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Abstract: This study investigated the nature and causes of unsafe driving behavior at roundabouts
through an on-road study. Four urban double-lane roundabouts with different layouts were selected
for an on-road study. Sixty-six drivers (41 males and 25 females) aged 18–65 years took part in
the study. Unsafe behaviors observed during the in situ survey were divided into three different
categories: entry unsafe behaviors, circulation unsafe behaviors, and exit unsafe behaviors. Three
chi-square automatic interaction detection (CHAID) analyses were developed in order to analyze
the influence of roundabout characteristics and maneuvers on unsafe behaviors at double-lane
roundabouts. The results confirmed the awareness that double-lane roundabouts are unsafe and
inadvisable. More than half of unsafe driving behaviors were found to be entry unsafe behav-
iors. Moreover, the entry radius was found to be the geometric variable most influencing unsafe
driving behaviors.

Keywords: road safety; human factor; driving behavior; driver observation; on-road study; road
design; double-lane roundabouts

1. Introduction

Roundabouts require that entering traffic be diverted into a circular path parallel to
through traffic, and that traffic within the circulatory roadway have the right of way. By
diverting the entering traffic, vehicles are induced to reduce their speed, which, together
with the low number of conflict points, makes the modern roundabout much safer than a
normal signalized intersection [1]. Thanks to the high safety, low delays, and low pollutant
emissions from moving vehicles, roundabouts have become a very popular design solution
and are, therefore, widely used in both urban and rural areas.

Numerous studies [2–4] have shown that roundabouts do have advantages over con-
ventional intersections in terms of traffic safety. Previous studies also examined public
opinion of roundabouts and showed that road users are generally positive about round-
abouts [5–7]. Although roundabouts offer many advantages, there are also some disad-
vantages. The primary disadvantage is that the right-of-way rules to which road users
are accustomed are reversed at roundabouts. Circulating traffic has priority over enter-
ing traffic. This could result in improper use and unsafe behaviors. Road user behavior
was identified as a prominent causal factor in road traffic accidents and was thoroughly
investigated [8–10]. Unsafe driving behaviors can be defined as a set of implemented
and systematic practices that increase the risk of road accidents. According to [11], these
behaviors can lead to a deterioration in the driving behavior of road users with very serious
consequences for road safety, as well as increase the risk of accidents. Previous studies
found a strong link between road safety and road user unsafe behavior [12–14]. For a
long time, human error was usually considered the main and more or less fatal cause of
road safety problems, because humans are inherently prone to error. While unsafe driving
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behavior occurs at all points on the road network, it can be particularly pronounced at
roundabouts. Due to the complexity of roundabouts, the nature of unsafe behavior may
also differ from that at other locations on the road network (e.g., mid-block, signalized
intersections, and pedestrian crossings). There is therefore an urgent need to recognize the
nature of unsafe behavior by drivers at roundabouts, including factors that may help to
mitigate the dangerous effects of such behavior.

It is generally accepted that the geometry of the roundabout affects the behavior of
the driver and, thus, their overall performance [15,16]. Indeed, speed reduction is an
advantage of a well-designed roundabout, which usually leads to homogeneous behav-
ior [17]. Roundabouts affect drivers’ behavior forcing them to reduce speed in order to
drive properly on the circulatory roadway. This significantly reduces the crash severity. For
this reason, roundabouts are often used as a traffic calming measure in residential areas.
Several studies demonstrated speed reductions at single-lane roundabouts. However, when
roundabouts with multiple lanes offer higher capacities [18], their speed and behavior
control is less efficient [19]. Increasing the number of lanes allows drivers greater freedom
in their behavior, leading to an increase in potential conflicts [20]. The main reason for
designing and constructing a double-lane roundabout instead of single-lane roundabout
is the higher capacity. Experiences led to the conclusion that performance with respect to
both capacity and road safety is disappointing.

In many countries, it has been found that the second lane along the circulatory road-
way only contributes to an additional 30% increase in capacity [21]. It is also known
that safety benefits are generally greater for single-lane roundabouts than for two-lane
roundabouts. Two-lane roundabouts were found to be associated with lower reductions in
police-reported crashes [3,22] or even increases in crashes compared to single-lane round-
abouts [23]. According to these findings and the fact that newer and safer types of two-lane
roundabouts are now available (e.g., turbo-roundabouts, which offer significantly greater
capacity and road safety), the construction of new “standard” two-lane roundabouts is
not recommended or is even prohibited in several countries. The Netherlands and Slove-
nia have prohibited the construction of new “standard” two-lane roundabouts in their
regulations. The existing two-lane roundabouts were converted to turbo-roundabouts in
these countries [21]. French guidelines discourage inner-city two-lane roundabouts for
safety reasons [24]. In Switzerland, two-lane exits are never allowed [25]. In Italy, two-lane
roundabouts and two-lane exits are not allowed [26]. It is worth noting that several of the
existing roundabouts in Italy have two lanes on both the exit and the circulatory roadway.

Researchers have found a strong link between road safety and unsafe road user
behavior [14,27]. Human error is considered the main cause of road safety problems
because humans are inherently prone to error. Although unsafe driving behavior occurs
at all points on the road, it can be particularly pronounced at intersections. Intersections
are indeed a complex part of the road system, where drivers often have to make decisions
within a tight time frame. There is, therefore, an urgent need to investigate the nature
of unsafe driving behavior at intersections, including the factors that contribute to or
mitigate the occurrence of these behaviors. A number of studies examined unsafe driving
behaviors that contribute to intersection crashes [12,28]. However, to the best of the authors’
knowledge, no studies analyzed driving unsafe behaviors at double-lane roundabouts. The
literature review highlights the need for detailed knowledge of unsafe driver behavior at
two-lane roundabouts, based on field observations, and the main cause–effect relationships
between geometric features and unsafe driver behavior. This study, therefore, provides a
convenient opportunity to observe what happens before most accidents occur.

The final aim was to analyze unsafe driving behaviors for double-lane roundabouts
and to understand how the geometric characteristics of roundabouts affect unsafe driving
behaviors. Four urban single-lane roundabouts and four urban double-lane roundabouts
with different geometric characteristics were selected for the on-road study. Unsafe behav-
iors observed during the on-road survey were divided into three different categories: entry
unsafe behaviors, circulation unsafe behaviors, and exit unsafe behaviors. Three chi-square
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automatic interaction detection (CHAID) analyses were developed in order to analyze the
influence of roundabout characteristics and maneuvers on unsafe behaviors at double-lane
roundabouts.

2. Materials and Methods
2.1. Participants

Sixty-six drivers (41 males and 25 females) aged 18–65 years took part in the experi-
ment. All participants held a full valid license. To vary age, they were grouped into younger
drivers (18–25 years), middle-aged drivers (26–50 years), and older drivers (51–65 years).
Participants’ characteristics are presented in Table 1.

Table 1. Features of participants.

