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Abstract  Longer life expectancy is leading to an 
increase in the average age of the European population. In 
2018, 20% of the population was over 65 years old. In 2070, 
30.3% of the population will be over 65. Older people 
prefer to walk in their neighborhoods but they rely on cars 
as their primary mode of transportation, which allows them 
to maintain their autonomy over long distances. However, 
age-related physical impairments can have a significant 
impact on driving skills, including the ability to properly 
visualize driving scenarios. Numerous studies have shown 
that older drivers have significant safety problems at 
standard intersections rather than roundabouts (40% of 
fatal crashes occur at standard intersections among drivers 
70 years and older). In this work, it was decided to study a 
specific parameter representative of the behavior of all road 
users when preparing for the typical maneuvers at 
stop-controlled intersections (crossing, right-turn and 
left-turn). This parameter is the gap accepted by elderly 
road users at different stop-controlled intersections and 
under homogeneous traffic conditions. For this purpose, a 
research campaign was organized with 37 elderly drivers 
performing all possible maneuvers at 9 intersections in 
Italy (Eastern Sicily). The experimentally determined 
values of the critical gap for left-turn and crossing 
maneuvers were found to be compatible with those of the 
main internationally used reference manuals for road 
design. The value of the critical 50th percentile gap (G50) 
for the right-turn maneuver was similar to that for the 
left-turn maneuver. This is an indication of a very similar 
level of difficulty for older drivers in performing both 
turning maneuvers. The results of this study have 
highlighted the need to take into account the different 

operational difficulties associated with the possible 
maneuvers at intersections. The theoretical approaches of 
the Italian legislation are carried out, based on a criterion 
that does not distinguish according to the way in which the 
three maneuvers, which proves to be totally inadequate. 
This suggests a complete revision of the criteria for 
checking sight distances at stop-controlled intersections. 

Keywords  Older Drivers, Road Safety, 
Stop-controlled Intersections, Logistic Regression, Critical 
Gap, HCM, Green Book 

1. Introduction
The proportion of older people (typically defined as ≥65 

years [1, 2]) in society is steadily increasing worldwide. 
According to the European Statistical Institute, Eurostat, 

the average life expectancy at birth for the inhabitants of 
the 27 European countries, which today is 78.2 years for 
men and 83.7 years for women, is expected to reach 86.1 
years for men and 90.3 years for women in 2070. Indeed, 
data for 2018 show that the years European citizens live in 
good health average 64.2 for women and 63.7 for men. 
When it comes to European averages, there is a lot of 
variation. A Swedish man lives about 73 years of his life in 
good health, while a Latvian lives only 51. For Italians, in 
men and women almost in equal proportions, the prospect 
of living in good health is now about 70 years. Not only are 
Italians getting older, they are also having fewer children. 
The birth rate in 2018 was 1.55 children per woman. But, to 
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keep the population constant, without taking into account 
the contribution of immigrants' children, 2.1 children per 
woman are required. Hardly any region in Europe has a rate 
at this level. Women are giving birth less and are also no 
longer very young when they give birth for the first time: in 
2001 the average was 29, in 2018 it was 31. The sum of 
higher life expectancy and lower birth rates is leading to an 
increase in the average age of the European population. In 
2018, 20% of the population was over 65 (and even then, 
Italy was the oldest country in Europe, with 22.6% of the 
population over 65). In 2070, 30.3% of the population will 
be over 65 and only 51% will be of working age (20-64 
years), compared to 59% in 2019 [3]. 

The older population accounts for about a quarter of all 
licensed drivers in the world [4]. In 2018, 6,907 drivers 
older than 65 were killed on Unites States (U.S.) roads, 
accounting for 19% of all U.S. traffic fatalities [2].  

The average age of road traffic victims in the EU is 
increasing: older people aged 65 and over accounted for 28% 
of all road traffic fatalities in 2018, compared to 22% in 
2010. While fatal crashes involving users aged 18-24 
decreased by 43% during 2010-2018, the number of users 
aged 65 and older who were victims of road accidents 
increased by about 2% [5]. 

