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Resume

Human factors specifically, perceived behavioural control (PBC) is among
the accident causation factors leading to risky driving behaviour among
young drivers. Therefore, this paper aims to investigate the relationship
between PBC and young drivers’ risky driving behaviour, PBC and accident
involvement as well as the mediating role of risky driving behaviour to
mediate the relationship between the PBC and accident involvement. The
sample of this study involved active young drivers aged between 18 and 25,
possess valid driving license, with at least six months of driving experience
and have been involved in a road accident for the past 12 months. Results
showed a significant relationship between PBC and young drivers’ risky
driving behaviour as well as the PBC and accident involvement. Moreover,
risky driving behaviour was proved to mediate the relationship between
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1 Introduction

Over the years, Malaysia has reported a high
number of road accidents as well as fatality cases. In
2018 alone, a total of 536,250 accident cases and 6284
fatalities have been reported [1]. This figure exceeded the
initial expectation made by the Malaysian government.
Reports show that majority of road accidents occurred
due to the drivers’ and riders’ failure to abide by the
traffic rules and regulations [2-3]. Violation of traffic
law leads to accidents not only in Malaysia but also
in other countries around the world. Despite other
factors that could contribute toward road accidents like
technical factors of road faulty and vehicle faulty as
well as the environmental factors of adhering weather,
human factors of traffic violation behaviour and risky
driving behaviour indeed top the issue factors [4].
Human factors are the most avoidable factors for the
road accidents since drivers and riders are highly and
solely responsible for their own driving behaviour [3].
Moreover, it has been reported that most road accidents
occur due to the drivers’ and riders’ irresponsible driving
behaviour.

Scholars further summarized that to overcome the
issue of drivers’ and riders’ risky driving behaviour and
their involvement in road accidents, an independent

variable namely perceived behavioural control (PBC)
should be used as one of the important elements that
need to be considered [5-7]. The PBC believes in on
the concept of self-control where drivers and riders can
control their own driving behaviour. This means that,
any driving decisions made by drivers and riders are
solely based on their own discretion without any coercion
from other parties. As a result, drivers and riders are
basically in total control over the course of driving
whether or not to drive dangerously and jeopardize
their own life as well as other road users. Given the
important role of PBC as one of the key antecedents of
risky driving behaviour, this study aimed to investigate
the relationship between the drivers’ and riders’ PBC
toward risky driving behaviour and their involvement
in a road accident as well as the mediating role of risky
driving behaviour to mediate the relationship between
the PBC and accident involvement.

1.1 Road accident involvement among young
drivers around the world

Road accident involvement among the young and
novice drivers has been seen higher compared to other
age group drivers. The term “young driver” is being
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defined as a driver aged between 18 to 25 years old [8].
In contrast, Cordellieri et al. [9] define “young driver”
as a driver aged between 18 to 22 years old, whereas
Mohamed and Bromfield [10] describe “young driver”
as those aged between 18 to 24 years old. Jamaluddin
et al. [11] in their research for the Malaysian Institute
of Road Safety and Research (MIROS) highlighted
that young driver aged between 15 and 25 are the
highly risky accident group in Malaysia. Thus, in this
research, the operational definition for the term “young
driver” is defined as a driver aged between 18 and
25 years old.

Literature consistently revealed that younger
drivers tend to commit more traffic violations including
speeding and using mobile phones while driving
despite their lack of driving experience [12]. This fact
was further supported by other studies, which also
highlighted the high traffic violations and accident
involvements among the young drivers and riders in
Australia and other European countries like the UK,
Belgium and Italy [13-14]. In an investigation involving
six European countries such as Germany, Finland, Italy,
Netherlands, Sweden and the United Kingdom, reported
that drivers’ misjudgement over the time and distance
during the course of driving has been reported as one of
the contributors of accident occurrence and involvement
among drivers [15].

A relevant review of the literature demonstrated
that 2681 younger drivers from nine European countries
namely Italy, Austria, Bulgaria, Cyprus, Germany,
Ireland, Latvia, Lithuania and Poland tend to perceive
a higher level of risks associated with driving [9].
Younger drivers are lacking in driving skills since the
improvement of the skills eventually increases with age
[11]. Similar situation had occurred in Asian countries,
particularly Malaysia. Based on a study conducted by
MIROS, age was considered one of the significant factors
influencing the road accidents in the Klang Valley [11].
The study further highlighted that driver between the
age of 15 to 25 years old are highly involved in traffic
crashes [11]. It is further highlighted that young driver
aged between 16 to 25 years old had caused 46% of fatal
and non-fatal accidents in Malaysia [16].

In the road safety study, individual factors play
a significant role to explain the occurrence of road
accidents. Individual factors are the determinant
identified within the individual himself/herself [17].
The factors include human attitude and personal
characteristics [17]. To further identify the factors
leading to accident involvement, a systematic review
was conducted in this study on four academic databases
namely Emerald, Scopus, Web of Science and Wiley
Online Library. Through the review, an individual
factor of perceived behavioural control (PBC) was
identified as the possible significant contributor of
accident involvement [5-6]. Therefore, this study further
investigates the impact of the PBC on young drivers’ risky
driving behaviour and involvement in road accidents.

2 Literature review

2.1 Perceived behavioural control (PBC)
and risky driving behaviour

The PBC applies the self-efficacy concept that
explains a person‘s ability to control his or her own
behaviour. PBC can also be interpreted as a belief
where an outcome or consequence of the behaviour is
influenced by the person himself. To promote the safe
driving and reduce road accident statistics, PBC is used
as one of the highly applicable indicators. In the concept
of road safety, PBC is interpreted as to what extent
drivers and riders can control their driving behaviour
by not committing any wrongful traffic acts such as
speeding, close following, use of mobile phone, dangerous
overtaking and driving while intoxicated [5, 6, 18]. Risky
driving behaviour is also known as traffic violation
behaviour. This risky driving behaviour is considered as
the drivers’ and riders’ intentional failure to abide by the
traffic rules and regulations despite having knowledge
of the wrongdoing. By breaking the traffic rules and
regulations, drivers and riders are jeopardizing not only
their life but also lives of other road users. Among the
common risky driving behaviours committed by drivers
and riders are driving over the speed limit, illegal use
of mobile phone while driving, tailgating and running
through the red light [5, 19-20]. In some of the serious
cases, drivers and riders fail to control their vehicles and
cause casualty.

A study conducted in Australia reported that the
PBC can influence the drivers’ behaviour to text while
driving [21]. It was further mentioned that drivers with
a high level of PBC were found to not engage with such
violation behaviour [21-22]. Similarly, another study
conducted in Australia also highlighted the importance
of self-control to restraint one’s behaviour from illegal
use of mobile phones while driving [22]. Furthermore,
a study conducted among Spain university students
showed that texting while driving is a typical traffic
violation committed by the students [12]. Students with
good self-control were able to restrain themselves from
using mobile phones and kept their full attention on
driving.

Besides that, the PBC is also an important element
to curb drivers’ and riders’ speeding behaviour. This
has been further confirmed in two studies conducted
in France, which highlighted PBC as the significant
predictors to explain the risky driving behaviour
of speeding [5, 23]. Similar findings have also been
reported in two studies conducted in Taiwan which
reported that PBC is a significant factor that can
influence the drivers’ speeding behavior [24-25]. Drivers’
PBC increased alongside their driving experience [26].
Years of driving experience increase the drivers’ driving
skill and knowledge as well as their ability to control
the vehicle. It has been reported that older drivers are
more likely to engage in speeding compared to young
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drivers since they have good ability and skills to control
their vehicle and can ensure that they arrive at the
destination safely [26].

Moreover, a study by Cristea and Gheorghiu [27]
utilizing the sample of cyclists reported that PBC was
able to influence the cyclists’ riding behaviour. Cyclists
with a high level of self-control were found able to
stop themselves from running through the red light
and switching on the turning signal [27]. Researchers
further emphasized that a high level of PBC can increase
the use of safety equipment or helmet in Turkey [28].
Such behaviour was found to help avoid the occurrence
of severe traffic crashes and protect the riders from
fatal accidents. A similar finding has been also reported
in a study carried out in Malaysia where the PBC can
influence the riders’ behaviour to wear safety helmets
before starting their journey [29].

Nevertheless, it has been reported that PBC does not
necessarily avoid motorcyclists’ risky driving behaviour.
A study conducted in Turkey reported that PBC failed
to overcome the motorcyclists’ speeding and performing
stunt behaviour while riding [28]. A similar finding has
also been reported in a study conducted in Thailand
which revealed that PBC was unable to restraint
university students from breaking the traffic rules
and regulations [30]. It has been reported that most
university students illegally ran through the red light,
especially at the road junction. In addition, a study by
Warner and Aberg [31] using the sample of driver test
participants reported that participants only portrayed
their intention to abide by the speed limit during the
initial data collection however, during the driving test,
the participants were driving above the speed limit,
which contradicts their initial intention. Overall, it can
be summarized that there are various results over the
effectiveness of the PBC in overcoming the drivers’ and
riders’ risky driving behaviour. Therefore, further study
needs to be conducted to confirm the effectiveness of
PBC in restraint the drivers and riders from breaking
the traffic rules and regulations. Hypothesis developed
for this study is:

H1: There is a significant relationship between PBC
and risky driving behaviour.

2.2 Perceived behavioural control (PBC)
and accident involvement

A road accident is defined as the collision between
one or more vehicles on the road causing vehicle
damage, injury or even fatality [32]. Meanwhile, accident
involvement is defined as the number of road accidents
caused by the drivers and riders due to their fault or
not [10]. Recently, there is an emerging number of
road accidents due to drivers’ egotistic acts of using
the mobile phone while driving. This selfish act indeed
disturbs the drivers’ and riders’ concentration and
consequently increases the risk of an accident [33-34].

Wilson and Stimpson [35] reported that drivers failed
to fix their eyes on the road when texting and reading
a message. The illegal use of mobile phones has been
reported to contribute to approximately 30% of road
fatalities in the US [35].

Backer-Grondahl and Sagberg [36] further
emphasized that the use of hand-held phones while
driving has become a significant contributor to traffic
crashes among road accident victims. A similar finding
has also been highlighted by Horsman and Conniss
[33], who reported the illegal use of hand-held phone as
the key attributor in drivers’ distraction problems. The
urge to answer a call and read messages as soon as they
receive it while driving has led to a greater accident
risk [37]. Moreover, Bin Islam and Kanitpong [38]
reported that the bus driver’s loss of control in making
the right decision and judgment when a sudden incident
happened has resulted in a road accident between
a bus and a pickup truck in Thailand. Further analysis
revealed that this fatal accident could have been avoided
if the bus driver has reduced the speed when driving
on the curve upstream. Overall, it was proven that
PBC is the key factor in road accident causation and
involvement. The clear relationship between these two
variables led towards the development of a hypothesis of:

H2: There is a significant relationship between PBC
and accident involvement.

2.3 Mediating role of risky driving behaviour to
mediate the relationship between perceived
behavioural control (PBC) and accident
involvement

Several studies have shown that risky driving
behaviour occurs due to the drivers’ and riders’ poor
PBC and that this aberrant driving behaviour has
significantly led to accidents [5, 27]. Chen and Chen
[24] highlighted PBC as the significant factor towards
drivers’ risky driving behaviour of speeding, which
has become the main contributor of road accidents
[26]. Similarly, a study by Cristea and Gheorghiu [27]
reported that cyclists with poor PBC are more likely
to cycle at a high speed although when passing a road
junction that requires them to stop. Apart from that, it
was also reported that these cyclists failed to stop at the
road junction and were more likely to make a sudden left
or right turn. This selfish act indeed becomes a major
road accident contributor involving cyclists.

In addition, drivers and riders with poor PBC also
tend to use their phones while driving regardless of
knowing that this action can distract their focus when
driving [21-22]. Wilson and Stimpson [35], Muehlegger
and Shoag [34] and Horsman and Conniss [33] revealed
that drivers and riders who illegally use their phones
while driving are indeed more likely to be involved in
road accidents. In summary, it has been proven that
risky driving behaviour help to explain the effects of the
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Figure 1 Research Framework

Table 1 Number of registered vehicles up to year 2019 and number of road accident according to states within the year

2012 to 2019
No. of No. of road accident
States reg.istered
vehicles up 2012 2013 2014 2015 2016 2017 2018 2019
to 2019
Perlis 116,231 1,881 1,895 1,888 1,861 2,062 1,925 2,093 2,098
Kedah 1,380,952 19,935 20,228 20,159 22,016 23,200 23,262 23,239 24,867
Penang 2,673,907 37,851 39,408 38,747 39,856 42,244 43,007 45,734 47,198
Perak 2,274,725 34,714 39,361 35,131 36,736 38,531 38,587 38,278 39,720
Selangor 2,931,203 129,106 135,024 137,809 140,957 151,258 154,958 163,078 168,222
Lf‘;f‘;ir 6,441,342 61,872 64,527 63535 64,664 68,866 72,940 72,284 73771
Negeri
Sembilan 970,371 22146 23,066 23,748 22939 24428 24941 25123 25838
Malacca 864,194 15,195 16,083 16,375 17,069 18,601 18,771 19,120 19,593
Johor 3,638,857 62,316 64,600 64,473 67,112 73116 76,121 78,812 82,502
Pahang 1,066,464 20,554 20,130 19,071 19,635 20,465 20,813 20,641 21,196
Terengganu 641,736 10,861 9,748 10,326 10,381 10,793 10,713 10,607 11,355
Kelantan 905,024 9,968 10,996 9,383 9,960 10544 10,786 10,983 11,295
Sabah 1,238,538 17,446 18,700 17,693 17,290 17,298 17,244 18,006 18,520
Sarawak 1,804,251 18,578 17438 17,858 19,130 20,065 19,807 20,600 21,341

relationship between the independent variable of PBC
and the dependent variable of accident involvement. The
hypothesis that has been developed by this study is:

H3: Risky driving behaviour mediate the relationship
between the PBC and accident involvement.

Figure 1 shows the research framework that been
investigated in this study. PBC is the independent
variable, risky driving behaviour is the mediator and
finally, accident involvement is the dependent variable.

2.4 Underpinning theory: attribution theory

Attribution Theory is used to explain the purpose or
motive of human behaviour. Two factors that lead towards
individual behaviour, namely internal attribution and
external attribution. Internal attribution, also known
as dispositional attribution, is a factor within the
individual himself/herself that causes the person to act
in a certain manner. An example of internal attribution
is personality and attitude. Meanwhile, the external
attribution, also known as situational attribution, is the
outside factor that causes a person to act accordingly.
An example of external attribution is the surrounding
situation and the influence of other people.

For this study, the internal attribution was used
to underpin the relationship between the PBC and the
young drivers’ and riders’ risky driving behaviour, as
well as their accident involvement. The young drivers’
and riders’ ability to control their driving decision is
something within themselves. They have the power to
avoid risky driving behaviour such as driving above the
permitted speed, overtaking at the double lines, running
through the red light, as well as illegal use of mobile
phones to type and read text while driving.

Drivers and riders who make the right driving
decision and comply with the traffic rules and
regulations would be subsequently able to avoid being
involved in road accidents. For example, driving while
using mobile phones will distract the drivers’ or riders’
attention. Thus, drivers and riders must be able to
restraint themselves from reading and replying to the
text message once they received it. This is because the
text message they received may involve some emotional
or personal feeling that would distract their attention.
Moreover, there is also an example where the drivers or
riders feel the urge to read or reply to the text message
as soon as they received it however, their mobile phones
are not within the possible place to reach, such as in the
backpack or at the back of their trousers. The drivers’ or
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riders’ first action to reach for their mobile phones has
already distracted the course of driving.

3 Methodology

This study was carried out using the quantitative
research design through the deductive approach. The
minimum sample size for this study was determined
using the G*Power calculation with the anticipated
effect size of 0.15, the desired alpha level at 0.05 and
the desired statistical power of 0.80. As a result, the
minimum sample size of this study became 98 samples.
This study is a cross -sectional study conducted using
193 young drivers and riders. This study employed the
purposive sampling method. Young drivers and riders
are defined as those from within the age 18 to 25 years.
Other criteria for sample selection in this study were
that they must possess a valid driving license, with at
least six months of driving experience, actively drive
for the past six months (must drive at least 3-4 times
a week) and be involved in any road accident for the
past 12 months in either Selangor, Johor, or Kuala
Lumpur. Data released by the Malaysian Ministry
of Transportation reported that these three states
recorded the highest number of accidents for the past
eight consecutive years. Table 1 shows the number of
registered vehicles up to year 2019 and number of road
accidents according to states within the year 2012 to
2019 (the latest data that has been published by the
Ministry of Transportation Malaysia).

All the items in the modified questionnaire measured
each of the risky driving behaviour: (1) speeding, (2)
close following, (3) use of mobile phone while driving
or riding, (4) failure to switch on the turning signal, (5)
run through the red light and (6) dangerous overtake.
These are among the common risky driving behaviour
committed by the drivers and riders within the context
of Malaysia setting as discussed in studies by Abdul
Manan [39] and Abdul Manan and Vérhelyi [40], as well
as Harith and Mahmud [41].

Questionnaire items for the PBC were adapted from
several scholars namely Gauld et al. [21], Eyssartier
et al. [5] and Prat et al. [12]. A study by Prat et al.
[12] reported reliability of 0.87, whereas a study by
Eyssartier et al. [5] reported reliability of 0.77. The
researchers used the five - point trueness - based Likert
scale, which ranged from “Strongly disagree (1); Disagree
(2); Neutral (3); Agree (4); to Strongly Agree (5)”. All the
modified questionnaire items used in this study were
categorized as negative items. Six PBC questionnaire
items used to collect the data are: -

i)  For me, I have complete control over whether or not

I would drive above the speed limit.

ii) For me, I can take the risk to follow the car closely.

iii) For me, I am confident to use a mobile phone while
driving.

iv) For me, I am confident to change the lane without

switching on the turning indicator.

v) For me, if I wanted to, I can run through the red
light.

vi) For me, I am confident to overtake other cars.
Meanwhile, questionnaire items for the risky

driving behaviour were adapted from Castanier et

al. [42] and Chung and Wong [43]. All the adapted
questionnaire items reported reliability of more than

0.70 (6). The researchers used the five - point frequency

- based Likert scale, which ranged from “Never (1); A few

times (2); Frequently (3); Often (4); to Very Often (5).

Six questionnaire items for the variable of risky driving

behaviour used to collect the data were: -

Please indicate how often you have carried out each
of the behaviour during the past 12 months:

i) Excessive speeding

ii) Following car too closely

iii) Using a phone while driving

iv) Not switching on the turning signal

v) Run through the red light

vi) Dangerous overtake
Finally, questionnaire items for accident involvement

were adapted from Mohamed and Bromfield [10]

with a reliability of 0.75. The researchers used the

combination of five - point frequency - based Likert scale,

which ranged from “Never (1); Only once (2); Twice (3);

Three times (4); to More than three times (5)” and the five

- point trueness - based Likert scale, which ranges from

“Strongly disagree (1); Disagree (2); Neutral (3); Agree

(4); to Strongly Agree (5)”. Five questionnaire items for

the variable of accident involvement used to collect the

data were: -

i) Estimation of accident involvement for the past 12
months (five - point frequency - based Likert scale)

ii) Most of the accidents happened because of my own
fault (five - point trueness - based Likert scale)

iii) Estimation of accident involvement happened
because of my own fault (five - point frequency -
based Likert scale)

iv) Most of the accidents happened because of other
road users’ fault (five - point trueness - based Likert
scale)

v) Estimation of accident involvement happened
because of other road users’ fault (five - point
frequency - based Likert scale)

4 Results

From the overall 300 questionnaires distributed,
a total of 145 questionnaires were returned, representing
48 % of the response rate. For the online questionnaire,
a total of 53 questionnaires were retrieved and four
questionnaires with more than 20% missing data were
excluded. As a result, the total number of usable
questionnaires for this study became 193. Table 2 shows
the summary of distributed and returned questionnaires.
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Table 2 Summary of distributed and returned questionnaires

Questionnaire Returned (paper) Incomplete and Excluded (paper) Total Usable Questionnaire
145 1 144
Online Questionnaire Incomplete and Excluded (online) Total Usable Questionnaire
53 4 49
Grand Total 193

Table 3 Demographic Information

Personal Characteristics (n = 193) Frequency Percentage (%)
Respondent age
18 - 19 years old 41 21.2
20 - 21 years old 89 46.1
22 - 23 years old 33 17.1
24 - 25 years old 30 15.5
Gender
Male 99 51.3
Female 94 48.7

Marital status

Married 17 8.8
Single 176 91.2
States of accident
Kuala Lumpur 65 33.7
Selangor 62 32.1
Johor 66 34.2

Employment status

Full time employee 21 10.9
Part time employee 2 1.0
Student 168 87.0
Unemployed 2 1.0

Driving frequency per week

3 - 4 times 87 45.1
5 - 6 times 31 16.0
Everyday 75 38.9

Driving experience

6 months - 1 year 51 26.4
1- 2 years 45 23.3
2 - 3 years 29 15.0
More than 3 years 68 35.2

Mode of transport

Car 104 53.9
Motorcycle 86 44.6
Bicycle 3 1.5

Location of accident

Straight and flat road 56 29.0
Curve and steep road 53 27.5
Road junction 74 38.3
Ring road 10 5.2

Weather condition during accident

Sunny 93 48.2
Rainy 79 40.9
Windy 21 10.9
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Table 4 Results of direct relationship between variables
Hypothesis Relationship Std. Beta t-value P Value Decision
H1 PBC — Risky Driving 0.201 3.728 0.00 Supported
Behaviour
H2 PBC — Accident Involvement 0.039 2.103 0.01 Supported
Table 5 Result of indirect relationship between variables
Hypothesis Relationship Std. Beta t-value P Value Decision
H3 PBC — Risky Driving 0.039 1.948 0.05 Supported

Behaviour — Accident
Involvement

Table 3 shows the respondents’ demographic
information. The majority of respondents (n = 89) were
aged between 20 - 21 years old, followed by 21.2 % within
the age of 18 to 19 years old, 17.7% within the age of 22
to 23 years old and finally 15.5% within the age of 24
to 25 years old. Next, about 51.3% of the respondents
were male, whereas, the remaining 48.7 % were female.
For the employment status, most of the respondents
were students (n 168). The remaining were full
time employees (n = 21), part-time employees (n = 2)
and only two unemployed respondents. Moreover, 87
respondents were reported to drive at least 3 - 4 times
a week, followed by 75 respondents driving daily and 31
respondents driving 5 to 6 times per week. The majority
of the respondents (n = 68) have more than three years
of driving experience followed by 51 respondents with six
months to one year of driving experience.

Meanwhile, the statistics of road accidents
distribution, based on states, was almost similar with
65 accidents occurring in Kuala Lumpur, 62 accidents
occurring in Selangor and 66 accidents occurring in
Johor. Subsequently, most of the respondents (n = 104)
drove a car when the accident occurred, followed by
86 respondents who rode a motorcycle and only three
respondents who rode a bicycle when the accident
happened. For the location of the accident, the majority
of the accidents occurred at the road junction (n = 74),
followed by straight and flat road (n = 56), curve and
steep road (n = 53) as well as ring road (n = 10). Finally,
in terms of the weather condition during the accident,
about 93 cases were reported to have occurred during
the sunny weather followed by 79 accident cases that
happened during the rainy condition and finally, only 21
accident cases were reported to have occurred during the
windy weather.

Harman’s Single - Factor test result reported that
the data set did not suffer from the common method bias
issue as the variance explained by the single factor was
only 23.7%, which is lesser than the cut-off point of 50 %
[44]. The results of Average Variance Extracted (AVE)
and Composite Reliability (CR) were also greater than
the cut-off point of 0.5 and 0.7 respectively. Meanwhile,
the result of Fornell and Larcker’s criterion reported that
the average variance of own constructs was larger than

the other constructs, which confirmed the discriminant
validity. The model also did not suffer from multi-
collinearity problems since the inner Variance Inflation
Factor (VIF) values for the exogenous variables were less
than 5.0 [45].

Three hypotheses were developed to measure the
relationship between the (I) PBC and risky driving
behaviour, (2) PBC and accident involvement and
(3) the mediating role of risky driving behaviour to
mediate the relationship between the PBC and accident
involvement. Table 4 shows the results of the two
direct relationships between the PBC and risky driving
behaviour as well as PBC and accident involvement. The
t-value of the relationship between the PBC and risky
driving behaviour was > 1.28 and significant at level of
significance 0.10, (B = 0.201, p < 0.10). Meanwhile, the
t-value of the relationship between PBC and accident
involvement was > 1.28 and significant at level of
significance 0.10, (B = 0.039, p < 0.10). Therefore, it can
be summarized that the first and second hypotheses are
supported.

The mediating role of risky driving behaviour was
analysed using the Preacher and Hayes Method. The
mediating analysis was analysed through the indirect
effect or also known as “bootstrapping the indirect effect”.
Table 5 shows the result of bootstrapping analysis on
the indirect relationship on the mediating role of risky
driving behaviour to mediate the relationship between
the PBC and accident involvement. From the tabulated
result, it can be identified that the indirect effect of PBC
— Risky Driving Behaviour — Accident Involvement
was significant (f = 0.039, t - value of 1.948). The 90%
Boot CI Bias Corrected for the significant indirect
effects was [LL = 0.013, UL = 0.074]. Therefore, it can
be summarized that the third hypothesis is supported.

5 Discussion and conclusion

The result of this study demonstrated that the
young drivers’ and riders’ PBC significantly influenced
their risky driving behaviour of speeding, tailgating,
use of mobile phone while driving, failure to switch
on the turning signal, running through the red light
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and dangerous overtake. Based on the finding, it can
be identified that the young drivers and riders who
can control themselves to follow the traffic rules and
regulations would subsequently avoid committing the
risky driving behaviour. Apart from that, PBC was also
proved to act as a vital variable in the young drivers’ and
riders’ involvement in road accidents. Various studies
from Western and European countries, like Australia
and France, confirmed the significant relationship
between PBC and the drivers’ risky driving behaviour
[21-22, 27]. It was further reported that drivers with
a high level of PBC can restrain themselves from
violating the traffic rules including illegal use of mobile
phones while driving and speeding.

Meanwhile, studies conducted in Taiwan reported
similar findings where the PBC was proven as one
of the influential antecedences toward the drivers’
speeding behaviour [24-25]. Besides, in Malaysia, PBC
is considered an important element in cultivating the
culture of wearing a helmet and reducing the drivers’
violation of speeding [46-47]. As a result, it was shown
that the young drivers’ and riders’ poor PBC has
significantly caused them to commit risky driving
behaviour and become involved in road accidents. Based
on the demographic information, it was demonstrated
that the majority of the respondents were students who
still are pursuing their tertiary education. They are the
future human capital with bright opportunities awaiting
them. The consequences of being involved in a road
accident would cause a loss not only to the country but
also to the individual himself/herself. Therefore, these
young drivers and riders need to put greater attention
to their safety while driving.

Apart from that, past literature revealed that
10% of road accidents occurred due to technical and
environmental factors [48-49]. Based on the data gathered
from demographic information, it was identified that
more than half (51.8 %) of the accidents occurred during
rainy and windy weather. Besides the human factors,
this variable should be investigated in future research.
This is because the young drivers and riders have limited
driving experiences and vehicle handling skills which
would cause them difficulty in controlling their vehicles,
especially during the bad weather. The probability of
skidding and lapsing occurring during the adverse
weather was very high thus, drivers with limited driving
skills and experience would most probably become panic
and anxious. As a result, their poor emotion and lack of
self-control to handle such situations would eventually
cause them to be involved in road accidents.

Moreover, another aspect that needs to be
emphasized to avoid the occurrence of road accidents
is through the regular vehicles’ technical inspections.
A recent study conducted in 10 EU states summarized
the requirement for regular technical inspection with
the vehicles age [50]. As noted, the older the age of
a vehicle, the higher the tendency for the vehicle faulty.
Thus, through a regular inspection, the probability of

vehicle faulty that could lead toward the occurrence of
road accidents can further be minimized.

Another reason that can be investigated in future
studies, related to the occurrence of road accidents,
is the technical factor in terms of road condition [4].
Data gathered from the questionnaires distributed to
the respondents revealed that 38.3% of the accident
occurred at the road junction, 27.5% occurred at the
curvy and steep road and 5.2% occurred at the ring road.
Accidents at road junctions can occur either due to the
drivers’ carelessness, negligence towards traffic rules
and regulations like running through the red light or the
conditions of the road itself. Not all the road junctions
have installed a traffic light to control the traffic. The
existence of a traffic light at road junctions would help
the drivers to take turn to cross over the road, which
subsequently helps to minimise the occurrence of road
accidents. Besides that, several accidents have been
reported on curvy and steep roads. Driving on these
roads requires good vehicle handling skills, which is
one of the young drivers’ disadvantages. A study by
Jamaluddin et al. [11] further emphasised that the
empowerment of driving skills goes along with driving
experience. The more experience the drivers have, the
more vehicle handling skills they will possess, which can
be subsequently used to avoid road accidents regardless
of the location or type of the road.

This study has several limitations. Firstly, this
study was conducted using the purposive sampling
method, which included several criteria such as age
limitation, driving frequency, driving experience and
the respondents must be involved in at least one road
accident. As a result, the findings of this research cannot
be generalized to all drivers and riders in Malaysia.
Apart from that, this study only covered the states
of Selangor, Kuala Lumpur and Johor, which further
limited the generalization of findings, where the results
were only applicable to these three states. Overall, it
can be summarized that the PBC is indeed an important
individual trait that will help young drivers and riders,
who are mostly university students in Malaysia, to
restraint themselves from breaking the traffic rules
and regulations. Therefore, young drivers and riders
must develop good self-control. This inner strength
requires high perseverance as they are fighting with
themselves to follow the traffic rules and regulations.
When the young drivers and riders can strengthen their
self-control, they would not be easily influenced by other
road users or even peer passengers who encourage them
to drive aberrantly, run through the red light and even
overtake at the double line.

Moreover, other related parties like NGOs, Police
and the Ministry of Transportation also need to play an
active role to increase the drivers’ and riders’ awareness
towards the road safety. When handling young drivers,
different approaches are needed to address this issue
compared to those of older drivers. World Health
Organization (WHO) reported that the road safety
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education and training are among the best intervention
plans that can help to curb the drivers’ and riders’ risky
driving behaviour and subsequently reduce the number
of road accidents.

MIROS chairman, Tan Sri Lee Lam Thye highlighted
that imposing higher fines by the authorities is no longer
the significant solution to reduce the number of road
accidents in Malaysia [51]. Malaysian citizens are seen
unaffected by the traffic compound and summonses
issued by the authorities [51]. For example, the use of
automated enforcement system (AES) cameras installed
throughout the Malaysian highway. AES is one of
the self-regulated methods used by the authority to
control the drivers and riders speeding violations. It is
shown that drivers would tend to decrease their vehicle
speed only at certain locations where the cameras are
installed, while at other locations, they would still drive
above the permitted speed limit. This is because the
drivers know exactly where these cameras are installed.
The notification on the location of AES cameras is
publicised through the media of television, newspaper,
radio and other social media including Facebook and
Twitter before it is enforced. As a result, another
approach should be emphasized by the government to
curb this issue as soon as possible.

To achieve that, it is recommended for the Malaysian
government to put more initiative on delivering the road
safety message to the public especially the young drivers
and riders through the communication campaign of
meaningful and significant slogans such as “Value Your
life”, and “Better safe than sorry”. This younger generation
is prone to social media platforms like Facebook, Tiktok
and Instagram. Thus, the government should aim to
deliver road safety awareness through these platforms
to ensure such a message can be delivered successfully.
Since the majority of the respondents are still pursuing
their tertiary education, related authorities, like the
Road Safety Department, police and MIROS, can focus
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on conducting the road safety campaign at the public
and private universities in Malaysia.

Moreover, another important aspect that needs to be
emphasized is to include the right propensity of fear into
the road safety message such as the use of real accident
pictures and the true story of the accident victims.
More road safety campaign needs to be organized with
enhanced content accordingly to increase the level of
fear among the drivers and riders. When the right
propensity of fear is delivered to the road users through
the road safety campaign, education and training, the
drivers and riders would be able to perceive the message
correctly and subsequently increase their self-control
to abide by the traffic rules and regulations. “An ounce
of precaution is better than a pound of cure”, thus, we
should avoid such incidents from happening rather than
dealing with their consequences.

In addition, the road safety education delivered
during the driving schools’ training should be revised
and the study plan also should be added with a more
comprehensive road safety knowledge. A study conducted
in the Slovak Republic further summarized that the
inspection conducted by the Slovak Republic Ministry
of Transport and Construction reported high incidents
of fraud involving the driving participants to which the
driving licenses were issued although they did not even
complete the training in driving schools [52]. This illegal
act caused a significant impact on the government, the
other road users and the drivers themselves. Those
drivers are not competent enough to drive on roads.
Thus, such incident needs to be avoided for the better
road safety condition in the future.
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Resume

The aim of the article is to analyze the mobility of Polish residents
and a change caused by the COVID-19 pandemic. For this purpose,
a questionnaire study was conducted on changes in the mobility of Polish
residents before and during the COVID-19 pandemic. It was carried out
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1 Introduction

With the development of civilization, more and
more cars are registered each year (Figure 1), as more
and more people use private cars to quickly reach their
destination, mainly work or school. Over the last 10 years,
the number of registered cars in Poland has increased by
almost 50%. Efficient and fast communication is very
important due to the ability to easily change position
and move from place to place in a short time. Many
elements affect efficient communication.

The transport needs of residents depend on the
efficient communication of residents. One can divide
their activities, among others on: professional, social,
existential and physical. The activity of the inhabitants
depends, among others, on the place of residence.
Various activities occur in large cities, others in small
cities and thus affect the direction of mobility. In
addition to the above-mentioned activities, the way
and place of movement of Polish residents changed
a lot in March 2020, when the first cases of COVID-19
appeared in Poland. The number of cases of this virus
was increasing day by day. In December 2020 it was
almost 1.2 million cases and almost 26,000 people have
died (Figure 2).

COVID-19 is an infectious disease caused by the

acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the seventh coronavirus that can be transmitted from
person to person [3]. On March 11, 2020, the World
Health Organization (WHO) classified the COVID-19
epidemic as a global pandemic [4]. The new form of the
coronavirus has reached the economic world and society
on an unprecedented scale since the Great Depression
(1929-1933) and is an epidemic compared to the Spanish
flu of 1918 [5-6]. The spread of COVID-19 has limited the
economic activity and has led to a significant threat to the
financial stability of many countries around the world [7].

The development of the COVID-19 pandemic has
reduced the mobility of people around the world on
an unprecedented scale, Warren and Skillman [8].
Measures have been put in place to restrict travel,
movement and participation in activities in many
countries around the world as yet unseen [9]. These
include, among others: staying at home, distance
education, closed public institutions and workplaces,
canceled mass events and public gatherings, as well
as restrictions on public transport, affected about 90 %
of the world’s population [10]. In articles [11-13] is
indicated a significant relationship between the human
mobility and the tightening of government restrictions
to contain the COVID-19 pandemic. Mobility restrictions
varied by nation and region due to their initial mobility

© 2022 UNIVERSITY OF ZILINA
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structure [14]. Schlosser et al. [15] found that the
COVID-19 pandemic caused a reduction in long-distance
travel, which influenced the spread of the epidemic by
“flattening” the epidemic curve and delaying spread to
geographically distant regions.

Mobility is defined differently by different authors.
Szoltysek [16]treats mobility as a daily, routine movement
and activities resulting from the reorganization of the
personal life, which may include changing the place of
residence or work. It can be equated with the movement
and any activity of people performed by means of
transport outside the place of residence [17-18]. On the
other hand, Menes [19] presents mobility as mobility
related to the daily movement of residents, mainly to
work or school.

In accordance with the Treaty on the Functioning of
the European Union [20] and the resulting EU transport
policy, mobility is understood as an element of human
activity that depends on the person traveling, the person
managing the infrastructure and other users of the
transport system related to this mobility [21-22]. The
concept of sustainable development is closely related
to the issue of mobility and covers the following issues:
economic, environmental and social [23-26].

When analyzing the mobility of inhabitants,
transport challenges should be taken into account,
which in the 2011 White Paper [27] and in the Action
Plan on Urban Mobility [28]. Bearing in mind the
behavior of urban residents, a policy of sustainable
transport development in urban areas should be created.
This policy creates plans for development of sustainable
transport in cities where sustainable urban mobility
is the most important element. It is the main goal of
the transport policy of the 21st century [25-26, 29-30].
A transport sustainability plan requires, inter alia,
restrictions on the use of passenger cars in daily travel
to increase the use of public transport, bicycles or
walking [31].

To sum up they assumed that mobility can be
treated as a daily movement of inhabitants related to
their existence. He assumed it in the article. Before
COVID-19 pandemic went off he conducted research on
this field. It was made in 2019 [32].
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Figure 2 Diseases and deaths caused by COVID-19 in
Poland [2]

2 Study of changes in the mobility of Polish
residents caused by COVID-19

2.1 Purpose and scope of research

The aim of this article was to assess changes in the
mobility of Polish residents caused by the introduction of
COVID-19. The obtained research results may constitute
the basis for adopting the mobility directions of the
inhabitants of Poland, when a similar situation arises
in the future. Due to the prevailing pandemic, the
study was conducted using the survey method on
a representative group of Polish residents in December
2020.

2.2 Research methodology

The study was conducted using a questionnaire.
Initially, a preliminary study was conducted, which
helped to refine the questions in the survey. The only
possible form of conducting this type of research during
the prevailing COVID-19 pandemic. The research was
conducted in an open manner, while maintaining the
anonymity of the respondents. It was preceded by a pilot
study aimed at fully understanding the questions asked
by the respondents. Then, the actual research was carried
out using the Internet. The questionnaire included 18
questions about age, sex, number of inhabitants, place
of residence, level of education, manner of performing
professional work and professional status. The main
questions in the survey were concerned with the
destination of Polish residents, means of transport,
distance to the destination and duration of the trip,
as well as the place of shopping before and during the
pandemic. They were also asked if the respondents
had plans to change their communication habits in
the event of another pandemic. At the end of the
survey, respondents had the opportunity to express
their views on mobility before and during the outbreak.
For the sake of the correctness of the research results,
the questionnaire was addressed to various groups of
recipients. Incomplete surveys have been rejected. An
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important step during the research was the calculation

of the sample selection. For Poland (38162000 residents),

assuming a confidence level of 90% and a maximum
error of 5%, the required number of people in the
study was 384 respondents. Therefore, the survey was
conducted with the participation of 1130 people [33-34].

Table 1 Socio-demographic characteristics of survey respondents

2.3 Research object

The subjects of the research were the inhabitants
of Poland, taking into account the place of residence,
sex, number of inhabitants and their status on the
labor market. The study was conducted on a group of

Category number % Female Male
number % number %
Sex:
Female 647 57.26 -- - - -
Male 483 42.74 - - - -
Age:
under 18 years 55 4.87 7 1.08 48 9.94
18-25 years 120 10.62 63 9.74 57 11.80
26-35 years 306 27.08 185 28.59 121 25.05
36-45 years 358 31.68 213 32.92 145 30.02
46-55 years 181 16.02 114 17.62 67 13.87
over 55 years 110 9.73 65 10.05 45 9.32
Place of residence:
urban area 616 54.51 336 51.93 280 57.97
rural area 514 45.49 311 48.07 203 42.03
Educational level:
no education 6 0.53 3 0.46 3 0.62
primary 53 4.69 8 1.24 45 9.32
basic vocational 11 0.97 6 0.93 5 1.04
secondary technical 99 8.76 51 7.88 48 9.94
secondary 120 10.62 61 9.43 59 12.22
higher 841 74.42 518 80.06 323 66.87
Status on the labour market:
pupil 71 6.28 16 2.47 55 11.39
student 49 4.34 27 4.17 22 4.55
employed 935 82.74 551 85.16 384 79.50
unemployed 22 1.95 15 2.32 7 1.45
pensioner 19 1.68 15 2.32 4 0.83
other 34 3.01 23 3.55 11 2.28
Number of inhabitants:

up to 5.000 463 40.97 275 42.50 188 38.92
5.000 - 10.000 116 10.27 72 11.13 44 9.11
10.000 - 15.000 49 4.34 32 4.95 17 3.52
15.000 - 20.000 42 3.72 23 3.55 19 3.93
20.000 - 50.000 57 5.04 42 6.49 15 3.11
50.000 - 100.000 129 11.42 80 12.36 49 10.14
100.000 - 150.000 31 2.74 25 3.86 6 1.24
150.000 - 200.000 14 1.24 5 0.77 1.86
200.000 - 500.000 23 2.04 14 2.16 1.86
over 500.000 206 18.23 79 12.21 127 26.29
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3,598 respondents, but only 1,130 correctly completed
questionnaires were used for further analysis. Women
constituted 57 % of the respondents and men 43 %. Most
people were adults. 37% of them were young people
aged 18-35. Respondents aged 36-55 accounted for
almost 48% and 10% were over 55 years old. Almost
5% of people were under 18 years of age. The majority
of women (33 %) and men (30 %) were aged 36-45 years.

Most of the respondents lived in cities with up to
5,000 inhabitants, almost 41% of the respondents and
over 500,000 — 18 %. The remaining 41 % of respondents
lived in cities of 5-500 thousand. 55 % of the respondents
lived in the city and 45% in the countryside. The
majority of women (43 %) and men (39 %) lived in cities
with up to 5,000 inhabitants (Table 1).

M school M job m shopping
doctor H meetings M parents
M rest

80%

60%

40%

percentage

20%

destination

0%

2 3 4

5

destination point scale

Figure 4 The purpose of daily travel during the pandemic

Another question was related to the statute on the
labor market. Over 83 % are working people and 6 % are
pupils. 85% of women and 80% of men were working.
The remaining group consisted of, respectively: the
unemployed, students, working students, retirees and
pensioners, people running a business and farmers.

Among the respondents, over 74% were people
with higher education. 80% of the women surveyed
had a tertiary education, compared to 67 % of the men.
Currently, the respondents work in a traditional way,
44% in the workplace, 21% remotely. On the other
hand, 35% replied that they work as a hybrid. To
the question: Has your professional situation changed
after the outbreak of the coronavirus epidemic? 78 % of
respondents said they did not.

Table 2 Purpose of women’s daily travel before and during the pandemic

Destination Before the pandemic, % During the pandemic, %
1 2 3 4 5 6 1 2 3 4 5 6
school 31.07 541 4.02 263 4.02 5286 1654 232 294 201 479 7141
work 7125 3.71  2.32 1.08 232 1932 49.77 680 7.88 526 7.11 2318
shopping 28.28 2257 2581 1144 5.72 6.18 20.40 1236 22.87 16.69 17.16 10.51
doctor 10.05 835 20.71 2040 1824 2226 1360 7.42 989 835 18.08 42.66
meetings 14.84 1994 2844 17.77 9.89 912 1144 6.18 819 1020 18.70 45.29
parents 29.83 18.24 17.31 943 742 17.77 21.48 1190 1298 12.36 14.53 26.74
leisure 14.37 17.62 2859 16.23 11.90 11.28 12.06 696 742 881 17.31 47.45
max 71.25 2257 2859 2040 1824 52.86 49.77 1236 22.87 16.69 18.70 7141
Table 3 Purpose of men’s daily travel before and during the pandemic

Destination Before the pandemic, % During the pandemic, %

1 2 3 4 5 6 1 2 3 4 5 6
school 28.36  5.59 4.55 2.07 435 55.07 24.22 248 2.69 1.45 3.11  66.05
work 63.35  4.97 2.28 2.28 3.11 24.02 48.24 7.87 5.59 5.80 5.18 27.33
shopping 18.63 2133 2899 1532 9.32 642 1822 17.18 2298 16.98 13.87 10.77
doctor 14.70 890 11.80 13.04 1553 36.02 1946 6.42 4.55 6.21 12.84 50.52
meetings 13.66 18.01 25.05 19.05 11.39 12.84 13.25 10.56 9.94 1325 20.29 32.71
parents 24.84 1449 2029 1201 8.70 19.67 2277 952 15,53 12.63 12.01 27.54
leisure 16.98 16.36 25.26 18.22 1056 12.63 18.63 10.77 9.73 8.90 17.18 34.78
max 63.35 21.33 2899 19.05 1553 55.07 4824 17.18 2298 16.98 20.29 66.05
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2.4 Results

The first substantive question of the survey was to
indicate the purpose of daily travel, before and during
the pandemic. In this case, the respondents had the
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Figure 5 Means of transport before the pandemic

option to choose one of seven answers, specifying the
importance of the target. In the analyzed case: 1 was the
most common target, 6 the rarest. Before the pandemic,
the most important destination for the respondents
was work, then shopping, social meetings, a doctor and
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Figure 6 Means of transport during the pandemic

Table 4 A means of transporting women before and during the pandemic

Means of Before the pandemic, % During the pandemic, %

transport 1 2 3 4 5 6 1 2 3 4 5 6
car 63.68  4.79 7.26 3.86 4.79 1561 69.40 3.71 4.33 2.32 2.47  17.77
Bus 17.16  8.04 7.42 541 9.12 5286 1499 247 3.55 2.94 7.11  68.93
Tram 18.70  4.33 3.71 3.09 433 6584 1561 3.55 1.55 2.16 325 73.88
Trolleybus 14.99  0.93 0.77 0.62 0.62 82.07 14.84 0.46 0.46 0.31 0.62 83.31
Metro 1515  1.39 0.62 0.31 0.46  82.07 1515 0.77 0.15 0.46 0.15 83.31
{?;ﬁ?ggt 13.60 5.10 7.73 4.79 6.80 6198 13.60 2.32 2.01 2.16 4.33  75.58
Train 13.76  5.72 7.73 6.80 11.13 54.87 1422 2.01 2.47 1.08 6.18  74.03
By foot 22.87 1484 23.03 1159 896 18.70 2396 13.45 16.54 1082 9.12  26.12
Bike 13.76 943 16.85 10.36 9.89 39.72 1391 6.65 13.29 7.88 943 48.84
Motorbike 14.06  1.24 1.55 0.62 124 8130 1391 1.08 1.39 0.31 046  82.84
Plane 1221 2.78 8.04 541 9.89 6167 1345 1.70 0.77 0.62 2.47  80.99
max 63.68 14.84 23.03 1159 11.13 82.07 69.40 1345 1654 10.82 943 83.31

Table 5 A means of transporting men before and during the pandemic

Means of Before the pandemic, % During the pandemic, %

transport 1 2 3 4 5 6 1 2 3 4 5 6
car 51.35  7.87 8.28 7.25 559  19.67 5590 5.18 5.18 5.59 580  22.36
Bus 22.57 1725 9.52 6.63 10.56 4348 2091 4.55 4.76 4.14 8.70  56.94
Tram 23.60 4.76 6.42 4.14 580 55.28 21.33 248 5.59 3.31 455  62.73
Trolleybus 21.53  0.41 1.04 0.21 041 76.40 18.63 14.08 24.64 1491 12.84 1491
Metro 21.53  0.62 1.86 1.04 0.62 7433 2215 021 0.62 0.83 1.04 75.16
{?;i?;git 19.46  4.35 6.21 6.63 725 56.11 19.46  2.69 2.90 2.07 6.00 66.87
Train 16.36  6.42 9.52 7.66 13.25 46.79 1843  3.52 3.93 4.14 7.66  62.32
By foot 18.63 14.08 24.64 1491 1284 1491 2050 1532 18.63 12.84 12.84 19.88
Bike 20.29 11.80 1553 11.18 10.14 31.06 21.33 9.94 1097 828 1139 38.10
Motorbike 21.53  2.07 1.45 1.66 0.83 7246 2153 1.66 1.24 1.04 0.00 74.53
Plane 1573  5.80 6.00 559 10.56 56.31 2153 1.04 1.86 1.24 2.28  72.05
max 51.35 14.08 24.64 1491 1325 76.40 55.90 1532 2464 1491 1284 75.16
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finally school. However, during the pandemic, a different
hierarchy of respondents’ goals emerged. In the first
place, there is still work and shopping, while socializing
has passed and the school has moved up. During the
pandemic, the respondents dropped out of visiting
a doctor, resting or visiting their parents. The above data
correspond to the previous questions concerning the age
and professional situation of the respondents. The above
data are presented in the Figures 3 and 4.

The main purpose of women’s trips was work.
This was 71% before the pandemic and 50% during
the pandemic. The same was true for men: before the
pandemic, work accounted for 63% and during the
pandemic 48%. This is confirmed by the age of the
respondents and also by the fact that 35% of them
worked in a hybrid mode (Table 2, 3).

Then, respondents were asked which means of
transport they use. As in the previous case: 1 was
the most common target, 6 the rarest. When asked,
before the pandemic, the respondents most often used
the car and walked and least often - trolleybus and
motorbike. Not much has changed during the pandemic
and respondents chose the car and walked over it.
However, it can be noticed that the respondents gave up
public transport as much as possible. The above results
are mainly concerned with the activity of people, such
as the workplace or school and shopping. The data is
presented in Figures 5 and 6. Due to the pandemic, more
men and women started using their own cars instead of
public transport (Table 4, 5).

Another question was about the distance from home
to destination before and during the pandemic. Most of
the respondents before the outbreak of the pandemic
indicated a distance of 1-5km (26 %) as the main goal,
this is due to the workplace and the additional goal
was a distance of more than 20km (36 %), mainly trips
related to leisure and family visits. After the outbreak
of the pandemic, a distance of 1-5km appeared as the
main and additional destination. This is largely due to
commuting and shopping. Following the outbreak of the
pandemic, respondents gave up visiting relatives and
resting, spending most of their time at home. The data is
shown in Figure 7. Before the swap, women were 1-5km

40% m main target before the pandemic breaks out

B main target during a pandemic
35% g gap

M second primary target before the pandemic breaks out
30% second primarygtarget during the pandemic
25
20%
15
-l I
» I

1-5 km 6-10 km 11-20 km over 20 km
distance to target

percentage
X xX

[
(=]
X

up to 1 km

Figure 7 Distance to destination before and during the
pandemic

away from their main destination, while men were
more than 20km away. During the pandemic, women’s
distance remained the same, while men’s decreased to
5km (Table 6).

Another question was how long it would take to
travel to the primary and secondary destinations before
and during the pandemic? In this case, before the
outbreak of the pandemic, most people reached their
primary destination, usually work, within 15-30 minutes
(32%) and the secondary destination, shopping, within
15 minutes (41 %). During an epidemic and a decrease
in traffic on the roads, the time for both cases is up to
15 minutes. A small number of respondents targeted
more than 2 hours. This correlates with the distance of
the place of residence from the primary and secondary
travel destination, as shown in Figure 8. For the main
goal before the pandemic outbreak, women had up to 15
minutes (33 %) and men between 15 and 30 minutes (35
%). During the pandemic, the main target for women
and men was up to 15 minutes (41 %) (Table 7).

The next questions were about where to shop
before the pandemic. When asked about this question,
before the pandemic was announced, the respondents
indicated large stores as the most popular place to buy:
a supermarket, hypermarket, market and the third
place was only the internet, while after the epidemic
was announced, the respondents most often made
purchases on the Internet and in the local stores. This is
confirmed by responses to the reduction in distance and
time to destination after the declaration of a pandemic.
The data is presented in Figures 9 and 10. Before the
pandemic, women shopped mainly in supermarkets and
hypermarkets, but during the pandemic the situation
changed and more women shopped online (Table 8).
There was a similar situation among men (Table 9).

Subsequent questions were related to the change of
communication habits in the event of another pandemic
(Figure 11). This question was answered by the largest
number of respondents, almost 77 %, (woman 75.73 %,
men 78.05 %). These are the people who use the car
most often because of the comfort, safety, isolation from
other people, or the inability to use public transport,
especially in rural areas and the pandemic did not affect

50% B main target before the pandemic breaks out

M second primary target before the pandemic breaks out
40% M main target during a pandemic
second primary target during the pandemic
30%

20%
b III I I
» nll L

15-30 31-60
minutes minutes

percentage

1-2 hours more than 2
hours

up to 15
minutes

duration of the trip

Figure 8 Duration of the trip before and during the
pandemic
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Table 6 Distance to target for female and male before and during the pandemic

Female Male
Distance
dolkm 15km 6-10km 11-20km P°"  dolkm 1-5km 6-10km 11-20km 2oV
20km 20km
primary
objective

before the 5.26 27.51 20.09 22.57
outbreak of
a pandemic

second
main
objective
before the
outbreak of
a pandemic

4.48 22.10 14.68 19.47

primary
objective
during the
pandemic

9.58 32.46 20.87 20.56

second

main

objective 11.59 25.97 17.00 20.09
during

pandemic

24.57 4.97 24.43 20.50 23.60 26.50

39.26 5.59 29.19 18.01 18.01 29.19

16.54 11.80 28.99 19.25 21.74 18.22

25.35 12.01 28.99 15.73 17.81 25.47

Table 7 Distance to travel time for female and male before and during the pandemic

Female

Male

Travel time ypto 15 15-30  31-60 1-2
minutes minutes minutes hours

over 2 uptol5 15-30 31-60 1-2 over 2
hours minutes minutes minutes hours hours

primary
objective
before the
outbreak
of the
pandemic

32.61 31.563 18.39 7.88

second main
objective
before the
outbreak

of the
pandemic

primary
objective
during the
pandemic

28.59 25.35 18.86 11.28

41.27 32.61 14.99 6.80

second main
objective
during the
pandemic

36.79 26.89 18.55 9.43

9.58 30.23 35.20 22.98 5.59 6.00

15.92 37.06 28.16 17.18 10.35 7.25

4.33 40.58 34.58 17.39 3.73 3.73

8.35 43.69 26.71 16.77 7.45 5.38

the way of traveling in this case. Furthermore, some of
the respondents have changed the way of traveling since
the epidemic was introduced, i.e. for 9 months. First of
all, fearing for their health, it was abandoning the public
transport in favor of a car, some were even forced to buy
a car, bicycle or walk. However, especially persons from
large cities, that were forced to use the public transport
due to the lack of parking spaces at work. In addition,
about 11% of respondents said that in the event of
a prolonged pandemic, they would change their mobility

in the main one and adequately measured their decision
to the existing situation.

The next question was an open-ended question in
which respondents had the opportunity to determine the
impact of how the coronavirus changed their mobility.
Most of the respondents wrote that its impact was
significant. Apart from the comments mentioned in
the above question, it is worth noting that there has
been a decrease in the number of public transport
passengers. They mainly use cars or other means of
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Figure 9 Place of shopping before the pandemic
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Figure 10 Place of making purchases during the pandemic

Table 8 Women’s shopping space before and during the pandemic

place of Before the pandemic , % During the pandemic, %

shopping 1 2 3 4 5 6 1 2 3 4 5 6
}Sluper' and 38.02 10.82 11.28 1051 958 19.78 30.14 927 974 1773 1097 32.15

ypermarket

gtlijgunt 27.36 12.83 1097 819 1051 30.14 2334 1159 866 881 10.05 37.56
medium-
:Zigusfcfp‘ 2952 1824 1824 850 896 1654 25.04 16.85 14.99 10.20 1113 21.79
market
estate shop ~ 22.41 13.76 12.83 10.36 13.29 27.36 27.67 1236 11.13 927 927 30.29
g;‘;i‘;tplace/ 14.99 10.05 14.06 10.36 14.68 3586 14.06 17.42 989 649 989 5224
Internet 19.63 14.53 22.87 1747 12.06 1345 3895 23.03 974 7.73 6.96 13.60
max 38.02 18.24 22.87 17.47 1468 3586 3895 23.03 1499 1020 11.13 52.24

Table 9 Men’s shopping space before and during the pandemic

place of Before the pandemic, % During the pandemic, %

shopping 1 2 3 4 5 6 1 2 3 4 5 6
super- and

31.06 1532 13.04 10.97 11.18 1843 2878 13.66 11.80 9.94 11.80 24.02

hypermarket
discount store 27.33 13.66 14.29 10.77 870 2526 16.36 17.81 23.19 13.87 1573 13.04
medium-
sized shop. 2588 18.84 17.18 1222 10.35 1553 2526 1573 1511 13.66 9.32 20.91
so-called
market
estate shop 20.29 1429 1553 13.25 10.97 2567 2257 16.15 13.66 1097 9.73 26.92
marketplace/
bagaar 17.81 994 1035 9.32 1449 3810 19.88 849 6.83 725 10.77 46.79
Internet 16.36 17.81 23.19 13.87 1573 13.04 26.71 2091 1511 10.56 12.84 13.87
max 31.06 18.84 23.19 13.87 15.73 38.10 28.78 20.91 23.19 13.87 1573 46.79

individual communication, including by bike or walking.
This is due to the safety of passengers, the introduction
of restrictions on the number of people in the vehicle
and in some cases also the increase in ticket prices and
the liquidation of connections. The above state is also
confirmed by the author’s observations regarding public
transport.

A smaller number of people, due to work and study
at home, as well as the closure of cultural institutions
and restaurants, as well as restraining from travel
and social visits, limited their mobility to a practically
minimum. They also reduced the frequency of purchases:

once every few days instead of everyday purchases. The
air transport in the initial phase of the pandemic has
practically been extinguished to zero. All over the world,
many airlines have suspended regular flights. This
situation caused a radical decline in tourist and business
traffic not only in Poland, but all over the world.

The respondents also stated that in cities, COVID-
19 affected the mobility of residents, while in rural
areas, slightly, because the primary means of transport
there is a car. The above state is also confirmed by the
author’s observations.

The next step was to correlate the answers given
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Figure 11 Changing communication habits

Table 10 Correlation of answers given by gender

Criterion df a X Xa Conclusion
Age range 5 0.05 50.26 11.07  There is a correlation
Place of residence 1 0.05 4.07 3.84 There is a correlation
Number of residents 9 0.05 50.64 16.92 Correlation exists
Education 5 0.05 48.48 11.07 Correlation exists
Labour market status 5 0.05 42.36 11.07 Correlation exists
Occupational situation after the coronavirus 1 0.05 001 384 No correlation
outbreak
Professional work 2 0.05 11.16 5.99 Correlation exists
Change in communication habits 4 0.05 5.18 9.48 no correlation

where:

df - the degrees of freedom,

a - the significance level,

x° - the Chi-square statistic,

X 5 - the critical Chi-square value.

by the respondents according to their gender. Based
on the research, it can be concluded that the gender of
the respondents depended on the age range, place of
residence, population, education, labour market status
and professional work (Table 10).

In the next step, correlations were made between
the factors found in the questionnaire. Based on the
Table 11, a very strong positive correlation can be found
between the following factors: main destination before
and during the pandemic (r = 0.9823, p < 0.001), mode of
transport before and during the pandemic (r = 0.9953, p
< 0.001) and travel time to destination before and during
the pandemic (r = 0.9879, p < 0.001).

In contrast, a very strong negative correlation is
found between the following factors: mode of work and
education (r = - 0.9598, p = 0.002), main destination
before pandemic and distance to main destination before
pandemic (r = - 0.9756, p = 0. 001), main destination
before pandemic vs distance to main destination during
pandemic (r = -0.9959, p < 0.001), age vs travel time
before pandemic (r = - 0.9804, p = 0.001) and age vs
travel time during pandemic (r = - 0.9756, p = 0.001).

Based on e Table 11, there is no correlation
between the following factors: main destination before
the pandemic and education (r = -0.0930) and labour

market status (r = -0.0947); main destination during
the pandemic and population (r = 0.0898) and education
(r=-0.0676); mode of transport before the pandemic and
labour market status (r = - 0.0917) and main destination
during the pandemic (r = - 0. 0211); mode of transport
during the pandemic and main destination before
the pandemic (r = 0.0515) and during the pandemic
(r = - 0.0765); distance to the main destination before
the pandemic and labour market status (r = - 0.0226);
distance to the main destination during the pandemic
and age (r = 0.0593) and place of shopping during the
pandemic and labour market status (r = - 0.0350).

2.5 Discussion of the results

At the beginning of the announcement of the
epidemic, the mobility of residents practically decreased.
Currently, the difference is not very noticeable, but the
travel times in rush hour traffic have shrunk slightly. In
the evenings and on weekends, it increased in turn. This
is mainly due to working and distance learning up to the
afternoon hours.