Category Number Percentage

Age
18–25 22 33.33
26–50 26 39.39
51–65 18 27.28
Gender
Male 41 62.12

Female 25 37.88

The study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the University of Catania (Deliberation of the Study Council of
Water and Transportation Civil Engineering—verb. n. 5 of 18 September 2018). Participants
gave their informed consent to participate in the experiment. They were informed that all
data collected would be kept confidential and used for research purposes only. Participants
were also informed that they would not be assessed on their skills as drivers and that the
sole aim of the study was to analyze the behavior of a group of drivers to draw conclusions
about drivers in general.

2.2. Test Route

A 14 km urban route around the suburbs surrounding the city of Catania was used
for the on-road test. The urban route contains eight roundabouts. The roundabouts
were chosen in order to have different geometric characteristics. Four roundabouts were
single-lane, while four roundabouts were double-lane. For this study, only the drivers’
unsafe behaviors made on double-lane roundabouts were considered. This study, therefore,
evaluated four roundabouts. The other four single-lane roundabouts, together with another
sample of single-lane roundabouts belonging to another route test, were used for another
study aimed at evaluating driver unsafe behavior on single-lane roundabouts. Figure 1
shows the test route and the roundabouts considered for this study. Roundabouts 1, 2, and
3 have three legs, while roundabout four has four legs. Four types of maneuvers were
considered: first exit (i.e., the driver took the first exit of the roundabout); second exit
(i.e., the driver took the second exit of the roundabout); third exit (i.e., the driver took the
third exit of the roundabout; this maneuver was possible only on the four-leg roundabout,
i.e., roundabout 4); U-turn (i.e., the driver exited from the same leg they entered). For
each roundabout, the drivers made at least one maneuver. The drivers undertook each
maneuver several times on the four roundabouts considered for this study, in order to
obtain 24 maneuvers overall of each type.
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Figure 1. Details of the test route and of the roundabouts considered for the study.

2.3. Experiment Design

Two observers aboard the vehicle used a predetermined protocol to manually record
unsafe behaviors during the driving tests. While driving, the observer seated in the front
seat next to the driver gave instructions. Both observers recorded unsafe behaviors of the
driver throughout the driving test (type of behavior, time of occurrence, etc.). At the end of
each driving test, the two observers compared the recorded unsafe behaviors with each
other: the unsafe behaviors were actually rated as such when both observers agreed. The
driving experiments were conducted during off-peak hours with low traffic volume. All
testing was conducted during 9:30 and 10:30 a.m. and 2:30 and 2:30 p.m. on weekdays
during September and October 2019.

2.4. Unsafe Driving Behavior Classification

The unsafe behaviors observed during the field investigation were categorized into
specific types that reflected the nature of the observed behavior as accurately as possible.
The specific unsafe behaviors types were subdivided into three different categories: unsafe
behaviors made during the approach to the roundabout (entry unsafe behaviors), unsafe
behaviors made during the circulation on the roundabout (circulation unsafe behaviors),
and unsafe behaviors made while exiting the roundabout (exit unsafe behaviors). Table 2
shows the drivers’ unsafe behavior types considered. Table 3 shows the number of unsafe
behaviors registered during the on-road study. The majority of unsafe behaviors were entry
unsafe behaviors (57.84%); circulation unsafe behaviors were quite common (27.37%), while
exit unsafe behaviors were the least common (14.79%). Among entry unsafe behaviors, high
speed of approach (unsafe behavior 1) and failing to detect proper lane when entering (unsafe
behavior 5) were the most common. Failing to detect proper lane when entering (unsafe
behavior 8) and splitting other users’ lanes (unsafe behavior 6) were the most common
circulation unsafe behaviors, while almost all exit unsafe behaviors were of the type 11 (i.e.,
high exit speed). Only 0.23% of unsafe behaviors were of the type 10 (i.e., failing to detect
proper lane when exiting).
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Table 2. Unsafe driving behaviors types at double-lane roundabouts.

Entry Unsafe Behaviors

N Scheme Type

1

Safety 2021, 7, x FOR PEER REVIEW 5 of 17 
 

 

Table 2. Unsafe driving behaviors types at double-lane roundabouts.  

Entry Unsafe Behaviors 
N Scheme Type 

1 

 

High speed of approach: 
Approaching the roundabout with a speed higher than the speed 

limit 

2 

 

Selecting unsafe gap: 
Selecting unsafe gap when entering the roundabout 

3 

 

Rejecting a safe gap: 
Rejecting a safe gap when entering the roundabout 

4 

 

Turn signal omitted: 
Changing lane on the entry leg without using the turn signal to 

indicate it 

5 

 

Failing to detect proper lane when entering:  
Selecting the inner lane (external lane) of the circulatory roadway 

coming from the right lane (left lane) of the entry leg 

 Circulation Unsafe Behaviors 
N Scheme Type 

6 

 

Splitting other users’ lanes:  
The driver splits other users’ lanes on the circulatory roadway in 

order to exit the roundabout  

7 

 

Giving way: 
Giving way to incoming vehicle when circulating the rounda-

bout 

8 

 

Failing to detect proper lane when circulating:  
The driver selects the inner lane of the circulatory roadway, even 

if they take the external lane of the exit lane  

High speed of approach:
Approaching the roundabout with a speed higher than the

speed limit

2

Safety 2021, 7, x FOR PEER REVIEW 5 of 17 
 

 

Table 2. Unsafe driving behaviors types at double-lane roundabouts.  

Entry Unsafe Behaviors 
N Scheme Type 

1 

 

High speed of approach: 
Approaching the roundabout with a speed higher than the speed 

limit 

2 

 

Selecting unsafe gap: 
Selecting unsafe gap when entering the roundabout 

3 

 

Rejecting a safe gap: 
Rejecting a safe gap when entering the roundabout 

4 

 

Turn signal omitted: 
Changing lane on the entry leg without using the turn signal to 

indicate it 

5 

 

Failing to detect proper lane when entering:  
Selecting the inner lane (external lane) of the circulatory roadway 

coming from the right lane (left lane) of the entry leg 

 Circulation Unsafe Behaviors 
N Scheme Type 

6 

 

Splitting other users’ lanes:  
The driver splits other users’ lanes on the circulatory roadway in 

order to exit the roundabout  

7 

 

Giving way: 
Giving way to incoming vehicle when circulating the rounda-

bout 

8 

 

Failing to detect proper lane when circulating:  
The driver selects the inner lane of the circulatory roadway, even 

if they take the external lane of the exit lane  

Selecting unsafe gap:
Selecting unsafe gap when entering the roundabout

3

Safety 2021, 7, x FOR PEER REVIEW 5 of 17 
 

 

Table 2. Unsafe driving behaviors types at double-lane roundabouts.  