In modern life, older people prefer to walk in their 
neighborhoods [6-8], but like all age groups, they rely on 
cars as their primary mode of transportation, which allows 
them to maintain their autonomy over long distances [9]. 
However, as people age, decline in motor skills, vision, 
somatosensory functions and cognition increases, which 
can have a significant impact on driving skills, including 
the ability to correctly visualize the driving scenario and 
understand the dynamics occurring there [10, 11]. For 
example, older drivers with visual impairments (e.g., 
glaucoma, macular degeneration, cataracts, etc.) have 
difficulty recognizing details of intersection features such 
as shoulders, curbs, and traffic islands; seeing other road 
users such as bicyclists and pedestrians; scanning the 
traffic environment for potential hazards; and seeing traffic 
signals and reading signs [12-14]. In addition, older drivers 
with physical limitations (e.g., arthritis) may find 
intersections crossing more difficult because they are less 
able to perform vehicle control actions, avoid collisions 
with other vehicles, and react appropriately and quickly to 
unusual events [15, 16]. Older drivers with perceptual and 
cognitive impairments may also have difficulty navigating 
complex traffic and performing complex maneuvers such 
as left turns or lane changes [17-19]. At a complex 
intersection that requires the integration of much visual 
information, quickly interpreting the most important 
stimuli is a difficult task for older users, which may lead to 
inaccurate perception or even complete overlooking of 
important perceptual cues [20, 21]. 

Researchers suggest that frailty, illness, and medication 
use contribute significantly to the crash differences 
between older and younger drivers and the increased risk of 
injury and death among older drivers [22, 23]. 

Data from Bédard et al. [24] showed that elderly drivers 
were more vulnerable to the traumatic effects of collisions. 
Older drivers (65-79) were 2.3 times more likely to suffer a 
fatal injury than drivers aged 40-49; drivers older than 80 
were as much as five times more likely to suffer a fatal 
injury than younger drivers.  

Numerous studies in the literature have shown that older 
drivers exhibit significant safety problems at road 
intersections. As a result, this category of road users is 
characterized by the highest rates of accidents at 
intersections. Safety issues for older drivers primarily 
affect standard at-grade intersections, as roundabouts, 
although not particularly popular with this user group [25], 
do not have features that would be particularly dangerous 
for older drivers [26]. 

In fact, 40% of the fatal crashes occur at standard 
intersections for drivers aged 70 and older, compared to 
only 23% for younger drivers [27 It has also been reported 
that between 48% and 55% of the fatal accidents involving 
drivers aged 80 years or older occurred at junctions, more 
than double the rate for drivers aged 50 years or less (23%) 
[28]. Stamatiadis et al. [19] indicate that drivers older than 
65 years and younger than 25 years were more likely than 
other age groups to be involved in crashes at both 
signalized and unsignalized intersections. Previous 
research has also confirmed that older drivers are more 
likely to be involved in accidents when turning left [29-32]. 

The results of a driving simulator study [33] suggest that 
older users (65.6 ± 5 years) have some limitations, 
especially when turning left against oncoming traffic and 
overtaking a vehicle in front. It has also been demonstrated 
that older drivers (65-80 years) had a significantly lower 
proportion of visual scanning on the left and right sides 
during road junctions crossing compared to younger (18-25 
years) and middle-aged (35-55 years) users [34]. 

At stop-controlled intersections, drivers on the minor 
road must use appropriate gaps in traffic to cross or merge 
into the major road. Since the driver's gap acceptance 
maneuver is a complex and risky driving behavior, it is a 
very important issue for traffic safety and operation. 
Retting et al. [35] reported that nearly 700,000 motor 
vehicle crashes occur at stop signs in the U.S. each year, 
and about one-third of these crashes involve injuries. 
During the period from 2000 to 2002, more than 34,000 
traffic crashes occurred on rural two-lane roads in 
Minnesota. More than 32% (11,069) of these crashes were 
intersection-related, with 22% of rural fatal crashes 
occurring at stop-controlled intersections [36]. Previous 
research has identified gap acceptance problems as a 
significant contributor to crashes at traffic 
signal-controlled intersections, suggesting that incorrect 
gap acceptance may cause approximately 30% of the 
left-turn crashes [37]. As an essential driving behavior at 
stop-controlled intersections, the gap assumption decision 
has been used as an important measure to analyze traffic 
conflicts and crash rates at road intersections [38, 39]. 

