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Abstract: The interaction of motorists and bicyclists, particularly 

during passing maneuvers, is cited as one of the primary causes of 

bicyclist fatalities. This paper reports the results of a driving 

simulator study, which sought to analyze the effects that three cross-

section configurations of a two-lane rural road and four geometric 

elements of the road have on driver behavior, during the interaction with 

a cyclist. A two-lane rural road, about 11 km long, was designed and 

implemented in an advanced-interactive driving simulator. Three different 

cross-sections (all with same width, but with and without a bicycle lane 

and for different widths of bicycle lane) were tested. Forty participants 

carried out three driving sessions (one for each road alignment with 

different cross-section) and were exposed to the condition of bicycle 

traffic along four geometric elements of the alignment (2 tangents with 

different lengths, right curve and left curve). The driving simulator 

experiments were designed in such a way that, along the sections where 

the driver - cyclist interactions occurred, the oncoming traffic was 

absent. Overall, 468 speed profiles and 468 lateral position profiles 

were plotted to obtain the descriptive variables of the driver behavior 

during the interaction with the cyclist. The influences of cross-

sections, geometric elements and bicycle traffic conditions on driver 

behavior were evaluated by a multivariate variance analysis. The presence 

of the cyclist determined different levels of influence on driver's 

trajectory for the three cross-sections. A wider bicycle lane ensured a 

higher later clearance distance between driver and cyclist, allowing 

safer overtaking maneuver.  

The interferences of the cyclist on driver's behavior depended on the 

geometric elements. On tangents, the lowest lateral clearances were 

recorded and no speed reduction was observed, compared to the cyclist 

absence condition. On the left curve, the higher lateral clearance was 

recorded, due to the concordant tendencies of the driver to move away 

from the cyclist and to cut the curve. This determined an excessive and 

risky displacement of the vehicle to the opposing lane, whose criticality 

was also emphasized by the high speed adopted by the driver. On the right 

curve, the lateral clearance was higher than that recorded on the 

tangents, probably due to the necessity of the driver to perform the 



demanding maneuver of entering in the right curve, which also determined 

a speed reduction compared to the cyclist absence condition.  

The obtained results provide suggestions for the most efficient cross-

section reorganization of existing two-lane rural roads in order to 

improve the road safety. 
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ABSTRACT  16 

The interaction of motorists and bicyclists, particularly during passing maneuvers, is cited as one of 17 

the primary causes of bicyclist fatalities. This paper reports the results of a driving simulator study, 18 

which sought to analyze the effects that three cross-section configurations of a two-lane rural road and 19 

four geometric elements of the road have on driver behavior, during the interaction with a cyclist. A 20 

two-lane rural road, about 11 km long, was designed and implemented in an advanced-interactive 21 

driving simulator. Three different cross-sections (all with same width, but with and without a bicycle 22 

lane and for different widths of bicycle lane) were tested. Forty participants carried out three driving 23 

sessions (one for each road alignment with different cross-section) and were exposed to the condition 24 

of bicycle traffic along four geometric elements of the alignment (2 tangents with different lengths, 25 

right curve and left curve). The driving simulator experiments were designed in such a way that, along 26 

the sections where the driver – cyclist interactions occurred, the oncoming traffic was absent. Overall, 27 

468 speed profiles and 468 lateral position profiles were plotted to obtain the descriptive variables of 28 

the driver behavior during the interaction with the cyclist. The influences of cross-sections, geometric 29 

elements and bicycle traffic conditions on driver behavior were evaluated by a multivariate variance 30 

analysis. The presence of the cyclist determined different levels of influence on driver’s trajectory for 31 

the three cross-sections. A wider bicycle lane ensured a higher later clearance distance between driver 32 

and cyclist, allowing safer overtaking maneuver.  33 

The interferences of the cyclist on driver’s behavior depended on the geometric elements. On tangents, 34 

the lowest lateral clearances were recorded and no speed reduction was observed, compared to the 35 

cyclist absence condition. On the left curve, the higher lateral clearance was recorded, due to the 36 

concordant tendencies of the driver to move away from the cyclist and to cut the curve. This 37 

determined an excessive and risky displacement of the vehicle to the opposing lane, whose criticality 38 

was also emphasized by the high speed adopted by the driver. On the right curve, the lateral clearance 39 

was higher than that recorded on the tangents, probably due to the necessity of the driver to perform 40 

the demanding maneuver of entering in the right curve, which also determined a speed reduction 41 

compared to the cyclist absence condition.  42 

The obtained results provide suggestions for the most efficient cross-section reorganization of existing 43 

two-lane rural roads in order to improve the road safety. 44 
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1. INTRODUCTION 50 
 51 

In the last years, the environmental cause concerning the use of the motorized transports, the 52 

consequences linked to the pollution impact on the human health, the issues of the congested cities are 53 

bringing to increase the use of the bicycle as alternative to the traditional transport systems (e.g. 54 

Heinen et al., 2010. Health Organization, 2014; Fruhen and Flin, 2015; Shackel and Parking, 2014; 55 

Zeuwts, et al. 2016). However, the expansion of the bike mobility both in urban and suburban 56 

environment had to struggle with the lack of adequate infrastructure and, thus, with the interferences 57 

between vehicles and bikes in the same roads. For the cyclists, in fact, the riskiest situation is the 58 

interaction with a motorized vehicle (Chaurand and Delhoomme, 2013; Schepers et al., 2014; Hamann 59 

and Peek-Asa, 2013; Frings et al., 2014). Due to the use of the same infrastructure with motorized 60 

road users, the cyclists are more vulnerable because their vehicles do not protect them if an accident 61 

occurs (Vanparijs et al., 2015) (Wegman et. al., 2012).  62 

The statistics clearly highlight the critical issues of the cyclist safety. In the United States a total of 63 

720 bicyclists were killed in crashes with motor vehicles in 2014 (with an increase of 16% compared 64 

to 2010); 32 % of bicyclists were killed in rural areas (Insurance Institute for Highway Safety, 2015). 65 

European statistics show that about 2.000 people riding bicycles were killed in road accidents in 2013 66 

in the EU countries; the share of bicycle fatalities of all road fatalities in the EU countries increased 67 

from about 6% to almost 8% between 2004 and 2013. 45% of the cyclist fatalities occurred outside 68 

urban areas (European Commission, 2015). Italian national statistics (ISTAT, 2015) show that in 2014 69 

the number of fatalities related to the bicycles users (273 fatalities) is increased by 8.8 % compared to 70 

the previous year and about of 3% compared to the 2010. About 42% of the cyclist injuries occur 71 

outside urban areas; in addition, for rural roads, the severity index (ratio between number of fatalities 72 

and number of fatalities and injuries) is almost six times higher (ACI-ISTAT, 2012). 73 

In the rural roads, a determinant factor is the difference between the speed of vehicle and the speed of 74 

bicycle, which is positively associated with the increase of the severity of crashes (Kim et al., 2007, 75 

