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Abstract 

This study focused on driving inside road tunnel and is aimed to establish how drivers behave inside tunnel as 
well as approaching it and exiting from it.  The paper analyses the effects of tunnel on drivers performance using 
driving simulator. A tunnel scenario is reproduced in CRISS simulator and driving parameters are compared with 
the data of a control scenario, characterized by the same road alignment, but without tunnel. Results match 
several findings of epidemiological studies on real-world tunnel, providing strong support to the use of driving 
simulation for studying drivers’ behaviour and its consequence on road safety.  
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1. Introduction 

Until the end of the second millennium the risk associated with road tunnels was yet considered as relatively 
low. However the tragic fires in the tunnels of Mont-Blanc (France/Italy, 1999), Tauern (Austria, 1999) and 
Gothard (Switzerland, 2001) have profoundly modified safety procedures in underground constructions, raising 
the profile of tunnel safety especially in applying the risk theories to the design of new galleries or proposing 
safety measures for existing tunnels. The European regulations governing road tunnels have been considerably 
modified, and the requirements for new tunnels have increased significantly [1]. 

The subject of road tunnel is one of the topic most discussed in literature. A wide body of research has 
examined different factors affecting road crash risk inside road tunnel both from a crash prevention perspective, 
analyzing tunnel design (e.g. [2, 3]), traffic regulations (e.g. [4-6]), appropriate facilities (e.g. [7, 8]) and 
maintenance (e.g. [9]), and from a mitigation of the crash causes studying for example proper emergency 
facilities and fire resistant structures (e.g. [10]). This research has generally focused on crash risk evaluation and 
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analysis of the relationship between tunnel safety and tunnel features and particularly tunnel facilities with 
specific attention to the management of emergency situations. On the contrary very little actual research has 
examined the impact of road tunnels on driving performance in order to define if and how tunnels can affect and 
influence driving operating and safety and what are the tunnels features that have the highest impact on drivers 
performances. According to the increasing needs of interdisciplinary study for solving safety problems (e.g. [11]), 
the role of human factors in tunnel safety is surely a critical issue that should be studied more in depth to improve 
the actual knowledge in this field. In example PIARC [12] technical committee on road tunnel operation 
developed a study on human factors and road tunnel safety in order to provide a better understanding of user 
behavior in road tunnels in both normal and critical situations.  

In the present study the authors want to contribute to enhance the actual knowledge of human factors related to 
road tunnels by investigating their effects on driving performance and suggesting new ideas and preliminary 
methods for the evaluation of the lengths of approaching and exiting tunnel sections through a driving simulator 
study. Driving simulation is actually the most advanced tool able to include human factor principles into the road 
design process and safety analysis. In these last decades the driving simulator has become an important 
technology for assisting geometrical road design as well as for studying the driver performance under different 
traffic and environmental conditions (e.g [13, 14]). It makes possible to evaluate the interactions between the 
driver, the vehicle and the road environment through an interdisciplinary approach offering a very promising 
perspective for road safety design and management.  

Specifically in this paper the authors present the main results of a pilot study on the dynamic and cinematic 
effects of road tunnels on driving behaviour developed in the virtual reality environment of the CRISS 
(Interuniversity Research Centre of Road Safety) driving simulator. The specific objectives of the study are: 

 The evaluation of driver behaviour inside road tunnel and the assessment of the effects of tunnels on driving 
performances and safety 

 The evaluation of driver behavior approaching and exiting road tunnel 
 The suggestion of an empirical procedure for detecting road sections where driver performances are 

influenced by road tunnels. 

2. Literature Review 

The topic of road tunnel is largely discussed in literature under different perspective, from accident analysis to 
tunnel design and management of high risk conditions. In example many researchers evaluated the accident rates 
inside road tunnels (e.g. [15-18]), while others proposed accidents models based on road tunnel features (e.g. 
[19]). 