Entry Unsafe Behaviors 
N Scheme Type 

1 

 

High speed of approach: 
Approaching the roundabout with a speed higher than the speed 

limit 

2 

 

Selecting unsafe gap: 
Selecting unsafe gap when entering the roundabout 

3 

 

Rejecting a safe gap: 
Rejecting a safe gap when entering the roundabout 

4 

 

Turn signal omitted: 
Changing lane on the entry leg without using the turn signal to 

indicate it 

5 

 

Failing to detect proper lane when entering:  
Selecting the inner lane (external lane) of the circulatory roadway 

coming from the right lane (left lane) of the entry leg 

 Circulation Unsafe Behaviors 
N Scheme Type 

6 

 

Splitting other users’ lanes:  
The driver splits other users’ lanes on the circulatory roadway in 

order to exit the roundabout  

7 

 

Giving way: 
Giving way to incoming vehicle when circulating the rounda-

bout 

8 

 

Failing to detect proper lane when circulating:  
The driver selects the inner lane of the circulatory roadway, even 

if they take the external lane of the exit lane  

Rejecting a safe gap:
Rejecting a safe gap when entering the roundabout

4

Safety 2021, 7, x FOR PEER REVIEW 5 of 17 
 

 

Table 2. Unsafe driving behaviors types at double-lane roundabouts.  

Entry Unsafe Behaviors 
N Scheme Type 

1 

 

High speed of approach: 
Approaching the roundabout with a speed higher than the speed 

limit 

2 

 

Selecting unsafe gap: 
Selecting unsafe gap when entering the roundabout 

3 

 

Rejecting a safe gap: 
Rejecting a safe gap when entering the roundabout 

4 

 

Turn signal omitted: 
Changing lane on the entry leg without using the turn signal to 

indicate it 

5 

 

Failing to detect proper lane when entering:  
Selecting the inner lane (external lane) of the circulatory roadway 

coming from the right lane (left lane) of the entry leg 

 Circulation Unsafe Behaviors 
N Scheme Type 

6 

 

Splitting other users’ lanes:  
The driver splits other users’ lanes on the circulatory roadway in 

order to exit the roundabout  

7 

 

Giving way: 
Giving way to incoming vehicle when circulating the rounda-

bout 

8 

 

Failing to detect proper lane when circulating:  
The driver selects the inner lane of the circulatory roadway, even 

if they take the external lane of the exit lane  

Turn signal omitted:
Changing lane on the entry leg without using the turn signal to

indicate it

5

Safety 2021, 7, x FOR PEER REVIEW 5 of 17 
 

 

Table 2. Unsafe driving behaviors types at double-lane roundabouts.  

Entry Unsafe Behaviors 
N Scheme Type 

1 

 

High speed of approach: 
Approaching the roundabout with a speed higher than the speed 

limit 

2 

 

Selecting unsafe gap: 
Selecting unsafe gap when entering the roundabout 

3 

 

Rejecting a safe gap: 
Rejecting a safe gap when entering the roundabout 

4 

 

Turn signal omitted: 
Changing lane on the entry leg without using the turn signal to 

indicate it 

5 

 

Failing to detect proper lane when entering:  
Selecting the inner lane (external lane) of the circulatory roadway 

coming from the right lane (left lane) of the entry leg 

 Circulation Unsafe Behaviors 
N Scheme Type 

6 

 

Splitting other users’ lanes:  
The driver splits other users’ lanes on the circulatory roadway in 

order to exit the roundabout  

7 

 

Giving way: 
Giving way to incoming vehicle when circulating the rounda-

bout 

8 

 

Failing to detect proper lane when circulating:  
The driver selects the inner lane of the circulatory roadway, even 

if they take the external lane of the exit lane  

Failing to detect proper lane when entering:
Selecting the inner lane (external lane) of the circulatory roadway

coming from the right lane (left lane) of the entry leg

Circulation Unsafe Behaviors

N Scheme Type

6

Safety 2021, 7, x FOR PEER REVIEW 5 of 17 
 

 

Table 2. Unsafe driving behaviors types at double-lane roundabouts.  

Entry Unsafe Behaviors 
N Scheme Type 

1 

 

High speed of approach: 
Approaching the roundabout with a speed higher than the speed 

limit 

2 

 

Selecting unsafe gap: 
Selecting unsafe gap when entering the roundabout 

3 

 

Rejecting a safe gap: 
Rejecting a safe gap when entering the roundabout 

4 

 

Turn signal omitted: 
Changing lane on the entry leg without using the turn signal to 

indicate it 

5 

 

Failing to detect proper lane when entering:  
Selecting the inner lane (external lane) of the circulatory roadway 

coming from the right lane (left lane) of the entry leg 

 Circulation Unsafe Behaviors 
N Scheme Type 

6 

 

Splitting other users’ lanes:  
The driver splits other users’ lanes on the circulatory roadway in 

order to exit the roundabout  

7 

 

Giving way: 
Giving way to incoming vehicle when circulating the rounda-

bout 

8 

 

Failing to detect proper lane when circulating:  
The driver selects the inner lane of the circulatory roadway, even 

if they take the external lane of the exit lane  

Splitting other users’ lanes:
The driver splits other users’ lanes on the circulatory roadway in

order to exit the roundabout

7

Safety 2021, 7, x FOR PEER REVIEW 5 of 17 
 

 

Table 2. Unsafe driving behaviors types at double-lane roundabouts.  

Entry Unsafe Behaviors 
N Scheme Type 

1 

 

High speed of approach: 
Approaching the roundabout with a speed higher than the speed 

limit 

2 

 

Selecting unsafe gap: 
Selecting unsafe gap when entering the roundabout 

3 

 

Rejecting a safe gap: 
Rejecting a safe gap when entering the roundabout 

4 

 

Turn signal omitted: 
Changing lane on the entry leg without using the turn signal to 

indicate it 

5 

 

Failing to detect proper lane when entering:  
Selecting the inner lane (external lane) of the circulatory roadway 

coming from the right lane (left lane) of the entry leg 

 Circulation Unsafe Behaviors 
N Scheme Type 

6 

 

Splitting other users’ lanes:  
The driver splits other users’ lanes on the circulatory roadway in 

order to exit the roundabout  

7 

 

Giving way: 
Giving way to incoming vehicle when circulating the rounda-

bout 

8 

 

Failing to detect proper lane when circulating:  
The driver selects the inner lane of the circulatory roadway, even 

if they take the external lane of the exit lane  

Giving way:
Giving way to incoming vehicle when circulating the roundabout



Safety 2021, 7, 20 6 of 18

Table 2. Cont.

8

Safety 2021, 7, x FOR PEER REVIEW 5 of 17 
 

 

Table 2. Unsafe driving behaviors types at double-lane roundabouts.  

