving license, driving experiences, and average sleep duration. Afterwards, the 
participants familiarised themselves with the driving simulator set-up during the warm-up 
session.  
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During this session, they drove a 2 km long route, and no data were collected. The warm-up 
route began by entering and exiting the urban area, followed by two 90° curves with a 175 m 
radius in both directions. After the warm-up session, the participants were informed that they 
should drive as they used to in real life. They followed the Belgian traffic laws, specifically traffic 
laws in Flanders, before starting the experiment. Figure 14 shows the participants' driving 
during the simulation.  
 

 

Figure 14: Simulator during the test 

 
Each participant completed two routes from two different studies in a randomised order.  
One study was intended for a fellow researcher’s master’s thesis. For this research, the route 
was also chosen randomly from four designed routes for each participant. Between those two 
sessions, a 10-minute break was provided to minimise the risk of simulation sickness. At the 
end of the experiment, the participants were asked to fill out posttest questionnaires about their 
experience using the driving simulator and the implemented edge road marking treatments. 
  
 

3.5 Measuring points 
After the participants completed the driving simulations, various output parameters were 
collected from STISIM Drive software. These parameters included longitudinal speed (km/h), 
lateral position (m), and acceleration and deceleration (m/s²) to analyse the driving behaviour 
of the participants before and during horizontal curves for all road marking treatments. Seven 
measuring points were collected from each curve for this research to compare the impact of 
edge road marking treatments on the behaviours. Two measuring points were located at 250m 
and 150m before the curve, and five measuring points were located within the horizontal curve. 
The measuring points within the curve were situated at the start of entering the transition curve, 
the end of the entering transition curve, the middle of the curve, the beginning of the exiting 
transition curve, and the end of the exiting transition curve. In total, there were 84 measuring 
observation points per participant for each output parameter. For clarification, Figure 15 
illustrated the location of the seven measuring points for each curve. 
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Figure 15: Measuring points of a horizontal curve 

 
To analyse and compare the driving behaviours in response to different road marking 
treatments, a repeated measures Analysis of Variance (ANOVA) within-subjects was used on 
various output parameters. Using this technique made it possible to evaluate the significance of 
the mean differences for each independent variable, such as measuring points, across multiple 
scenarios involving dependent variables like the lateral positioning of the vehicle. This approach 
identified the significance of differences across all possible pairings of independent variables 
for every dependent variable. It was crucial to recognise that the sequence in which dependent 
variables were listed matters, as each variable acts as a tier within the hierarchy of the preceding 
variable. The longitudinal speed, lateral position, acceleration, and deceleration were 
dependent variables in this research. The independent variables consisted of parameters that 
were used to create horizontal curves for testing, such as the radius of the curve, curve 
directions, road marking conditions, and measuring points.  All variables were tested for all 
participants using  ANOVA tests.   
 

3.6 Outliers 
To conduct a reliable analysis for this research, it was crucial to identify any outliers in the 
collected data from the participants. An outlier is a data point that significantly differs from the 
rest. SPSS utilised Tukey’s method to detect outliers that are visible on boxplots. This method 
used the interquartile range (IQR) to filter out large or small numbers. When the data deviated 
by more than 1.5 times but less than three times from the interquartile range, SPSS flags it as 
an outlier. However, there was a concern that this approach may be inaccurate and lead to the 
loss of valuable data for the research project [56, 57]. As a result, extreme outliers, which were 
data points that were three times greater or lower than IQR, were excluded from this research.  

Each value indicated whether a participant was an outlier or not. According to Qinaat et al. 
[58], if a participant's data comprised 15% or more outliers of the total collected data, they 
would be excluded from the research. Consequently, three participants were excluded as 
extreme outliers from this research. This means the data collected from 47 participants was 
analysed further in this research. This corresponds to 3,948 collected data for each output 
parameter. 
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4 Research results 
Forty-seven participants completed the driving simulator without any issues. This corresponded 
to 11,844 collected data, with 3,948 data for each output parameter. In this chapter, the results 
of the driving simulator are explained from the perspective of speed, acceleration/deceleration, 
and lateral position using repeated measures ANOVA within the subjects.   