Most of the respondents use a car, but quite often,
due to the prevailing situation, they choose an active
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Table 11 Correlation factors in the survey (bp- before the pandemic; dp- during the pandemic)

Factors 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 age 1
9 number of -0.69 1
inhabitants 97
. 0.27 -0.12
3 education 53 40 1
4 iggl‘{‘:t 0.44 -0.23 -0.28 L
88 88 14
status
5 way of 0.10 0.68 -0.95 0.16 L
working 97 43 98 33
mamn - 549  0.21 -0.09 -0.09 -0.88
6 destination 66 39 30 47 11 1
bp
. g;aslt‘i‘nation 0.36 0.08 -0.06 -0.11 -0.92 0.98 L
ap 03 98 76 41 50 23
g ?;Zi‘;;jrt 051 087 -0.35 -0.09 0.79 0.10 -0.02 L
b 98 15 36 17 69 78 11
9 f;;ﬁ‘;;’jrt 052 086 -0.31 -0.14 0.79 0.05 -0.07 0.99 L
dp 77 78 23 47 19 15 65 53
distance
1o tomain 0.37 -0.82 0.59 -0.02 -0.97 0.47 0.63 -0.89 -0.9 1
destination 04 05 29 26 56 51 23 99 045
bp
distance
1y tomain 0.05 -0.58 0.53 -0.25 -0.99 0.69 0.82 -0.70 -0.71 0.94 L
destination 93 56 42 77 59 8 75 57 24 36
dp
time of
1o travelto  -0.98 0.83 -0.68 -0.22 0.29 056 039 076 0.74 -0.46 -0.18 L
destination 04 61 89 61 67 09 32 96 04 18 17
bp
travel time
|3 tomain -0.95 090 -0.71 -0.21 049 0.42 024 0.85 0.83 -0.59 -0.32 0.98 L
destination 74 59 64 8 02 65 81 80 31 28 58 79
dp
14 shopping  -0.26  0.72 -0.52 0.29 0.84 0.38 029 079 074 -0.74 -0.56 090 0.94 L
place bp 79 10 49 8 36 25 93 27 84 97 14 41 71
|5 shopping  -0.28  0.42 0.55 -0.03 0.82 0.14 0.5 027 028 -0.92 -0.77 055 066 035
place dp 40 69 32 50 8 64 51 47 18 65 61 25 87 05
change in
16 COVID 0.46 -0.59 092 -0.31 -0.41 -0.63 -0.56 -0.57 -0.51 0.34 0.14 -0.91 -0.87 -0.94 -0.77
Pabits 08 50 84 81 39 71 46 18 64 07 51 07 8 49 49

lifestyle: walking or cycling, walking, giving up the
public transport for safety reasons. The most important
destination for respondents before the pandemic was
work, then shopping, socializing, a doctor and finally
school. In the midst of the pandemic, it is still mostly
work and shopping, while socializing has gone and
the school has moved up. During the pandemic, the
respondents did not visit the doctor, rest or visit their
parents. They cover the distance of up to 5km and it
takes them up to 15 minutes and they do their shopping
less often, once every few days in smaller stores and on
the Internet.

In addition, the study found a strong negative
correlation between: mode of work and education; main

destination before the pandemic and distance to the
main destination before the pandemic; main destination
before the pandemic and distance to the main destination
during the pandemic; age and travel time before the
pandemic; and age and travel time during the pandemic.

3 Summary

After the outbreak of the COVID-19 epidemic, the
mobility of Polish residents has changed, especially in
cities where there was public transport and people stayed
at home or started using their own cars. In smaller
towns and villages, where there is no public transport,
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people still mainly use cars because they are dependent
on it. The above statement is confirmed by the results of
the surveys. Based on the research, it can be concluded
that the gender of the respondents depended on the
age range, place of residence, population, education,

19 pandemic had affected their mobility. During the
COVID-19 pandemic, the mobility of citizens, especially
in the cities, has changed. Instead of using public
transport, they use cars, bicycles and walk. In smaller
towns and villages, the communication behavior of the

inhabitants has practically not changed, as they mainly
use cars.

labour market status and professional work. In
addition, respondents were asked whether the COVID-
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Resume

Significant economic growth visible in recent decades in Thailand contributed
to a huge demand for private vehicles, which was not followed by a sufficient
growth of transport infrastructure, consequently leading to permanent
congestion, increase in the number of accidents, high carbon emission
and thus a decline in the air quality. This research was conducted in the
capital of Thailand, Bangkok using key informant interviews to examine
socio-economic determinants of 3 different modes choice: car, motorcycle
and public transport. The major findings included the lack of use of public
transportation due inadequate transportation schemes and policies at the
local and national level in Thailand. Further analytical findings include
the social, cultural and economic factors affecting the choices of the mode of
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1 Travel behavior
1.1 Mobility trends

Promoting the low carbon transport and reducing
the need for private vehicle travel can be a major
solution for the increasing problems caused by transit,
such as environmental pollution, public health issues,
road safety and rising costs of building and modernizing
transport infrastructure. Research from several western
countries present shifts in the mobility trends between
generations in favour of public transit and other more
sustainable transport modes [1-4]. This phenomenon
is also known as a “peak car” theory and represents a
decline in the car ownership, driver’s licence ownership
and kilometres travelled [5]. Explanations for that
phenomenon vary by different studies, conducted in
different countries. Some studies have ascribed the
reversal in car dependence to changes in the economy as
financial crises and rising fuel prices [6]. Another present
social changes such as lower incomes, global preference
for less car-dependent inner-city living, increasingly
restrictive driving license regimes and delay in the life
stage of millennials, in areas such as full-time work,

home ownership, marriage and child-rearing, which
do not induce them to own a private car in comparison
to the previous generations [7]. It is also argued that
changes are caused by attitudes and preferences change
triggered by increased use of information communication
technology (ICT) and its’ services such as e-commerce,
social networks and mobility as a service (MaaS) [8].
Trends towards decreased car dependence can be also
explained by shifts in the increased multimodality
[9-10]. On the other hand, environmental awareness
about the impact of transit on the environment has
proven to be the minor reason for the licencing decline
and travel mode change [7, 11].

Regardless of the noticeable changes in the
developed countries, constant preference for private
transit, mainly based on cars and motorcycles, has been
still strongly visible in the Southeast Asian economies;
in some of those countries, motorization rates exceed
both the population growth and urbanization rate [12].
For the main cause of unsustainable transport practices
in Bangkok Metropolitan Region is monocentric urban
development, high income gap between social classes
causing uneven spatial distribution of housing and
employment and thus different commuting possibilities

© 2022 UNIVERSITY OF ZILINA
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Figure 2 Share of public transport journeys in Bangkok Metropolitan Region between 1998 and 2019

for different social groups [13]. Furthermore, research
presents unfavourable opinions of the elderly, disabled
and indigent travellers regarding the accessibility,
safety, connectivity and affordability of the metro system
in Bangkok Metropolitan Region [14].

On the other hand, studies emphasise the importance
of cultural differences between developing and developed
economies and hence different factors important for
travellers in the travel mode choice. Diversity in culture
and social life among Asian countries reflect how people
think about private transportation versus public transit
[15]. In some of the developing countries private vehicle
is considered as much more attractive mode of transport,
providing more status and pleasure than other modes
[15]. In order to prevent from further superiority of
private vehicles in many Asian countries, “push and
pull” strategies have been implemented using price
mechanisms and usage management strategies to reduce

the demand for motorized vehicles, as well as the quality
improvement strategies of the public transport service,
to attract more passengers and to reduce the market
share of motorized vehicles [16]. Nevertheless, mobility
management strategies focused on communication and
persuasion, providing detailed travel information and
incentives through marketing techniques in order to
reduce the car use and increase use of public transit
among specific socio-economic groups, have not been
widely considered [17].

1.2 Transport environment in Bangkok
Metropolitan Region

Thailand is a developing, upper-middle income
country [18]. In 2019 the population of Thailand was more
than 66.59 million people [19], with 39,160,454 vehicles
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Table 1 Thematic layers for content analysis

Serial number Factors References Sub theme
1. Gender [23] Demographic
[24]
[25]
2. Age [26]
[27]
[25]
Education [27] Personal
4. Occupation [28]
Commuting mode [29]
[15]
Income [25] Economic
Number of owned cars [30]
Number of owned motorcycles [16]
10. Travel time [31] External
[32]
11. Travel cost [33]
[32]

registered and an increase of 2.05 % or approximately
0.97 million vehicles per year between 2015-2019 [20].
Private motorcycles accounted for 53.96 % (21,130,663),
whereas private passenger cars for 42.43 % (16,616,848)
of the total number of vehicles on the roads of Thailand.
Furthermore, in 2019 total number of driving licences
was 31,575,798 and growing by 2.32 % or about 0.87
million licenses per year between 2014-2018.

The capital of Thailand, Bangkok, with the
surrounding provinces, known as Bangkok Metropolitan
Region, is inhabited by more than 10.890 million people
[19]. Data compilation and analysis concerning trips
made in Bangkok and its vicinities [21]. showed that
private-vehicle trips, both by cars and motorcycles
have grown steadily (Figure 1). Registered cars surged
from 987,999 in 1992 to 4,714,916 in 2018, an average
increase of 6.58 % per year. In the same period, number
of registered motorcycles has risen from 1,006,302 in
1992 to 3,669,600 in 2018, an average increase of 6.10 %
per year.

Bangkok is the only city in Thailand equipped
with the developed public transport systems that has
continually been invested by the government in order
to address the traffic problems. The city is served by
many public and private transport providers from
which the most important are bus-lanes (Bangkok Mass
Transit Authority), BTS Sky Trains (Bangkok Mass
Transit System) and MRT (Metropolitan Rapid Transit)
accounting for 91.47 % of passenger ridership in 2018
[21]. Public bus transportation recorded substantial
ridership decrease from 4,073,883 trip/day in 1992 to
1,063,000 trip/day in 2019 (exclusive of free user), BTS
Sky Train between 2019-2020 carried 649,140 passengers
per day with an upward trend since the beginning of the
system’s operation, while MRT in 2018 carried 337,000

passengers daily, also presenting a growing tendency
(Figure 2). Presently, the city authorities urge the
Bangkok Metropolitan Region network’s expansion and
emphasize the connection of different transport modes.

From the above-mentioned data, it is concluded
that travel by private vehicle is likely to grow based on
the increase in the number of vehicles registered, while
travel by public transportation as a whole will continue
to fall, thereby intensifying traffic problems within the
Bangkok Metropolitan Region. Although travel by BTS
and MRT has grown steadily, such ridership growth
is still behind the expected number. According to the
government forecasts, in 2029 57.6 % of trips in the
Bangkok Metropolitan Region are expected to be made
by private vehicles, including private cars 41.1 % and
motorcycles 12.4 %, whereas the public transport use
will compose of 42.4 % [21].

1.3 Theoretical framework

Travel mode choice studies are often based on the
utility maximization theory assuming that the travel
mode choice is made rationally and travellers choose the
mode with the highest utility among the alternatives,
as determined by their socio-economic characteristics
(income, employment status, gender, number of children
etc.) and the service attributes of modes (travel time,
travel cost, availability etc.) [16, 22].

The conceptual framework for this study has been
derived through previous literature, responses from
the respondents and findings among new studies in the
transportation research (see Table 1).

Gender: In the traditional societies and developing
economies women tend to both make less trips and
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use passenger car less frequently than men do. Study
conducted among indigent people living in Bangkok,
found that male commuters are more dependent on
private motorcycles and less on public transport than
female commuters.

Age: Research from western countries confirm the
existence of differences between generations in terms
of travel behavior, caused by wide variety of factors. In
Bangkok, dependence on private transportation modes
increases and dependence on public transport decreases
with age.

Education: Current millennials have the highest
level of participation in higher education of any
generation in the USA. Higher levels of education
through the bachelor’s degree level are associated with
higher levels of daily vehicle kilometers travelled per
capita along. Additionally, workforce participation is
associated with significantly higher per capita daily
vehicle kilometres travelled.

Occupation: The changes in residence and
employment contribute to a great extent to changes in
the commuting patterns, with private mode of transport
becoming more frequently used, while use of other
modes decline.

Commuting mode choice: Social-role and self-
identities are important predictors of mode choice and
may prevent travel behaviour change. According to [15]
attitude toward car and public transit provide valuable
insights regarding the commuting mode choice in Asian
countries. In Thailand, the intention and desire to use
the car for commuting is found to be high.

Income: Travel behavior of indigent people living
in Bangkok depends not only on income but also on
public transport availability, job location and place
of residence. Suburban residents with limited public
transport accessibility tend to use private transportation
modes, mainly motorcycles, regarding their greater
affordability and spend a large portion of household
expenditures on vehicle and fuel. Study emphasizes
importance of low-cost public transport to vulnerable
subgroups of the urban poor.

Number of owned car: The habitual behavior of
private vehicle use hinders an individual’s intention
to switch from a car or motorcycle to public transit.
Furthermore, motorcycle commuters are more likely
than car commuters to switch to a public transit through
their reasoned evaluation process.

Number of owned motorcycles: It is found that in
the motorcycle dependent region travellers with higher
motorcycle ownership rates or lower incomes are more
likely to use motorcycles. In the motorcycle-dependent
area without a good public transportation system,
motorcyclists might be more likely to switch to a car,
rather than to public transport.

Travel cost and time: Thai travellers’ mode choice
behavior on mass transit is significantly affected by the
total travel cost in private transport, total travel time
in public transport and distance range from home to

mass transit station. Moreover, studies emphasize the
importance of social equity in long-term urban transport
plans regarding access to jobs reachable by marginalized
groups within a defined travel time threshold and a fare
policy eliminating social exclusion from particular public
transport modes because of travellers’ financial status
by the implementation of a fair fare system. In regard
to the value of travel time to work, it is higher in high-
income groups. As income increases value of travel time
also increases. Furthermore, as trip length increases,
the value of travel time increases.

2 Materials and methods
2.1 Procedure

In order to acquire travel behavior information,
the interview checklist was divided into 2 parts. Part
1 consists of the respondent’s socio-demographic
information such as gender, age, education, occupational
status, income, number of owned cars and motorcycles.
Part 2 presents the information about the travel mode
choice and details of travel cost and time.

2.2 Data collection

To gather data from the respondents’ key informant
interviews were used. The interviewees were chosen
through random purposive sampling among the general
population, with one restriction, respondents had to be
more than 18 years old as this is the minimum required
age to drive a motor vehicle in Thailand, thus entitling
to use all the studied transportation modes. The process
of reaching out to the respondents was carried out over
a period of 2 months. A total of 42 inclusive of 35 Thai
nationals and 7 foreign residents were interviewed for
this research. The sample size is adequate in terms of
the randomly selected daily commuters to examine the
travel behavioural choices, risk perceptions and factors
involved through the detailed data collected among the
respondents [34-36].

2.3 Profile of the respondents

The respondents for this research belonged to
several varied levels of each factor. The respondents
involved the overall perception and behaviour of the
commuters. The factors are supported by the literature
review and 42 key informant interviews. These key
informant interviewees were selected based upon their
inclusivity with major sectors of the Thai economy and
societal set up (see Table 2).

The demographic and socio-economic factors are
presented together in order to provide the scenario of the
systems among commuters where these factors result in
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Table 2 Sector-wise respondents
. Gender
Number Career/ Professional Sector
M F
1 Student Education 5 3
2 Employee Administration 4 2
3 Government official Policy makers 5 3
4 Entrepreneur Business 5 4
5 Elderly Retired 3 3
6 Other Social 3 2
Socio-economic factors
5 Female | 505
-g Male | — . 510,
= Other mm 2%
1524 N 5%,
2531 I 67,
) 3233 I (1%
B 3045 — 7%
46-52 w29
53-59 0%
More than 60 NEEEE 5%
2 Postoraduate I 50
= Bachelor | 50,
§  Technical or commercial education  EEEG— 1(%
g Highschool = 0%

Student
= Personel/employe
:::’ Government officer NG 2%
= Business person NN 5%
Other I 7%
<10.000 S 7%
o 10.000 - 20,000 | — N 70
g 20.000 - 30.000
= 30.000 -40.000 E—8 7%
=40.000 E—— 2%

Figure 3 Prolife of the Respondents

the choices between the mode of transportation. These
factors included gender, age, education levels, career and
income levels of the respondents. The following chart
provides for the detailed description of the profile of the
respondents (Figure 3).

The gender in Thailand is divided into male, female
and the third gender. The respondents belonged to all
three types of gender. The male respondent was 53 %,
female respondents were 45 % and others were 2 %.
The factor of age was rearranged into range of years of
age, in order to understand and analyse the different
behaviours among different age groups. The respondents
among the age group or 25 years of age to 31 years of
age were highest with 36 %, followed by age group of 18
years of age to 24 years of age with 29 %, age group of
32 years of age to 45 years of age with 7 %, age group
of more than 60 years of age with 5 %, age group of 46
years of age to 52 years of age with 2 %, however, there

were no respondent between age group of 53 years of age
to 59 years of age.

In terms of the education level, it was found that
all the respondents were over the education level of high
school. It was found that higher education is pertinent
among all age groups of respondents. The education
level was found to be highest with the bachelors at 52
% followed by post-graduates with 38 % and technical or
commercial education with 10 %.

The economic profile of the respondents was found
among their distinctive careers and income levels. The
career factor was depicted in terms of professional
employment of the respondents. It was found that
students were 38 % of the total respondents, followed by
employees with 33 % respondents, government officers
were 12 % followed by business entrepreneurs at 5 %,
other employment careers were found to be 12 % of the
total respondents. Similarly, the income levels among
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Figure 4 Survey results among commuting factors

the respondents were found to varied. The highest
number of respondents were found in the range of 20,000
to 30,0000 Thai baht ($579.22-$868.84) earnings per
month with 38 % respondents. The other composition
of respondent in their respective income range involved
in the range of 10,000 to 20,0000 Thai baht ($289.61-
$579.22) earnings per month with 26 % respondents,
less than 10,0000 Thai baht ($289.61) earnings per
month with 17 % respondents, more than 40,0000
Thai baht ($1158.45) earnings per month with 12 %
respondents and in the range of 30,000 to 40,0000 Thai
baht ($868.84-$1158.45) earnings per month with 7 %
respondents.

The survey results pertaining to the commuting
factors depicted that each factor contributes towards
the behavioural approach and decision-making process
to choose the mode of transportation. The data presents
the gap among the financial status of the respondents,
which in turn provided for the overall perception,
understanding and choices of the daily commuters (see
Figure 3).

In terms of car ownership, it was found that there
are 31 % of the respondents who do not own car. The
remaining 69 % of the respondents were found to own
one (38 %), two (21 %) and 3 (10 %) or more cars.

It was found that respondents who do not own a
motorcycle were 38 % of the total respondents. One

of the major reasons for not utilizing the motorcycle
was the fact that respondents do not find it a secure
mode of transportation [37]. The respondents owning
one motorcycle were found to be 42 % of the total
respondents, followed by respondents who owned two
motorcycles with 10% and respondents with 3 or more
than 3 motorcycles were 10 % of the total respondents.

The commuting mode choice depicted the findings
towards the usage of public transportation as the first
choice with 45 % of the total respondents. The second
choice of daily commuting was found to be a car with
38 % and motorcycle with 17 % as the third choice
of commuting (Figure 4). This was in line of the fact
that Thailand has a sound network and infrastructure
towards the public transportation. This effectiveness
provides for the timely and ease of travel in the public
transportation. However, public transportation such as
sky train system are expensive but faster. In comparison,
the public bus service is cheaper mode of transportation,
however, it is more time consuming and uncomfortable,
depending upon the air conditioning and/or seat quality
[38].

The average monthly commuting costs in Thai Baht
were divided into five ranges. The findings depicted
that highest range of transportation expenses was
1,000 to 2,000 THB ($28.96-$57.92) with a total of 36
% respondents. The remaining range were inclusive of
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Strengths
Existing public transportation
High Purchasing power
Intension
Secure public transportation

Threats
Traffic jams
Inconsistent public transportation
High pollution levels

A

SWOT

~

‘Weaknesses
Financial limitations
Overdependence on social stigma
Habits based on social perception

Opportunities
Enhance government revenues
Travel schemes/ monthly pass

Reduce pollution

4

Figure 5 SWOT analysis for selecting mode of the transportation in Thailand

less than 1,000 THB (19 %), 2,000- 3,000 THB ($57.92-
$86.88) (33 %), 3,000 to 4,000 THB ($86.88-$115.84)
(7 %) and more than 4,000 THB ($115.84) (5 %). The
findings depicted that costs of commuting are the major
factor, which affects the behavioural approach towards
choosing the mode of transportation [32].

The travel time is also an important factor affecting
the commuter’s choice as discussed and presented in
the literature review. The average commuting time
was divided into five range of time slots to understand
the value of travel time among daily commuters. The
findings depicted that the respondents do not prefer to
travel for longer time periods, for instance that travel
time with less than 30 minutes was preferred by 45 % of
respondents. Similarly, travel time between 30 minutes
to 1 hour was preferred by 31 % respondents, followed
by respondents who preferred travel time between 1
hour to 1.5 hours with 17 %, remaining 7 % respondents
preferred between 1.5 hours to 2 hours and more than 2
hours with 2 % and 5 %, respectively.

The important factors were found to be travel time
and travel costs [39]. The significant relationship was
found between the economic capacities of the travellers
and their income level. The findings depicted that the
travel time is a significant factor in overall behaviour
and selection of the mode of transportation.

3 Discussion

The findings depicted the various interconnected
and interdependent factors, which contributes towards
the behavioural patterns and approaches of the daily
commuters. The financial situation, socially accepted
standard of living, habits pertaining to the age, gender
and demographic factors, were found to be significant
in choosing the mode of transportation between a

car, motorcycle of public transportation. Bangkok is
equipped with sky trains and underground rail network,
which provides for faster mode of transportation. On the
other hand, individual vehicle owner found it difficult
to travel with consistent traffic jams and high pollution
levels.

These findings support the previous literatures
among the other countries and were found to be related
with studies from European countries [40-42], developing
economies such as Mexico [43-44] and Asian countries
[45]. The comparative analysis between the other
countries enhances the adequacy towards the adoption
of accurate governmental initiatives to enhance the
ease and comfort of the daily commuters in Thailand.
It was observed that Thailand lacks the governmental
planning to tap upon the daily commuters. Integrated
combined efforts from the governmental factors, as well
as demographic, social and economic factors, provided
for the in-depth analysis from this research [46-47].

The following is the SWOT analysis performed to
ascertain the situational analysis based on the content
analysis of the selected factors (r Figure 5).

Strengths: One of the major strengths in Thailand
is its developed public infrastructure with existing
public transportation structure in almost every corner
of the country. The connectivity is adequate due to
the high reliance on the tourism and logistics sector
of the economy. In terms of paying capacities of the
general population, Thailand enjoys high purchasing
power among its citizens. This provides for positive
intension among general population in Thailand to
spend adequately for transportation expenses. However,
the income level of each individual results in different
behavioural approach towards choosing the mode
of transportation. Another strength of public and
private transportation is the security [48]. The public
transportation inclusive sky trains and underground

COMMUNICATIONS 3/2022

VOLUME 24



MOBILITY IN THE DEVELOPING COUNTRY. THE CASE STUDY OF BANGKOK METROPOLITAN REGION

A119

train system are very secure with government policies
for screening of each passenger.

Weaknesses: The major factor that affects the
choice of the daily commuter, is the travel time and
travel costs. There are several financial limitations in
the public transportation system. The factor, which
affects directly upon the choice of mode of transportation
is the overdependence on social stigma. The social
perceptions have an adverse impact on the habits of the
daily commuters as they are drawn more towards the
individually owned vehicles rather than using the public
transportation.

Opportunities: The government interventions
through adequate policies would positively impact the
commuters and they would in turn enhance government
revenues. Several schemes could be adopted by the public
and private transportation. For instance, economical
monthly pass for the students, daily commuters and
frequent travellers. The government could utilize the
public transportation mediums as a means of reducing
and minimizing the environmental issues in the Bangkok
Metropolitan Area. The reduced vehicles on the roads
reduced carbon emissions, reduce probability of road
accidents and enhance the overall traffic management
system of the area.

Threats: Despite all the current policies, efforts and
presence of the defined public transportation system,
there is a gap between the adequate transportation
behaviour, which results in mismanaged traffic jams
and inconsistent public transportation. The recent high
pollution levels are major concerns as the population
in Bangkok Metropolitan Area had to wear facemasks
even before the COVID-19 pandemic occurred. The
overall perception of the private vehicle ownership
is deeply imbedded among the general population in
Thailand. This diminishes the attractiveness of the
public transportation channels.

The SWOT analysis provided for the distinctive
factors that would be essential to improve the sustainable
travel choices among the Thai population [49]. The
factors included the demographic, economic, social and
policy level implications that were observed during the
research. The interdependent factors are analysed with
the interconnected factors for the overall analysis and
recommendations.

4 Recommendations

The results of this study provided for following
recommendations, which are divided into policymakers
and daily commuters, government and individuals,
respectively.

4.1 Recommendations for government

1. Revision of public transportation policies in terms of

economic viability of recurring travel.

2. Empowerment or provision of beneficial travel
schemes for daily commuters.

3. Improvement of the public transportation vehicles
in order to attract the daily commuters.

4. Reduction of the travel time and travel costs
through adequate travel route planning inclusive of
suburban areas.

5. Enhanced affordability, accessibility and
connectivity of public transportation to avoid social
exclusion.

4.2 Recommendations for individuals

1. Awareness of environmental impacts rather than
the societal status through being owner of a private
vehicle.

2.  Economic benefit analysis of all the public mode of
transportation available.

3. Usage of monthly pass and student discount
travel card in the public transportation systems in
Bangkok Metropolitan Region.

4. Education regarding the environmental,
economic and social impacts of individual mode of
transportation.

5. Enhanced usage of carpooling.

5 Conclusion

The study finds out that the most significant factors
under the perception of the daily commuters are travel
time, travel cost and the comfort level of the individuals.
Thailand has been dealing with transportation issues
and corresponding environmental degradation in the
recent times. Therefore, this research presents the
analytical approach towards reduction of pollution and
effective traffic management through analyzed travel
behaviors of the daily commuters. The government
must implement adequate policies and schemes towards
enhancing the participation of daily commuters towards
the public transport. This needs to be amalgamated
along with reduced travel time to cover maximum travel
distance at the most economical price and highest
comfort level. Such an adequate policy and effective
implementations would benefit daily commuters as well
the development of the government infrastructures and
growth of the Thai economy. This paper contributes
to the academic literature of travel studies, through
a consideration of the developing, Southeast Asian
country’s environmental and cultural aspect.

6 Way ahead

The research paves the way for micro level
quantitative research and leads up further research into
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the environmental impacts of planned travel behaviours could be further analysed for different demographic,
and overall implications leading to the high pollution social and economic set up among the developing
in the Bangkok Metropolitan area. Likewise, the study  countries.
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The article presents an assessment of the use of alternative fuels in
Europe with an emphasis on electromobility. In this regard, the impact of
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1 Introduction

Transportation in the 19th century was a century
of steam, the 20th century was a century of oil and
it is more than likely that the 21st century will be
a century of alternative propulsion, including electric
vehicles. Electromobility is growing every year and
has a significant share. However, compared to internal
combustion engines, the current market share of electric
cars is low. Within electric cars, one can encounter
several problems, out of which the main one is relatively
low energy efficiency. These vehicles are not a full-
fledged alternative to internal combustion vehicles. The
age of technology is upon us and we should be able to
find a solution for any possible disadvantage. However,
with each new technology come new challenges and, in
general, electromobility is the future.

Many expert studies estimate the number and
overall share of the electric car market in the future.
In these cases, one encounters different information,
depending on the area in which these studies come
from. Some are about the breakdown of their production
costs and assumptions about how these components
will evolve over time, others are directly related to
the environment. At the same time, there are various
strategies at national or international level that promote

alternative fuels in relation to the environment. In this
article, authors point out the support mechanisms in
relation to political ambitions and goals. Is assessed
the planned (future) state with the current state in
the field of electromobility. The important fact is
that electromobility cannot be without the necessary
infrastructure, which means that it does not impose the
new demands on the road infrastructure, but it does
require the construction of a charging network.

2 Ambitions and targets of the European Union
in relation to electric vehicles

Popularity of alternative fuel vehicles has been
rising in recent years based on effort on maximizing
fuel efficiency and minimizing negative environmental
impacts. A transport system is gradually being set
up, which aims at the efficient use of resources and
eliminating oil dependence. In this article, in order to
deal with alternative fuels, there must be an appropriate
definition, which clearly identifies what these terms
represent. Directive 2014/94 / EU of the European
Parliament and of the Council of 22 October 2014
defines the concept of alternative fuels. “Alternative
fuels” are fuels or energy sources, which serve at least

© 2022 UNIVERSITY OF ZILINA
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Figure 1 Global electric vehicles stock by mode in the Stated Policies Scenario, 2020-2030 [6]
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Figure 2 Global electric vehicles stock by mode in the Sustainable Development Scenario, 2020-2030 [7]

in part to replace fossil oil sources in the supply of
energy to transport and which have the potential to
contribute to its decarbonisation and to improve the
environmental performance of the transport sector.
Defined alternative fuels include the following: natural
gas, including biomethane in gaseous form (compressed
natural gas) and liquefied gas (liquefied natural gas),
biofuels, electricity, liquefied petroleum gas, hydrogen
and synthetic/paraffin fuels [1-2].

Road transport is an important part of all social
processes. Nowadays, it is significantly affected by
technological advances and societal change. Besides
that, due to the growing demand for mobility, there is
an overload. Road infrastructure in some cases is not
able to provide sufficient traffic flow throughput and
not fast enough to increase traffic. Additional expansion
of road infrastructure is not possible, especially in
urban areas and the construction of new infrastructure
is very demanding. In this respect, it is therefore
necessary to look for new, progressive tools, which, when
applied, will make the transport system safer and more
efficient [3].

At the same time, it must be emphasized that
there is a constant increase in means of transport. The
current trend in road transport is electric mobility,
which also reflects existing policy frameworks and
intentions, based on the developed strategies, whose
main goal is to meet the global climate goals and achieve
significant reductions in air pollutant emissions. By
2070, net-zero emissions should be achieved. These
ambitions and goals contribute to a significant increase
in the number of electric vehicles. This is largely due to
growing enlargement in China. Worldwide, the number
of electric vehicles for all the vehicle categories in the
world will increase from 11 million in the current year
to 145 million by 2030. The average annual growth is
almost 30 % (Figure 1).

The main goal stated in the Sustainable Development
Scenario, 2020-2030, is reduction of carbon intensity of
electricity generation and utilization of public transport.
This represents a significant increase in the number of
electric cars, which should reach the level of 230 million
vehicles (Figure 2) [4-5].

All electric vehicles related targets and ambitions
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Figure 3 Passenger car sales in selected European countries in 2020, by fuel type [8]
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White Paper ‘Roadmap to a
Single European Transport Area’
(COM(2011) 144 final):
development of a sustainable
alternative fuels strategy
(including infrastructure), with the
objective of halving the use of
conventionally-fuelled cars in
urban transport by 2030 and
phasing them out in cities by

2050.

2014

Alternative fuels
infrastructure directive
(2014/94/EV):

an “appropriate number” of
recharging and refuelling
points to be set up by 2020
and 2025.

2017
Action plan on alternative fuels 2020
infrastructure
(COM(2017) 652 final): Sustainable and Smart

Mobility Strategy
(COM(2020) 789 final):

at least 30 million zero-
emission vehicles in the EU
by 2030, served by 3 million
public recharging points.

an interoperable EU “backbone”
of alternative fuels infrastructure
by 2025, particularly for the TEN-T
core network corridors, facilitating
cross-border and long-distance
road and water transport.

|
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(COM(2013) 17 final):
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TEN-T Regulation

(1315/2013):

availability of alternative clean fuels on
the core network.

European Strategy for Low-Emission

(COM(2016) 501 final):

to achieve mass acceptance and
deployment of electric vehicles, charging
infrastructure must become widely
available throughout Europe.

European Green Deal

(COM(2019) 640 final):

an estimated 1 million public recharging
and refuelling stations will be needed in
the EU by 2025 to serve 13 million zero
and low-emission vehicles.

Figure 4 EU policy documents on alternative fuel infrastructure [9]

are met, even if the current policy measures are not
deemed sufficient to stimulate such adoption rates.
Number of electric vehicles in Europe is still small and
largely dependent on support policies. Most electric
road vehicles are concentrated in a few northern and
western Member States, although the southern and
eastern ones have recently recorded the biggest sales
growth.

Each Member State is responsible for developing

and implementing its own alternative fuels policy within
the framework set by EU legislation. Countries that
offer generous incentives and have developed a good
charging infrastructure have a higher share of electric
road vehicles on transport routes.
There are measures at European Union level that
support:
* assistance in the development and standardization
of charging infrastructure,
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* the use of renewable electricity and intelligent
charging
* the battery research [9].

In relation to alternative fuels, several strategies
have been developed at European Union level since 2011
and directives issued, which are gradually leading to the
ambitious goal of becoming a climate-neutral continent.
The Green Deal, which is the latest in a series of EU
policy documents on development of the alternative
fuels infrastructure, should also contribute to this
goal (Figure 3). Alternative fuels are very important
in this regard, as transport in Europe produces almost
a quarter of greenhouse gas emissions. At the same
time, we are facing a major challenge in the field of
alternative fuels infrastructure. In this regard, it is
important to adopt the common standards to ensure
interoperability, coordinate and support Member States’
deployment of electrical charging infrastructure [9-11].
Figure 4 shows the timeline of EU policy documents on
alternative fuel infrastructure.

The 2014 directive on alternative fuels infrastructure
is the key policy tool within the overall EU strategy
to develop publicly accessible electrical charging
infrastructure. It aims to overcome a market failure
best described as the “chicken-and-egg” problem: on one
hand, vehicle uptake will be constrained until charging
infrastructure is available, while on the other hand,
investments in infrastructure require more certainty of
vehicle uptake levels [9, 11].

3 Electric vehicles charging infrastructure

Electric vehicles require access to charging points,
which are not the sole choice of their owners. For

this reason, electric car infrastructure plays a very
important role, especially with regard to urbanism,
energy companies and technological change. The
number of charging stations is affected by the location,
distribution and types of electric vehicles. Charging
infrastructure for electric vehicles can be considered
from the three perspectives:

*  Home charging - is the most readily available, with
charging options technically at level 1 (portable
charger) and level 2 (more powerful unit).

e Workplaces - the availability of charging stations
depends on regional or national policies.

*  Publicly available chargers - needed where charging
from home and in the workplace is not available
or not enough to meet needs (for example, when
traveling long distances).

The number of charging stations is increasing every
year. The largest increase and share was recorded
by private charging points (domestic charging). Slow
charging is prevalent worldwide and this is mainly
due to the fact that fast charging stations make up the
smallest share. On average, the expansion of charging
stations (infrastructure) increases by 30% every year.
The distribution between the fast and slow charging
points is determined by various factors. These are
interconnected and dynamic, such as charging behavior,
population density, battery capacity, housing and local
government policy. Sustainable and Smart Mobility
Strategy identifies infrastructure expansion forecast for
electric vehicles (Figure 5).

Sustainable and Smart Mobility Strategy identified
the need to expand charging stations for 3 million public
charging points by 2030. Uncertainty prevails with this
prediction, to reach the set targets. If the deployment
of infrastructure continues to follow the 2014-2020
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Figure 5 Number of electric LDV chargers by scenario, 2020-2030 [13]
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trend, there will be a significant risk that the target of 1
million public charging points by 2025 will be unfulfilled
[4, 11-12].

4 Evaluation of the efficiency of electromobility
in EU countries with regard to charging
infrastructure

One major problem that slows down the electric
car is the impression that they cannot travel the
required distance without the need to recharge. The
cause may be a lack of charging infrastructure or
insufficient awareness of its existence. Although the
charging infrastructure for electric cars is increasing
at different speeds across the EU, as is the use of
electric vehicles, in some Member States there is still
a lack of differences between countries. The very loss of
supplied energy is also a problem with electromobility.
Despite the documentation of the cars, which states
the technical parameters such as power and range,
irregularities may occur. In some cases, the incomplete
use of energy does not allow the necessary range and it
is necessary to recharge the car more often [14]. That is
why it is necessary to examine how the infrastructure
is available in individual states. These states need to be
compared to each other and the efficiency of electricity
infrastructure examined with regard to possibilities
of individual states. Various methods can be used to
measure efficiency. The popular and frequently used
methods are as follows:

e DEA (Data Envelopment Analysis) method - is a non-
parametric-deterministic method of estimating
efficiency, which has recently become more and
more popular in the banking environment. This
approach was proposed by Farrell [15] who seeks to
find better ways to assess productivity. Thanks to
Charnes, Cooper and Rhodes [16], Farrell’s concept
was later refined into a practical research tool used
in various areas of economic research.

e SFA (Stochastic Frontier Analysis) method - This
methodisoneofthebest known parametric-stochastic
methods used to estimate the efficiency of financial
institutions. It was independently developed by
several authors [17-18] and subsequently introduced
into the banking environment in 1990. The basic
approach is a direct estimate of the production
function using the profit and cost function. Recently,
the multiproduction logarithmic transformation of
the costs/profit function has been widely used. Cost
and profit efficiency are important economic goals
- minimizing costs and maximizing profits. Some
authors have also used this method to measure
energy efficiency [19].

® Ordinary Least Squares (OLS) method - The
main task of this method is that the sum of the
error squares they try to minimize is considered
as a criterion for the accuracy of the problem.

Numerical and analytical approaches can be used
using the method. In particular, the numerical least
squares implementation method involves the largest
possible dimension of an unknown random variable.
In addition, the more calculations, the more the
solution itself. Additional sets of predicted solutions
are obtained from the set of calculations (initial data),
from which the best were selected. If the solution file
is parameterized, the least squares method decreases
to achieve the optimal parameter value [20].
According to several authors, the DEA method is the
most suitable of all the methods for measuring efficiency
[21-22]. Tliyasu et al. summarized the possibilities of
available software suitable for use in the academic
environment [23]. The DEA method chosen by authors
in this research is one of the nonparametric methods
and it represents a model of linear programming. The
DEA method used to analyse the relative efficiency
of a production unit in a selected group of production
units that use identical aggregated inputs and produce
aggregated outputs. Arranged units (DMUs- Decision-
making unit’s) maximize their efficiency for each DMU,,
ie C {1, .., n}. The optimized unit is called DMU,,
o C{1,...,n}. The vector of inputs is recorded, as well
as of the organizational unit as x, = (x,;, ... , x, ) T and
the vector of outputs y, = (y,,, ... , y,) T. Every single
input and output has some evaluation, i.e. values that
are denoted by vectors u = (u,, ... , u ) T for inputs and
v = (v, .., v) T for outputs. In this case, u, i = 1, ...,
m) is the value of the i-th input and v, (k = 1, ... , s) is
a certain value of the k-th output [24-26]. For DMU , the
efficiency measure E_ (u, v) is determined based on the
following equation:

Do UV oy,
Eo(u,p) = Skt = 2F (1)
2wk u' X

In order for the DMU to be effective, there is the
so-called optimal solution in the form (u *, v *) in the
problem, where E * (u *, v*) = v * Ty =1 au *> 0,
v *> 0. If a different case occurred, the DMU would be
inefficient. The CRR model was chosen for the work, in
which it is necessary to enter individual inputs (CCR-I)
and individual outputs (CRR-O). Some authors also
point out the suitability of using this model [27-28].
Authors in this research have focused on the CCR
output model, as it is easier to change the outputs in the
parameters that were chosen.

When selecting indicators used to measure
efficiency, the focus was primarily on inputs and
outputs that need to be determined before entering
into the calculation method. This method was used to
determine the efficiency of the electrical infrastructure
with respect to charging stations. The principle of this
method is that the calculation will show which of the
compared countries works most effectively (i.e. which
would achieve 100 % efficiency) and based on the results,
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other countries were then compared to it. Under the
name of DMU are the organizational units, i.e. states
whose goal is to maximize their efficiency. For each
organizational unit (DMU), it is important to determine
the inputs and outputs, which should neither be zero
nor negative.

In the case of the DEA analysis, it is important
to determine the input (CRR-I) and output (CRR-O)
data. Gross domestic product (GDP) per capita in
Purchasing Power Standards (PPS) was chosen as the
input data. It is the spending of funds needed to create
improvement issues with regard to development and
security in transport [29]. Among the output data, the
Recharging points for 100,000 people and High-Power
Public Recharges for 100km Highway were chosen.
Those data for the European Union states (DMU) are
shown in Table 1; all the data are from year 2020.

The data from Table 1 are then entered into the
DEA model with a focus on the CCR output model.
Therefore, it was necessary to correctly determine the
inputs and outputs. The correct designation made it

Table 1 Input and output data to the DEA method [30-31]

possible to evaluate the efficiency of states with regard
to electromobility and charging infrastructure. The
results are shows in Figure 6. The number 1 means
100% efficiency. The DMUs are fully (100%) effective
based on the available data for other units if and only
if their performance does not indicate that some of the
inputs or outputs of a given DMU could be improved
without compromising the level of other inputs or
outputs [32].

Figure 6 shows the efficiency of the European
Union countries. Efficiency was evaluating based on
selected inputs and outputs. Of the countries compared,
only the two countries were 100 % efficient, namely the
Netherlands and Estonia. Greece and subsequently
Malta had the least efficiency in terms of charging
infrastructure. If the focus is on efficiency of Slovakia,
it can be seen that it was in 5th place with an efficiency
rate of 52%. The efficiency of all compared countries is
shown in Table 2.

Table 2 shows the efficiency of all the European
countries, compared to each other. The advantage of

State - DMU (CCR-I) GDP per capita (CCR-0) Recharging points per (CCR-0) High-Power P}lblic Recharges
in PPS 100.000 people per 100 KM Highway
Netherlands 128 383.1 79
France 106 68.4 35
Germany 120 53.7 57
Ttaly 96 22.4 18
Sweden 119 100.8 75
Belgium 118 73.6 27
Austria 126 92.5 i
Spain 91 17.3 14
Finland 111 67.5 54
Denmark 130 55.9 42
Portugal 79 24 16
Poland 73 44 25
Hungary 73 13 15
Czechia 93 11 49
Ireland 193 22.2 32
Luxembourg 260 589 7
Slovakia 70 16.9 56
Slovenia 89 35.6 17
Croatia 65 16.5 14
Romania 70 2.6 24
Estonia 84 32 131
Greece 73 44 4
Latvia 69 16.5 14
Bulgaria 53 2.8 10
Lithuania 84 6.4 31
Malta 100 19.6 0
Cyprus 90 7.9 9

COMMUNICATIONS 3/2022

VOLUME 24



EMPIRICAL MEASUREMENT OF ELECTROMOBILITY EFFICIENCY IN THE ENVIRONMENT...

A129

the calculation is that it can point out to the necessary
changes so that the efficiency of other states is 100%.
In the considered case, the focus was on the output-
oriented CCR model, as the outputs can change under
certain conditions while maintaining the same inputs.
If the focus is, for example on Slovakia, which was on

Estonia R
Luxembourg R
Sweden R
Slovakia R
Austria R
Finland R
Germany R
Czechia R
France R
Denmark R
Belgium
Lithuania g

Efficiency
oo oo
O N B
Netherlands G
Romania (g

fifth place, it is possible to see in the table exactly how
the outputs could change so that its efficiency becomes
100 %. Recharging points per 100000 people would have
to change from 16.9 to 32.33. The High-Power Public
Recharges per 100km Highway would have to change
from the original 56 to 107.12.

Italy g

Poland g
Slovenia gl
Portugal gm
Croatia |g@
Latvia @
Hungary o
Spain @
Bulgaria g
Ireland g
Malta g

Cyprus @
Greece [ ]

States (DMU)

Figure 6 Efficiency of the states of the European Union with regard to charging infrastructure

Table 2 Results of the DEA - CCR output model method

Rarsli{;?eg of DMU Efficiency Inputs outputs pat t]?e iﬁi&:;u ts) Effe(cgl\;;}::\st)tern
1. Netherlands 1 128 383.1 79 128 383.1 79
1. Estonia 1 84 32 131 84 32 131
3. Luxembourg 0.76 260 589 7 260 718.17 160.47
4. Sweden 0.55 119 100.8 75 119 182.78 136
5. Slovakia 0.52 70 16.9 56 70 32.33 107.12
6. Austria 0.52 126 92.5 77 126 179.2 149.17
7. Finland 0.42 111 67.5 54 111 162.27 129.82
8. Germany 0.38 120 53.7 57 120 143.18 151.98
9. Czechia 0.34 93 11 49 93 35.43 145.04
10. France 0.33 106 68.4 35 106 206.17 105.5
11. Denmark 0.28 130 55.9 42 130 198.37 149.04
12. Belgium 0.27 118 73.6 27 118 275.2 100.96
13. Lithuania 0.24 84 6.4 31 84 32 131
14. Romania 0.22 70 2.6 24 70 26.67 109.17
15. Poland 0.22 73 4.4 25 73 27.81 113.85
16. Slovenia 0.2 89 35.6 17 89 180.16 86.03
17. Portugal 0.18 79 24 16 79 130.48 86.99
18. Croatia 0.18 65 16.5 14 65 91.22 71.39
19. Latvia 0.17 69 16.5 14 69 96.83 82.16
20. Ttaly 0.16 96 22.4 18 96 139.91 112.43
21. Hungary 0.16 73 13 15 73 81.79 94.37
22. Spain 0.13 91 17.3 14 91 131.98 106.81
23. Bulgaria 0.12 53 2.8 10 53 22.87 81.69
24. Ireland 0.12 193 22.2 32 193 181.73 261.95
25. Cyprus 0.08 90 7.9 9 90 101.82 115.99
26. Malta 0.07 100 19.6 100 299.3 61.72
217. Greece 0.05 73 44 4 73 97.55 88.68
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5 Conclusion

Alternative fuels play an important role in an
environmentally friendly environment modernization.
There are many types of alternative propulsion and
electromobility has an important place among them.
With the rise of electromobility, the need for charging
infrastructure is evolving in direct proportion. In the
article, the focus was on important documents that
address the development of electromobility in the
European Union. Subsequently, a space was creating
to examine the efficiency of spending funds on building
infrastructure with regard to electromobility and
available resources. The efficiency could be investigated
using the DEA model. In order to evaluate the efficiency
correctly, it was necessary to correctly determine the
inputs and outputs that enter the DEA model. The
input data selected were the GDP per capita in PPS of
individual countries. The output data were Recharging
points per 100,000 people and High-Power Public
Recharges per 100km Highway in each state. All the
Member States of the European Union were considered
in this research. Using the DEA method, it was possible
to determine which state has 100% efficiency with
respect to the specified parameters. From those states
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Resume

The article deals with the analysis of selected technical and economic
aspects that influence decision making process when choosing a car with
an electric drive - an electric car. Environmental friendliness is beginning
to be one of the key aspects in the context of electric vehicle selection,
but its final choice is still affected by the standards offered by internal
combustion vehicles. In our case, the relevant standards were defined when
using the results of a questionnaire survey, the criteria of scales, which are
used to compare selected types of electric passenger cars in the conditions
of the Czech Republic. The aim of the article is to select an appropriate
electric car by using specific techniques of multi-criteria decision making
- the Basic Variant method and the Analytic Hierarchy Process (AHP).
The scientific value of the article lies primarily in its applicability to the
global environment and the variability possibilities of criteria set and their

Article info

Received 28 February 2022
Accepted 24 May 2022
Online 21 June 2022

Keywords:

individual automobile transport
passenger car

electric car

multi-criteria decision making

significance.

Available online: https://doi.org/10.26552/com.C.2022.3.A133-A141

ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

1 Introduction

Electromobility is gradually building its strong
position in the transport market Although it is not
possible to clearly determine the sense of the emergence
of modern electromobility, the environmental aspect
is considered to be the most important, influenced in
particular by the following regulations:
¢ The UN Framework Convention on Climate

Change was adopted by the 1992 UN Conference on

Environment and Development in Rio de Janeiro [1].
e Kyoto Protocol to the United Nations Framework

Convention on Climate Change (hereinafter only

“the Protocol”), adopted in December 1997 [2].

e Paris Agreement [3].

These regulations impose the protection of the
climate system for the benefit not only of the present
but also of future generations, on the basis of four basic
principles [4]:

e principle of intergenerational justice,

e common but differentiated responsibilities,

* the need to protect in particular those parts of the
planet which are more susceptible to the negative
effects of climate change,

¢ preliminary caution.

The development of electric cars in the last two
decades is one of the reactions of the automotive industry
to the above-mentioned regulations and a manifestation
of the effort to maintain the experienced user concept
of the passenger car. From this point of view, it is clear
that if the current electric car is to replace or even offer
better standards than a car with an internal combustion
engine, it will be necessary to define and evaluate
customer requirements and, based on them, to develop
the car and assess its suitability in accordance with the
above regulations. If so, it will be possible to adhere
this concept, and if not, it will be necessary to look for
a different and perhaps completely different concept
for this type of transport. The aim of the article is to
select an electric vehicle under current conditions using
scientific methods and on the basis of defined criteria.

2 Literature review
The topic of electromobility has long been dealt

with by scientific teams around the world, not only
from a technical point of view. In particular, the

© 2022 UNIVERSITY OF ZILINA
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environmental, social and economic factors influenced
by electromobility and which must be taken into account
in its development are examined. The electric vehicle’s
propulsion unit itself is at a relatively high level in
terms of available technology, efficiency and reliability,
both the Battery Management System (BMS), which is
discussed, for example, by Ayob et al [5], including the
subject of recharging, which is addressed, e.g., in [6].
However, regarding the issue of electromobility, the
storage of electrical energy in fuel cells remains. These
possibilities were investigated in collaboration with
Volkswagen AG Groger et al [7] or Mouli et al [8], whose
study compares different charging options. The issues
of recycling and charging or exchange stations are also
presented, the possibilities of which are described by
Buzoverov and Zhuk [9] in their extensive study.

Putting electric cars into practice, i.e., to their
end users, carries with it multiple partial topics. From
the point of view of economics and legislation, it is
therefore mainly up to the individual states how they
will react to the topic of electromobility, or in what ways
they will support it. Territorial differences in relation
to the approach to electromobility are addressed, for
example, by Zhao, which compares world leaders -
Germany and China [10]. This study takes into account
specific territorial and political requirements as a basis
for the development of batteries or fuel cells. The
social aspects of electromobility lie, for example, in the
so-called environmental responsibility, i.e., the effort of
consumers to reduce their eco-footprint, with the aim of
achieving so-called carbon-free urban mobility [11-12].
However, the issue of reducing the eco-footprint leads
back to the technology and operation itself, because in
the analysis of the life cycle of an electric vehicle, it is
necessary to consider its components, their impact on
environment and possible recyclability. Helmers in [13]
and Wuschke et al in [14] addressed this issue in detail.

As mentioned, the market is an important factor
for the further development of passenger electric cars,
although its current strength is not comparable to the
market for cars with internal combustion engines. It
is not known what the climatic conditions and the car
market will be in the coming decades. In addition to
a series of technological, raw material and economic
uncertainties, we often find opinions that electromobility
will affect movement in urban areas and change the
behavior of the automotive industry, energy and public
administration [15].

There is a wide array of electromobility development
programs in countries around the world that motivate
the purchase of electric cars with varying degrees of
success, for instance in [16-18]. Due to these programs,
it is possible to observe an increasing share of electric
cars in the total number of sold cars, but the same
tendency cannot be expected even after their termination.
Electromobility is also closely linked to the development
of the smart energy networks of the future [19]. In
terms of production itself, the electric car needs up

to 30% fewer components than vehicles with internal
combustion engines, as stated, e.g., in [20-23]. With the
greater development of electromobility, this factor can
contribute to influencing supply chains and production
logistics, but also to the demise of some component
manufacturers. In light with the above remarks, it is
already clear that even the current concept of electric
cars does not guarantee an improvement in the climate,
if it is developed for these purposes, even without
mentioning the fact regarding the share of passenger
car transport in generation of harmful gases, life cycle of
electric cars and so forth. However, as discussed in [20,
24], those who are interested in buying an electric car
can also be motivated by other factors.

During the research, it was identified that the
current requirements imposed by the customer on the
electric car are mainly influenced by the standards
imposed on cars with internal combustion engines, which
was also examined, for example, by Metso et al [25]. From
the environmental-technical standpoint, the customer’s
questions relating to the electric car are mainly focused
on the safety of operation, the efficiency of the propulsion
system and the service life of its components. It was
not identified that the customer was interested in the
possible advantages of an electric car over a car with an
internal combustion engine in terms of user comfort -
such as automatic preparation before driving, including
defrosting windows in winter and heating or cooling
the cabin from external power supply when connected
to the charging network. Such equipment represents
an indisputable advantage over a car with an internal
combustion engine, especially when it is possible to
program it or control it remotely [26].

The multi-criteria evaluation
therefore applies to the most frequently asked questions
of potential customers to whom weights for the overall
evaluation were assigned.

in this article

3 Materials and methods

For the purposes of this case study, six types
of electric cars of comparable categories in terms
of equipment and parameters coming from various
manufacturers were objectively selected. By applying
the Basic Variant method and the AHP method [27-
28], the most appropriate model is then specified. As
already mentioned, the most frequently asked customer
questions concern the comparability of an electric car
and an internal combustion engine car. Six basic factors
were selected for the multi-criteria evaluation process.
The foundation for the very evaluation was, on the one
hand, a questionnaire survey among sellers of Hyundai,
Kia and Nissan electric cars. To provide relevant
information on this particular issue, data provided
by CEZ were also used, which can already be ranked
among the largest providers of services in the area of
electromobility. The company operates in the operation
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Table 1 Variants of the criteria of the Basic variant method

Vehicle Price [CZK] Mileage [km] Iflzv\;%r [E\;;ﬁrfg Orliiﬁfll] M[i}r(nipi‘;d Trunk volume [1]
Hyundai IONIQ 899 999 270 100 11.5 165 357
Nissan Leaf 950 000 240 80 15 144 435
VW e-Golf 959 000 180 85 12.7 140 341
BMW i3 954 000 260 125 13.1 150 260
Kia Soul EV 849 950 212 8 14.7 145 281
Renault ZOE 735 000 350 80 13.3 135 338
significance value 0.3 0.25 0.2 0.05 0.06 0.14
criterion MIN MAX MAX MIN MAX MAX

Explanatory note: CZK stands for the Czech crow | koruna and exchange rate of CZK to EUR is 0.04 € (May 30, 2022)

Table 2 Determination of the base in the Basic Variant method

Vehicle Price [CZK] M[ill:;ral]ge I[’I({)‘v;‘l;])r [Ev?ﬁ%lggorﬁii] M[i};ip?]ad Trunk volume [1]
Hyundai IONIQ 1 1
Nissan Leaf 1
VW e-Golf

BMW i3 1

Kia Soul EV

Renault ZOE 1 1

Significance value 0.3 0.25 0.2 0.05 0.06 0.14

criterion MIN MAX MAX MIN MAX MAX
B - basis 735 000 350 125 11.5 165 435

of charging infrastructure as well as in the field of
sales of electric vehicles themselves. The construction
and operation of charging infrastructure is dealt with
by the Clean Technology Department branch of the
enterprise Ceske energeticke zavody (CEZ CTD), while
the sale of electric cars is dealt with by the CEZ Energy
Service Company (CEZ ESCO) branch. According to
CEZ ESCO'’s sales department, potential customers and
their interest in purchasing an electric vehicle are most
influenced by the following factors [20]:

® purchase price of an electric car,

*  maximum distance,

* engine power,

*  energy need,

*  maximal speed,

* luggage compartment volume.

The aim is to select a compromise vehicle with
electric drive for purchase. When assessing a significant
number of criteria, the following methods are very
effective, especially in the case where neither variant is
optimal in all respects.

3.1 Basic variant method

This technique is based, like the weighted sum
method, on maximizing utility. In principle, on the

contrary, it is the target method, i.e., with the best values
in all criteria. In the case of this method, 2 key equations
are given, which are formulated in the manuscript
methodology, and which can be partially modified. The
modified relation for the yield (maximization) criteria
shows Equation (1) [29]:

original value

Ui =" pase (-], (1)
where the benefit of a given variant is denoted as u;

A modified relation for cost (minimization) criteria
is shown in Equation (2).

%[_] o)

Ui = —t
v original value

The total benefit of the i-th variant is again
calculated as a weighted sum of the partial benefits.

Individual selection variants together with criteria
are shown in Table 1. The vehicles were selected
according to two parameters - a range of more than
150km and availability on the Czech market. The values
of the criteria were determined according to the data
provided by the manufacturers. Significance weights
were thereafter determined by interviewing 6 experts
who specialize in the sale of electric cars at CEZ. These
experts defined the input weights of all the criteria
independently of the other persons. Then, the sum of
the obtained results was counted, and the weights of
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Table 3 Calculated values of individual criteria

Vehicle Price [CZK] Mileage [km] f[’lciv‘;;e]r [kEszlﬁffg Orliifil] M[i};ipi?d Trunk volume [1]
Hyundai IONIQ 0.817 0.771 0.800 1 1 0.821
Nissan Leaf 0.774 0.686 0.640 0.767 0.873 1
VW e-Golf 0.766 0.514 0.680 0.906 0.848 0.784
BMW i3 0.770 0.743 1 0.878 0.909 0.598
Kia Soul EV 0.865 0.606 0.648 0.782 0.879 0.646
Renault ZOE 1 1 0.640 0.865 0.818 0.777
Significance value 0.3 0.25 0.2 0.05 0.06 0.14
criterion MIN MAX MAX MIN MAX MAX
B - basis 735 000 350 125 115 165 435
Table 4 Scalar product of selected variants
Hyundai IONIQ 0.817 0.771 0.800 1 1 0.821 0.822
Nissan Leaf 0.774 0.686 0.640 0.767 0.873 1 0.762
VW e-Golf 0.766 0.514 0.680 0.906 0.848 0.784 0.700
BMW i3 0.770 0.743 1 0.878 0.909 0.598 0.799
Kia Soul EV 0.865 0.606 0.648 0.782 0.879 0.646 0.723
Renault ZOE 1 1 0.640 0.865 0.818 0.777 0.879
Significance 0.3 0.25 0.2 0.05 0.06 0.14
value
Criterion MIN MAX MAX MIN MAX MAX
B - basis 735 000 350 125 11.5 165 435

individual criteria significance were determined using
the arithmetic mean.

The first step is to determine the base that represents
the optimal value in the column according to the nature
of the criterion. It is necessary to distinguish whether
these are maximization or minimization criteria.

The following is the designation of the relevant
places where the individual most advantageous values of
the base are located by the number 1. The determination
of the individual bases is shown in Table 2.

Subsequently, the values of the other criteria
are calculated using two modified equations for the
maximization and minimization criteria given in the
introduction of this chapter [30]. The calculation of
partial values is shown in Table 3.

After calculating the individual values, a column
marked “w” is added to the table, which shows the scalar
product between the individual values of the variants
and the weights of the individual criteria - Table 4. The
compromise variant is then represented by the variant
with the highest scalar product.

According to Table 4, the electric vehicle Renault
Zoe was chosen by the method of Basic Variant as
compromise

3.2 AHP method

The second method used is the Analytic Hierarchy
Process method, which was designed by Thomas L.
Saaty in 1980. This method seeks to simplify the
complex decision-making problems that it presents
as a hierarchical structure. By this term is meant
a linear structure comprising several levels, each of
which contains several elements. The arrangement of
individual levels goes from the general to the specific.
The principle of this method is to quantify the intensity
of interaction of individual elements in the system using
Saaty’s method of quantitative pairwise comparison,
which is used at each level of the hierarchical
structure [31].

In the initial stage of the method, it is again
necessary to determine the possible variants along
with the given criteria. The possible variants, the given
criteria and the determined weights are the same
as for the method of the Basic Variant mentioned in
the previous chapter. The input data are provided in
Table 5.

The subsequent procedure consists in creating as
many tables as there are specified criteria. In this case it
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Table 5 criteria of the AHP method

Vehicle Price [CZK] M[ili‘r’i‘]ge Power [kW] [Ev?ﬁl.“fgolﬁenii] Max. speed [km.h-1]  Trunk volume [I]
Hyundai IONIQ 899 999 270 100 115 165 357
Nissan Leaf 950 000 240 80 15 144 435
VW e-Golf 959 000 180 85 12.7 140 34
BMW i3 954 000 260 125 13.1 150 260
Kia Soul EV 849 950 212 81 14.7 145 281
Renault ZOE 735 000 350 80 13.3 135 338
Significance 0.3 0.25 0.2 0.05 0.06 0.14
value
criterion MIN MAX MAX MIN MAX MAX
Table 6 Saaty scale
1 variants are equally important both compared both variants compared have the same property
3 the variant is slightly more important than the the first variant is slightly more significant than the
other variant other
5 the variant is much more important than the the first variant is strongly more significant than
other variant the other
7 the variant is significantly more important than the first variant is very strongly more important
the other variant than the other
9 extreme significance of one variant over another the first variant is even more than strongly

significant than the other

Table 7 Cost criterion - complete table

. Hyundai Nissan VW . Kia Soul Renault geom. N .
Price IONIQ ~ Leaf  eGolf °MWI gy Z0E  mean  weight "Nt

Hyundai

TONIQ 1 3 5 7 0.2 0.142 1172 0.110 0.033

Nissan Leaf 0.333 1 3 1 0.111 0.111 0.48 0.045 0.014

VW e-Golf 0.2 0.333 1 0.333 0.111 0.111 0.254 0.024 0.007

BMW i3 0.143 1 3 1 0.143 0.111 0.435 0.041 0.012

Kia Soul EV 5 9 9 7 1 0.2 2.876 0.270 0.081
Renault

70E 7 9 9 9 5 1 5.425 0.510 0.153

is about 6 criteria = 6 tables. Each table will contain, in
addition to the variants being compared, the geometric
mean, the standard weight and the final weight.