Entry Unsafe Behaviors 
N Scheme Type 

1 

 

High speed of approach: 
Approaching the roundabout with a speed higher than the speed 

limit 

2 

 

Selecting unsafe gap: 
Selecting unsafe gap when entering the roundabout 

3 

 

Rejecting a safe gap: 
Rejecting a safe gap when entering the roundabout 

4 

 

Turn signal omitted: 
Changing lane on the entry leg without using the turn signal to 

indicate it 

5 

 

Failing to detect proper lane when entering:  
Selecting the inner lane (external lane) of the circulatory roadway 

coming from the right lane (left lane) of the entry leg 

 Circulation Unsafe Behaviors 
N Scheme Type 

6 

 

Splitting other users’ lanes:  
The driver splits other users’ lanes on the circulatory roadway in 

order to exit the roundabout  

7 

 

Giving way: 
Giving way to incoming vehicle when circulating the rounda-

bout 

8 

 

Failing to detect proper lane when circulating:  
The driver selects the inner lane of the circulatory roadway, even 

if they take the external lane of the exit lane  

Failing to detect proper lane when circulating:
The driver selects the inner lane of the circulatory roadway, even if

they take the external lane of the exit lane

9

Safety 2021, 7, x FOR PEER REVIEW 6 of 17 
 

 

9 

 

Failing to detect proper lane when taking the first exit: 
The driver selects the inner lane of the circulatory roadway, even 

if they have to take the first exit 

 Exit Unsafe Behaviors 
N Scheme Type 

10 

 

Failing to detect proper lane when exiting:  
Selecting the inner lane of the exit lane coming from the external 

lane of the circulatory roadway 

11 

 

High exit speed:  
Exiting the roundabout with a speed higher than the speed limit 

Table 3. Number of unsafe behaviors observed. 

  Number Percentage (%) 
Entry unsafe behaviors   

1 High speed of approach 533 24.56 
2 Selecting unsafe gap 181 8.34 
3 Rejecting a safe gap 35 1.61 
4 Turn signal omitted 167 7.69 
5 Failing to detect proper lane when entering 339 15.62 

Total 1255 57.84 
Circulation unsafe behaviors   

6 Splitting other users’ lanes 180 8.29 
7 Giving way 87 4.01 
8 Failing to detect proper lane when circulating 257 11.84 
9 Failing to detect proper lane when taking the 1st exit 70 3.26 

Total 594 27.37 
Exit unsafe behaviors   

10 Failing to detect proper lane when exiting 5 0.23 
11 High exit speed 316 14.56 

Total 321 14.79 
Total unsafe behaviors 2170 100.00 

2.5. Analytic Method 
In order to analyze the characteristics of roundabouts that can lead to unsafe driving 

behavior, the CHAID (chi-square automatic interaction detection) method was used. 
The CHAID method is a technique used to detect relationships between a dependent 

variable and other independent variables, with a statistically significant result showing 
their interdependence and the relationship between them. The CHAID algorithm was 
proposed by Kass [29] to define the distribution condition. The CHAID algorithm is spe-
cifically used to determine the degree of dependence between different variables: the 
larger the value of χ2, the higher the degree of dependence and the probability value of 
the variable. In addition, a probability value is used to assess whether to continue or ter-
minate the splitting process, which aims to estimate all possible predictive variables. In 

Failing to detect proper lane when taking the first exit:
The driver selects the inner lane of the circulatory roadway, even if

they have to take the first exit

Exit Unsafe Behaviors

N Scheme Type

10

Safety 2021, 7, x FOR PEER REVIEW 6 of 17 
 

 

9 

 

Failing to detect proper lane when taking the first exit: 
The driver selects the inner lane of the circulatory roadway, even 

if they have to take the first exit 

 Exit Unsafe Behaviors 
N Scheme Type 

10 

 

Failing to detect proper lane when exiting:  
Selecting the inner lane of the exit lane coming from the external 

lane of the circulatory roadway 

11 

 

High exit speed:  
Exiting the roundabout with a speed higher than the speed limit 

Table 3. Number of unsafe behaviors observed. 

  Number Percentage (%) 
Entry unsafe behaviors   

1 High speed of approach 533 24.56 
2 Selecting unsafe gap 181 8.34 
3 Rejecting a safe gap 35 1.61 
4 Turn signal omitted 167 7.69 
5 Failing to detect proper lane when entering 339 15.62 

Total 1255 57.84 
Circulation unsafe behaviors   

6 Splitting other users’ lanes 180 8.29 
7 Giving way 87 4.01 
8 Failing to detect proper lane when circulating 257 11.84 
9 Failing to detect proper lane when taking the 1st exit 70 3.26 

Total 594 27.37 
Exit unsafe behaviors   

10 Failing to detect proper lane when exiting 5 0.23 
11 High exit speed 316 14.56 

Total 321 14.79 
Total unsafe behaviors 2170 100.00 

2.5. Analytic Method 
In order to analyze the characteristics of roundabouts that can lead to unsafe driving 

behavior, the CHAID (chi-square automatic interaction detection) method was used. 
The CHAID method is a technique used to detect relationships between a dependent 

variable and other independent variables, with a statistically significant result showing 
their interdependence and the relationship between them. The CHAID algorithm was 
proposed by Kass [29] to define the distribution condition. The CHAID algorithm is spe-
cifically used to determine the degree of dependence between different variables: the 
larger the value of χ2, the higher the degree of dependence and the probability value of 
the variable. In addition, a probability value is used to assess whether to continue or ter-
minate the splitting process, which aims to estimate all possible predictive variables. In 

Failing to detect proper lane when exiting:
Selecting the inner lane of the exit lane coming from the external

lane of the circulatory roadway

11

Safety 2021, 7, x FOR PEER REVIEW 6 of 17 
 

 

9 

 

Failing to detect proper lane when taking the first exit: 
The driver selects the inner lane of the circulatory roadway, even 

if they have to take the first exit 

 Exit Unsafe Behaviors 
N Scheme Type 

10 

 

Failing to detect proper lane when exiting:  
Selecting the inner lane of the exit lane coming from the external 

lane of the circulatory roadway 

11 

 

High exit speed:  
Exiting the roundabout with a speed higher than the speed limit 

Table 3. Number of unsafe behaviors observed. 

  Number Percentage (%) 
Entry unsafe behaviors   

1 High speed of approach 533 24.56 
2 Selecting unsafe gap 181 8.34 
3 Rejecting a safe gap 35 1.61 
4 Turn signal omitted 167 7.69 
5 Failing to detect proper lane when entering 339 15.62 

Total 1255 57.84 
Circulation unsafe behaviors   

6 Splitting other users’ lanes 180 8.29 
7 Giving way 87 4.01 
8 Failing to detect proper lane when circulating 257 11.84 
9 Failing to detect proper lane when taking the 1st exit 70 3.26 

Total 594 27.37 
Exit unsafe behaviors   

10 Failing to detect proper lane when exiting 5 0.23 
11 High exit speed 316 14.56 

Total 321 14.79 
Total unsafe behaviors 2170 100.00 

2.5. Analytic Method 
In order to analyze the characteristics of roundabouts that can lead to unsafe driving 

behavior, the CHAID (chi-square automatic interaction detection) method was used. 
The CHAID method is a technique used to detect relationships between a dependent 

variable and other independent variables, with a statistically significant result showing 
their interdependence and the relationship between them. The CHAID algorithm was 
proposed by Kass [29] to define the distribution condition. The CHAID algorithm is spe-
cifically used to determine the degree of dependence between different variables: the 
larger the value of χ2, the higher the degree of dependence and the probability value of 
the variable. In addition, a probability value is used to assess whether to continue or ter-
minate the splitting process, which aims to estimate all possible predictive variables. In 

High exit speed:
Exiting the roundabout with a speed higher than the speed limit

Table 3. Number of unsafe behaviors observed.