The current American Association of State Highway and 
 



 Civil Engineering and Architecture 10(1): 253-266, 2022 255 
 

Transportation Officials manual (AASHTO manual 2018) 
[40], known as the Green Book, uses gap assumption 
methodology to determine intersection sight distances 
based on previous research [41]. In the current Highway 
Capacity Manual (HCM 2016) [42], the critical gap 
accepted by motorists is a key parameter for calculating 
lower traffic capacity. However, both major highway 
design manuals ignored the effects of important factors on 
gap acceptance, which has been generally noted by 
researchers in traffic safety aspects [43]. 

A review of the gap acceptance literature showed that 
driver behavior is influenced by several factors. Most 
variables are related to traffic conditions such as gap size 
[44, 45], waiting time in the queue [46] or at the stop line 
[45, 47, 48]. In addition to the above factors, Bottom and 
Ashworth [44] suggest examining the extent to which age, 
personality, annual mileage, and vehicle type actually 
influence drivers' different behaviors. 

Typically, the acceptance of small gap size leads to an 
increased likelihood of traffic accidents [49]. 

An analysis of police-reported crashes in the U.S. found 
the most common type of critical error among drivers aged 
70 years or older was misjudging the gap size of the 
approaching vehicle [50]. In terms of personal 
characteristics, experimental research showed that novice 
users tend to take more gaps and are more likely to accept 
shorter gaps compared to more experienced drivers [51]. 

It has been reported the process of driving performance 
getting worse with age accelerates somewhere in the fifth 
decade of life [2]. Older drivers have problems adequately 
recognizing, perceiving, and correctly judging the safety of 
a gap [36]. Therefore, older drivers may have greater 
difficulty at unsignalized intersections due to their limited 
visual abilities, such as depth and motion perception. In 
this regard, Lyles and Staplin [52] studied police-reported 
crashes in Michigan and Pennsylvania and found that when 
ranked by older driver involvement, turning left into 
oncoming traffic and crossing or turning into a stream of 
traffic were considered the most dangerous maneuvers. 
Understanding the factors that influence the outcome of 
gap closure decisions can be useful for supporting 
transportation planning and increasing the safety and 
efficiency of the roadway network. 

What has been said so far has motivated the authors of 
this study to conduct research aimed at filling the gap in 
scientific research regarding the understanding of safety 
levels associated with the behavior of older drivers (over 
65 years of age) approaching stop-controlled intersections. 
In accordance with the studies cited above, it was decided 
to study a specific parameter representative of the behavior 
of all road users when preparing to perform the different 
types of maneuvers (crossing, right-turn and left-turn) that 
can be performed at the stop-controlled intersections with 3 
or 4 legs. It was therefore decided to study the gap accepted 
by elderly users at different stop-controlled intersections 
and in homogeneous traffic conditions. For this purpose, a 

research campaign was organized involving 37 elderly 
drivers performing all possible maneuvers at 9 
intersections in Italy (specifically on some road networks 
in Eastern Sicily). 

Through the statistical treatment of the accepted gap 
values, it was possible to determine the G50 values (critical 
interval, defined as the time interval accepted by 50% of 
the users) characteristic of the possible maneuvers 
performed by drivers over 65 years old. 

The final discussion will be broad and articulate and, 
above all, will allow a critical analysis of the current 
criteria for checking sight distances in intersections 
proposed by the main road design manuals. 

In addition, the implications that the results of this study 
could have on the Italian legislation on the design of 
intersections (M.D. 10/04/2006, [53]) will be critically 
presented. In particular, the need to review the check 
criteria for sight distances at stop-controlled intersections 
will be adequately justified to ensure equal levels of safety 
for users of all ages. 

2. Materials and Methods 

2.1. Participants 

Thirty-seven participants aged 65 to 85 years were 
recruited in this study. The test-drivers were divided into 
two age groups, one consisting of drivers aged 65 to 75 
years and the other consisting of drivers over 75 years. 
Initially, 50 test-drivers were recruited, but 13 were 
excluded because they had declared to suffer from serious 
diseases after a preliminary interview. Specifically, the 13 
excluded participants had one or both of the following 
pathologies: 
 Severe hearing problems. The problem complained of 

was hearing loss, which initially causes a reduction in 
sensitivity to sounds at higher frequencies (18-20 kHz) 
and gradually affects sounds at lower frequencies. 
High frequency hearing loss makes word 
discrimination particularly difficult, especially in the 
presence of background noise. Against this 
background, it should be recalled that art. 473 of the 
Italian Road Code states that "to obtain a driving 
license for private use for vehicles of classes A and B, 
it is necessary to perceive the conversational voice 
with combined phonemes in each ear at a distance of 
not less than two meters" [54]. 