The AHP method is based on the Saaty method,
which is partially modified here. It will be based on
the Saaty scale of preferences, which is shown in the
following Table 6.

The value of 1 is the main diagonal in the tables,
as it represents the equivalence of the same variants.
Subsequently, 2 variants are always compared against
one criterion. Preferences are determined according
to the Saaty scale in Table 6. For illustration, Table 7
below compares the purchase price criterion with respect
to all specified variants. The method of calculation is the
same for all 5 remaining criteria (mileage, engine power,

energy need, max. speed and luggage compartment
volume = trunk volume).

Subsequently, the values are calculated into the
geometric mean column.

After calculating the individual geometric means,
it is necessary to standardize the given weights.
Normalization of values is performed by dividing the
individual geometric means by their sum for the given
column. Subsequently, it is only necessary to multiply
the individual standardized weights by the weights of
the individual criteria and add them to the last column.
Entire this process is presented, for instance, in [32].
Table 8 shows the calculated values of the geometric
mean, the standard weight and the multiplication by the
respective weight for the purchase price criterion.
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Table 8 The resulting values of the AHP method

e priong Ve T e el N el ok
Hyundai IONIQ 0.033 0.043 0.048 0.021 0.028 0.029 0.202
Nissan Leaf 0.014 0.023 0.01 0.002 0.006 0.073 0.128
VW e-Golf 0.007 0.005 0.02 0.012 0.004 0.015 0.063
BMW i3 0.012 0.045 0.102 0.007 0.013 0.004 0.183
Kia Soul EV 0.081 0.011 0.012 0.002 0.007 0.006 0.119
Renault ZOE 0.153 0.122 0.008 0.006 0.002 0.014 0.305

| Electric car selection |

T e

Mileage for i Lugpage
Price one charge Engine power Consumption Maximal speed art tvalung
Valee significance 0.3 Value significance 0.25 Valwe significance 0.2 Walue significance 865 Value sigaificance 0.06 Value significance 0.14
/“\Hq:; ~
d B -
"‘-‘.‘_k s =
// \_\ “"‘:-—_h -—-_____'
S X > SCORSIK
. e e T
/ S ‘x < T < ““"--.._____- e
\ \\Q‘ — h\h%\
Hyundai iONIQ Nissan Leaf VW e-Golf BMW i3 Kia Soul EV Renault Z0E
0.033 0.o14 0007 ooz 0.081 0153
=0.202 =0.123 =0.063 =(1.183 =0,118 =0,305

Figure 1 Graphic representation of the AHP method

The calculation for the remaining 5 criteria
(mileage, engine power, energy need, max. speed and
luggage compartment volume) is the same. The final
step is to enter the individual values from the “x weight”
columns to the individual variants. The values are then
summed for each variant. The variant that reaches the
highest value is again selected from the given values.
The highest value was obtained by Renault ZOE, which,
according to the AHP method, represents a compromise
variant.

The AHP method also includes a graphical
representation of the decision-making process
in Figure 1.

Figure 1 graphically shows the dependence of the
weights of individual criteria and their effect on the
overall result. It is also clear from the figure that when
calculating with the AHP method, it is possible to easily
apply other criteria or adjust the value of the weights.

4 Results and discussion

The article is focused on the evaluation of economic
and technical aspects relevant to the selection
of a passenger electric car in the conditions of the
Czech Republic. Questionnaire methods, discussions
with experts and studies of scientific literature [7-11]
were used to select aspects, on the basis of which

relevant vehicle parameters influencing their selection
were defined by comparative methods. Furthermore,
the two most suitable scientific methods of evaluation
were selected and the weights of criteria for individual
parameters were determined. After performing and
evaluating two exact methods [30-32], it was found that
according to the Basic Variant method, the compromise
variant is Renault ZOE.

The AHP method also reached the same result.
The chosen electric car achieves very favorable results
regarding the purchase price, mileage and the volume
of the luggage compartment. According to the weights
of these criteria, the purchase price and mileage are
among the most important, which is why the vehicle
achieved the best results. On the contrary, it reaches
low values in terms of maximum speed and power of
the electric engine. A possible alternative to the Renault
ZOE electric car is the Hyundai IONIQ electric car.
This electric car was placed according to the method
of the Basic Variant in second place with a very small
difference in values. The vehicle also took second place
according to the AHP method.

Comparing the best Renault ZOE and the second
Hyundai IONIQ, it can be stated that the Renault ZOE
dominates in the two most important criteria, namely the
purchase price and mileage. The difference in purchase
prices is CZK 164,999 [33]. In terms of mileage, the
Renault ZOE dominates by a considerable 80 kilometers.
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On the other hand, the Hyundai IONIQ has a 20 kW
more powerful electric motor, which allows it to reach
speeds of up to 165km / h, while its need is 1.8 kWh /
100km lower. The difference in luggage compartment
volumes is 19 liters in favor of Hyundai IONIQ. Here, it
would depend on the specific customer whether to choose
a cheaper vehicle with a higher mileage, or to opt for
a vehicle with a more powerful electric motor and lower
energy need, which at the same time allows a higher
maximum speed to be achieved. If the vehicle were
purchased by a family, a luggage compartment almost
20 liters larger could also play a large role [34]. Hence,
in the conditions of the Czech Republic, the applied
methods and performed procedures in connection with
electric cars confirmed to be very useful and adequate.

The proportion of newly registered electric vehicles
is only 0.3% of the total number of newly registered
vehicles [35]. Nevertheless, sales in Western European
countries reach tens of percent. For this reason, the
methods are presented and outline the possibility of how
a potential car applicant can compare the current offer of
electric vehicles and choose the best compromise variant
according to his preferences. Completely different
criteria can be set, or the same can be used. Each buyer
achieves a different result, as it depends very much on
the criteria that affect the buyer, as well as on the weight
he attributes to each criterion [36].

5 Conclusion

In the article, a compromise variant of the vehicle
recommended for purchase was selected using two exact
methods used in operational research. Six objectively
selected vehicles with similar values of individual
parameters were available. The comparison was made
using six criteria and weights, which were determined
following a questionnaire survey, discussions with car
dealers and experts. As a compromise variant, the
Renault ZOE was used using the methods. The result is
influenced by the set criteria and their assigned weights
as an example for use. Customer requirements that
motivate the purchase of an electric car are mainly in
the provision of comparable standards, such as a car
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Resume

The article presents a search for links between the Periodic Technical
Inspections of Vehicles (TI) and traffic accidents due to vehicle technical
defects in the Slovak Republic. Based on these links, it is sought to assess
the justification for TI regarding the road safety. For this purpose, statistical
data on traffic accidents, caused by vehicle technical defects as well as data
concerning TI carried out were examined. The first finding was that the
approaching end of the validity of the TI, the probability of traffic accidents
due to technical defects increases for vehicles. The second finding was that
with the increasing number of vehicles assessed at the Periodical Technical
Inspection Stations (PTI) as temporarily roadworthy and not roadworthy,
the number of accidents due to vehicle technical defects was decreasing.
The results formulated in this paper show that the TI have a measurable
effect on traffic accidents caused by vehicle technical defects, thus positively
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1 Introduction

Development of the automotive industry due to the
growing demand for vehicles for private or business
purposes also contributes to the need for technical
inspections of these vehicles, which contributes to the
safe operation of means of transport. Vehicles in good
technical condition are then a prerequisite for carrying
out their transport task [1].

One of the functions of the state is to protect the lives
and property of its citizens. Therefore, every civilized
state has an interest in ensuring that vehicles in traffic
do not endanger road safety and the environment.
Consequently, the minimum technical requirements
to be met by each vehicle in the road traffic have
been laid down and this includes the introduction of
periodic technical inspections and regular emission
measurements.

Although there are still various discussions being
held on this topic in some countries (especially in
the US and Australia), most countries in the world
have introduced mandatory technical inspections into
their jurisdictions. In all the EU countries, this is
an obligation and technical inspections of vehicles
registered in the EU Member States are carried out at
regular intervals in a harmonized way [2].

One of the causes of traffic accidents is the technical
condition of vehicles. However, according to national
statistics, the proportion of such accidents in the overall
causes of traffic accidents varies considerably, ranging
from a few tenths of a percent to double digits. Despite
the various statistics, there is a common view that the
system of periodic technical inspections and vehicle
technical defects affect the road safety and the number of
traffic accidents. However, this is countered by the views
that systems of periodic technical inspections of vehicles
are costly for vehicle operators and provide negligible
benefits for society. These views are often justified by
the fact that development of the automotive technology
is progressing considerably and more complex passive
and active safety systems are being used. Likewise,
the production of more sophisticated cars is facing
increasingly stringent type-approval requirements.

However, the effectiveness of national systems of
periodic technical inspections, at first sight, appears to
be difficult to measure and the input data depend on the
sources and methodology of their collection and may vary
from one another. Several different studies have already
been written on this topic using different research
methods, sometimes with conflicting conclusions. That
is because it is very difficult to establish a direct causal
link between periodic technical inspections of vehicles
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and the reduction in the accident rate.

This article, therefore, presents an examination,
in an original way, of the periodic technical inspections
effect on the occurrence of traffic accidents due to vehicle
technical defects, namely in the environment of the
Slovak Republic and thus the impact on road safety.
Based on the above, it also assesses the effectiveness of
periodic technical inspections of vehicles in this state.

2 Literature review

The reason for introducing the obligation to
subject vehicles to regular technical inspections is the
presumption of eliminating vehicles from the road traffic
with serious and dangerous defects that could potentially
result in a traffic accident and thus endanger people’s
health, lives and property. However, the fundamental
question is to what extent the poor technical condition
of vehicles affects and may affect the accident rate
and what are its consequences. Whether it is actually
necessary to take measures at a national level to
eliminate the consequences of road accidents caused
by vehicle technical defects and therefore whether

the effort and attention spent on systems of periodic
technical inspection of vehicles have a measurable
impact on road safety. Discussions are taking place on
this topic, either at a scientific level or government level
of some countries.

This part of the paper thus deals with the available
world literature, articles and studies, which deal with
vehicle technical defects as the cause of traffic accidents
and the effect of periodic technical inspections on the
reduction in accident rate due to vehicle technical defects
and which are also looking for answers to questions
concerning the justification of periodic technical
inspection systems. Due to the complex concept of the
issue, the literature was sorted according to selected
criteria and from the most recent to the oldest.

2.1 Effect of vehicle technical defects on causes
of the traffic accidents in the light of the
results of various studies and research
projects

The following part focuses on the issue of vehicle
technical defects as the cause of traffic accidents. In this

Table 1 Percentage of vehicles with technical defects that directly caused the traffic accident

Study Share

Fazzalaro (2007), USA [3] 1%

Asander (1992) [4] 23 % (direct causes or increasing damage or injury) (Finland)
7-9% (major causal role, a contributing cause, or by increasing the
consequences of the accident) (Denmark)

RACQ (1990) [5] 5%

Rompe and Seul (1985) [6] 3-24%

1.3% (Japan)

Grandel (1985) [7] 2-10%

McLean et al. (1979), Australia [8]

1.5% motorcycles

2.9% passenger cars

Treat (1977), USA [9]

4.5% passenger cars

Table 2 Percentage of vehicles with technical defects that contributory caused the traffic accident

Study

Share

Haworth et al. (1997) (motorcycle crashes),
Australia [10]

12 % in total
28 % of accidents involving single vehicle

7% of accidents involving multiple vehicles

Haworth et al. (1997) (single vehicle crashes), 3%
Australia [11]

Asander (1993) [4]

23 % (direct causes or increasing damage or injury) (Finland)

7-9 % (significant impact, related impact, or increase in connections with
traffic accidents) (Denmark)

Case et al. (1991) [12] 5.8%
Rompe & Seul (1985) [6]

Grandel (1985), Germany [7]

4 - 19% (possibly up to 33%)
6.5 % traffic accidents involving passenger cars

5% traffic accidents involving two-wheeled vehicles

CCRAM (1978) Melbourne (Forest and Youngman) 5.8%
[13] (0.6-1.8% of these defects can be detected by a technical inspection)
Treat (1977), USA [9] 12.6 % vehicles
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respect, the results of studies of the relevant worldwide
scientific literature concerning the traffic accidents
caused by vehicle technical defects, as well as other
links, were summarized.

In the course of time, several studies, or research
projects were carried out in various countries, focusing
on the effect of vehicle technical defects on the occurrence
of traffic accidents. For the purposes of this paper, 28 of
them were examined. In the case of publications in
which their results were explicitly quantified, in order to
simplify their interpretation, they were summarized in
the Table 1 and Table 2 by means of the percentages of
vehicles with technical defects that directly caused the
traffic accident and the proportions of vehicles whose
technical defects only contributed to the occurrence of
the traffic accident.

Table 1 shows results of world studies, research and
publications focuses on the issue of vehicle technical
defects as a main causes of traffic accidents with their
percentages expression.

Table 2 shows results of world studies, research and
publications focuses on the issue of vehicle technical
defects that contributory caused of traffic accidents with
their percentages expression.

Table 1 shows clearly that 1.3% to 24% of the
vehicles involved in the traffic accident had technical
defects that caused the accident [8]. Based on studies
in which in-depth accident investigations were carried
out [9], technical defects played a causal role in 2.9% to
4.5% of car accidents.

Furthermore, from Table 2 it can be seen that
between 3% and 19% of the vehicles involved in
the accident had technical defects that played
a contributory role in the accidents [7]. Perhaps the
most comprehensive studies on the subject show that
vehicle defects are a contributing factor in 6.5% to
12.6 % of traffic accidents. For motorcycles, it is 5% to
12% of accidents [9].

Research, therefore, shows that the share of traffic
accidents arising directly or indirectly from vehicle
technical defects, in relation to all accidents, is relatively
low, but not negligible. In absolute terms and especially
in terms of possible fatality of the consequences, it may
even be perceived as significant.

2.2. Effect of introduction of the periodic
technical inspections system on reduction
in accident rate in the light of the results
of various studies and research projects

One of the methods for assessing the effectiveness,
and thus the justification for introducing systems of
periodic technical inspections for vehicles, as a measure
to reduce the number of accidents due to technical defects
of vehicles, is to examine their effect on these accidents.
The aim of these systems constitutes the preventive
removal of defects from a vehicle fleet through a periodic

technical inspection of vehicles on a compulsory basis,
as well as fixation of any found defect before the vehicle
is allowed to operate on public roads [14]. It is assumed
that if periodic technical inspections reduce the number
of technical defects in the vehicle fleet of a given state,
then this will also result in a reduction in the accident
rate caused by technical defects of the vehicles.

This section summarizes information on the relevant
scientific literature and publications concerning the
effects of systems of technical inspections on accident
rate, as well as their other related consequences. Studies
or research projects were focused on:

* a comparison of states that have the periodic
technical inspection of vehicles mandatory with
states, where there is no such obligation,

* a comparison of states before and after the
introduction of the obligation to conduct periodic
technical inspection of vehicles,

* a comparison of countries following the withdrawal
of the obligation for periodic technical inspection,

* a comparison of accident rates of vehicles that
have undergone periodic technical inspections
with vehicles that have not been subject to such
inspections within the jurisdiction of the same state,

* an analysis of the accident rate of vehicles
undergoing periodic technical inspections, during
the time in between such inspections.

For the purposes of this paper, 18 publications
have been reviewed. Their results mostly support the
positive effect of periodic technical inspections, but in
certain cases, they show some differences [15]. One of
the reasons may be that the results are influenced by
methodological and statistical shortcomings. This is
stated by reviewers [16], as well as by the authors of the
articles themselves [17].

Another reason for differences in results may be
the influence of other factors, such as different levels
and types of road safety measures, various traffic
intensity in different countries, level of public roads
or vehicles operation in different climatic conditions,
collection of data based only on police registers, different
methodologies of such data collection and assessment of
causes of traffic accidents, methodological shortcomings
and age of these studies [18]. These factors were not
considered in the analyses of the various studies [19].
Differences in vehicle fleets or vehicle wrecks available
for the study may also have had an impact on data
obtained for a particular jurisdiction [6]. Likewise,
the different levels of quality of the periodic technical
inspection systems of the countries studied may make it
difficult to compare studies [20].

Another major problem when it comes to determining
the effect of systems of technical inspections of vehicles
on the reduction in accident rate is that the related
studies did not directly address this issue. Only study
[21] was the closest to it. According to the cited studies,
provided that the PTI detect defects in vehicles that
must subsequently be rectified, this eliminates the
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Table 3 Effect of periodic technical inspection on the reduction in traffic accident rates

Study

Percentage reduction in accident rates

Schulz and Franck (2021) [20]

European Commission (2019) [23]

Schulz and Scheler (2019) [24]
Hoagland et al. (2018) [25]
Schulz and Scheler (2016) [26]

Keall & Newstead (2013),
New Zealand [27]

Rune Elvik (2001), Norway [13]
Fosser (1992), Norway [28]
Asander (1992), Sweden [4]
NHTSA (1989), USA [16]

White (1986), New Zealand [29]
Rompe & Seul (1985) [6]

Loeb and Gilad (1984), USA [18]
Berg et al. (1984), Sweden [30]

Crain (1981), USA [31]

Schroer and Peyton (1979), USA
[19]

in fatal accident rate and accident rate with no proportion figures given in Punjab
(Pakistan)

5% (in accident rate of mopeds in Spain)

18% ( in fatalities in Spain)

40% (in accident rate in Costa Rica)

0% following the abolition of compulsory technical inspections in the state of New Jersey
10% (in accident rate in Tukey)

8% (during the transition from an annual to a semi-annual frequency of technical
inspections)

5-10% (with an increase in the frequency of technical inspections by 100 %)
0% (Norway has significant random roadside inspection program)

16 % (in accident rate with serious injury)

10% (in accident rate)

0% (in fatal accident rate)

10-15% (in accident rate)

50% (in accident rate)

in fatal accident rate and accident rate with no proportion figures given
14 % (in police reported accidents)

15% (in accident rate with serious injury)

reduction in accident rate, but no figures given

9.1% (in accident rate, after technical inspection, compared to

uninspected vehicles)

21% (in accident rate, after periodic technical inspection, compared to

uninspected vehicles)

5.3% (in accident rate for inspected vehicles compared to

accident rates of vehicles before the inspection)

Little (1971), USA [32] 5% (in death rates)

Table 4 Effect of periodic technical inspections on the incidence of defects on vehicles

Study

Figures

Asander (1992) [4]

7-8 % of vehicles with serious defects replaced with new vehicles

0.25-2.5 % higher proportion of crashed vehicles with technical defects in countries without

NHTSA (1989), USA [16]

a system of regular technical inspection compared to countries having such a system

2.5 % Higher rate of tyre failure in states without a system of regular technical inspections

incidence of at least part of the accidents that are caused
by vehicle technical defects [22]. It also suggests that
periodic technical inspections address only part of this
problem [19].

Table 3 provides a summary of changes in accidents’
rate due to periodic technical inspections of vehicles,
resulting from the results of related publications.

Table 4 provides an effect of periodic technical
inspections of vehicles on vehicle defects resulting from
the results of related publications.

Table 3 demonstrates that the effect of the technical
inspection system on accident rate ranged from no effect
to a 16% reduction and up to 21% in case of periodic
technical inspections. The study [6] with reference to
US studies suggests that a system of periodic technical
inspections could reduce the accident rate of vehicles

with a technical defect by about 50 %.

The effect of the system of periodic technical
inspections of vehicles on the incidence of vehicle
defects is shown in Table 4. Here it can be seen that
the system of periodic technical inspections of vehicles
reduces the incidence of defects in a vehicle fleet by up to
2.5% [16]. In Sweden, it was found that 7-8 % of vehicles
with serious defects were replaced with new vehicles
after the introduction of a system of periodic technical
inspections [4].

Some new studies have shown an important
correlation between the PTI and the accidents decrease
and improvement of road safety [33]. According to
one study, the PTI avoid more than 400 fatalities per
year, about 12,000 injured and almost 8,500 accidents
during the period 1998-2006 [34]. This study was
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an update, which demonstrates that vehicle technical
failures contribute about a 6% of the total number of
car accidents and an 8 % of motorcycles accidents, which
annually represents 2,000 fatalities in the European
Union and a much higher number of injuries. According
to this work, PTI avoided 11,000 traffic accidents, about
11,000 injured and 170 fatalities, which represents an
economic benefit of 300 million Eur [35]. Other studies
show similar results [36].

Several new studies have also examined the
economic effect of introduction of PTI. For example,
introduction of the PTI in Costa Rica show that there
are considerable economic gains from having such
a system in place with high cost-benefit ratios [24]. In
the case of Punjab, the introduction of a regulated PTI
system has a significant benefit. As already stated in
the analysis, about 335 accidents can be avoided by
a regulated introduction of a PTI system, 198 of which
would be fatal. The economic loss of 198 fatal accidents
amounts to 11.6 million USD, which is a considerable
amount for a region like Punjab, whose economic power
fades in comparison to that of a developed country [20].
A PTI system would also help in preventing the costs
associated with serious or minor injuries. Consequently,
the economic damage associated with road accidents
is incredibly significant. It has been shown in other
countries that the introduction of PTI has a significant
positive impact on the number of traffic accidents [26].
The purpose of another study carried out for European
Commission is to assess the benefit of including two- and
three wheelers and light trailers within the framework
of periodic inspection of vehicles and to propose the
precise way to do so. For the two- and three-wheelers,
the study considers the impact of introducing inspection
of mopeds in Spain between 2007 and 2010 depending
on the region. The report demonstrates that the benefit
of this initiative is 4.73 times greater than the costa.
With all the considerations taken into account, the costs
and benefit analysis has been undertaken with the data
of Croatia resulting in a benefit 6.32 times greater than
the costs [23].

Thus, the majority of research projects and statistics
demonstrate that periodic technical inspection systems,
by reducing technical defects in a vehicle fleet, have
an impact on the reduction in accident rate of vehicles
that could otherwise occur due to technical defects and
are therefore justified [30]. However, the numerical
expression of this impact is presented differently in
various research projects, as well as that it is not always
possible to accurately quantify it. Nevertheless, none
of the publications directly examined the incidence of
accidents in the period between the performance of
technical inspections and their end of validity, as well
as the link between the results of periodic technical
inspections given by the temporary roadworthiness and
not roadworthiness and the number of accidents, what
was examined in this article.

3 Material and methods

The present article provides an analysis of data
concerning the traffic accident rates due to technical
defects of vehicles in the Slovak Republic, as well as
research on the incidence of traffic accidents in the period
in between the performance of technical inspections
and the end of their validity. Furthermore, the article
examined the effect of the results of periodic technical
inspections given by temporary roadworthiness and not
worthiness of vehicles on the number of traffic accidents
due to a technical defect.

The basic materials and resources for analysis and
research consisted of:

e gstatistical data on all the traffic accidents in the
period 2012 - 2020, provided by the Presidium of the
Police Force of the Slovak Republic,

* detailed data on traffic accidents caused primarily
by a technical defect of vehicles in the period 2016-
2020, obtained from the information system of
traffic accidents of the Presidium of the Police Force
of the Slovak Republic,

¢ data from the Slovak central automated information
system of technical inspections, in which all data on
technical inspections of vehicles for the period 2016-
2020 are stored,

* up-to-date statistics on the results of the vehicle
assessments by the PTI,

* up-to-date statistics on the traffic accidents due to
a technical defect provided by the foreign authorities
of selected states that have the above-mentioned
issue in their competence.

MS Excel and the Data Analysis tool were used
for graphical data processing and for correlation and
regression analysis.

Processed documents did not contain data on
damage events, that is traffic accidents due to technical
defects of vehicles, which were not reported to the Police
Force, but only to insurance companies.

4 Technical defects of vehicles as the major
cause of traffic accidents in the Slovak
Republic

The most common major causes of traffic accidents
in the Slovak Republic are a violation of driver’s
duty, illegal speeding, improper driving through an
intersection and so on. Their exact ratio is shown in
Figure 1.

The exact ratio of the causes of traffic accidents
that resulted in the death of a person in 2020 is shown
in Figure 2.

From the presented graphs it is clear that vehicle
technical defects, as the major cause of traffic accidents
(even fatal ones), is listed in the last places in the
Slovak Republic. The same applies to other countries.
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Technical defects of vehicles | 0.23%

Incorrect prevention [l 2%
Violation of special provisions on pedestrians [l 3%
Wrongturn [l 3%
Wrong way to drive [l 4%
B 4%

Failure to maintain distance between vehicles

N 4%

Violation of road user obligations

Wrong ride across the intersection

The most common causes of traffic accidents

Violation of the driver's duty

% 0% 5%

Total number of accidents: 11 875
Number of accidents due to technical defects of vehicles: 26

Incorrect turning and reversing [N 6%

N 6%

Illegal speeding NN 14%
I 46%

10% 15% 20% 25% 30% 35% 40% 45% 50%

Figure 1 The most common major causes of traffic accidents in the Slovak Republic in 2020

Technical defects of vehicles Hll 0.89%
Wrong lane driving I 2%

Wrong ride across the intersection [N 3
Misconduct at level crossings [N 3
Incorrect prevention [N

Wrong turn

Violation of road user obligations

Violation of special provisions on pedestrians

Improper driving through an intersection

The most common causes of traffic accidents

Violation of the driver's duty

% 0%

Total number of people killed in traffic accidents: 224
Number of persons killed in road accidents due to a
technical defects of vehicles: 2

%
%
4%

I 5%
I 5%

I 8%

I 15%

Tllegal speeding I 23 %
R 24%

5% 10% 15% 20% 25%

Figure 2 The most common major causes of traffic accidents in the Slovak Republic that resulted
in the death of a person in 2020

However, their rates vary considerably from one country
to another.

Table 5 shows the percentage of traffic accidents
caused by vehicle technical defects in selected states
and periods.

The presented Table 5 shows that the rate of
traffic accidents, caused by vehicle technical defects, as
reported by individual countries, varies from one state
to another, just as the differences between individual
states. For example, in Austria and Germany, the
reported accident rate is three times higher than in the
Slovak Republic and in contrast to the Slovak Republic,
only the traffic accidents that result in injuries are
included in it. Likewise, the age of vehicle fleets is
different. The reason for this phenomenon is that each

state, when determining the cause of the traffic accident,
uses a different methodology for assessing technical
defects of vehicles as well as assesses these causes
differently. For example, in the event of a traffic accident
in the Slovak Republic, if a vehicle technical defect is
suspected, a court expert from the department of road
transport is called in to investigate the cause of the
traffic accident. If the expert identifies a technical defect
of a vehicle as a major cause of the accident, which,
however, has manifested itself on the vehicle for a long
time and the driver could and should have eliminated it,
the police force will ultimately assess this as a failure
to comply with the duties of the driver who used the
vehicle that was not supposed to be operated in the road
traffic. The same applies to tires. If an accident occurs
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Table 5 Percentage of accidents caused by vehicle technical defects in selected countries and periods

Country (year)

Proportion of accidents caused by technical
defects of vehicles [%]

Slovak Republic (2020)
Czech Republic (2020)
Austria (2020)
Germany (2020)

Great Britain (2020)

USA (average of all the states without the obligation of periodic TT) (2017)
USA (average of all the states with the obligation of periodic TT) (2017)

0.23

0.4

1.1 (only with injuries)
1.2 (only with injuries)
3.84

0.83

0.61

in the Slovak Republic due to loss of adhesion of tires of
a vehicle on the road surface in a causal connection with
insufficient or inappropriate tire tread, or other wear
and tear, or with the vehicle equipped with wheels of
the wrong tire size, such a road accident is classified as
a non-adjustment of driving to the condition and nature
of the road and thus a breach of the driver’s duties.
Conversely, in Germany, the United Kingdom, the USA
and so on, a technical defect of a vehicle is considered
to be the cause of road accidents resulting from worn
tires with insufficient tread, etc. In the Slovak Republic,
only a vehicle technical defect that occurred suddenly
and without the possibility of being influenced by
a driver, for example by the maintenance of a vehicle,
is considered to be the cause of an accident due to
a vehicle technical defect. The possible invalidity of the
technical inspection and the related non-roadworthiness
of the vehicle for road traffic are also not considered.
Furthermore, in the Slovak Republic, statistics on the
road accidents due to technical defects does not include
the so-called damage events, i.e. the traffic accidents,
which, under certain conditions, do not have to be
reported to the Police, but only to insurance companies
(if a person has not been killed or injured, there has been
no damage to the road or public utility equipment, there
has been no spill of dangerous goods, or some of the
vehicles involved, including transported goods, or other
property has suffered material damage not exceeding
one and a half times the greater damage according to
the Criminal Code of the Slovak Republic (in 2021 it
was 3,990 euros)). Due to such a procedure, the share of
vehicle technical defects in the causes of traffic accidents
in the Slovak Republic will inevitably be reflected in the
statistics by a low percentage. However, far more such
accidents are expected to occur but are not classified as
such for the statistical purposes.

For the sake of objectivity, it should also be
mentioned that most of the data listed in Table 5 come
from countries where the system of periodic technical
inspections is in place, which may also have an impact
on the declared low accident rates. As far as the USA is
concerned, Table 5 contains two figures concerning the
USA states. One of them is the proportion of accidents
caused by vehicle technical defects, represented by an
average percentage for all the US states where the

system of periodic technical inspection is not in place
and the other is the proportion for all the US states
where the system of mandatory periodic technical
inspection is in place. The data shows that in the US
states where the obligation of technical inspections is in
place, the average annual rate of traffic accidents caused
by vehicle technical defects was 36 % lower in 2017 than
in the US states where there is no such obligation. The
difference between the two data groups is statistically
significant.

5 Analysis of data on traffic accidents due
to vehicle technical defects in the Slovak
Republic

Based on data provided by the Presidium of the
Police Force of the Slovak Republic on vehicles and
traffic accidents caused by vehicle technical defects in
the period 2016-2020, as well as other related documents
from insurance companies, a detailed analysis was
performed. The analysis showed that in the monitored
period, 260 technical defects were detected in 183
vehicles that were involved in traffic accidents, which
were directly caused by these defects. Specific technical
defects that have been identified on vehicles as the main
cause of road accidents can be broken down according to
Figure 3.

It is clear from the graph above that the most
common vehicle technical defect that caused the traffic
accidents in the Slovak Republic over a period of five
years was tire damage with sudden air leakage (90
cases). It is followed by a wheel failure (44 cases) and
steering failure (31 cases). Technical defects that caused
the least traffic accidents were taillights failure (3
cases), followed by windscreen damage (5 cases) and
a wheel lock-up from a mechanical failure (6 cases).
Regarding a service brake failure, which is one of the
most essential elements of active safety and directional
stability of vehicles and the work of technicians of PTI is
of great importance in this respect, as the cause of traffic
accidents ranks seventh out of twelve with 23 cases. In
comparison to other countries, it should be noted that
the most common vehicle technical defects that caused
traffic accidents in Germany in 2020 were tires and
breaks. In the UK it was brakes, tires, vehicle overload
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Tire damage with sudden air leakage
‘Wheel drop out

Steering failure

Fuel system failure

Service brake failure

Trailer, semi-trailer connection failure

Technical defects

Breaking a wheel or axle suspension [ 2.69%

‘Wheel locking by mechanical failure B 2.31%

Windshield damage Bl 1.9205

Tail lamp failure M 1.15%
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Figure 3 Technical defects of vehicles that directly caused traffic accidents in the period 2016-2020

Categories of vehicles where the main cause of the accident was a technical defect

of vehicle

L3 L7 T1 C4
04 9705 0.7%

0.7%

4.0% 0.7%

N3
26.8%

1.3%

8.7%

M3
6.0%

M1
48.3%

Age of vehicles where the main cause was a technical defect of

Figure 4 Percentage of categories of vehicles and age of vehicles, which were involved in traffic accidents
due to vehicle technical defects

and lighting systems, while in the USA it was tires, the
so-called other causes, lights (main, brake), steering,
brakes and direction indicator lamps. In comparison
to the results of PTI, in the Slovak Republic the most
frequently detected vehicle defects were in the category
of the braking system (almost half of all the detected
defects), lighting and reflective electrical equipment,
as well as vehicle chassis and its accessories. Defects of
axels, wheels, tires and axle suspensions were found in
the fifth place only (just 5% of all detected defects).

As regards the categories of vehicles involved in
the traffic accidents due to a technical defect, their
breakdown is shown in Figure 4.

It is clear from the first graph that majority of
the accidents due to vehicle technical defects were
caused by vehicles of categories M1 (passengers cars),
N3 (commercial trucks) and N1 (light goods vehicles).
Categories 04 (heavy goods trailers), C4 (tracked

tractors) and L7 (heavy quadricycle) caused the least
accidents. The above-mentioned distribution largely also
replicates the distribution of the number of registered
vehicles in the Slovak Republic and thus the rate of
occurrence of the categories of vehicles in question
in road traffic, as well. Regarding the age of vehicles
involved in the traffic accidents due to technical defects,
the second figure clearly shows that majority of such
accidents were caused by vehicles older than 10 years
(52 %). The second most numerous age category of
vehicles that was involved in traffic accidents was
surprisingly the category 0 to 4 years, i.e. new vehicles
(21 %).

The distribution of age and odometer status of
vehicles involved in traffic accidents due to a technical
defect are illustrated in Figure 5.

The average age of all the vehicles that caused
a traffic accident due to a technical defect was 11.01
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Figure 5 Distribution of age and odometer status of vehicles involved in traffic accidents due to a technical defect
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Figure 6 Temporal distribution of all the accidents due to vehicle technical defects in the period
from the performance of the technical inspection prior to the accident until the end of its validity

years (10.5 years for vehicle categories M1 and N1),
which is less than the average age of the vehicle fleet in
Slovak Republic (13.03 years). However, the graph also
shows that technical defect occurred in the new vehicles,
as well and was the main cause of the accident when it
comes to these vehicles.

In terms of the odometer status of vehicles, for
which a technical defect was the main cause of the traffic
accident, it is clear from the graph that the average
mileage that all those vehicles had at the time of an
accident was 298 831 (171 343km for category M1 and
N1). Here too, however, the graph shows that even the
vehicles with low mileage in many cases had technical
defects that caused the traffic accident.

In terms of the consequences of traffic accidents due
to vehicle technical defects, the statistics for 2016-2020
showed that 73 people were slightly injured, 10 people
were seriously injured, 3 people were killed and a total
of EUR 2,529,690 of damage was quantified in these
road accidents.

6 Examination of traffic accidents due
to vehicle technical defects in terms of their
temporal distribution during the period
of validity of the technical inspection
and the age of the vehicles

Based on the data on the exact dates of traffic
accidents due to technical defects of the examined
vehicles in the period 2016-2020, it was determined
when the vehicles were last subjected to the periodic
technical inspection prior to the date of the accident
and what was the validity period of this inspections.
In the case of new vehicles which, according to the
legal regulations of the Slovak Republic, were not yet
subject to periodic technical inspection, the date of the
first registration was considered to be the date of the
technical inspection before the traffic accident. Based
on determination of the period of validity of technical
inspection of examined vehicles at the time of traffic
accidents due to technical defects of these vehicles,
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Figure 7 Temporal distribution of traffic accidents due to technical defect of M1 and N1 category of vehicles aged
up to 10 years and over 10 years in the period from the performance of technical inspection before the accident
to the end of its validity

the scatter graph (Figure 6) was subsequently created,
into which data were transferred on the exact time of
traffic accidents caused by technical defects of examined
vehicles, which happened in the period from the latest
technical inspection before the accident to its validity
period.

The temporal distribution of all accidents due
to vehicle technical defects in the period from the
performance of the technical inspection before the
accident until the end of its validity is illustrated in
Figure 6.

The visual display of the data in the graph showed
that vehicle accidents due to a technical defect occurred
throughout the period of validity of their technical
inspections, but the largest clusters were formed before
the end of the validity of technical inspections. The
calculated accident modus due to a vehicle technical
defect is located in the graph approximately one month
before the end of the validity of technical inspections.
Thus, during that period happened majority of the
traffic accidents due to vehicle technical defects. On
average, however, traffic accidents due to vehicle
technical defects occurred at the end of the second third
of the period of validity of the technical inspection. Of all
the traffic accidents caused by a vehicle technical defect,
35% occurred in the first half of the period of validity of
the technical inspection and 65% of them occurred in
the second half.

Subsequently, the same was done, but for vehicle
categories M1 and N1. In fact, compared to other
categories, most road accidents due to vehicle technical
defects were recorded in the case of category M1
vehicles, which pose the greatest risk in terms of road
safety. Moreover, the N1 vehicle category is similar to
the M1 category. Therefore, special attention had to
be paid to such vehicles. Those vehicle categories were
therefore separately divided into two groups. The first
group consisted of all the traffic accidents involving
vehicles of categories M1 and N1, which were less than
10 years old at the time of the traffic accident. The
second group consisted of all the accidents involving
M1 and N1 vehicles, which were older than 10 years at

the time of the accident. For these two groups, the two
graphs were prepared (Figure 7), which depicted the
temporal distribution of traffic accidents in the period
from the performance of the technical inspection before
the traffic accident to the end of its validity.

The temporal distribution of traffic accidents due to
technical defect of M1 and N1 category of vehicles aged
up to 10 years and over 10 years in the period from the
performance of technical inspection before the accident
to the end of its validity is illustrated in Figure 7.

The visual display of the data in the graph showed
that traffic accidents due to technical defects of M1 and
N1 vehicles with an age of less than 10 years usually
occurred proportionally throughout the period of validity
of their technical inspections, with a slight predominance
in the first half of the period of validity of the periodic
technical inspection, during which occurred 55% of
traffic accidents. In the second half, on the other hand,
occurred 45 % of accidents. Ratione temporis, during the
period of validity of the periodic technical inspection
and age distribution, no anomalies or clumps occurred
during traffic accidents. It could therefore be deduced
from the above that newer vehicles have not yet been
involved in traffic accidents due to technical defects,
which would be affected by the technical inspection or its
impending expiry date and the associated deterioration
of the technical condition of the vehicles. Likewise, it is
not possible to observe a clear dependence on vehicle age
when it comes to occurrence of defects on vehicles. Only
modest, as there is a slight increase in traffic accidents
involving older vehicles in the second half of the period
of validity of the periodic technical inspection. Traffic
accidents due to vehicle technical defects of categories
M1 and N1 aged up to 10 years are therefore probably
due to other reasons, in particular, manufacturing
defects found in certain vehicle components.

The situation was diametrically different in the case
of vehicle categories M1 and N1 that are aged over 10
years. In this group, the traffic accidents due to vehicle
technical defects were occurring to an incomparably
greater extent only in the second half of the period of
validity of their technical inspection. According to the
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Figure 8 Dependence of occurrence of the vehicle defects on the age of the vehicle
in the Slovak Republic in the period 2019 - 2021

legislation of the Slovak Republic, vehicle categories
M1 and N1 are to be subjected to periodic technical
inspections for the first time four years after the
first registration and then at two-year intervals. The
transformation of the period of validity of technical
inspections of vehicles over 10 years of age into two-
year periods showed that in the first year after the
periodic technical inspections were carried out occurred
only 13% of traffic accidents involving these vehicles.
However, in the second year of validity of the technical
inspection occurred up to 87 % of traffic accidents due to
technical defects on the vehicles cited.

Based on the above visual displays of the temporal
distributions of traffic accidents due to technical defects
in vehicles, it could be concluded that periodic technical
inspections of vehicles have a demonstrable justification.
With the approaching end of the period of validity
of the periodic technical inspection, the incidence of
traffic accidents due to vehicle technical defects and,
consequently, the probability of their occurrence also
increased rapidly. Moreover, since, according to Figure
4, the most traffic accidents due to vehicle technical
defects involved vehicles of category M1 and at the same
time the average age of vehicles of categories M1 and
N1 that had a traffic accident due to a technical defect
was 10.5 years, it could be deduced that by halving the
validity of the periodic technical inspection for vehicles
of categories M1 and N1 that are over 10 years of age,
i.e. to one-year intervals, the number of traffic accidents
due to technical defects of these vehicles could also fall
by at least a half.

In this context, it should be noted that the age of
vehicles constitutes a very strong factor that influences
the incidence of vehicle defects. This can be empirically
demonstrated. Data for the period 2019 - 2021,
concerning the results of the assessment of the technical
condition of vehicles at the PTI in the Slovak Republic,
were selected from the information system of technical

inspections of the Slovak Republic, namely the sum
of percentages of temporary roadworthiness and non-
roadworthiness of vehicles for the road traffic (i.e. the
proportion of vehicles in which at least one serious or
dangerous defect was detected) according to age bands.
The above was selected from a total of all 3,554,432
periodic technical inspections and the related data are
recorded in Figure 8.

Fromthe graphiccourse of temporaryroadworthiness
and non-roadworthiness of vehicles, which was assessed
on average by PTI in the Slovak Republic, it is visually
clear that, in correlation with the increasing age of
vehicles, the number of major and dangerous defects
found on these vehicles during the technical inspections
is also increasing. Thus, 7.63 % of major and dangerous
defects were found in vehicles aged 4 years and under
and up to 18.61% of major and dangerous defects were
found in vehicles over 16 years of age [37].

The above can also be verified through the correlation
analysis. The value of the Pearson’s correlation coefficient
r(X, Y) of two variables X, Y, which is defined as the ratio
of the covariance S, and the product of their standard
deviations S S, is calculated according to:

rXY) = Sixgy -
S (Xi— X)Y:i—Y) )

S (X = X (=)

The correlation coefficient of the dependence of the
occurrence of vehicle defects (dependent variable) on the
age of the vehicle (independent variable) in the Slovak
Republic was calculated as r(X, Y) = 0.98, which is
interpreted as a very strong correlation. The significance
of this correlation coefficient was verified by the p-value
test. Statistical P-value = 0.020346 < a (0.05), i.e. the
null hypothesis HO is rejected and the alternative
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Table 6 Assessment of the technical condition of vehicles by the PTI as temporarily roadworthy and not roadworthy and

the number of traffic accidents caused by vehicle technical defects in each year in the period 2012 - 2020

Year 2012 2013 2014 2015 2016 2017 2018 2019 2020
Temporarily Quantity 30757 40835 58130 98689 97114 70627 84711 162836 165 629
roadworthy and not
roadworthy vehicles % 3.16 3.79 5.42 8.64 7.96 5.7 6.8 13.03 1358
Accidents due Quantity 48 49 46 39 37 47 37 35 26

to technical defects

hypothesis H1 is accepted that there is a statistically
significant linear relationship among y a x at the level
of significance a = 0.05.

This phenomenon is also evidenced by other studies
conducted with a similar focus in other EU countries.
In Finland, for example, over the period 2011-2015, on
a sample of 13 million vehicles that underwent technical
inspections, carried out research on the dependence
of the number of major and dangerous defects found
during technical inspections on vehicles on their age. It
also follows from the above that as the age of vehicles
increases, so does, quite significantly, the number of
serious and dangerous defects found on vehicles during
the technical inspections. In addition, in Germany,
a survey was conducted in 2004 focusing on the effect
of vehicle age on vehicle defect rate on a sample of 3
million vehicles during technical inspections and it was
shown that 10% of major defects were found in vehicles
around 4 years of age. In the case of vehicles older than
9 years, the defect rate increased to more than 31% [36].
However, this phenomenon is not accidental and does
not concern only one year or one state. Studies from
Sweden and Great Britain also prove it [36]. Passenger
cars in Sweden and the so-called heavy vehicles from
Great Britain show very similar trends.

It is therefore clear from the above that the factor
that most influences the occurrence and number of
technical defects found on vehicles during the technical
inspection is the age of the vehicles and therefore
shortening the interval of periodic technical inspections
for older vehicles and categories, which suffered the
most traffic accidents due to vehicle technical defect,
would be highly justified. The PTI exclude from traffic
a number of old vehicles with major and dangerous
defects that pose a threat to road safety. These one-
year periods of periodic technical inspections of M1
and N1 vehicles also apply in other EU countries, such
as Finland, Latvia, the Netherlands, Spain, Estonia,
Belgium, Bulgaria, Austria, etc.

7 Correlation of results of vehicles’ technical
inspections with traffic accidents due to
vehicle technical defects

The purpose of periodic technical inspections of
vehicles is to identify defects in vehicles, their parts,
systems, components, or separate technical units

in order to exclude from the road traffic technically
non-roadworthy vehicles that pose a risk to health,
lives, property and the environment. This leads to
the hypothesis that the operation of PTI prevents the
incidence of traffic accidents and thus has a positive
effect on the road safety. However, this assumption
cannot be unambiguously quantified. It is very difficult
to identify and measure the direct causal link between
the operation of PTI and the number of accidents caused
by vehicle technical defects. Especially when technical
inspections of vehicles have been carried out on the
territory of the Slovak Republic for more than 70 years
and therefore it is not possible to compare the state
of accident rate before and after the introduction of
these PTI. Similarly, statistics on traffic accidents due
to vehicle technical defects do not create an objective
picture of reality.

For this reason, a simple pairwise correlation and
regression analysis was used to identify and measure
the effect of periodic technical inspections of vehicles
on accident rate due to vehicle technical defects.
Within this framework, the correlation of the results
of technical inspections of vehicles with the number of
traffic accidents caused by vehicle technical defects in
the period 2012 - 2021 was examined. The results of
technical inspections of vehicles are represented by the
number and percentage of temporary roadworthiness
and non-roadworthiness of vehicles, which were
assessed on average by the PTI in each year of the
monitored period. Given that in the Slovak Republic the
methodology for assessing traffic accidents due to vehicle
technical defects did not change during the period under
examination and therefore the data examined were not
influenced by unknown variables. The monitored data
(temporarily roadworthy and not roadworthy vehicles
and traffic accidents due to technical defects) are
recorded in Table 6.

The Pearson correlation coefficient was used to
calculate the correlation rate between the temporarily
roadworthy and not roadworthy vehicles (independent
variable X) and the number of accidents due to vehicle
technical defects (dependent variable Y). In order to
eliminate doubts about the data of the independent
variable, two correlation coefficients were calculated.
The first was based on the number of temporarily
roadworthy and not roadworthy vehicles and the second
on the percentage rate of temporarily roadworthy and
not roadworthy vehicles.
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Figure 9 Regression line and function

The first correlation coefficient was calculated as
r(X, Y) = -0.91, when the independent variable was the
number of temporarily roadworthy and not roadworthy
vehicles and the second correlation coefficient was
calculated as r(X, Y) = - 0.912, when the independent
variable was the percentage rate of temporarily
roadworthy and not roadworthy vehicles. In both
cases, this is interpreted as a very strong negative
correlation. The significance of these correlation
coefficients was verified by the p-value test. Statistical
p-value = 0.000641 <a (0.05) if the independent variable
was the number of temporarily roadworthy and not
roadworthy vehicles and p-value = 0.000614 <a (0.05)
if the independent variable was the percentage rate of
temporarily roadworthy and not roadworthy vehicles.
In both cases, therefore, the null hypothesis HO
was rejected and the alternative hypothesis H1 was
accepted, i.e. there is a statistically significant linear
relationship between X and Y (between the number of
temporarily roadworthy and not roadworthy vehicles
and the number of accidents due to vehicle technical
defects) at the level of significance a = 0.05. This means
that with the increasing number of vehicles assessed at
the PTI as temporarily roadworthy and not roadworthy,
the number of traffic accidents due to vehicle technical
defects decreases. In view of the almost identical values
of the calculated correlation coefficients, in order to
simplify the interpretation of the results, only the
correlation coefficient calculated from the percentage
rate of temporary roadworthiness and non-worthiness
was used for further mathematical modeling.

As a very high degree of correlation between the
results of technical inspections given by the percentage
rate of temporary roadworthiness and non-worthiness
of vehicles and the number of traffic accidents due to
vehicle technical errors with a statistically significant
linear relationship was demonstrated, it was possible to

determine a regression function.

The linear regression function is represented by
a straight line that describes the linear relationship
between the dependent variable Y and the independent
variable X. The regression model of this line is estimated
by the least-squares method, which minimizes the sum
of squares of the residual deviations. The line estimated
by the least-squares method is as close as possible to
all actual values. The result is graphically recorded in
Figure 9.

The regression function was determined in the form
y = -1.8841x + 54.696. The value of R? (R Square) is the
value of the coefficient of determination and in this case,
it has a value of 0.831. This value, after multiplying
by 100, indicates that the selected regression function
explains the variability of the number of road accidents
due to vehicle technical defects to approximately 83.1%.
The other part presents unexplained variability, the
influence of random factors and other unspecified
influences.

The null hypothesis HO was tested in ANOVA,
which states that the regression model chosen to explain
the dependence (in this case a linear regression line)
is not suitable. The alternative hypothesis H1 claims
the opposite. An F test was used to evaluate this
claim. Significance F = 0.000614 <0.05 (a - significance
level), i.e. HO is rejected and H1 is selected, which
means that the regression model was selected
correctly.

Based on the regression function, it was subsequently
calculated by what rate of temporary roadworthiness
and non-worthiness of vehicles would have to PTI in
the Slovak Republic assess on average vehicles so that
the number of road accidents due to technical defect
would fall to zero. The value of this locating constant
is 29.03 %. In the graph, this is expressed by extending
the regression line shown by the dashed line to the
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intersection with the X-axis. Value of the second locating
constant is 54.696 (the number of road accidents due to
technical defect, if the rate of temporary roadworthiness
and non-worthiness of vehicles would by zero).

8 Conclusion and discussion

In connection with the elaboration of the topic,
research of world literature was carried out, consisting
of articles and studies that dealt with the issue of vehicle
technical defects as the cause of traffic accidents and the
effect of periodic technical inspections on the reduction
of traffic accidents due to a vehicle technical defect. At
the same time, some of these studies sought answers to
questions about the justification for periodic technical
inspection systems. Publications concerned showed that
the proportion of traffic accidents caused by a direct
causal link with vehicle technical defects to all the traffic
accidents ranged from 1% to 24% and by an indirect
causal link from 0.6 % to 28 %. Furthermore, the studies
examining the effect of periodic technical inspections
on traffic accidents showed that the effect of the system
of technical inspection on accident rate ranged from
no effect to a reduction in accident rate from 16% to
21%, or up to 50% and therefore periodic technical
inspections are justified. However, some studies have
argued the exact opposite [38].

The problem of the publications dealing with the
technical defects of vehicles was that they covered
a long period from 1967 to 2021 and the period, in which
the older studies were created, which were the most
numerous, were based on the period conditions (level of
a vehicle fleet, roads, technical inspections, etc.), which
were different from the current ones. These publications
are therefore not entirely up to date as regards the
empirical nature of the data and their direct use, but
are definitely worth noting. Another problem was that
just a few studies dealt purely with the mentioned topic,
the sources of the data used in publication suffered
from heterogeneity and were methodically differently
processed. However, none of the publications examined
the incidence of the traffic accidents in the period
between the performance of technical inspections and
the end of their validity, as well as the link between the
results of the PTI of vehicles given by the temporary
roadworthiness and non-roadworthiness of vehicles and
the number of traffic accidents, what was examined in
this article.

Regarding the publications, it should also be noted
that, in particular, recent US studies (but also the
older ones), differ significantly from European ones in
that they increasingly call into question the system of
mandatory periodic technical inspections of vehicles,
which are gradually being abolished in individual US
states [31]. This phenomenon largely reflects the social
setting in the US, where there has long been controversy
over whether the periodic technical inspections of

vehicles are a cost-effective way to increase the road
safety [25]. In particular, the analysis of changes in
technical control procedures (in the US called security
inspections), carried out in the US in 2017, raised
many doubts about the effectiveness of these controls.
According to the above analysis, the number of fatal
accidents due to vehicle technical defects has been
steadily decreasing over the last two decades, as well
as due to the safer technology of newer vehicles [25].
However, the economic dimension plays a major role
in this, because periodic technical inspections and
subsequent repairs of vehicles represent financial costs
for the inhabitants of the given states and thus their
abolition, i.e. their absence is a politically popular topic.

As regards the traffic accidents due to vehicle
technical defects in the Slovak Republic, it is clear that
from the statistics that their rate is reported very low,
as in other EU countries. The reason for that is the
strict methodology of their assessment, according to
which only a vehicle technical defect, which occurred
suddenly and which the driver of the vehicle could
not influence in any way, is to be considered the main
cause of the traffic accident. Moreover, this must also
be established by a court expert. The main goal of the
police in investigating the cause of the traffic accident is
to try to assign responsibility for the traffic accident due
to a specific person and not to the technical condition
of the vehicle, because if the vehicle is to be blamed, no
penalty is imposed. In the event of a failure to comply
with a person’s obligations, a fine is imposed on that
person. Therefore, it is assumed that the actual number
of traffic accidents due to vehicle technical defects is
higher than the one in reported statistics. Moreover,
each country has its own methodology for assessing
the technical defects as the main cause of accidents.
For this reason, statistics on the number of traffic
accidents due to vehicle technical defects suffer from
heterogeneity, do not reflect reality and therefore it
is not possible to marginalize the importance of the
periodic technical inspection only based on their reported
low rate.

Despite the low amount of information, data on
traffic accidents due to vehicle technical defects in
the Slovak Republic in the period of five years (2016-
2021) were comprehensively processed. Their analysis
showed that more than a half of the accidents due to
vehicle technical defects were caused by tires (sudden
air leakage and wheel failure), especially in terms of
older vehicles with high mileage and vehicles of the
M1 category. The above also corresponds to the most
common vehicle technical defects that caused accidents
abroad. Conversely, according to the statistical results of
the assessment of the technical condition of vehicles at
PTI in the Slovak Republic, the most frequent defects on
vehicles were found on brake systems (almost half of all
detected defects), lighting, reflective electrical equipment
and chassis and its accessories. Defects of axels, wheels,
tires and axle suspensions were found in the fifth place
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only (just 5% of all the detected defects). This may also
be since inspection operations during which the tires
are being checked at the PTI (inspection items of group
no. 5 axles, wheels, tires and suspension [2]) cannot be
objectively inspected at the level of inspection bodies
[39]. Although cameras are installed at the PTI in the
Slovak Republic, for the purposes of supervision by the
inspection bodies, through their use, however, it is not
possible to check mainly essential inspection operations,
for example how a technician of a PTI assesses braking
systems. This then has a significant effect on the
operation of the PTI, where in inspection items of group
no. 1 (braking systems) technicians detect the most
serious and dangerous defects on vehicles.
Furthermore, the article examined traffic accidents
due to vehicle technical defects in terms of their
temporal distribution during the period of validity of
the technical inspection and the age of the vehicle.
The purpose of that examination was to seek evidence
confirming or refuting the justification for periodic
technical inspections of vehicles. As a part of this,
graphs were drawn up in which data on traffic accidents
due to vehicle technical defects were set into the period
of validity of the technical inspection, which was limited
along the x-axis by the date of the technical inspection
before the accident. At the same time, these accident
data were also distributed in terms of the vehicle’s
age along the y-axis. Three of these graphs were
constructed. The first graph (Figure 6) covers all the
traffic accidents and all the categories of vehicles for the
period 2016 - 2021, the other two graphs (Figure 7) show
data on traffic accidents of only categories M1 and N1 on
the grounds that category M1 had the largest share of
these traffic accidents and vehicle category N1 is similar
to category M1. With regard to vehicle categories M1
and N1 up to 10 years of age, according to Figure 7,
accidents generally occurred proportionally throughout
the period of validity of their technical inspections, with
a slight predominance in the first half of the period
of validity of the periodic technical inspection. Here,
55% of traffic accidents occurred, compared to 45% in
the second half. Newer vehicles have therefore not yet
been subject to traffic accidents due to vehicle technical
defects that would be affected by technical inspection,
i.e. its approaching expiry date and the associated
deterioration of the technical condition of the vehicles,
but for other reason, such as manufacturing defects in
different vehicle components. According to Figure 7, the
proportion of the traffic accidents due to technical defects
of M1 and N1 vehicles over 10 years of age was only 13 %
in the first year since the performance of the technical
inspection and in the second year of the validity of the
technical inspection that share was up to 87%. On
average, traffic accidents were occurring in this category
no more than half a year before the end of the validity
of the periodic technical inspection. It follows from the
above that with the approaching end of the period of
validity of periodic technical inspection, the occurrence

of traffic accidents due to vehicle technical defects was
rapidly increasing and thus also the probability of
their occurrence. By reducing the mandatory two-year
periods of periodic technical inspections of M1 and N1
vehicles that are older than 10 years by half, could
hypothetically also reduce by more than half the number
of traffic accidents due to technical defects of this group
of vehicles. It is, however, debatable in this case whether
the actual occurrence of defects in the vehicles, which
cause the accidents at most in the period before the end
of the validity of technical inspection was affected by the
expiring period of the validity of the technical inspection
or was that a random phenomenon. However, in this
case, it should be noted that this phenomenon has
a rational justification, as after a successful technical
inspection, an owner of a vehicle is no longer motivated
to have the vehicle inspected and defects fixed since he
does not have to. For this reason, over time, within the
period limited by the previous and the following periodic
technical inspection, dangerous technical defects may
occur (especially in the older ones), which are not known
to the vehicle owner and which cause a traffic accident.

In the last part of the present article, an empirical
identification and measurement of the effect of periodic
technical inspection of vehicles on accident rate due to
vehicle technical defects were carried out by means of
a simple pairwise correlation and regression analysis.
In particular, the links between the results of technical
inspections of vehicles and traffic accidents due to
technical defects were examined. The Pearson correlation
coefficient was used to calculate the correlation rate
between temporarily roadworthy and not roadworthy
vehicles and the number of accidents due to vehicle
technical defects in the period 2012-2021. The above
correlation coefficient was calculated as r(X, Y) = - 0.912.
This is interpreted as a very strong negative correlation
and its significance was confirmed by a statistical test
by means of a p-value. It follows from the above that
as the number of vehicles assessed as temporarily
roadworthy and not roadworthy by PTI increases, the
number of traffic accidents due to vehicle technical
defects decreases. Subsequently, the regression function
in the form y = -1.8841x + 54.696 was determined and
graphically portrayed together with the regression
line (Figure 9). Based on the cited function, it was
calculated that with an 83.1% probability, if vehicles
in the Slovak Republic are to be assessed at PTI by an
average of 29.03% rate of temporary roadworthiness
and not roadworthiness, the number of traffic accidents
due to vehicle technical defects will drop to zero.
However, the question, in this case, could be whether
the strong correlation found between the percentage of
temporarily roadworthy and not roadworthy vehicles
and the number of accidents due to vehicle technical
defects is in fact the result of causal links, or only
causality. The temporal link of phenomena does not
always mean that there is a causal link between them.
Many correlations are purely random and contain other
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hidden or intervening variables. However, in the case
of the calculated correlation between the results of the
assessment of vehicles at PTT and the number of traffic
accidents, there are logical causal links that militate
against the time coincidences in trends.

The results formulated in this paper show
that periodic technical inspections of vehicles have
a measurable effect on traffic accidents due to vehicle
technical defects and therefore have demonstrable
justification. As the consequences of traffic accidents
due to technical defects tend to be fatal, it is not
appropriate to perceive mandatory technical inspections
as just a financial burden for citizens, but as one of the
effective tools for improving road safety. At the same
time, periodic technical inspections of vehicles fulfil
their purpose indirectly through the psychological effect
that they have on vehicle operators. Awareness of the
obligation to undergo a periodic technical inspection
of a vehicle causes that certain defect on vehicles are
being preventively fixed by the vehicle owners even
before the performance of such inspection, thereby
contributing in this manner to their safety as well as
others [40]. Without this, they probably would not have
any incentive to behave like this.

However, a prerequisite for an effective system of
periodic technical inspection is that PTI will carry out
their duty with better quality and realistically identify
all the serious and dangerous defects on vehicles during
the periodic technical inspections, which could endanger
road safety. In this way, they could prevent traffic
accidents that occur due to vehicle technical defects.
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The results of an experimental study of efficiency of the cavitation treatment
of a fuel mixture, based on A-95 gasoline and distilled water, for automobile
internal combustion engines are presented. Cavitation treatment of this fuel
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mixture at a percentage of water/gasoline of 17/83 % allows increasing the

cost of gasoline up to 15-20% when operating engines on flat and sloping
sections of roads and in traffic jams. Due to the cavitation treatment, the
engine power is reduced by only 6+7 %. The design of the created automobile
electromagnetic vibrating cavitator is described. Its application will not only
save fuel, but increase the completeness of combustion of water-gasoline fuel

mixture, i.e. improve the environment, as well %.
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1 Introduction

The defining feature of modernity is intensive
research on of the energy-saving
technologies and aspects of the renewable energy

introduction

sources use. It is necessary to note the use of energy-
saving technologies in industry [1], the development
of thermal modernization in the communal sphere [2],
the synthesis of biogas as an efficient energy source [3],
the use of energy for the synthesis of aquatic organisms
[4], particularly microalgae [5-6]. An important aspect
of these problems is introduction of the energy-saving
technologies in transport.