Boufous et al., 2012, Chen et al., 2016; Bil et al., 2010).  76 

On rural roads, the interaction between driver and cyclist, which is often realized with an overtaking 77 

maneuver, mostly occurs far from the intersections where drivers travel considerably faster than 78 
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cyclists (Walker, 2007). Stone and Broughton (2003) report that the collisions that occur out of the 79 

intersections are more dangerous than those at the intersections, where the drivers have to slow to 80 

maneuver.  81 

However, despite the severity of the collisions that occur in rural roads is much higher than that in 82 

urban areas due to higher speeds, there have been few studies that investigated the interaction between 83 

vehicle and cyclist during a passing maneuver in rural roads. 84 

Parkin and Meyers (2010) analyzed the effect of the bicycle lane on the passing distance of the 85 

vehicles on different roads with same overall road width (about 9.50m), different posted speed limits 86 

(48km/h, 64km/h and 80km/h) and with and without cycle lane (the width was 1.45 m on roads with 87 

speed limit 64km/h and 80km/h, and 1.30 m on roads with speed limit 48km/h). Significantly wider 88 

lateral clearances were adopted by drivers in the condition without a 1.45m cycle lane, with posted 89 

speed limits of 64km/h and 80km/h. This result was not obtained for the road with a posted speed limit 90 

of 48km/h and a 1.3 m cycle lane. The authors concluded that cycle lanes do not appear to provide 91 

greater space for cyclists in all conditions.  92 

Savolainen et al. (2012) assessed the lateral placement of motor vehicles as they passed bicyclists 93 

through field studies on two segments (with and without centerline rumble strips) of a high-speed (55-94 

mph speed limit) rural two-lane highway (lane width 11ft and shoulder width 4ft). The lateral position 95 

of the bicyclists (within the center of the shoulder, on the left edge of the shoulder, and on the right 96 

edge of the travel lane) affected the lateral position of the motor vehicles. Drivers were more likely to 97 

contact or cross the centerline the nearer the bicyclists were to the travel lane. 98 

Kay et al. (2014) analyzed the effect of the “Share the Road” sign on driver behavior during the 99 

overtaking maneuver on two segments of a high-speed rural two-lane highway (55-mph speed limit; 100 

lane width 11 ft and shoulder width 4 ft). The study highlighted that the sign contributed to shift away 101 

motor vehicles from the right edge of the lane and to reduce (on average about 4 km/h) the speed of 102 

the vehicles during the overtaking maneuver. However, no significant effects were found on the mean 103 

lateral distance between the bicyclists and passing motorists.  104 
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Chapman and Noyce (2012, 2014) analyzed the influence of several features of rural roads on drivers’ 105 

behavior during the overtaking of cyclists. They found that a significant factor influencing positively 106 

the lateral clearance distance from the bicycle was the presence and the width of the shoulder.  107 

Walker et al. (2014) recorded the amount of space left by motorists as they overtook a bicycle on 108 

different types of roads (rural roads were 44% of the sample) in order to study whether drivers 109 

overtaking a bicyclist changed the proximities of their passes in response to the bicyclist’s appearance. 110 

Seven outfits were tested. Walker et al. found that the overall lateral clearance was 117.50 cm, which 111 

is lower than the mean of 133 cm found by Walker in a previous study carried out on urban roads 112 

(Walker, 2007). The authors deduced that this result was due to the different types of the examined 113 

roads. Approximately 1–2% of overtakes came within 50 cm, no matter what outfit the cyclist was 114 

worn. The authors observed that the possibility for the rider to avoid close overtaking by altering their 115 

appearance is not enough; on the other side, the infrastructural, educational or legal measures may be 116 

more effective in preventing close overtaking, and thus, dangerous situation for the cyclist. 117 

Llorca et al. (2014) analyzed the speed and the lateral clearance left by motor vehicles during the 118 

passing maneuver of a cyclist along seven rural roads segments in Spain to evaluate as such variables 119 

affect the risk perception of the cyclist. They found that lateral clearance was not the only factor that 120 

influenced rider’s risk perception. On the contrary, a combined factor of lateral clearance, vehicle type 121 

and vehicle speed had a more significant correlation with it. Afterwards, Garcia et al. (2015) analyzed 122 

the overtaking maneuver (a vehicle that overtakes a cyclist) on two – lane rural highways. Results 123 

showed that the passing lateral clearance between vehicle and cyclist increased with road width. 124 

Moreover, it was higher on left curve and lower on right curve, compared with the tangent elements. It 125 

was also found that, although the interaction with the cyclist lead to a speed reduction trend, in some 126 

road segments the speed was comparable to that in the condition of free-flow on the same locations. 127 

Dozza et al. (2016) collected data about the interaction driver-cyclist on rural roads in Sweden. The 128 

authors identified four overtaking phases and found that the presence of an oncoming vehicle was the 129 

factor that most influenced the maneuver, whereas neither vehicle speed, lane width, shoulder width 130 

nor posted speed limit significantly affected the overtaking dynamics. 131 

Although results of urban safety cannot be transferred to overtaking maneuvers of motor vehicles and 132 
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bicycles on rural roads (Llorca, 2014), useful trends can be obtained from some studies on the 133 

interaction between driver and cyclist in urban areas (Love et al. ,2012; Mehta et al. ,2015; Chuang et 134 

al., 2013).  135 

Love et al. (2012) measured the distance between overtaking motor vehicles and cyclists in order to 136 

assess compliance with the three-foot law (that requires motor vehicles to pass cyclists with a 137 

clearance of greater than three feet) and to examine risk factors associated with close vehicle passes. 138 

They found that vehicle passes three feet or less were common in standard lanes and lanes with a 139 

shared lane marking but not in bicycle lane streets (all the bicycle lanes were 5 ft wide). Similar results 140 

were obtained by Mehta et al. (2015) and Chuang et al. (2013), which also revealed that longitudinal 141 

markings (for lane separation or slow traffic separation) can encourage greater passing distances when 142 

motorized vehicles pass bicyclists. 143 

Such studies (with exeption of Kay et al., 2014, LLorca et al., 2014 and Garcia et al., 2015) involve 144 

only the lateral clarence, ignoring the speed analysis of the overtaking vehicle. It should be noted that 145 

some authors (Walker et al., 2014) highlighted, among the purposes of further studies on the driver – 146 

cyclist interaction, the analysis of the passing speed. That variable, determining important dynamic 147 

effects on the cyclist, plays, together with the space left by motorist during the overtake of a cyclist, a 148 

crucial role on the collision risk (Ata and Langlois, 2011) and on the bicyclists’ perceived level-of-149 

service on road segments (Jensen, 2007). 150 

In addition, most of the studies were conducted on tangents, while only a few times (Llorca et al., 151 

2014 and Garcia et al., 2015) the driver’s behavior during overtaking of the cyclist was also analyzed 152 

on other more demanding geometric elements of the road alignment. On such elements the complexity 153 

of the road geometry can determine additional effects compared to those due to the only interaction 154 

with the cyclist. 155 

Finally, all the reported studies were conducted on field and with the use of instrumented bicycles, 156 

which had sensors and cameras that allowed the measurement of the lateral distance of the overtaking 157 

vehicles. Such field studies have the advantage of allow the tracking of the driver behavior in the real 158 

driving conditions. However, these studies are generally characterized by the impossibility of 159 

conducting controlled experiments in terms of road geometry (cross-section, features of the alignment) 160 
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cyclist dynamics (different speeds or different positions of the cyclist) and interferences of the traffic 161 