 Serious problems performing certain movements (e.g., 
turning the head or turning the torso). Specifically, the 
declared pathologies were arthrosis, rheumatism or 
other pathologies related to the aging of the human 
body. 

The descriptive statistics of the sample are presented in 
Table 1. 
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Table 1.  Descriptive statistics of the sample 

Variable Intervals Freq. % Mean Std. Dev. Min Max 

Gender Female 14 38 - - - - 

 Male 23 62 - - - - 

 Total 37 100 - - - - 

Age 
(65-75) 

Female 8 22 70.62 3.18 65 75 

Male 12 32 69.42 2.81 65 74 

Total 20 54 69.90 3.21 65 75 

Age 
(>75) 

Female 6 16 78.33 2.73 76 83 

Male 11 30 80.36 2.69 76 85 

Total 17 36 79.65 2.80 76 85 

Age (All) Total 37 100 74.38 5.76 65 85 

Driving experience Total 37 100 52.97 5.72 44 64 

Frequency of driving 

Daily 25 67 - - - - 

2-3 times/week 8 22 - - - - 

Once a week 4 11 - - - - 

Less/often 0 0 - - - - 

Minor accident 
involvement 

No 31 84 - - - - 

Yes 6 16 - - - - 

Major accident 
involvement  

No 37 100 - - - - 

Yes 0 0 - - - - 

Ticket for speeding  
No 34 92 - - - - 

Yes 3 8 - - - - 

 

The mean age of the participants was approximately 74 
years and the corresponding standard deviation was 5.76 
years. For both age groups, there were no significant 
differences between the mean ages of males and females. 
The oldest test-driver was an 85-year-old male. 

All 37 test drivers had the following requirements, 
which were considered correct for conducting the 
experimental investigation: 
 driving experience over forty years (on average, the 

driving experience of the test drivers was about 53 
years); 

 regular use of the car (at least once a week); 
 no serious accidents during their many years of 

driving. An accident was considered serious if at least 
one person had to be treated medically and/or 
property damage of more than €500 was caused; 

 almost impeccable driving behavior (only 3 drivers 
stated they had received a ticket for speeding). 

2.2. Experiment Design 

An experimental investigation was organized to evaluate 
the behavior of elderly users at intersections regulated by 
the stop sign. In particular, the investigation aimed to 
estimate the acceptance time intervals (critical gap) on the 
main traffic flow by elderly users about to perform one of 
the possible maneuvers (crossing, right-turn and left-turn) 
starting from the stop line. 

Nine intersections in Eastern Sicily were selected (3 in 
the territory of Modica in the province of Syracuse and 6 in 
the municipality of Catania). Four intersections were type 
3-leg and five were type 4-leg (Fig. 1). 
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Figure 1.  The nine intersections which are the subject of experimental investigation 

Each of the test drivers performed each maneuver 10 
times at the selected intersections (crossing, left and 
right-turns). In order not to induce excessive fatigue in the 
different test-drivers, each of them was asked to repeat the 
maneuvers with a maximum cadence of 2 times per day. 

Different maneuvers were filmed with video cameras 
capable of recording high resolution movies, where it was 
not possible to position oneself at a suitable height to film 
the entire intersection area from above, simultaneous 
footage was instead taken from two angles using two video 
cameras suitably hidden from the view of vehicle drivers. 

Each of the vehicles selected for the investigations, 
driven by older people, was made identifiable by placing 
adhesive films on the doors and roof, which were a 
different color depending on the age of the drivers (yellow 
films for drivers between 65 and 75 years and red for those 
over 75 years); this was done to facilitate the identification 
of the test drivers during the subsequent video analysis 
phase. 

Investigations were always conducted on weekdays 
(from Monday to Friday), at times of day when traffic 
conditions on the main route were far from congested, but 
also when driving was not at high speeds. In this way, very 
similar traffic conditions were obtained for all 9 
intersections studied. 