Other researchers studied the accident rates of road tunnels in order to evaluate the tunnel features that could 
mainly affect the safety. In example it was found that the length of road tunnels is a major factor in influencing 
driving dynamics that can lead to incidental events. Specifically longer the tunnel lower the accident rate 
recorded [15, 18]. Moreover some studies found that in the nearness of short road tunnels higher accident rate 
were recorded [15, 16]. More specifically several studies demonstrated the attention that should be given to 
entrance zone of tunnels. In example Amundsen et al. [16] demonstrated that a considerable percentage of 
accidents in tunnels occurred in a zone from 50 m ahead of the tunnel portal to 50 m past the portal and that the 
zone just before each tunnel was four times as dangerous as the middle of the tunnel. Other researches (e.g. [20]) 
focused on the effects of tunnel entrance on drivers physiological performance. It has been demonstrated that 
since 150 meters before entering the tunnel, driver attention was focused on the tunnel entrance almost neglecting 
all the information on signs located closely at the portal.  

On the contrary in literature there are few studies that investigate the effects of road tunnels on driving 
performance and specifically to understand if and how drivers change their behavior approaching, through and 
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exiting the tunnel and what are the main effects on driving safety conditions. In order to analyze the effect of road 
tunnels on driving performance many researchers used a tool that overcomes the problems (e.g. safety, cost, 
experimental control) of on field studies. Such useful technique is the driving simulation. Several studies have 
demonstrated that driving simulation provides the driver with enough visual information to allow him to correctly 
perceive speeds and distances (for exhaustive references see Bella [14]). All over the world there are some 
applications of driving simulation in the field of road tunnels. Although the objectives of the studies are different, 
all the researches demonstrate the great potential of such advanced technology as discussed below in the present 
paper. 

In example, Lidstrom [2] developed a virtual model of some proposed tunnel designs using an advanced 
driving simulator. The main objective of the study consisted in showing the design in advance and using it as a 
platform for future tunnel research projects. The most of the designers who drove the virtual roads experienced 
first of all the great difference between evaluating a design passively by watching a video animation and actually 
driving with all senses experiencing the design. Kircher and Ahlstrom [9] found that tunnel design and 
illumination had some influence on the drivers’ behavior, but visual attention given to the driving task was the 
most crucial factor. Shimojo et al. [5] studied the problems of cross section design and methods for providing 
traffic information by analyzing driving performance and drivers stated preferences in a tunnel using a driving 
simulator. The authors found that there was no clear difference in the average driver’s speed and the average 
lateral position for different cross section types. Manser and Hancock [8] wanted to determine if the type of 
visual pattern and presence of texture applied to road tunnel walls differentially affected driving performance. 
Results demonstrated that, when compared to baseline condition (no visual pattern), the drivers gradually 
decreased speed when exposed to the decreasing width visual pattern and increased speed with the increasing 
width visual pattern. 

The driving simulation was also used for estimating the expected driver’s behaviour in case of emergency in a 
road tunnel. In the frame of the UPTUN project [3] a driving simulator study demonstrated that drivers 
underestimated the distance travelled. It can affect drivers’ behavior in emergency case, when they have to 
choose the nearer exit of the tunnel for escaping. 

Other studies focused on the evaluation of the effectiveness of signs and information for driving exercise. 
Upchurch et al. [6] found that driving simulator can be an effective tool for the evaluation of problems related to 
guide signing demonstrating that it allows not only the identification of problems but also an evaluation of 
alternative remedies through human factors experiments. More recently Lorentzen et al. [4] used virtual driving 
simulations to assist the design of road signs. The results of driver’s reactions during simulations contributed to 
the road design process. 

Another field of research is the validation of driving simulator for road tunnel studies. The first that 
demonstrated it was Tornos [21] using a medium-cost driving simulator similar to the one used in our study. 
Speed and lateral position of a sample of drivers were measured in a real tunnel and in the same tunnel 
implemented on the VTI driving simulator. A relative validity was demonstrated. More recently Hirata et al. [22] 
indicated that the perceived speed, distance headway, and physiological data in the simulator showed almost the 
same trend as that in the real world inside a road tunnel. Same results were obtained by Akamatsu et al. [7] in 
terms of driver’s accelerator pressure. 