(in the same lane and in the opposing lane). In other words, such field studies are generally influenced 162 

by confounding factors that can alter the analysis of the effects on the driver – cyclist interaction due 163 

to specific factors. The results of these studies, thus, must be specifically referred to the particular 164 

experimental conditions and cannot be strictly compared to those obtained in other experimental 165 

conditions.   166 

Because of this, the objective of this paper was to assess the effects of several two-lane rural road 167 

configurations (three cross-section configurations with and without bicycle lane with different widths) 168 

and of four geometric elements of the road (tangents with different lengths, right curve and left curve) 169 

on driver behavior (in terms of lateral position and speed) during the overtaking maneuver of a 170 

bicyclist by the use of an advanced driving simulator, which ensures controlled experimental 171 

conditions. In particular, the driving simulator experiments were designed in such a way that, along 172 

the sections where the driver – cyclist interactions occurred, the oncoming traffic was absent. 173 

 174 

2. METHODS 175 

This study was conducted using the advanced driving simulator of the Department of Engineering – 176 

Roma Tre University. Several studies have demonstrated that driving simulators are useful tools for 177 

the evaluation of the driver’s behavior as induced by the road configuration and traffic conditions 178 

(e.g., Bella 2008a, 2011, 2013, 2014a, 2014b; Bella and Calvi, 2013; Bella et. al., 2014; Bella and 179 

Silvestri, 2015, 2016). Moreover, driving simulators are ideal tools for studies whose field survey is 180 

made impossible by the implicit high risks that the experimenters would be subjected to and the 181 

difficulty of ensuring controlled experimental conditions.  182 

More specifically, concerning the study of the interaction between vehicle and cyclist, Chapman and 183 

Noyce (2014) suggested the use of a driving simulator, through which submit the drivers to controlled 184 

stimuli to identify what factors make easier or more difficult the overtaking maneuver of a cyclist. In 185 

addition, a recent driving simulator study (Duivenvoorden et al., 2015) was carried out to analyze how 186 

the number of cyclists, the cyclist’s approach direction and the cyclist’s action affect the speed and 187 

mental workload of drivers approaching rural intersections.  188 
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In the present study, a multi – factorial experiment was designed to analyze the effects of bicycle 189 

traffic on drivers’ behavior during the overtaking maneuver, under several bicycle lane widths and 190 

different geometric elements of the alignment. 191 

 192 

2.1 Cross-section configurations and driver – bicycle interaction 193 

The experimental road scenario was a two – lane rural road about 11 Km long in which also the 194 

bicycle traffic was simulated. In order to assess the effect of the alignment on drivers’ behavior, the 195 

horizontal curves had radii between 200 m and 600 m, while the tangents length were ranged from 150 196 

m to 650 m. The grade of the alignment was null. The posted speed limit was 90 km/h and the cross-197 

section was 9 m wide formed by two 3.50 m wide lanes and two paved shoulders 1.00 m wide, 198 

according to the Italian road design guidelines (Ministry of Infrastructures and Transports, 2001). This 199 

configuration represents the baseline condition; in other words, it represents a typical situation in 200 

which the cyclist has not a dedicated lane to travel. In addition to the baseline condition, two cross-201 

sections (called countermeasures 1 and 2), in which was present a bicycle lane separated from the 202 

vehicle lane by a yellow edge line (D.P.R., 2006), were investigated: 203 

 countermeasure 1, in which the bicycle lane was 1.50 m wide; in this configuration, the 204 

vehicle lane width was 3.00 m; 205 

 countermeasure 2, in which the bicycle lane was 1.75 m wide; in this configuration, the 206 

vehicle lane width was 2.75 m. 207 

For both the countermeasures, the cross-section width was 9 m as for the baseline condition.  208 

Such bicycle lane widths are completely consistent with those suggested by the Italian regulations 209 

(Ministero Lavori pubblici, 1999; provincia di Milano, 2006) and by the guidelines for the 210 

Development of Bicycle Facilities of the American Association of State Highway and Transportation 211 

Official (AASHTO, 2012). When the bicycle lane was present, a bike lane sign and a pavement-212 

marking symbol on the bicycle lane were used to properly inform drivers (D.P.R., 2006). 213 

Concerning the vehicle – bicycle interaction, along the alignment the driver overtakes a cyclist in 214 

correspondence of: 215 

 one right curve with radius equal to 200 m 216 
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 one left curve with radius equal to 200  m 217 

 one tangent 450 m long 218 

 one tangent 650 m long 219 

For all the cross-sections, the cyclist travelled always on a trajectory that was 0.75 m far from the right 220 

edge of the shoulder (fig. 1) and with constant speed equal to 20 km/h, consistent with the speed of the 221 

cyclist reported in previous studies in literature (Walker 2007, Llorca et al., 2014; Garcia et al., 2015, 222 

Walker et al., 2014; Dozza et al., 2016). 223 

To avoid potential effects due to different roadside features, the roadside configuration along the three 224 

road scenarios (i.e. baseline condition and countermeasures 1 and 2) was always the same (it is shown 225 

in figure 1). 226 

 227 

Figure 1 - Cyclist on cross-section configurations a) baseline condition, b) countermeasure 1, c) 228 

countermeasure 2  229 

 230 

To limit a potential order effect on the driver’s behavior, for each of the three road scenarios 2 231 

different encounter orders (A and B) of the cyclist on the geometric elements of the alignment were 232 

implemented in the driving simulator. More specifically, for the encounter order A, the presence of the 233 

cyclist along the geometric elements was set as follows: left curve (located about 650 m from the 234 

beginning of the alignment); tangent 650 m long (about 2.100 m from the beginning of the alignment); 235 

tangent 450 m long (about 8.400 m from the beginning of the alignment); right curve (about 10.000 m 236 

from the beginning of the alignment). For the encounter order B, the presence of the cyclist was set as 237 

follows: tangent 450 m long (located about 3.400 m from the beginning of the alignment); right curve 238 

(about 4.750 m from the beginning of the alignment); left curve (about 5.900 m from the beginning of 239 

the alignment); tangent 650 m long (about 7.300 m from the beginning of the alignment). 240 

Each type of geometric element in which the interaction with the cyclist occurred (e.g. tangent 650 m 241 

long), although placed – for the two encounter orders - in two different points along the road (the 242 

tangent 650 m long was about 2.100 m and 7.300 m from the beginning of the alignment for the 243 

encounter orders A and B, respectively), it was preceded by the same geometric configuration of the 244 
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approach section (for the tangent 650 m long it was a left curve with radius of 500 m). Such 245 

specification was used with the aim of avoiding the potential influence on the driver’s behavior due to 246 

different approach conditions. 247 

 248 

2.2 Driving simulator 249 
 250 

The driving simulator of the Department of Engineering – Roma Tre University is an interactive fixed-251 

base driving simulator. It was previously tested, calibrated and validated (Bella, 2005, 2008b) as a 252 

reliable tool for the study of the driver’s speed behavior. The hardware interfaces (wheel, pedals and 253 

gear lever) are installed on a real vehicle. The driving scene is projected onto three screens: one in 254 

front of the vehicle and one on either side, which provide a 135° field of view. The resolution of the 255 

visual scene is 1024x768 pixels with a refresh rate of 30 to 60 Hz. The system is also equipped with a 256 

sound system that reproduces the sounds of the engine. The simulator provides many parameters for 257 

describing the travel conditions (e.g., relative position of the center of the vehicle with respect to the 258 

road axis, local speed and acceleration, steering wheel rotation angle, pitching angle, rolling angle, 259 

etc.). Data can be recorded at time or space intervals of a fraction of a second or a fraction of a meter. 260 