Number Percentage (%)

Entry unsafe behaviors
1 High speed of approach 533 24.56
2 Selecting unsafe gap 181 8.34
3 Rejecting a safe gap 35 1.61
4 Turn signal omitted 167 7.69
5 Failing to detect proper lane when entering 339 15.62

Total 1255 57.84

Circulation unsafe behaviors
6 Splitting other users’ lanes 180 8.29
7 Giving way 87 4.01
8 Failing to detect proper lane when circulating 257 11.84
9 Failing to detect proper lane when taking the 1st exit 70 3.26

Total 594 27.37

Exit unsafe behaviors
10 Failing to detect proper lane when exiting 5 0.23
11 High exit speed 316 14.56

Total 321 14.79

Total unsafe behaviors 2170 100.00



Safety 2021, 7, 20 7 of 18

2.5. Analytic Method

In order to analyze the characteristics of roundabouts that can lead to unsafe driving
behavior, the CHAID (chi-square automatic interaction detection) method was used.

The CHAID method is a technique used to detect relationships between a dependent
variable and other independent variables, with a statistically significant result showing
their interdependence and the relationship between them. The CHAID algorithm was
proposed by Kass [29] to define the distribution condition. The CHAID algorithm is
specifically used to determine the degree of dependence between different variables: the
larger the value of χ2, the higher the degree of dependence and the probability value of the
variable. In addition, a probability value is used to assess whether to continue or terminate
the splitting process, which aims to estimate all possible predictive variables. In this way,
through the CHAID algorithm, it is possible to test the significance levels of the differences
between the different types of dependent variable for each variable.

The CHAID algorithm underlies the following tree branching process:

1. Each node is branched on the basis of the selected dependent variable;
2. The χ2 test is used as the default for branching;
3. Branching is performed by default even if the classification attribute is not significant;
4. If there is no significant difference, the branches merge into the same branch;
5. If the branches differ significantly, the branch is retained and the branching continues

to the next level.

The CHAID algorithm allows the following processes to be performed:

- Selection of the relevant independent variables in such a way that, in the resulting
hierarchical structure, the first independent variable is chosen to partition the input
data that has the lowest p-value. In hypothesis testing, if the p-value is equal to or less
than the predefined significance level α, then the alternative hypothesis suggesting
dependence between the variables is accepted; otherwise, the node is considered as
the final node. Tree building ends when the p-values of all independent variables are
higher than the predefined split threshold.

- Merging of the categories of all independent variables so that only the nodes with
statistically significant difference between them appear in the graph. This is because
the algorithm detects the pairs of values of the independent variables that differ
the least from the dependent variable. If the obtained p-value after applying the
chi-square test is higher than a certain merging threshold, the algorithm merges the
categories that do not have significant differences from a statistical point of view. The
search for a new merging pair continues until no more pairs are found for which the
p-value is smaller than the specified significance level α.

In this study, three CHAID analyses were developed in order to understand how
geometric characteristics of roundabouts affect unsafe driving behaviors, entry unsafe
behaviors, and circulation unsafe behaviors. A CHAID analysis for exit unsafe behaviors
was not developed since, as mentioned before, they were found to be really few in number
(less than 15% of the total) and they were mainly of one type (i.e., high exit speed).

The dependent variable considered for the first CHAID analysis was unsafe driving
behaviors (UDB), which could assume four values: entry unsafe behaviors; circulation
unsafe behaviors; exit unsafe behaviors; no unsafe behaviors. The dependent variable
considered for the second CHAID analysis was entry unsafe behaviors (EUB), which could
assume five values: (1) high speed of approach; (2) selecting unsafe gap; (3) rejecting a safe
gap; (4) turn signal omitted; (5) failing to detect proper lane when entering. The dependent
variable considered for the third CHAID analysis was circulation unsafe behaviors (CUB),
which could assume four values: (6) splitting other users’ lanes; (7) giving way; (8) failing
to detect proper lane when circulating; (9) failing to detect proper lane when taking the
first exit.

The independent variables considered for all the CHAID analyses were the round-
about characteristics and the maneuvers shown in Table 4.
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Table 4. CHAID (chi-square automatic interaction detection) analysis independent variables.

Variable Variable Name Categories

V1 Roundabout radius (RR)
<14 m

14–20 m
>20 m

V2 Circulatory roadway width (CW) <8 m
>8 m

V3 Entry width (EnW) <8 m
>8 m

V4 Exit width (ExW)
<8 m
>8 m

V5 Entry radius (EnR)

<10 m
10–30 m
30–50 m
>50 m

V6 Exit radius (ExR)

<10 m
10–30 m
30–50 m
>50 m

V7 Maneuver (M)

1st exit
2nd exit
3rd exit
U-turn

3. Results
3.1. Unsafe Driving Behaviors

Table 5 provides a summary of the key parameters of the application of the CHAID
analysis. Figure 2 shows the tree diagram obtained for the first CHAID analysis. All
unsafe behaviors were divided into 10 subgroups by various branches connecting the
root node to the leaf nodes. Three variables out of the original set of seven provided
a significant explanation of unsafe behaviors. The tree structure involved, therefore,
three splitting variables: entry radius (chi-square = 152.129; p-value = 0.000), maneuver
(chi-square = 27.726; p-value = 0.001), and exit width (chi-square = 56.451; p-value = 0.000;
chi-square = 14.796; p-value = 0.002), meaning that the variable exit width was responsible
for two partitions. The entry radius was, therefore, the variable with the most significant
effect on unsafe behaviors.

Table 5. Method summary.

Specifications

Growing method CHAID

Dependent variable UDB

Independent variables V1, V2, V3, V4, V5, V6, V7

Validation Cross-validation

Maximum tree depth 3

Minimum Cases in Parent Node 40

Minimum Cases in Child Node 15

Results

Independent variables included V5, V7, V4

Number of Nodes 11

Number of Terminal Nodes 7

Depth 3
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From the analysis of Figure 2, it can be observed that the most frequent unsafe
behaviors were unsafe entry behaviors. The percentage of unsafe entry behaviors at node 0
was indeed 56.0%. Unsafe circulation behaviors were also quite frequent (26.5%), while
unsafe exit behaviors were really few (14.3%).