3. Method 

The research was organized into the following steps: a driving simulator study (data collection of an existing 
highway section characterized by several tunnels and implementation of the highway alignment and environment 
in the driving simulator, creation and implementation of road tunnels in the simulated scenario, driving tests and 
data collection); post processing of data and calculation of longitudinal speeds, lateral positions and other 
simulation outcomes both in the scenario without road tunnels (control scenario) and the same scenario with road 



1103 Alessandro Calvi et al.  /  Procedia - Social and Behavioral Sciences   53  ( 2012 )  1100 – 1110 

tunnels (tunnel scenario); a statistical analysis of data aimed at evaluating the significant effects of road tunnels 
on driving performance; proposal of a new procedure for the identification of road sections before and after each 
road tunnel where driving performance are still influenced by the tunnel itself. 

3.1. Driving simulator study 

3.1.1. CRISS driving simulator 

Driving simulation tests were performed at the STI driving simulator system at the laboratory of the 
Interuniversity Research Centre of Road Safety, CRISS (Figure 1) located at Roma TRE University. The system 
is an interactive fixed-base driving simulator including a complete vehicle dynamics model. The model has been 
adapted to run in real time and it has been validated extensively [23]. 

Fig. 1. Driving simulator at CRISS laboratory 

The hardware consists of four networked computers and three hardware interfaces (the steering systems, the 
pedals and the manual gearshift). The road scenario is projected onto three big screens providing a 135 degree 
field of view. The resolution of the visual scene is 1024 × 768 pixels with a refresh rate of 30 to 60 Hz depending 
on scene complexity and traveling conditions of the vehicle that depend on the actions of the driver on the pedals 
and the steering wheel. The simulator allows modeling the road in accordance with the traditional roads 
engineering constraints. The data recording system acquired all the parameters at spatial intervals of 4 meters. 

3.1.2. Test alignment 

The scenario construction is a crucial step as it is very important to give the best reliability and an adequate 
level of realism to the simulation scenario. As experimentally demonstrated elsewhere [23] if the scenario has an 
adequate level of realism, the driver behaves in virtual reality as in the real world. A highway scenario was 
reproduced in the driving simulator according to an existing Italian highway section characterized by several 
tunnels along its alignment. The road cross section was composed by a dual carriageway with two lanes (3.75 m 
wide). The shoulders were 2.50 m wide and the median 3.0 m. The total length of the scenario was 8500 meter. 
The horizontal alignment had 11 different geometric elements: 6 tangents and 5 curves. The length of tangents 
and the radius of curves ranged, respectively, from 300 m to 1300 m and from 255 m to 500 m. Along the 
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highway section there were six tunnels at different longitudinal positions along the road alignment, on different 
geometric elements. The tunnels length ranged between 123 and 342 meters.  

3.1.3. Procedure 

The tests procedure was broken down into the following steps: 1) communicating to the driver about the 
duration of the driving and the use of the steering wheel, pedals and automatic gear; 2) training in the driving 
simulator on a specific alignment for approximately 15 min; 3) the execution of one test scenario (control or 
tunnel scenario); 4) filling the evaluation questionnaire about type and entity of the discomfort perceived during 
the driving; 5) the driver vacating the car for about 1 hour to reestablish psychophysical conditions similar to 
those at the beginning of the test; 6) the execution of the second test scenario (tunnel or control scenario); 7) 
filling again the evaluation questionnaire relating to the second scenario.  