 261 

2.3 Procedure 262 

The experiment was conducted with the free vehicle in its own driving lane. On the opposing lane, it 263 

was present a traffic flow to induce the driver not to drift to the incoming traffic lane and to make the 264 

driving experience of the participants closer to the driving experience in the real world. The features of 265 

the traffic on the opposing lane were the following: traffic volume equal to 280 v/h; speed of vehicles 266 

70 km/h; heavy vehicles equal to 5%. Such traffic features are representative of the typical traffic 267 

condition on the Italian two – lane rural roads, similar to that used in the present study. All the driver – 268 

cyclist interactions were designed to occur when in the opposing lane there was not any vehicle. This 269 

in order to avoid, during the overtaking maneuver, the influence on the driver behavior of an 270 

oncoming vehicle and therefore allow the analysis of the only induced effects by the interaction with 271 

the cyclist, the cross – section configuration and the geometric element of the road. The simulated 272 
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vehicle was a standard medium-class car (width of 1.60 m) and with automatic gears. The data 273 

recording system acquired all of the parameters at spatial intervals of 2 m.  274 

The driving procedure consisted of the following steps: (a) communicating to the driver about the 275 

duration of the driving and the use of the steering wheel, pedals, and automatic gear; (b) training at the 276 

driving simulator on a specific alignment with a length of approximately 15 Km in order to become 277 

familiar with the driving simulator and experience numerous interaction conditions such as car-278 

following condition, overtaking, braking, acceleration and so on with other vehicles (among these also 279 

bicycles) both on the driving lane and on the opposing lane; (c) filling in a form with personal data, 280 

years of driving experience, average annual distance driven; (d) driving the three road scenarios with 281 

the specific configuration (baseline condition and countermeasures 1 and 2). Between each scenario 282 

the driver waited about 5 minutes to restore his/her psychophysical conditions and filled in of a 283 

questionnaire about the interaction with the cyclist; (e) filling in of a questionnaire about the perceived 284 

discomfort during driving, to eliminate from the sample the driving performed under anomalous 285 

conditions. This questionnaire consisted of 5 questions, with each question addressing a typed of 286 

discomfort: nausea, giddiness, daze, fatigue, other. Each question could be answered by a score of 1–4 287 

in proportion to the level of discomfort experienced: null, light, medium, and high. The null and light 288 

level for all five types of discomfort is considered to be the acceptable condition for driving. Drivers 289 

were instructed to drive as they normally would in the real world. 290 

 291 

2.4 Participants 292 

Forty drivers (24 men and 16 women), whose ages ranged from 23 to 62 (average 29) and who had 293 

regular European driving licenses for at least three years, were selected to perform the driving in the 294 

simulator. They were chosen from students, faculty, staff of the University and volunteers from 295 

outside of the University. The drivers had no prior experience with the driving simulator and had an 296 

average annual driven distance on rural roads of at least 2500 km. The average number of years of 297 

driving experience was approximately 9.  298 

The sample was divided into 2 groups; each group drove the three road scenarios with a sequence of 299 

the encounters of the cyclist along the alignment (encounter order A or B). The sequence of the three 300 
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scenarios was counterbalanced to avoid influences due to the repetition of the same order in the 301 

experimental conditions. 302 

According to the questionnaire on perceived discomfort, one of forty drivers experienced a high level 303 

of discomfort during the simulated drive and was excluded from the sample. Thus, the size of the 304 

sample used for the following analysis consisted in 39 drivers. 305 

 306 

3. DATA PROCESSING 307 

In order to analyze how drivers behave in the interaction with the cyclist under the three different 308 

configurations of the cross–section and the four geometric elements (right curve and left curve with 309 

radius equal to 200 m, tangents 450 m and 650 m long) the following variables were collected: 310 

 d: the lateral position, i.e. the distance between the vehicle axis and the centerline in the point 311 

along the alignment where the vehicle overtakes the cyclist; it should be noted that such 312 

variable is not the lateral clearance between vehicle and cyclist used in previous studies in 313 

literature. Considering the bicycle lane width and the position of the longitudinal axis of the 314 

bicycle (0.75 m from the right edge of the shoulder), the lateral clearance is obtained from the 315 

following equation:  316 

lateral clearance = 4.50-(0.75+lh)- (d + w/2)   (1) 317 

where lh is the width of the leftbicycle handlebar and w is the width of the vehicle; 318 

 dav: the average lateral position from the beginning to the finish of the overtaking maneuver; 319 

the beginning and the ending points of the overtaking maneuver were located by the plotting 320 

of the lateral position profile that was adopted by driver. The beginning point was the point in 321 

which the driver started to modify his/her trajectory (moving to the centerline of the road, i.e. 322 

changing the steering wheel rotation angle) to overtake the cyclist. The ending point of the 323 

overtaking maneuver was the point in which the driver, returned on the right after the 324 

overtake, took a lateral position that remained constant (i.e. the steering wheel rotation angle 325 

remained constant);  326 

 V: the overtaking speed, i.e. the speed at the point in which d is recorded; 327 

 Vav: the average overtaking speed, i.e. the average speed of the entire overtaking maneuver. 328 
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The lateral position (d) and the speed (V) were recorded to study the driver behavior at the point along 329 

the alignment where the vehicle overtakes overtook the cyclist. The variables dav and Vav were also 330 

considered to analyze the average driver behavior during the entire overtaking maneuver of the cyclist. 331 

The figure 2 shows all the described variables. 332 

 333 

Figure 2 - Variables of the driver-cyclist interaction 334 

 335 

To obtain these variables when vehicle – bicycle interactions occurred, the lateral position profiles and 336 

the speed profiles were plotted for each driver, cross–section configuration and geometric element. 337 

Overall 468 lateral position profiles and 468 speed profiles were plotted (39 drivers x 3 cross-section 338 

configurations x 4 geometric elements). When the cyclist was not present, the variables were recorded 339 

at the same points and sections in which there would be the vehicle – bicycle interaction. 340 

 341 

 342 

4. DATA ANALYSIS AND RESULTS 343 
 344 

A multivariate variance analysis (MANOVA) procedure was conducted to investigate all of the 345 

interaction and main effects on the dependent variables (d, dav, V and Vav) due to three factors: 346 

configuration of the cross-section (baseline, countermeasures 1 and 2), presence/absence of cyclist, 347 

and geometric element of the alignment. For every combination of the three independent factors, the 348 

table 1 shows the descriptive statistics of the dependent variables and the values of lateral clearance 349 

obtained by the equation (1), assuming the vehicle width (w) equal to 1.60 m and the leftbicycle 350 

handlebar width (lh) equal to 0.20 m. 351 

 352 

Table 1 - Descriptive statistics.  353 

 354 

The interaction and the main effects on driver behavior due to independent factors were analyzed with 355 