The rapid development of electric vehicles, however,
does not eliminate the need to improve internal
combustion engines. Gasoline engines will be widely
used for a long time to drive large vehicles, including
military special equipment, as well as for various
motorized household devices. Therefore, research aimed
at improving the performance of gasoline engines will
still be relevant.

Of particular importance today are the studies

aimed at preserving the environment, including through
the maximum reduction of emissions from the products
of incomplete combustion of engine fuel. It is known
that the incomplete combustion of fuel in the chambers
of engine cylinders is the main reason for the formation
of carbon dioxide, harmful to the atmosphere, which
contributes to formation of the atmospheric “greenhouse
effect”.

It is known that the quality of the air-fuel mixture
prepared for injection into the working chamber, along
with the quality of gasoline, has a decisive influence
on the completeness of combustion in the working
chamber of the fuel. Mainly the deterioration of fuel
combustion conditions and the consequent insufficient
completeness of its combustion are caused by insufficient
oxygen in the air-fuel mixture. The dispersion of the
fuel, i.e. the degree of scattering of its micro-droplets
provided by the carburettor or injection nozzles, is
important. It is generally accepted that the higher the
scattering dispersion of gasoline given in the combustion
chamber, the higher the degree of its mixing with air [7].
Accordingly, the best conditions for complete combustion
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of fuel are provided. As a result, higher engine power
and a lower degree of environmental pollution will be
guaranteed [8].

To achieve this effect, scientists from the National
University “Kyiv Polytechnic Institute” of Sikorsky
created cavitation ultrasonic devices to increase the
dispersion of the air-injected mixture injected into the
working chambers of the cylinders of engines [9]. The
principle of operation of these devices is based on the
additional dispersion of fuel jets by vibrating high-
frequency ultrasonic dispersants. This is done just before
the pre-prepared air-fuel mixture enters the combustion
chamber of the engines [10]. The authors note that “...
Ultrasonic cavitation treatment of fuel can improve its
energy and consumer performance.” At the same time,
they rightly claim that this is ensured due to the fact
that “in the process of flattening cavitation bubbles
in micro volumes high temperatures and pressures
develop, which create preconditions for appearance of
electric charges rich in the energy of dissociated and
ionized molecules, as well as atoms and free radicals that
improve the process of fuel combustion”, [11]. Vibrating
ultrasonic dispersants were installed directly in the
devices for preparing the air-fuel mixture. Therefore, the
authors of this development successfully increased the
power of engines by 10-15 % without increasing their size
and weight. It has also reduced emissions of harmful
carbon dioxide by almost a quarter.

At the end of the last century, scientists at the “Kyiv
Polytechnic Institute” made quite successful attempts
to use cavitation to improve the quality of diesel and
gasoline fuels for internal combustion engines. Under
the leadership of Prof. Fedotkina I. M., a study of the
effect of cavitation on fuel quality was conducted there.
Their theoretical and experimental studies have shown
quite good results [12]. In particular, the ability of
cavitation to positively affect the improvement of fuel
quality was established. Researchers explain this by
the destructive effect of cavitation on fuel clots, as well
as the degassing of fuel from dissolved non-combustible
gases. At the same time, cavitation also contributes
to the qualitative mixing of certain fuel fractions [12].
However, it turned out that the improvement of fuel
characteristics as a result of its cavitation treatment
is quite short-lived. In a few days after the cavitation
treatment, the fuel poured into the storage tanks lost
the acquired characteristics, which had improved its
quality. According to its characteristics, the fuel almost
completely returned to its initial state prior to the
cavitation treatment [12]. Unfortunately, the researchers
then failed to organize the cavitation treatment of
fuel just before it is fed into the working chambers of
the engines. This is what hindered the widespread
production use of cavitation fuel processing.

Different methods have been tried to improve the
completeness of fuel combustion in the working chamber
of the cylinders of internal combustion engines. In
particular, due to the admixture of distilled water in

certain proportions to the air-fuel mixture supplied
to the working chamber of the engines. This idea was
prompted by the fact that under the action of high
combustion temperatures of carbon compounds, including
gasoline, water molecules decompose, forming a number
of gases when interacting with their environment.
Along with water vapour, a number of combustible
gas compounds are formed here. Among them are
combustible compounds of oxygen and hydrogen, as well
as their possible combinations. That is why in the case
of fires caused by the combustion of carbon compounds,
in particular oils, diesel and gasoline, it is never
recommended to use water as a fire extinguisher.

However, the problem of clear dosing of the ratios
of gasoline, water and air and ensuring their quality
mixing with each other is still unresolved and is the
main obstacle to the industrial implementation of this
progressive idea.

The aim of this study was to create a low-frequency
vibration-resonant device for cavitation treatment
of water-fuel mixture before its direct supply to the
combustion chamber of gasoline engines.

The objectives of the research were as follows:

* study of the influence of the percentage of fuel
components in the water-gasoline mixture on the
stability of the internal combustion engine;

* creation of an experimental installation for the low-
frequency cavitation treatment of water-gasoline
fuel mixture;

* development of a technological
preparation of the water-fuel mixture for automobile
internal combustion engines.

* development of design of the
vibrocavitator for the cavitation treatment of water-
fuel mixture or fuel before their supply to the
combustion chamber of the engine.

scheme for

automobile

2 Data and methods

The study of influence of the cavitation treatment
on the performance characteristics of the water-
gasoline fuel mixture was carried out on a carburettor
internal combustion engine model VAZ-21083 car brand
VAZ-21099. The study involved two stages. First, in
the experimental low-frequency vibration-resonant
cavitator, distilled water and A-95 gasoline supplied
to its working area were mixed in certain proportions.
This mixture was subjected to cavitation treatment
for a fixed time. In the second stage of research, the
water-gasoline fuel mixture treated in the cavitator was
sent to the carburettor of the running engine of the car.
According to the readings of the indicator devices on the
car panel, certain parameters of the engine operation
were recorded.

Since the main difference of the method of
preparation of the fuel mixture for internal combustion
engines, proposed in this article, is the use at the stage
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of preparation of the mixture cavitation treatment of

its components, hereinafter describes the nature and

mechanisms of formation in the treated fluids cavitation
phenomena and their accompanying effects.

Based on the experience of the authors in the field of
research of cavitation phenomena and their effects [13-
14], it can be argued that three main factors determine
the preconditions for the perturbation of cavitation in
the fluid thickness or in the liquid flow. These are:

* the presence of cavitation embryos in the liquid. In
particular, small mechanical inclusions and most
importantly - dissolved in the liquid gases and air,
the volumes of which are close to the maximum
possible quantities specified by Henry-Dalton’ law;

* insignificant, within (0.9-1.5) -10° kg/m?, density of
liquid or total density of its components;

* providing the fluid with external energy sufficient
to break the intermolecular bonds in the fluid
thickness or in the fluid streams. In the first case,
it may be the supplied kinetic energy, such as
magnetic field or ultrasound, in the second - pre-
provided to the liquid reserve of potential energy
released during the flow of fluid through obstacles,
accompanied by a change in the nature of the
laminar fluid flow to turbulent.

Accordingly, in the process of experimental research
the main attention was paid to control over the presence
and intensity of the cavitation process in the water-
gasoline mixture, as well as the parameter of the engine
of a car powered by cavitation-treated fuel.

The presence of cavitation treatment here was
investigated by the kinetics of chemical reactions of the
potassium permanganate reduction in the environment
of cavitation-treated water. At concentrations of CH,0,
equal to 0.5 mol and KM O,, respectively 4x10*mol, such
a reaction occurs at a low rate, which allows monitoring
its course and changes in colour shades. Due to the
colour changes of the permanganate ion, the reaction
can be monitored photometrically using a colorimeter
model KFK-2. 1. 1 -10% m? of methanol, 2.10¢ m? of
sulphuric acid (2 molar concentration) and untreated
distilled water or water after cavitation treatment were
added to a 50-10% m? volumetric flask. Subsequently,
0.2:10% m? of potassium permanganate was added to
the volumetric flask and, after vigorous stirring, it was
photometered. At the same time, such a liquid mix with
usual water not only reacts with insignificant speed,
but also practically does not change transparency and
colour. In the presence of cavitation-treated water in
a volumetric flask, the rate of the oxidation reaction
increases significantly by about 3.5 times, the colour of
the liquid mixture changes intensely from colourless to
deep blue.

According to the test colour tables of the control
liquid mixture, comparing it to the reference, where the
ultrasonic cavitation treatment was used, one can judge
not only about the presence of cavitation treatment of
the test batch of water, but also the intensity of the

cavitation field in which this treatment took place.
Subsequent experiments showed that the most effective
for the combustion of gasoline-fuel mixture was the
intensity of the cavitation field of the treatment zone in
the range of (1.0-1.5)104 KW/m?.

The volumes of liquids in the storage tanks of the
working area of the cavitator, water and gasoline tanks
in the cavitator, as well as in the working tanks of the
direct supply of gasoline or water-gasoline mixture to the
carburettor of the test engine of the car were measured
by filling them in volumetric flasks with experimental
liquids with the volumes of 50-10¢ m? and 100-10% m?.

The volumes of water and gasoline content in the
finished cavitation-treated fuel mixture were determined
from calculations of the mass content of the initial
ingredients. For example, to provide 10% water content
in the finished mixture with a volume of 2 10 m?, the
storage tanks of the cavitator were filled by 1.8 10 m?
with gasoline and 0.2 10 m? with water.

The parameters of cavitation treatment, which
regulate the level of external energy provided to the
treated liquids, are important for the quality of the
finished cavitation-treated water-gasoline fuel mixture.
The main of these parameters are the amplitude
and frequency of harmonic oscillations of cavitation
perturbators and, of course, the time of cavitation
processing. The oscillation frequency of cavitation
perturbators on the described devices was set and
regulated by a standardized frequency regulator of the
supply voltage of the windings of their drives. The model
of this AES-120 frequency regulator has a frequency
control range from 0 to 150 s'. The main frequency range
of the AC supply voltage used in this experimental study
was 40-60 s'. The measurement of the supply voltage
frequency, which determines the oscillation frequency
of disk cavitation perturbators in our cavitators, was
carried out with an accuracy of 0.5-1.0 s..

The amplitude of oscillations of cavitation
perturbators was measured in stroboscopic light using
a ruler digitized in millimetres. The amplitude was
determined as a half of the path that the disk cavitation
perturbator will travel during its reciprocating
oscillating motion along the geometric axis of the
oscillation drive rod. The amplitude of oscillations
is regulated by the magnitude of the pulling force
of the electromagnetic cavitator’s armature with the
cavitation perturbators fixed to its electromagnet. The
magnitude of this pulling force is determined by the
magnitude of the current supplied to the windings
of the coil of the electromagnet. The range of studied
amplitudes of oscillations of cavitation perturbators
was (0.5-3.5)10°m. The amplitude of oscillations was
measured in each of the experiments with an accuracy
of (0.10-0.15)10* m.

The cavitation time of the water-gasoline fuel
mixture, the duration of the car engine operation at
a certain unit of volume of the treated mixture, was
measured with a chronometer with an accuracy of 5-10 s.
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Figure 1 Technological scheme of laboratory experimental unit for mixing and the cavitation treatment of water-gasoline
fuel mixture for internal combustion engines

The engine crankshaft speed of the experimental
car was measured according to the readings of the
tachometer installed on the interior panel of the car. Its
standard measurement error is (1-1.5) s

The most important of the engine’s quality
indicators, the level and composition of emissions of the
car, were evaluated by comparing the emissions of carbon
monoxide, carbon dioxide and hydrocarbons when the
engine runs on traditional gasoline A-95 and prepared
by the proposed vibratory cavitary water-gasoline. The
gas analyzer was used to measure harmful emissions in
engine exhaust gases. The main measurements of the
emission composition were carried out on an automotive
one-component gas analyzer model DOZOR-C
(manufacturer - Ukraine). It controlled the volume
percentage of CO, and carbon dioxide in the emissions
of CO. For a more complete analysis of the composition
of emissions, a gas analyzer of combustible gases model
WINTACT WT8823 was used, which allows the analysis
of a wider range of nomenclature of combustible gases,
including nitrogen and its oxide, oxygen, water vapour
and the like. The measurement accuracy when using
both control devices was proportional and was in the
range of 0.05-0.1 vol.%.

The data of all the measurements are averaged and
indirectly reflected in the text and reference Tables 1, 2
and 3.

Figure 1 shows a flow chart of an experimental
laboratory unit for the cavitation treatment of the
water-gasoline fuel mixture. In accordance with this
scheme, from storage tanks 1 and 2 (Figure 1) gasoline
and distilled water in certain percentages were pumped
into the working area of the cavitator 3. After filling the
working area of the cavitator with water and gasoline
control, the valves 4 were closed. Control throttle 5
opened the closed water-gasoline mixture circulation
network. Simultaneously, the electromagnetic drive 8 of
the vibrating cavitation 3 and the pump 7 located in the
storage tank 6 were started. Adjusting throttles 5 and 9
provided uniform circulation of water-gasoline mixture
between the storage tank 6 and the working chamber of
the cavitator. The technological cycle of the cavitation
treatment of the fuel mixture here provided continuous
circulation of the mixture between the storage tank 6
and the working area of the vibrocavitator 3. Due to
that, gasoline and water were continuously mixed with
each other and were subjected to cavitation treatment.
The duration of the cavitation treatment of water-
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gasoline fuel mixture varied in the range from 3 to 10
minutes.

The main components of a vibration-resonant
cavitator (Figure 2) are the electromagnetic actuator 10,
which is connected to its elastically mounted oscillating
armature 11, as well as the rod with oscillating
disk cavitation perturbators 12. The stationary disk
cavitation perturbators 13 are installed on the basis
of the cavitation coaxially to the oscillating ones. Both
oscillating and stationary cavitation perturbators are
located in a common cylindrical case 3. That case is
equipped with fittings for gasoline and water, as well
as for the removal of cavitation-treated fuel mixture. To
clean liquids from mechanical contaminants, the supply
network to the working chamber of the cavitator of
distilled water and gasoline is equipped with filters 14.
The main elements of the control panel of the cavitator
power supply network are the frequency regulator of the
electric supply voltage of its electromagnetic drive model
AFC120 and the timer o the duration of processing
liquids [13-14].

The uniqueness of the technological capabilities
of cavitation is primarily due to the periodic time
(up to 1.5105° KW/m®) energy impact on the treated
water-gasoline fuel mixture. This is accompanied by
concomitant phenomena of shock microwave formation,
phase transitions occurring on the surfaces of cavitation
microbubbles and certain chemical transformations.
All this does not only accelerate the course of chemical
reactions, especially redox, but enables to change
the structure of the ingredients of the fuel mixture
submitted to the cavitation zone, as well [14]. As
a result, in the finished cavitation-treated fuel mixture,
water molecules not only change their structure but also
partially disintegrate. As a result of a decay, the H,0,
molecules are formed from a certain part of its molecules,
which are short-lived in time and, in turn, disintegrate
into hydrated e’ , ions and free H’ and O°H radicals. It
is these decomposition products and especially radicals,
that have increased oxidative capacity, which helps to
improve the conditions of complete combustion of the
gasoline component of the newly formed fuel mixture.

In addition, which is very important, the cavitation
field actively mixes these newly formed components of
water with gasoline molecules. This is how cavitation

forms the finished fuel mixture. That is, with a certain
degree of approximation, one can say that after the
cavitation treatment of the components of the fuel
mixture of pure water in the traditional perception no
longer exists. And this is very positive. After all, the
newly formed fuel mixture will not have a detrimental
effect on the parts of the fuel system and the combustion
chamber of the engines. On the contrary, due to the
complete combustion of fuel in the fuel system of the
engine, the amount of scale will decrease.

Field studies were performed in the following
sequence. A storage tank filled with cavitation treated
water-gasoline fuel mixture was fixed above the engine
of the car on a special device. The storage tank was
connected to the carburettor of the engine by a pipeline
and the car engine was started at idle mode. On the
dashboard of the car, according to the tachometer,
changes in the speed of the engine crankshaft were
observed. Using a timer, the duration of the engine to
burn a fixed amount of fuel mixture with a volume of
0.001 m® was monitored.

3 Results and discussion

Variable parameters in the study of the cavitation
treatment of water-gasoline fuel mixture were the
percentage of water and gasoline in the fuel mixture,
the duration of treatment and vibration parameters of
cavitation perturbators, namely their amplitude (A, m)
of oscillations and frequency (f, Hz)

The results of the experimental study of the
cavitation treatment of water-gasoline fuel mixture are
shown in Table 1.

In field studies, the stability of the engine when using
cavitation-treated water-gasoline mixture was observed.
The results of field studies are shown in Table 2.

Experimental research has shown that in the “idle”
modes of operation of the car engine, the presence of up
to 15 % of distilled water in its fuel does not significantly
affect the stability of the engine. At the same time, the
crankshaft speed is reduced by only 5+7%. In addition,
it was found that as the water content increases by
6+8%, the duration of the engine at a fixed 102 m?
volume of the fuel mixture is reduced.

Table 1 Investigation of the cavitation treatment of the water-gasoline fuel mixture

Percentage of fuel mixture components

Duration of

Vibration parameters of cavitation

No cavitation perturbators
) . o treatment of fuel Amplitude,
Gasoline, % Distilled water, % mixture, s. Frequency, Hz 10°m
1 95 5 5400 48 1.0
2 90 10 5160 45 1.1
3 85 15 4800 50 1.2
4 83 17 4500 52 1.0
5 80 20 4200 47 1.2
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Table 2 The results of the study of the car engine when using cavitation-treated water-gasoline mixture

Percentage of gasoline and Engine crankshaft

Engine life duration per

No. water in the fuel mixture, % speed, s 10 m®fuel mixture, s Engine stability
1 95/5 18.33 90 stable
2 90/10 17.51 86 stable
3 85/15 16.67 80 stable
4 83/17 16.17 77 unstable
5 80/20 15.83 75 with interruptions

4 Suggestions for using the proposed method

The obtained results of experimental researches
give the basis for constructive development of the
vibrocavitator built in a fuel supply network. The
functions of this vibrocavitator are the task of cavitation
treatment of gasoline fuel and the formation of water-
gasoline fuel mixture. This vibrator can be installed
directly on the engine. To power its electric drive, it
is appropriate to use a standard voltage regulator
which is electrically connected to the car battery. The
vibrating cavitation modes can be adjusted and switched
on and off by the car’s on-board computer. Schematic
structural diagram of such a vibrocavitation is shown
in Figure 2.

The components of the car vibrating cavitation are
rigidly fixed in the lower part of the case 3 electromagnet
1 with the winding 2. An anchor 5 of the electromagnet
and a rod 6 are fixed on the elastic membrane 4 above
the electromagnet 1. On this rod 6, disk cavitation
perturbators 7 are mounted. Through the flanges, the
cover 8 of the case, located above the membrane 4, is
tightly connected to the lower part 3 of the case, for
example, with a bolted connection.

In the cover 8 of the case 3 there are two inlet valves
9. For example, spring-loaded 10 petal valves. The
inlet openings of the valves are equipped with a fitting
11 for connection to the supply pipe to the cavitator
water or gasoline. On the upper part of the cover 8
of the case, namely above the oscillating cavitation
perturbators 7, there is a discharge valve 12. This valve
is connected through a fitting to the pipe connecting
the cavitator with the carburettor or the fuel rail
of the car engine.

From theoretical and experimental studies of the
cavitation processes is known that the perturbation of
cavitation in a liquid flow is possible only under full
conditions of energetic influence on the liquid or a rapid
change in the nature of the flow. For example, exposure
of fluid to ultrasound of a certain intensity or the rapid
transition from laminar to turbulent fluid flow. It is
generally accepted that the conditions of perturbation
in the cavitation fluid are regulated by the Reynolds
number. The critical value of this indicator, which
relates the characteristics and physical properties of the
fluid and the speed of its flow (or movement of solids in
it) regulates changes in the nature of fluid flow. Thus, for
the water-based liquids at values of the critical Reynolds

11

10

Figure 2 Schematic structural diagram of the vibrocavitator
for preparation of the water-gasoline fuel mixture for the car engine
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number R, > 2300, the laminar regime is transformed
into turbulent, which is characterized by manifestations
of the cavitation phenomena.

The values of the critical Reynolds number are the
main criterion for calculating the energy parameters
and velocities of the cavitation perturbators in the
proposed devices for the cavitation treatment of water-
gasoline fuel mixture.

The classical formula for calculating the value of
the critical Reynolds number in this case relates the
physical parameters of the treated fluid with the speed
of movement of cavitation perturbators in it. Namely

pul

R. = 7

= 4L 9300, (1)
where 7 = v-pis dynamic viscosity of the treated
water-gasoline mixture ;

p is the density of the liquid mixture;

v is the kinematic viscosity of the liquid mixture;

u is the speed of oscillating movements in the liquid
mixture of cavitation perturbators;

[ is the characteristic total length of the circles of the
holes for the flow of liquid in the cavitation perturbators.

When calculating the main design parameters
of the cavitator for the treatment of water-gasoline
fuel mixture, substituting the numerical values of the
physical parameters of the treated liquid mixture in
Equation (1), velocity u of oscillatory movements in
the liquid mixture of cavitation, required for cavitation
perturbation, is determined. The numerical value of the
critical Reynolds number is given from the condition
R, .. > 2300.

The vibrating electromagnetic drive provides
cavitation perturbators in our device with oscillating
spatial movements. The speed of oscillating movements
of cavitation exciters provided by it is defined as so-called
“vibration speed” and is equal to v = A-f where A is
the amplitude of oscillations of cavitation perturbators;
f is the oscillation frequency of cavitation perturbators.

Equating the required critical velocity for cavitation
perturbation with the vibration velocity provided by
the vibrocavitation » and setting the amplitude of
oscillations of cavitation perturbators in the range of
A = (0.5-1.5)-10%, m, the oscillation frequency f (H,)
required for cavitation perturbation is determined..

According to the values of the required indicators v,
(m/s) of vibration velocity of cavitation perturbators, their
amplitude A, (m) and frequency f, (H,) of oscillations, the
energy parameters of the cavitation vibration drive are
calculated. In particular, the traction force of the drive
electromagnet P, (H) required to overcome the resistance
of the fluid, which is expended on the oscillating
movements in the fluid of the cavitation perturbators.

According to the values of the force P, (H), the
amplitude A, (m) and the oscillation frequency £, (H,) of
the cavitation perturbators, the power parameters of the
electromagnetic drive of the cavitator are chosen.

Whenthealternating sinusoidal voltage, transformed

by the converter of the voltage frequency regulator, is
applied to the winding 2 of the electromagnet 1, the iron
of the electromagnet is magnetized. Overcoming the
elasticity of the membrane 4, the electromagnet attracts
the armature 5. Simultaneously with the armature,
the rod 6, rigidly connected to it and the cavitation
perturbators 7 attached to it, are moved. When the
sinusoidal supply voltage of the electromagnet decreases
from its maximum value to zero, the elastic force of
the elastic membrane 4 returns the armature anchor
5 to its original initial location. At the same time,
the rod 6 and the cavitation perturbators 7 move
with the armature to the upper initial position. The
spatial movements of the membrane 4, the armature
5, the rod 6 and the cavitation perturbators 7 are
repeated in a similar order in each subsequent half-
cycle of the sinusoidal alternating supply voltage of the
electromagnet winding. Eventually, these movements
are transformed into a harmonic oscillating motion of
the armature 5 of the electromagnet and the associated
cavitation perturbators. The frequency of these
oscillating movements is twice the frequency of the AC
supply voltage of the electromagnet winding. Cavitation
perturbators 7 are discs made of stainless steel or
other cavitation-resistant material. The surface of the
cavitation perturbators 7 of the device is permeated
with a large number of conical holes. With oscillating
rectilinear sequential movements of these disks, water
and gasoline penetrate into their conical holes, which
are actively mixed with each other. Penetrating in
a confined space into the conical holes of the disks, liquid
microjets, due to changes in their shape and speed, form
microturbulent flows. In a liquid medium where the
water is present, microturbulent flows appear as centres
of self-perturbation of the cavitation region.

Cavitation microjets intensively mix liquids
available in the working area of the cavitator with
each other, forming a homogeneous fuel mixture. In
addition, under the action of self-perturbed cavitation,
hydrogen peroxide ions H,O’, are formed in the water
present here. Since hydrogen peroxide is a good oxidant,
its presence will contribute to a better combustion of
the fuel mixture in the combustion chambers of the
engine cylinders. Cavitation also has a positive effect
on the gasoline present in the working chamber of the
cavitator. Cavitation microbubbles and microjets destroy
the fuel clots present in gasoline, thereby improving
its complete combustion. Through the outlet valve
12 cavitation-treated in the working chamber of the
cavitator, the water-gasoline fuel mixture is pushed into
the carburettor of the engine or its fuel distribution rail.

Cavitation-treated in the working chamber of the
cavitator water-gasoline fuel mixture through the outlet
valve 12 is pushed into the outlet pipe, from which it
enters the carburettor of the engine or its distribution
fuel bar.

In terms of its design dimensions, the design of
the car cavitator is quite small. In terms of weight,
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Figure 3 Technological scheme of the preparation and supply network of the cavitation-treated
water-fuel mixture in the combustion chambers of the engine cylinders

appearance and size, this car cavitator is commensurate
with the car electrical distributor. That is why it can be
mounted directly on the car engine.

The electrical circuit for converting the 12-volt
voltage of the car battery into the alternating 220-volt
supply voltage of the cavitator electromagnet can be
borrowed from the circuit of the electric converter. Such
converters are used to transform accumulated wind
or solar 12-volt electricity into alternating 220-volt
electricity for domestic power grids.

Figure 3 shows an upgraded technological scheme
of the network of preparation and supply of fuel to the
combustion chamber of the engine cylinders.

A typical fuel supply network here is supplemented
by a water-gasoline fuel mixture cavitator, a water
supply subsystem and its control equipment. As well
as the traditional fuel supply scheme, the proposed one
includes a storage tank 1, a gasoline pump 2, a control
throttle 3 and a filter 4. However, here the gasoline is
not fed into the carburettor, but first into the cavitator
5. A similar portion of distilled water is fed into the
cavitator simultaneously from the additionally arranged
storage tank 6 via a similarly arranged network with
a pump, an adjusting throttle and a filter. To ensure
a predetermined percentage of water and gasoline in the
fuel mixture, the volume of water supply is regulated
at the stage of adjustment by the control throttle 3. In
the cavitator, distilled water and gasoline are subjected

to cavitation treatment, mixed with each other and fed
through the exhaust pipe to the carburettor of the car or
its distribution bar 8. As with the traditional fuel supply
scheme, for example, when using an injector scheme of
fuel mixture injection, the water-gasoline fuel mixture
formed in the cavitator 5 is saturated with air and
through the injectors 11 enters the combustion chamber
of the engine cylinders.

It is reasonable to assume that with the addition
of distilled water to the fuel mixture in difficult modes
of engine operation, its torque and certain dynamic
characteristics may decrease. Therefore, it is advisable in
cases of forced engine operation to temporarily abandon
the water supply and return to the classic scheme of
gasoline supply. In modern cars, it is advisable to put
this function on the on-board computer 9, which at
certain moments of load changes will turn on or off the
solenoid valve 7 of the water supply network.

5 Analysis of the advantages of using
the proposed method

It is clear that the main points of the water-gasoline
mixture using would be the so-called light modes of
engines operation. These can be periods when the
engine is idling, when the engine is warming up, when
driving on flat and descending sections on the slopes
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and so on. But most often these are periods of the
slow movement of the car in the so-called “car traffic
jams” inherent in modern cities. It is in such fairly
frequent road transport situations that the modes of
operation of automobile engines for the development of
high power are completely unnecessary and the cost of
this expensive fuel is inappropriate. Here it would be
appropriate to switch to e use the cheaper fuel mixtures.
For example, the proposed water-gasoline. After all, the
cost savings of gasoline provided in the range of 10-15%
will be guaranteed to cover the cost of equipping cars
with the proposed system of cavitation preparation
of the water-gasoline mixture. Fuel savings would be
even more noticeable if one organically combines the
cavitation preparation of water-gasoline fuel mixture
with devices of cavitation fuel spraying at the stages
of its injection into the working chambers of engine
cylinders [15].

It may seem that the simplified modes of operation
of car engines, which are characterized by operation at
close to “idling” modes, in the general period of operation
of the car, take up a small percentage of time. These
are the periods of operation of cars in the conditions
of driving on flat and descending sections of routes, at
their idle time in city traffic jams, etc. However, this
is a misconception, although it is quite common. The
indisputable experience of the so-called “hybrid” cars,
operated on both fuel and electric drives, suggests
otherwise. Namely, in urban conditions of car operation
in modern cities, the periods of operation of their drive
electric motors and internal combustion engine are
almost the same. After all, the fuel engine is switched
on automatically and only for the heavy-duty modes of
operation, i.e. acceleration, uphill, overtaking and poor
quality road surfaces.

This gives grounds to conclude that in the so-called
“light modes of operation of engines” modern cars are
operated up to 50 % of their operation duration. Similarly,
if one takes into account the statistics, according to
which the average annual mileage of a car is about
twenty thousand kilometres, one can predict that half
of this mileage will fall on “light” engine conditions.
Thus, with a certain degree of approximation, one can
assume that during the year of operation, the mileage of
a car on a water-gasoline fuel mixture can be about 10
thousand kilometres. If one assumes, for an approximate
calculation, that the indirect fuel consumption here
is about 10 litres per 100km and take into account
that 15% of this fuel can be replaced by water, the
annual savings on one car from the installation of its
vibrocavitation will reach $ 150. This is at the indirect
cost of A-95 gasoline, which is about $ 1 per 1 litre of
fuel.

For the practical arrangement on the car engine
of the proposed system of preparation of the water-
gasoline fuel mixture, first of all, the vibrocavitation
device, for cavitation processing and mixing of the
mixture components, will be required. To provide power

to its drive, one would need a voltage converter from
a constant 12-volt to a change of 220-volt. Additional
storage capacity would also be required to store distilled
water and pipelines with control equipment to supply
water and gasoline to the cavitator and transfer the
formed fuel mixture to the carburettor or the fuel rail.
Component pipelines, their control valves, solenoid
valves and a storage tank are manufactured industrially
and their total cost, according to the estimates, will
not exceed $ 50. Unfortunately, vibrocavitators for
preparation of the water-gasoline fuel mixtures are not
manufactured by industry. Therefore, at this stage they
would have to be made individually. However, given
that their production will not require expensive scarce
materials, we can assume that the manufacture of one
cavitator will cost about $ 150. Thus, the total cost of
equipping one car with a system of preparation of the
water-gasoline fuel mixture will be approximately $ 200.
The same proportional annual savings are provided by
use of 15 % of water in the water-gasoline fuel mixture to
power the car engine when operating the engine in light
modes, in particular when working at idle. Therefore,
equipping the car with a system of preparation of the
water-gasoline fuel mixture will pay off in one year of
the car operation. Considering that systems of this type
are designed for a 5-year service life, one can assume
that during this period, the car owners would be able to
save about $ 700 on the cost of partial replacement of
gasoline with water. It is taken into account that part
of the savings will have to be spent on purchase of the
distilled water and maintenance and routine inspections
and minor repairs of the system.

It is undeniable that the economic factors of any
of the proposed technical solutions are important.
However, with regard to the road transport, which
has flooded almost all the populated cities and towns
around the world, no less important is the problem
of reducing the harmful emissions of fuel combustion
products into the atmosphere. This environmental
problem is multifaceted. First of all, it is a problem of
active consumption of atmospheric oxygen by automobile
engines for the maintenance of the fuel combustion
process. It is known that 2.5kg of oxygen is absorbed
from the atmosphere to burn 1:10 m? of gasoline in a car
engine. To some extent, this means that by equipping
the car’s engine with the proposed system of preparation
of the water-gasoline fuel mixture, one reduces the
annual consumption of atmospheric oxygen by such a car
by approximately 300kg.

Another, even more important problem for mankind,
caused by operation of the automobile internal
combustion engines, is their harmful emissions into the
atmosphere of combustion products of carbon fuel. After
all, it is generally accepted that for every 10 thousand
kilometres a car on average burns a ton of gasoline,
consuming (absorbing from the atmosphere!) 3.5 tons of
oxygen and emitting 16 tons of exhaust gases, including
very toxic 80kg of CO, 10kg of nitrogen oxides, 20kg
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Table 3 Comparative studies of the content of automotive emissions

The content of harmful emissions in volume

Controlled gases of automobile

percentages, vol. % The difference in

No.

emissions . Cavitation-treated water- performance, %
Gasoline A-95 . .
gasoline fuel mixture
(6]6) 5 4 20
CO, 16 13 19
NO, 0.5 0.4 20

of hydrocarbons. Keep in mind that each 1:10® m? of
gasoline burns causes formation of 16 m? of a mixture of
different exhaust gases.

Therefore, the reduction of 15+17 % of gasoline costs
for the engine of the car in light modes, which provides
the proposed system of cavitation preparation of water-
gasoline fuel mixture, guarantees a proportional
reduction of approximately the same 15% of emissions
in exhaust gases.

At this stage of the active struggle of the world
community and especially Europe, for environmental
protection and reduction of greenhouse gas emissions,
the standard for emissions in fuel combustion products,
the so-called “Euro 6” standard, introduced here, reduces
the carbon dioxide emissions from 120-10% kg/m? to 90-10
kg/m?. At the same time, recognizing the importance of
reducing car emissions, the world-renowned SAE study
has shown that one of the most effective ways to reduce
car emissions is by “injecting water into the combustion
chamber.” This reduces emissions of nitrogen oxides and
other toxic components by up to 90 %.

Of course, all these statements need to be tested
experimentally. Therefore, a number of experimental
studies were conducted aimed at comparative study
of the cavitation-treated water-gasoline fuel mixture
effect on the volume of harmful emissions during its
combustion. For measurements, a single-component gas
analyzer model DOZOR-C was used, which measured
the content of carbon monoxide in the exhaust gases
and a multi-component gas analyzer model WINTACT
WT8823, which was used to measure the content of
carbon dioxide CO, and nitrogen oxide in the exhaust
gases. Measurements were performed under the similar
operating conditions of the car engine at “idling” at the
same temperatures of the engine coolant (90 + 2) °C
and the environment (22 °C). By adjusting the degree of
opening of the carburettor throttle, the same numerical
values of crankshaft speed were achieved. According to
the readings of the car tachometer, they were (20+1) s.
Comparative measurements of the content of automotive
emissions were performed when using gasoline grade
A-95 and the cavitation-treated water-gasoline fuel
mixture, formed on its basis with the addition of 15%
of distilled water The results of comparative studies are
shown in Table 3.

Thus, the data of a comparative study of the content
of harmful emissions of the engine model VAZ-21083 car
VAZ-2199 when burning traditional gasoline brand A-95

or the cavitation-treated water-gasoline mixture with
15% of distilled water in the fuel mixture, show that the
presence of water in the cavitation-treated fuel mixture
reduces the amount of harmful carcinogenic gases in car
emissions by about 19-20 %.

Therefore, using the proposed system of cavitation
treatment of water-gasoline fuel mixture can have
undeniable environmental benefit.

It consists in the fact that a car equipped in this
way will not burn about 150 litres of gasoline during
the year due to its replacement with water. And for
a city with a million inhabitants, where, according to
statistics, there is one car for every four inhabitants,
the environment will not be polluted by the products of
combustion of almost 18 million litres of gasoline. It is
conventionally taken into account that the number of
cars with gasoline and diesel engines in the city is about
the same.

6 Conclusions

1. Experimental research has confirmed the ability
to use cavitation treatment for intensive mixing of
difficult to mix water and gasoline in certain mass
ratios. The water-gasoline fuel mixture formed by
cavitation treatment is suitable for ensuring stable
operation of automobile engines in the facilitated
modes, for example, “idling”. The range of stable
operation of the engine on the water-gasoline
cavitation-treated fuel mixture is in the ratio of
15-17 % of water to 85-83 % of gasoline in the formed
fuel mixture.

2. It is experimentally established that when the mass
of water in the water-gasoline cavitation-treated
fuel mixture increases, the engine crankshaft
speed decreases by 15-20 percent. This will be
accompanied by a proportional decrease in its
torque and, accordingly, engine power.

3. The working chamber with the disk cavitation
perturbators placed in it is the basis of the proposed
design of a low-frequency vibration-resonant
cavitator for mixing and cavitation treatment of the
water-gasoline fuel mixture. The electromagnetic
drive healed by the car battery provides oscillating
movements to cavitation disturbers. It is established
that the optimum modes of oscillatory displacements
of cavitation perturbators are the amplitude of
oscillations of (1.0-1.5) 10®m at the frequency of
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their oscillations in the range of 47-52 Hz.

including idling, traffic jams, driving on flat and

4. The improved technological scheme of a power descending sections of highways, etc. are the main
supply of the automobile internal combustion periods of use of the water-gasoline fuel mixture
engine’ cylinders with the cavitation-treated water- during the operation of cars.
gasoline fuel supply includes supplementation of The use of the water-gasoline fuel mixture during
a traditional gasoline supply network with an one-year operation of the car can save up to 150
electromagnetic vibrating cavitator for mixing the litres of gasoline worth about $ 150. In addition,
water-gasoline mixture and an additional water along with the economic benefits, there is also an
supply network with its accumulation tank. environmental component. It is the reduction of the

5. The so-called “facilitated” modes of engine operation, amount of gasoline burned.
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Resume

Angular ball bearings are commonly used whenever there is a demand to
increase stiffness of a bearing. The aforementioned increase of stiffness
can be achieved by obtaining proper preload in bearings. In common belief,
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preload has a negative consequence: it increases the load of rolling elements,

which must lead to lower durability of bearing compared to the situation

before the preload use.

The objective of the research was to analyse how a change of load plane,
while applying the preload, affects durability of angular ball bearings. In
calculations of durability of bearings, besides elasticity of a shaft, radial,
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axial and bending elasticities of bearings were taken into consideration, as

well.
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1 Introduction

In modern scientific literature there can be found
a lot of information concerning the effect of preload on
bearings and bearing systems. The preload is applied
not only in the case of angular contact ball bearings
but also in the case of other bearings; e.g. [1] presents
a generalization of previous works developed by the
authors in the field of calculation and selection of slewing
bearings where a theoretical model for estimation of
the static load-carrying capacity of four-contact-point
slewing bearings was obtained.

Authors of [2] present the results of experimental
studies on the effects of mechanical preload and bearing
clearance on the rotor dynamic performance of lobed gas
foil bearings (GFBs) for oil-free turbochargers (TCs).

Great attention was paid to the effect of the preload
on stiffness of machine tool spindles in relation to
thermal effects; e.g. [3] presents a unified method to
predict nonlinear thermal characteristics of a high-
speed spindle bearing subjected to a preload. Based
on the quasi-static model and finite difference method
the change of thermal contact resistance, bearing
parameters and heat source with temperature per
second is completely analyzed using a new algorithm.
As a result, the thermal effects on contact angles,
contact forces, the preload and stiffness of the bearing

are found. Moreover, analysis results show that the
estimated preload and bearing stiffness nonlinearly
vary with the increase in temperature. In [4], a multi-
criteria optimization was performed for systems bearing-
spindle. Many objectives were considered in this work,
including vibration frequencies, static stiffness and total
friction torque. Bearing preload and bearing position
were selected as variable factors.

Then, in [5] are presented the effects of the preload
and preload method on the rotational performance of
the spindle-bearing system is explored experimentally to
reveal the role of preload and preload method in spindle
rotational performances under different speeds.

The angular contact ball bearing preload is very
important for the high-speed spindles and has a very
large effect on the dynamic and thermal characteristics
of the spindles [6], vibrations [7], the performance of
the spindle system and bearings in a machine tool [8-9],
dynamic characteristics of a rotor [10], on the dynamic
performance of bearing system [11] and of spindles [12].
In [11] the maximum compliance of the spindle tool tip
was found to occur at the bending vibrations of a spindle
shaft and vary with the preload amount of a spindle
bearing.

The preload has a significant effect on the axial
stiffness of the machine tool spindle, as shown in [13-
14], where the axial stiffness softening and hardening
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State before the bending of a shaft
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State after the bending of a shaft
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Figure 1 Tilting of the rings in the bearings due to angular deflection of the shaft [16-17]

Figure 2 Direction of internal forces acting in a bearing due to tilting of rings in the bearing by an angle 0:
@’ - internal force of the lower ball, @” - internal force of the upper ball, W - nodal point
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Figure 3 The emergence of reactionary bending moments in bearings

characteristics of machine tool spindle are studied. “The
results show that when bearing preload reaches a certain
relatively large threshold, a “sag” shape occurs in the
axial stiffness curve, indicating the “stiffness hardening”
characteristic of the spindle. On the other hand, for
a small preload no “sag” shape occurs in spindle stiffness
curve, indicating the “stiffness softening” characteristic
of the spindle. This phenomenon is of great significance
for the acquisition of the excellent spindle stiffness
properties.” [13].

Wear between the rolling elements and raceways
has a significant effect on the dynamic characteristics
of the bearing, which is the main cause of a bearing
failure. The proposed computational models have been
developed to investigate the dynamic characteristics of
the bearing [15]. However, bearing wear has rarely been
studied due to the complexity of the contact load and
wear mechanism.

Currently used solutions to the problem define
the bearing reaction forces and moments in bearings,
assuming that the shaft is perfectly stiff.

However, the susceptibility of the bearings is

overlooked. Bearings are considered to be perfectly
rigid articulated supports when the reality is different:
in most types of bearings, the rings in the bearing tilt
relative to each other (Figure 1), which results in contact
deformation in the bearing.

Figure 2 shows the tilt of the ring in the bearing.
This tilting causes contact deformation where the rolling
element is in contact with the raceways, leading to
additional internal forces in the bearing. Development of
those additional forces in the bearing causes an increase
in the pressure Q forces of the rolling elements on the
raceways and a change in the action of these forces.

Due to the bearing rings being tilted by an angle 6
(Figure 2), the lines of action of the internal force vectors
Q ‘and Q” pass the nodal point Won the right and as
a result create moments of the same signs.

In addition, the lines of action of the forces from
all the rolling elements are deflected and this deflection
occurs to varying degrees depending on the position
of the rolling element on the bearing circumference,
resulting in a resultant bending moment in the axial
plane of the bearing and shaft. This moment emerges
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Figure 5 Calculation of axial reactions of bearings

simultaneously with the increase of Q forces in relation
to the state with no deflection. These bending moments
are the bearing’s reaction to angular deflection of the
shaft and occur in both bearings (Figure 3).

The occurrence of these bending reaction moments
in the bearings results in the fact that the bearings are
actually loaded completely differently from the simple
model based on external forces and support’s reactions.
Moreover, the resulting reaction bending moments
additionally load the shaft and change its deflection line
and this affects the bending moment distribution and
changes in the reaction of the supports.

In fact, the following loads are exerted on the shaft:
(Figure 4 and Figure 5):
¢ external loads in the form of external forces and

moments,

* loads of supports in the form of reaction forces and
reaction moments of supports.

All the aforementioned loads have been included in
the static equations.

As proven, the values of reaction bending moments
are dependent on the shaft deflection line, which means
that they are dependent on its stiffness.

If the shaft is loaded in different planes, the shaft
deflection line is a three-dimensional line, the shape of
which is relatively complicated. Determining the shaft
deflection parameters with the use of commonly used
formulas is not practical in the case under consideration.

In practice, two methods are used for such complex

cases. In the case of many simple shaft loads, the
superposition principle can be used, which consists in
putting together of the deflection coming from individual
forces. Another method used for the complex shaft
loads and applied in manuscript, is Mohr’s method,
based on differential equations describing the geometric
parameters of deformations and relationships between
loads.

The reaction moments generated in the bearings
are the bearings reaction to shaft angular deflection.
The values of the reaction bending moments depend on
the shaft deflection line and therefore they depend on
its stiffness.

When calculating the bearing service life, in addition
to shaft elasticity, bearing radial, axial and bending
elasticity must be taken into account. The radial and
axial elasticity is determined by the dependence of
the radial and axial force acting on the bearing and
the radial and axial displacement of the rings in the
bearings.

On the other hand, bending elasticity is expressed
by the dependence of the bending moment, developed
in the bearing, on the angular deflection of the rings in
the bearing.

Not only the radial and axial reaction, but the
reaction moment of each bearing is considered in the
static equations of the system, as well. It is worth noting
that there is a feedback: the radial displacements in the
bearings correspond to the deflections of the shaft on the
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supports and the angular deflections of the bearing rings
are determined by the deflection line of the shaft and
this deflection line is affected by the reaction moments
of the bearings, which affect the angular deflections of
the rings.

The bearing reactions result from the internal
forces acting between the bearing elements, which in
turn depend on the mutual displacements of the bearing
elements.

The pressure force between the rolling part (ball)
and the raceway of the ring of the ball bearing is the
cause of the contact deformation. This deformation is
spatial, i.e. three-dimensional. The area of the deformed
surface can be considered elliptical and the profile -
parabolic. There is a close correlation between the force
Q and the dimensions of the contact ellipse and the
depth of deformation in both contacting elements.

Figure 6 shows a half section of the bearing. Figure
6a shows the unloaded condition. In this condition, the
ball adheres to both rings without distortion. The center
of curvature of the inner ring raceway is at point P and
the outer ring is at point Q. The spacing between them
is A.

Figure 6b shows the condition after the axial loading
of the bearing (obviously greatly exaggerated) and due
to the application of preload. The inner ring has been
shifted relative to the outer ring and the center of its
raceway curvature has moved to the point P ‘. The circle
symbolizing the ball now penetrates a certain depth
into the profiles of both rings, which causes contact
deformation. The contact strains can be determined
from the formula:

§=B—A=PQ—PQ. (1)

This principle determines the normal contact
deformation for an arbitrarily positioned ball due to
a displacements of the inner ring relative to the outer
ring. Before presenting this spatial analysis, it is
necessary to define the geometrical design features of
the bearing.

The calculation of deformations in the contact
between any sphere and rings can be done using the
vector calculus. It will be more correct to explain this
procedure in a three-dimensional drawing showing all
the displacements. The method shown is used in this
procedure and is illustrated in Figure 7. The starting
point is an approximation of the rings in the bearing
(inner relative to outer) on which this ball is located.
The measure of this approximation is the local distance
between the circles OK and OK . This can be delineated
by considering the change in position of point P to
position P’. This transition consists in the displacement
of the inner ring in the x, y, z directions and its deflection
about around the y and z axes:

* shift in the x direction: f_
*  shift in the y direction: f,
* shift in the z direction: f,
*  tilt with respect to y axis:r, - © - siny
*  tilt with respect to z axis: r_- ©, - cos y.

The point P’ has a different axial plane from the
point P because it experiences some circumferential
shift. This new plane is indicated in Figure 7 by the
vertices of ae triangle BP’Q’. Therefore, the distance
between the circles OK, and OK, is the distance
between the points P’ and Q to be measured. For
a more accessible illustration of the components of the
displacement of point P to P’, an additional Figure 8
is provided, showing the plane BP'Q’, where point P is
converted to point PP. The displacements f and f, are
projected onto the plane BP’Q’. The difference between
the distances P’Q’ and PP Q’ defines the value of the ring
approximation.

After determining the rapprochement of the rings 3
and the Hertzian parameters of the contact * and Xp, it
is now possible to determine the force Q at the contact
point under consideration.

Knowing the Q forces acting between the balls
and rings allowed to determine the reaction forces
and the reaction moments for the spatial force
system. The notation of the reactions is shown
in Figure 9.
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Figure 7 Local approximation of rings
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Figure 8 Illustration in the BP ‘Q’ plane of the principle of calculating
the local rapprochement of the rings

The upper figure in the perspective view shows
the arc of the centers of curvature of the outer ring
raceway. The Q forces are applied to the points on this
arc, which act between the rolling elements and the
bearing raceway. They are deviated from the y-z plane
by the angle oa. As a result of the projection of the Q
forces on the assumed axes of symmetry, one obtains the
following formulas:

Q.= @ sina, (2)

Q= Q-cosa, (3)

Qy= Q- cosy = Q-cosa-cosy , 4)

Q.= Q- siny = Q-cosa-siny, 5)

. 7(1'(rbw + Vbz — Dk)
w

M. = Q -sin(o — o) -siny, (6)

7y (oo + 10 — Di)
w

M, =Q -sin(o — o) cosy . (7)

Equations (2) + (7) define the loads occurring on one,
arbitrary, rolling element.
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Iq Siny/

Figure 9 Determining the reaction of bearing

y

Iq

Figure 10 Determining the reaction moment of a bearing [18-19]

The moment from the force Q is to be determined
with respect to the point W, which is measured at
the point of support of the shaft on the bearing. This
calculation is shown in Figure 10. The force Q is applied
at the center of the outer ring raceway curve, denoted as
q. The moment of force Q coming out of any sphere (here
a sphere lying in the plane of the diagram is chosen) is:

M=Q r. (8)

The total bearing reactions and reaction moments
are the result of the interaction of each rolling element
in the bearing and are determined by adding the forces
and moments resulting from rolling elements under the
normal deformation:

R.= > (Q sina), €))

R, =Y (Q cosa), (10)
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R, =>(Q cosa cosy), (11)
R.=>(Q cosa siny), 12)
sz =
Z[Q re (7w +wi"/,z — D) sin(a — O(o)'Sirll//], (13)
M.y, =

(14)

Z[Q Tq-(i"bw +w7'hz - Dk) 'Sin(a o ao)'COSl[/].

The formulas presented here allowed the reactions
of the two shaft bearings to be determined separately,
based on their separate internal deformations.

The above shows determination of the shaft support
reactions based on the shaft loads and determination of
the bearing reactions as a response to the deformations
taking place in them. The shaft supports are, of course, the
bearings. Both reactions must therefore be respectively
equal to each other. It is one of the components of the
bearing balance. The first is the equilibrium of the
reaction in the directions perpendicular to the shaft
axis, i.e. y and z. If the lateral reaction, calculated as the
support reaction, was greater than the bearing reaction
resulting from internal deformations in it, for example:

Rayw > Ray, (15)
or Raxo > Ra:, (16)
or Rpy > Ray, an
or Rp.o > Rp:, (18)

then the calculation procedure increases the internal
displacement in the corresponding bearing (A or B) in
the appropriate direction (x or y), so as to satisfy all
the above equations. In the event of the opposite sign
of inequality, the corresponding displacement in the
corresponding bearing is reduced.

In the direction of the shaft axis, the balance of
the axial external forces and the axial reactions of the
bearings is checked. The resultant of these forces:
We = Rax+ > Fix — Rp, (19)
should be zero. If it is less than zero, the calculation
procedure shifts the shaft along with the inner rings
of the bearings to the left in order to increase the left
bearing deformation and consequently increase the R,
force and at the same time reduce the R . If, on the
other hand, this resultant W_> 0, then the calculation
procedure shifts the shaft along with the inner rings of
the bearings to the right in order to reduce the R, force
and at the same time increase the R .

The iterative process presented above, used in the
computer program, makes it possible to calculate such

displacements and tilts of the inner rings in relation to
the outer rings in both bearings, that all the equilibrium
equations are simultaneously satisfied.

The absolute equivalent load on the ring, moving in
relation to the load, is equivalent to the time-averaged
load of the ball circling the bearing Q_. This value is
calculated in the computer program according to the
known dependence taking into account the equivalent
effort of the material subjected to variable loads:

1 .
er = 72?,1 f

The equivalent load of a point contact radial bearing
is calculated from the formula:

(20)

p= 0.2288

(21)

The angular contact ball bearing belongs to the deep
groove bearings with point contact. The fatigue strength
of the raceways and balls of an angular contact bearing
depends in the same way on their averaged load as in
a deep groove ball bearing, provided that the total load
is taken into account, not only its radial component. In
the developed procedure, the total loads are calculated.
Therefore, the formula was adopted for the angular
contact ball bearing.

Based on the Weibull theory, an expression was
obtained:

_(CY
L=(%). ©22)
The number L is the number of million revolutions

the bearing can make before the raceway or rolling
elements are damaged. The exponent of the power p
is a number with different values depending on the

bearing type. For the ball bearings, p = 3.

2 The calculation method used

In order to solve the problem, it was necessary to
combine such issues as: deflection line of machine shaft
for the complex external load, dislocations of inner rings
in relation to the outer ones as a result of loads and of
preload, elastic contact deformations in the points of
contact of rolling parts with the track in both bearings
of the system, calculations of contact forces in bearings,
based on contact deformations, balance between inner
(contact) forces and outer loading of the whole bearing,
calculations of durability of bearings based on these
contact forces.

The adoption of a correct computational model is
a crucial step towards finding a theoretical solution to
the problem. On the correctness of the model depends
the scope of the considered phenomena, the degree
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di

X6

Figure 11 Sketch of a model shaft

variant I

variant 11

Figure 12 Load variants adopted

of approximation to reality and the amount of work
needed to apply the solution. For the present study, used
a method developed by the author, which was applied in
papers [20-24] and others.

3 Analytical considerations

These types of bearings work in arrangements and
must be considered in arrangements. Forces that occur
in bearings depend, among others, on the load bearing,
shaft deflection. The bearing load or the shaft deflection
line depends again on the way the external shaft is
loaded. Possibilities are endless, therefore a specific
construction had to be assumed by the author.

The assumed construction was a model shaft (Figure
11) with two 7212B angular ball bearings of a dynamic
capacity of C=57200 N, according to [25].

The model shaft has the following dimensions:
= 22mm, x, = 100mm, x, = 200mm, x, = 300mm,
371mm, x, = 400mm, d, = 60mm, d, = 67mm,
75mm, d, = 75mm, d, = 67mm, d, = 60mm. The

%,
X
d3

bearing was a subject to calculations for loadings
different in values and differently placed. Variants
of locations are shown in Figure 12. In one variant of
location (variant I) it is assumed the load is assumed to
be on either side of a single gear located at a distance x;
distance from the end of the shaft. In another variant
(variant II) loads are applied on two gears placed at x;,
and x;, distances from the end of the shaft. Location of
points of application is defined by angles p, and f,.

The locations of the load planes were taken in
relation to the shaft length L , which corresponds to
dimension x;:

For variant I of the location (Figure 12 - left):
x, =03L,x =04L,x =05L,x =060L_ or
x, =0.7L,.

For variant II of the location (Figure 12 - right):
x,=04L,x,=0.6L_, for the angles: B, = , = 90° and
B, = 90% B, = 180% or B, = 90°%, B, = 270"

Diameter of the rolling: D, = 200 mm.

It has been assumed, that loads in both the points
presented in Figure 12 are identical. (F, =F, F  =F ,
F_ =F_). The diameters of the gears are the same.
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The circumferential load F_ on the alleged gear F
depends on dynamic capacity of the bearing and will be
assumed as 0.1 C, when Fp1=0.36 F.
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Durability of A bearing L, [million rev.]
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1400
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Characteristics of durability of bearings, when
considering the preload for the obtained values, are
presented in the Figures 13+19:
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Figure 13 Durability of bearings A and B for the load plane x; = 0.3 L, for variant I of the load
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4 Deduction

The following observations have been made based
on Figures 13+20:

When loads are applied to the shaft located closer
to the left bearing, then, independently of the value of
the cross-bending and axial loads, together with the
increase of preload Zc, durability of bearing A increases
slowly up to a certain value Z and then falls rapidly.
The maximum value is reached for different Z_ values,
depending on the values of loadings. In contrast, the
life of the right bearing (B) under these conditions
decreases markedly over the entire range of increasing
preload. Furthermore, the life curves of bearing B have
different levels depending on the axial force, which is
understandable since it is directed at the right bearing.

When the forces are applied exactly in the middle
between the bearings, the life curve A bearing is similar
to the previous case, which means they obtain maximum
values. However, in this case these maximum values
are visibly “dislocated” in correlation to one another,
depending on the axial load values. In contrast to the
previous load placement, in this case certain curves of
durability of the bearing B (the right one) also obtain
maximum values. Those are the curves that correspond
to the lowest values of axial force (below 0.1 F ). For
the higher values of axial force, the characteristics
of durability of the bearing B have a falling
course.

If the loads are applied closer to the bearing on the
right side, both the bearing life of bearing A and B vary
with the axial force. For a large value of the axial force
(above 0.2 Fc), the life curves of bearing A increase to
a certain maximum value, but for a smaller axial force
these curves decrease monotonically as the preload
value increases from 0. On the other hand, the life
curves of bearing B behave in the opposite way: the
appearance of maximum values can be observed when
the axial force is less than 0.2 Fc. When the axial force
is higher, the life characteristics of bearing B decrease,
but not so sharply.

With the loads applied to the two different wheels,
located as in Figure 12, the character of the curves
resembles the course characteristic of the position of
the load plane exactly in the center of the shaft. All the
curves durability of the bearing A demonstrate maxima
located in a similar range of preload as in the case of
central location of one plane of the load. Whereas out
of the durability curves of the bearing B, only the one
corresponding to the axial force 0 reaches maximum
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for the positive value of preload. Other curves are
decreasing.

Advantageous durability characteristics for bearings
are visible in all the graphs. A small number of lines
fall moderately with the increase of preload. However,
most of the lines have a rising course, at times, even
a significantly rising one.

5 Conclusion

Observations presented above prove, that only
when the plane of loading is placed at a half the distance
between the bearings and with a low axial load (below
0.1 F), a preload enables achieving the increase in
durability of both bearings. In all the other cases, the life
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of longitudinal stiffness of a bearing system is obtained,
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because it has a big impact on bearings’ performance,
which is shown in [26].

In article [27] a new automatic variable preload
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are essential for a ball bearing which is one of the
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[1] AQUIRREBEITIA, J., PLAZA, J., ABASOLO, M., VALLEJO, J. Effect of the preload in the general static
load-carrying capacity of four-contact-point slewing bearings for wind turbine generators: theoretical
model and finite element calculations. Wind Energy [online]. 2014, 17(10), p. 1605-1621. eISSN 1099-1824.