2.3. Video Processing Phase 

After downloading all the videos acquired during the 
investigation campaign to a personal computer, the time 
intervals accepted by the elderly drivers of the vehicles 

waiting on the stop line were timed with the support of the 
Quick Time Player software. 

Figure 2 illustrates the criterion for measuring the 
acceptance time in the case of a right-turn (the procedure is 
the same for crossing and left turning maneuvers). The 
reference time t1 corresponds to the instant in which 
vehicle B on the main road is exactly in front of vehicle A 
stopped at the stop line. The time t2, on the other hand, is 
the one in which vehicle A entered the passage left free by 
two consecutive vehicles (B and C) present on the main 
road. The acceptance time (critical gap) is therefore 
identified by the interval G = t2-t1. 

 

Figure 2.  Criterion for measuring the acceptance time (right-turn) 
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Thanks to the analysis of all the recorded videos, it was 
also possible to evaluate the average speed of the flow of 
vehicles on the main road in all the situations where the 
vehicle at the stop line was one of the vehicles driven by 
the test-drivers recruited for the experiment. These speeds 
represented the discriminating parameters for the selection 
of the acceptance intervals. In fact, the criterion of 
considering valid only the values of the gaps corresponding 
to the speed values of the main vehicular current between 
30 km/h and 40 km/h was adopted.  

The values of the acceptance time intervals associated 
with the following three situations were thus excluded: 
 vehicular flow on the flowing main road and 

characterized by an average speed of less than 30 
km/h. In this case, in fact, the space-time interval 
between one vehicle and another was often so wide 
that the test-driver performed the turning or crossing 
maneuver without selecting any gap between the 
vehicles of the main traffic flow; 

 congested vehicular flow in the main road (average 
speed well below 30 km/h). This situation generally 
gave rise to medium / long waiting times by the 
test-drivers before starting the desired maneuver, with 
often very short acceptance intervals; 

 "fast" traffic flow on the main legs (speed above 40 
km/h) with a consequent increase in caution on the 
part of elderly drivers who were often led to wait a 
long time for the acceptance interval deemed most 
appropriate (this gap was overestimated, sometimes 
assuming unexpectedly high values). 

2.4. Analytic Method 

Following video processing, the collected data were first 
statistically processed and then analyzed. First, with 
respect to each of the maneuvers related to each 
intersection considered, the following data were 
calculated: 
1) the frequencies of the critical gaps; 
2) the cumulative frequencies. 

In particular, if ni denotes the number of repetitions of 
the same i-th time interval and n the total number of 
measurements performed, the relative frequency of the i-th 
interval is given by the ratio ni/n, while the cumulative 
frequency (Fi) of the i-th measurement itself is given by the 
following relation: 

Fi = � fj = �
nj
n

i

j=1

i

j=1

 

The next step was to identify the probability distribution 
curve that best approximates the cumulative frequency 
curve, and then plot the curve itself. In the specific case, the 
use of logistic regression was deemed appropriate, which is 
a statistical model representing the probability of 
occurrence of a particular event (such as the acceptance of 

a time interval) which has the following analytical 
expression: 

ln �
p

1 − p
� = a + b ∙ G 

Where: 
 p = probability of accepting a time interval of length 

G; 
 G = acceptance time interval (critical gap) [sec]; 
 a, b = regression coefficients. 

Thus, for each intersection, the probability distribution 
curves were obtained, evaluating the regression 
coefficients "a" and "b" for each type of maneuver. 

Then, the 50th percentile critical gap was calculated, 
defined as the time interval accepted by 50% of the users 
(G50), which was obtained using the previous expression 
by entering p = 0.50 and solving for G. 

3. Results and Discussion 
A total of 2472 acceptance time intervals (critical gap) 

were observed and timed, which is distributed as follows: 
 882 for right-turn maneuvers; 
 743 for left-turn maneuvers; 
 847 for crossing maneuvers. 

Table 2 shows the measured critical gaps divided by the 
two age groups and distributed for each intersection and for 
each maneuver. 

Critical gaps related to right-turn maneuvers were not 
measured in intersection Nº 9 because this maneuver was 
prohibited. The critical gaps related to left-turn maneuvers 
were not assessed for intersections Nº 5 and Nº 8 (left-turn 
maneuvers not allowed). 

Critical gaps related to crossing maneuvers were not 
measured for intersections Nº 1, Nº 2, Nº 8, and Nº 9 
because they are T-type intersections. 