MANOVA. A Bonferroni correction was used for multiple comparisons. MANOVA revealed (tab. 2) 356 

a significant main effect for cross-section (F(8,31) = 36.290, P = 0.000, Wilk’s  = 0.096, partial Eta 357 

squared = 0.904, observed power = 1.000) for the presence/absence of cyclist (F(4,35) = 49.774, P = 358 

0.000, Wilk’s  = 0.150, partial Eta squared = 0.850, observed power = 1.000), and for geometric 359 
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element (F(12,27) = 19.483, P = 0.000, Wilk’s  = 0.104, partial Eta squared = 0.896, observed power = 360 

1.000). A significant interaction effect was found for cross-section by presence/absence of cyclist 361 

(F(8,31) = 9.222, P = 0.000, Wilk’s  = 0.296, partial Eta squared = 0.704, observed power = 1.000) and 362 

geometric element by presence/absence of cyclist (F(12,27) = 11.318, P = 0.000, Wilk’s  = 0.166, 363 

partial Eta squared = 0.834, observed power = 1.000). 364 

 365 

Table 2 – Statistically significant main and interaction effects 366 

 367 

Tests of between-subject effects (tab. 3) revealed that only the spatial variables (d and dav) were 368 

statistically significantly affected by the cross-section and the presence/absence of cyclist, while all the 369 

dependent variables (d, dav, V and Vav) were affected by the geometric elements. Cross-section by 370 

presence/absence of cyclist affected only d and dav, while geometric element by presence/absence of 371 

cyclist affected dav, V and Vav.  372 

 373 

Table 3 –Main and interaction effects on dependent variables 374 
 375 

 376 

4.1 Effects of the cross-section configurations 377 
 378 

The effect of the cross-section on the lateral position (d) was statistically significant (F(1.359,51.627) = 379 

9.004; P = 0.002) (tab. 3); post – hoc analysis showed that the lateral position for the baseline 380 

condition (1.79 m) was statistically significantly higher than that for the countermeasure 2 (mean 381 

difference = 0.19 m; P = 0.000; d = 1.60 m) and not statistically significantly different than that for the 382 

countermeasure 1 (mean difference = 0.08; P = 0.411; d = 1.71 m). No other mean difference of d was 383 

statistically significant.  384 

The effect of the cross-section was statistically significant also for the average lateral position (dav) 385 

(F(1.708, 64.918) =112.055; P = 0.000) (tab. 3); post hoc – analysis showed that the average lateral position 386 

was statistically significantly higher for the baseline condition (2.00 m) than that for the 387 

countermeasure 1 (mean difference = 0.18 m; P = 0.000; dav= 1.82 m) and for the countermeasure 2 388 

(mean difference = 0.26 m; P = 0.000; dav= 1.74 m). Also the difference between the countermeasure 1 389 

and 2 was statistically significant (mean difference = 0.08 m; P = 0.000).  390 
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The effect of the cross-section was not statistically significant on the overtaking speed (V ranged 391 

between 25.5 m/s for countermeasure 2 and 25.9 m/s for baseline condition) and the average 392 

overtaking speed (Vav ranged between 25.5 m/s for countermeasure 2 and 26 m/s for baseline 393 

condition). Such values were similar to the recorded values on field on two-lane rural roads with 394 

posted speed limit of 90 km/h or 55mph and with cross-sections that had similar driving lane and 395 

shoulder widths of those analyzed in the present study (Kay et al., 2014; Garcia et al., 2015). 396 

 397 

4.2 Effects of the presence/absence of the cyclist 398 
 399 

The effect of the presence/absence of cyclist was statistically significant on the lateral position (d) and 400 

the average lateral position (dav) (F(1,38) = 148.546; P = 0.000 and F(1,38) = 156.264; P = 0.000, 401 

respectively) (tab. 3). Test between subjects indicated that for absence of cyclist d (d = 1.96 m) was 402 

statistically significantly higher than that for the cyclist presence condition (mean difference = 0.52 m; 403 

P = 0.000; d = 1.44 m), highlighting as the cyclist presence induces an average displacement of 0.52 m 404 

to the center of the road. It should be noted that the value of lateral position when the cyclist was 405 

present (d=1.44 m) corresponds to a lateral clearance between vehicle and bicycle equal to 1.31 m 406 

(assuming the vehicle width equal to 1.60 m and the leftbicycle handlebar width equal to 0.20 m). 407 

Such value is consistent with the values of lateral clearance obtained on cross-sections similar to those 408 

of the present study (Walker et al., 2014, Llorca et al., 2014, Garcia et al., 2015). 409 

Also dav had similar results; for the absence of cyclist condition the average lateral position (dav =1.96 410 

m) was statistically significantly higher than that for the presence of cyclist condition (mean difference 411 

= 0.22 m; P = 0.000; dav= 1.74 m).  412 

The effect of the presence/absence of cyclist was not statistically significant on the overtaking speed 413 

(V was equal to 25.6 m/s in cyclist presence and 25.7 m/s in cyclist absence) and the average 414 

overtaking speed (Vav  was 25.8 m/s in cyclist presence and absence).  415 

 416 

4.3 Effects of the geometric element 417 
 418 

The effect of the geometric element was statistically significant on d (F(2.374,90.198) = 28.248; P = 0.000), 419 

on dav (F(2.619,99.506) = 18.130; P = 0.000), on V (F(1.719,65.322) = 47.412; P = 0.000) and on Vav (F(1.697,64.498) 420 

= 46.724; P = 0.000) (tab. 3).  421 
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Test between subjects indicated that the lateral position on the left curve (1.35 m) was statistically 422 

significantly lower than that on the right curve (mean difference = -0.41 m; P = 0.000; d = 1.76 m), on 423 

the tangent 450 m long (mean difference = -0.50 m; P = 0.000; d = 1.85 m) and on the tangent 650 m 424 

long (mean difference = -0.50 m; P = 0.000; d = 1.85 m). No other mean difference was statistically 425 

significant.  426 

Similar results were obtained for dav; the average lateral position for the left curve (1.74 m) was 427 

statistically significantly lower than that for the right curve (mean difference = -0.15 m; P = 0.000; dav 428 

= 1.89 m), for the tangent 450 m long (mean difference = -0.13 m; P = 0.000; dav = 1.87 m) and for the 429 

tangent 650 m long (mean difference = -0.17 m; P = 0.000; dav = 1.91 m). No other mean difference 430 

was statistically significant.  431 

Test between subjects on V showed that the value of this variable for the tangent 450 m long (26.83 432 

m/s) was statistically significantly higher than that for the left curve (mean difference = 2.09 m/s; P = 433 

0.000; V=24.74 m/s) and for the right curve (mean difference = 2.74 m/s; P = 0.000; V=24.12 m/s). 434 

Also V for the tangent 650 m long (27.17 m/s) was statistically significantly higher than that for the 435 

left curve (mean difference = 2.43 m/s; P = 0.000) and for the right curve (mean difference = 3.05 m/s; 436 

P = 0.000). The differences between the two tangents and between the right and left curve were not 437 

statistically significant.  438 

Similar results were obtained for Vav. The average overtaking speed for the tangent 450 m long (26.83 439 

m/s) was statistically significantly higher than that for the left curve (mean difference = 1.77 m/s; P = 440 