Section 4.2 described the result of speed between the treatments. Additionally, section 4.3 
described the result of acceleration and deceleration, and section 4.4 described the result of 
lateral position of the vehicle.  
 

4.1 Speed 
To estimate the significance of speed differences between the factors, the p-values should be 
less than 0.05. Table 4 displays the results of the repeated measures ANOVA within-subjects for 
the Greenhouse-Geisser test. The results significantly impacted the Curve radius  
(F1, 000 = 12.805; p < 0.001), Conditions (F1, 961 = 5.863; p = 0.004), and Measuring points 
(F2, 131 = 43.341, p < 0.001). This implies that the driving speed was significantly influenced 
regardless of any other factors for various curve radii, three road marking conditions, and seven 
measuring points. Additionally, the two-way interaction effects of Curve direction * Measuring 
point (F2, 819 = 9.243; p < 0.001), Curve radius * Measuring point (F2, 268 = 47.858; p < 0.001), 
and Condition * Measuring point (F2, 428 = 5.162; p = 0.004) were also significant. These results 
demonstrated that speed varied significantly between the two curve radii, three road marking 
conditions, and seven measuring points. Moreover, the three-way interaction effect for the 
factor Curve direction * Curve radius * Measuring point (F4, 891 = 1.276; p < 0.001) was also 
significant. This indicates that speed significantly differed between the road marking conditions 
along the curves for the two curve radii.  

Table 4: Analysis of speed: ANOVA within-subject test for Greenhouse-Geisser 

Effect df F P 
Curve direction 1, 000 0.052 0.821 
Curve radius 1, 000 12.805 < 0.001 
Condition 1, 961 5.863 0.004 
Measuring points 2, 131 43.341 < 0.001 
Curve direction * Curve radius 1, 000 2.185 0.146 
Curve direction * Condition 1, 991 0.512 0.6 
Curve radius * Condition 1, 965 0.671 0.511 
Curve direction * Curve radius * Condition 1, 798 0.532 0.571 
Curve direction * Measuring point 2, 819 9.243 < 0.001 
Curve radius * Measuring point 2, 268 47.858 < 0.001 
Curve direction * Curve radius * Measuring point 2, 428 5.162 0.004 
Condition * Measuring point 4, 891 5.438 < 0.001 
Curve direction * Condition * Measuring point 5, 627 1.276 0.271 
Curve radius * Condition * Measuring point 4, 196 1.563 0.183 
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The descriptive statistics and pairwise comparisons for the implemented conditions used in this 
research can be found in Table 2. Both the speed in the red-white pattern edge line (RWE) and 
the solid red edge line (RE) treatments showed a significant difference compared to the control 
condition (solid white edge line). The RE treatment also demonstrated a significant difference 
in driving speed compared to the RWE condition.  
 

Table 5: Descriptive statistics: mean and pairwise comparison of speed 

Condition Control RWE RE 
Mean speed (km/h) 65.77 65.29 64.92 
Pairwise comparison (p-values)    
Control 1 < 0.001 < 0.001 
RWE  1 0.005 
RE     1 

 

The graph in Figure 16 displayed the mean speed for curve directions at each measuring point. 
The speed from 250 m before the curve (measuring point 1) to the end of the beginning 
transition curve (measuring point 4) decreased at almost the same rate for both directions. 
Furthermore, the overall speed patterns for both directions were remarkably similar, indicating 
insignificant differences.  
 