Regarding the application of the procedure to determine 
the G50 values, the research team began with estimating the 
G50 values divided by the age group for each maneuver and 
for each of the 9 intersections. Since the analysis of the 
different values of 50th percentile critical gap (G50) for both 
age groups considered highlighted a high degree of 
homogeneity in the data with respect to each type of 
maneuver, it was decided to group all the observed 
measures for each of the possible maneuvers in the studied 
intersections, distinguishing them according to the two age 
groups of the test drivers. The cumulative frequency curves 
related to all the maneuvers globally associated with the 9 
studied intersections were thus plotted, as well as the 
probability distribution curves obtained by logistic 
regression (Fig. 3 and Fig. 4). The values of the 50th 
percentile critical gap (G50) resulting from the processing 
of the experimental data and the regression coefficients 
related to the corresponding probability distributions are 
presented in Table 3. 
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Table 2.  Number of acceptance time intervals selected after investigation 

 Measured critical gaps 
Right-turn maneuvers 

Intersection Drivers between the ages of 65 and 75 Drivers over the age of 75 

N° 1 35 21 

N° 2 46 30 

N° 3 123 82 

N° 4 56 43 

N° 5 72 62 

N° 6 65 46 

N° 7 57 49 

N° 8 51 44 

N° 9 0 0 

Totals by age group 505 377 

Totals by type of maneuver 882 

 Measured critical gaps 
Left-turn maneuvers 

Intersection Drivers between the ages of 65 and 75 Drivers over the age of 75 

N° 1 40 33 

N° 2 46 37 

N° 3 95 78 

N° 4 61 50 

N° 5 0 0 

N° 6 56 38 

N° 7 67 51 

N° 8 0 0 

N° 9 49 42 

Totals by age group 414 329 

Totals by type of maneuver 743 

 Measured critical gaps 
Crossing maneuvers 

Intersection Drivers between the ages of 65 and 75 Drivers over the age of 75 

N° 1 0 0 

N° 2 0 0 

N° 3 119 92 

N° 4 150 116 

N° 5 81 59 

N° 6 57 43 

N° 7 72 58 

N° 8 0 0 

N° 9 0 0 

Totals by age group 479 368 

Totals by type of maneuver 847 

Totals 2472 
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Figure 3.  Statistical analysis of the critical gaps measured during the experimental investigation (drivers between the ages of 65 and 75) 
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Figure 4.  Statistical analysis of the critical gaps measured during the experimental investigation (drivers over the age of 75) 
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Table 3.  G50 values and regression coefficients related to the probability distributions 

 Drivers between the ages of 65 and 75 Drivers over the age of 75  

Maneuver G50 (s) Regression coefficients G50 (s) Regression coefficients G50 (s) (Average values) 

Right-turn 7.18  
a = -13.157 

7.35  
a = -13.560 

7.25 
b = 1.833 b = 1.846 

Left-turn 7.42  
a = -12.831 

7.69  
a = -14.048 

7.55 
b = 1.729 b = 1.827 

Crossing 6.41  
a = -11.256 

6.61  
a = -12.198 

6.5 
b = 1.756 b = 1.844 

 

The data presented in Table 3 show that the acceptance 
intervals of drivers over 75 years old are always larger, on 
average by about 0.2 seconds, than those of users up to 75 
years old. As expected, the largest difference (0.27 seconds) 
is found for the left-turn maneuver, the one that most 
stresses the psycho-physical performance of the drivers. 

It is interesting to note that for all older drivers included 
in the experimental study, both turning maneuvers (left and 
right) require a fairly similar level of difficulty. This is 
evidenced by similar values of G50 in the case of right-turn 
maneuvers (the average value of G50, calculated as the 
average of the two values of G50 with respect to the two age 
groups, is equal to 7.25 seconds) and for left-turn 
maneuvers (average value of G50 equal to about 7.55 
seconds). For the crossing maneuver, on the other hand, the 
average value of G50 is about 6.5 seconds, which is about 1 
second lower than the values of G50 for the other two 
maneuvers. 