Specifically in the control scenario, tunnels are removed from simulation. It is considered as the baseline 
condition for the analysis of the effects of road tunnel on driver performance. In the tunnel scenario tunnels are 
replaced exactly in the same sites of the real environment. In such a way, comparing driving simulation outcomes 
of the two scenarios, it is possible to study the effects of road tunnels on driving performance limiting any biases 
due to the road alignment and transversal section. The sequence of the two scenarios was varied across drivers in 
order to avoid influences due to the repetition of the same order in the experimental conditions. Subjects were 
required to drive in the center of the right lane. They could see their speed on the speedometer visualized on the 
screen and were free to choose the velocity they prefer. In this experimental design the traffic flow was low both 
in the right lane and in the passing lane. 

3.1.4. Participants 

Twenty drivers (12 men and 8 women; mean age of 26 years, age range of 22-46 years) were selected to drive 
in the simulator. They were chosen from students and staff of the University according to the following 
characteristics: no experience with the driving simulator, at least 3 years of driving experience and an average 
annual driven distance on highway of at least 2000 km. All the subjects were able to complete the simulation 
without showing any problems during the driving. Also the questionnaires filled by the drivers did not show any 
evidences for suggesting the authors to not consider some drivers for the further data elaboration. 

3.2. Data processing 

3.2.1. Longitudinal speed and lateral position 

Longitudinal speed and lateral position profiles were recorded continuously along the simulations as 
illustrated respectively in Figures 2 and 3. Specifically the lateral position was defined as the distance between 
the driver’s vehicle center of gravity and the side line closest to the right tunnel wall. 

The average longitudinal speed within each tunnel (VT) was computed and compared with the average 
longitudinal speed that the same driver adopted in the control scenario (VC) within the same road section. The 
same procedure was applied for comparing the lateral position among the two scenarios for the six tunnel 
sections. For each tunnel the lateral position was defined as LPT in the tunnel scenario and LPC in the control 
scenario. Moreover the percentages of drivers that increased/decreased their speed or lateral position in the tunnel 
scenario were evaluated. 

 



1105 Alessandro Calvi et al.  /  Procedia - Social and Behavioral Sciences   53  ( 2012 )  1100 – 1110 

Fig. 2. Impact of tunnels on Driver 02 longitudinal speed profile 

Fig. 3. Impact of tunnels on Driver 02 lateral position profile 

3.2.2. Pathologic Discomfort 

Another important indicator used in this research was the Pathologic Discomfort (PD). It has been already 
presented and discussed in previous papers (for exhaustive explanation see [24, 25]) where it was correlated with 
road accident rates resulting in high correlation factors. Moreover the indicator was computed and correlated with 
accident rate in field tests performed using an instrumented vehicle [26]. The indicator is based on the driver’s 
corrections of trajectory computed using lateral accelerations. If the driver corrects the vehicle’s trajectory more 
than what road curvature imposes, the road is not self-explaining and, consequently, it can be unsafe. The local 
instantaneous variability of lateral acceleration shows clearly the corrections of trajectory that the driver assumes 
and this could be so labelled as a discomfort index. Authors used Equation (1) to compute PD within each tunnel 
(PDT) and compared it with the respective PD in the control scenario (PDC): 

 
 

 (1) 

where x is the road abscissa (longitudinal position or distance travelled by the driver), the at is driver’s lateral 
acceleration (simulation output), v is the average speed of the driver on curve,  is the radius of the curve, and LT 
is the length of the tunnel. 
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4. Result and Discussion 

The post processing and elaboration of simulation data are here presented in two different sections: the first 
one concerns the analysis of driving performance inside road tunnel, comparing simulation outcomes of the two 
scenarios; in the second one the authors show and discuss the results of the study of the effects of road tunnel on 
driving performance developed within the approaching and exiting road sections of each tunnel.  

Table 1 shows the results of the elaboration of data for each tunnel section in terms of speed, lateral position 
and pathologic discomfort averaged within the tunnel section recorded both in control and tunnel scenario. The 
results of statistical analysis are also provided for each tunnel and parameter. 