Available from: https:/doi.org/10.1002/we.1656

COMMUNICATIONS 3/2022

VOLUME 24


https://doi.org/10.1177%2F1687814018776171

ANALYSIS OF INFLUENCE OF THE LOAD PLANE COMBINED WITH PRELOAD ON DURABILITY... B187

[2] CHOI, CH.-H., LEE, CH.-M. A variable preload device using liquid pressure for machine tools spindles.
International Journal of Precision Engineering and Manufacturing [online]. 2012, 13, p. 1009-1012.
ISSN 2234-7593, eISSN 2005-4602. Available from: https://doi.org/10.1007/s12541-012-0131-2

[3] BAI, CH., ZHANG, H., XU, Q. Effects of axial preload of ball bearing on the nonlinear dynamic characteristics
of a rotor-bearing system. An International Journal of Nonlinear Dynamics and Chaos in Engineering Systems
[online]. 2008, 53(3), p. 173-190. ISSN 0924-090X, eISSN 1573-269X. Available from: https://doi.org/10.1007/
$11071-007-9306-2

[4] CAO, H., HOLKUP, T., ALTINTAS, Y. A comparative study on the dynamics of high speed spindles with
respect to different preload mechanisms. The International Journal of Advanced Manufacturing Technology
[online]. 2011, 57(9), p. 871-883. ISSN 0268-3768, eISSN 1433-3015. Available from: https://doi.org/10.1007/
s00170-011-3356-9

[6] CHEHG, H., ZHANG, Y., LU, W., YANG, Z. Research on the effect of structural and material parameters
on vibrations based on quasi-static model of bearings. Journal of the Brazilian Society of Mechanical
Sciences and Engineering [online]. 2020, 42(11), 578. ISSN 1678-5878, eISSN 1806-3691. Available from:
https://doi.org/10.1007/s40430-020-02659-x

[61] GAOFENG, H., WEIGUO, G., YE, CH., DAWEI, Z., YANLING, T., XIANGYANG, Q., HONGIJE, Z. An
experimental study on the rotational accuracy of variable preload spindle-bearing system. Advances in
Mechanical Engineering [online]. 2018, 10(5), p. 1-14. ISSN 1687-8132, eISSN 1687-8140. Available from:
https://doi.org/10.1177/1687814018776171

[71 GU,d., ZHANG, Y., LIU, H. Influences of wear on dynamic characteristics of angular contact ball bearings.
Meccanica [online]. 2019, 54(7), p. 945-965. ISSN 0025-6455, eISSN 1572-9648. Available from: https:/doi.
org/10.1007/s11012-019-00996-3

[8] HU,G.,ZHANG, D., GAO, W., CHEN, Y., LIU, T., TIAN, Y. Study on variable pressure/position preload spindle-
bearing system by using piezoelectric actuators under close-loop control. International Journal of Machine
Tools and Manufacture [online]. 2017, 125, p. 68-88. ISSN 0890-6955. Available from: https://doi.org/10.1016/j.
ijmachtools.2017.11.004

[91 HUNG, J.-P,, LAI, Y.-L., LUO, T.-L., SU, H.-CH. Analysis of the machining stability of a milling machine
considering the effect of machine frame structure and spindle bearings: experimental and finite element
approaches. The International Journal of Advanced Manufacturing Technology [online]. 2013, 68(9-12), p. 2393-
2405. ISSN 0268-3768, e[SSN 1433-3015. Available from: https:/doi.org/10.1007/s00170-013-4848-6

[10] HWANG, Y.-K., LEE, CH.-M. A review on the preload technology of the rolling bearing for the spindle of machine
tools. International Journal of Precision Engineering and Manufacturing [online]. 2010, 11(3), p. 491-498.
ISSN 2234-7593, eISSN 2005-4602. Available from: https://doi.org/10.1007/s12541-010-0058-4

[11] SIM, K., LEE, Y.-B., KIM, T. Effects of mechanical preload and bearing clearance on rotor dynamic performance
of lobed gas foil bearings for oil-free turbochargers. Tribology Transactions [online]. 2013, 56(2), p. 224-235.
ISSN 1040-2004, eISSN 1547-397X. Available from: https://doi.org/10.1080/10402004.2012.737502

[12] HWAN, Y.-K., LEE, CH.-M. Development of a simple determination method of variable preloads for high speed
spindles in machine tools. International Journal of Precision Engineering and Manufacturing [online]. 2015,
16(1), p. 127-134. ISSN 2234-7593, eISSN 2005-4602. Available from: https://doi.org/ 10.1007/s12541-015-0016-2

[13] KIM, D. H., LEE, CH. M. A study on the development of a new conceptual automatic variable preload system
for a spindle bearing. The International Journal of Advanced Manufacturing Technology [online]. 2013, 65,
p. 817-824. ISSN 0268-3768, eISSN 1433-3015. Available from: https://doi.org/10.1007/s00170-012-4219-8

[14] ZHANG, J., FANG, B., ZHU, Y., HONG, J. A comparative study and stiffness analysis of angular contact
ball bearings under different preload mechanisms. Mechanism and Machine Theory [online]. 2017, 115, p. 1-17.
ISSN 0094-114X. Available from: https:/doi.org/10.1016/j.mechmachtheory.2017.03.012

[15] LI, J., ZHU, Y., YAN, K., YAN, X,, LIU, Y., HONG, J. Research on the axial stiffness softening and hardening
characteristics of machine tool spindle system. International Journal of Advanced Manufacturing Technology
[online]. 2018, 99, p. 951-963. ISSN 0268-3768, e[SSN 1433-3015. Available from: https://doi.org/10.1007/s00170-
018-2456-1

[16] KACZOR, J., RACZYNSKI, A.The effect of preload of angular contact ball bearings on durability of
bearing system. Proceedings of the Institution of Mechanical Engineers, Part J: Journal of Engineering
Tribology [online]. 2015, 229(6), p. 723-732. ISSN 1350-6501, eISSN 2041-305X. Available from:
https://doi.org/10.1177/1350650114562485

[17] KACZOR, J., RACZYNSKI, A. The selection of preload in angular contact ball bearings according to the
durability criterion. Tribologia [online]. 2018, 1(277), p. 25-34. ISSN 0208-7774, e[SSN 1732-422X. Available
from: https://doi.org/10.5604/01.3001.0011.8284

[18]1 HARRIS, T. A. Rolling bering analysis. London: John Wiley and Sons, 2006. ISBN 9780849381676.

VOLUME 24 COMMUNICATIONS 3/2022


https://doi.org/10.1007/s12541-012-0131-2
http://dx.doi.org/10.1007/s11071-007-9306-2
http://dx.doi.org/10.1007/s11071-007-9306-2
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbSotEm0qq5KtpzxgeKzsk232%2bBI49ere6%2fY4EWy2K9Jq6%2fjSrKjsH2v27ZRsa2wfOCrvoji2auOq%2bnji%2fHj5YquqaSE3%2bTlVe7ipHzgs%2bN88enoi6Tq33%2b7t8w%2b3%2bS7feLp8YLxpLNasqu2S7OqpH7t6Ot58rPkjeri8n326gAA&vid=18&sid=459eb0ea-c1bb-4b11-9e24-2e1e89372db5@pdc-v-sessmgr03
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbSotEm0qq5KtpzxgeKzsk232%2bBI49ere6%2fY4EWy2K9Jq6%2fjSrKjsH2v27ZRsa2wfOCrvoji2auOq%2bnji%2fHj5YquqaSE3%2bTlVe7ipHzgs%2bN88enoi6Tq33%2b7t8w%2b3%2bS7feLp8YLxpLNasqu2S7OqpH7t6Ot58rPkjeri8n326gAA&vid=18&sid=459eb0ea-c1bb-4b11-9e24-2e1e89372db5@pdc-v-sessmgr03
http://dx.doi.org/10.1007/s00170-011-3356-9
http://dx.doi.org/10.1007/s00170-011-3356-9
https://doi.org/10.1177%2F1687814018776171
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbSotEm0qq5KtpzxgeKzsk232%2bBI49ere6%2fY4EWy2K9Jq6%2fjSrKjsH2v27ZRsa2wfOCrvoji2auOq%2bnji%2fHj5YquqaSE3%2bTlVe7ipHzgs%2bN88enoi6Tq33%2b7t8w%2b3%2bS7feLp8YLxpL9Owbu2XLa3pH7t6Ot58rPkjeri8n326gAA&vid=18&sid=459eb0ea-c1bb-4b11-9e24-2e1e89372db5@pdc-v-sessmgr03
https://doi.org/10.1007/s11012-019-00996-3
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbOusE62rLNQsZzxgeKzrnvfp7BIsKirfbStr0Wy2LJKq9jhTrOj5Eng2rVJr9qxULOsvovj6fGB7eTrf%2fCnrkuk4t%2bG5bPuhKTa4FXj2vF96uakjN%2fdu1nMnN%2bGu8muULemtFGzq69PsaavTbbOpH7t6Ot58rPkjeri8n326gAA&vid=5&sid=0ca12022-e671-4b42-bc65-f1bd711d3856@sessionmgr103
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbOusE62rLNQsZzxgeKzrnvfp7BIsKirfbStr0Wy2LJKq9jhTrOj5Eng2rVJr9qxULOsvovj6fGB7eTrf%2fCnrkuk4t%2bG5bPuhKTa4FXj2vF96uakjN%2fdu1nMnN%2bGu8muULemtFGzq69PsaavTbbOpH7t6Ot58rPkjeri8n326gAA&vid=5&sid=0ca12022-e671-4b42-bc65-f1bd711d3856@sessionmgr103
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbSotEm0qq5KtpzxgeKzsk232%2bBI49ere6%2fY4EWy2K9Jq6%2fjSrKjsH2v27ZRsa2wfOCrvoji2auOq%2bnji%2fHj5YquqaSE3%2bTlVe7ipHzgs%2bN88enoi6Tq33%2b7t8w%2b3%2bS7feLp8YLxpLNJsK7CSrW7pH7t6Ot58rPkjeri8n326gAA&vid=18&sid=459eb0ea-c1bb-4b11-9e24-2e1e89372db5@pdc-v-sessmgr03
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbSotEm0qq5KtpzxgeKzsk232%2bBI49ere6%2fY4EWy2K9Jq6%2fjSrKjsH2v27ZRsa2wfOCrvoji2auOq%2bnji%2fHj5YquqaSE3%2bTlVe7ipHzgs%2bN88enoi6Tq33%2b7t8w%2b3%2bS7feLp8YLxpLNJsK7CSrW7pH7t6Ot58rPkjeri8n326gAA&vid=18&sid=459eb0ea-c1bb-4b11-9e24-2e1e89372db5@pdc-v-sessmgr03
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbSotEm0qq5KtpzxgeKzsk232%2bBI49ere6%2fY4EWy2K9Jq6%2fjSrKjsH2v27ZRsa2wfOCrvoji2auOq%2bnji%2fHj5YquqaSE3%2bTlVe7ipHzgs%2bN88enoi6Tq33%2b7t8w%2b3%2bS7feLp8YLxpLNJsK7CSrW7pH7t6Ot58rPkjeri8n326gAA&vid=18&sid=459eb0ea-c1bb-4b11-9e24-2e1e89372db5@pdc-v-sessmgr03
https://doi.org/10.1007/s00170-013-4848-6
https://doi.org/10.1007/s12541-010-0058-4
http://dx.doi.org/10.1080/10402004.2012.737502
http://dx.doi.org/10.1007/s12541-015-0016-2
https://doi.org/
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbSotEm0qq5KtpzxgeKzsk232%2bBI49ere6%2fY4EWy2K9Jq6%2fjSrKjsH2v27ZRsa2wfOCrvoji2auOq%2bnji%2fHj5YquqaSE3%2bTlVe7ipHzgs%2bN88enoi6Tq33%2b7t8w%2b3%2bS7feLp8YLxpLFLv7qvXsSupH7t6Ot58rPkjeri8n326gAA&vid=18&sid=459eb0ea-c1bb-4b11-9e24-2e1e89372db5@pdc-v-sessmgr03
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbSotEm0qq5KtpzxgeKzsk232%2bBI49ere6%2fY4EWy2K9Jq6%2fjSrKjsH2v27ZRsa2wfOCrvoji2auOq%2bnji%2fHj5YquqaSE3%2bTlVe7ipHzgs%2bN88enoi6Tq33%2b7t8w%2b3%2bS7feLp8YLxpLFLv7qvXsSupH7t6Ot58rPkjeri8n326gAA&vid=18&sid=459eb0ea-c1bb-4b11-9e24-2e1e89372db5@pdc-v-sessmgr03
https://doi.org/10.1007/s00170-018-2456-1
https://doi.org/10.1007/s00170-018-2456-1
https://doi.org/10.1177%2F1350650114562485

B188 KACZOR

[19] KACZOR, J. Analysis of the influence of shaft load on the value of acceptable preload in a system of angular
ball bearings. Bimonthly Tribologia [online]. 2020, 290(2), p. 25-35. ISSN 0208-7774. Available from:
https://doi.org/10.5604/01.3001.0014.3737

[20] JANG, G. H, KIM, D. K., HAN, J. H., KIM, C. S. Analysis of dynamic characteristics of a HDD spindle system
supported by ball bearing due to temperature variation. Microsystem Technologies [online]. 2003, 9, p. 243-249.
ISSN 0946-7076, eISSN 1432-1858. Available from: https://doi.org/10.1007/s00542-002-0260-0

[21] KACZOR, J., RACZYNSKI, A. The selection of preload in angular contact ball bearings according to the criterion
of moment of friction. Tribologia [online]. 2018, 1(277), p. 35-44. ISSN 0208-7774, eISSN 1732-422X. Available
from: https://doi.org/10.5604/01.3001.0011.8286

[22] KACZOR, J., RACZYNSKI, A. The influence of preload on the work of angular contact ball bearings.
Archive of Mechanical Engineering [online]. 2016, 63(3), p. 319-336. eISSN 2300-1895. Available from:
https://doi.org/10.1515/meceng-2016-0018

[23]1 MOHAMMED, A., ABDALLAH, A. Effects of axial preloading of angular contact ball bearings on the dynamics of
a grinding machine spindle system. Journal of Materials Processing Technology [online]. 2003, 136(1-3), p. 48-59.
ISSN 0924-0136. Available from: https:/doi.org/10.1016/S0924-0136(02)00846-4

[24] RACZYNSKI, A. The calculation method of deep groove ball bearings durability with regard to clearance and
shaft. Scientific Problems of Machines Operation and Maintenance. 1999, 34(1), p. 111-120. ISSN 0137-5474.

[25] SKF catalog [online]. Available from: http:/www.skf.com/group/products/bearings-units-housings/
ball-bearings/angular-contact-ball-bearings/single-row-angular-contact-ball-bearings/single-row/index.
html?designation=7212%20BEP

[26] LI, T., KOLAR, P., LI, X.-Y., WU, J. Research development of preload technology on angular contact ball bearing of
high speed spindle. International Journal of Precision Engineering and Manufacturing [online]. 2020, 21(6),
p. 1163-1185. ISSN 2234-7593, eISSN 2005-4602. Available from: https:/doi.org/10.1007/s12541-019-00289-5

[27] THAN, V., HUANG, J. H. Nonlinear thermal effects on high-speed spindle bearings subjected to preload.
Tribology International [online]. 2015, 96, p. 361-372. ISSN 0301-679X. Available from: https:/doi.org/10.1016/;.
triboint.2015.12.029

[28] TONG, V.-C., HWANG, J., SHIM, J., OH, J.-S., HONG, S.-W. Multi-objective optimization of machine tool
spindle-bearing system. International Journal of Precision Engineering and Manufacturing [online]. 2020,
21(10), p. 1885-1902. ISSN 2234-7593, eISSN 2005-4602. Available from: https://doi.org/10.1007/s12541-020-
00389-7

[29] YAN, K.E., YAN, B., WANG, Y., HONG, J., ZHANG, J. Study on thermal induced preload of ball bearing with
temperature compensation based on state observer approach. The International Journal of Advanced
Manufacturing Technology [online]. 2016, 11, p. 3029-3040. ISSN 0268-3768, eISSN 1433-3015. Available from:
https://doi.org/10.1007/s00170-016-9469-4

COMMUNICATIONS 3/2022 VOLUME 24


https://doi.org/10.5604/01.3001.0014.373
https://doi.org/10.1007/s00542-002-0260-0
http://dx.doi.org/10.5604/01.3001.0011.8286
https://www.scopus.com/source/sourceInfo.uri?sourceId=32011&origin=recordpage
http://dx.doi.org/10.1515/meceng-2016-0018
https://doi.org/10.1016/S0924-0136(02)00846-4
https://doi.org/10.1007/s12541-019-00289-5
https://eds.b.ebscohost.com/eds/viewarticle/render?data=dGJyMPPp44rp2%2fdV0%2bnjisfk5Ie46bdLsq%2bzTLek63nn5Kx94um%2bUK2ns0ewprBJnq24SrGws0%2bet8s%2b8ujfhvHX4Yzn5eyB4rOrSbOusE62rLNQsZzxgeKzrnvfp7BIsKirfbStr0Wy2LJKq9jhTrOj5Eng2rVJr9qxULOsvovj6fGB7eTrf%2fCnrkuk4t%2bG5bPuhKTa4FXj2vF96uakjN%2fdu1nMnN%2bGu8muS66ntE%2b3zq9NrqazUbWspH7t6Ot58rPkjeri8n326gAA&vid=5&sid=0ca12022-e671-4b42-bc65-f1bd711d3856@sessionmgr103
https://doi.org/10.1177%2F1687814018776171
https://doi.org/10.1177%2F1687814018776171
https://doi.org/10.1007/s00170-016-9469-4

ORIGINAL RESEARCH ARTICLE Mechanical Engineering in Transport B189

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits
@ @ use, distribution, and reproduction in any medium, provided the original publication is properly cited. No use, distribution or reproduction is permitted
EY which does not comply with these terms.

ULTRASONIC UNIT FOR REDUCING THE TOXICITY OF DIESEL

VEHICLE EXHAUST GASES

Adil Kadyrov ®, Bauyrzhan Sarsembekov
Kirill Sinelnikov ® '

!, Alexandr Ganyukov

!Karaganda Technical University, Kazakhstan
*Tashkent State Transport University, Uzbekistan

*E-mail of corresponding author: ganukovktu@mail.ru

#, Shinpolat Suyunbaev ©?2,

2

Resume

The article presents materials on use of ultrasonic waves to reduce the smoke
and toxicity of diesel engine exhaust gases. The results of the experiments
are presented. The hypothesis on the reduction of smoke and toxicity of the
exhaust gas due to the acceleration of the coagulation of its particles under
the action of ultrasound has been confirmed.

The dependences of the degree of turbidity of a diesel car on the number
of revolutions of the engine crankshaft per minute and the dependence of
the content of harmful impurities in the exhaust gases, without exposure
and under the influence of ultrasound, at various revolutions of the engine
crankshaft per minute, have been obtained. In addition, graphs of the
amount of settled soot in an ultrasonic device on the number of engine
revolutions per minute were obtained experimentally without and under the
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1 Introduction

Diesel fuel does not have a cost-effective alternative
to this day, despite the tightening of environmental
standards, it remains in demand in the road transport.
Comparison of the energy characteristics of different
fuels shows that the operational efficiency of freight
transport on existing alternative fuels will require
a significant increase in the mass and overall dimensions
of a vehicle. When using alternative fuels, the truck
would have to carry the additional weight of fuel instead
of the cargo being transported. Currently, a car using
diesel fuel drives about 2000km. without refueling.
Under the same conditions, the discounts of a car on
electric batteries - this distance is reduced by about 80
times [1].

Diesel-fueled car exhaust contains substances that
are very harmful to human health - nitrogen oxides,
which cause smog and cause respiratory problems
and ultrafine soot particles, which increase the risk of
cardiovascular diseases and lung cancer [2]. To combat
the emission of soot on diesel vehicles, additional
catalytic converters are installed, which have a relatively
short service life, require additional investment capital
and have a high price characteristics. After the failure

of this filter, car owners often simply remove it, harming
the environment.

Today, there is a number of methods for cleaning
exhaust gases from harmful impurities. The most
common ones are dry, wet, electric, catalytic and
ultrasonic methods of gas cleaning. The dry cleaning
method works with filter pipes of different diameters
and lengths. The wet method of gas cleaning is carried
out due to the interaction of the exhaust gas with water
and the subsequent deposition of harmful impurities
in the filter elements. This method is most widely used
for capturing and further recovering finely dispersed
components. Electric gas cleaning uses electrostatic
precipitators, the work of which is based on the ionization
of molecules. The catalytic gas cleaning method is
based on deep cleaning of process gases. The essence
of the method is to react with a catalyst. Ultrasonic
works by accelerating the process of coagulation of soot
particles.

The disadvantages of these methods include: high
abrasive wear of the internal parts of the apparatus
with a dry cleaning method; dust with low electrical
conductivity is not filtered, it is necessary to clean the
collecting and corona electrodes, the complexity and
high cost of devices with an electric cleaning method;

© 2022 UNIVERSITY OF ZILINA
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Figure 1 Experimental ultrasound unit (front view)

high consumption of electrical and thermal energy in the
catalytic cleaning method.

A method of ultrasonic cleaning is proposed.
Authors have developed an ultrasonic unit for reducing
the toxicity of diesel vehicle exhaust gases from solid
particles, in which an ultrasonic emitter is mounted
inside the body. Research is needed to obtain concrete
results. In this regard, it is important to conduct an
experimental study using modern diagnostic equipment
from the manufacturer “BOSCH”.

Research has been carried out and results have been
obtained on the speed of the ultrasonic wave in different
media, the work of standing waves, the process of wave
reflection, as well as on the purification of the exhaust
gas of a gasoline car [3-10].

The aim of the research was the experimental
confirmation of the fact of reducing the smoke and
toxicity of the exhaust gas of an internal combustion
engine under the influence of ultrasonic waves on it.

Research objectives: analysis of the physics of
the process; development of an experimental stand;
conducting and analyzing the results of the experiment.

2 Materials and methods

Coagulation (from Latin coagulatio - coagulation,
thickening), also flocculation (from Latin flocculi -
shreds, flakes) is a physicochemical process of adhesion
of small particles of dispersed systems into larger ones
under the influence of cohesion forces with formation of
coagulation structures. [11-14]

The physics of the exhaust gas cleaning process
of a car with ultrasound occurs due to the coagulation
process. Coagulation of exhaust gases in a car
muffler occurs constantly (orthokinetic coagulation),
it is accelerated when exposed to ultrasound, which
has a dispersing effect on emulsions and liquid sols
and has a coagulating effect on aerosols (smoke,
fog, dust) (hydrodynamic coagulation). This is due

to the fact that only the longitudinal waves causing
compression are possible in gases. In a longitudinal
wave, the particles of the medium oscillate about their
mean position in the direction parallel to the wave
propagation and lead to the appearance of hydrodynamic
coagulation [15-16].

The Polish scientist M. Smoluchowski in 1906
proposed the theory of coagulation, which was developed
based on the fact that coagulation occurs as a result of
the fact that particles of the dispersed phase, performing
Brownian motion at a certain moment, approach each
other at a distance equal to the radius of the sphere of
influence of the particles, equal to the sum of particle
radii. In this case, the forces of interaction between
the particles create an opportunity for their adhesion
(aggregation). Due to the fact that the probability
of collision of several particles at once is very small,
coagulation occurs, as a rule, between two particles.
A binary particle can interact with a single, double,
triple, etc. particles, as a result of which large aggregates
of particles are formed, which, upon reaching a certain
critical mass, lose the ability to perform Brownian
motion and settle under the action of gravity [17-19].

The occurring processes are theoretically described
by equations of the kinetics of gases [20]

n=mnoe ", 1

where:
n and n, - current and initial particle concentration,
k - concentration factor,
¢ - time coordinate.
It was shown in [17] that, by analogy, it is true:

m=mo-e ™ (2)

where:

m and m, - respectively, the current and initial mass of
coagulated particles,

k - coagulation coefficient;
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Figure 2 Experimental ultrasonic unit (side view)

2208

1- exhaust gas inlet branch pipe, 2- bolt, 3- flange, 4- nut, 5- ultrasonic emitter, 6- steel pipe,
7- ultrasonic generator, 8- ultrasonic impact area,
9- exhaust gas outlet branch pipe.

Figure 3 Scheme of an ultrasonic unit for reducing the toxicity of exhaust gases of a diesel car

Equation (2) implies:
_.m
k= ano/t' 3)

In work [17], dependences on the change in the
transparency of exhaust gases are given.

To carry out the study, a full-size ultrasound unit
was manufactured (Figure 1 and Figure 2)

The purpose of the experiment was to determine the
opacity of the gas after exposure to an ultrasonic wave,
the change in concentration, the ratio of various gases in
the exhaust gas and the value of the mass of coagulated
particles.

The scheme of an ultrasonic installation for reducing
the toxicity of exhaust gases of a diesel vehicle is shown
in Figure 3.

An ultrasonic installation for reducing the toxicity
of exhaust gases of a diesel vehicle was manufactured
according to the scheme in Figure 3 from the following
elements:

e steel pipe with a diameter of 110mm, a length of

1000 mm, a wall thickness of 1.8 mm;
¢ flat flanges with an outer diameter of 205 mm, an

inner diameter of 110 mm and a thickness of 15mm,;
e ultrasonic emitters with a frequency of 40 kHz,

a static capacity of ~ 4400 - 4610 pF, a radiating
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surface of 45mm, insulation resistance of 10,000

mQ and a power of 50 W;

e ultrasonic generator with a frequency of 40 kHz and
a power of 100 W.

The body of the installation was made and the two
ultrasonic transducers of the longitudinal and transverse
directions were mounted, as shown in Figure 3.

To determine the qualitative and quantitative
composition of the exhaust gas mixture, the diagnostic
complex “BOSCH FSA 740” was used.

The experiment with the ultrasonic installation was
carried out as follows:

e to the car Mercedes Benz ML 2.7 CDI, engine
capacity 2700 cc.see the production year 2001,
fuel grade - diesel, an ultrasonic installation was
connected;

* the composition of the exhaust gas was measured by
a gas analyzer and the smoke of the exhaust gases
was measured without the influence of ultrasound
and with the action of a longitudinal ultrasonic
wave after 1 minute, depending on the range of
rotation of the engine crankshaft (750, 1000 and

1400 (1600) rpm).

The ultrasonic unit was connected to the car using
a rubber hose to the inlet pipe 1 for supplying exhaust
gases to the unit. In an ultrasonic installation, with the
ultrasonic generator turned on, longitudinal ultrasonic
waves were applied to the exhaust gas.

In the installation, ultrasonic intensification of
coagulation processes and cleaning of exhaust gases
took place due to the sedimentation of enlarged particles
of exhaust gas at the bottom of the installation. The
cleaned exhaust gas was discharged through the outlet
pipe 9.

To perform the high-precision measurements of
smoke and toxicity in the course of the experiment, the
diagnostic complex “BOSCH FSA 740” was used. The
BOSCH diagnostic complex includes: KT'S 560 diagnostic
scanner; gas analyzer “BEA 050”; optical opacimeter
“BEA 070”. With help of the “KTS 560” scanner, the
vehicle engine speed was monitored to record data
at a certain moment of the engine crankshaft speed.
The gas analyzer “BEA 050" was used to determine
the composition of the exhaust gases, namely the

Table 1 Indications of an autonomous mobile opacimeter for diesel engines “BEA 070

Rotation frequency

Ultrasonic muffler operation crankshaft

Working time Gas turbidity degree

(sec) (%)
(rpm)

without ultrasound 750 30.6
with ultrasound 750 25.5
without ultrasound 1000 27.4
with ultrasound 1000 60 21.6
without ultrasound 1600 31.6
with ultrasound 1600 30.1

32

31
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25

Gas turbidity percentage

24

23

22

21
700 800 900

1000

1100

1200 1300 1400 1500 1600

Engine speed (rpm)

- =@ == Gas turbidity degree without ultrasound

—@— (Gas turbidity degree with ultrasound

Figure 4 Graph of the degree of turbidity of diesel exhaust gas at 750, 1000 and 1600 engine rpm
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Table 2 Experimental data on the degree of turbidity without ultrasonic exposure

Engine speed Degree of turbidity without ultrasonic Degree of turbidity without ultrasound

(rpm) exposure exposure, by cubic regression
(%) (%)
750 30.6 30.0
800 30 29.6
850 29.3 29.2
900 28.7 28.9
950 28 28.6
1000 27.4 28.5
1050 217.8 28.4
1100 28.1 28.4
1150 28.5 28.4
1200 28.8 28.5
1250 29.2 28.7
1300 29.5 29.0
1350 29.9 29.4
1400 30.2 29.8
1450 30.6 30.3
1500 30.9 30.9
1550 31.3 31.5
1600 31.6 32.3

Table 3 Experimental data on the degree of turbidity under the influence of ultrasound

Engine speed Degree of turbidity Degree of turbidity
(rpm) with ultrasonic exposure with ultrasound exposure,
(%) by cubic regression

(%)
750 25.5 24.6
800 24.7 24.1
850 23.9 23.7
900 23.2 234
950 22.4 23.2
1000 21.6 23.2
1050 22.3 23.2
1100 23 234
1150 23.7 23.6
1200 24.4 24.0
1250 25.1 24.5
1300 25.9 25.1
1350 26.6 25.8
1400 27.3 26.7
1450 28 27.6
1500 28.7 28.7
1550 294 29.8
1600 30.1 31.1
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Figure 5 Experimental turbidity curves

Table 4 Readings of the gas analyzer “BEA 050” without ultrasound

No. Engine speed 0, €0, HC co Measurement time (sec.)
(rpm) (% vol) (% vol) (ppm vol) (% vol)
750 17.34 2.25 16 0.027
1000 17.44 2.24 17 0.034 60
3 1400 17.46 2.18 19 0.053
Table 5 Readings of the gas analyzer “BEA 050” under the influence of ultrasound on the exhaust gases
No. Engine speed O, Co, HC CcO Measurement time (sec.)
(rpm) (% vol) (% vol) (ppm vol) (% vol)
750 17.36 2.26 14 0.022
2 1000 17.46 2.23 18 0.036 60
3 1400 17.50 2.18 19 0.054
227 1 4 1751

4 17.49

1 17.47

1 17.45

1 17.43

1 17.41

1 17.39

Oxygen percentage in exhaust pases

1 17.37

Percentage of carbon dioxide in exhaust gases
Y
~

1 17.35

2 = 1733
700 800 900 1000 1100 1200 1300 1400

Engine speed (rpm)

=—8=— Oxy gen percentage without ultrasound
=—8—Oxygen percenfage with ultrasound exposure
==8-=Percentage of carbon dioxide without ultrasound

—8—DPercentage of carbon dioxide with ultrasound exposure

Figure 6 Graph of the oxygen and carbon dioxide content in the exhaust gases, without
exposure and under the influence of ultrasound at 750, 1000 and 1400 engine rpm
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oxygen content in the exhaust gases, carbon dioxide,
hydrocarbon and carbon monoxide. The data from the
optical opacimeter “BEA 070” was used to determine
the percentage of turbidity of the diesel engine exhaust
gases.

3 Results

The experiment was divided into three stages. At
the first stage of the experiment, the data on influence of
ultrasonic waves on the content of the degree of turbidity
of the exhaust gases of a diesel car was recorded. Three
measurements of exhaust gas opacity without ultrasonic
waves and three measurements under the influence of
ultrasound were carried out at different ranges of engine
operation 750, 1000, 1600 rpm. Recorded readings of the
degree of turbidity of exhaust gases are given in Table
1. According to the readings from Table 1, a graph was
constructed (Figure 4), demonstrating the significant
effect of ultrasound on the degree of turbidity of diesel
exhaust gas [15-20].

The significant effect of the ultrasonic wave on the
degree of turbidity of the exhaust gas shown in the graph
in Figure 4 occurs due to the coagulation of soot particles
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and their deposition in the ultrasonic installation.

At the first stage of the experiment, the influence of
ultrasonic waves on the degree of turbidity of the exhaust
gases of a diesel engine was proved in accordance with
the graph shown in Figure 4. When ultrasound was
applied to the exhaust gas of a car, a decrease in the
degree of turbidity was revealed. In particular, at an
engine speed of 750 rpm, a decrease in the degree of
turbidity by 16.6 % was detected, at 1000 rpm, a decrease
of 21.1% was noted and at an engine speed of 1600 rpm,
it decreased by 4.7 %.

As a result of the conducted full-scale experiment,
the decrease in the degree of turbidity of the exhaust gas
was more than 21%. The physical process is explained
by an increase in the hydrodynamic coagulation of the
gaseous medium during the operation of an ultrasonic
installation, which has been proven experimentally.

The obtained experimental data were interpolated.
A regression analysis of the degree of turbidity was
performed and the regression equation was established.
From the analysis of the calculations for the largest
values of the correlation coefficients, determination and
the smallest values of the average approximation error
for the process of changing the degree of turbidity of the
exhaust gas without ultrasound and under the influence

195

18.5

1S

16.5

155

14.5

Concentrations in ppm by volume of hydrocarbon in exhaust gases

-4 13.5

1100 1200 1300 1400

Engine speed (rpm)

=8=— Concentration in ppm by volume of hydrocarbon without ultrasound

=@=Concentration in ppm by volume of hydrocarbon with ultrasound exposure

==Percentage of carbon monoxide without ultrasound

=—8=—Percentage of carbon monoxide with ultrasound exposure

Figure 7 Graph of the content of hydrocarbon and carbon monoxide in exhaust gases, without exposure
and under the influence of ultrasound at 750, 1000 and 1400 engine rpm
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Table 6 Mass of settled soot at 1000/ 1250 rpm without ultrasound and under the influence of ultrasound

Distance At 1000 rpm Aat 1250 rpm
(mm.) without ultrasound with ultrasound without ultrasound with ultrasound
(g) (g) (g.) (g.)
100 0.25 0.33 0.70 0.85
200 0.16 0.27 0.39 0.91
300 0.11 0.2 0.12 0.92
400 0.05 0.16 0.62 0.98
500 0.1 0.13 0.31 0.67
r 0.67 1.09 2.14 4.33
1,2 35
1 L 30
P
0,8
i £
2" e
z P15 8
@ 0,4 Egh
- 10 éu
0,2 L5
0 : : : : 0
600 800 1000 1200 1400 1600 1800

——the degree of turbidity without ultrasonic exposure (%)
—#— =20 without ultrasound
=== =30 without ultrasound

—+—L=40 without ultrasound

Engine crankshaft revolutions (rpm)

———the degree of turbidity with ultrasound exposure (%)

=< =20 with ultrasound

—@—L=30 with ultrasound

=== =40 with ultrasound

where: L = 200, L = 300, L = 400 is the settling distance of soot particles (mm,)

Figure 8 Dependence of the mass of settled soot and the degree of turbidity on the number of engine revolutions
per minute without and under the influence of ultrasound

of ultrasound, cubic regression equations were used. The
values obtained are shown in Tables 2 and 3 and in the
graph in Figure 5.

The graphs show that values of the degree of turbidity
do not vary much. This indicates the correctness of an
experimental study on the purification of diesel vehicle
exhaust gas from harmful impurities by ultrasound.

At the second stage of the experiment, six
measurements were made to determine the composition
of the vehicle’s exhaust gases. Measurements were
made without the influence of an ultrasonic wave at the
engine operating ranges of 750, 1000, 1400 rpm. The
data are shown in Table 4. Further, the experiment was
carried out with the action of longitudinal ultrasonic
waves at the same engine speeds. Measurements of the
composition of exhaust gases were recorded, which are
presented in Table 5. According to the tables, graphs
were built without exposure and under the influence
of ultrasound, shown in Figures 6 and 7, which show

the composition of the exhaust gases of a diesel engine
depending on the crankshaft speed.

According to the data from the graph in Figure
6, an increase was revealed in the oxygen content
under the influence of a longitudinal ultrasonic wave
on the exhaust gas of a diesel car. When exposed
to ultrasound, soot particles coagulate and further
precipitate these particles in the ultrasonic installation,
thereby increasing the oxygen concentration in the
exhaust gases. In the engine operating range of 750 rpm,
heavy particles settle to the bottom of the installation,
due to which the concentration of carbon dioxide in the
exhaust gases increases.

From the data of the graph in Figure 7 one
can see the effect of ultrasound on hydrocarbon and
carbon monoxide. With an increase in the engine speed,
the coagulated hydrocarbon particles deposited by
ultrasound are not retained on the walls of the ultrasonic
installation. In this regard, the content of hydrocarbon
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and carbon monoxide increases with increasing engine
speed.

During the second stage of the experiment,
according to the data from the graphs (Figures 6 and
7), it was revealed that ultrasonic waves affect the
composition of the exhaust gases. During the combustion
of diesel fuel in an ultrasonic device without ultrasound,
excess carbon contributes to the formation of carbon
monoxide (CO). According to the data in Table 4, an
increase in hydrocarbon (HC) increases the percentage
of carbon monoxide (CO). An increase in oxygen (O,)
oxidizes carbon monoxide and forms carbon dioxide
(CO,). There is a change in the ratio of the number of
particles of various gases in the process of coagulation.
In this regard, the most important factor is the value
of the mass of gases at the outlet of the muffler. The
experimental data confirm this.

When exposed to ultrasound at 750 rpm. (Table 2)
due to the coagulation process, which is enhanced by
ultrasound, the picture of the chemical reaction changes
and shows a decrease in hydrocarbon (HC), since the
inlet pressure of the exhaust gas into the device is small,
soot particles have time to increase in size and settle to
the bottom of the ultrasonic device.

An increase in engine speed has a less significant
effect on the hydrodynamic coagulation process since
the length of the device is 1000mm and is insufficient
for effective cleaning of the exhaust gas of a diesel
vehicle. According to Table 5, starting from 1000 rpm
insufficient radiation occurs in the ultrasonic device,
since the inlet pressure of the exhaust gas increases and
the soot particles fly out without having time to settle
to the bottom.

At the third stage of the experiment, the mass and
distance of the deposited soot particles were determined,
without exposure and under the influence of ultrasound
in an experimental ultrasonic device (Tables 6-7). Figure
8 shows experimental graphs of the dependence of the
mass of settled soot and the degree of turbidity on the
number of revolutions of the crankshaft per minute
without and under the influence of ultrasound.

The graph (Figure 8) shows the dependence of
the mass of settled soot and the degree of turbidity on
the number of engine revolutions per minute without
ultrasound and under the influence of ultrasound. The
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Resume

This paper presents experimental and theoretical work, analyzing the
performance of single slope solar still with and without a floating lid,
conducted in Cairo, Egypt. A Comparison of the experimental output yield
with the theoretical one was carried out. The experimentations without the
lid were conducted for 7 days and the daily output yield ranges from (2.8 I/
day to 3.15 I/day) with an average output yield of 52.8 % when compared to
the theoretical output yield. To improve the output yield of the still, a black
fibrous lid was placed on the water surface and its effect on the output yield
was studied. Because of its porosity the evaporation surface area of the
still was improved, water depth is considered small above its surface. The
experimentations with the lid were conducted for 6 days and the daily output
yield ranges from (3.1 I/day to 3.3 I/day) with an average output yield of 57.95
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1 Introduction

The Environment is composed of four main
components Air, water, soil and energy. Without them
there would be an environment, simply there would be
life on earth. Water comes clearly in the second place
after air for the existence of life. The water covers a
huge area of the earth’s surface, more than two-thirds
of the earth’s surface. About 97.5 % of water resources
are found in seas and oceans which are not suitable for
human consumption as they contain high salty water
(3000 ppm to 35000 ppm) and the remaining 2.5 % are
freshwater present in the lakes, rivers, polar ice and
groundwater. So only a small portion of freshwater
is being used in irrigation, industry and fulfilling the
domestic demand.

The world is expected to face a problem of
shortage of drinking water due to an increase in
population and fast industrial development. Pollution
of freshwater resources (rivers, lakes and underground
water) by industrial wastes has enlarged the problem
as well.

One of the most sustainable solutions to provide
fresh water for many communities is water desalination.
Desalination is a process in which saline water is

separated into two parts using various forms of energy,
one that has a low concentration of dissolved salts
(freshwater) and the other which has a much higher
concentration of dissolved salts than the original feed
water. Saline water is classified as either slightly salty
water or brine water relying on the salinity and water
source.

Most of the countries facing water shortage have
large commercial desalination plants that use fossil
fuel. Only some countries in the world can use fossil
fuels to run these plants. But most of the countries
have neither the financial nor oil resources to allow
them to develop similarly. The production of 1000 m?
per day of freshwater requires 10,000 tonnes of oil per
year [1], which can be considered a highly significant
energy consumption, as it involves a recurrent energy
expense. The cost of conventional desalination systems
operating using fossil fuels keeps increasing due to the
increase of world energy prices. Recently, the utilization
of renewable energy sources to drive desalination plants
appears to be very promising, as it is a sustainable,
cheap and clean solution for freshwater supply in
regions lacking energy resources. Recently, attention
has been directed towards improving the coupling of
solar energy systems and desalination technologies.

© 2022 UNIVERSITY OF ZILINA
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Extensive research and activities have been conducted
for the sake of reaching this goal.

There are two main types of solar still systems
which are active solar still and passive solar still. In the
active solar still, direct solar radiation and additional
thermal energy are fed into the basin. Active distillation
systems have been developed to increase the output
of distilled water. Raju and Narayana [2] presented
experimentally the effect of integrating of flat plate
collector (FPC) with solar still. The result showed that
connecting two FPCs in series with solar still, provides
41 % more distilled water when compared to a single
FPC. Singh et al. [3] discussed the improvement in the
performance of a solar still integrated with an evacuated
tube collector and showed that the best combination has
been attained by integrating 10 evacuated tubes with a
water depth of 3 cm with a maximum daily output yield

Table 1 Modifications on conventional solar still

of 3.8 kg/m?. Sampathkumar et al. [4] discussed the
performance of various active solar distillation systems.

In the passive solar still, the water in the basin is
heated by solar radiation directly so that the productivity
is very low compared to the active solar still. The daily
output yield of passive solar still can be increased by
changing the design of the conventional still (single
slope) or by making modifications in the conventional
design. et al. [6] made a comparison between the
output yield of triangular basin solar still (TBSS) and
conventional basin solar still (CBSS), the experiment
revealed that the daily output yield obtained from
CBSS and TBSS was found to be 2.7 and 3.2 kg/m?
respectively. In addition, the daily efficiency of the TBSS
was improved by 11.36 % than the CBSS.

et al. [6] designed and fabricated concave type
solar still with four glass cover surface (Pyramid shape)

Reference Modification

Results

Matrawy et al. [12] Formed the evaporative

corrugated shape.

surface as a

Improvement of about 34 % in the productivity.

Decreased the heat capacity by using porous
material.

Abdallah et al. [13]

Discussed the effect of various absorbing
materials on the thermal performance of solar
stills.

Materials: black coated and uncoated metallic
wiry sponges and black rocks.

Distilled water collections were 28 %, 43 % and
60 % for coated and uncoated metallic wiry
sponges and black rocks respectively.

Srivastava and
Agrawal [14]

Modification is made by incorporating
multiple low thermal inertia porous
absorbers, floated adjacent to each other.

Increase in the evaporation surface area.

On clear days 68 % more distillate output was
obtained.

35 % more on cloudy days

Agrawal and
Rana [15]

Multiple V-shaped floating wicks are used
to enhance the heat absorption and thereby
increase productivity.

The evaporative surface area of modified solar
still is 26 % larger than that of the conventional
one.

The maximum daily productivity in one of the
clear days is found to be approximately 6.20
kg/m2 in summer and 3.23 kg/m2 in winter
with daily efficiencies of 56.62 % and 47.75 %,
respectively.

Gawande and
Bhuyar [16]

Discussed the Effect of Shape of the
Absorber Surface on the Performance of
Stepped Type Solar Still.

The shape of the absorber surface provided
in the basins of solar stills was flat, convex
and concave.

When the convex and concave type, the average
daily water production is 56.60 % and 29.24 %
higher than that of flat type.

Johnson et al. [17]

Performed a theoretical and experimental
study on a single-basin solar still when an
external solar enhancement is used (Fresnel
lens).

A parametric study by varying the water depth
showed the Fresnel lens was more effective for
larger water depths.

The Fresnel lens can aid in improving the overall
efficiency of the solar still.

Gupta et al. [18]

Studied the performance of modified solar still
using the water sprinkler.

Attachment of water sprinkler with constant
water flow rate of 0.0001 kg/s on the glass
cover.

The distilled water output was recorded 2940
ml and 3541 ml from conventional and modified
solar stills, respectively.

Water productivity (output yield) of single slope
solar still is increased by 20 %.

The overall efficiency is increased by 21 % over
the conventional solar still.
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and studied it experimentally. The results show that
the average productivity during the daytime is 4 1/m?
with a system efficiency of 0.38, higher than the
conventional type solar still. Arunkumar et al. [7] made
an experimental study on hemispherical solar still
which has a higher efficiency than the conventional
solar still and compared the daily distillate output
with and without flowing water over the cover The
efficiency was 34 % and increased to 42 % with the
top cover cooling effect (flowing water). Jathar et al.
[8] investigated experimentally a concave-type solar
still with different temperature and solar intensity
and it was noted that The highest daily productivity
(3.7 /m?% day) was achieved during march 2020. This
may be attributable to the highest average intensity
of the radiation (1005 W/m?) and the most top average
temperature difference of 10.5 °C. Gad et al. [9]
manufactured and compared the experimental results of
conical solar still to the conventional type with the same
area. The results showed that the daily productivity
for conical and conventional solar stills were 3.38 and
1.93 L/m%day, respectively. Many researchers made
modifications to the conventional solar still, to increase
the output yield even more. Table 1 shows the recent
modifications in conventional solar still.

In addition, many researches were made
modifications in conventional solar still concerning
different parameters and their effects on the yield.
Many parameters affect the evaporation rate. Studying
the effect of these parameters helped in increasing
the evaporation rate. Hence, better yield. One of these
parameters is the water depth; it was found out that
the evaporation rate is inversely proportional to water
depth. grawal et al. [10] made an experimental and
theoretical comparison of the daily output yield for
different water depths from 200 mm and 10 mm. the
experimental value for daily efficiency was around 41.49
% and 32.42 % respectively. It is obvious that to achieve
a higher efficiency of a solar still, the heat loss should be
minimized by adequate insulation. Khalifa and Hamood
[11] studied experimentally the effect of insulation
thickness on the productivity of solar still and developed
a performance correlation for the effect of insulation on
the productivity. Their study showed that the insulation
thickness could influence the productivity of the still by
over 80 %.

In this paper, a detailed theoretical and experimental
work is done on a solar still to get the hourly and daily
yield. The work is conducted in the Military Technical
College (MTC), Cairo, Egypt. The paper is organized as
follows: first, a detailed thermal analysis for a solar still
was performed to get the productivity. Then, a physical
model for the solar still with net dimensions 1 m * 1 m
is constructed. The experimental work was conducted for
several days for the solar still with and without a floating
lid on the water surface to compare both theoretical and
experimental evaluation. Finally, results, discussion and
conclusion are introduced.

2 Solar still thermal analysis

A thermal energy balance has been made for the
solar still. The following assumptions are considered to
simplify the analysis:

* The physical properties of water remain constant
with temperature changes.

*  Water vapor and dry air are assumed to be ideal
gases.

*  The outer temperature of the glass equals the inner
temperature of the glass.

* The still is assumed to be completely vapor leakage
proof.

2.1 Energy balance equations glass cover, water
mass and basin linear [10]

The glass receives heat from internal and external
sources by different methods, externally from the incident
solar radiation and internally from basin water surface
through three methods (convection, evaporation and
radiation) and reject the received heat to the atmosphere
through two methods (convection and radiation).

a;/ ]( t) + thg - gtgzl, (1)
where,

Guwg = Gewg + Gewg + Grug (2)
Gtga = Gega t Grgas (3)
a;/ ](t)+htwy(Tw_ Tg):htya(Tg_ Ta). (4)

The basin water absorbs energy released from the
basin liner and consumes it in two ways, some energy is
stored in the water due to its specific heat and the rest
is transferred to the glass cover through three methods
(convection, evaporation and radiation).

a;.v ]( t) + qchw = Gtwg + mew( ddY;W >, (5)
a;v I(t) + l’lvbw( Tb - Tw) = hm‘y( 7114; - Ty) +
(6)

)

The basin linear absorbs heat energy from the solar
radiation transmitted from the glass and releases this
energy to the basin water and the rest to the atmosphere
by conduction and convection through walls of the still.

a;) ]( t) = {cbw + tha » (7)

o ](t) = l’lcbw(Tb - Tw)+ htba(Tb_ Ta)' (8)
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By solving Equations (4), (6), (8) one gets,

(o) + a1 = f0), (©)

where:

a=Ur/(mucw),
At)=MIKt)+aT,
M= (aéf/hcbw)/mwcw(hcbw + htba)-

The solution of Equation (9) is
At)

Tw - < a )(1 - eﬂ[) + Tw()efat . (10)
The hourly yield equals,
M, = ( e (T — T”) 3600 )*Ab. (11)

To solve the above equations heat transfer analysis
for all solar still should be calculated. Equations from
(12) to (42) will introduce the heat transfer analysis.
Section three introduces the calculation methodology.

The latent heat of evaporation is calculated by [19],

L., = (2501.67 — 2.389* T,) * 10°. (12)

2.2 Solar still heat transfer analysis

There are mainly two types of heat transfers taking
place in the process of solar still (Internal and external)

Internal heat transfer

It occurs between the basin water surface and
inner glass cover through three methods (convection,
evaporation and radiation).

The convection heat transfer between the water and
the inner glass cover is calculated from,
qcwg — hcwg( Tw - Tg) . (13)

Empirical relation for the convection heat transfer
coefficient is given by Dunkle [20].

(P, — P)(T, +273) 1"

. (14)

The evaporation heat transfer between water and
inner glass cover is calculated from,

- hewy(Y‘w_ Tg), (15)

Qewg
16.28* 10 # Jiewy (P, — P,)
( Tw - Tg) '

The radiation heat transfer between water and
inner glass cover is calculated from,

hewg =

(16)

Rrwg (Tw — Ty) . a7

qrwg =

In addition, given by Stefan Boltzmann’s equation:

Grug = Eero (T + 273)' — (T, + 273)']. (18)
From Equations (17) and (18):
4 4
oy — erol(Tw + 273)' — (T, + 273)'] . 19

( Tw— Tg)
Finally, the total internal heat transfer coefficients
are:

htwg == hcwg + hewy + hrwg . (20)

External heat transfer

External heat transfer is contributed by the top,
bottom and sides losses of the solar still.

Top heat losses occur between the outer glass cover
and the atmosphere through two methods (convection
and radiation).

The radiation heat transfer is

Groa = hrga(Ty — Tits) (21)

Groe = €,0( T, + 273)" — (Tuy + 273)']. (22)
From Equations (21) and (22)

1 4

o = e,0l(T, +(2;f)— Tx(ky'z;w + 273)'] . 23)
The sky temperature is estimated from [21]:

Taw = 0.0552* T3°. (24)
The convective heat transfer is

Gesa = hega(Ty — Tu). (25)

where from [22]

Nega = 2.8 + 3.0V, (26)

if Vi, <5m/s&6.15*(V,,)"*if Vi, > 5m/s.
Finally, the total top heat transfer coefficients are

Niga = hega + Mg . 27

The bottom and side heat losses occur between
the water in the basin and the outer atmosphere
through the insulation on the sides and base
through three methods (conduction, evaporation and
radiation).

Qv = v (To — To). (28)
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Table 2 Attenuation (Att) factors for varying water depth

d (m) Attenuation factor
0.02 0.6756
0.03 0.6441
0.04 0.6185
0.05 0.6124
0.06 0.5858
0.08 0.5648
0.10 0.5492

Table 3 Design parameters

Parameters

Numerical values

Basin area, A,

Glass absorptivity, o

Glass reflectivity, R,

Glass emissivity, € .

Water reflectivity, R

Water emissivity, €

Water heat capacity, c

Time, t

The thickness of glass cover, L,
Glass thermal conductivity, K,

The thickness of insulation, L,

Insulation thermal conductivity, K,

Stefan Boltzmann’s constant, &
h

W

Water depth, d
h

ba

h

cbw

1 m?

0.04

0.06

0.9

0.05

0.95

4180 J/kg K
3600 s

0.008 m
1.03 W/m K
0.02 m
0.035 w/m K
5.6697%10® w/m2.K*
250 W/m? K
0.03 m

2.8 W/m? °C

250 W/m? °C (summer)
200 W/m? °C (winter)

The heat loss coefficient from basin liner to the «a, = (1—R,)a,.

atmosphere

= [( )+ ()]

where:

hba = hrlm + hcba .

Side heat loss is,
hsa - htba * (%Z) .

Solar radiation fractions [23]

(32)

The fraction absorbed by water without attenuation

(29) factor is,

o =(1—ag)1—R,)(1— Ru)aw. (33)
(30) The fraction absorbed by water with attenuation
factor is,
o = (1 —ag)(l — R )1 — Ry)aw
( g)( Al ) 58)

(31) *[I—ZﬂjEXP(—njdw)],

where, [1— Y u;EXP(—n;d,)] is the attenuation
factor that depends on water depth [20]. Table 2

represents the attenuation factor variation.

The water temperature T and the glass temperature

T, depend on the solar radiation fractions, which are
defined as the fraction of solar energy absorbed for both

water and glass.

The fraction absorbed by glass cover is

Then, the glass temperature is

oy I(t)+ iy Tw + Uiga* T
iy + Utga ’

Toi =

(35)

VOLUME 24

COMMUNICATIONS

3/2022



B204

MESALEM et al.

where, UTga is calculated from:

K .
L, T
UTga - K[]4 . (36)
X9 + htgd
L,
and the partial vapor pressures from:
P = EXP{25.317 - %}, 37)
5144
p= EXP{25.317 - 7} 38
v (7, + 273) (38)

Finally, the overall heat transfer coefficients can be

calculatzd fro

_ twg Tga

UT o htwg + Ungl ’ (39)
_ hw * hba

Us = T F e’ (40)
_(As

U = (42 )us, (41)

U,=Uy+ U+ Uss. (42)

The above equations were set and solved by computer
using the excel software to get the yield. The design
parameters used are given in Table 3.

3 Calculation methodology

A certain procedure must be followed to compute
the hourly heat transfer coefficients, water temperature,
glass temperature and productivity.

1. First of all, water temperature, glass temperature,
ambient temperature, solar radiation intensity and
wind velocity must be measured and use these
values to evaluate the partial vapor pressures
P, & P_ Equations (36) and (37), convection heat
transfer coefficient between water and glass h
Equation (14), evaporation heat transfer coefficient
between water and glass h, Equation (16), radiation

Y w
e

Figure 1 Photograph of the constructed solar still

heat transfer coefficient between water and glass
h . Equation (19) and then deduce the total heat
transfer coefficient between water and glass h,
Equation (20).

2. Use the value of h, _ to get the value of overall heat
transfer coefficients Equations (38) to (41) from
these values calculate the new value of T .

3. From evaporation heat transfer coefficient h
calculate the hourly yield M from Equation (11).

4. From the value of T, get a new value of T, Equation
(34) and repeat the previous steps.

4 Experimental work

The solar still is designed and constructed to
compare the productivity with and without the floating
lid. The work is conducted in Military Technical College
(MTC), Cairo, Egypt (Latitude: 30, Longitude: 31). The
solar still takes the design of a box with dimensions of
1.3 m length, 1.1 m breadth and 0.9 m height. The box
is made of plywood with 0.05 m thickness. It has four
sides, two of these sides are rectangular and the other
two are trapezoidal. The area available for water is 1 m
* 1 m. The basin has three holes one for feeding water,
one for impure water outlet and the third for distilled
water output. The outside walls are insulated with glass
wool with thermal conductivity K = 0.035 w/mK. The
distillate channel is covered with polyester fabric with a
slope of 1/10 to ease the flow of distilled water through
the hole to reach the graduated flask insulated with the
same material as still. The distilled water passes from
the PVC pipe to the flask through a U-tube which acts
as a manometer to prevent any air from entering the
still. The condensing surface is a normal glass with a
thickness of 8 mm, emissivity = 90 %, reflectivity = 6 %
and absorptivity = 4 %. The glass is inclined at an angle
of 30°, which is equal to the latitude of Cairo. Silicon
rubber was used to fill the gaps between plywood edges.
The basin was coated with black painted polyester
fabric to enhance the absorptivity of solar radiation.
Figure 1 shows the constructed physical model. Figure 2
shows the instruments used in the experiment. Figure 3
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Figure 2 Instruments for experimentation: a-solar power meter, b- digital thermometer, c- wind speed meter

1)

Distiuate Channed

1000.00

Glass Cover

910,00

Waodenbox

o
Impure Warer =)
[

Basion Lineur

Figure 3 Schematic diagram of the solar radiation

shows the schematic diagram of solar radiation in the
experiment and the main parts of the solar still.

The experimental work was conducted for two cases;
solar still without the lid and solar still with the lid
afloat.

For the solar still without lid afloat, the experiments
were conducted for seven days of the summer season,
2021 from July 1% to July 7*. The still was placed in the
south direction. Solar radiation intensity was measured
by using a pyrometer. Wind velocity was taken from the
website: timeanddate.com and compared to the measured
velocity in MTC and the two readings are the same.
These data were used in the theoretical calculation. Both
water temperature and glass cover temperature were
measured with Ni/Cr electric thermometer and were
compared to the theoretical values. The water depth was
set to be 30 mm at the beginning of each experimental
day. The condensed water was collected in a graduated
flask. The yield was considered every 24 hours starting
at 7:00 am. The measured solar radiation intensity

range was (0 to 990.8 w/m?) and wind velocity was (0 to
7.78 m/s).

For the solar still with the lid afloat, the experiments
were conducted for six days starting from July 8 to July
13%, A black fibrous lid was placed on the surface of the
water. The distilled water was measured every 24 hours
starting from 7:00 am. Solar radiation intensity range
was taken as (0 to 989.7 w/m?) and wind velocity was
taken as (1.11 to 7.78 m/s).

5 Results and discussion

The outputs of the experiment were recorded and
compared to the theoretical values, by following the
methodology of calculations in section 3.

Figure 4 shows the ambient and sky temperature
along the first day of experimentation, which is used
in calculations to get the output yield. The ambient
temperature was in the range from 26 °C to 38 °C.
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Figure 4 Ambient and sky temperature from for the first
day of calculations (1-7-2021)
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Figure 5 Wind velocity from the website for the first day of
calculations (1-7-2021)
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Figure 6 The solar intensity measured by pyrometer on the
first day of calculations (1-7-2021)

Figure 5 shows the wind velocity variation along the
day. For the first experimental day, it varies from 4.2 to
6.8 m/s.

Figure 6 shows the solar radiation intensity
measured along the day. It varies from 390 to 999 W/m?.

Figure 7 shows the difference between the measured
and theoretical temperatures of both water and glass.
The difference between both ranged from 3 to 5 °C.

Figure 8 shows the variation of latent heat of
vaporization along the day.

Figure 9 shows the variation of different heat
transfer coefficients. It gives a relation between the heat
transfer coefficient between the water and glass and the
time along the day.

Figure 10 shows the hourly yield output throughout
the day. It gives the relation between the hourly yield
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temperature (c)
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=—Tg actual
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Figure 7 The temperature comparison between the actual
and theoretical water and glass temperatures on the first
day of calculations (1-7-2021)
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Figure 8 The variation of latent heat of vaporization with
the hours of the day

and the time of the day. Its value 0.012 /m*hr at 7:00
am and reaches a peak of 0.92 L/m?hr at 1:00 pm with
an accumulated value of 5.6 I/m?2.day.

Figure 11 shows the difference between the actual
and the theoretical yield of the solar still. It shows that the
average actual yield is about 52 % of the theoretical yield.
Theoretical daily output is higher than the experimental
values due to different heat losses from the still.

For the solar still with a floating lid, the
experimental output yield values were compared to the
results obtained without the floating lid to indicate the
effect of the floating lid on the productivity of the solar
still. Figure 12 shows the comparison. It was found
that the ratio increased to 58 % with about 6 % of the
first condition. This is due to the porosity of the lid; the
evaporative surface area of the still was increased.
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Figure 9 The variation of heat transfer coefficients between
water and glass along the time of the day
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Figure 10 The hourly variation of the output yield of the
solar still along this day
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Figure 11 Yield comparison without a lid on seven days
from (July I* to July 7*) shows that the actual yield is
about 52 % of the theoretical yield
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Figure 12 Yield comparison with a lid on six days from
(July 8" to July 13") shows that the actual yield is about 58
% of the theoretical yield
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Figure 13 Comparison between the actual yield with lid
and the actual yield without lid

Figure 13 shows the effect of using a lid afloat
and the comparison between the actual yield with and
without the lid.

6 Conclusions

The single slope solar still was fabricated and
investigated. Different parameters as glass temperature,
water temperature and output yield were measured
and compared to the theoretically calculated values. In
addition, this work shows the effect of placing a floating

lid (black fibrous lid) which is porous material on the

output yield of the solar still. The output yield of the

still with a floating lid was compared to the ratio of the

experimental and theoretical output yield. It was found

that:

1. The output without a lid was 52 % of the theoretical
output.

2. The output with lid was 58 % from the theoretical
output.

3. Placing a porous material on the surface of the
water increased the productivity by 6 % of the
regular output.

VOLUME 24

COMMUNICATIONS 3/2022



B208 MESALEM et al.

4. The porous material works as a heat absorber and the surface area of water balls that pass throw the
increases the evaporative area of water because of holes of the material by capillary effect.
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Annex - Nomenclatures

,  Basin liner surface area of the still (m?)

Basin sidewall area of the still (m?)

Area of the solar still (m?)

q,, Convective heat transfer from the bottom of the basin to ambient (W/ m?)
q,, Radiative heat transfer from the bottom of the basin to ambient (W/ m?
q,, Convective heat transfer from the basin water to glass cover (W/ m?)
q,, Evaporative heat transfer from the basin water to glass cover (W/ m?)
q,, Radiative heat transfer from the basin water to glass cover (W/ m?)

q,, Total heat transfer from the basin water to glass cover (W/ m?)

q,, Convective heat transfer from the glass cover to ambient (W/ m?)

q,, Radiative heat transfer from the glass cover to ambient (W/ m?)

q,, Total heat transfer from the glass cover to ambient (W/ m?)

q,, Convective heat transfer from the basin liner to water (W/ m?)

q,, Total heat transfer from the basin liner to ambient (W/ m?)

q,, Total heat transfer from the bottom of the basin to ambient (W/ m?)

R, Reflectivity of the glass cover

R, Reflectivity of the basin water

R,  Reflectivity of the basin liner

h,,. Convective heat transfer coeffcient from the basin water to glass cover (W/m? °C)
h,,, Evaporative heat transfer coeffcient from the basin water to glass cover (W/m*°C)
h,, Radiative heat transfer coeffcient from the basin water to glass cover (W/m**C)

h,, Radiative heat transfer coeffcient from the basin water to glass cover (W/m**C)

h,, Convective heat transfer coeffcient from the glass cover to ambient (W/m?* °C)

h,, Convective heat transfer coeffcient from the glass cover to ambient (W/m*°C)

h,, Total heat transfer coeffcient from the glass cover to ambient (W/m? °C)

h,, Convective heat transfer coeffcient from the basin liner to water (W/m?* °C)

h,, Total heat transfer coeffcient from the basin liner to ambient (W/m?°C)

h,, Total heat transfer coeffcient from the bottom of the basin to ambient (W/m**C)

h,, Convective heat transfer coeffcient from the bottom of the basin to ambient (W/m?*°C)
h,, Radiative heat transfer coeffcient from the bottom of the basin to ambient (W/m**C)
h, side heat transfer coefficient (W/m2°C)

U, Overall bottom heat transfer coeffcient from bottom to ambient (W m? °C)

Uy, Overall heat transfer coefficient from glass to ambient (W/m? °C)

U, Overall top heat transfer coeffcient from basin water to ambient (W/m? °C)

U. Overall heat transfer coeffcient for still (W m?°C)

~
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Overall side heat transfer coefficient between water and surrounding (W/m?°C)
Glass cover temperature (°C)

Basin water temperature (°C)

Ambient temperature (°C)

Basin liner temperature (°C)

Sky temperature (°C)

Velocity of Wind (m/s)

Solar Intensity (W/m?)