 

Figure 16: Average speed across curve directions and measurement points 

 
The graph in Figure 17 the mean driving speed for different curve radii was shown at each 
measuring point before and during the curve. The figure indicated that the driver's average 
speed at the beginning of a curve (measuring point 3) with a radius of 125 m is 5 km/h lower 
than at a curve with a radius of 350 m. This difference in speed was consistent throughout the 
entire segment until exiting the curve (measuring point 7). These results encompassed all 
curves, conditions, and both directions.  
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Figure 17: Average speed across curve radii and measuring points 

 
In Figure 18, the graph displayed the average driving speed for three conditions at each 
measuring point before and during the curve. The results indicated that both treatments (RWE 
and RE) led to a lower mean speed than the control condition at the start of the curve 
(measuring point 3) and at the end of the transition curve (measuring point 4). Specifically, at 
the beginning of the curve, the speed for the RE condition was 0.29 km/h slower, and for the 
RWE condition, it was 0.85 km/h slower compared to the control condition. However, for all 
conditions, the speed reached its lowest point at the end of the beginning of the transition curve, 
with speeds of 61.71 km/h for RWE, 62.24 km/h for RE, and 62.55 km/h for the control 
condition. Additionally, from that measuring point, the speed for RE gradually increased until 
the end of the curve compared to the RWE and control conditions. 

 

Figure 18: Average speed across conditions and measuring points 
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4.2 Acceleration and deceleration 
To evaluate the significance of acceleration (ACC) and deceleration (DCC), the p-values should 
be less than 0.05. According to Table 6, the repeated measures ANOVA within-subject results 
for the Greenhouse-Geisser test indicated that both curve radius and measuring points 
significantly impacted acceleration and deceleration. This showed that the seven measuring 
points (F3, 032 = 57.073; p < 0.001) and the two curve radii (F1, 000 = 4.126; p = 0.048) 
significantly affected the differences in acceleration. However, the curve direction  
(F1, 000 = 0.056; p = 0.815) and conditions factors (F0, 086 = 0.575; p = 0.564) were 
insignificant, suggesting that the differences in ACC and DCC were not noticeably different 
across different conditions and curve directions. Moreover, the two-way interaction effects of 
Curve radius * Measuring points (F2, 894 = 56.537; p < 0.001) and Condition * Measuring points 
(F7, 027 = 2.900; p = 0.006) were also significant. These results implied that lateral positioning 
varied significantly across the three road marking conditions and the seven designated 
measuring points. The three-way interaction effect for the factor Curve direction * Curve radius 
* Measuring points (F3, 393 = 2.742; p = 0.039) was also significant.  
 

Table 6: Analysis of acceleration: ANOVA within-subject test for Greenhouse-Geisser 

Effect df F P 
Curve direction 1, 000 0.056 0.815 
Curve radius 1, 000 4.126 0.048 
Condition 0, 086 0.575 0.564 
Measuring points 3, 032 57.073 < 0.001 
Curve direction * Curve radius 1, 000 0.302 0.585 
Curve direction * Condition 1, 955 0.528 0.587 
Curve radius * Condition 1, 979 0.508 0.601 
Curve direction * Curve radius * Condition 1, 902 0.346 0.698 
Curve direction * Measuring points 3, 918 0.890 0.469 
Curve radius * Measuring points 2, 894 56.537 < 0.001 
Curve direction * Curve radius * Measuring points 3, 393 2.742 0.039 
Condition * Measuring points 7, 027 2.900 0.006 
Curve direction * Condition * Measuring points 7, 373 0.562 0.795 
Curve radius * Condition * Measuring points 6, 308 2.261 0.035 

 

The descriptive statistics and pairwise comparisons of ACC and DCC for the road marking 
conditions used in this research are presented in Table 7. The acceleration in the RWE 
conditions was the highest compared to the other conditions. According to the pairwise 
comparisons, each condition did not show any significant differences.  
 

Table 7: Descriptive statistics: mean and pairwise comparison of acceleration 

Condition Control RWE RE 
Mean acceleration (m/s²) 0.0062 0.0173 0.0091 
Pairwise comparison (p-values)    
Control 1 0.134 0.382 
RWE  1 0.216 
RE     1 
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The graph in Figure 19 illustrated the average acceleration between curve directions at each 
measuring point. The horizontal axis displayed the different measuring points before and during 
the horizontal curve, while the vertical axis indicated the average acceleration of the vehicle on 
the road. A positive acceleration value represented acceleration, and a negative value 
represented deceleration. From 250m before the curve (measuring point 1) to the beginning of 
the transition curve (measuring point 3), drivers decelerated at almost the same rate for both 
directions. From that point until the end of the curve (measuring point 7), there was constant 
acceleration at nearly the same rate. It was also important to note that the drivers decelerated 
more gently before the curve on the left than on the right. Additionally, the overall speed 
patterns for both directions are remarkably similar, indicating insignificant differences.  
 