Table 1. Comparison of the average value of the parameters  

Tunnel 
Average (std.) driving speed (km/h)   Average (std.) lateral position (m) Average (std.) pathologic discomfort (m2/s2) 

control tunnel t-Student (p)   control tunnel t-Student (p) control tunnel t-Student (p) 

1 133.3 (6.4) 130.2 (5.9) 1.63 (0.11) 1.56 (0.29) 2.08 (0.18) 6.68 (<0.01) 13.4 (4.6) 11.3 (3.3) 1.69 (0.10) 
2 93.8 (7.7) 87.6 (7.7) 2.57 (0.01) 1.01 (0.37) 1.63 (0.25) 6.23 (<0.01) 17.5 (6.8) 11.7 (5.9) 2.86 (<0.01) 
3 95.7 (7.7) 82.2 (6.6) 5.94 (<0.01) 1.13 (0.38) 1.42 (0.27) 2.77 (<0.01) 43.2 (10.7)  29.7 (8.8) 4.35 (<0.01) 
4 137.2 (8.6) 127.3 (6.9) 4.00 (<0.01) 1.78 (0.21) 2.18 (0.23) 5.71 (<0.01) 15.3 (4.3) 13.8 (4.1) 1.07 (0.29) 
5 121.9 (11.1) 110.7 (9.3) 3.45 (<0.01) 1.62 (0.13) 1.90 (0.16) 6.12 (<0.01) 34.9 (10.1) 26.7 (11.0) 2.44 (0.02) 
6 108.9 (11.4) 103.6 (12.0) 1.43 (0.16) 1.51 (0.21) 1.63 (0.20) 1.82 (0.08) 33.9 (8.1) 26.3 (7.7) 3.05 (<0.01) 

Table 2. Longitudinal speed, lateral position and pathologic discomfort (for the cases where V<0, LP>0, PD<0) 

Tunnel 1 Tunnel 4 
Parameter V LP PD Parameter V LP PD 
# drivers with ∆V<0, LP>0, PD<0 12 17 12 # drivers with ∆V<0, LP>0, PD<0 12 17 11 
% drivers with ∆V<0, LP>0, PD<0 60 85 60 % drivers with ∆V<0, LP>0, PD<0 60 85 55 
Average ∆V [km/h], LP [m], PD [m2/s2] -7,2 0,63 -5,7 Average ∆V [km/h], LP [m], PD [m2/s2] -18,3 0,49 -5,4 
Standard deviation [km/h], [m], [m2/s2] 4,3 0,21 3,6 Standard deviation [km/h], [m], [m2/s2] 5,7 0,14 3,4 

Tunnel 2 Tunnel 5 
Parameter V LP PD Parameter V LP PD 
# drivers with ∆V<0, LP>0, PD<0 16 15 15 # drivers with ∆V<0, LP>0, PD<0 12 17 12 
% drivers with ∆V<0, LP>0, PD<0 80 75 75 % drivers with ∆V<0, LP>0, PD<0 60 85 60 
Average ∆V [km/h], LP [m], PD [m2/s2] -8,6 0,85 -9,0 Average ∆V [km/h], LP [m], PD [m2/s2] -20,7 0,35 -17,9 
Standard deviation [km/h], [m], [m2/s2] 4,5 0,20 6,3 Standard deviation [km/h], [m], [m2/s2] 9,1 0,16 8,1 

Tunnel 3 Tunnel 6 
Parameter V LP PD Parameter V LP PD 
# drivers with ∆V<0, LP>0, PD<0 17 17 16 # drivers with ∆V<0, LP>0, PD<0 15 12 15 
% drivers with ∆V<0, LP>0, PD<0 85 85 80 % drivers with ∆V<0, LP>0, PD<0 75 60 75 
Average ∆V [km/h], LP [m], PD [m2/s2] -16,4 0,36 -17,4 Average ∆V [km/h], LP [m], PD [m2/s2] -9,9 0,26 -11,3 
Standard deviation [km/h], [m], [m2/s2] 5,2 0,23 5,4 Standard deviation [km/h], [m], [m2/s2] 8,0 0,15 4,5 