Latent heat of vaporization of water (J/kg)

Mass of water in the basin (Kg)

Water depth in the basin (m)

Glass cover thickness (m)

Time interval (s)

Thermal conductivity of insulation (W/m°C)

Thermal conductivity of glass(W/m°C)

Thickness of insulation (m)

Thickness of glass (m)

Specific heat of insulation in still (J/kg °C)

Specific heat of the water in solar still (J/kg °C)

Partial saturated vapor pressure at a basin water temperature (N/m?)
Partial saturated vapor pressures at glass cover temperature (N/m?)
Hourly distillate output per unit basin area (I/m?h)

Daily distillate output per unit basin area (I/m?/d)

Greek symbols

a, Absorptivity of the glass cover

o Absorptivity of the basin water

o, Absorptivity of the basin liner

ay, Fraction of solar flux absorbed by a glass cover

a, Fraction of solar flux absorbed by basin water

a;  Fraction of solar flux absorbed by basin liner

a.y effective absorptivity

g, Emissivity of the glass cover

€, Emissivity of the basin water

€, Emissivity of the basin liner

g.r Effective emissivity between the water surface and glass cover
o  Stefan-Boltzmann constant

M;  Fraction of the solar flux having extinction coeffcient
n;  Extinction coeffcient

subscripts

a ambient

g Glass cover

w  Basin water

b Basin liner

i internal
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Resume

The purpose of the study is to perform appropriate calculations of the values
of the total slip coefficients alternately on the sides of a vehicle, depending
on the angles of rotation of its axles, using the single slip coefficients of its
individual wheels directly when turning. The basis of the methodological
approach in this study is a combination of system analysis of the principles
of calculating the slip coefficients of a mechanical wheeled vehicle with an
analytical investigation of problematic aspects of developing a model for
calculating the slip coefficients of a vehicle with two steering axles. The
results obtained indicate the presence of a persistent relationship between
the slipping coefficients of a mechanical wheeled vehicle and the rotation
angles of its two steering axles, including a number of other parameters that
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1 Introduction

Mobile and manoeuvrable mechanical wheeled
mechanisms are widely used in various branches of
modern industry for the qualitative solution of issues of
the cargo transportation and mechanisation of lifting,
construction and road works. The scope of their practical
application is determined by their types and design
features, which are steadily expanding. Due to the mass
use of wheeled vehicles, the issues of conducting the
large-scale scientific research aimed at improving the
already developed and creating the latest designs of
mechanical vehicles are becoming increasingly relevant
[1].

In modern economic conditions, the issues of
gradual increase in the productivity of technological
units are given priority. At the same time, the quality
of mechanical wheeled vehicles and their performance
are of great importance, since they are the most

important elements of the technological chain. Very
often, when operating such vehicles in the mining
industry and a number of other industrial sectors,
a decrease in their productivity, conditioned by difficult
operating conditions, is observed [2]. Thus, in relation
to the existing types and sizes of transport equipment,
operational issues are becoming highly relevant, since
the proper organisation of transport and technological
processes can significantly increase their efficiency
in the current conditions of the road and transport
loads. It is also necessary to consider the fact that the
optimal organisation of the mechanical wheeled vehicles’
operation cannot be carried out without a theoretical
analysis of their operational characteristics. This means
that with the practical use of such machines in difficult
road conditions, the analysis of their most important
operational qualities, such as traction capability and
cross-country ability, becomes particularly relevant [3].
Considering the fact that the operating conditions of

© 2022 UNIVERSITY OF ZILINA
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mechanical wheeled vehicles assume a variety of very
different road situations, the compliance of the traction
capability of such machines and their cross-country
capability will largely determine the effectiveness of
their use. The use of mechanical wheeled vehicles with
all-wheel drive for operation in the most severe road
conditions and with limited space implies the need for
effective resolution of a number of tasks directly related
to the issues of increasing their patency in terms and
profile and power circulation in their transmission. This
determines the relevance of evaluating and selecting
rational types and parameters of mechanical machines
for their subsequent practical application in industrial
enterprises and to determine their main traction
parameters [4].

It is a well-known fact that when mechanical
wheeled vehicles with two driving axles are moving,
there is a redistribution of traction forces between these
axles and this is especially important when turning
mechanical vehicles. This determines the essential
relevance of the study of problems of traction forces
redistribution that arise directly during the movement
of such vehicles, at any stage of movement. For this
reason, studies of various aspects of the development
of a model for calculating the slip coefficients of
a mechanical wheeled vehicle with two steering axles
have significant practical significance in terms of the
prospects for creating new models of modern equipment
capable of withstanding a large number of load cycles in
difficult operating conditions, without the need for major
repairs and replacement of components [5].

The main problems of research conducted within
the framework of the subject matter are the lack of
computational information regarding the quality of the
mathematical model being created for calculating the
slip coefficients of a mechanical wheeled vehicle with two
steering axles. In this study, the task was set to create
a qualitative model for calculating these coefficients, as
close as possible to the real conditions and reflecting
the real prospects for creating a full-drive mechanical
vehicle in the future, capable of effectively solving the
problems of the passenger and cargo transportation in
the most difficult operating conditions.

2 Materials and methods

The basis of the methodological approach in this
study is a combination of system analysis of the principles
of calculating the slip coefficients of a mechanical
wheeled vehicle with an analytical investigation of
problematic aspects of developing a model for
calculating the slip coefficients of a vehicle with two
steering axles. This combination of research methods
assumes the establishment of the necessary theoretical
basis and the subsequent application of mathematical
modelling techniques to create a qualitative model for
calculating the slip coefficients of a mechanical vehicle

with two steering axles. The study uses equations for
determining the slip coefficients of mechanical vehicles
with 4x4 wheel arrangement with two steering axles
and an on-board blocked transmission and equations
for calculating the angles of turns of the driving axles of
a mechanical wheeled vehicle.

The theoretical basis of this study is made up of
numerous research papers by various authors devoted to
creation of mathematical models for determining the slip
coefficients of mechanical vehicles with several steering
axles and topics related to the subject matter. To form
the most complete and reliable picture of research and
to facilitate the perception of the information provided,
all the developments of foreign authors, taken in the
order of citation and presented in this research paper,
have been translated into English. Thus, the theoretical
basis of this study is the foundation for further research,
carried out in strict accordance with all the issues raised
in its subject matter.

The study was carried out in several main stages. At
the first stage, a theoretical analysis of research papers
available within the framework of the stated topics was
carried out, which contributes to the development of
a high-quality research base for further investigation in
this area. In addition, this stage involved a systematic
analysis of the principles of calculating the slip
coefficients of a mechanical wheeled vehicle, the results
of which formed the basis for the study of the principles
of constructing a calculation model of the slip coefficients
of a mechanical wheeled vehicle with two steering axles.

At the next stage, an analytical investigation of
problematic aspects of the development of a model
for calculating the slip coefficients of a mechanical
wheeled vehicle with two steering axles was carried
out. At the same time, this stage included an analytical
comparison of the preliminary results obtained to the
results and conclusions of other researchers on a similar
subject or related to them. This is done to create an
objective picture of scientific research, considering the
maximum amount of results obtained during a detailed
investigation of the issues included in the topic. At the
final stage, based on the results obtained, the final
conclusions were formulated, acting as an objective
reflection of study results and summing up the entire
complex of research efforts.

3 Results

The movement of mechanical wheeled vehicles in
general and during the turns, in particular, is associated
with the periodically arising need to determine the
loss of speed due to slipping. As a rule, the slipping
of a mechanical wheeled vehicle implies some loss of
speed of the centre of the drive axle - the slipping of
a conditional dummy wheel, which has a free radius
equal to the radius of the driving wheels and is located
in the centre of the drive axle [6-7]. A similar definition
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of slipping is applicable for cases of rectilinear motion.
The movement of a wheeled vehicle directly during
rotation can be estimated by the movement of its centre
of mass. Therefore, the slipping of a wheeled vehicle,
when making a turn, should be considered as a loss of
speed of its centre of mass (1):

8= (V- Vo)lVoes (1)
here v,., v, - theoretical and actual velocities of the
centre of mass of the vehicle, respectively.

This study considers a 5VS-15M mechanical
vehicle used for transporting rock, having a 4x4 wheel
arrangement, two drive axles and an on-board blocked
transmission. In this study, the slipping of a mechanical
wheeled vehicle on a turn is investigated. In the
case under consideration, the angular velocities of the
driving wheels and the dummy wheel located at the
centre of mass of the 5VS-15M vehicle are the same and
equal to w = w, = w,. The values of angular velocities can

be expressed in terms of linear speeds and rolling radii
of the wheels. Then:

r, =1 (1-5), (2)
where r,; and r,” - the rolling radii of the wheel i - valid

and free, §, - slipping of the car wheel.
As a result, the following relations are obtained:

ve vy _ ¥

1—906s 1 —”52 1 —”51 3)
ve vy vh

1—6un 1—68% 1—67

where, v/, (3,), v,’, (3,) - parameters of the speeds
(slipping) of the lagging and running wheels of the front
axle, v,, (3,), v,, (8,) - the corresponding parameters for
the rear axle.

Based on the data presented above, the equations
for determining the values of the slip coefficients
of mechanical wheeled vehicles with 4x4 wheel
arrangement, with two drive axles and an on-board
blocked transmission will have the following form:

(1—81)cos(er — o) +

_ . (1—=6))cos(es — ab)
o =1 cos(&2 — nu) + cos(er + nu)’ 4)

(1 —968%)cos(er —al) +
(1— 8%)cos(es — o})

on=1- cos(&; + nu) + cos(er — nu)

(5)

Equations (4) and (5) determine the parameters of
wheel slipping along the sides of a mechanical vehicle
(lagging and running), while these equations include
angles that are determined by the design of this machine
and the angle that makes up the velocity vector of the
centre of mass with its longitudinal axis and the rotation
angles of the lagging and running wheels, respectively,

of the front (rear) axles. The following equations are
used to calculate the angle values:

a
£1 = arcCosS————, (6)
' Ja* + (0.5B)

_ b
E2 arccos m , (7)

tgo — atgo:
nu = arctgw , (8)

where a and b - the distance from the centre of mass of
the car to the front and rear wheels, respectively; B -
track; L - longitudinal base; a, and a, - angles of rotation
of the front and rear axles, respectively.

With a fixed value of the angles of rotation of
the axles, there is a significant difference in the
corresponding angles of rotation of the inner and outer
wheels of a vehicle, relative to the centre of rotation.
Equations are used to calculate these differences:

. Ltga;
o = T 0 5Btgar + tgas) @

Ltga;
L — 0.5B(tgo + tgos)’

tgai = (10)

here, a, and a, - the values of the rotation angles of the
inner and outer wheels, respectively.

Thus, based on the obtained equations, it is possible
to carry out the theoretical calculation of the slip
coefficients of mechanical wheeled vehicles with two
driving axles directly when turning. Respectively, all the
possible losses, both speed and power, can be sequentially
set [8]. To determine the value of the traction force of
the wheels of the 5VS-15M mechanical vehicle under
consideration, it is necessary to experimentally establish
values of the moments in the drive of the machine by
using strain-gauging techniques. Oscilloscopes H-117
were used to measure the values of the turning angles
of the vehicle. The angles of rotation of the wheels
of the 5VS-15M mechanical vehicle were set using
a selsyn sensor of angular deviations. According to
certain parameters of traction forces, the slipping
coefficients are established. The results of calculations
of the slip coefficients are presented in Table 1.

Since the location of the centre of gravity of
a mechanical wheeled vehicle is not strictly between
the front and rear drive axles (a = 1.47; b = 1.53),
there will be significant differences in the values of the
angles of rotation of these axles relative to each other
directly when turning the car [9]. Therefore, the angles
of rotation of the axles are in strict proportion to the
distances of the corresponding axles for the three control
actions and will be: a) a1=4.9°; a:=5.1°;b) a;=9.8%
as=10.2%¢) o1 =14.7°; as = 15.3°.

At a given angle of rotation of the axles, the
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Table 1 Parameters of the wheel slip coefficient of a mechanical vehicle

Mechanical Value of the angle rotation

0 o, o o

1 2 3 4
vehicle of axles, °.
5VS-15M 5 0.120 -0.0646 0.0551 0.0549
10 0.233 -0.0699 -0.0552 0.0406
15 0.231 -0.0709 -0.0371 0.0400

Table 2 Calculation data of rotation angles of the inner and outer wheels of the 5VS-15M mechanical vehicle

ai, oz, ol o, oi, as,
deg. deg. deg. deg. deg. deg.
4.9 5.1 5.14 5.35 4.68 4.87
9.8 10.2 10.8 11.2 8.97 9.33
14.7 15.3 17.05 17.7 12.9 134

Table 3 The results of calculations of the coefficients of slipping on the inner and outer sides of the mechanical

vehicle
Mechanical Angle of rotation of Op Oy Angle of
vehicle axles, deg. structure, deg.
5VS-15M 5 -0.028 0.057 0.08
10 -0.02 0.115 0.0145
15 -0.0137 0.2354 0.11085
5 3
0oz -0.01 ———
1 2 i 02 K;// — -
=
oot 0.03 ~ /’//‘,
0 5 1 [ | bEG. o . s - a e

Figure 1 The dependence of certain parameters of the on-board slip coefficients of a 5VS-156M
mechanical vehicle on the angle of rotation of the wheels
Note:1-ata=125;2-ata=147;3-ata=1.75

corresponding angles of rotation of the inner and
outer wheels of the 5VS-15M mechanical vehicle
have significant differences relative to the centre of
rotation. Equations (9) and (10) are used to calculate
this difference. The calculation data are presented in
Table 2.

Equations (4) and (5) allow calculating the
parameters of the slip coefficients on the sides of
a mechanical wheeled vehicle (internal and external).
The data of these calculations are presented in Table 3.

A comparative analysis of the results obtained
during the calculations and presented in Table 3 is
presented in the form of a graphical dependence in
Figure 1.

Comparison of the obtained results with the previous
results clearly demonstrates that with the value of the
turning angles of the axle of the vehicle at 10° and
a = 1.47, the value of &, = 0.115, while with a = 1.25,
8y = 0.122. At the same time, when a = 15° and a =

1.47, 6, = 0.2354; at a = 1.25, §, = 0.24; at a = 1.75,
3, = 0.2363. The comparative analysis indicates that
when a = 10° and @ = 1.25, §; is 6% higher, while
a = 1.47; despite the fact that when a = 1.75, this figure
is lower by 12 %, than at a = 1.47 and lower by 11 %, than
when a = 1.25.

This is despite the fact that if @ = 15° and a = 1.25,
this parameter is 2% higher than in the case when
a = 1.47. As for the analysis of slipping, when slipping
along the inner radius when turning at an angle of
a = 11°, the smallest value of the parameter of the
slipping coefficient can be obtained only at a = 1.47.
This indicates that the displacement of the centre of
mass to the rear of the car is most favourable for this
factor. A similar situation exists with a = 15°, since the
most advantageous option, in this case, is when a = 1.75,
but the slippage does not differ so significantly, namely,
only by 13% compared to a = 1.47 and 50% compared
to a = 1.25. The question arises why the deviations at
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a= 12.5 are higher. The reason is that within the limits
of slipping up to 8, = 0.2, the soil still retains its coupling
ability and therefore the redistribution of traction forces
is higher with various normal reactions of the wheels.

4 Discussion

Numerous theoretical problems of creating
mechanical wheeled vehicles with several driving axles,
to improve the cross-country ability and obtain universal
vehicles capable of performing their main functions
under any road and weather conditions, have long
attracted the attention of researchers. In particular,
these studies were carried out in relation to road
vehicles with a mechanical transmission. The results
obtained contribute to establishment of a developed
segment of the high-traffic vehicles equipped with all-
wheel drive in the modern fleet of vehicles. At the same
time, tractors with all-wheel drive and agricultural and
special-purpose vehicles are currently quite common.
Almost all such equipment is equipped with mechanical
transmissions with a step-change in gear ratios. In
gearboxes, in addition, either overrunning clutches or
differentials are used in transmissions of this kind,
which completely exclude the appearance of power
fluctuations in transmissions [10].

High efficiency indicators, combined with stable
performance characteristics and extreme reliability in
conditions of relatively low cost, largely predetermined
the further spread of transmissions of this kind on
mechanical wheeled vehicles with two or more drive
axles. At the same time, on wheeled vehicles in which
the number of steering axles exceeds two, at least
a pair of driving axles has the maximum convergence
between each other. In particular, this is conditioned
by the fact that the developers of such vehicles are
trying to find the optimal solution to improve the cross-
country characteristics and at the same time reduce the
variability of rolling conditions of the driving wheels.
This is conditioned by the fact that one of the main
disadvantages of the differential drive is the loss of
the patency of the entire car, in case of problems with
the coupling of one of the wheels of the drive axle
with the road surface [11]. With the currently existing
and implemented design developments of mechanical
transmissions of wheeled vehicles with multiple axles,
to eliminate the likelihood of problems of wheel coupling
with the road, the possibility of forced locking of
differentials is provided or differentials with a high
internal friction index are used. Both presented options
significantly complicate the design of the transmission
and negatively affect the overall reliability of the entire
car. The practical application of such differentials
on mechanical wheeled vehicles with several driving
axles is fraught with some difficulties. In a number
of situations, in particular, in the case of activation
of trailer links of road trains or for some agricultural

machines and special-purpose equipment, such
difficulties cannot always be overcome. In this context,
it is necessary to consider the fact that in the case when
developers should make efforts to constructively resolve
these difficulties, the situation, as a rule, turns into
a significant decrease in the energy efficiency of the
developed equipment in practice.

The current situation has turned into the fact
that since the second half of the 20th century in
a number of Western European countries, adjustable
continuously variable transmissions have been
actively used in development of the drive design of
mechanical wheeled vehicles [12]. As such, electric and
hydrostatic transmissions were mainly used, which have
significant advantages over conventional mechanical
transmissions. In particular, electric transmissions are
distinguished by a higher overall efficiency (up to 85 %),
ease of installation of the main elements and connections
between the aggregate units. A lower value of the cost
of electric transmissions has a significant impact on
the use of relatively rare alloys and metals in their
design. In terms of unit costs, electric transmissions are
not significantly superior to hydrostatic transmissions.
Mechanical wheeled vehicles with high cross-country
capability, equipped with electric transmissions, have
structural difficulties with the placement of elements
of the air cooling system of electric vehicles, moreover,
as with hydrostatic transmissions, the cooling of the
body frame is carried out by pumping the working
fluid directly through them [13]. The most important
feature of an electric transmission should be considered
its dynamic external characteristics, in which the
internal automatic control is poorly controlled by the
gear ratio. In turn, the hydrostatic transmission is
much better adapted to automatic regulation, while not
creating visible interference to radio communications.
At the same time, transmission of this kind has some
advantage over an electric one in terms of dimensions,
since it is not so bulky.

When creating a mathematical description of the
mechanical wheeled vehicle transmission operation,
specific mathematical models, describing the operation
of individual components of this transmission, should
be considered. Such descriptions allow qualitatively
assessing the amount of energy losses in transmissions
of various kinds and the dependence of these losses
on the selected transmission mode. A number of
modern studies contain information on the operation
of mechanical drives of various vehicles and on the
dependencies of energy losses on various aspects of
the functioning of these machines. At the same time,
it is noted that the definition of such dependencies
is fraught with significant difficulties, since there is
a largely random nature of changes in the determining
parameters that are important from the standpoint of
describing the phenomenon of friction in the nodes of
mechanical drives. In addition, the issues of describing
the processes of viscous friction caused by the presence
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of lubricant are of considerable complexity from the
standpoint of creating a qualitative mathematical
description of this process [14].

The use of automatic control systems for the modes
of operation of hydrostatic transmissions involves
the use of a scheme that ensures the operation of
transmissions of this kind in the mode of stable values
of transmitted power. The result is a significant increase
in the efficiency of such units, when they work on
soils of medium and high load-bearing capacity, while
when driving on the ground with a low coefficient of
adhesion, a gradual increase in the rotational speed of
the front wheels of a mechanical vehicle was observed
with a slight torque [15]. At the same time, there was
intensive milling of the soil under these wheels, a sharp
increase in the depth of the natural track, which resulted
in a decrease in the cross-country characteristics of this
vehicle. This circumstance indicates the fact that the use
of simple algebraic solutions, made without considering
the quality of the coupling of the wheels of the drive axle
with the ground, when creating a mathematical control
model of hydrostatic transmissions, in most cases does
not allow obtaining the desired result. Notably, to
obtain it, it is necessary to conduct a comprehensive
study of the automated object, involving the use of the
most modern methods of mathematical modelling for
qualitative verification of various operating conditions
of the projected mechanical vehicles.

The development and industrial production of
mechanical wheeled vehicles with low slip coefficient
and characterised by increased cross-country ability,
operating when placing hydrostatic transmissions on
them, will be realistic only if they have no less working
efficiency compared to similar models with mechanical-
type transmissions, subject to the condition that their
operational life will be completely sufficient to recoup all
the possible costs associated with the need to equip them
with hydrostatic transmissions. Achieving such results
will be possible only if such transmissions are equipped
with modern adaptive automatic control systems, which
will be able to accurately select the mode of operation
of the hydrostatic transmission from the entire variety
of options offered, which can fully ensure the high
efficiency of the entire system [16].

Currently, there is practically no production
of mechanical wheeled vehicles with hydrostatic
transmissions and all-wheel drive in industrial volumes.
Dynamic studies of transmissions of this type were
carried out at the highest scientific level, involving
the development of complex mathematical models.
At the same time, the disadvantage of these models
was a weak reflection of the operating conditions
of hydrostatic transmissions on mechanical transport
vehicles that are in operational use at the moment. As
a rule, these mathematical models served to describe
the processes occurring directly in such machines
themselves [17]. Transmissions of the described nature
were mainly created using the power supply scheme

of all the hydraulic motors from one common station,
which implies the creation of a complete hydraulic
differentiated drive for the entire driving wheels. At the
same time, there was absolutely no provision for any
blocking, both inter-wheel and inter-axle, which could
contribute to a significant increase in the number of
operational parameters of the vehicle.

The assessment of possible losses in various
structural elements of a mechanical wheeled vehicle
involves considering the functioning of such elements as
a gearbox, transfer case, transmission, gimbal pivot and
in this context, application of the recommendation is
relevant, according to which the mechanical efficiency of
various mechanical elements under different operating
modes remains unchanged. This becomes possible only
with the rectilinear movement of a mechanical machine
with equal parameters for regulating the working
surfaces and volumes of hydraulic motors [18]. The
development of a system of equations necessary to
perform a mathematical description of the operation of
the hydrostatic transmission of the drive axle wheels
under uniform loads involves the sequential creation
of a number of algebraic expressions necessary to
determine the parameters of losses in high-pressure
pipelines and the values of pressure drops in hydraulic
engines. At the same time, to calculate special coefficients
characterising the magnitude of losses in hydraulic
engines, it is necessary to develop special computer
software that allows qualitative calculations of these
parameters in a given unit of time [19].

Modern mechanical engineers have until recently
experienced considerable difficulties with the design
and creation of mechanical wheeled vehicles with low
values of wheel slip coefficients of driving axles when
making turns [20]. In the last few decades, significant
progress has been made in this area, in connection
with the development and industrial implementation of
a hydrostatic transmission of wheels for driving axles
of a number of special and transport vehicles [21]. In
recent years, promising results have been achieved
in terms of an increase in the maximum operating
pressure in hydrostatic systems, which contributes to
the overall improvement of the operational and mass-
dimensional parameters of various elements included
in the transmissions of this type [22]. The operating
range of speed control of the hydraulic motor shaft
is expanding, which improves operating conditions
and allows obtaining an optimal combination of the
parameters of the hydraulic motor shaft speed to the
lowest possible speed of its rotation under load, which
allows increasing the efficiency of the system as a whole
[23].

In general, the issues of developing an effective
model for calculating the slip coefficients of a mechanical
vehicle with two steering axles require further research
in connection with the introduction of various technical
improvements in the design of both such machines
themselves and their suspension and transmission
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elements, which favourably affect their performance
characteristics in general.

5 Conclusions

In the course of studies of the kinematic
characteristics of a mechanical wheeled vehicle with
two driving axles, a mathematical model of equations
was obtained for calculating the coefficients of slipping
of such machines. Calculations of the slip coefficients
of a mechanical wheeled vehicle are performed directly
upon entering the turn. The results obtained indicate
that there is a clear relationship between the parameters
of the slip coefficients of a mechanical wheeled vehicle
and the angles of rotation of the axles directly upon
entering the turn, which necessitates considering these
characteristics when designing the driving axles of such
vehicles. In the event that the value of the slipping
coefficient exceeds 0.2, there is no significant difference
in the slipping of the wheels of the driving axles,

since with an increase in the resistance to movement,
conditioned by an increase in the angle of rotation of
the axles, the traction forces on the wheels increase
significantly, which leads to an increase in their slipping.
At the same time, the redistribution of forces gradually
aligns, regardless of the difference in normal reactions.
This is conditioned by the fact that in this case, the
plastic properties are already more characteristic of the
soil than the elastic ones.

In general, the findings indicate that there is a clear
relationship between changes in values of the wheel
slip coefficients of a vehicle and the axles’ rotation
angles, including a number of other parameters that
are important from the standpoint of the prospects for
development of effective mechanical wheeled vehicles in
the future. The results of this study and the conclusions
formulated based on them, can serve as a qualitative
scientific basis for subsequent research devoted to
investigation of the construction of computational
models of the slip coefficients of a mechanical wheeled
vehicle with two or more steering axles.
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Resume

The study deals with determination of the dynamic loading on the frame of
a tank car with closed composite center sill filled with elastic-viscous filler.
It has been found that the measures for improvements can decrease the
dynamic loading of the frame by 3.5% in comparison to that of the structure
without a filler. The strength calculation of the frame of a tank car is also
presented. It was found that the maximum equivalent stresses occurred
in the contact area between the center sill and the body bolster; they
amounted to about 284.7 MPa and did not exceed the allowable values. The
computer modelling of the dynamic loading of the tank car frame was also
conducted. The numerical values of accelerations and the distribution fields
of accelerations in the frame of a tank car were determined. The results of
the calculation showed that the hypothesis on the adequacy was not rejected.
The natural frequencies and oscillation modes of the tank car frame were
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1 Introduction

Integration of the railway transport into the system
of international corridors requires development and
putting into operation of new generation rail cars with
improved technical and economical characteristics [1-3].

A great amount of freight transported along
international corridors is liquids. Traditionally, they are
transported in tank cars.

It should be noted that these cars carry considerable
loads on the bearing structure due to the yielding state
of liquid freight in the tank and due to operational
loading of the tank. One of the components to bear
these loads is the frame, in particular, the center sill.
It bears constant sign-alternating loads. One of the
great loads on the center sill is the longitudinal loading.
The cyclical longitudinal loading results in failures
of the center sill and can lead to crack development.
This can be hazardous for both the train operation and
environmental safety during the freight transportation.

Therefore, improvements in the bearing structure
can decrease the dynamic loading on the frame of a tank
car in operation, improve the strength characteristics
of the frame and provide the safe rail transportation of
liquid freight.

2 Analysis of recent research and publications

Study [1] presents an analysis of the longitudinal
displacements of the liquid freight in tank cars and their
impact on the stability. The article also presents the
experimental results of the research into the oscillations
of the liquid freight and outlines further areas of the
research in the field.

Study [2] reveals the impact of the yielding state
of liquid freight on the dynamic loading of a tank car.
It was found that the displacement of the freight had
a considerable effect on the load distribution between
the front and rear bogies. However, these studies did
not provide any solutions for decreasing the loading on
a tank car in operation.

The results of determination of the strength for
the bearing structure made of composite materials are
presented in [3]. It was revealed that the preloading
impacted the strength of the bearing structure. The
article presents the main failures of the tank made of
composite materials.

The structural analysis of the main units of a Zans
car is given in [4]. The results of the strength calculation
for the bearing structure of a car and the most loaded
units of the bearing structure are given, as well.

© 2022 UNIVERSITY OF ZILINA
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a)

b)

Figure 1 Section of the center sill of the tank car frame
a) standard; b) improved

However, this publication does not give any suggestions
about improvements in the bearing structure of the tank
cars for decreasing the loading.

In [5] authors present determination of the dynamic
loading of a tank car moving on the track when the
tank is not fully loaded. The effect of the liquid freight
displacements on the critical speeds of a tank car was
determined.

The experimental determination of the longitudinal
loading of a tank for a moving car is given in [6]. The
results of experiments were compared to the UIC
Standards. Those experiments confirmed the efficiency
of structural solutions taken during the designing of
a tank car. However, this research does not offer any
improvements in the strength characteristics of the tank
cars through decreasing their dynamic loading.

Author of [7] presents the results of improvements
in the structure of support elements in tank cars for
liquid freight. The author developed the finite-element
models of tank cars with various structural solutions to
the end supports and evaluated the stress state of the
support elements.

The ways of how to increase the strength of devices
used for fastening the tank to the tank car frame are
described in [8]. The authors obtained the dependencies
of change in the stresses on the loading of the tank
regardless the friction in the end supports. They also
gave some recommendations for decreasing the stresses
in the areas where the side supports are fastened to
the center sill. However, this study does not describe
any measures for decreasing the dynamic loading of the
bearing structures of tank cars.

Study [9] presents the results of the strength
determination for the tank of a tank car during the cyclic
loading. The fatigue strength of the tank was evaluated.
The impact of cyclic loading on the fatigue strength of
the tank was also evaluated.

Similar research into the strength of the tank of
a tank car during the cyclic loading is presented in [10].
The research reveals the time characteristics of the main
loads and their impact on the fatigue crack development
in the tank, which was observed during the technical
observation of the tank cars. However, the authors did
not propose any solutions for decreasing the effect of

cyclical loading on the bearing structures of the tank
cars.

The problems of reducing the dynamic loading of the
bearing structures of transport facilities in operational
modes are described in [11-12]. The results of the
research confirmed the efficiency of the engineering
solutions suggested.

The analysis of literature [1-12] demonstrates that
the issue of improvements in the strength characteristics
of the bearing structures of the tank cars, by reducing
the loading in operational modes, is rather urgent and
requires further investigation.

3 Objective and main tasks of the article

The objective of the article is to present results of
determination of the loading on the tank car frame with
the closed composite center sill filled with elastic-viscous
material. The following tasks were set to achieve the
objective:

* mathematical modelling of the dynamic loading on
the frame of a tank car with closed composite center
sill with elastic-viscous filler;

* strength calculation of the frame of a tank car;

¢ computer modeling of the dynamic loading on the
tank car frame;

* verification of the dynamic loading model of the
tank car frame;

* modal analysis of the tank car frame.

4 Research into the loading of the tank car
frame concept with filler in the composite
center sill

Authors suggest improvements in the frame of
a tank car, in particular the application of the closed
composite center sill filled with elastic-viscous material
to reduce the loading on the tank car frame in operational
modes (Figure 1).

Determination of the optimal profile parameters of
the center sill was made in accordance with the strength
capacity of the standard frame structure. The center sill
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Figure 3 Accelerations on the bearing structure of a tank car during a jerk

was made of a composite material. The tare of a tank
car was decreased by 2.3% in comparison to that of the
standard structure.

The solutions suggested were substantiated through
the determination of the dynamic loading of a tank car in
the longitudinal plane. Authors used the mathematical
model developed by Bogomaz; it describes the dynamic
loading on a long-base flat car loaded with four tank
containers under the longitudinal force to the rear
follower of the coupler [13]. This model was adapted for
the research and used for determination of the dynamic
loading on a tank car. The design diagram of a tank car
is given in Figure 2.

The calculation was made for a jerk. It included the
case when the tank car was fully loaded with conditional
freight. The restrictions of the mathematical model were
zero displacements of the liquid freight in the tank.

Mon-%+(Mp-h)-¢ =P — 2P, —B-%x—c-x, 1)

Ip- ¢+ (Mp-h)x—g @ (Ms-h)=

. . 2
- Frr(signAy — signAs) + (k1 A1 — ks Ay), @

MB'Z - kl . A1 + kz'Az - FFR(Sig%A1 - signAz), (3)

where
AM=z—1l-@;A2=2z+ 10,

M, - gross mass of a tank car; M, - mass of the
bearing structure of a tank car; I, - inertia moment of
a tank car; P, - longitudinal force to the front followers
of the coupler (P, = 2.5 MH [14-15]); P, - friction forces
emerging between the center bowls and the body center
plates; ¢ - rigidity of the material in the center sill;
B - viscous resistance coefficient of the material in the
center sill; / - half base of a tank car; F,,, - absolute value
of the dry friction in a spring group; % , &, - rigidity of the
springs in the spring suspension of the bogies of a tank
car; x, p, z - coordinates describing longitudinal, angular
(around the transverse axle) and vertical displacements
of a tank car, respectively.

The calculation included the bearing structure
of a tank car on the 18-100 bogies. The differential
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Figure 4 Spatial model of the tank car frame

Figure 5 Finite element model of the tank car frame

P, % :

Figure 6 Design diagram of the tank car frame

equations of motion were solved with the Runge-Kutta
method in MathCad [16-17]. The initial displacements
and speeds were taken equal to zero [18-20]. It included
a rigidity of the material in the center sill of 82 kN/m
and the coefficient of viscous resistance 120 kN-s/m.

The maximum accelerations were 26.4 m/s? and
occurred at a jerk (Figure 3). After that the acceleration
went up and after a gentle jerk it faded. This acceleration
value was 3.5 % lower than that obtained for the bearing
structure without filler [21].

The accelerations obtained were included in the
strength calculation of the frame of a tank car. The
calculation was made with the finite element method
in SolidWorks Simulation [22-23]. It was based on the
spatial model of a tank car (Figure 4).

The finite-element model of the frame was built
with isoparametric tetrahedrons [24-26] (Figure 5). The

optimal number of the tetrahedrons was calculated by
the graphic analytical method [27-28]. The number of
the elements in the mesh was 33193 and nodes - 11118.
The maximum element size of the mesh was 100mm,
the minimum size - 20mm, the maximum element side
ratio - 109.25; the percentage of elements with the side
ratio less than three - 18.1 and more than ten - 25.3. The
number of elements in the circle was 9. The element size
gain ratio was 1.7.

The design model included the following forces to
the frame: vertical static loading in the areas of support
of the tank on the frame P, and longitudinal loading
P, on the front followers of the coupler (Figure 6). The
center sill was made of a composite with the titanium
matrix reinforced with boron, borsic, silicon carbide,
beryllium and molybdenum fabrics. The endurance
strength of the composite is: along the fabrics - 1100 -
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Figure 7 Stress state of the tank car frame
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Figure 8 Accelerations in the tank car frame

Table 1 Results of modeling the dynamic loading of the tank car frame

Longitudinal force, MN 1.8 1.9 2.0

2.1 2.2 2.3 24 2.5

20.1
22.6

20.9
23.5

Mathematical model

Computer model

21.8
24.3

22.7 23.8 24.7 25.6 26.4
25.5 26.7 27.5 28.4 29.3

1300 MPa, across the fabrics - 650 MPa. The fixing of
the model was carried out in the areas of support on the
chassis [29-30].

The elastic viscous material in the frame was
modeled through linkages with similar characteristics
by choosing appropriate options in the SolidWorks
Simulation.

Results of the calculation are presented in Figure 7.

The maximum equivalent stresses were recorded
in the contact area between the center sill and the
body bolster; they amounted to about 284.7 MPa. These
stresses did not exceed the allowable values [14-15, 31].

The distribution fields of accelerations in the tank
car frame were determined in accordance with the design
diagram given in Figure 6. Results of the calculation are
given in Figure 8. The maximum accelerations were
recorded in the middle part of the center sill; they

amounted to 29.3 m/s%. In the end parts of the frame the
accelerations were about 26 m/s%. The lowest value of
accelerations was recorded in the areas of support of the
tank on the frame. It is explained by the securing of the
model by the body center plates [32-33].

The mathematical model in Equations (1) - (3) was
verified with an F-test [34-35]. The variation parameter
was the longitudinal force on the front followers of the
coupler. As a result of the calculations, the acceleration
acting on the car frame was obtained. The calculation of
accelerations was carried out using the mathematical
model in Equations (1) - (3) and the computer model is
shown in Figure 6. Results of the calculation are given
in Table 1. The needed number of static data was found
with a Student’s t-test.

Results of the calculation demonstrated that at
the error mean square S, = 5.1 and the dispersion of
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Figure 9 Difference between the results of the mathematical and computer modeling

a)

b

Figure 10 Some oscillation modes of the tank car frame (scale of deformations 15:1)
a) Mode 1; b) Mode 2; ¢) Mode 3; d) Mode 4

Table 2 Values of the natural oscillation frequencies of the tank car frame

Mode Frequency, Hz Mode Frequency, Hz
1 28.0 6 54.1
2 38.9 7 64.4
3 45.1 8 67.0
4 46.3 9 81.9
5 49.2 10 97.9

adequacy S’ = 5.76, the actual value of an F-test was
F_ =113, which is lower than the tabular criterion value
F,=3.07. Thus, the hypothesis on adequacy of the model
designed was not rejected.

The difference between the results of the
mathematical and computer modeling of the dynamic
loading of the frame of a tank car is presented in
Figure 9.

The maximum value of this difference was 11.0%;
at the longitudinal force on the frame of a tank car it
amounted to 1.8 MN and 1.9 MN and the lowest value
was about 9.8 %, at 2.4 MN.

Besides that, the design diagram of a tank car
(Figure 6) was used for determination of the natural
frequencies and oscillation modes of the tank car frame.

Some oscillation modes of the tank car frame
are given in Figure 10. Transparent color in Figure
10 indicates the stationary position of the frame and
matte - the form of vibrations, taking into account the
enlarged scale. In this case, each mode shown in Figure
10 corresponds to the numerical value of the frequency
indicated in Table 2.

From the results given in Table 2 it can be concluded
that the natural frequencies were in a range of the
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allowable values, as the first frequency exceeded 8 Hz

[14-15].
5 Conclusions
1. Authors conducted the mathematic modeling of

the dynamic loading of a frame of the tank car
with the closed composite center sill filled with
elastic-viscous material. It was found that the
maximum accelerations were 26.4 m/s? and occurred
at a jerk. The acceleration value was 3.5% lower
than that obtained for the bearing structure without
filler.

The research included the strength calculation of
the frame of a tank car. The maximum equivalent
stresses were recorded in the contact area between
the center sill and the body bolster; they amounted
to about 284.7 MPa. The stresses obtained did not

The maximum accelerations were recorded in the
middle part of the center sill and amounted to 29.3
m/s% In the end parts of the frame the accelerations
were about 26 m/s%. The lowest accelerations were
recorded in the areas of support of the tank on the
frame.

The designed model of the dynamic loading of the
tank car frame was verified. It was found that at
the error mean square S, =5.1 and the dispersion
of adequacy S, 7 = 5.76, the actual value of an
F-test was F =1.13, which is lower than the tabular
criterion value F, =3 .07. Thus, the hypothesis on
adequacy of the model designed was not rejected.
The modal analysis was performed for the frame
of a tank car. The natural oscillations frequencies
of the frame of a tank car were in the range
of allowable values. The first natural oscillation
frequency exceeded 8 Hz.

The research conducted can be used by those

exceed the allowable values.
The research also included the computer modelling
of the dynamic loading of the frame of a tank car.

concerned about the development of innovative freight
car structures and enhanced efficiency of the railway
transport.
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Resume

Container ships represent the fastest growing segment of maritime transport.
The need to reduce unit transportation costs and environmental impact
has led to development of the most capacious ultra-large container ships
operating on the world's major shipping routes. A representative database
of ultra-large container ships was created and further subdivided according
to the main technical parameters. Using a simple cubic regression model,
based on the least squares method, an equation, compliant to the general
propeller law, was developed to predict the propulsion power of ultra-large
container ships as a function of their sailing speed. The results obtained
using the developed equation should be sufficiently close to the results of
the exact verification calculations at the technical design stage. Then this
prediction would find application in the design of both main propulsion, as
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well as waste heat and cold recovery systems.
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1 Introduction

Maritime transport currently handles around 80
% of the volume of global trade in goods. Its fastest-
growing component is container transport. The weight of
cargo transported by containers between 1990 and 2019
recorded a massive nine-fold increase, shown in Figure
1 [1]. The popularity of contenerization results from
easier distribution and shorter loading time of cargo on
board ships, the protection against external factors and,
most importantly, the possibility of transporting further
without having to reload the goods in the container -
known as intermodal transport [2].

The enormous progress in ship technology has
helped to increase the dimensions and performance of
container ships. In the period 1968-2021, the loading
capacity of the largest container ship increased from
1,530 to 23,992 TEU (Twenty-foot Equivalent Unit),
i.e. by a massive 1,468 % (Figure 2). This development
continues unabated. In the next few years, new records
are expected to be broken and previously unattainable
limits of capacity to be exceeded.

The economic benefits of operating ever-larger ships
on the world’s major shipping routes (East Asia -
Northern Europe and East Asia - Northern America)
has led to creation of ultra-large container ships (ULCS)
of unprecedented size. The ultra-large generation

appeared in 2006 with the Emma Maersk, the first
container ship with an overall hull length of nearly 400
metres and a cargo capacity of 14,770 TEU [4].

Initially, this generation included all container
ships with a cargo capacity of at least 14,501 TEU.
However, this criterion has become obsolete with the
more effective use of hull space and the location of
more and more containers within the same area. The
first container ships with dimensions corresponding to
the slightly smaller very-large type and with a larger
capacity than Emma Maersk were the UASC A15-
class (15,000 TEU, delivery year 2014, length overall
368 m, beam 51 m). The largest very-large ones are
currently the HMM Nuri-class (16,010 TEU, delivery
year 2021, length overall 366 m, beam 51 m). Therefore,
when comparing the parameters of all the ultra-large
container ships in service, it can be conventionally
assumed that their unique feature is a length overall
of more than 390 metres. The parameters of the most
capacious very- and ultra-large container ships are
presented in Table 1 [3].

Despite the constantly growing demand for ultra-
large container ships, the literature still does not
include methods whereby the propulsion power may
be approximately predicted. Available methods of
predicting propulsion power are limited to the main
engine rated power only and do not take into account the
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Figure 2 Increase of the container ships’ cargo capacity [3-4]

Table 1 The most capacious container ships [3, 5]

i Length 11, Beam, Draft,
Type Delivery year Name Carg((’)r(}:aa[;;?mty, Reefer plugs engt(r:)vera ::)n (rjl)
Very-large 2021 HMM Nuri 16,010 1,200 366 51 16
Ultra-large 2021 Ever Ace 23,992 2,200 399.9 61.5 16.5

latest ultra-large container ships over 20,000 TEU [6].
It is therefore not feasible on their basis to predict the
propulsion power required for any sailing speed, which
is particularly important for, among others, calculations
of waste heat and cold recovery, whose amount is
growing with increasing of the propulsion power [7-8].

At the initial design stage, it is impossible to
precisely determine the required propulsion power
due to the lack of model tests results [9]. At the same
time, decisions made at this stage of a project have a
fundamental impact on its total cost and duration. Each
mistakenly selected parameter requires adjustments at
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Figure 4 Conventional direct-drive container ship main propulsion system [13]

the technical or working design stage, which results in
additional work, a significant increase in total costs and
a significant delay in delivery. This means that design
offices and shipyards cannot afford to have significant
errors in the initial design of a given ship [10]. Stages of
the shipbuilding process are shown in Figure 3.

Therefore, it was necessary to develop a method for
predicting the propulsion power in a quick and simple
manner with sufficient accuracy. Methods based on
statistical modelling for a specific type of container
ship, its cargo capacity, its age and the configuration of
its main propulsion system can be an effective tool for
predicting the propulsion power of a given ship.

The aim of this paper is to determine the empirical
mathematical relationship based on a simple cubic
regression model and obtained by comparing the real
parameters of actual ultra-large container ships no older
than the average age of all the container ships in service
- 1.e. 13 years [1]. This guarantees both a representative

research sample and a focus on configurations of the
main propulsion system still in use.

2 Database of the ultra-large container ships

A ship’s propulsion power, required for sailing at
any service speed, at the initial design stage can be
predicted by comparing the actual parameters of ships
in operation. For this purpose, a list of selected real
parameters was prepared in the form of a database
including 20 different classes of the ultra-large container
ships, represented by 142 ships, not older than the
average 13-year lifetime [1].

The parameters of the ships in service were obtained
from the registers of classification societies [12].

This database does not include ships with
unconventional main propulsion system configurations -
i.e. Maersk Triple-E-class equipped with a pair of main
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Table 2 Representative database of the LNG-fueled ultra-large container ships [14]

Ship class CMA CGM Jacques Saade
P, (kW) 57,456
v,, (kn) 22.00
v,, (km/h) 40.74
. WinGD 12X92-DF
fingine ype LNG-fueled
P, . &W) 63,840
P, /P, (%) 90
L,,, (m) 399.9
L,, (m) 383
Cargo capacity, (TEU) 23,112
Quantity 9
Delivery year 2020

where:
L,, - Length overall, (m),

L,, - Length between perpendiculars, (m),
v, - Service speed, (kn) or (km/h),
P, - Service propulsion power, (kW),

P, . -Main engine rated power, (kW).

Bm,

Table 3 Representative database of the LNG-ready ultra-large container ships [15-16]

Ship class HMM Algeciras HMM Oslo MSC Gulsun MSC Mina
P, (kW) 60,380 59,360 66,650 66,220
v,, (kn) 22.40 22.25 23.20 23.25
v,, (km/h) 41.49 41.21 42.97 43.06
MAN 11G95ME-C
Engine type
LNG-ready
Py (kW) 75,570
P, /P, . (%) 79.90 78.55 88.20 87.63
L,,, (m) 399.9 399.9 399.9 399.9
L,,, (m) 383 383 383 383
Cargo capacity, (TEU) 23,964 23,820 23,756 23,656
Quantity 7 5 6 10
Delivery year 2020 2020 2019 2019
Ship class COSCO Shipping Universe COSCO Constellation UASC A18
P,, kW) 57,900 54,960 41,800
v,, (kn) 22.00 21.80 19.90
v,, (km/h) 40.74 40.37 36.86
MAN 12S90ME-C MAN 11S90ME-C MAN 10S90ME-C
Engine type
LNG-ready
P, ., kW) 69,720 63,910 58,100
P, /P, (%) 83.05 86 71.94
L,,, (m) 399.9 399.7 399.9
L,,, (m) 386 382 385.4
Cargo capacity, (TEU) 21,237 20,119 18,800
Quantity 6 11 6
Delivery year 2018 2017 2015
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Table 4 Representative database of the HFO | MGO-fueled ultra-large container ships [5, 12, 14, 16-17]
CMA CGM
Ship class Ever Ace OOCL G Antoine de MOL Triumph Ever Golden MSC Olympic
Saint-Exupery
P,, kW) 58,600 61,530 59,370 59,160 59,300 56,250
v, (kn) 22.20 22.50 22.25 22.20 22.50 21.90
v, (km/h) 41.11 41.67 41.21 41.11 41.67 40.56
Engine type WinGD 11X92 llGl\E;I?I\I/}IE-C WinGD 11X92 MAN 11G95ME-C llslglﬁE-C
HFO/MGO-fueled
P, . (kW) 70,950 75,570 70,950 75,570 63,910
P, /P, (%) 83.01 81.42 83.68 78.29 78.47 88
L, (m) 399.9 399.9 399.9 399.9 399.9 395.5
L,,, (m) 393 383 383 383.6 387 379.4
Carg(‘)TfEall}?my’ 93,992 91,413 20,954 20,170 20,160 19,437
Quantity 14 6 3 6 11 6
Delivery year 2021 2017 2017 2017 2017 2016
Ship class MSC Pegasus CSCL Globe CZIL/[QSEIIZ[ ?{flf;i(lilf APL Temasek 1(541:141{:00}(’3) ll\ﬁ
P, (kW) 61,530 56,800 54,936 53,960 36,900 63,910
v,, (kn) 22.65 22.00 21.75 21.60 19.00 23.15
v,, (km/h) 41.95 40.74 40.28 40.00 35.19 42.87
Engine type HOOMEC  12890MB-C MAN 11S90ME-C R o6
HFO/MGO-fueled
P, ., kW) 75,570 69,720 63,910 80,080
P, /P, (%) 81.42 75.16 85.96 84.43 57.73 79.81
L,,, (m) 399.9 399.7 399.2 398 397.9 396
L,,, (m) 383 383 381.4 380 380.1 378.4
Carg("TEall;j‘City g 19,437 19,100 17,859 17,722 17,292 16,020
Quantity 14 5 3 3 8 3
Delivery year 2016 2014 2015 2015 2017 (lengthened) 2012

engines driving two fixed pitch propellers within twin-
skeg hull [12]. It includes single-skeg ships with fixed
pitch propeller directly-driven by diesel or dual-fuel low-
speed main engine (Figure 4).

The created database includes LNG-fueled (Table
2), LNG-ready (Table 3), HFO/MGO-fueled ultra-large
container ships’ classes (Table 4). It should also be noted
that the classes are groups of sister ships. For example,
the CMA CGM Jacques Saade class includes 9 ships
built to the same design with exactly the same technical
parameters. An explanation of LNG-ready term can be
found further below Figure 11.

Figure 6 indicates that more than 35 % of the
created database consists of ships with a cargo capacity
of 23,000 TEU or more, all of which were built in the
last three years. Ships of this size are also in the current
order books for the coming years as the only ultra-large

type. The smallest of these (below 18,000 TEU) are no
longer being built due to the steady increase in capacity
of the next generation of very-large container ships with
an overall length of up to 370 m, which has now already
reached 16,010 TEU (HMM Nuri, overall length 366 m,
width 51 m, 16,010 TEU). The construction of medium-
sized ultra-large container ships of the order of 18,000
+ 22,000 TEU is also not continuing due to insufficient
compensation for increased investment costs.

As shown in figure 7, ships with a length between
perpendiculars equal to 383 m, most often associated
with an overall hull length of more than 399 m,
constitute 46 % of the created database.

Ships with a service speed of at least 22 knots
constitute 74 % of the created database as presented
in Figure 8. This group also includes all ships with a
capacity of at least 23,000 TEU. Lower service speeds
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VOLUME 24 COMMUNICATIONS 3/2022



B234 KORLAK

Class ® Ship
100
86
80
60
£
e
8
% .
23
19
20 14
11
0
19+19.99 21+21.99 2242299 23+23.99
Service speed, (kn)
Figure 8 Database divided into service speed [3, 5, 12, 14-17]
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Figure 10 Database divided into service propulsion power as a % of main engine rated power [3, 5, 12, 14-17]

are related to slow steaming of the main engine. This  required propulsion power due to its variability over the
parameter was used as the main predictor of the full range.
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Figure 11 Database divided into type of propulsion [3, 5, 12, 14-17]

Table 5 Values of the propeller curve constant coefficient of all analysed ship classes

Ever Ace HMM Algeciras HMM Oslo MSC Gulsun MSC Mina
5.3560 5.3722 5.3889 5.3375 5.3030
- CMA CGM
Ship class CMA CGM 00CL G COSCO Shipping \: ine de Saint- ~ MOL Triumph
Jacques Saade Universe
Exupery
¢ (kW - kn?) 5.3959 5.4018 5.4376 5.3899 5.4072
. COSCO .
Ship class Ever Golden Constellation MSC Olympic MSC Pegasus CSCL Globe
¢ (kW - kn?) 5.2060 5.3049 5.3554 5.2952 5.3343
Ship class UASC A18 CMA CGM Zheng CMA CGM APL Temasek CMA CGM Marco
He Kerguelen Polo
¢ (kW - kn?) 5.3042 5.3392 5.3544 5.3798 5.1513

Figure 9 announces that ships equipped with the
MAN 11G95ME-C main engine, whose rated power
is 75,570 kW in either a single or dual-fuel version,
constitute 46 % of the created database.

The service propulsion power of ultra-large type
container ships is usually 78 + 81% or 86 + 90 % of the
main engine rated power. These ranges constitute more
than 2/3 (68 %) of the created database as demonstrated
in Figure 10. The size of the used engine margin results
from the applied variant of the main engine work
optimisation, in which the specific fuel consumption and
pollutant emission are the lowest.

Figure 11 outlines that, in total, 60 of the 142 ships
assigned to 8 of 20 classes are equipped with propulsion
suitable for running on LNG (Liquified Natural Gas).
However, only nine ships CMA CGM Jacques Saade-
class are currently LNG-fueled [14]. Ships marked as
LNG-ready equipped with dual-fuel engines will burn
LNG as soon as LNG tanks and fuel gas supply system
are installed within the engine room. The popularity
of the LNG as marine fuel will continue to grow due

to more and more restrictive limits on the emission
of harmful substances (i.e. NO,, SO, and CO, set by
MARPOL Annex VI) and the development of bunkering
infrastructure at ports [18].

3 Results and discussion

The values of the propeller curve constant coefficient
¢, of all the analysed ship classes, ¢ were obtained by
transforming Equation (1) resulting from the general
propeller law [9, 13, 19]. They are contained in Table 5.
The required service propulsion power and service speed
values for each ultra-large container ship class were
previously included in Table 4.

Pi=c o 8

thus

c=1s @
v
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where:

P, - Brake power for a given sailing speed, (kW),

¢ - Propeller curve constant coefficient, constant value
for a full range of sailing speed, (kW - kn*®),

v -Sailing speed, (kn).

According to Equation (1), the values of the
propulsion power were predicted for all the analyzed
ultra-large container ships in the range of sailing
speed up to 24 knots. Then, the simple cubic regression
model, based on the least squares method, was applied.
The following equation was obtained as a result of the
calculations:

Py = 5.333-2° (3)

Table 6 Regression analysis results [20]

Results of the regression analysis and equations
describing relations between given parameters are
included in Table 6 [20].

Figure 12 shows the propulsion power of the ultra-
large container ships’ as a function of its sailing speed.

The developed Equation (3) can be applied with very
high accuracy to container ships with a length between
perpendiculars of 378 + 393 m and a sailing speed
not exceeding 24 knots. It facilitates a quick and easy
prediction of the ultra-large container ships’ propulsion
power with sufficient accuracy, which is particularly
relevant at the initial design stage, when model tests
have not yet been performed.

It is worth noting the very high value of the
determination coefficient R? = 0.9959 = 1, obtained when

Parameter Symbol Value Equation

Sample size N 500 N=n, nc (4)

Confidence level CL 0.95 CL=1— (5)

Standard deviation SD 204657KW  gp — \/ ZH(P b Po) ©)
>V (Ps,— Py

Determination coefficient R? 0.9959 R=1— — %)
> (Ps— Da)

Standard error of SE 985.95 kKW SE — SD

propulsion power

N 8

where:

n, = 25 - Total number of points related to sailing speeds between 0 and 24 knots with an interval equal to 1,

n,= 20 - Total number of ship classes, including a total of 142 ships,

p =0.05 - Assumed p-value (probability value),

P,, - Propulsion power, the actual value of the dependent variable, (kW),

P = P, - Propulsion power, the predicted value of the dependent variable based on the regression model, (kW),
Ps, - Propulsion power, the mean value of the actual dependent variable, (kW).
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60,000
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Figure 12 Propulsion power of the ultra-large container ships’ as a function of its sailing speed
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developing an equation for predicting the propulsion
power, which indicates a strong relationship between the
dependencies under study and choosing the appropriate
regression model. This enables the use of Equation (3)
with a high probability that the initial calculations
would be satisfactorily similar to the results of the exact
verification calculations at the technical design stage.

4 Conclusions
A unique feature of all the ultra-large container

ships is a length overall of more than 390 meters. The
cargo capacity of the most capacious ship has already

reached nearly 24,000 TEU and is still growing. The
typical configuration of the main propulsion system of
the ultra-large container ships consists of a fixed pitch
propeller directly-driven by diesel or dual-fuel low-speed
main engine. The service speed is the main predictor
of the required propulsion power due to its variability
over the full range. The calculations based on Equation
(3), using a simple cubic regression model, allows the
propulsion power to be predicted with sufficient accuracy
at the initial design stage, when the model tests results
are not yet known. The obtained results would be useful
for the design of main propulsion systems, as well as
waste heat and cold recovery, whose amount is related
to the propulsion power.
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Resume

Theoretical identification methods for complex industrial control objects
give very cumbersome and complex mathematical relations, the use of
which for practical purposes is not constructive. In this regard, methods
for obtaining mathematical models based on experimental data have now
become the main focus of identification theory. In this paper is described the
method of identification of industrial control objects developed according to
their acceleration characteristics. The structure of the object under study is
determined by the type of amplitude-phase frequency response and dynamic
parameters are determined by experimental data. The high adequacy of
the method is confirmed by similar studies on known (reference) models.
The scientific novelty of the work consists in development of a new method
for identifying complex industrial control objects by their acceleration
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1 Introduction

Obtaining models based on observations and
studying their properties is essentially the main content
of science. These models may be more or less formalized,
but they all have the main feature that they link
observations into a general picture. The problem of
obtaining adequate mathematical models of dynamical
systems, based on observations of their behaviour is the
subject of identification theory. The world around us
consists entirely of dynamic systems, so knowledge of
identification methods is crucial.

At present, with increasingly high requirements for
management processes in various fields of engineering
and technology, identification issues are becoming
extremely important, since it is impossible to ensure the
high-quality management of a system if its mathematical
model was not known with sufficient accuracy.

Defining the system characteristics is dual to system
management tasks since one cannot manage a system if
its characteristics were unknown. Knowledge of the
mathematical model before starting the management
process significantly affects the effectiveness of its
implementation [1-2].

This paper describes the developed methods for
adequate identification of complex industrial controls
s based on the results of an active experiment
(acceleration characteristics).

2 The definition of objects equations by curves
of acceleration

To obtain the equations of objects, an experiment
is used, which consists in measuring and registering
one or more transients. These processes correspond
to particular solutions of the desired differential
equation. Two types of experiments are most widely
used in automation: removal of acceleration curves and
removal of frequency characteristics. In the first case,
the registered partial solution of the desired equation
is the object’s response to a standard step change in
the input value, which is used to determine the object’s
equation. In the second case, not one particular solution
is registered, but several. These solutions are steady
fluctuations in the output value of the object, forced
by artificial periodic fluctuations of the input value at
various fixed frequencies. These particular solutions -

© 2022 UNIVERSITY OF ZILINA
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the frequency characteristics of the object - represent
the initial material for the subsequent finding of the
equation [3].

If an active experiment cannot be applied on an
object, then the statistical dynamics methods are used
without using artificial influences on the object [4].

For a linear operator, equation of the form

a-x"+a-x" '+ .. +x=

(1)
bo x8 + br-xt "+ ...+ b o,

where n > m; x, x, - output and input of the object
solution with zero initial conditions and abrupt change
in input X , can be written analytically, as a function of
time and coefficients:

b

x=x(a,a,..,a

o 0p 0,000 ); (2)
and vice versa, if the order of the object Equation (1)
is known and the reaction is obtained experimentally
x, (t) to a step change in input, then you can calculate
n +m + 1 coefficients a, b, (1). For this, the analytical
solution is equated x(¢) in (2), in which the coefficients
appear a, and b, and reaction x4, () at different times
t=t(i=12,..,m+n+1). The result is a system
of m + n + 1 equation with unknown coefficients a, b;:

xcm(ti700y015-~-)an*1;b0;b1»~'-;bm) = xém(tz))

3
i=12,...n+m+1, ®

from which the desired coefficients are calculated. In this
way n + m + 1 discrete ordinates x},(t) acceleration
curves allow m + n + 1 unknown coefficients. Different
variations of this idea are possible, up to the use of other
types of reaction. One can take an excess number of
ordinates and apply the least squares method.
Knowledge of the order of the object Equation
(1) is essential here. The analytical form of solutions
of Equation (2) is different for equations of different
orders and if the a priori order n is less than the actual

()

one, then this method of equating the ordinates of the
analytical solution and the experimental solution; gives
incorrect @, and b,. If n taken large, then this should not
represent a problem, since the extra coefficients will
turn to zero. A priori, the order of the object’s equation
is determined by the number of concentrated containers
in the object [5-6].

2.1. Method for identifying the first-order object
using an exponential acceleration curve

Figure 1 shows the acceleration curve y(t) of a single-
capacitive linear object. At a moment in time £, = 0 input
quantity x changed jumped to a units.

It is necessary to determine numerically the
mathematical model of the object.

The required equation has the form

Y(p) K
X(p) ~ Tp+1 @)

T%—&-y:Kx or

and you need to define constants 7' and K.