 

Figure 19: Average acceleration/deceleration across curve directions and measuring points 

 
A graph Figure 20 illustrated the average acceleration and deceleration between the curve radii 
and the measuring points was presented in Figure 20. Analysis of the figure reveals that drivers 
begin active deceleration 150 meters before reaching the curve (measuring point 2). The figure 
illustrated that drivers decelerated more abruptly before the start of the curve on the sharp 
curve (radius 125 m). Upon reaching the curve's start (measuring point 3), they experienced 
their most significant deceleration for both radii (MACC = -0.33 m/s² for radius 125 m and  
MACC = -0.11 m/s² for radius 350 m). However, as they reach the middle of the curve 
(measuring point 5), drivers experience a significant increase in speed in curves with a radius 
of 125 m, reaching their highest speed (MACC = 0.36 m/s²) as they exited the curve. In contrast, 
the average speed for drivers in curves with a radius of 350 m remained close to zero, indicating 
no change in speed from the initial slowdown before entering the curve until exiting the curve. 
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Figure 20: Average acceleration/deceleration across curve radii and measuring points 

 
In Figure 21, the graph displayed the average acceleration for three conditions at each 
measuring point. The results indicated that drivers decelerated at a similar rate for all conditions 
from 150 m before the curve (measuring point 2) to the beginning of the transition curve 
(measuring point 3). However, it was worth noting that the DCC in the RWE condition is slightly 
gentler before entering the curve than in other conditions. Additionally, the overall speed 
patterns for both directions were remarkably similar, indicating insignificant differences.  
 

 

Figure 21: Average acceleration/deceleration across conditions and measuring points 
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4.3 Lateral position 
To assess the importance of the lateral positioning of vehicles, the p-values should be less than 
0.05. According to Table 8, the results of the repeated measures ANOVA within-subject for the 
Greenhouse-Geisser test showed that all factors, including Curve direction (F1, 000= 12.038;  
p = 0.001), Curve radius (F1, 000 = 8.536; p = 0.005), Conditions (F1, 998 = 5.018; p = 0.009), 
and Measuring points (F2, 728 = 7.081; p < 0.001), significantly affected the lateral position. 
This meant that the overall variations in lateral positioning were significantly influenced 
regardless of other factors. Additionally, the two-way interaction effects of Curve direction * 
Curve radius (F1, 000 = 54.942; p < 0.001), Curve direction * Measuring points (F2, 763 = 54.022; 
p < 0.001), Curve radius * Measuring points (F3, 370 = 4.262; p = 0.005) and Condition * 
Measuring points (F5, 212 = 4.797; p < 0.001) were also significant. These results indicated that 
lateral positioning varied significantly between the two curve radii, three road marking 
conditions, and seven measuring points. The three-way interaction effect for the factor  
Curve direction * Curve radius * Condition (F1, 940 = 14.966; p < 0.001), Curve direction * 
Curve radius * Measuring points (F2, 897 = 20.062; p < 0.001), and Curve direction * Condition 
* Measuring points (F5, 745= 2.285; p = 0.390) were also significant.   
 