The three splitting variables led to the tree being divided into three levels. The first
optimal split in node 0 was according to entry radius, which classified unsafe behaviors
into three groups; the tree showed 69.1% of unsafe behaviors for EnR ≥ 30 m, 13.2% of
unsafe behaviors for 10 m ≤ EnR ≤ 30 m, and 17.7% of unsafe behaviors for EnR ≤ 10 m.
In the second level of the tree, the group including EnR ≥ 30 m led to another split based
on maneuver; the group including 10 m ≤ EnR ≤ 30 m led to another split based on exit
width. In the third level of the tree, the exit width segmented the groups including second
and third exit maneuvers and EnR ≥ 30 m into two subgroups.
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3.2. Entry Unsafe Behaviors

Table 6 provides a summary of the key parameters of the application of the CHAID
analysis. Figure 3 shows the tree diagram obtained for the first CHAID analysis. All entry
unsafe behaviors were divided into 11 subgroups by various branches connecting the
root node to the leaf nodes. Three variables out of the original set of seven provided a
significant explanation of the entry unsafe behaviors. The tree structure involved, therefore,
three splitting variables: maneuver (chi-square = 127.142; p-value = 0.000), entry radius
(chi-square = 33.592; p-value = 0.000; chi-square = 37.381; p-value = 0.000), and roundabout
radius (chi square = 68.798; p-value = 0.000), meaning that the variable entry radius was
responsible for two partitions. The maneuver was, therefore, the variable with the most
significant effect on entry unsafe behaviors.

Table 6. Method summary.

Specifications

Growing method CHAID

Dependent variable EUB

Independent variables V1, V2, V3, V4, V5, V6, V7

Validation Cross-validation

Maximum tree depth 3

Minimum cases in parent node 40

Minimum cases in child node 15

Results

Independent variables included V7, V5, V1

Number of nodes 12

Number of terminal nodes 8

Depth 2
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The first optimal split in node 0 was according to maneuver, which classified unsafe
behaviors into four groups; the tree showed 25.3% of unsafe behaviors for third exit
maneuvers, 23.8% of unsafe behaviors for U-turn maneuvers, 39.0% of unsafe behaviors
for second exit maneuvers, and 12.0% of unsafe behaviors for first exit maneuvers. In
the second level of the tree, the group including third exit maneuvers led to another split
based on entry radius; the group including U-turn maneuvers led to another split based on
roundabout radius; the group including second exit maneuvers led to another split based
on entry radius.

3.3. Circulation Unsafe Behaviors

Table 7 provides a summary of the key parameters of the application of the CHAID
analysis. Figure 4 shows the tree diagram obtained for the first CHAID analysis. All
circulation unsafe behaviors were divided into seven subgroups by various branches
connecting the root node to the leaf nodes. Three variables out of the original set of
seven provided a significant explanation of the circulation unsafe behaviors. The tree
structure involved, therefore, three splitting variables: maneuver (chi-square = 615.469;
p-value = 0.000), exit radius (chi-square = 91.115; p-value = 0.000), and entry radius (chi
square = 29.974; p-value = 0.000). The maneuver was, therefore, the variable with the most
significant effect on circulation unsafe behaviors.

The first optimal split in node 0 was according to maneuver, which classified unsafe
behaviors into three groups; the tree showed 57.1% of unsafe behaviors for third exit
and U-turn maneuvers, 31.1% of unsafe behaviors for second exit maneuvers, and 11.8%
of unsafe behaviors for first exit maneuvers. In the second level of the tree, the group
including third exit and U-turn maneuvers led to another split based on exit radius, while
the group including second exit maneuvers led to another split based on entry radius.

Table 7. Model summary.

Specifications

Growing method CHAID

Dependent variable CUB

Independent variables V1, V2, V3, V4, V5, V6, V7

Validation Cross-validation

Maximum tree depth 3

Minimum cases in parent node 40

Minimum cases in child node 15

Results

Independent variables included V7, V6, V5

Number of nodes 8

Number of terminal nodes 5

Depth 2
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4. Discussion
4.1. Unsafe Driving Behaviors

The results obtained (Figure 2) highlighted that more than half of unsafe driving
behaviors on double-lane roundabouts were entry unsafe behaviors (56.0%). Circulation
unsafe behaviors (26.5%) represented about half of entry unsafe behaviors. Exit unsafe
behaviors (14.3%) represented, in turn, about half of circulation unsafe behaviors. There
was, therefore, a proportionality among entry, circulation, and exit unsafe behavior based
on the ratio 4:2:1.

As can be seen from Figure 2, the most significant independent variable was entry
radius. Therefore, this variable was the one most related to the dependent variable and
had the greatest power to differentiate and classify unsafe behaviors into four groups. It is
noteworthy that almost 70% of unsafe driving behaviors happened on roundabouts with a
big entry radius, i.e., EnR ≥ 30 m (node 1, which grouped two categories). Moreover, more
than 60% of unsafe driving behaviors on roundabouts with a big entry radius (i.e., node 1)
were entry unsafe behaviors. This suggests that a big entry radius affects unsafe driving
behaviors especially during the entry phase. In contrast, on roundabouts with a small entry
radius (i.e., EnR ≤ 10 m, node 3), the majority of unsafe behaviors were circulation unsafe
behaviors (about 40%). Lastly, for roundabouts with 10 m ≤ EnR ≤ 30 m, three positive
aspects can be highlighted: (1) the minimum percentage of unsafe driving behaviors (about
12%); (2) the minimum number of circulation unsafe behaviors (89 out of 594) and exit
unsafe behaviors (31 out of 321); (3) a high percentage of no unsafe behaviors (about 8%).

For roundabouts with 10 m ≤ EnR ≤ 30 m, the exit width was statistically significant.
The results obtained suggest that unsafe driving behaviors are less common for big exit
widths. The number of unsafe behaviors for ExW ≥ 8 m (203) was indeed less than half



Safety 2021, 7, 20 13 of 18

of the percentage of unsafe behaviors for ExW < 8 m (69). Moreover, the percentage of no
unsafe behaviors for ExW ≥ 8 m was very high (24.2%).

Node 1, which included two categories, 30 m < EnR < 50 m and EnR ≥ 50 m, was
divided into two leaves according to the variable maneuver. It can be observed that the
percentage of unsafe driving behaviors for first exit maneuvers and for U-turn maneuvers
was similar, while the majority of unsafe driving behaviors occurred for second and third
exit maneuvers. In particular, almost 50% of unsafe behaviors occurred for roundabouts
with EnR ≥ 30 m and for second and third exit maneuvers (1039 out of 2170). This result
suggests that wide entry radii affect, in a similar way, users who take the second and third
exit. Indeed, second and third exit maneuvers require, more than first exit maneuvers and
U-turns, an adequate geometric configuration of the entry in order to ensure proper entry
on the circulatory roadway. First exit maneuvers are indeed usually made directly from the
external lane, while drivers making U-turn maneuvers, aware of having to return to the
starting point, usually use the inner lane of the circulatory roadway. The results obtained
seem to indicate that big entry radii do not allow users to correctly enter the roundabout
for second and third exit maneuvers, resulting in several unsafe behaviors for the entry,
circulation, and exit phases.