0.000; Vav = 25.06 m/s) and for the right curve (mean difference =2.39 m/s; P = 0.000 Vav = 24.44 m/s). 441 

Also for the tangent 650 m long, the average overtaking speed (27.19 m/s) was statistically 442 

significantly higher than that for the left curve (mean difference = 2.14 m/s; P = 0.000) and for the 443 

right curve (mean difference = 2.76 m/s; P = 0.000). The values of Vav between the tangents were not 444 

statistically significantly different, while for the right curve Vav was statistically significantly lower 445 

(24.44 m/s) than that for the left curve (mean difference = -0.62 m/s; P = 0.019).  446 

 447 

4.4 Interaction effects 448 
 449 
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The interaction cross-section by presence/absence of cyclist affected in a statistically significant way 450 

the lateral position (F (1.309,49.734) = 6.466; P = 0.009) and the average lateral position (F (1.894,71.954) = 451 

19.533; P = 0.000) (tab. 3).  452 

The figure 3.a shows that the cyclist presence induced the driver to move towards the centerline 453 

(compared to the recorded position for cyclist absence) with a decreasing trend while the shoulder 454 

width or the bicycle lane width increased (the driver moved 0.68 m for the baseline condition; 0.52 m 455 

for the countermeasure 1 and 0.36 m for the countermeasure 2). That highlights a different level of 456 

interference, due to the presence of the cyclist, on the driver trajectory for the several cross – sections.  457 

 458 

Figure 3 - Interaction effect of the cross-section by presence/absence of cyclist on a) lateral 459 

position; b) average lateral position  460 

 461 

Results in terms of average lateral position (fig. 3.b) were similar to those obtained for d. It should be 462 

noted that as the shoulder (or bicycle lane) width increased, the driver travelled closer to the centerline 463 

(dav was 1.85 m for baseline condition, 1.71 m per countermeasure 1 and 1.66 m per countermeasure 464 

2) and, thus further from the cyclist. 465 

The interaction geometric element by presence/absence of cyclist affected in a statistically significant 466 

way dav (F(2.178,82.754) = 9.437; P = 0.000), V (F(2.564,97.439) = 7.315; P = 0.000) and Vav (F(2.519,95.731) = 467 

4.314; P = 0.010) (tab. 3). No interaction effect geometric element by presence/absence of cyclist was 468 

found on d (F(1.692,64.305) = 0.771; P = 0.447). However, it should be noted that for absence of cyclist 469 

condition, the driver assumed on the left curve a less lateral position than that on the other geometric 470 

elements (for left curve d was 1.64 m while for the others element the values of d were between 2.02 471 

m and 2.13 m) (fig. 4a), highlighting in this way a clear propensity to cut the left curve.  472 

 473 

Figure 4 - Interaction effect of the geometric element by presence/absence of cyclist on a) lateral 474 

position (statistically not significant); b) average lateral position   475 

 476 

The presence of the cyclist induced the driver to displace towards the centerline in variable extent 477 

between 0.43 m on the tangent 650 m long and 0.57 m on the left curve. It should be noted that the 478 

lateral position values when the cyclist was present are equivalent to lateral clearance between vehicle 479 
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and bicycle equal to 1.11 m on tangent 650 m long, 1.18 m on tangent 450 m long, 1.26 m on right 480 

curve and 1.68 m on left curve (assuming the vehicle width equal to 1.60 m and the leftbicycle 481 

handlebar width equal to 0.20 m). It should also be noted that the displacement towards the centerline 482 

on the left curve due to the presence of the cyclist determines a distance of the vehicle left side from 483 

the opposing lane of only 0.27 m (1.07 m – 0.80 m that is the half width of the vehicle). Therefore, the 484 

cyclist presence on the left curve, inducing on the driver trajectory a concordant effect (moving away 485 

from the cyclist) with that induced by the geometry (tendency to cut the curve), determines an 486 

excessive and risky displacement of the vehicle to the opposing lane. 487 

With respect of the average lateral position it was observed that, for absence of cyclist condition, the 488 

values of dav confirms the driver propensity to cut the left curve (the minimum value equal to 1.77 m 489 

was recorded for left while for the others element the values of dav were 2.01 m or 2.05 m) (fig. 4b).  490 

The interaction effects geometric element by presence/absence of cyclist for V and Vav were similar 491 

(fig. 5) Results indicated that speeds on tangents were almost the same in the condition of presence 492 

and absence of the cyclist. A similar result was observed for the left curve; in this case, the driver 493 

tended to cut his/her trajectory and, thus, he/she did not need to reduce the speed. Conversely, for the 494 

right curve, the speeds (V and Vav) were lower for the condition of presence of the cyclist. 495 

 496 

Figure 5 - Interaction effect of the geometric element by presence/absence of cyclist on: a) 497 

overtaking speed; b) average overtaking speed  498 

 499 

4.5 Outcomes of the questionnaire 500 
 501 

The results of the questionnaire showed that 62% of the drivers did not perceived risk while they 502 

overtook the cyclist for the baseline condition. For the countermeasure 1 and 2 about 80% of the 503 

drivers did not perceived risk during the interaction with the cyclist.  504 

 505 

5. DISCUSSION  506 

Statistical analysis showed that the effect of the cross-section was statistical significant on d and dav 507 

but not on speeds (V and Vav). In particular, d and dav were higher when the vehicle lane was wider (i.e. 508 

the shoulder or bicycle lane width was the narrowest). This finding highlights that the width of the 509 
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vehicle lane affects the lateral position adopted by the driver inducing him/her to choose a trajectory 510 

close to the axis of the vehicle lane. However, the width of the vehicle lane does not affect the driver’s 511 

speed. Considering that the 3 cross-sections have the same width (equal to 4.50 m, sum of the widths 512 

of the vehicle lane and shoulder or bicycle lane), the obtained result shows that the driver, for the 513 

speed adoption, perceives the 3 cross-sections in the same way, although they are differently organized 514 

in terms of lane and shoulder width. This result is consistent with previous findings that highlighted a 515 

different driver speed behavior by varying the overall width of the cross-section (Godley et al., 2004; 516 

Bella, 2013). 517 

The effect of the presence/absence of the cyclist was statistically significant on d and dav, while the 518 

recorded speeds (both the overtaking speed and the average overtaking speed) were not affected by the 519 

presence/absence of the cyclist. This means that the cyclist affected only the trajectory of the driver 520 

but not its speed. This result is in line with the outcomes of a study by Garcia et al. (2015), who 521 

observed speed reductions (from the condition of free – flow to the condition of cyclist presence) near 522 

to zero on some two-lane rural roads.  523 

The lateral position (d) and the average lateral position (dav) were higher when the cyclist was absent. 524 

Conversely, when the cyclist was present, the driver perceived him as an obstacle and, thus, he/she 525 

moved closer to the centerline of the road. This result was expected and confirms the outcomes of 526 

previous studies (e.g. Walker et al., 2014; Llorca et al., 2014; Garcia et al., 2015). 527 

Interesting results were highlighted from the interaction effect cross-section by presence/absence of 528 

cyclist (statistically significant) on d and dav. Results on the lateral position showed a decreasing level 529 

of influence on the driver trajectory due to the presence of the cyclist with the increasing of the 530 

shoulder or bicycle lane width (the displacement towards the centerline was 0.68 m for the baseline, 531 