where V=VT-VC, LP=LPT-LPC, PD=PDT-PDC 

4.1. Inside tunnel 

4.1.1. Longitudinal speed  

The average longitudinal speed of each driver was computed within each road tunnel of the tunnel scenario 
(VT) and compared with the average longitudinal speed within the same road section of the control scenario (VC). 
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Table 1 summarizes the results and provides the longitudinal speed of each tunnel averaged among the sample of 
drivers. More in depth from control scenario to tunnel scenario the average longitudinal speed inside tunnel 1 to 6 
reduced respectively by 3.1 km/h, 6.2 km/h, 13.5 km/h, 9.9 km/h, 11.2 km/h and 5.3 km/h. In four tunnels out of 
six (Table 1) it was found that VT was significantly lower (p<0.01) than the corresponding VC. Similar results of 
speed reduction inside road tunnels were found also by previous research [27]. Moreover it was found that the 
most of the drivers reduced their driving speeds inside the tunnel (Table 2). The percentage of drivers that 
reduced their longitudinal speed from control scenario to tunnel scenario is higher than 60% for each tunnel.  

4.1.2. Lateral position 

The average lateral position of the driver’s vehicle with respect to the right line of the main lane was 
computed within each road tunnel of the tunnel scenario (LPT) and compared with the average lateral position 
within the same road section of the control scenario (LPC). In five tunnels out of six (Table 1) it was found that 
LPT was significantly higher (p<0.01) than the corresponding LPC, probably caused by the presence of the wall of 
the tunnel on the right side. From tunnel 1 to tunnel 6 such differences were respectively 52 cm, 62 cm, 29 cm, 
40 cm, 28 cm, 12 cm. Results confirmed previous literature findings on driver’s lateral position approaching [28] 
and inside road tunnels [29]. Moreover it was found that the most of the drivers increased their lateral position 
from the right edge inside the tunnel (Table 2). The percentage of drivers that increased their lateral position from 
control scenario to tunnel scenario is higher than 60% for each tunnel.  

4.1.3. Pathologic Discomfort 

The average pathologic discomfort computed inside each tunnel along tunnel scenario (PDT) was always 
lower than the PD evaluated in the same road section along the control scenario (PDC). From tunnel 1 to tunnel 6 
such differences were respectively 2.1 m2/s2, 5.8 m2/s2, 13.5 m2/s2, 1.5 m2/s2, 8.1 m2/s2, 7.6 m2/s2. In three tunnels 
out of six (Table 1) it was found that PDT was significantly lower (p<0.01) than the corresponding PDC. 
Moreover it was found that for the most of the driver the PDT was lower than PDC inside the tunnel (Table 2).  

The lower PD inside road tunnel could be caused by a less need of the drivers for correcting their trajectories. 
It seems that the tunnel provides the road users with a kind of guide for their trajectory represented by the lateral 
walls of the tunnel itself. Moreover as in previous studies [24, 25] it was found that higher the PD higher the 
crash rate, it means that the lower PDT suggests a better safety condition inside road tunnel. Such result seems to 
confirm the goodness of PD as a road safety indicator. In fact it is consistent with the findings of several studies 
(e.g. [15, 16, 18, 20]) that demonstrated that the crash rate inside road tunnels is definitely lower than outside. 

4.2. Approaching and exiting tunnel 

As discussed in the introduction, several literature studies demonstrated the attention that should be given to 
entrance and exit zone of tunnels as their crash rates were often higher than inside the tunnel. In order to identify 
a road section outside the tunnel influenced by the tunnel itself, the authors have graphically represented the 
integral function of the pathologic discomfort analyzing the increasing profiles of the indicator along with the 
longitudinal distance and comparing them within the two scenarios. The integral function of PD(x) is defined in 
Equation (2): 

 
 

 (2) 
where x is the road abscissa (longitudinal position or distance travelled by the driver), the at is driver’s 

transversal acceleration (simulation output), v is the average speed of the driver on curve,  is the radius of the 
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The procedure used for evaluating the approaching length La (road section before the entrance portal of the 
tunnel) and the exiting length Le (road section after the exit portal of the tunnel) is shown in Figure 4, where the 
profiles of the function PD(x) along the distance travelled is represented for both the scenarios for a single tunnel. 