It is also interesting to observe that, for roundabouts with EnR ≥ 30 m and for
second and third exit maneuvers, the majority of unsafe driving behaviors occurred for
ExW ≥ 8 m, contrary to that observed for roundabouts with 10 m ≤ EnR ≤ 30 m. This
suggests that, when driving on roundabouts with big radii, users are further induced to
adopt unsafe behaviors via configurations which leave great freedom of maneuvers, such
as wide exit lanes.

In conclusion, the results obtained from the first CHAID analysis seem to suggest that,
in order to discourage unsafe driving behaviors, double-lane roundabouts should have
entry radii between 10 m and 30 m and wide exit lanes. On the other hand, roundabouts
with big entry radii (EnR ≥ 30 m) and wide exit lanes should be avoided.

4.2. Entry Unsafe Behaviors

Figure 3 shows that the most common entry unsafe behavior could be grouped into
two categories: (a) high speed of approach, which was equal to about 40% (typical of all at-
grade intersections); (b) unsafe behaviors due to the presence of the double-lane: turn signal
omitted and failing to detect proper lane when entering (e.g., unsafe behaviors 4 and 5), which
were equal to 13.3% and 27.0% respectively. A still significant percentage (14.4%) of entry
unsafe behaviors was represented by selecting unsafe gap (unsafe behavior 2). The percentage
of unsafe behavior 3 (i.e., rejecting a safe gap) was instead almost negligible (2.8%).

Figure 3 shows that the most significant independent variable was maneuver. There-
fore, this variable was the one most related to the dependent variable and had the greatest
power to differentiate and classify the entry unsafe behaviors. The maneuver split node
0 into four leaves. The major percentage of entry unsafe behaviors occurred for second
exit maneuvers (39%), while a minor percentage of entry unsafe behaviors occurred for
first exit maneuvers (12%). It is interesting to observe that the prevailing unsafe behavior
(62%) for first exit maneuvers was a high speed of approach (e.g., unsafe behavior 1). This
can be explained considering that first exit maneuvers are often carried out without a real
circulation.

The results obtained for second exit maneuvers (node 3) show that drivers are induced
to carry out this maneuver using the entry lanes in an improper way. In particular, drivers
seem to be led to carry out second exit maneuvers quickly (which is testified by a high
percentage of high speed of approach). This seems to induce drivers to select the improper
entry lane; indeed, the majority (38.9%) of unsafe behaviors at node 3 were unsafe behavior
5 (i.e., failing to detect proper lane when entering). If we consider that 8% of unsafe behaviors
were turn signal omitted (i.e., unsafe behavior 4), it can be said that about 50% of unsafe
behaviors were due to the presence of the double lane.
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The percentage of unsafe behaviors due to the presence of the double lane for the
third exit maneuvers (node 1) was almost equal to 50% too. However, in contrast to that
observed for second exit maneuvers, in this case, the percentages of turn signal omitted and
failing to detect proper lane when entering (e.g., unsafe behaviors 4 and 5) were about the same
(22.1% and 24.0%, respectively). It is also noteworthy that the percentages of high speed of
approach (i.e., unsafe behavior 1) for second and third exit maneuvers were almost the same
(37.0% and 36.6%, respectively). Although, in general, crossing maneuvers tended to be
traveled faster, during the entry phase, the third exit maneuvers also seemed to induce
drivers to adopt a high speed.

As for U-turn maneuvers, the results obtained (node 2) seem to suggest that drivers try
to return quickly to the leg they were coming from. It can indeed be observed that almost
50% of unsafe behaviors were a high speed of approach (i.e., unsafe behavior 1). Furthermore,
unsafe behavior 2 (i.e., selecting unsafe gap) occurred with a significant percentage (13.4%).
Unsafe behaviors due to the presence of the double lane (unsafe behaviors 4 and 5) for
U-turn maneuvers occurred instead with lower percentages (about 35% in total).

For both second and third exit maneuvers, the entry radius was the variable affecting
entry unsafe behaviors. In particular, the entry radius split node 1 (third exit maneuvers)
into three leaves and node 3 (second exit maneuvers) into two leaves, one for EnR ≥ 50 m,
one for 10 m ≤ EnR ≤ 30 m, and 30 m ≤ EnR ≤ 50 m. This suggests that, for second
exit maneuvers, drivers assume similar driving behaviors for 10 m ≤ EnR ≤ 30 m and
30 m ≤ EnR ≤ 50 m.

As for third exit maneuvers, it can be observed an interesting inverse relationship
between the influence of entry radius on unsafe behavior 1 (high speed of approach) and on
unsafe behaviors 4 and 5 (turn signal omitted and failing to detect proper lane when entering).
As the entry radius increased, unsafe behavior 1 grew (for EnR ≥ 50 m, the percentage of
unsafe behavior 1 was even superior than 50%). By contrast, as the entry radius decreased,
the percentages of unsafe behaviors 4 and 5 grew significantly (e.g., for 10 m ≤ EnR ≤ 30 m,
the percentage of unsafe behaviors 4 and 5 was overall equal to about 60%, while, for EnR
≥ 50 m, this percentage was less than 30%).

Even for second exit maneuvers, it could be observed an inverse relationship between
the influence of entry radius on unsafe behavior 1 (high speed of approach) and on unsafe
behaviors 4 and 5 (turn signal omitted and failing to detect proper lane when entering), but the
relationship was less strong then for third exit maneuvers. For EnR < 50 m, the percentage
of unsafe behavior 1 was about 35%, while, for EnR ≥ 50 m, this percentage was less
than 40%. On the other hand, for EnR ≥ 50 m, unsafe behaviors 4 and 5 were about
37%, while, for EnR < 50 m, they were about 50%. These results suggest that the entry
radius affects more driving unsafe behaviors for third exit maneuvers. When users take
the second exit, instead, the entry radius affects less driving unsafe behaviors, probably
because users are psychologically predisposed toward a quicker maneuver. A confirmation
of this interpretation comes from the fact that, in the case of the first exit maneuver, which
is quicker and more direct than second exit maneuver, the entry radius did not affect at all
unsafe driving behavior.