First, an analytical expression is found for the
solution of the equation under the given conditions.
This solution will contain constants 7' and K. The
resulting acceleration curve is a graphical solution, then
comparing the graph with its analytical expression, the
constants of this analytical expression are determined.
The general form of the solution for conditions y = 0 at
t=0andx = a att>0is[7]

wWt)=Ka(1+eT). (5)

In principle, it is enough to take a couple of any
points from the graph, substitute their coordinates into
the solution and then from the two obtained equations
calculate T and K. However, these equations are
transcendental:

(K a(1—e 1)
(K a(1—e 1)
and to calculate their roots K and T is difficult.

(6)

25

oL

7

0 2 3 4 5

5 7 E ] 10t=

Figure 1 For definition of the first-order object model along the acceleration curve
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Therefore, one can apply the following technique. In the
steady state, is ¥ (t) = k - a, therefore, the ordinate
of the asymptote tends to y, what makes it possible to
determine K by simple division by a, i.e.

K==>. (7)

To calculate 7, the solution is differentiated with
respect to time:

GOy g 0

and set ¢ to zero

hm —Kat=L=ya )
dt T T~ 9%

where a is the angle of inclination of the tangent drawn
to the graph y(t) at ¢ = 0. Therefore,

b

T= T9a -

10)

Thus, T is numerically equal to the length of the
tangent within the range of the origin of coordinates
to the point of its intersection with the mentioned
asymptote.

This solution is the simplest, but not accurate, since
it is difficult to indicate the ordinate of asymptote b. This
solution uses only the beginning and end of the graph,
while all the intermediate points are dropped from
consideration, [8-9].

Now is considered a more accurate technique.
The graph is broken equidistant to the interval A¢ for
ordinates y,, v, y, etc. For these points, according to
the solution of Equation (5) can be written

Vo ( t)—Ka( e%)

w(t)=K-a- (1—¢ %); 11
w(t)=Ka(l—e %);

v(t)=K-a- (1—e sTAft),

etc.

The previous equations are subtracted from the
following ones in pairs:

AL
n—yvw=Ka—Kae T,
2At

yvo—n=Kae T—Kae’T (12)
y:a*yz:K-a-e %

7@t —K-ae T;
etc.

. A, .
For brevity, ¢ T is denoted as q, then, one can write:

n—y=Ka(l-q)

yo—m=Kaq(1—q) (13)
vi—y=K-a ¢*q-(1—q);

etc.

Dividing each subsequent of these equalities by the

previous one, one obtains a series of values for q:

_ Y2,

q1 = Vi — v’

2= 3= (14)
_ Vi s,

qs = Vs — vy

etc.

These numbers differ from one another due to
experimental measurement and registration errors y(t).

More accurate is the average value, which gives
the arithmetic mean ¢ from the calculated individual
values g, Then the updated time constant 7' is
determined from the expression
At
T = Ing - (15)

Similarly, according to the known g, individual K,
are determined as:

_ N =Y
K a~(1—q1)’
_ Y2 — W1 .
Kz G'QZ'(l . C]Z)’ (16)
K::iyg_yz 5
e (1—q)

Then the arithmetic means K of K,K,K,isK.

2.2 Method for identifying a second - order object
with a monotone s-shaped acceleration curve

Figure 2 shows the acceleration curve of the object
described by the second-order equation:

d

2
T Ty y+(T1+Tg Y Ly =Kx. amn

rn
Constants 7', T, and K, can be calculated if it is
known that the perturbation at the input was single
x=a=1att>0.
As in the previous case, at the beginning, you should
write the solution to the equation in general form [10].
Let the general form be, [4]
Yo (1) = Cr-e T+ Coe T+ K-a. (18)
In this case, it is necessary to determine five

unknowns (K, T, T, C,, C,). One can reduce the number
of unknowns to three (K, T, T,,).

dy _

For this, from the initial conditions y = 0; ar = 0
for ¢ = 0 the arbitrary constants are defined:
Vit (0) = C1'27% + Cz-ef% + K-a=0;
(19)

yﬁomz(()) = —C1'%-67%— Cz‘ %1267% = O;

from
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Figure 2 For definition of the second-order object model with a monotonic acceleration curve S - figurative

C = k-a T, are rewritten as
T — 17 20)
C‘:kaTz vo = A1+ Ay + As;
2 Th—1T:

vi=A+Asp+ As q;
o= A1+ Ay p*+ As- g%

The desired particular solution is obtained in the — A+ Av bt Ase gt

(23)

form yi= A1+ Ay p+ As- g
Ly T £ vi=Ai+ Ay p’+ Ay g’
e T
wt)=Fk-a- T:;,) I . (21)
+ T =T, e T2 We will count the numbers 1, p and g roots of the

cubic equation. Let the first line be multiplied by B,, the
Now, in principle, it is sufficient to take the second by - B,, the third by - B, the fourth by - 1 and
coordinates y, ¢, three arbitrary points from a given add them, then the right-hand sides add up to zero, so
graph, substitute them three times into the solution one gets, [6]:
and from the three equations obtained in this way

find the roots k, T, T,. However, these equations are A’ + Bi-A*+ By-A + B; = 0. (24)
transcendental and the roots are difficult to calculate, so
it is more convenient to use the following mathematical — yo-Bs + y1-Bs + y2-B1 = 0. (25)
technique [11].
To do this, the graph y(t) is split equidistant to Then the same is done with the following four lines:
interval A ¢ for ordinates y, y, y, etc. and one then
writes: yi-Bs+ vy By +ys-Bi+y,=0. (26)
vo=rFka+ 'I;, a g} + 'I,;, a g? The next four lines will give
1 1 2
_
1+ T.— T e o+ Yo By + y3- By + y4-Bi+y5 = 0. (27)
nw==ka T N ;
9 —
+ T — 1T, ¢ e " .
1 T 2 s In these three equalities, the ordinates y, are
1+ ﬁ e T+ (22)  known from the acceleration curve and the constants B,
v2=k-a T o 5 B,, B, are the sought for ones. Having found them, one
+ -1, ¢ " should then calculate the roots of the cubic equation:
T _3AL
1 + — e T+
v=rka T,} h " : A= l;Az:p:e*%;/h:q:e*%, (28)
2 o -3AL
T T ¢ .
etc. ie.
. . K- T At At
By designating A1 = K; A = ﬁ; T = “Tnp and T3 = “Tnp (29)
Ay — K- T — o T th i F i f f E i 2
8T T = Tz’p =e i ;D = e T2 these equations rom any equation of system of Equations (23),
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Table 1 Experimental values

t MIN 0 1 2 3 4 5
y(8) 0 0.31 0.80 1.21 15 1.7
 We
25 / e
2 y
1.5 //
1
0.5 /
0
_a
0 5 10 15 20 25 .
I, min

Figure 3 For definition of the second-order object model with an oscillatory acceleration curve

except for the first, it is necessary to calculate K. and substitute the numeric values

To increase the accuracy, one cannot take only six
initial ordinates, but more than average of the results.

In essence, this method is an approximation of
a given graph by the sum of exponential terms [12].

Next is presented a numerical example. Taking
= 1 min, six ordinates on the acceleration curve are
measured (Figure 2) (Table 1).

From equations

0-B,+031-B,+0.8-B+121=0;
0.31-B, +0.8-B,+1.21- B + 1.21 = 0;

0.8-B, +121-B,+15 B +17=0;

one calculates B, = -1.97; B, = -1.19; B, = —0.222.

Then, one can find the roots of the cubic equation:
A= 1;A2 = p = 0.37; A3 = ¢ = 0.61. This is relatively
easy to do, since one root is known in advance. (A =1).
Then one finds:

A1
h==15 = " Tnoa7 ~ lmin,

A
T2 ==1np = ~Tno.61 = 2min.

To calculate K, take one of the lines, except the first,
of system in Equation (19), for example, the second:

y1:A1+A2'1)+A3'(]:
Ka T) Ka T, (30)
Koa(1+ e 8ptp+ -t q)

031 = k(1 + 517037 + 25 0.61),
to get
k= 2.07.

2.3 Method for identifying the second-order
object with an oscillatory acceleration curve

Equation of the object is defined according to the
reaction of the output A6 (t) (Figure 3) for the abrupt
change in the input value v to the value v = a, m/min,;
A® (t) - temperature difference in the last suction
chambers, v - belt speed [7].

The acceleration curve has an oscillatory shape and
it can be assumed that the sought equation is of the
second order with complex roots [9]:

d*A6 dA® _
ar —(’)/1+Y2)'7+Y1'72'A97 31)
Yi-v2 K-v.

It is necessary to calculate constants y:-y:- K.
This equation is the same as in the previous

case, only the designation of the constants is changed:

1 1 . .
Vi ==Y = — 7, since the time constant here,

in the case of an oscillatory system, has no physical
meaning. The equation of the oscillatory system is
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usually written in the form

d*AO
dt’

+2~€<a)0'd§t9

+ i A0 = K-woi-v, (32

where € is the damping coefficient; @, is the natural
frequency of the system.

This shows the connection between the physical
constants €,@o and numbers 7Y1,Y:. The latter were
introduced for the convenience of calculations.

Using the results of the previous method, one can
immediately write the solution to the equation:

K-a-vy:

fAaye Kavy: ,
Y1i— 7e ’

AO(t)=K-a+ e+ =72 et (33)

Since the control object has vibrational properties,
the method of calculating constants used in the previous
task will result in non-real numbers y: and 73, ie.
complex
Yi=oa+ By = a—jp (34)

Turning to the real quantities, the form of writing
the solution must be accordingly transformed according

to the Euler formula; it corresponds to the addition of
two harmonics.

1+ 2B iy

2iB
ANO(t)=K-a . =
a +]iB ,e(aﬂ'ﬁ)t
— 2B
1+ e
Jjo + ..
K.g |1+ 72ﬁﬁ (cos Bt + jsin Bt) + (35)
ja—p

3 (cos Bt — jsin Bt)
K-a-[l + e"’”(—cosﬁt-l—%-sinﬁt)] =

K-a-

1+e*,/1+ <%>2~Sin(ﬂt — arctgg)].

In principle, one could take the coordinates of the
three arbitrary points of their graph A6(¢), putting
them in the solution, calculate the real roots from the
three equations for o, A and K. However, since the
equations turn out to be transcendental, it is very
difficult to solve them and therefore it is more expedient
to apply the technique considered in the previous
problem [13].

For this, from the acceleration curve one takes six
equidistant to the interval At = 5 min, ordinate:

Aeo - 0; A91 - 29.3;A92 - 69;A93 - 843,
ABy = 79.8;A0; = 71.1.

The system of equations is composed for determining
the coefficients of the intermediate cubic Equation (21)

0-Bs+29.3-B; +69-B; + 84.3 = 0;
29.3-Bs + 69- By + 84.3-B1 + 79.8 = 0;
69-Bs +84.3-B; + 79.8- B + 71.1 = 0.

From that one calculates B, = -1.1654; B, = 1.12;
B, = - 0.366 and gets the following cubic equation:
A3-1.654 12 + 1.12 1 - 0.366 = 0, the roots of which are
then calculated (one root A, = 1 is known in advance):

A1 = 0.327 + j-0.509; A; = 0.327 — j-0.509; A5 = 1.

The complex roots A: and A: are represent ed in
an exemplary form:

. 05+710.9 — _—05-j10
A=e Iy =e 7

Next, the constants y, and y, are determined as:

1 _InA_ —05+j10
V"ETT T A T 5 -
—0.1+7-0.2;

_ 1 _InAs_ —05—j-1.0
Ve T T T A T 5 - (36)
— 0.1 4702

(a=—01;8=02).

It remains to calculate the static transfer ratio K.
This can be easily done by substituting the coordinates
of an arbitrary point of the acceleration curve and the
calculated constants o and f. Take for example the point
t = At = 5 min, AO(AL) = AO, = 29.3:

AD = K-l-[l -l-e““(—cosﬂt-l—%-sinﬂt)] or

203 = K-1-[1+¢ % (—cos0.25 + 31

sin0.25))|
where one finds K = 70 deg/(m /hour).

The required numerical equation of the vibrational
object will have the form:

d*AO dAg ap .
g 10277 +0.05-46 = 0.05-70-v,

37

where v - m / hour; AG — °C; [t] - min.
The natural frequency of the object is
wo = Y1 Y2 = 0.224 rad/min;

And the damping factor is

_ =AM —= A 0.2 o
£= "9 @ 20234 045

(38)

When this technique is extended to the higher-order
systems, the general scheme of the method remains
similar.
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3 Conclusion

The article analyses the methods of determination
for industrial control devices by the type of amplitude-
phase frequency response and substantiates their
complex mathematical relations ccording to the data
of an active experiment with the means of obtaining
acceleration characteristics.

In this paper are developed the methods for
identification of industrial control objects. Using
the method of statistical dynamics, the frequency
characteristics of an industrial facility are determined.

Acceleration indices of the analyzed control object
are converted to inertial link of the first order. The result
is a mathematical model of an industrial control object
in the form of a transfer function.

According to the data of an active experiment,

acceleration characteristics are obtained (the object’s
response to a step input action), which, for the
stable linear objects have one of the following types:
exponential, S-shaped, or oscillatory. The shape of
the acceleration curve determines the structure of
the object and its dynamic parameters (transmission
coefficients, time constants, delay time) are found by
processing the acceleration curve using the special
mathematical techniques. For example, a sequential
connection of inertial links (an inertial link of the 2nd
order) always gives an S-shaped Transition process.
Therefore, if an unknown object of research gives an
S-shaped acceleration curve, then its mathematical
model can be identified as an inertial link of the 2nd
order.

Similar conclusions can be drawn for objects with
other types of acceleration characteristics.
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Resume

The methodology for selecting the main force parameters of nonlinear non-
conservative suspension for the main performance characteristics of wheeled
vehicles has been developed based on the longitudinal-angular oscillations.
The following has been established: a) change limits of static deformation
of the elastic suspension system and its other parameters at which the
basic operational characteristics for various ranges of amplitude change
are satisfied; b) the amplitude of the initial perturbation of oscillations
depending on the shape of the inequality and its entry speed; c) the
influence of the main characteristics of damping devices on the amplitude-
frequency characteristics. The results of this work can be a basis for the
choice of such parameters of the considered controlled suspension, which
ensure the stability of the vehicle along the curved sections of the road, its
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1 Introduction

Modern wheeled vehicles (WV) are increasingly
using the so-called controlled (active or semi-active)
suspension system (CSS) [1-4]. It, in contrast to
traditional suspension systems with linear or nonlinear
force characteristics, has the ability to “adjust” the
force characteristics to the most optimal conditions
of movement along the road with irregularities, its
curvilinear sections or maneuvering. It is primarily
a question of ensuring the smoothness of the course,
the stability of the movement to overturn or shift.
The specified “adjustment” of CSS by change of static
deformation, rigidity characteristics and damping
properties of the suspension system (SS) is carried out
[2-4]. To design such CSS, more precisely, to create a
software product for controlling the determining force
parameters of the SS, the problem is the response of
the sprung mass (SM) to changes in the magnitude
of the force parameters of SS and various external
perturbations caused by WV motion. The latter,
within one or another physical and corresponding

mathematical models of motion can be obtained based
on the analytical dependences that follow from the
above mentioned models. As for the mathematical
models of the dynamics of WV motion, which are
adequate to the force characteristics of the studied
SS, they are usually ordinary nonlinear differential
equations. It is a problematic task to obtain the
analytical dependences on their basis, for creation
of a software product. The use of numerical or real
experiments for these dynamic models [5-8] does not
lead to the desired results due to limited for many cases
information about SM dynamics. Only in some cases
(for linear and some nonlinear mathematical models of
SM dynamics [9-15]) it is possible to obtain analytical
dependences that can be the basis for creating a
software product for controlling SS force parameters
and kinematic parameters of WV motion with CSS [16-
17]. Obtaining more general analytical dependences
for the SS with non-conservative power characteristics,
which would serve as a basis for creating a software
product of controlled or semi-controlled SS is the
subject of this work, hence its relevance.

© 2022 UNIVERSITY OF ZILINA
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Figure 1 Calculation scheme for the study of WV longitudinal oscillations with the distribution of forces acting on the SM

2 Methodology

Longitudinal - angular oscillations of the SM are
considered, which, considering the controllability,
smoothness, passability are the most important for the
vehicle. It has been stated that the restorative forces SS
of the front () and rear (F,) suspensions are described
by more complex dependencies as in [9], namely

FZ'(AZ',AZ‘):(O(i‘f‘ﬁi(Ai)Vl)(Ai)Vﬁl, (1)

where A; and A; are deformation and deformation rate,
respectively, of the front (i = 1) and rear (i =2) suspensions;
o, Bi,V1,Vy - constant, but Vi,V are determined
by  dependencies vi+1=2m+1)/(2n+1),
(m,n,p, q = 0,1,2,...). These conditions are necessary
and sufficient conditions for the existence of oscillatory
processes in the relevant mechanical systems [18]
In particular, the case B:= 0 corresponds to the
conservative law of change of SS restorative force
(progressive - v >0 and regressive —1 <v;<0)]
and the case B;=0,v; =0 - corresponds to the
classical linear law of its change. Various aspects
of the SM dynamics for these individual cases have
been considered, for example, in [8, 11-12, 19-20]. As
for the resistance forces of damping devices (shock
absorbers), they, as in most cases of linear or nonlinear
systems, depend on the rate of deformation of the elastic
elements SS and are described by the dependences
Rion = ¥:A¥"", (y; and s - constants). In addition,
the maximum values of these forces are small values
compared to the maximum value of the restorative forces.
This is a necessary condition for the oscillating motion of
the SM during the motion of WV way with irregularities
and to ensure the smoothness of WV stroke. At the same
time, these conditions reduce the dynamic loads on the
driver, passengers or transported goods. The task is to
obtain such analytical dependences that describe the

effect of the whole set of parameters Vi,V o8,

(including static deformation of the suspension system

Acnm., as a derivative) on the amplitude-frequency

characteristic (AFC) SM oscillations and which would

also be the basis for creating a software product for
controlling the power parameters of the suspension.

To solve this problem, the calculation model WV is a
flat system of two bodies separated in [14] - sprung - 1 and
unsprang mass - 2, which are connected by a suspension
system (elastic shock absorbers - 3 and damping devices
- 4, see Figure 1). In the process of WV movement
SM performs longitudinal-angular oscillations. These
oscillations play a crucial role in the study of such
characteristics of movement as controllability, stability,
smoothness, passability of the vehicle [21-26] and are
the subject of the study). Therefore, to unambiguously
determine the relative position of the SM at two
moments of time, it is sufficient to choose the angle of
rotation of it around the transverse axis, which passes
through the centre of mass (point O) and perpendicular
to the velocity vector of the specified point (angle)- ¢ (¢)).

Notes.

1. The positive direction of the SM angle rotation is
taken as in [26].

2. It is considered that during the movement by
elastic deformations of tires caused by external
factors are much smaller than the deformations
of the suspension elements and therefore they are
neglected in the mathematical model.

As for the static deformation of elastic elements,
which determines the position of the centre of mass
relative to the unsprang mass and hence to some extent
the return path, it is, as follows from equation (1),
determined as:

v 1/ mg
Acm. - o + as ) (2)

where m - the mass of the sprung part.
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The above generally allows deformation of the SS
elastic elements at any time to be presented in the form
A1 = a@(t) — Aem, Ao = bp(t) + Ac.. As a result,
from the basic ratio for the relative motion of a body
around an axis passing through its centre of mass is as
following

IO¢ = — a(E (an — Acm_,aqb) - Rlom(AI)) -

b(E . (b(l) - Acnm b¢) - Rl{m.(AZ))v ’ (3)

where I - the moment of inertia of the sprung mass
relative to the above transverse axis; a and b - the WV
base.

Taking into account Equation (1), the last ratio is
transformed into a form

. (a1 + Bi(ap) " Nap — Aﬁb‘)v2+1>
Io(p - a(+xl(a¢)25+l
,b<(az + Ba(ap)" )by — Aﬁb')ym)
+x2(b¢)2s+1 .

(4)

Below, for simplicity, the angle @(¢) is subtracted
from the horizontal equilibrium position of SM and
therefore the parameters o1, associated with WV
base and static deformation of the SM dependence
aci(Aen)* ' = b0tz (A ). In this case, the
differential equation of longitudinal-angular oscillations
for the first approximation can be represented as

¢+%(ﬁlav1+w+2+ﬁ2bvl+v2+2)(pvl(pvz+l —

_(Xlas‘2+xlbs}2)¢zs‘l_ 5)
IL ((X1dvz+2+O(1bv2+2)(021/+1+(V2+I)Apm X
(ﬁlav1+vz+1 +ﬁ2bV1+v2+l)¢m¢w

Thus, the solution of the problem has been reduced
to finding and studying the solution of the nonlinear
Equation (5). The above restrictions on the recovery
force of the suspension system and the resistance force
of the damping devices (shock absorbers) will help
to find it. From these limitations it follows that the
maximum value of the right-hand side of Equation (5)
is a small value in comparison to the main part of the
nonlinear reducing force SS (arc term of the left-hand
side of this equation). This is the basis for application
of the general ideas of perturbation methods [26-27]
adapted in [28] to construct an asymptotic solution of a
similar class of nonlinear equations. According to those,
first of all it is necessary to describe the undisturbed
motion of SM. These SM oscillations correspond to the
differential equation

¢ + [L(ﬁlavwrvwrz +ﬁ2bv1+vz+2)¢v1¢vz+l — 0, (6)

and they are described using the periodic Ateb functions
[28-30] in the form

o(t) = apca(vs + 1,(1 — vi) L w(ap)t +6)), (7)

where a, - of amplitude, @w(ag)t + 6 - phase, 6 -
initial phase, @w(ay)- natural frequency of oscillations.
The latter, as for the most nonlinear oscillatory systems,
depends on the amplitude and is determined by the ratio

2
w(ay) = —Vz;
1
]Lo(ﬁlavwrvz#rz +ﬂ2bv1+v2+2) 2=v1 i (8)
9 — v, Ap2=vi.

(1—=vi)(va+2)

3 Results

If it was supposed that the SM mass WV is
distributed along its entire “area” evenly, then the
moment of SM inertia is determined by the dependence

3 3
L = %(ai 5 + aib + 02/4) and to describe the

frequency of natural oscillations, a more convenient
dependence, which takes into account the static
deformation of SM can be used. Static deformation is one
of the control parameters of the SM oscillatory process
in order to provide the most comfortable conditions for
the WV movement way with irregularities. In this case,
equation (8) takes the form

vitve

V2+2@a¢271/1 7 )

a)(th)) = 9

where

2—]/1 2—1
o — (I—=vi)(v:+2)
- Sg(ﬂlav1+vz+2 +ﬁ2bw+v2+2)

(o1 + o)A @ + b* — ab + c*/4)

Figure 2 shows the dependences of SM natural

oscillation frequency in hertz f = a)Z(Ian;)

from static
deformation at different values of the amplitude of
longitudinal-angular oscillations and parameters V1,Vs
(Figure3), II -thehalfperiodofthe Atebfunctionsused,i.e.

HZF(%:Ki)F(VzlJFZﬁﬂﬂ(%:Ki +V21+2>'

Therefore, for a suspension system with a non -
conservative law of change of the regenerative force of
elastic shock absorbers, for the case of their greater
static deformation, the frequency of natural longitudinal
- angular oscillations is lower. Moreover, a larger
value of the amplitude of oscillations corresponds to a
larger value of the frequency, except when v1,v:, are
approaching -1. At the same time in the case Vi = — v,
resulting from the Equation (9), the natural frequency is
determined only by the power characteristics of the SS,
thatis, a similar phenomenon occurs as for linear systems
(isochronous oscillations of SM). As for the dependence
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Figure 2 Dependence of the SM natural oscillations frequency on static deformation at different values of oscillations
amplitudes and parameters V1i,Vs

of the frequency (period) of oscillations on the amplitude,
it is for cases V1> 0,v2 > 0;¥1 >0, — 1 <v2 <0 and
—1<v1<0,v2>0 a larger value of the amplitude
corresponds to a larger value of frequency (smaller
period);incase —1 <v; <0, — 1 <v; <0 corresponds
to an increase in frequency when the amplitude remains.
If it is taken into account that the dynamic loads,
acting on passengers and (cargo) transported for larger
values of frequency and amplitude are large, then
based on the choice of SS characteristics given the
dynamic loads for the case of WV movement along the
road with significant irregularities, it is advisable to
choose parameters adaptive suspension that satisfy the

condition: —1 <11 <0, —1<vy,<0.

Equation (9) is used simultaneously to solve the
inverse problem - to determine the relationship between
the amplitude of perturbation of longitudinal - angular
oscillations @y, which are caused by the collision of
WYV on the inequality of the way at which the frequency
of these oscillations takes values @,.. Assuming that
the vehicle is moving at a constant speed V hitting the
uneven way of a smooth shape y = g(x) at a point with
a coordinate x, at inseparable contact of a wheel and a
way, it has been receive that speed of perturbation of
longitudinal-angular fluctuations V of the mounting
points of the shock absorbers and SM is determined by
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Figure 3 Dependence of the period of the SM natural oscillations on the amplitude of longitudinal-angular
oscillations at different values v1,V:

the dependence V = Vsin¢ (¢ - the angle of inclination
of the tangent to the inequality of the path at the point
dg

dx\x:xo :

with the coordinate x,). Obviously that tgp =

On the other hand, the value of the specified component
of the speed of the mounting point of the shock absorbers
and SM is equal V= @,k h - the distance of the
specified point to the axis of SM relative rotation around
the point passing through the centre of mass of the
specified part and, therefore, z = ya* + ¢*.

On the other hand

dp(t)
D\x=x) = (fi—t = a¢ X
y d(ca(vs +1,(1 —vi) Lawla,)t +0)))

( dt )) [t—1to o (10)

_ o dlealvs+ 1,0 —v) Ly

\ b
awwn(aw, dl// \t*tn’

v = w(ay)t + 6,

where #- the moment of wheel entry on the unevenness.

Limited in Equation (10) to the extreme value of the

d(calv, +1,(1 — V1)717W>)
dy

relates the required values has been obtained

the ratio that

function

_vitve . _
1 2—v1 _Vl—iza

R 2w, 400

(11

It determines the amplitude of longitudinal - angular
oscillations perturbation as parameters function of the
suspension and frequency in the form

— <V2+2@

vi—2
Do = )V2+2
¢ 200

(12)
If in the last expression it is passed to the velocity

WV and the inequality profile, then the above is
equivalent to the following

ZV@ )_+ 2

(Vs + 216 (13)

Eq}:
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Figure 4 Dependence of amplitudes of undisturbed motion of longitudinal - angular oscillations on static
deformation of the suspension system, provided that the frequencies of these oscillations take the specified values
wn=w =4 (a),(b) and w» = @ = 6 (c)???

Figure 4 shows the dependence of the amplitude on
the static deformation to the Equation (12) for various
parameters that characterize WV controlled suspension,
provided that the angular velocity, along the angular
oscillations, takes a given value @ .

As expected, for an SS with a progressive law of
change of regenerative force, as well as in the case of
v1>0,v2 >0, a larger value of static deformation
corresponds to a larger value; of the amplitude of
transverse-angular oscillations at which their frequency
takes a given value, in addition, in the case of larger
values of the parameter Vv, it is smaller.

The above Equations (8), (11) serve as a basis for
creating a CSS software product. Indeed, if for the base
value of the specified suspension system to choose static
deformation, it is a function of kinematic and force
parameters SS is determined by the ratio

((0‘1 + (1 — vi)(ve + 2)x |17
(a®+ b* —ab + */4)
(39(2 — V1)(ﬂlaV‘+V”2 4 ﬁsz1+Vg+2))ﬁ

— v2t2
)(a¢vz+1 .

X . (14)

Figure 5 presents the dependence of the static
deformation on the amplitude of transverse-angular
oscillations at which their frequency takes values @ .

The presented graphical dependences show that
for the considered suspension system in a wide range
of changes of amplitudes of longitudinal-angular
oscillations the SS with small values of its static
deformation satisfies ergonomic operating conditions
for small amplitudes of oscillations. With increasing
amplitudes of oscillations, the magnitude of static

deformation should increase and the growth rate
of static deformation is less for the progressive and
regressive characteristics of the SS with a smaller value
of the parameter v:; in case v, <0,v; <0 - greater
for smaller values of the parameter values Vs ; in case
V1 < 0,v2 > 0- smaller for larger parameter values v .

The influence of the power characteristics of the
damping devices (shock absorbers) SS on the AFC
oscillations SM has been determined. This can be done
based on the solution of the perturbed Equation (5).
The influence of these SS elements is manifested, as
for all the suspensions, in time reduction of oscillations
amplitude. The latter automatically causes a change
in the frequency of oscillations. This change can be
analytically determined based on the asymptotic solution
of Equation (5). The simplest way to find it for the
approximation under consideration is the method, which
is based on the basic idea of the Van der Paul method
[26]. According to the main idea of the abovementioned
method, the perturbed motion SM is described by the
dependence

The problem arises in describing the law how the
unknown functions a,(#) and 6(¢) change depending
on the form of the right-hand side of equation (5). For
this purpose, by differentiating Equation (15) with
respect to time, it has been obtained

V2+1,1% )

Vi’
a0 () w(ap)t) + 6(1))saTr x

1
Vs + 1,17—]/1,
w(ap(t))t+ 6(u))

o(t) = agca (15)

@(t) = ae(t)ca

w(ap)t+6(t))

2
itz (16)

(

e+ Loag)t + 6(1))).
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Figure 5 Values of the SS static deformation at which the frequency of transverse angular oscillations takes set values at

different oscillation amplitudes

The following differentiation by the independent
variable and taking into account the undisturbed case

~

(i

= *ﬁa(pw(a(p)salf;m((l —v1) Ly, + 1,1,1/)),

v = w(ay)t + 6(1), one obtains:

P = gy oo (DelaOsar i (v et e ([0
) %10 (1) w(ay(t)) + . an
(w(ap(t))+6(1))— T . da(ay(t)) [sam (1 —vi) Ly + Ly).
? da,
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If taking into consideration the form of the relation

that describes the natural frequency of SM oscillations,

then the dependence w(ay)+ a d(g(aa(p)
¢

y in Equation

(17) can be replaced by a simpler one, namely:
dw((lw) _ 2+ v,

d(l(p 2 — V1
allows to obtain a system of the first-order differential

w(ay)+ ae w(ay). Taken together

equations, from Equation (5), that describe the laws of

change of amplitude and frequency of perturbed motion

ap(Dealvs+1,(1= i) y) = -2 %

! (18)
ap()6(1)sa™= (1= w1) v+ Ly)) =0,
%J—rziaw(t)sa((lfvl)’l,er1,w)+(2_72v1)x
a“’(t)é(t)caWH(Vz +1,(1 — Vl)il,ll/)) - 21/52(—;2)

¢

savi T((1 = v1) e + L,y))fag,ap )

where f(ag,a0, ) corresponds to the value of the
right-hand side of Equation (5), provided that ¢(¢) and
@(t) take the main values. From the above system of
differential equations, it has been found

ap(t) = — g;&; sa((1—v1) s+ Ly))
f(d(p,(-l(p, l//() ) 1 (19)
N . V2+2(2—V1) Vs + 1,

olt) = dapw(ay) a((l—Vl)fl,l//)>x

sa%((l — V1)71,V2 + l,l//))f(a¢,d¢,l//)~

It can be greatly simplified based on the following
considerations: the speed (rate) of amplitude change
and oscillations parameter O(t) are slowly changing
functions of time and therefore the maximum values
of their change over the period of oscillations SM
are insignificant. This is the basis for averaging the
right-hand sides of Equations (19) by the phase of
oscillations. Thus, for the first approximation, the
differential equations describing the basic parameters
of the SM oscillations take the form

— 25+ 1
ap(1) =~ o B~ 5 g an(Dolay)
20s—vy)+1 1
X2F< 2— 1, (17V1)>F<V2+2> 20)
F( 1 +2(S*V1)+1,17 )>
Vo + 2 2—1 \ V1
d
d—ll;:w(a(p).

Figures 6 and 7 present (for different parameters
that describe the force characteristics of the suspension
system) the laws of change in time of the amplitude and
frequency of longitudinal-angular SM KTZ oscillations.

The presented graphical dependences show that
the qualitative picture of the decrease (decline) of the

amplitude of the longitudinal-angular parameters of
the main suspension system has a negligible effect. As
for the quantitative side, then, for example, for cases
V1 <0,V >0;v1 >0,V <0;v1 >0, >0 a larger
value of the parameter V: corresponds to a lower rate
of decline in time of oscillations amplitude; for the case
V1> 0,v2 >0 a larger value of the parameter v;-
lower rate of decrease of oscillations amplitude.

As for the change in time of the frequency of damped
longitudinal-angular oscillations, then the parameters
thatcharacterize the suspension system affect not only the
qualitative, as well as the quantitative characteristics of
the change in the frequency of natural oscillations. So, for
the case V1 < 0,v1 > 0 alarger value of v; corresponds
more to the value of the natural frequency and for
cases V1 <0,V,<0;v1>0,v2<0;¥71>0,v2>0 a
larger value of parameter v, correspond to the lower
values of natural frequencies. In particular, when

V1= %, ap = 0.25,Ay = 0.2 increasing the value of
the parameter v; from % to % causes a decrease in

the frequency of oscillations in 2.65 times and at the
amplitude of oscillations a, = 0.05 for all other values
of the specified parameters - in 1.02 times.

4 Conclusion

The proposed research methodology of basic
parameters influence, which characterize the nonlinear
nonconservative system of suspension of a WV, has
been proposed in the study and allows with accuracy
necessary for engineering research, to receive analytical
dependences of an estimation of their influence on
defining parameters oflongitudinal-angular fluctuations.
The non-protection of the oscillatory process is a
peculiarity of the latter, as for almost all the nonlinear
oscillatory systems. Despite this, the methodology
also allows to establish the influence of the main
kinematic parameters of a vehicle, the main external
factors of traffic disturbance on the amplitude-frequency
characteristics of the longitudinal-angular oscillations of
the sprung part. The latter is the basis for assessing and
maximizing the WV performance, such as smoothness,
dynamic stability along curved sections of road and
during maneuvering, the passability of the load on the
crew and passengers (transported goods), etc. Therefore,
the obtained results can serve as a basis for creation of
a software product of the adaptive suspension system
with the studied SS power characteristics. In particular,
based on the dynamic loads during the collision with
the unevenness of the road, in order to minimize
the latter, it is necessary that the parameters that
characterize the nonlinear conservative force change
within: —1<v;<0,—1<v,<0, at the same time,
after overcoming the unevenness of the path, the
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obtained results and relate to the choice of another
important parameter for controlling the dynamics of SM
- static deformation, the ergonomic operating conditions

adaptive suspension system must switch to their values

within v, > O,Vz >0.
As for the specific results that follow from the

0 2 4 6 8 Il() 0 2 4 6 8 10
t,t,t t,t,t
Dv,=v21=2/7;2)v22=2/9; 3) v23=0. Dv,=v21=-2/7,2)v22=-2/9;3) v23 = 0.
a, = a, =800000..A = 0.30 @, = a, =800000..A =0.25
B = B, =500000,v, = -2/5 B, = B, =500000,v, =-2/5

0 2 4 6 8 I
it t,t,t
) v, =v21=-2/7,2) v22 =—2/9; 3) v23 = 0. Dv,=v21=2/7;2)v22=2/9; 3) v23=0.
a, =a, =800000..A =0.25

a, = a, =800000..A =025

B, = B, =500000,y, =2/5 A= 5y =500000.1, =275

t,t,t

v, =v21=2/7; 2)v22=-2/9; 3) v23 =0.
@, = a, =800000.. A = 0.25
B, = B, = 500000,v, =2/5

Figure 6 Laws of decreasing amplitude of transverse-angular oscillations of the inverter
at different values of its SS force characteristics

VOLUME 24 COMMUNICATIONS 3/2022



SOKIL et al.

B256

l._
0 2 4 6 8 10 0 2 4 6 8 10
t t
v, =v21=2/7;2v22=2/9; 3)v23=0. v, =v21=-2/7,2v22=-2/9; 3)v23=0.
a, = a, = 800000..A = 0.25 a, = a, = 800000..A = 0.25
B, = B, =500000,v, =-2/5 B, =, =500000,v, =-2/5
41 3
1 3
2 .
3-&4 . \HK" —_— Z 2
ol () | T Y S ol (02F%. ———L
— _ S
o2 (1) o EHY-—____‘___ 2 (t) R T
3 (9 3 3 (1) i
l_.
o 2 4 6 8 10 o 2 4 6 8 10
t t
Dv,=v21=-2/7;2v22=-2/9;3W23=0. D v, =v21=2/7;2)v22=2/9;3)v23=0.
a, = a, =800000..A =025 a, = a, =800000...A = 0.25
B =B, =500000,v, =2/5

B, = B, =500000,v, =2/5

v, =v21=8/7;2v22=8/5;3)y23=2.
a, = a, =800000...A = 0.25
B, = B, =500000,v, =2/5

Figure 7 Laws of change in time of the frequency of transverse-angular oscillations of the inverter
at different values of its force characteristics
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are more satisfied with suspensions with the following
values of the nonlinearity parameters vi> 0,v; >0
- for small amplitudes of oscillations and suspension
deformation of elastic shock-absorbers, which change
within 0.2m < Ay. < 0.35m and —1<v; <0, vV,>0
- for large oscillation amplitudes. If the dynamic process
of SM is considered as a continuous (damped oscillations
after hitting the uneven path) in a wide range of

changes in the amplitude of oscillations, so a controlled
suspension with the following characteristics is the most
favourable from the ergonomic side: 0.2m < Ay. < 0.3m
for 0 <v;<2/5 and 0 <v,<8/7.

The results obtained above will serve as a basis for
solving no less important tasks - the study of resonant
SM WV phenomena with a controlled suspension system,
stability and controllability of vehicles.
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Resume

Freight wagons are among the most widely used means of transporting
goods by land. Such a number of wagons and transported material and
amount of material need to meet requirements in terms of safety and
reliability. A wagon bogie is a key element in the wagon running safety
point of view. The Y25 bogie is a most used bogie for freight wagons in the
region of the central and west Europe. As this bogie was developed several
decades ago, it is interesting to evaluate its running properties according to
current standards. The presented research brings results of calculation of
chosen basic indicators in terms of running safety. The calculations of the
freight wagon with the Y25 bogie was performed by means of a multibody
model. Simulation computations were carried out for an empty and loaded
wagon, which has been running in curves with various radii and at several
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1 Introduction

Recently, large amount of goods is transported by
railways. There are relatively many types of freight
wagons for transportation of various kinds of goods, e.g.
hopper wagons, tank wagons, wagons for transportation
of steel coils, intermodal transport, cars transport and
others [1-3]. The most of them are equipped by a two-
axle bogie. As regards wagons used in the Central and
West Europe, there are wagons with the Y25 bogie. Its
development dates back to the sixties of the previous
century. The objective of this work was to approach some
specific features of this bogie and to calculate the basic
indicators related to the running safety [4-6]. They must
meet the given criteria for safety operation of freight
wagons, as well as an entire train set [7-9].

From the historical point of view, the two
main lines of development of freight wagons can be
recognized. The European line is typical, that these
bogies use a primary suspension system and do not
have installed the secondary suspension system. The
main advantage of these bogies is lower unsprung
mass. Usually, the suspension system contains coil
springs. On the other hand, the American development
line of bogies is characterized that these bogies have
higher unsprung mass due to missing the primary
suspension system and they are equipped only with the

secondary suspension system [10].

The French technical solution of railway freight
wagons of the Y type comes from a realization of the
primary suspension system by means of a couple of
double coil springs, which are placed on a axlebox sides.
One of the double coil spring (nearer to a bogie centre) is
supplemented with the friction damper (a SNCF Lenoir
patent) [10]. Friction force is generated between an
axlebox and a guidance. More detailed description of this
friction damper can be found below (section 2).

As a railway wagon is subjected to complicated
dynamic influences during the operation, dynamic
properties of a railway wagon have to be evaluated
and investigated in terms of running safety. From
the point of view of railway wagons themselves, the
main demands are placed on their quality of running
and derailment safety [11-13]. The running safety is
affected by number of factors, among them are track
irregularities, running speed, track geometry, technical
conditions of a wagon, the load of wagons and others
[14-17].

2 The Y25 bogie

The French national railways initiated the
development of the Y25 bogie in 1960. The goal was

© 2022 UNIVERSITY OF ZILINA
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Figure 1 The Y25 bogie [7]

Figure 2 A scheme of a friction damper [10]

Figure 3 A multibody model of the investigated freight wagon

to design a bogie, which would occupate less space and
which would have lower weight in comparison to the
one used at the time, the Type 931. The efforts resulted
in the Y25 bogie. It has the wheelbase of 1800 mm and
the wheels’ radius of 920 mm. Its suspension consists of
duplex coil springs with a bilinear characteristics and
they are combined with friction dampers, typical just for
this bogie. The body of a wagon is connected with the
bogie by means of a central pivot and with a couple of
side bearers. The central pivot includes a special pad of
a relatively high stiffness. Yaw oscillation of the bogie
is eliminated by suspended side bearers. The bogie is
usually designed for maximal running speed of 100
km/h at the maximal axle load of 22.5t (or 25t) or for
the maximal running speed of 120 km/h at the maximal
axle load of 20t [7, 18-19].

The structure of the bogie is typical by the two
longitudinal girders and one central lateral girder
supplemented by ending lateral supports. Increasing
demands on the noise level, total weight of wagons,
running safety and others led to a modified Y25 bogie
design, which does not use ending supports. Therefore,
one can meet recently two basic bogie frame designs. An
example of the Y25 bogie is shown in Figure 1.

A vertical load of the bogie is absorbed by vertical
coil springs. The friction damper works on the principle
of the Lenoir link. The Lenoir link ensures a generation
of a friction forces between friction surfaces of an axlebox
and a guidance. In this type of a bogie, the values of
these forces depend on operational load of a freight
wagon, thus on the load of the system (fully loaded,
partially loaded) [20-22].

A scheme of the friction damper is shown in Figure
2. The friction damper is composed of an axlebox and
a guidance.

If one considers that the force F, acts in the Lenoir
link, the force of one friction couple F, is given as
following:

FF:FL'f:FV‘f‘taI’I(D, 1)

where F is the force in a coil spring, f is a friction
coefficient and ¢ is an angle of a Lenoir link inclination.
However, one axlebox includes two friction couples,
therefore, the total force for one axlebox is doubled
[23-24].

The friction forces in the friction damper are
described by the Coulomb friction law. However, this
formulation often leads to numerical problems during
the simulation computations due to a discontinuous
course of the force. Hence, the force is modelled as
a continuous function.

3 Computer simulation of a freight wagon

A computational model of a freight wagon and
simulations of its running on a track have been performed
by a multibody software. A complex multibody model
is described by differential-algebraic equations (DAE)
[25-28].

A virtual multibody model (Figure 3) of a freight
wagon consists of three subsystems:

e A front bogie (Y25 bogie),
* A rear bogie (Y25 bogie),
* A wagon body.

During the modelling of a freight wagon in
a multibody software, it is necessary to pay attention
to proper locations of individual components of a wagon
[29-30]. Components are located in these positions
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Table 1 Parameters of bogie components

Bogie m I, I, I,
components [ke] [kg-m?] [kg-m?] [kg-m?]
Frame 2220 1975 1560 2850
Wheelset 1300 688 688 100
Axleload 20 5 5 5
Table 2 Parameters of suspension components
Suspension ky ky k,
components [N/m] [N/m] [N/m]
Coil springs 700000 700000 500000
Centre pivot 6-108 6-108 6-108
Sidebearers 3.1.10° 5.8-10° 1.9-10°
Table 3 Parameters the freight wagon
Wagon m I I, I,
body [ke] [kgm’] [kg-m’] kg-m?]
Empty 7900 8.6-10° 2.8-10* 2.8-10°
Loaded 40000 4.8.10* 5.1.10° 5.0-10°

to each other and they are interconnected by spring-
damper modelling elements. The centre pivots distance
of bogies is 15.7m.

Parameters of individual components of the Y25
bogie, entering to simulations, are listed in Tables 1
and 2.

The body of the wagon has been created by the
two rigid bodies connected by torsion spring with
defined a torsion stiffness and by rotational joint
(with a longitudinal axis of rotation). Parameters are
introduced in Table 3.

3.1 Evaluation of the rail vehicles’ dynamics

The UIC 518 standard was the first UIC standard
describing the running tests of the rail vehicles, which
was gradually supplemented [31-32]. This standard
has become the basic for European standard 14 363
and other standards and some of its requirements are
included in TSI standards. Measurement and evaluation
of the vertical wheel forces @ and lateral wheel forces Y
are the part of commissioning of new vehicles, according
to UIC 518 standard, EN 14 363 standard and TSI
[31-32].

Regarding the evaluation of tests of rail vehicles for
commissioning, three main areas are defined:

* running safety,
e track load,
* running characteristics and vehicle vibrations.

The running safety is evaluated by several
parameters. Quantities, which evaluate forces between
a wheel and a rail, can be divided, according to EN
14 363, as follows [31]:

* quantities determining derailment safety:
Q (Y/Q) - a ratio of a lateral wheel force (Y) and
a vertical wheel force (@),
Q (XY) - resulting the lateral wheel on one wheelset,
Q lateral acceleration on a bogie frame in a wheelset
axis location.
More information regarding the evaluation and
commissioning of the rail vehicles are introduced in
standards (UIC 518, EN 14 363, TSI).

3.2 Evaluation of a freight wagon dynamics

In this work, the quantities of a freight wagon are
evaluated in terms of the running safety, which wagon
was analysed in the loaded as well as in empty state at.

The calculation part of the work has consisted of
performing the simulation computations in a commercial
multibody software. Parameters of the freight wagon
have been defined, as it is described in the previous
section. Two loading conditions have been modelled,
i.e. the empty wagon and the loaded wagon. The entire
investigation process of the wanted outputs indicators
has been running based on simulations computations.
Parameters of the running conditions are described
below.

3.2.1 Derailment quotient Y/Q

The ratio Y/Q is called the derailment safety and
it is one of the running safety criteria. The derailment
safety was evaluated for the freight wagon running
in a curve with various radii and at various running
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Table 4 Maximal calculated values of the derailment quotient Y/ @
Wagon state R [m] v [m/s] Y/Q -]
Loaded 400 11 0.180
200 11 0.489
60 6 0.607
Empty 400 11 0.348
200 11 0.502
60 6 0.623
Table 5 Lateral wheel forces between the wheel and a rail
Wheelset 1% R Lateral wheel force
Left wheel Right wheel YY &y,
Wagon state
[m] [kN] [kN] [kN] [kN]
Loaded 1000 6.13 5.01 1.12 70.9
Loaded 400 38.56 22.82 15.74 70.9
Empty 200 66.73 32.16 34.58 70.9
Empty 200 22.20 9.25 12.65 18.8

speeds. The limited value of 0.8 is valid for curves with
a radius greater than 250m and the limited value of
1.2 is valid for curves with radius less than 250m and
for superelevation ramps [31-34]. Based on these facts,
three different curve radii have been chosen, namely
400m, 200m and 60 m. Subsequently, the freight wagon
has been running on a track in these curves at speeds
of 11 m/s (39.6 km/h) and 6 m/s (21.9 km/h). The values
of the derailment quotient have been identified in the
PostProcessor of the used software. The obtained values
and results of the simulation computations are listed in
Table 4.

The values presented in Table 4 indicate that the
highest percentage difference of the derailment quotient
for a comparison of the loaded wagon and the empty
wagon is for the curve of 400m and the running speeds
of 11 m/s (39.6 km/h). This percentage is of 48.28 %.
Other comparisons bring the percentage of 2.59% for
the curve of 200 and the running speed of 11 m/s (39.6
km/h) and finally of 3.37 % for the curve of 60m, but the
running speed has been of 6 m/s (21.9 km/h).

Graphs in Figure 4 show waveforms of the
derailment safety for an outer wheel of the first wheelset
for an empty wagon for running in a curve of 400m
at the speed of 11 m/s. Figure 5 shows a graph of the
derailment ratio of an outer wheel of an empty wagon in
a curve of 60m at the speed of 6 m/s and a graph of the
derailment ratio of a loaded wagon in a curve of 200m
at the speed of 11 m/s. Negative values of the derailment
ratio are caused by an orientation of lateral wheel forces
in a global coordinate system.

From values of the derailment ratio (Table 5)
one can conclude that the biggest risk of derailment
of a wagon during running in a curve occurs on the
outer wheel of the first wheelset (in the wagon running
direction). This ratio increases with a smaller curve

radius. Further, it is obvious that this ratio indirectly
depends on the wagon weight, i.e. in the case of an
empty wagon running in a curve it is higher than in the
case of the loaded wagon in a curve of the same radius.
Comparing the Y/@Q values for considered conditions one
can conclude that the most unfavourable case in terms
of safety is when the empty wagon runs in a curve with
a small radius.

3.2.2 Sum of lateral forces )Y

Values of the lateral forces in the wheel/rail contact
must be within certain limits.

The results for the limited value for a wheelset
depends on an axleload and it is given as following:

(Y =5Vt Yo =a(10+ L)N], @

where @ [N] is the maximal force on an axle, a is
a coefficient and for freight wagons a = 0.85 [-].

An empty freight wagon has a considered axleload
of 36.35 kN and for it, the following limit value is valid:

(v =a 10+ 955 ) =

0.85-(10 + 2832 ) = 18.81N.

(3)

The limit value for the loaded freight wagon by the
same manner (the axleload of 220.24 kN) has also been
calculated according to the formulation:

loaded __ Qempty —
eVl = aa (10 + L5 ) =

0.85-(10 + 22324 ) = 70.91N.

4)
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Similar to the assessment of the running safety,
several simulation calculations were performed to
evaluate the sum of lateral forces for various running
regimes. The sum of lateral forces was assessed for the
first wheelset in the running direction. These sums were
compared to the limited value according to Equations
(3) and (4). The results are listed in Table 4. The
determined limited values of the sum of lateral forces
were not exceeded.

The railway transportation of goods is being and
in the future will be needed. It has specifics, which
predetermine it for longer distances [35-36]. It is
connected with the development of newer and more
effective wagons and their structural units [37-42].
Therefore, the future research in this field will be
focused on investigation of a wagon under various
operational conditions. It will be important to know

which operational characteristics will be reached on
tracks with a real geometry. It relates to development
of other realistic models of railway wagons, which will
help to reveal positive properties in terms of operational
safety. On the other hand, they will be helpful for
indication of negative effects without a risk of damage
of a final wagon design directly during the operation
[43-48].

4 Conclusion

The article presented evaluation of some parameters
of a freight wagon equipped by the Y25 bogie, according
to the selected criteria. The research was performed
by means of a multibody model and by simulation
calculations. The reference freight wagon was tested
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at various conditions and that for the loaded state
corresponding to the maximal axleload of 22.5t as well
as for the empty wagon. The wagon was run in various
curves and at various speeds. The wagon properties
were assessed based on some criteria introduced on the
UIC 518 standard (or EN 14 363).

The derailment safety was evaluated for a wheel
with the most unfavourable properties. It is the wheel
of the first wheelset in the running direction (an outer
wheel). Similarly, the first wheelset has the most
unfavourable properties in terms of the sum of lateral
forces. Evaluation of results of both criteria has shown

that the calculated values did not exceed the limited
values.
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Resume

The mathematical modelling is an inseparable part of mechanical engineers’
activities. It is applied in design, optimization, verifying, as well as modifying
of products. The approach of creating virtual models and their analyzing
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without having real products is applied in several domains. A mathematical

model is given by equations of motion. The main objective of this work is to
present the way how a mathematical model of a car powertrain operation
is derived and applied in practical applications. A semi-trailer tractor with
a standard powertrain was chosen as a reference car. The derived equations
of motion are written in a matrix form and subsequently they are solved
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a semi-trailer tractor
dynamic properties

by means of a technical programming language Matlab. Parameters of the
solved tractor mechanical system come from the real data and they are

supplemented by the empirical data.
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1 Introduction

Presently, the lorry transport belongs to the most
common transport of goods in Europe. Lorry transport
is provided by the combination vehicles. In the most
European countries, road combination vehicles usually
consist of a tractor and one semitrailer or a lorry with
one trailer. Although these two types of combination
vehicles differ by the maximal permissible length, their
maximal permissible weight is of 40t (Figure 1a). The
exception are Scandinavian countries (Norway, Finland,
Sweden, Denmark). In these countries, the standard
maximal weight is of 60t and combination vehicles can
comprise more trailers (or semitrailers) (Figure 1b, c).
The maximal permissible weight of combination vehicles
in UK is also slightly higher than in the rest of European
countries, namely of 48t. As the Europe countries have
different geographic and climatic conditions, topology of
roads, roads networks and other factors and the goods
is very often transported through many countries (e.g.
from the north to the south and from the east to the
west), it is needed to ensure fast enough and reliable
movement of goods on roads. One of the key factors is
sufficient performance of a powertrain vehicle [1-3].

The data mentioned above lead to the fact, that
current tractors of combination vehicles the most often
use engines with power of 300 kW to 400 kW and with
the torque of 2000 Nm to 2700 Nm [4]. The power is
transmitted to the driving axle from an engine through
a gearbox, either manual or automatic. Thus, in principle,
a powertrain of a standard two-axle semi-trailer tractor
consists of a combustion engine, a gearbox, optionally an
additional gearbox, further the drive shaft, a differential
and the drive axle (the rear axle).

The objective of engineers and designers of lorries
is to reach optimal driving characteristics of powertrain
and thus the entire combination vehicles. The combustion
engine works efficiently at certain range of operational
conditions, which include engine speed, engine load
and others. These parameters are influenced by a road
topology, i.e. whether a vehicle moves on a plane road,
in climbs, on highways, in urban environment etc.
[5-7]. Therefore, tractors are equipped by engines with
various maximal powers to reach sufficient speed at
low fuel consumption. In order to be able to predict the
waveforms of important powertrain parameters in the
design process, it is necessary to create a suitable model
[8-91.
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Figure 1 Possible configurations of combination vehicles in
Europe [10]

Figure 2 An illustration of the solved semitrailer

tractor [11]

Table 1 Parameters of the solved vehicle
Parameter Designation Value Unit
Curb weight m, 7250 kg
Total weight of a combination vehicle ot 40000 kg
Maximal power P . 337 (460) kW (HP)
Maximal torque M, 2600 Nm
Engine displacement \%4 13 1

This work is focused on derivation of a mathematical
model of powertrain operation, which belongs to
a chosen semi-trailer tractor. Following sections include
description of a selected tractor, the derivation of a drive-
train mathematical model by means of the Lagrange’s
equations of motion of the second kind method, its
solution using the Matlab software and presentation of
the reached results.

2 Derivation of mathematical model
of a tractor powertrain

2.1 Description of the semi-trailer tractor

An analysed semitrailer tractor is intended for
towing semitrailers with maximal weight of 24 tons. The
total weight of the combination vehicles is considered of
40 tons.

It is a two-axle tractor with chassis configuration
4x2, i.e. the rear axle is a drive axle and the front axle
is a steering axle. It is considered that the tractor is
powered by a diesel combustion engine with the swept
volume of 13 litres. The maximum toque is of 2600 Nm
and the maximum power is of 337 kW (460 HP). The
torques is transmitted to the rear axle by an automatic
gearbox. It has installed a hydrodynamic converter of
torque [11].

The curb weight of a solo tractor is considered of
7250kg. All the needed parameters of the tractor are
listed in Table 1. An illustration of the solved semitrailer
tractor is depicted in Figure 2.

2.2 A mathematical model

A powertrain of the solved semitrailer tractor is
a mechanical system with certain typical properties [12-
14]. In this case, the work is focused on investigation of
running-up the powertrain. For this, it is necessary to
set-up a mathematical model. It will consist of equations
of motion and a suitable method should be applied for
their derivation. The Lagrange’s equations of motion
of the second kind method was chosen. It is known and
widely applied method for derivation of dynamical models
of various mechanical systems [15-17]. It is suitable for
mechanical systems performing translational, rotational
or combined motions. Its general form is:

d 90FEkx _ dEx | 9Ep |, 9Ep _ Q;
dt 9q;  oq; ~ 9q; = 9q; ", 1)
i=12,..,n,

where E,, E, and E, are kinetic, dissipative and
potential energy of the system, respectively, g, ¢; are
generalized coordinates and their time derivatives of
the system, respectively, @, is a vector of external loads
and n determines number of degrees of freedom. Based
on Equation (1), it is certain that number of equations
of motion depends on degrees of freedom of a mechanical
system. Moreover, using of this method requires to
determine proper values of individual energies [18-21].
Therefore, the first step for application of the
method is creation of a dynamical model. It comes from
a scheme depicted in Figure 3. The solved powertrain
of the tractor composes of several components marked
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Figure 3 Components of the solved tractor powertrain: 1 - engine, 2 - hydrodynamic converter,
3 - gearbox, 4 - propeller shaft, 5 - differential, 6 - drive wheels [22]

Figure 4 Scheme of the powertrain with marking of velocities
of individual components [5]

by numbers 1 to 6: 1 - an engine, 2 - a hydrodynamic
converter, 3 - a gearbox, 4 - a propeller shaft, 5 -
a differential, 6 - drive wheels.

The hydrodynamic converter has two main moving
rotating parts - a pump and a turbine. Angular velocity
of a pump is w, and angular velocity of a turbine is w,.
Other angular velocities are marked as following: w, -
angular velocity of an engine crankshaft, @, - angular
velocity of an input shaft to a gearbox, w, - angular
velocity of an output shaft of a gearbox (a propeller
shaft), o, - angular velocity of a drive axle shaft. When
the angular velocities are expressed using the angular
coordinates, one gets w1 = @1,w2 = P2,@W3 = Y3 and
finally w4 = ¢4.

It is considered that all the connecting shafts of
the mechanical system are rigid. This means, that w,
= o, and o, = w, or that ¢, = ¢, and ¢, = @,. Angular
velocities of individual rotating components are shown
in Figure 4.

Thus, it is supposed that the mechanical system
has two degrees of freedom (2 DOF) and generalized
coordinates are ¢, and ¢,, i.e. angular deviation of the
input shaft to the gearbox (the same with the engine
crankshaft and the pump shaft) and angular deviation
of the output shaft from the gearbox (the same with the
turbine shaft).

Kinetic energy of the system is:

Ex =% Ir ol + % Lot + 4 Ir 0} +
@)
%'[4'601%+%'15'wi+%'mto[‘02y

where I, - moment of inertia of the engine crankshaft,
I, - moment of inertia of the pump, I, - moment of inertia
of the turbine, I, - moment of inertia of the shaft between
the gearbox and the rear axle differential (a propeller
shaft), I, - moment of inertia of the drive axle shafts and
v - tractor velocity. As can be seen, the kinetic energy
includes besides the generalized coordinates ¢, and ¢,
other coordinates, as well. Hence, the following relations
are considered:
[OF) [ F N K] R-w:

3= =, —_ s = .,:R~ - = -,
Wy = T 08 = 7 v e (3)

where i, - the gear ratio of the activated speed gear, i, -
the permanent gear ratio of the differential and R - the
drive wheel radius, which leads to the modified form of
the kinetic energy:

Ex =% (Iu+ In) ot + %
1

4)

Is mtot'R2> 2 (
It 5+ 5+ 45 o,
(T lf; (ZG'ZD)Z (10'10)2 ?

VOLUME 24

COMMUNICATIONS 3/2022



B270

DIZO et al.
Oror [Ired' qbl + bl . ¢1 = ered (12)
[rp . "‘+b" D :Mre ’
Ex = 5 Dyt @} + 5 It 03, (5) e PO B
where I, , and I, , are moments of inertia of rotational ~wherel, ,andI, ,arethe moments ofinertiareduced to

components reduced to the pump shaft and the turbine
shaft, respectively.

Dissipative energy expresses viscous losses in the
system and it is given as:

Ep=4 b1 @i+ 5 b 93, (6)

where b, and b, are the viscous losses coefficients.

It should be note, that in the solved task, the tractor
moves on a straight road without a climb. Therefore, the
potential energy is not being changed, i.e. E, = 0.

Further, in the mechanical system of the powertrain
the load moments act, namely the drive moment of
the engine M, and moment of the driving resistance
M,,. Besides those, moments of the pump M, and the
moment of the turbine M, are considered as well. These
moments have also to be reduced to the corresponding
shafts, i.e. to the pump shaft and to the turbine shaft.

For coordinate ¢,:

Mirea- @1 = Mg-@w1 — Mp-wp. (7)
Thus
Miyed = Mg — Mp. (8)

For coordinate ¢, is considered a simplified situation,
namely, the tractor runs-up from the zero speed, i.e. the
drag can be neglected and only the weight of the tractor
is considered:

Morea- @2 = Mr- @2 — M- g-@W4- R =
9
(M'r*m:orym)»a)z. )
Thus
Msrea = M7y — M. (10)

Now, one can perform the partial derivations of
kinetic and dissipative energies with respect to the
generalized coordinates ¢, and ¢,; the right-hand sides
of the equations of motion include reduced moments
described above.