0.52 m for the countermeasure 1 and 0.36 m for the countermeasure 2). The results on average lateral 532 

position highlighted that a wider bicycle lane ensures a higher later clearance distance between driver 533 

and cyclist, allowing safer overtaking maneuver. These results confirm the crucial role of the bicycle 534 

lane width on the lateral clearance (Llorca et al., 2014; Garcia et al., 2015).  535 

Statistical analysis showed that the geometric elements affected all the variables (d, dav, V and Vav). 536 

The lateral position for the left curve (1.35 m) was statistically lower than that for the tangents (1.85 537 
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m) and for the right curve (1.76 m). Moreover, the result on dav was similar. These findings highlight 538 

that the driver took a different trajectory on the left curve; in particular, he/she was closer to the 539 

centerline, meaning that he/she tended to cut the curve. This outcome is consistent with the findings of 540 

several studies (Felipe and Navin, 1998; Bella, 2013; Garcia et al., 2015).  541 

The effects on V and on Vav were similar; the overtaking speed and the average overtaking speed were 542 

almost the same for the tangents 450 m and 650 m long (about 26.8 m/s and 27.1 m/s respectively), 543 

while were lower on the left and the right curve. These results were expected and show that the driver 544 

adopts a higher speed on the less demanding geometric elements. Moreover, for the left curve V (24.74 545 

m/s) and Vav (25.06 m/s) were higher than those for the right curve (24.12 m/s and 24.44 m/s, 546 

respectively). This outcome was determined by the trend of the driver to cut the left curve; this allows 547 

him/her to maintain higher speed compared to that for the right curve.  548 

The interaction effect geometric element by presence/absence of cyclist highlighted that the presence 549 

of the cyclist induced the driver to displace towards the centerline in variable extent for the different 550 

geometric elements. On the less demanding geometric elements, the minimum lateral clearances 551 

between driver and cyclist (equal to 1.11m on tangent 650 m long and 1.18 m on tangent 450 m long) 552 

were recorded. However, such lateral clearances (both higher than three feet, which is the minimum 553 

value suggested by several guidelines (Smith, 2009) were sufficient to allow the driver to maintain the 554 

same speed adopted in the condition of cyclist absence. On the left curve, the presence of the cyclist, 555 

inducing on the driver trajectory a concordant effect (moving away from the cyclist) with that induced 556 

by the geometry of the left curve (tendency to cut the curve), determined a high lateral clearance 557 

between driver and cyclist (1.68 m), but also an excessive and risky displacement of the vehicle to the 558 

opposing lane. This critical condition was also amplified by the high speed adopted by the driver, 559 

which was similar to that adopted for the condition of cyclist absence. On the right curve, the presence 560 

of the cyclist determined also a displacement towards the center of the road and then a lateral 561 

clearance of 1.26 m, higher than the lateral clearance values recorded in tangents. This outcome can be 562 

reasonably explained by the driver propensity to move further from the cyclist (compared to the same 563 

interaction on tangents) to perform the demanding maneuver of entering in the right curve. The 564 
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complexity of the interaction with the cyclist on such demanding geometric element also led to a speed 565 

reduction compared to the cyclist absence condition.  566 

 567 

6. CONCLUSIONS 568 
 569 

This study aimed at analyzing the driver’s behavior during the overtaking maneuver of a cyclist under 570 

three different cross-sections (all with same width, but with and without a bicycle lane and for 571 

different widths of bicycle lane) and four geometric elements of the alignment (2 tangents with 572 

different lengths, right curve and left curve). The main results were the following. 573 

The width of the vehicle lane affects the lateral position adopted by the driver, inducing him/her to 574 

select a trajectory that is close to the axis of the vehicle lane, but it does not affect the driver’s speed. 575 

The same driver speed behavior recorded on the 3 cross-sections seems to depend on the overall width 576 

of the cross-section (the same for the 3 cross-sections) and not on the different widths of the vehicle 577 

lane and shoulder or bicycle lane. 578 

The cyclist affected the trajectory of the driver but not his/her speed. The driver perceived the cyclist 579 

as an obstacle and, thus, he/she moved closer to the centerline of the road without reducing the speed.  580 

The presence of the cyclist determined different levels of influence on driver’s trajectory for the 3 581 

cross-sections: compared to the lateral position adopted when the cyclist was absent, the displacement 582 

towards the centerline was decreasing with the increasing of the shoulder or bicycle lane width. In 583 

addition, it was clear that a wider bicycle lane ensures a higher later clearance distance between driver 584 

and cyclist, allowing safer overtaking maneuver.  585 

The driver had a different behavior in terms of lateral position on the left curve compared to those that 586 

were recorded on the other geometric elements. More specifically, the driver travelled nearest to the 587 

centerline on the left curve, meaning that he/she tended to cut the trajectory. The results on the speeds 588 

were expected and showed that the driver adopts a higher speed on the less demanding geometric 589 

elements.  590 

The interferences of the cyclist on driver’s behavior depend on the geometric elements. On tangents, 591 

the lowest lateral clearances (nevertheless higher than that the suggested minimum values in literature) 592 

were recorded and no speed reduction, compared to the condition of cyclist absence, was observed. On 593 
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the left curve, the highest lateral clearance was recorded. Two concordant causes determined it: the 594 

tendency of the driver to move away from the cyclist and to cut the curve. This led to an excessive and 595 

risky displacement of the vehicle to the opposing lane, whose criticality was also emphasized by the 596 

high speed adopted by the driver. Finally, on the right curve, the lateral clearance was higher than that 597 

recorded on tangents, probably due to the necessity of the driver to perform the demanding maneuver 598 

of entering in the right curve, which also determined a speed reduction.  599 

These results provide useful suggestions for the most efficient cross-section reorganization of existing 600 

two-lane rural roads to improve the road safety. More specifically, it should be recommended to: 601 

These results provide useful suggestions for the most efficient cross-section reorganization of existing 602 

two-lane rural roads to improve the road safety. More specifically, it should be recommended to: 603 

 reserve as much as possible wide bicycle lanes to ensure higher later clearance distances 604 

between driver and cyclist during the overtaking maneuver; 605 

 reduce the speed limit to reduce the dangerous dynamic effects on the cyclist (in particular on 606 

tangents, where the less lateral clearance was recorded) and to make less critical and less 607 

difficult the overtaking maneuver of a cyclist on the curves. 608 

The current study investigated only one value of the curve radii (200 m); considered the criticality of 609 

the driver-cyclist interactions on the curves, further analysis should be carried out to study the driver 610 

behavior on a wide range of radii values. In addition, considering that the oncoming traffic was found 611 

by several studies in literature as one as the main variables that affect the driver behavior during the 612 

overtaking maneuver of a cyclist, further researches should be focused to evaluate the influence of 613 

several levels of oncoming traffic. Further studies could extend also the analysis to the effects of 614 

groups of cyclists, which is a frequent condition of cycling on two-lane rural roads.  615 