Lastly, for U-turn maneuvers, the geometric variable that affected more unsafe behav-
iors was the roundabout radius. It can be observed that, for roundabouts with RR < 14 m,
unsafe behaviors related to high speed (i.e., unsafe behavior 1, about 60%) and to improper
use of the entry lanes (i.e., unsafe behavior 2 and 3, about 18%) prevailed over unsafe
behaviors related to the double lane (i.e., unsafe behaviors 4 and 5, about 17%). On the
other hand, for roundabouts with RR ≥ 20 m, unsafe behaviors related to high speed
(i.e., unsafe behavior 1, about 33%) and to improper use of the entry lanes (i.e., unsafe
behavior 2and 3, about 9%) occurred less than unsafe behaviors related to the double lane
(i.e., unsafe behaviors 4 and 5, about 55%). This suggests that smaller roundabouts are
perceived as elements that can be bypassed quickly. Larger roundabouts, on the other
hand, induce a greater control of speeds (even though unsafe behaviors due to improper
use of the entry lanes increased in this case).
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4.3. Circulation Unsafe Behaviors

Figure 4 shows that the most common circulation unsafe behavior (43.3%) was failing
to detect proper lane when circulating (i.e., unsafe behavior 8). This highlights, therefore, that,
on double-lane roundabouts, drivers, who are led to use intuitively the external exit lane,
often circulate on the inner lane of the circulatory roadway, instead of changing circulating
lane before exiting. This behavior could be probably due to the confusion generated by
an entirely two-lane itinerary and to the lack of knowledge of traffic rules in roundabouts.
Splitting other users’ lanes (i.e., unsafe behavior 6) was also quite common (30.3%). This
unsafe behavior could be due to driver inattention and to the difficulty of observing other
vehicles on the circulation external lane by means of the rearview mirror. Giving way (i.e.,
unsafe behavior 7) represented about 15% of circulation unsafe behaviors, and it almost
exclusively concerned third exit and U-turn maneuvers. Failing to detect proper lane when
taking the 1st exit (i.e., unsafe behavior 9) represented instead about 12% of circulation
unsafe behaviors.

The second level of the three shows that about 60% of circulation unsafe behaviors
occurred for third exit and U-turn maneuvers (node 1). Since the aforementioned maneu-
vers were those in which the vehicle circulated for the longest time, it seems logical to
conclude that driving on parallel lanes is a cause of unsafe behavior. For these maneuvers,
it can also be observed that there was a 3:2 relationship between unsafe behaviors 8 and 6,
respectively. The same relationship existed for unsafe behaviors 8 and 6 for second exit
maneuvers (node 2).

It is noteworthy that the only geometric variables affecting circulation unsafe behaviors
were exit radius and entry radius. The exit radius was the geometric variable affecting
circulation unsafe behaviors for third exit and U-turn maneuvers. In particular, the majority
(48.5%) of circulation unsafe behaviors occurred for ExR < 50 m, while only 8.6% of
circulation unsafe behaviors occurred for ExR ≥ 50 m. The entry radius was instead the
geometric variable affecting circulation unsafe behaviors for second exit maneuvers. In
particular, the majority (24.4%) of circulation unsafe behaviors occurred for EnR < 50 m,
while only 6.7% of circulation unsafe behaviors occurred for EnR ≥ 50 m. This seems to
suggest that, for big entry radii, users are induced to drive on the circulation lanes in a
proper way. On the other hand, for small entry radii, users are probably confused by the
smallest room for maneuvers and do not manage to use circulation lanes in a proper way.
The number of unsafe behaviors 6 and 8 for EnR ≥ 50 m was instead equal to 145, which
was more than triple than the number of unsafe behaviors 6 and 8 for EnR < 50 m, i.e., 40.

5. Conclusions

This study aimed at identifying the contributing factors affecting drivers’ unsafe
behaviors at single-lane roundabouts. Unsafe behaviors were evaluated on the basis of the
behavior of 66 drivers who performed an on-road test around the suburbs surrounding the
city of Catania. Three CHAID analyses were developed in order to analyze the influence of
roundabout characteristics on entry, circulation, and exit unsafe behaviors.

Results showed that a double entry lane was the design element that most affected
unsafe behaviors. Out of nearly 2200 unsafe behaviors detected on a sample of four double-
lane roundabouts at the entrance, in the circulatory roadway, and at the exit, more than
half occurred right at the entrances. In particular, results showed that drivers often do
not understand well which of the two entry lanes is more appropriate to select in order to
enter the roundabout. It is interesting to observe that these difficulties occurred despite
the presence of the double lane on the circulatory roadway which should make the entry
from a double-lane leg intuitive. Therefore, the realization of a double-lane entry leg is
strongly discouraged. However, since several countries allow double entry lanes, it is at
least necessary to provide adequate design indications aimed at minimizing their negative
effects on safety. An interesting result of this study is that the entry radius was found to
strongly affect the driver behavior of users approaching double-lane roundabouts. Wide
entry radii, i.e., major than 30 m, were found to be associated with the majority of unsafe
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driving behaviors (about 1500 unsafe behaviors out of a total of 2170 occurred on the legs
with large entry radii). On the other hand, on the legs with entry radii between 10 and
30 m, there were just over 250 unsafe behaviors. Therefore, the results of this study seem
to suggest that, for roundabouts with a double entry leg, it would be advisable to adopt
entry radii between 10 and 30 m. This would minimize the risks associated with unsafe
behaviors resulting from a low-curvature entry.

The results obtained for circulation showed that double-lane roundabouts led to
confusion especially as for the exit phase. The number of circulation unsafe behaviors was
definitely smaller than entry unsafe behaviors. It can be concluded that the realization of
double lanes on a circulatory roadway it is not advisable. This is consistent with the design
guidelines of several countries which do not allow a double-lane circulatory roadway.
Even the double-lane exit contributed to unsafe behaviors, especially because users were
instinctively led to leave the roundabout using the external lane. The double-lane exit,
even if associated with a lower number of unsafe behaviors (less than 15% of the total),
seems, therefore, to be useless rather than dangerous. For this reason, this design solution
should also be avoided.

The CHAID analyses allowed analyzing the influence of roundabout characteristics on
entry, circulation, and exit unsafe behaviors. However, other methods such as fuzzy fault
tree analysis, TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution),
AHP (Analytic Hierarchy Process), and cluster analysis could be useful to address this
topic and could be used in the future to further analyze the problem. Other studies in
the literature used these methods in transportation fields [30–34]. Despite being based
on a small sample of roundabouts, this study contributes to increasing knowledge about
unsafe driving behaviors at double-lane roundabouts. The results confirmed the awareness
that double-lane roundabouts are unsafe and inadvisable. The entry radius was found
to be the variable most affecting driving unsafe behaviors. Unsafe behaviors have the
potential to degrade driving performance, which has serious consequences for road safety
and greatly increases the risk of accidents. Therefore, the results of this study may be useful
for designing a physical road layout to prevent unsafe driving behavior. Moreover, future
studies could also analyze how the road design affects traffic congestion. Since roads are
not of suitable design in crowded cities, vehicles that do not maneuver on time cause traffic
congestion or extra load. It could be interesting to study the conditions of these vehicles
and their effect on traffic.
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