Table 8: Analysis of lateral position: ANOVA within-subject test for Greenhouse-Geisser 

Effect df F P 
Curve direction 1, 000 12.038 0.001 
Curve radius 1, 000 8.536 0.005 
Condition 1, 998 5.018 0.009 
Measuring points 2, 728 7.081 < 0.001 
Curve direction * Curve radius 1, 000 54.942 < 0.001 
Curve direction * Condition 1, 783 2.250 0.118 
Curve radius * Condition 1, 800 2.185 0.124 
Curve direction * Curve radius * Condition 1, 940 14.966 < 0.001 
Curve direction * Measuring points 2, 763 54.022 < 0.001 
Curve radius * Measuring points 3, 370 4.262 0.005 
Curve direction * Curve radius * Measuring points 2, 897 20.062 < 0.001 
Condition * Measuring points 5, 212 4.797 < 0.001 
Curve direction * Condition * Measuring points 7, 451 7.468 < 0.001 
Curve radius * Condition * Measuring points 5, 745 2.285 0.390 

 

The descriptive statistics and pairwise comparisons of lateral positioning for the road marking 
conditions used in this research are presented in Table 9. The RE treatment resulted in a 
significant difference in lateral positioning compared to the RWE and control conditions. 
Furthermore, the vehicle's position under the RE condition was, on average, closest to the 
centerline. However, the difference between the RWE and control conditions is insignificant.
  
 

Table 9: Descriptive statistics: mean and pairwise comparison of lateral position 

Condition Control RWE RE 
Mean lateral position (m) 1.99 1.98 1.95 
Pairwise comparison (p-values)    
Control 1 0.355 < 0.001 
RWE  1 < 0.001 
RE     1 
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Figure 22 showed the average lateral position for left and right curve directions. The horizontal 
axis displayed the different measuring points before and during the horizontal curve.  
In contrast, the vertical axis indicated the distance between the vehicle's centre and the road's 
centreline on the right lane side. A greater lateral position implied that the car was farther from 
the centreline and closer to the edge of the road. On a left curve, the lateral position initially 
moved towards the right side of the lane at the start of the transition curve (measuring point 
3), then leaned towards the centreline at the beginning of the exiting transition curve 
(measuring point 5). Conversely, on a right curve, the lateral position was the opposite of the 
left curve, being closer to the centreline at the start of the curve and leaning toward the edge 
road marking at the exit of the curve.  
 

 

Figure 22: Average lateral position across curve directions and measuring points  

 
Furthermore, Figure 23 illustrated the average lateral position at various curve radii at each 
measuring point. The graph showed that the lateral position for both radii fluctuated between  
2 m and 1.90 m. The larger curve radius (350 m) fluctuated between 2.03 m and 1.96 m, while 
the smaller curve radius (125 m) fluctuated between 2.01 m and 1.90 m. Specifically, the lateral 
position on the smaller curve radius tended to be closer to the road's centreline than the larger 
one. Particularly at the start of the exit transition curve (measuring point 6), there was a 0.07 
m contrast between the two curve radii, where the lateral position for the larger curve radius 
was 1.97 m and for the smaller curve radius was 1.90 m.  
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Figure 23: Average lateral position across curve radii and measuring points 

 
Figure 24 demonstrated the average lateral position at each measuring point under various 
conditions. The graph indicated that the lateral position for all conditions fluctuated between  
2.02 m and 1.92 m. In the control condition, the lateral position ranged from 2.01 m to  
1.96 m, while in the RWE condition, it ranged from 2.06 m to 1.92 m, and in the RE condition, 
it ranged from 1.98 m to 1.90 m. Notably, the lateral position in the RE condition tended to 
stay towards the centreline compared to the control conditions. Additionally, the lateral position 
in the RWE condition generally tended to be slightly closer to the road's centreline.  
 

 

Figure 24: Average lateral position across conditions and measuring points 
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5 Discussions 
The statistical analysis indicated that the road marking treatments put in place had a favourable 
impact on driving behaviour both before and during the horizontal curves. This chapter delved 
deeper into the results, focusing on their effects and comparing them to previous studies.  
The discussion will follow the same sequence as the results, starting with driving speed in 
section 5.1, then examining acceleration and deceleration in section 5.2 and concluding with 
exploring lateral position in section 5.3.  
 

5.1 Driving speed 
The findings revealed that road markings such as RWE and RE reduced the driving speed before 
and during the curve. However, there were no significant variations in driving speed between 
left and right turns. This suggested that the conditions decrease the speed independently of the 
curve directions, as confirmed by Babic et al. [38]. 