These results can be compared with the main 
international references. Table 4 shows the critical gap 
values (G50) proposed by Green Book (2018) and by HCM 
(2016) [40, 42], which are currently the authoritative 
technical references for the verification of sight distances at 
intersections and, in general, for the design of the elements 
that characterize road networks worldwide. It can be noted 
that the average value of the critical gap related to older 
drivers performing the crossing maneuver (equal to 
approximately 6.5 seconds) is identical to the value 
proposed by Green Book [40], while it exceeds the value 
proposed by HCM [42] by 0.3 seconds. Similarly, the 
average value of the critical gap obtained with our study in 
the case of older drivers performing the left-turn maneuver 
(equal to 7.55 s) is exactly the same as that of Green Book 
[40], while it exceeds the value suggested by the HCM [42] 
by 0.4 seconds. 

Table 4.  Critical gap values proposed by Green Book (2018) and by 
HCM (2016) 

 
Critical gap (G50) 

Right-turn Left-turn Crossing 

HCM (2016) 6.2 s 7.1 s 6.5 s 

Green Book (2018) 6.5 s 7.5 s 6.5 s 

Thus, with respect to crossing and left-turn maneuvers, 

the sight distance checks proposed by the Green Book [40] 
are also compatible with the expectations of older drivers. 
This leads the authors of this study to propose the use of the 
Green Book [40] methodology for intersection sight 
distance checks in the case of left-turn and crossing 
maneuvers. In fact, this methodology seems to be sufficient, 
without the need for modification, to ensure the execution 
of the above maneuvers with the same level of safety for all 
categories of users (including the elderly). 

On the other hand, the HCM 2016 [42] provides slightly 
lower G50 values for intersection and left-turn maneuvers 
than the Green Book [40]. So, this does not seem to fully 
meet the safety requirements that should be ensured for 
users over 65 years of age. 

For the right-turn maneuver, other considerations must 
be made. The experimentally determined value of the 
distance (average G50 equal to 7.25 seconds) is about 0.7 
seconds higher than that of the Green Book [40] and even 
about 1 second higher than the corresponding value given 
by the HCM [42]. 

Therefore, the obstacle-free area to the left of elderly 
drivers waiting with their vehicles to cross the stop line to 
turn right must be significantly larger than that which can 
be calculated by both the Green Book and the HCM [40, 
42]. In the case of elderly road users, the main international 
references for intersection distance sight checks do not 
appear to provide an adequate level of safety for elderly 
people making a right-turn maneuver. 

If the safety needs of users over 65 years of age are to be 
taken into account, the visibility criteria based on the 
critical gap should be revised and modified to increase the 
value of the critical gap to be used for visibility checks in 
the case of right-turns at intersections with 3 or 4 legs, 
where the minor legs are stop-controlled. 

The results of this study can also be discussed in the light 
of the current Italian legislation on the design of 
intersections [53]. The Italian legislation in question 
proposes a different criterion from the one used in the 
Green Book and the HCM [40, 42]. According to M.D. 
19/04/2006 (sect. 4.6) [53], visibility in intersections 
regulated by the stop sign is guaranteed on the secondary 
legs if the areas delimited by the sight triangles are free of 
obstacles. The sight triangles must be established under the 
hypothesis that the driver of the vehicle on the minor road, 
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located at a distance of 3 meters from the stop line, can see 
the vehicles on the major road, for a distance of length ISD 
(Intersection Sight Distance), which can be evaluated with 
the following expression (in meters): 

ISD = 0.278 ⋅ S ⋅ t 
Where: 

 S = characteristic speed of major road (km/h), equal to 
the design speed determined by the speed diagrams or, 
in the presence of speed limits, the value prescribed 
by the signs; 

 t = maneuver time (s); t = maneuver time (s); it is set 
equal to 6 seconds (sum of the perception and reaction 
time and the time needed to clear the intersection). 
This value must be increased by one second for each 
percentage point of longitudinal gradient of the minor 
road above 2%. 

The Italian legislation [53] for the calculation of sight 
triangles does not distinguish in any way the type of 
maneuver to be performed and therefore the ISD distance 

calculated with the previous expression must be used to 
verify the visibility conditions associated with the 
execution of all the typical maneuvers of the intersection 
areas (crossing, right-turn and left-turn). 