Finally, it should be highlighted that the present study was conducted using the advanced driving 616 

simulator of the Department of Engineering – Roma Tre University. Therefore, the caveats that are 617 

usually referred to driving simulator studies must be raised. Among these, the main is referred to the 618 

possibility that the driver’s behavior observed in driving simulation can be different from that in the 619 

real world. Although the driving simulator used in the present study was validated for the analysis of 620 

drivers’ behaviors on two-lane rural roads (Bella, 2008b), it is not possible to implicitly assume the 621 
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validity of the simulator for the driver – cyclist interaction study (Bella, 2009). In other words, the 622 

actual correspondence between the behavior observed in simulation and that recorded on field in the 623 

same condition of driver – cyclist interaction should be verified. A such specific validation study has 624 

not yet been developed. However, it should be noted that for the aim of the current study, only the 625 

relative validity (which refers to the correspondence between the effects of different variations in the 626 

driving situation) is required (Tornos, 1998).  It should also be noted that the recorded data showed 627 

that the drivers reacted differently at the different road scenarios, giving reasonable results. In 628 

addition, the obtained results are consistent with the outcomes of previously studies conducted on 629 

field. Therefore, there are reasonable guarantees that the present driving simulator study provides 630 

reliable findings in terms of relative effects induced by cross-section configurations and geometric 631 

elements on the driver’s behavior during the interaction with a cyclist along a two-lane rural road. 632 
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 847 

Table 1 - Descriptive statistics.  848 

Cross-section 
Cyclist 

condition 
Geometric 
element 

Lateral 
clearance [m] 

d [m] dav [m] V [m/s] Vav [m/s] 

      Average Average SD Average SD Average SD Average SD 

Baseline Present Right curve 1.28 1.47 0.44 1.84 0.26 23.58 3.02 24.11 2.71 

  
Left curve 1.66 1.09 0.59 1.83 0.28 25.52 3.06 25.58 2.66 

  
Tangent L = 450 m 1.15 1.60 0.36 1.85 0.27 27.01 1.77 26.99 1.71 

  
Tangent L = 650 m 1.10 1.65 0.44 1.87 0.32 27.23 3.14 27.22 3.05 

 
Absent Right curve 0.42 2.33 0.49 2.29 0.37 24.74 3.09 24.79 3.03 

  
Left curve 0.96 1.79 0.55 1.91 0.29 24.93 2.75 25.20 2.60 

  
Tangent L = 450 m 0.58 2.17 0.34 2.17 0.33 26.91 2.04 26.89 1.99 

  
Tangent L = 650 m 0.51 2.24 0.29 2.22 0.26 27.22 1.80 27.22 1.74 

Countermeasure 1 
(bicycle lane = 1.5 m) 

Present Right curve 1.26 1.49 0.38 1.74 0.21 23.63 3.05 24.29 2.59 

  
Left curve 1.65 1.10 0.27 1.70 0.24 24.96 3.16 25.36 2.83 

  
Tangent L = 450 m 1.17 1.58 0.25 1.65 0.25 26.97 2.20 26.97 2.21 

  
Tangent L = 650 m 1.11 1.64 0.29 1.76 0.21 26.93 1.90 27.01 1.80 

 
Absent Right curve 0.83 1.92 0.40 1.96 0.30 24.82 3.23 24.81 3.04 

  
Left curve 1.19 1.56 0.32 1.71 0.19 24.03 4.83 24.93 2.56 

  
Tangent L = 450 m 0.39 2.36 0.22 1.99 0.21 26.93 2.44 26.89 2.44 

  
Tangent L = 650 m 0.70 2.05 0.19 2.01 0.20 27.09 1.98 27.09 1.97 

Countermeasure 2 
(bicycle lane = 1.75 m) 

Present Right curve 1.24 1.51 0.36 1.66 0.20 23.49 2.87 24.12 2.63 

  
Left curve 1.74 1.01 0.42 1.58 0.35 24.35 3.58 24.30 5.10 

  
Tangent L = 450 m 1.21 1.54 0.22 1.66 0.20 26.82 2.24 26.72 2.09 

  
Tangent L = 650 m 1.11 1.64 0.25 1.71 0.22 26.95 2.13 27.06 2.08 

 
Absent Right curve 0.93 1.82 0.36 1.86 0.25 24.46 3.30 24.49 3.16 

  
Left curve 1.20 1.55 0.41 1.70 0.22 24.09 2.86 24.31 2.76 

  
Tangent L = 450 m 0.89 1.86 0.30 1.87 0.28 25.88 2.82 25.88 2.79 

    Tangent L = 650 m 0.84 1.91 0.23 1.90 0.23 27.60 2.51 27.57 2.48 
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 853 

Table 2 – Statistically significant main and interaction effects 854 

 855 

Independent 

variable  

F P Wilk’s  Partial Eta 

Squared 

Observed 

Power 

 

Cross- section F(8,31) = 36.290 0.000 0.096 0.904 1 

 

Presence/Absence 

of cyclist 

F(4,35) = 49.774 0.000 0.150 0.850 1 

Geometric 

element 

F(12,27) = 19.483 0.000 0.104 0.896 1 

 

Cross- section by 

Presence/Absence 

of cyclist 

F(8,31) = 9.222 0.000 0.296 0.704 1 

Geometric 

element by 

Presence/Absence 

of cyclist 

F(12,27) = 11.318 0.000 0.166 0.834 1 
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 858 

Table 3 –Main and interaction effects on dependent variables 859 

 860 
Independent  

variable  

Dependent variable  F P 

Cross- section Lateral position (d)  F(1.359,51.627) = 9.004 0.002 

 Average Lateral 

position (dav) 

F(1.708, 64.918) =112.055 0.000 

Presence/Absence of 

cyclist 

Lateral position (d)  F(1,38) = 148.546  0.000 

 Average Lateral 

position (dav) 

F(1,38) = 156.264  0.000 

Geometric element Lateral position (d)  F(2.374,90.198) = 28.248 0.000 

 Average Lateral 

position (dav) 

F(2.619,99.506) = 18.130 0.000 

 Overtaking speed (V) F(1.719,65.322) = 47.412 0.000 

 Average Overtaking 

speed (Vav) 

F(1.697,64,498) = 46.724 0.000 

Cross- section by 

Presence/Absence of 

cyclist 

Lateral position (d)  

 

F(1.309,49.734) = 6.466 0.009 

 Average Lateral 

position (dav) 

F(1.894,71.954) = 19.533 0.000 

Geometric element by 

Presence/Absence of 

cyclist 

Average Lateral 

position (dav) 

F(2.178,82.754) = 9.437 0.000 

 Overtaking speed (V) F(2.564,97.439) = 7.315 0.000 

 Average Overtaking 

speed (Vav) 

F(2.519,95.731) = 4.314 0.010 
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FIGURE CAPTIONS 863 

 864 

Figure 1 - Cyclist on cross-section configurations a) baseline condition, b) countermeasure 1, c) 865 

countermeasure 2  866 
 867 

Figure 2 - Variables of the driver-cyclist interaction 868 
 869 

Figure 3 - Interaction effect of the cross-section by presence/absence of cyclist on a) lateral 870 

position; b) average lateral position   871 
 872 

Figure 4 - Interaction effect of the geometric element by presence/absence of cyclist on a) lateral 873 

position (statistically not significant); b) average lateral position   874 
 875 

Figure 5 - Interaction effect of the geometric element by presence/absence of cyclist on: a) 876 

overtaking speed; b) average overtaking speed 877 
 878 
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