The study found that the average speed on curves with a small radius of 125 m is 5 km/h lower 
than on curves with a radius of 350 m due to the sharper geometry of the horizontal curve.  
In addition, both road marking treatments resulted in a decrease in driving speed. 

Both experimental treatments resulted in a lower mean speed at each measuring point than the 
control condition. In the RWE treatment, the average speed was lowest at the beginning of the 
curve. However, when exiting the curve, the speed was slightly higher than in the control 
condition by 0.39 km/h. It is possible that drivers noticed the treatment at the start of the curve 
and slowed down. Conversely, they may have felt comfortable on the curve and could fully 
control the vehicle, which led to a rapid increase in speed for the rest of the curve. On the other 
hand, for the RE treatment, the mean speed was 1.08 km/h at the end of the curve. It can be 
assumed that the RE encouraged drivers to increase their speed gradually during the curve.  

Before the curve, the drivers rode close to the allowed maximum speed of 70 km/h for all 
conditions. However, the result showed they slowed down slightly when seeing the vertical 
warning sign 150 m before the curve. The driver slowed down continuously after passing the 
vertical sign while approaching the horizontal curve. However, there are no significant 
differences between the conditions. This may be due to low attention paid to road markings 
and vertical sign changes, which aligns with the findings of Babic et al. [42] and Costa et al. 
[43]. The results of earlier research revealed that drivers tend to fixate their eyes and attention 
on the place they are heading towards. For example, when drivers drove on a straight section, 
they focused more on the distant horizon and less on the sides of the road [59, 60]. However, 
when drivers navigated a curve, they tended to shift their focus more towards the sides of the 
road, particularly the edge road marking [27].  
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5.2 Acceleration and deceleration 
The study's findings show that drivers slow down at a similar rate on treated sections as on 
regular roads before approaching a curve, regardless of the curve's direction. This suggests that 
the treatments did not help drivers slow down more gradually than regular road conditions. 
The hypothesis that both treatments encourage drivers to decelerate early before the curve and 
achieve a moderate deceleration was false. 

However, the results revealed that drivers decelerated and accelerated more abruptly on a 
smaller horizontal curve (radius 125 m) than on a larger curve (radius 350 m). This finding 
suggests that the geometric design of the road, such as the curve's radius, could influence 
acceleration and deceleration.  

 

5.3 Lateral positioning 
The results of the lateral movement study showed that 150 meters before the curve, participants 
deviated toward the centreline of the road, regardless of the conditions. This behaviour was 
attributed to participants perceiving vertical warning signs as obstacles near the road, 
prompting the drivers to move toward the centreline before returning to their initial position at 
the start of the curve. During the horizontal curve, drivers maintained a consistent lateral 
position about 2 meters from the centreline in the control condition. However, the RWE 
treatment led vehicles to move closer to the centreline throughout the entire curve, reaching a 
maximum lateral position of 1.92 meters to the right of the centreline at the beginning of the 
exit transition curve. In contrast, the RE treatments did not significantly alter the initial lateral 
position, indicating a consistent and close proximity to the centreline.  

The findings suggested that the treatments effectively warned and encouraged drivers to stay 
closer to the centreline to avoid running off the road. However, it was necessary to note that 
moving closer to the centreline increased the risk of frontal crashes, but the lateral movement 
caused by the treatments was marginal. Therefore, the movement toward the centreline 
induced by the RWE treatment can be considered safe. In comparison with a similar study [38], 
Barbic highlighted that vehicles tended to move closer to the edge of the road marking due to 
the implemented red median, which aligned with the similar lateral movement of the car 
toward the implemented edge road marking. This finding suggested that drivers tended to move 
away from the implemented treatments. 
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6 Future research 
The study provided valuable insights into the impact of innovative road markings as low-cost 
interventions on drivers’ behaviour on horizontal curves. However, it also had some limitations 
that could be addressed in future research. The fixed-base simulator used in the study did not 
fully recreate the feeling of realistic driving, as it could not simulate the centripetal force 
experienced during the horizontal curves. Additionally, the simulator had the interior of an 
actual vehicle. Still, it could not fully replicate the actual driving experience because 
participants could not see the vehicle's front end and, therefore, could not accurately estimate 
its width during the simulation. For future research, it may be beneficial to consider using a 
setup similar to that used by Babic et al. [38], who utilised an actual vehicle and a seamless 
projector to create a more realistic driving experience. 