Table 5 shows the values of ISD calculated with the 
criterion provided by the Italian legislation [53] and with 
the critical gap-based method, assuming the average values 
of G50 for each of the three maneuvers obtained as a result 
of the experimental study. The table also shows the 
increases (∆ISD, expressed as a percentage) are attributed to 
the sight distances according to Italian legislation, due to 
the visibility needs of elderly users, taken into account by 
applying the acceptance gap criterion with the values of 
G50 obtained in the present study. 

Table 5 shows that it is necessary to increase the ISD 
values proposed by the Italian standards by the following 
percentages to meet the safety requirements for users over 
65 years of age: 
 20-22% for the right-turn maneuver; 
 25-27% for the left-turn maneuver; 
 8-10% for the crossing maneuver. 

Table 5.  ISD values calculated with the Italian legislation and with the critical gap method 

  
Speed (km/h) 

All maneuvers Right-turn Left-turn Crossing 

M.D. 19/04/2006 G50 = 7.25 sec G50 = 7.55 sec G50 = 6.5 sec 

ISD (m) ISD (m) ∆ ISD (%) ISD (m) ∆ ISD (%) ISD (m) ∆ ISD (%) 

20 33 40 22.1 42 27.1 36 9.4 

30 50 60 20.8 63 25.8 54 8.3 

40 67 81 20.2 84 25.2 72 7.8 

50 83 101 21.3 105 26.3 90 8.8 

60 100 121 20.8 126 25.8 108 8.3 

70 117 141 20.5 147 25.5 126 8.0 

80 133 161 21.1 168 26.1 144 8.6 

90 150 181 20.8 189 25.8 163 8.3 

100 167 201 20.6 210 25.6 181 8.1 
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It is clear that Italian legislation [53] is totally 
inadequate to take into account the needs of elderly road 
users, particularly with regard to the safe execution of left 
and right-turn maneuvers. 

The fact that sight distances need to be increased by 
more than 20% to optimize safety when turning right, and 
by more than 25% for left-turn maneuvers, leads the 
authors of this study to hope above all that: 
1) in a future revision of Italian legislation on the design 

of road intersections, visibility criteria will be 
adopted, and differentiated according to the type of 
maneuver and the acceptance gap, and thus more 
closely related to the real psycho-physical 
characteristics of users approaching from the minor 
legs, 

2) the above visibility criteria are based on G50 values, 
suitable to take into account the expectations of 
elderly drivers. 

4. Conclusions 
In this study, the authors investigated in detail a 

particular aspect of road safety related to the behavioral 
performance of elderly drivers in the execution of the three 
possible maneuvers (right-turn, left-turn, crossing) at 
stop-controlled intersections. The experimental study 
aimed at estimating the acceptance intervals at 
stop-controlled intersections by a sample of test drivers 
divided into two age groups. The need arose to diversify 
the parameters used to test sight distances in relation to the 
possible maneuvers that can be performed. This is in line 
with the main international regulations. 

The experimentally determined values of the critical gap 
for the left-turn and crossing maneuvers, which represent 
the main result of this study, were found to be compatible 
with the values found in the main reference manuals for 
road design (HCM 2016 and the Green Book 2018 [40, 
42]). In particular, the values of the 50th percentile critical 
gap proved to be perfectly aligned with those reported in 
the Green Book [40]. 

The value of the critical 50th percentile gap (G50) 
associated with the right-turn maneuver obtained from the 
experimental investigation was similar to that associated 
with the left-turn maneuver and therefore, it was 
significantly higher than the value used in the technical 
manuals. This is obviously an indication of a very similar 
level of difficulty of the older drivers in performing both 
turning maneuvers at stop-controlled intersections. 

With regard to Italian legislation, the results of this 
study have highlighted the need to take into account the 
various operational difficulties associated with the 
possible maneuvers at the intersections. In fact, the 
theoretical approach of the Italian regulations, based on a 
criterion that does not differentiate the way in which the 
three maneuvers are carried out, is completely 

disconnected from the actual way in which users 
(including the elderly) operate. This would obviously lead 
to a complete revision of the criteria for checking sight 
distances at stop-controlled intersections. 

It is therefore desirable, in the context of the 
indispensable revision of technical standards in the road 
design sector, to pay particular attention to those design 
parameters that are directly and indirectly related to 
variables conditioned by human behavior. From this point 
of view, it is impossible to ignore the needs of a user group 
such as the elderly, who, as we know, are increasingly 
present both in Italy and in the rest of Europe and the 
world. 
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