Fig. 4. Cumulative PD for the assessment of the approaching and exiting lengths 

Table 3. Length of approaching and exiting road section 

# Tunnel 
Approaching Exiting 

PDT  

[m2/s2] 
PDC 

 [m2/s2] 
PDa  

[m2/s2] 
La  

[m] 
PDT 

[m2/s2] 
PDC  

[m2/s2] 
PDe  

[m2/s2] 
Le  

[m] 

1 21.4 14.6 6.8 143 19.4 17.2 2.1 104 
2 15.7 12.1 3.6 107 21.3 15.5 5.8 167 
3 14.8 10.5 4.3 75 27.9 14.4 13.5 231 
4 27.6 19.5 8.1 193 11.7 10.2 1.5 64 
5 13.1 12.7 0.4 41 20.3 12.1 8.2 203 
6 22.3 17 5.3 207 23.9 16.3 7.6 189 

 
The solid line represents the profile of the indicator for the tunnel scenario, while the dotted line stands for the 

control scenario. Moreover such representation provides immediate information about the differences between 
the two scenarios in terms of PD(x) as the differences within the profiles are caused by the presence of the tunnel, 
without any biases due to geometric element. In fact extending the profiles to the whole scenarios it was observed 
that such differences were localized along road sections that included the tunnels, while the two functions were 
nearly coincident elsewhere. 

The different PD profiles seem to confirm the validity of such indicator for safety analysis and specifically its 
correlation with accident rate. In fact PD analysis results are consistent with the findings of several crash studies 
that recorded considerable percentage of accidents in tunnels in the areas just outside the two portals (where in 
this study an higher PD increase rate was observed) with higher rate than inside the tunnel (where the PD 
resulted lower than in the control scenario). Table 3 shows the results of the analysis. At this stage of the research 
it is possible to define just a range for the length of these road sections adjacent to tunnels portals, referring to 
future analysis for an in depth investigation of the factors that influence such road sections. 
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5. Conclusion and Future Research 

The effects of tunnels on driving performance have been investigated and statistically validated using a 
driving simulator. Findings show that drivers moved away laterally from right tunnel wall when they drive inside 
the road tunnel and that they slightly slow down. Moreover inside the tunnel the amount of trajectory corrections 
by the driver is definitely lower as the driver would pay more attention when driving inside a tunnel. Finally a 
new procedure based on driving simulation data is proposed in order to evaluate the lengths of road sections just 
before the first tunnel portal and after the second one, where driving performance are still influenced by the 
tunnel itself.  

Future research will involve: 
 performing validation of the simulation results against data from the real-world in the tunnel conditions. For 

this aim a research project is ongoing. The research will allow to compare the drivers’ speeds adopted on site 
(using an instrumented car equipped with GPS that allows to collect the speed profile of each participant) 
along the highway section reproduced in this simulation study with the speeds recorded along the same road 
in the simulated environment; 

 evaluating the effectiveness of the parameters used in this study. Further driving simulator studies with 
varying traffic volume and geometric features of road tunnels are planned in order to confirm the findings and 
to strengthen and generalize the results. Particularly the analysis should be extended to a larger sample of 
tunnels (varying the cross section, the number of lanes, the number of tubes, the length, the vertical and 
horizontal alignment inside the tunnel, the type of construction and other tunnel features and facilities) and 
the investigation of drivers performance should be enlarged among different traffic configurations (in terms of 
traffic volume, uni-directional or bi-directional, percentage of heavy vehicles) and in other road categories, in 
order to promote the use of driving simulators among the road design community and provide practical 
applications in traffic engineering. 
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