Moreover, Mollenhauer [54] found that incorporating motion-modified driver behaviour could 
better replicate real-world responses, as several studies have shown positive results from adding 
motion cueing [61-63]. In a study by Curry et al. [62], they compared their fixed-based 
simulator to their motion-based simulation. After performing similar driving tasks for the same 
duration, the motion-based simulator participants reported lower simulation sickness 
questionnaire (SSQ) scores, indicating a lower risk of simulation sickness. 

Other limitations of this research are also the sample size and the age range of the participants. 
Fifty volunteers participated, which was considered a larger sample size compared to similar 
previous simulation studies [2, 27, 33-38, 41, 44, 45, 48, 58]. However, a more extensive and 
diverse sample of participants could provide a more comprehensive understanding of the effects 
of different experimental conditions, as some statistical results were insignificant. Although the 
age range of the participants in these studies varied from 20 to 75 years, it covers a broad range 
of ages. Nonetheless, the number of test participants decreased with age, so the effectiveness 
of the treatment should also be tested on an older population. It was worth noting that older 
participants might have more difficulty with the driving simulator due to simulation sickness 
than younger participants [52]. 

While conducting the research, no vehicles travelled in the opposite direction during the curves, 
which helped assess the treatments' impact. This approach has been utilised in several previous 
studies [2, 38]. However, it was necessary to note that the results, driver behaviour and the 
treatments' effectiveness could be influenced to some extent by the presence of other vehicles 
travelling in the opposite direction during the curve. Therefore, it is suggested that future 
studies explore the effects of the interventions with active traffic in the opposite direction.
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7 Conclusion 
The study investigated the impact of two low-cost edge road marking methods on driver 
behaviour in horizontal curves with small (125 m) and significant (350 m) radii. The road 
marking interventions tested were red-white pattern edge lines, solid red lines, and a vertical 
warning sign positioned 150 meters before the curve. These interventions prompted drivers to 
reduce their speed at the transition section of the curve. Drivers decreased their speed at a rate 
similar to the control condition (i.e., only with a vertical warning sign) before the curve began. 
They continued to slow down until the vehicle gradually passed the transition curve.  
The proposed road markings reduced speed slightly more than the control condition.  
The red-white edge line treatment reduced the speed the most out of the three conditions in 
the transition curve, but the effect faded away when vehicles reached the middle of the curve.  
On the other hand, the solid red line treatments moderated the speed throughout the horizontal 
curve. Additionally, drivers reduced their speed more when encountering a sharp curve.  
The experimental treatments did not significantly impact the vehicle's acceleration and 
deceleration. Moreover, in the red-white edge line condition, the lateral movement of the car 
tended to move towards the centre of the road along the curve. In contrast, in the solid red line 
condition, the lateral movement stayed similar, closer to the road's centreline, and tended to 
lean towards the centreline at the end of a sharp curve. This treatment is recommended as a 
countermeasure for horizontal curves where run-off tracks are concerned. 

In summary, the study shows that solid red edge lines and red-white pattern edge lines decrease 
speed compared to control conditions before and during horizontal curves, indicating that 
drivers exhibit better control when navigating through the curves and that these markings 
positively impact road safety. Although both types of road markings enhanced drivers' 
behaviour, further research is necessary to comprehend the combined effects of these 
treatments. Based on the results, the study suggests that road authorities and policymakers 
thoughtfully choose potentially hazardous curves and consider implementing these low-cost 
interventions. 
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Appendix B: Consent form for participants 
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Appendix C: Instructions for participating 
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Appendix D: Pretest-questionnaires 
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Appendix E: Posttest-questionnaires 

 



72 
 

 



73 
 

 

 



74 
 

 

 



75 
 

 

 

 



76 
 

 

 