Hence, one gets the equations of motion of the
semitrailer tractor powertrain in the following form:

(Lu +1Ip) - ¢1+ br-¢1 = ME_MP

]4 Is Mot R ) _
(IT Tt (i ipy * (ig-iny P2t b2 g
Mr— MR,

(11)

or in a shortened form:

the shaft rotating at the angular velocity ¢: and to the
shaft rotating at the angular velocity ¢:, respectively.
They are:

Livea = (I + Ip)

.2
Dyt = (IT R e ] 13
(ic-ip}  (ic-ip)
Matrix forms of Equations (11) and (12) are:
Iy + Ip 0
[4 I5 mtut'Rz
0 Ir + + + ==
! (i¢-ip) (i¢-ipy (14)
] b ] [ ] Mg — Mp
0 b2 Mr— Mg
and
Ilred ] [ ] bl ] [ ] ered]
O [2rgd 0 bZ MZred ’ (15)

3 Obtaining the calculations’ results

Equations of motion derived in the previous section
(Equations (11), or (12)) have been solved in the Matlab
software. However, these equations of motion should
be adapted for demands of this software. Firstly,
accelerations (in this case angular accelerations) must
be independent. Thus, one gets:

(D Il od (ered b1'¢1)

¢2:12d

(16)

— by ).

The next modification relates to the fact, that the
used software is not able to solve differential equations
of the second order. Therefore, Equations (16) must be
substituted by the differential equations of the first
order.

For coordinate ¢,, we consider the following
substitution:

0= ¢1, 6:= . aamn
Then, their derivations are:

01 =@, 62 =¢@1=06 (18)
It is similar for the coordinate ¢,:

05 = @2, 0= @2, (19)
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05 = @3 01 = @2=05. (20)

When the derived equations of motion in Equation
(11) of the tractor powertrain are rewritten by considering
formulations in Equations (17) to (20), one obtains four
differential equations of the first order:

o1 Mo — b

91 - (]M+[P) (ME MP bl 01)

0: = 6,

, 1

A . 21

o (17, +£+ L 4 mto['RZ) @D
it (ic-ipf (i ip)

(M7 — Mg — b3+ 653)
921 = 93.

Figure 5 shows the obtained results of calculation
of Equation (21). The output values are calculated in
the time interval of 15 s. Figure 6 additionally depicts
details of the results obtained in the time interval of
2.5s.

Figure 5 includes two parts. Torque of the
used combustion engine (M,) and moments of the
hydrodynamic converter for the pump part (3,) and the
turbine part (M) are in the upper part of the figure.

Rotational speed of the input shaft (n,) and of the
output shaft (n,) together with tractor speed (v) are
shown in the lower part of Figure 5.

After starting the combustion engine and reaching
the sufficient torque, the pump of the converter begins
to increase; thus the torque of the turbine also begins
to increase. In the turbine torque, the moment of loads
(i.e. driving resistance) is included. After certain time
interval, in this case approx. after 2.8 s, the equilibrium
of the torques is reached and then the torques are
practically identical.

A similar situation is detected for the rotational
speeds of the pump shaft and the turbine shaft.
Rotational speed of the pump shaft n, begins to increase
with the engine torque M,. The rotational speed of
the turbine shaft n, is lower than the n,, because the
hydrodynamic converter causes certain decreasing of the
rotational speed due to losses. The tractor velocity v is
stabilized at the value of 26.64 km/h (a purple curve).

Waveforms of the outputs are calculated for one
particular activated gear ratio in the gearbox. In the
real operation of the tractor, a driver (either manually
of automatically) would change the gear ratio, values
of torques would decrease (in the case of driving on the
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Figure 5 The results of calculation of the tractor powertrain mathematical model, the time interval 0 to 15 s
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Figure 6 The detail of waveforms of the obtained results, the time interval 0 to 2.5 s
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Figure 7 An illustration of a semi-trailer tractor
trailer created in the Simpack software

flat road, without climb) and the driving speed would be
higher. In the case of driving at the higher speed, the
drag should be already considered in the mathematical
model and it would be incorporated within the moment
of driving resistance M.

The future research will be focused on modelling
the operation of the semitrailer tractor powertrain. The
modified mathematical model will be more difficult. It
will include other parts for simulation of all the driving
resistances, driving in a climb, comparison of outputs
values for driving with fully loaded semitrailer etc. As
the other step of the future research, challenge for the
authors will be to set-up a multibody model (MBS model)
of the considered combination vehicle. On one hand, the
modelling of the multibody model in the MBS software
does not need to derive equations of motion, they are
created automatically by a software. On the other hand,
it is not possible to check and compare the equations of
motion derived by the researcher (let say “manually”)
with equations of motion derived by the software during
the modelling process. Figure 7 shows an ongoing state
of the semi-trailer tractor model created in the Simpack
software. The research will continue in order to reach
a representative MBS model of the tractor and it will
serve for performing the simulation computations and
evaluation of wanted quantities.

4 Conclusion

The presented research has brought an overview of
a creation of the mathematical model for investigation of
dynamical properties of a semi-trailer tractor powertrain.
This particular tractor uses the hydrodynamic converter
of torque. The mathematical model was derived by
means of the Lagrange’s equations of motion of the
second kind method. Calculated values have included
output torques and rotational speed of shafts of the

powertrain. The achieved results show their graphical
waveforms, which are essential for evaluation of the
tractor behavior during operation. Tractor’s acceleration
leads to increase of torque on the drive shaft. After
certain time, the mechanical system reaches the
equilibrium. It means that the torques of the drive shaft
and the driven shaft have the same characteristics in
terms of their waveforms. Hence, values of torques are
identical. Further change of torques, rotational speeds
of driving speed ,will happen after a change of the gear
ratio of a change of the external loads (e.g. a change of
driving resistance). These driving resistances include
mainly the drag at higher driving speeds, inertia
resistance during accelerations and the resistance due
to climbs. Another important driving resistance is the
rolling resistance. It appears at any driving speed and
depends on the rolling friction coefficient and on the
total weight of the tractor (or of the entire combination
vehicle).

The main objective of the performed researchs
activities has been to create a basic mathematical
model of a semi-trailer tractor powertrain. The further
step in the research is to set-up a more complex model,
which will also include effects of other phenomena, like
flexibility of shafts, a change of weight of a vehicle,
driving in climbs and others. An intention of researchers
is, besides the mathematical model solved in the Matlab
software to set-up a multibody model of the tractor or the
entire combination vehicles. The advantage of having
two independent mathematical models of a mechanical
system in two different software is the possibility to
compare the obtained results to each other. Then, it
will be possible to investigate the operational properties
of the vehicle (with various parameters) and to reveal
possibilities to improve some parameters, mainly in
terms of the required power during the operation, fuel
consumption and others, which influence effective and
economical operation of a vehicle.
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Resume

Because the numbers of cars reflect each person's travel behaviors for each
specific location, the car ownership demand model plays a dominant role in
analysis of the travel demand in order to understand each area's individual
and household travel behaviors. However, the study project for the master
plan of the Khon Kaen expressway represented imbalanced data; namely,
the majority class and the minority class were not equal. Before developing
a machine learning model, this study suggested a solution to balance the
data by using oversampling and under-sampling techniques. The data,
which had been improved with SMOTE (Synthetic Minority Oversampling
Technique) and kNN (k-nearest neighbors) (k = 5), demonstrated a better
effect than the other algorithms that were studied. The TPR (true positive
rate) for the rural and suburban areas, which are types of regions with
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tour-based model
multiclass classification
k-nearest neighbors
activity-based model

very different imbalance ratios, was calculated before balancing the data
at 46.9% and 46.4%. As a result, the TPR values were 63.5% and 54.4 %,

respectively, following the data balancing.
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1 Introduction

The most dominant mode of personal travel for
a city in extended metropolitan regions is the private
car since it is more convenient and flexible. For example,
using a vehicle to travel from a suburban or rural area
to do business in a CBD (Central Business District) is
either a primary destination or an intermediate stop [1].
However, traveling by car influences energy consumption
and air quality in an urban area, as well as health
problems [2-3].

Regarding the travel demand prediction for
transportation planning, household car ownership affects
the prognosis of trip frequency choice, destination choice
and the mode choice for each trip or tour according to
the objectives. It also affects the tour type. Nevertheless,
a household’s car ownership from each area typically
consists of balanced data and imbalanced data [4]. The
imbalanced household car ownership was used to predict
the Machine Learning Models’ travel demand, which
represents a state-of-the-art approach [5]. This affects
the algorithm training process; specifically, the accuracy
and true positive rate would be lower. In the case of the
balanced data, the results would be reversed.

Class imbalance is commonly found when the
datasets have different members, as most of the minority
class contains essential data [6]. Using this imbalanced
data to create a model would give an ineffective predicted
result due to the decision of the Machine Learning
algorithm to rely more on the majority class because
it equally focuses on those two classes. In other words,
the minority class may be misclassified as the majority
class [7-8]. This class disparity is a significant issue
in the medical science [9], marketing, banking and
manufacturing industries [10], among other fields of
study. However, it is still uncommon in transportation
planning and is mainly employed when a machine
learning model is used to predict car ownership in
a household. There has been only one study on Discrete
Choice Analysis to analyze the travel demand for
business planning, as mentioned in [11]. Therefore, the
data imbalance might naturally occur by itself or in
limited datasets since a survey require high costs.

A 2-class problem, found in the household’s car
ownership model, is called a binary classification
problem. For example, if there were 100 household car
ownership datasets, they would be classified into two
groups: 1) households with cars and 2) households
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without cars. Meanwhile, if the first group contained
90 datasets and another group had ten datasets, the
first group’s data with more datasets would be called
the majority class. By comparison, the group with fewer
datasets would be called the minority class. Using this
data to create a model with the classification technique
and the machine learning model’s basic and standard
algorithms (including decision trees (DT), k-nearest
neighbors (kNN) and Naive Bayes algorithm), the
predicted results might be biased by the majority class.

In contrast, the prediction of another group with
fewer datasets seems to be an error and is called data
misclassification. It was impossible to correctly classify
the datasets in the minority class, or the results might
be rarely correct. At the same time, the group with large
numbers of sample data has accurate prediction results
and an overall high efficiency.

Nevertheless, when the imbalanced data contains
more than a 2-class problem; it might be a three-class
problem, which is called a multiclass classification. The
multiclass classification problem would be transformed
into a binary classification problem by assembling every
majority class into 1 class. In contrast, the minority
class would remain [12].

In order to solve the imbalanced data with an
adverse effect on the data classification performance on
the minority class before processing the data at a data
level, this research offers a helpful technique to improve
the data classification for household car ownership with
a 3-class problem via two techniques: up-sampling and
down-sampling. Weight optimization used these two
techniques with feature selection to choose the first ten
parameters, which had the optimal weights that could
be compared before and after balancing the data. The
data classification performance was measured from
recall, sensitivity, or from the true positive rate (TPR),
F-measure, accuracy and fall-out or false-positive rate
(FPR).

Even though the present approach to deal with
imbalanced data is well-known, in author’s opinion such
a strategy has yet to be proven in forecasting a household’s
automobile ownership with machine learning algorithms.
In addition, the Imbalance Ratio (IR), k-fold cross-
validation and the variables’ main attributes from
trip and tour-based models were used in this research.
Moreover, it can be used to achieve several vital goals for
learning classification by using imbalanced data in travel
demand forecasting for transportation planning, such as
destination selection and mode selection for each trip or
for tour based on the objectives.

This article is composed of the following: an
Introduction; Sections 1 and 2, which describe the
problem of the imbalanced datasets and the classification
performance indicators; Section 3, which presents the
solutions to the class imbalance problem at a data level,
Section 4, which presents the algorithms selected for
the study and the datasets; Section 5, which offers the
outcomes; and finally, Section 6, which contains the

concluding thoughts, as well as the recommendations
for further research.

2 Imbalanced datasets

This section sets forth the imbalanced datasets
and later presents the indicators to evaluate the data
classification problems in a different manner than
a regular classification evaluation.

2.1 The class imbalance problem

In some cases of the data classification problem,
the numbers of sample data in every class could differ,
especially when the datasets had only 2-class or had
more than 2-class transportation planning problems
(See [13] for more details). However, it could be stated
that the imbalanced data existed when one or more
classes had had more datasets than other studies,
which would be called the majority class. In contrast,
the different types had had fewer datasets, as seen in
Figure 1.

This imbalanced dataset had significantly affected
the model’s prediction performance. Most of the essential
and outstanding data had been found in the minority
class, such as medical science, marketing, banking,
production and in transportation (e.g. choice prediction)
[14].

Generally, the data classification algorithm had
affected excellent decisions and shown biased results
following the majority class. In contrast, the minority
class seemed to be misclassified. The machine learning
algorithm could not classify the data within the minority
class because it had correctly categorized the majority
class, showing its high performance. Accordingly, it was
challenging to train the algorithm and to accurately
predict the data when the datasets were imbalanced.
This article focused on the minority class or those
households without a car (Class 0). In contrast, the
families with one and 2+ vehicles (Class 1 and 2) were
determined to be the majority class.

2.2 Evaluation in the imbalanced territory

The performance evaluation of the data classification
model from the confusion metrics table, which is one of
the broadly used approaches, is typically focused on
accuracy, the true positive rate (TPR), the false-positive
rate (FPR) and the F-measure.

Namely, accuracy was the accurate value from
the model after considering all classes; each class was
considered one by one. The TPR was the exact value
from the model after considering each category one by
one. The F-measure was an evaluation of the precision
and the TPR from the model altogether. Each type was
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Table 1 The confusion matrix for multiclass classification
) ” (for class 0)
) True label classes
Predicted label classes
0 1 2
1
1 0 TP FP FP
1 FN TN N
0 0 2 FN N N
Balanced data Imbalanced data
Figure 1 The illustration of balanced and imbalanced
data sets
Table 2 The five-fold cross-validation
Iteration 1:
. 2 3 5 Test on 1
train on
Iteration 2:
. 1 3 5 Test on 2
train on
Iteration 3:
. 1 2 5 Test on 3
train on
Iteration 4:
. 1 2 5 Test on 4
train on
Iteration 5:
1 2 4 Test on 5

train on

considered one by one. The minority class performance
was evaluated mainly from the TPR in the imbalanced
datasets since this TPR had described the actual travel
distribution [15].

However, this article has mentioned that the TPR
had provided an accurate prediction ratio of the minority
class (Class 0) and has presented another value for the
model’s performance evaluation - FPR, which was used
to indicate the misclassified majority class ratio.

Table 1 shows the multiclass confusion matrix for
Class 0, which was adapted from [16]. True Positive (TP)
was the number of the correctly classified data in the
target class, Class 0 and it was Class 0. False Positive
(FP) was the number of classified data as Class 0, but it
was another class. True Negative (TN) was the number
of the correctly classified data in any type other than
Class 0. False Negative (FN) was the number of the
classified data in other categories, but was actually in
Class 0. Notably, TN was the opposite of TP and FN was
the opposite of FP.

Expression

TP+TN/(TP+FN+FP+TN) (1)

may be used to calculate accuracy. TPR = TP/(TP+FN)
*100; FPR = FP/(FP+TN) *100; and F-measure = (2 *
precision * TPR)/(precision + TPR). If these figures were
high, precision and TPR would be high as well.

2.3 K-fold cross-validation

The classification model accuracy analysis using
the k-fold cross-validation is employed to validate
an error in the model’s prediction. The K-fold cross-
validation was a sampling method, which classified
the datasets into several sections (k-fold). Some were
tested with the model, while the remainder were used
to create the model. After that, the outcomes from the
model test were selected for the model’s performance
evaluation.

The K-fold cross-validation, the datasets were
classified equally into several k-folds, e.g., five-folds
would find the errors five times. In every calculation
round, 1 of 5 folds was singled out to test the model’s
performance. In contrast, the other four folds were used
for algorithm training or model creation. The example is
given in Table 2.

3 Solutions in the data level

Before creating the model according to the
imbalanced data, the researcher decided to study and
balance the data. Therefore, this research suspended
the data at a data level by using the Synthetic Minority
Oversampling Technique (SMOTE) compared to
a random under-sampling technique.
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Figure 2 The concept of balancing imbalanced datasets: (a) the oversampling technique
and (b) the under-sampling technique

3.1 Oversampling and under-sampling

Balancing training data is an integral part of data
processing. Data imbalances usually exist when the
dataset’s classes are unequally distributed, which may
be a risk while training the model. There are several
methods for balancing the data and overcoming the
imbalanced training data, which could be performed at
either a data level or an algorithm level.

SMOTE, or Synthetic Minority Oversampling
Technique, which is a sampling method that is mainly
used to fix the imbalanced data with the best results,
was developed by [17]. Moreover, it is widely used to solve
the imbalanced data sets with statistical knowledge. The
SMOTE algorithm is a technique for oversampling the
minority classes and minimizing the imbalanced data
or equalizing the datasets within the target classes. In
contrast, random under-sampling is an approach that
is utilized to balance the dataset distribution at each
level by randomly deleting the majority class examples.
Yet, the major disadvantage of the approach is that
some of the necessary and valuable measures might
be deleted.

Figure 2 depicts the concepts of the oversampling
and under-sampling techniques, which increase the
minority class examples (as shown in Figure 2a) and
decrease the majority class examples (as shown in
Figure 2b). If there were 110 examples in Class 1, there
would be 100 examples in Class 2 and 30 examples in
Class 0.

4 [Experimental framework

In this section, is suggested that the suitable
algorithms for study and later describes more imbalanced
datasets and related parameters. The final part mentions
the statistical test to compare the outcomes from each of
the classification algorithms.

4.1 Algorithms selected for the study

When the machine learning model trained the data,
it was able to create a model from any of the following
three major groups: 1) Geometric models - the models
are used for mathematic calculations to define length
or weight, including neural network (NN) and k-nearest
neighbors (kNN); 2) Probabilistic models - the models
are created from the training data probability (e.g.
Naive Bayes); and 3) Logical models - these models are
used to present data in different logical conditions, (e.g.,
decision tree (DT)).

4.1.1 k-Nearest Neighbors (kNN)

The kNN algorithm compares the unknown sample
to the k training sample, which is the new sample’s
nearest neighbor. Preliminary theoretical results were
published by [18], while a thorough summary was
published by [19]. Finding the k closest training examples
was the first step in applying the kNN algorithm to
a new instance. Then, depending on the number of
characteristics in the training example, the “proximity”
was calculated from a distance in n-dimensional space.

The distance between the new example and the
training examples could be calculated using several
metrics, such as the

Euclidean distance = [(x -y )2+(x,-y,)+...+(x -y, ))I"%, (2)

where x, was attributed as 1 of data 1 and y, was
attributed as 1 of data 2. Thus, the attribute of both data
(x and y) was L. However, since the length is frequently
based on an absolute value, the data must be normalized
before training and using the kNN method.

The kNN algorithm then categorizes the unknown
sample by voting on the majority of the neighbors it
discovers. In the event of a regression, the predicted
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value is equal to the average of the neighbor’s found
values.

An example of a small class appears scarce in the
data space of an imbalanced training dataset. The
estimated closest neighbor k is highly likely to identify
a sample from a common type given the testing dataset.
Small class sizes meant that the test cases would be
more likely to be misclassified. This notice is based on
research by [20] and [21].

4.1.2 Naive Bayes

Naive Bayes is a method for creating the high-bias,
low-variance classifiers and establishing a good model
even within a limited dataset. It is a probabilistic
classifier that is based on Bayes’ theorem. The estimation
of a specific component for a given class variable is
assumed to be independent by Naive Bayes classifiers;

P(CI1A) = P(AIC)*P(C)/P(A), 3)

in which P(C | A) is the probability that the data with
the attribute A will have Class C. P(AIC) is the chance
that attributes A will have Class C in the training data.
P(A) is the probability of attribute A, while P(C) is the
probability of Class C.

It performs pretty well on large datasets, in which
this condition is assumed and holds, even though it
demands an unrealistic need that the attribute values
are restrictively free [22].

4.1.3 Decision trees (DT)

The DT is an explanation strategy that builds
the rule of the DT by summarizing truths or related
materials. This method has been used the most
frequently because it aids the model in interpreting and

Areca type

B cso [ urban [ | Suburban [ Rural

making the data more understandable [23]. In this case,
repetitive attribute partitioning was used to build the
model.

The approach would find each attribute or feature’s
information gain ratio (IG) at each tree level (starting at
the root node) and would then compare it to the class to
identify the attribute with the highest IG. It would then
be assigned as the decision tree’s root (the chosen feature
might categorize the data samples for model building
and assign them to the same class if it were feasible
(maximizing class homogeneity)). The ultimate objective
of the decision trees algorithm is to divide all the data
into subgroups with similar responses or classes (i.e. the
sequence of slicing data to create appropriate if-then
rules). The resultant rules can be used to explain an
example from root to leaf. All of the information, which
is provided, is accurate. In other words, this procedure
is repeated until the last node (leaf node). Each node
can categorize the sample into separate subgroups with
a homogenous class. This procedure then comes to a halt
and a decision tree model is generated.

Trees are usually trimmed to increase the
predictability of decision structures and to minimize
overfitting (See [24] for more details.).

4.2 Datasets

The trip data from the Khon Kaen Expressway
Master Plan 2015 (Thailand) Engineering, Economical,
Financial and Environmental Feasibility Study
was used in this study. Since the population of the
research region shares comparable features, systematic
random sampling was utilized to obtain a total of
2,015 households consisting of 2 percent of the total
households in the target area (4,757 people provided
travel information, 616 people provided no travel
information). In addition, face-to-face interviews were
conducted to obtain information. The participants were

Figure 3 The Area types in Khon Kaen, Thailand

VOLUME 24

COMMUNICATIONS 3/2022



D110

CHAIPANHA, KAEWWICHIAN

Table 3: The explanatory variables

Variables! Definitions

Values

Socio-demographic attributes

Gender Gender of traveler
TDwelling Type of dwelling
HHT# Household type
Income Household income
(US$.)
Empstatus Employment status
Apptype Type of appointment
Kids Number of children in HH
HHS Household size
AGE Number of people within an age

category

Male; female
Detached house; commercial buildings; townhouse;
condominium/flat, etc.

Two categories of worker vs. non- worker variable
and two groups of dwelling type

No income; 0.029-74.5; 74.53-149.0; 149.03-223.5;
223.53-299.0; 299.03-448.5; 448.53-598.0; 598.03-
747.5; 747.53-897.0; 897.03-1196.0.; 1196.03-1495.0;
1495.03-2242.5; 2242.53-2990.0; 2990.03-4485.0;
>4485

A number of full-time workers in the HH; Non-
workers; Self-employed; Students; etc.

Number of CEOs; white-collar, blue-collar, red-
collar, pink-collar, student, etc.

Numbers
Numbers
<6; 7-19; 20-39; 40-59; 60-79; >80

Zone attributes

Areatype Origin or destination area type CBD (central business district); urban; suburban;
rural

PoDwell Percentage of detached houses Percentage

HHSlow? Percentage of low-income households PHHS1t02; PHHS3to4; PHHS5t06

Tour attributes

Tour type Number of stops on a tour
Main mode Mode choice in a tour
Numbtrip Number of trip segments within each

tour

1: 1 (more) stop; 0: no stop

Car; motorcycle; motor tricycle; minibus; train;
bicycle; walking; other

Numbers

Accessibility attributes

Accessibility® Accessibility Measurement

Acci; aij time

Note: 'The factors were divided into socio-demographic characteristics, tour characteristics and accessibility characteristics. These
variables were used to build and assess the models’ performance. 2 The percentage of HHS had 2, 4, or 6 family members and
the average income was less than 448.5, 897.0, or 1495.0, respectively. * A commuter’s attempt to overcome the physical and time
barrier between zones was measured by accessibility. The aij was the free-flow travel time between traffic zones i and j; acci was
the average journey time between location i and a random place within the region [26].

recruited from 73 zones. The GIS information was
utilized to categorize the research region. In addition,
10 more zones from suburban and urban areas were
included, which increased the number of zones to 83. As
illustrated in Figure 3, the residential density divided
these zones into four area types: the central business
district (CBD), the urban region, the suburban area and
the rural area. These area types indicated the source
region type and primary destination location for each
trip under one tour. Thus, they were variables that
indicated the source region type for each trip and the
primary destination location under one tour.

The variables’ main attributes from the tour and
trip-based models were used in this research to create
the model shown in Table 3.

4.2.1 Parameters

Each model used the kNN, Naive Bayes and
decision trees algorithms to classify the data and the
RapidMiner Studio Educational 9.7 Software Tool’s
default parameters. That is, the default parameters for
the decision tree algorithm consisted of “criterion, gain
ratio, 20 maximal depth of a tree, 0.25 the confidence
level, 0.1 the minimal gain of a node and 2.0 minimal
leaf size”. The default parameters for the kNN algorithm
were “k = 5 [25], measure types: mixed measures,
mixed measure: Euclidean Distance”; and the default
parameters for Naive Bayes algorithm were “5.0 number
of neighbors, 1000 up-sampling size and a 0.5 nominal
change rate”.
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Table 4 The details of the imbalanced data sets for each area type

Imbalance
Area types Instances ClassO Class1 Class2 .
ratio, IR
Rural 809 211 373 225 2.83
Total 4852 874 2321 1657 4.55
Urban 1054 177 472 405 4.95
CBD. 1358 223 667 468 5.09
Suburban 1631 263 809 559 5.20

Note: As the consideration values for each region type, the imbalance ratio (IR) is defined as the negative class example or majority
class divided by the number of positive class examples or minority class. If the IR was more than 9 [27], the dataset would have been
significantly skewed. If the IR was less than 9, the dataset imbalance would have been considered as mild or low.

The car ownership ratio for the households in the
study area is presented in Table 4, in which Class 0
was the minority class and Classes 1 and 2 were in
the majority classes. The data was primarily used to
construct and test the performance of the car ownership
demand model via each machine learning algorithm
before and after the data balancing. In addition, all of
the data was compared using the statistical significance
tests (T-Test) (alpha = 0.05).

5 Results

This research used a Synthetic Minority
Oversampling Technique, SMOTE, to make the minority
class datasets equal to the majority class and employed
random under-sampling to balance the datasets after
the data normalization.

Simultaneously, the weight optimization was
selected to choose the first ten variables with the
optimal weight to create the model. Meanwhile, the
k-fold cross-validation was used to create and validate
the data classification models with kNN, Naive Bayes
and DT algorithms. Finally, the commission mainly
considered the model’s performance from balancing and
from the imbalanced data in order to predict Class 0 as
the minority class.

5.1 The results before and after the data
balancing

The results from the model’s performance validation,
which were obtained by using different algorithms
before the data was balanced, is presented in Table
5. The kNN algorithm showed high performance in
predicting the minority class (Class 0) when considering
the optimal accuracy and the TPR of all the area types
and the FPR was low. However, the TPR percentage of
each area-type was still low (the lowest = 44.3 % for the
total area type), in which the data analysis indicated
that this problem had occurred due to the imbalanced
data as the Imbalanced Ratio (IR) [28]. In each area, the
type was in the range between 2.83 - 5.20.

After determining the best performing algorithm,

the researcher solved the imbalanced dataset with
a 2-part validation. In Part 1, the problem was solved at
a data level using SMOTE and random under-sampling.
In Part 2, the optimal k-parameter of the kNN algorithm
was defined in order to improve the model performance
so that the data in Part 1 could be classified.

By using the kNN algorithm to create a model
for household car ownership, by performing the data
balancing with SMOTE and by employing an under-
sampling technique in each area type, the model’s
performance to predict Class 0 was illustrated as
shown in Table 6. From the table, it can be seen that
SMOTE demonstrated a higher TPR when compared
to the time prior to balancing, but it was lower than
the under-sampling technique. The TPR values for
each area type were 63.5%, 64.0%, 67.2%, 66.4%,
54.4% and 78.7%, 83.2%, 85.9%, 85.2% and 74.5% for
SMOTE and the under-sampling technique, respectively.
Nevertheless, the under-sampling techniques might
have deleted some important data, resulting in a high
FPR value. Therefore, even though the TPR from the
under-sampling technique was higher than the results
from SMOTE, several misclassified cases were often
found (FPR value was high.) [29].

In conclusion, after balancing the dataset with
SMOTE and using the kNN algorithm to create the
model for household car ownership demand, the model
performed highly when predicting the minority class
(Class 0) with the essential data compared to the
imbalanced data and the balanced data with the under-
sampling technique. Furthermore, an oversampling
approach was found to be superior to an undersampling
strategy for the inadequate data [30]. After balancing
the data with SMOTE, another critical problem was
selecting the appropriate k value for the kNN method
because the neighbors from the k nearest neighbors had
been chosen randomly depending upon the amount of
oversampling desired.

This step began with a fixed size k=5 (k-neighborhood)
as the default parameter that was used to classify the
training data by calculating the distance between the
examples and adjusting the other measures for the
following calculations (adding different k parameters).
Any k parameter lower than 5 (e.g. 1 or 3) would not be
counted due to low discrimination power [31]. Finally,
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Table 5 The performance before balancing the training data for the minority class (Class 0)

Algorithms Area types Accuracy (%) PR FPR F-measure (%)
(%) (%)

K-nearest neighbors (kNN) Rural 63.4 46.9 9.2 54.2
Total 67.7 44.3 6.7 50.6

Urban 70.0 53.6 6.1 58.3

CBD. 69.0 53.8 6.6 574

Suburban 67.2 46.4 7.2 50.5

Naive Bayes Rural 50.3 20.8 5.8 30.3
Total 50.5 20.1 5.5 2117

Urban 52.8 28.2 .17 33.9

CBD. 50.4 36.7 10.5 38.7

Suburban 51.2 25.1 8.3 29.9

Decision tree Rural 52.3 15.1 0.3 26.1
Total 478 0.8 0.2 1.6

Urban 48.3 13.5 0.2 23.6

CBD. 50.6 8.0 0.6 145

Suburban 50.3 0.0 0.0 0.0

Table 6 The results of TPR and FPR, when balancing the training data with the kNN algorithm

. TPR FPR TPR FPR TPR FPR
Algorithms Area types " " 0 ° u b

(%) (%) (%) (%) (%) (%)

K-nearest neighbors (kNN) Rural 46.9 9.2 63.5 16.0 78.7 45.0
Total 44.3 6.7 64.0 11.0 83.2 43.9

Urban 53.6 6.1 67.2 7.7 85.9 34.7

CBD. 53.8 6.6 66.4 94 85.2 41.7

Suburban 46.4 7.2 544 12.3 74.5 50.1

Note: Subscript “n” refers to the pre-balancing data set, “o0” refers to the balancing method by the SMOTE method and “u” refers to
the balancing method using a random under-sampling technique

651

5 9 13 16 20 24 28 32 35 39 43 47 51 54 58 62 66 70 73 77 81 85 89 92 96 100

K-nearest neighbour
-=-Rural =Total =+Urban -—CBD. -=Suburban

Figure 4 The results of k-neighborhood parameterization as appropriate for each area type
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the outcome affirmed that the k neighborhood algorithm
was suitable with 5 points for the training datasets in all
the area types (IR= 2.83 - 5.20) within the study area,
as illustrated in Figure 4, representing accuracy from all
the area types with different k parameters.

Additionally, when k = 5 in all the area types, it was
observed to give the best accuracy for the classification
of household car ownership; the accuracy values for each
area type were 65.1%, 67.5%, 71.3%, 67.5% and 66.4%
for a rural area, the total area, an urban area, CBD and
the suburban area, respectively.

It is likely that the target class label had not been
uniformly distributed among the categorization jobs.
A dataset like this is described as “imbalanced data.”
Data imbalances might make training a data science
model difficult. For example, if the model is trained
primarily on the majority class in imbalanced class
problems, it will bias the model’s prediction towards the
majority class.

As a result, it was found that dealing with the
imbalanced class is necessary before moving onto the
modeling process. Many class balancing approaches
tackle class imbalance by either sampling the minority
class once again or by eliminating some samples from
the majority class. The method for handling class
balance strategies is divided into two categories: over-
sampling and under-sampling.

One consequence of utilizing under-sampling
approaches is that many majority class data points are
lost in balancing the class. Over-sampling strategies
do compensate for this flaw. However, producing several
samples within the minority class may lead to model
overfitting.

SMOTE is a common and well-known oversampling
technique, which is used by data scientists to generate
false minority data points within a cluster of minority
class samples. The research outcomes also affirmed
that balanced data facilitates the machine learning
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1 Introduction

All the parts of the superstructure and substructure
are subject to dynamic loads from the running of trains.
When the train is moving, the wheels of the train set
not only roll on the rail but also shift tangentially. In
addition, slip occurs at small radii of curves. The forces
and moments are then not transmitted pointwise, but in
the contact area between the wheel and the rail.

The axle forces acting vertically on the rail, derived
by the own weight of the trainset, the longitudinal
stresses caused by starting and braking, the longitudinal
and transverse pressures and the forces generated by
passing in a curve, etc., are distributed through the
rail fastening to the rail supports, the track bed and
the subgrade. The whole process of dynamic loading is
accompanied by the propagation of vibrations, changes
in motion behavior or deformation of the structure [1].

When passing the axle wheels on rails, it is
necessary to consider the uneven distribution of stress
in individual and adjacent areas of supports and rail
bed. The rails distribute the load caused by the running
trainsets to individual sleepers. The magnitude of
the forces that the rail transmits on the sleeper is
determined by the shape of the rail, the flexibility of the

rail mounting on the sleeper, the shape of the sleeper
and the distribution of the sleepers. The rail bed is
then stressed unevenly depending on how the stress is
distributed over the sleeper bed [2]. This is also related
to the uneven stress on the bottom of the railway.

The transmission of dynamic forces from the rails
to the subsoil is even more complicated in turnout
constructions. It is necessary to include the changing
position of the rails in the transverse direction on the
supports, uneven transmission of dynamic effects in
different parts of the turnout structure, changing cross-
sections of rails in the tongue, crossing the wheelsets
retainer, or the changing longitudinal dimension of the
rail supports.

The dynamic effects on the railway structure increase
with increasing speed of the trainsets. The dynamic
stress of the track is also influenced by properties of all
the parts of the railway superstructure, i.e. the quality
of the gravel bed, the type of sleepers, the quality of
their tamping, the properties of track fittings, the type
of fasteners and the quality of the railway sub-ballast
layers, as well. Particularly at points of interruption in
the continuity of travel and at points of change in track
stiffness, there are increased dynamic effects. In those
places, there is an irregular settlement of the rail bed,
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crushing of the aggregate of the rail bed and defects on
the running surface of the rails.

One of the main problems of today’s railways is to
minimize the costs associated with track maintenance.
Based on the knowledge of the dynamic processes taking
placeinit,itis possibletodetermine appropriate measures
that will lead to minimization of the maintenance
costs. Effective tools also include vibrodiagnostics, i.e.
the analysis of vibrations propagating through the
superstructure and substructure. Therefore, one will
increasingly encounter phenomena whose satisfactory
clarification and technical solution will depend on
understanding the dynamic stress of the railway
structure [3].

The railway turnout structures represent one of
the key points of the railway transport. This is because
a turnout structure consists of a number of structural
components of different properties, which in summary
must fulfil the required functions. Among the most
important properties is especially their reliability and
safety within the framework of the railway operation. At
the same time, the running of trainsets generates large
dynamic stress in the turnout area, which is different
from the dynamic stress in the rail grid area. Therefore,
it is very important to study the dynamic processes in
turnouts in order to improve the quality of maintenance
work. Application of the new methods of measurement
and analysis helps to achieve that goal [4].

A classic simple turnout consists of three main
parts - common crossing unit, closure unit and switch
unit (Figure 1). The common unit consists of a frog,
a retainer and an outer rail. There is a crossing of rails
and separation of rails in two different directions. The
common crossing unit forms the place where the wheel
passes a gap (depression) for the wheel flange of the
vehicle, which moves in another direction. In order to
avoid an impact or climbing of the flange on the tip of
the common crossing unit, the second wheel of the same
wheelset is guided by a retaining device, which does not
allow it to move away from the outer rail.

The closure unit of the turnout actually forms
a tangle of tracks. It connects the switch and the
common crossing unit. The interchange is a moving
part of the turnout, on which the track branches in two
directions. The main parts of the switch unit consist
of tongues, supports and a turnout. The tongue forms
the only moving structure of the carriageway. The
position of the tongues determines the direction of
further movement of the train set while driving. The
tongues are usually stored on stool bases. Under the
normal circumstances, one tongue always rests on the
support. A motorized converter is used to adjust the
tongues. To secure them in the appropriate position
there is a locking device. From the above, it is clear that
especially the common crossing and switch units belong
to the key parts of turnouts in terms of dynamic effects.

P 1
i
‘ VI

Common crossing unit

Sl ah. i - S

Figure 1 The picture of a turnout with a description of the most important parts
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The dynamic processes in both areas are further briefly
considered.

High dynamic forces and high vibrations level
can be expected in the area of the train set wheel
transition from the wing rail to the tip of the frog, where,
depending on the quality of the transition geometry,
a dynamic impact occurs.

From theoretical assumptions and computer
simulations [5], it is concluded that another area
requiring increased attention is the switch unit. The
mechanism of vibrations transmission in this case is
different from that of the common crossing assembly.
At the same time, many theoretical works show a lower
level of vibrations propagating through the switch unit
into the gravel bed. This is due to the uninterrupted
running surface of the rail when the wheel flange
gradually approaches and rests on the tongue rail. The
intensity of vibrations is damped by the track skeleton,
when a small part is damped already in the rail and
its rubber pad. Further vibrations damping occurs in
the sleeper. The undamped component of the vibrations
energy is also transferred to the gravel bed. The question
is how much of this energy is compared to the energy
propagating in the common crossing unit.

2 Methods of measurement and evaluation

A measurement methodology, certified by the
Ministry of Transport of Czech Republic, was used to
measure the dynamic effects acting on the turnout
[6]. This methodology consists of three parts. The first
involves measuring the motion behavior of a structure.
The second area involves the propagation of vibrations
and shocks from the wheel-rail contact, through the
sleeper, into the gravel bed of the common crossing and
switch unit. The third area provides information on the
forces and deformations acting. Note that a simplified
variant of this methodology was used in this paper to
present the results.

Before measuring the dynamic characteristics of the

®

Figure 2 The view of the common crossing (a) and a switch (b) unit of turnout

turnout, the geometric parameters were measured by
a measuring wagon of the infrastructure manager in the
Czech Republic. The measurement confirmed that the
whole turnout is in excellent condition.

In total, two basic measuring areas with 3 measuring
points were set in the measured turnout, to which
piezoelectric acceleration sensors from the Bruel&Kjaer
company were attached. These locations were chosen so
that the measured values could be compared. In the case
of the common crossing unit, it was a triaxial acceleration
sensor located at the foot of the wing rail in the straight
branch of the turnout (labelling outputs A4Z, A5X, A6Y),
acceleration sensor located on the sleeper near the tip of
the common crossing unit (A3Z) and acceleration sensor
located on the rod (waveguide) in a gravel bed (A0Z).
In the switch unit, the sensors were placed on the heel
of the support (acceleration sensor, labelling A47Z, A5X,
AGBY), then on the sleeper in the area of the passage of
the wheel from the support to the tongue rail (A3Z) and
measuring rod, which was embedded in the gravel bed
near the passage of the wheel (A0Z). Simultaneously with
the measurement of vibrations characteristics, a large
number of other parameters were measured. Their
comparison and analysis are not part of this paper.

Time, frequency and time-frequency analysis were
used for vibrations analysis. Note that the analysis in the
time plane was focused on the one hand to determine the
maximum values of vibrations acceleration and on the
other hand to calculate the effective value of vibrations
acceleration. Within the frequency analysis, the classical
Fourier analysis with output to amplitude frequency
spectra was used. The formulas and the procedure
for calculating the effective value of acceleration or
amplitude spectra are not given in the paper, they can be
found in many professional publications [7-8].

In the time-frequency analysis, the authors used
the Hilbert Huang transform. According to the research
and the authors’ experience, this type of analysis is
particularly advantageous in the case of impact loads.
Since this is a less known transformation procedure
with specific calculation, its analysis and description are

COMMUNICATIONS 3/2022

VOLUME 24



THE COMPARISON OF DYNAMIC EFFECTS ACTING IN THE COMMON CROSSING AND SWITCH...

D119

given in the text below.

The Hilbert-Huang transformation is a lesser-
known and less widely used method for analysis of the
transient, nonlinear and non-stationary signals [9-11].
The procedure for calculating this transformation must
be divided into two parts. In the first part, the so-called
empirical modal decomposition is performed, followed
by the second in the framework, which calculates the
so-called Hilbert spectrum. This then represents the
propagation of energy in the time-frequency domain
and is calculated by applying the well-known Hilbert
transformation.

Empirical modal decomposition is used to decompose
any nonlinear or nonstationary signal s(¢) into a finite
number of eigenmodal functions. The Eigen modal
functions must satisfy two basic conditions [11-12]:
¢  The number of extrema (i.e. minima and maxima)

must be either equal to, or differ by at most one,

the number of passes through the function through

Z€ero;

e At any point, the average value defined by the
envelope of local maxima and local minima is zero.
The first condition is similar to the narrowband

requirement for a stationary Gaussian process, the

values must not differ too much. The second condition
is local, derived from the first and it ensures that the
instantaneous frequency will not have unnecessary
fluctuations caused by the asymmetric waveforms. Note
that this is essentially a resemblance to the Fourier
transformation, which also decomposes into simpler
functions, sins and cosines. The disadvantage of the

Fourier transformation is that it gives good results only

for a signal that is stationary and fully periodic. In the

case of calculating the Hilbert-Huang transformation,
this limit does not apply. Furthermore, the calculation
procedure of the empirical modal decomposition,

according to the author of the method of scientist E.

Huang, is described [13-14]. The calculation procedure

takes place in several steps.

The first step is to find the local extrema (maxima
and minima) in the given signal s(f). These extrema are
then interpolated with a suitable curve, such as a cubic
spline. This creates two envelopes of the original signal -
the upper e, (¢) and the lower e . (t). The average value
of both envelopes is then calculated. Next, one calculates
the difference between the signal and the mean value.

h(t)=s(t)— (). (1)

If the calculation does not meet the requirements
for the modal function, iterations must be continued.
Note that due to the approximation, new extrema can
arise, i.e. overshoot or undershoot in the envelope.
The calculation procedure must be repeated until the
resulting component meets the specified conditions. The
procedure can be written by an equation

hevr(8) = he(t) — e (8). (2)

It should be noted here that the iteration process
essentially filters the low frequency components and
smoothes the different amplitudes. The standard
deviation value, which is calculated from the two
consecutive results of the iteration process, was used
as a criterion for completing the partial calculation of
each component for the purposes of this paper. E. Huang
determined a typical value of the standard deviation
for the end of the iteration in the interval 0.2 and 0.3
[13-14]. Note that the first modal component represents
the highest frequency component of the signal s(¢). If
one separates the calculated component from the signal,
we obtain the so-called residue. The residue contains
components with lower frequencies. It can be marked as
a new signal and the procedure repeated. The original
signal is described by the following equation [15].

s(e) =220 citr, ®3)

where s(t) is the original signal, r is the residue
and ¢, is the component. Equation (3) shows that
the original signal can be reconstructed by simply
summing all the modal functions and the residual.
Note that the decomposition can be terminated based
on a predetermined limit of the number of iterations or
when the residual is a monotonic function from which
it is no longer possible to separate other proper modal
functions [16]. If one has calculated the individual
components described above by decomposition, the
Hilbert transformation can be applied to each and
calculate the instantaneous frequency. This procedure
can be expressed by the following equation.

S(t):Zzilak(t)ef_/"wk(t)‘dt- @

Thus, Equation (3) expresses the instantaneous
amplitude @:(f) and the instantaneous frequency
(angular frequency) w(¢) as a function of time ¢, while
allowing the amplitude to be expressed as a function of
frequency and time. It is therefore the Hilbert amplitude
spectrum, which expresses the energy distribution in the
time-frequency plane [17-18].

It follows from the above description that the
Hilbert-Huang transformation represents an alternative
to, for example, the Fourier transformation or the
Wavelet transformation [19], or to other time-frequency
methods, with the difference that it decomposes the
measured signal in a different way. Thus, not into
predefined functions such as trigonometric functions,
parent wavelet etc. but into functions based on the
signal under investigation.

3 The case studies
To compare the dynamic effects in the switch and

the common crossing units, turnout No. 59 (Figure
2) was selected in the so-called Pardubice head of
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Figure 3 View of the measuring system with sensors

the Chocen railway station with a left turn direction
(turnout designed for a speed of 80 km-h'). The selected
turnout is of the type J60-1:14-760-zlp, L, p, CZP, b,
KS, ZPT. Trainsets may pass through this turnout in
a straight line at a line speed of 160 km-h"'. The turnout
is equipped with a system of railway superstructure UIC
60 with Vossloh Skl 24 fastening and concrete sleepers.
Note that this is the most common type of turnout used
on the corridor lines of the Czech Republic. For this
reason, the author’s team in this paper focused on the
measurement and analysis of this particular structure.
At the same time, the same types of turnouts were
measured at other localities. In total, there were 20
measuring campaigns.

Two autonomous S-Box dataloggers (Figure 3),
developed at the authors® workplace, were used for the
measurements. The S-Box datalogger has been described
in detail in the literature [20]. For measurement
purposes, the measuring system was verified using
a calibration sensor 8305 from Bruel&Kjaer and
a vibrating calibrator V21D from Metra Mess und
Frequenz Technik. It is a two-level measuring system
consisting of a data logger and a superordinate computer
with software for analysis of the measured data. The
system provides up to 12-channel recording from various
types of sensors (vibrations, noise, displacement, strain
gauges, temperature etc.). Within the first level, the data
is measured and stored on an SD card. The datalogger
is equipped with a system to automatically start and
stop recording and also provides the possibility of data
wireless transmission to a higher-level system consisting
of a computer and the relevant software.

Within the superordinate system (second level),
manual, semi-automatic or fully automatic analysis
of the measured data takes place according to a set

scenario. It should be noted that for this measurement,
a Raspberry Pi computer was used as the master system.
The data analysis program was developed in Python.
The whole setup was powered by a battery, which was
recharged from a solar panel when needed. Measured
and evaluated data were continuously sent to the NAS
storage of the authors’ workplace to the database server.

The measuring set-up was supplemented with
a trigger module. This consisted of the two infrared
gates mounted on a small tripod at a height of 150 mm
above the top of the rail and an evaluation module. The
first barrier was placed at 30 m in front of the measuring
station, the second at 30m behind it. The principle of
starting and ending the measurement was based on
the principle of counting and comparing the passing
axles. The evaluation module simultaneously measured
the running speed of the train set. This data was also
transferred to the master computer.

The data filtering and classification of the trainsets
into predefined categories was performed automatically
on the master computer after downloading the data from
the measuring system.

The evaluation software in the master computer
includes implementation of the support vector machine
method for recognizing the train sets. The authors of the
paper have very good implementation experience with
this method. The input to the method is the measured
vibrations acceleration values from three sensors - on
the wing rail, on the sleeper and in the gravel bed.

It should be noted that the classification software
contains a database of locomotives, passenger cars
and entire train sets including the gauge for more
accurate recognition. The classifier was set up before the
measurement.

As a part of the measurement campaign, the passage
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Table 1 The comparison of the effective values of vibrations acceleration [m.s?]

Train set Turnout A0Z ~

Travel speed

A3Z"N  AAZN ABX T A6Y %

[km/h]
59, Common crossing unit 20 43 108 25 32 155
Leo Express ) )
59, Switch unit 2 38 40 10 17 155
. 59, Common crossing unit 22 45 110 28 30 163
Pendolino ) )
59, Switch unit 4 39 42 12 13 162
) 59, Common crossing unit 10 26 95 17 26 140
Regiodet ) )
59, Switch unit 3 24 49 11 20 140
Train set with 151 59, Common crossing unit 16 46 12 13 120
engine 59, Switch unit 2 25 42 10 14 120
Train set with 150 59, Common crossing unit 2 10 33 6 10 82
engine 59, Switch unit 2 40 65 15 25 82

Legend: " in the vertical direction
1 in the longitudinal direction

f in the transverse direction

of a total of 60 trains was recorded, for which, in addition
to the time course of vibrations acceleration, their other
parameters were also recorded - travel time, running
speed, number of railway cars and type of locomotive and
direction of travel.

For their own evaluation, these trains were divided
into suitable categories. In the article, the authors
focused on evaluation of selected train sets. Those were
divided into three main categories. The first category
includes EC trainsets. This category includes both light
complete trains sets of the Pendolino and LeoExpress
type, as well as classic Regiodet train sets with the E630
series locomotive. The second category is represented by
the passenger trains with a locomotive of the 151 series.
The third category is represented by the freight train sets
hauled by relatively old locomotives of the 150 series.

The global maxima and minima were automatically
subtracted in the superordinate computer, then the basic
vibrations characteristics (effective acceleration values
a, and amplitude frequency spectra) were calculated
for each acceleration sensor and for each category of
trainsets. The calculated characteristics were organized
in a table and graphs for comparison. Note that the
effective acceleration values shown in Table 1 are the
result of averaging the partial values from all the
measurements made for a given category of train set.

It is clear from Table 1 that significantly higher
effective acceleration values were obtained when the EC
category trainsets (Pendolino, LeoExpress and RegiodJet)
passed in the common crossing unit of the turnouts
compared to the switch unit. Relatively similar dynamic
effects were also found for passenger trains hauled
by 151 series locomotives. For the trainsets hauled
by Class 150 series locomotives this is different. In

most of the measured parameters, higher values were
obtained in the area of the exchange of the measured
turnout compared to the frog part. It should be noted
that this fact was also demonstrated by a more detailed
analysis in the time and frequency plane, including
the comparison of time records and their amplitude
frequency spectra.

To compare the dynamic load found in the frog and
switch unit of the turnout, the passage of a RegioJet
train set at a speed of 140 kmh' was selected for the
paper (Figures 4 and 5). Due to the limited space of the
paper, the authors focused on a more detailed analysis
of measured data from sensors that were in the gravel
bed near the rail attachment. It should be noted that
the Regiodet train consists of railcars from the Austrian
and Swiss Federal Railways. The wagons are hauled
by modernized Skoda locomotives and TRAXX MS 2e
locomotives from the manufacturer Bombardier.

The top graph of each figure shows the time course of
vibrations. The left graph shows the amplitude spectrum
of the vibrational response. The middle graph shows the
3D representation of the time-frequency waveform of the
vibrations amplitude spectrum.

The values of the spectra are expressed in decibel
scale by different colours (or grayscale). Note that the
maximum value is the colour black. Again, it should
be mentioned that for a more detailed insight into the
dynamic characteristics, time and frequency slices can
be displayed within the middle graph. In the former
case, those are the plots providing individual frequency
spectra at different times, while in the latter case; they
are the time histories of selected frequency components.

From the comparison of time records it is clear that
higher values of vibrations acceleration (up to 360 m-s)
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Turnout No. 59, common crossing unit, sensor in the gravel bed, RegioJet train set, V=140 km/h
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Figure 4 Time, frequency and time-frequency characteristics of the vibrations, sensor in the gravel bed, turnout no. 59 -

common crossing unit, vertically direction, Regiodet, speed 140 km-h’!

Turnout No. 59, switch unit, sensor in the gravel bed, RegioJet train set, V=140 km/h
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Figure 5 Time, frequency and time-frequency characteristics of the vibrations, sensor in the gravel bed, turnout no. 59 -
switch unit, vertically direction, Regiodet, speed 140 km-h!

were measured when the set wheel passes from the wing
rail to the common crossing unit tip (Figure 4) compared
to the passage of the train set through the switch unit
(60 m-s') (Figure 5). The time recording of vibrations
from the common crossing unit shows the course of the
signal composed of a series of very narrow shocks from
the wheels of a passing train set. Thus, a relatively
large part of the vibrational energy is transferred to the
gravel bed.

From the time course found in the switch unit of
the turnout, it is clear that the course of acceleration
has a different character. The course is much smoother,
there are not so outlined individual passages of the
wheels of the set.

The frequency spectrum (Figure 4) obtained from
the running of the trainset through the common crossing
unit shows several frequency clusters with maximum
values at the frequencies 30 Hz, 150 Hz, 230 Hz, 320 Hz,
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520 Hz, 880 Hz and 1.7 kHz. The highest spectrum value
(125 dB) was reached at a frequency of 150 Hz. The
frequency spectrum obtained from the running of the
trainset through the switch unit (Figure 5) also shows
several significant frequency components (80 Hz, 110 Hz,
200 Hz, 260 Hz, 340 Hz and 700 Hz). The highest value
of the spectrum (87 dB) was reached at a frequency of
340 Hz.

The same conclusions are drawn with the time-
frequency analysis by the Hilbert Huang transform
method (middle graphs of Figures 4 and 5). In contrast
to the classical frequency analysis performed using the
Fourier transform, the time distribution of significant
frequency components is also evident from these graphs.

Even in the case of this analysis, it is clear that
a higher peak in the time-frequency plane was achieved
in the case of passing the wheels of the trainset through
the railway common crossing unit. Note that the graphs
show a very accurate time localization of individual
frequency components.

4 Conclusions

The paper was devoted to the comparison of dynamic
effects from the train sets acting on the common crossing
and switch unit of the turnout. To compare the selected
dynamic parameters excited by the train set, turnout
No. 59 was selected. This turnout is located in the
Chocen railway station. The paper presents a simplified
variant of a certified methodology focused on analysis of
the vibrations propagation of turnout structures.

The paper also includes a theoretical analysis and
practical application of the Hilbert-Huang transform
for evaluation of dynamic phenomena occurring in
a turnout. This lesser-known and less used transform
belongs to the group of time-frequency procedures
particularly suitable for analysis of the nonlinear,
transient and non-stationary signals.

The Hilbert-Huang transform represents a certain
alternative to, for example, the Fourier transform or the
Wavelet transform, or to other time-frequency methods.
Note that the Hilbert-Huang transform analyses the
signal in a different way, i.e. not by decomposing it into
predefined functions such as trigonometric functions,
mother wavelet, etc., but into functions defined based on
the signal under investigation.

Thanks to the calculation method, it can be used in
a wide range of applications. For example, the removal
of noise in the measured signal, the visualization
of various sources and mechanisms, the analysis of
image data etc. It can be reasonably assumed that this
transformation will also find significant application in

the field of railway engineering, especially in evaluation
of the short-term dynamic effects from passing trains.
The outputs of the Hilbert-Huang transform can be very
well coupled with selected machine classification and
identification methods.

According to the performed analysis, it is obvious
that in most cases the higher acceleration values were
obtained in the common crossing unit of the turnout in
the passing railway sets than in the switch unit. Only
for the trains pulled by locomotives of the 150 and 151
series the case was opposite. It can be assumed that
this fact is influenced by the technical condition of the
locomotives of the 150 and 151 series, as well as their
different dynamics of passing through the turnout
sections in question. This fact has also been observed at
other locations during other measurement campaigns.
Certainly, this fact is very significantly influenced by
different mechanisms of dynamic effects in the heart
and change of turnouts, as well, leading to vibrations
propagation.

The Hilbert Huang transform generally offers
a comprehensive tool for the analysis of transient and non-
stationary signals. Based on the experience gained by the
authors, its use can also be recommended for the time-
frequency analysis of short-term dynamic phenomena
occurring in railway structures. This method can be
successfully applied not only in the analysis of railway
superstructure samples measured in the laboratory, but
in the evaluation of real structures, as well.

Based on the analyses performed, it can be concluded
that the methodology used provides good results and
conclusions. The measured and calculated quantities are
characterized by sufficient accuracy and interpretability.
The time and frequency analysis tools of the signals
have also contributed very well to the quality of the
measured data.

The authors recommend continuing the work
performed, focusing on turnouts of various types and
geometric parameters and focusing on both the common
crossing and the switch unit of the turnout. Further
analysis and development of the research methods will
contribute to a better understanding of the dynamic
stress of turnouts from passing trainsets, which will lead
to development of the new structures with longer service
life and with lower maintenance costs.
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Resume

Present study evaluates the various congestion indexes in terms of speed
performance index, volume to capacity ratio and congestion index based on
travel time on the urban roadway network of 5.7km in length, operating
with mixed traffic conditions (traffic with varying static and dynamic
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1 Introduction

Rapid urbanization in cities has intensified urban
infrastructure requirements creating pressure on the
sustainable and efficient development of transport
facilities. There has been an increase in the world’s
urbanization by 13% in the last three decades and it is
expected that it will reach up to 66 % around 2050 [1].
Further, the growth rate of urbanization in developing
countries is rapid compared to developed countries [2].
It is well described in the literature that road densities
increase with an increase in population density and
vice versa [3]. The higher road density leads to higher
additional infrastructure per worker [4], causing the
migration of the rural population towards the urban
lands creating the new residential zones outside the
city land. With an increase in population, a substantial
increase in the vehicular growth rates is observed.
The growth rate in vehicle population made the traffic
problems more critical and complicated. The trip rates
increased along with the population growth, as well,
causing the rise in traffic on the road network and
thus creating bottleneck situations with congestions
and vehicular delays in metropolitan cities. Traffic
congestion is now a severe urban problem and is one of

the significant concerns of traffic engineers, as well as
travelers.

The congestion can occur due to the frequent change
in macro and micro level parameters looking to the
present traffic demand [5]. The micro-level parameters
are related to the traffic plying on a particular facility,
while the macro-level parameter is related to the overall
demand of the facility [6]. The congestion mostly gets
set off due to the micro-level parameters, while its effect
on the macro level is operated by the parameters that
provide the occurrence of congestion. While dealing
with the micro-level parameters, the congestion may be
caused by the exceedance of the traffic demand over the
road capacity, causing the reduction in traffic stream
speed. These speed reductions cause longer trip times
and also vehicular queuing, mostly at intersections.
Longer trip delays may occur due to frequent events
such as road accidents, breakdown of vehicles in the
traffic stream, traffic signal timings, the geometry of the
intersections, etc. [7]. Some special events also cause
traffic congestions, such as political rallies, bad weather
conditions, social gatherings, etc., but are not frequent.
Further, looking towards the macro-level demand,
the demand is the function of the land use pattern,
employment status, employment opportunities, income

© 2022 UNIVERSITY OF ZILINA
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level of the particular people causing the demand, car
ownership and other regional, political, or historical
background of the city.

This increase in congestion level leads to the extra
delay to the road users and the personage tension and
high amount of emissions [8-10]. Traffic in developing
countries such as India, Taiwan and Vietnam is highly
heterogeneous in nature, characterized by a broad mix
of vehicles with diverse static and dynamic features
in the absence of a lane discipline. This mixed traffic
nature promotes extra challenges for dealing with the
congestion, starting from finding the reasons behind
it to the field applications of the mitigation measures.
To deal with congestion, mitigation measures such
as a change in intersection geometry, signal timings,
etc. must be undertaken. These measures are costly
and time-intensive to apply in the field. Hence, in the
present study, the simulation tool is applied to study
the congestion and emission level for different geometric
improvements for an urban arterial network.

2 Literature review

Literature regarding the cause of congestion and
the mitigation measures was being reviewed and is
given below.

In 1975, Glover and Simon [4] concluded that
the higher population density leads to massive road
construction and thus a substantial increase in the road
density was observed. Similar observations were given
by Ji et al. [11] for Beijing province in China. They also
concluded that the built-up area is more intense near the
highways (expressway considered in the study). Tripathi
[12] suggested that there may not be a significant effect
on the population agglomeration due to the improvement
of the infrastructure facilities with the help of the
estimated regression equation for India. Dingil et al.
[13] concluded that less congestion is observed for cities
with higher Gross Domestic Product (GDP). In addition,
cities with a high-density population may face lower
congestion if there is high rail infrastructure per person.
Cleveland et al. [3] concluded a nonlinear relationship
between the population density and road length per
resident. Das and Saw [14] developed a mixed traffic
congestion model using the speed drop factor and the
Mixed Traffic Impedance (MTI) applying the speed
profile. The developed method can also consider
roadside disruptions, such as parking, pedestrian
encroachment, land-use impacts and vendor areas.
Asaithambi et al. [15] investigated the impact of lane
discipline, intraclass variability and composition on
traffic flow characteristics under heterogeneous traffic
conditions in India using the microscopic simulation
model. They found that the stream speed was affected
by composition, intraclass variability and lane discipline
in a statistically significant way. He et al. [16] used the
speed performance index, road segment and network

congestion indexes to measure congestion levels on the
urban road network. The traffic congestion modeling
is done in the study using a congestion index based
on journey time and the volume to capacity (v/c) ratio
to analyze congestion. Gautam and Jain [17] divided
the route into independent segments to apply the
aggregate traffic behavior to estimate congestion on
urban arterial and sub-arterial roads in a metropolis
with heterogeneous traffic conditions. Wang et al. [18]
considered the travel time for representing traffic
congestion along with saturation degree, average
speed, travel efficiency, low-speed proportion, total
delay and average halting number. They found that
the traffic congestion increases as the number of
vehicles on the road increases due to reduced vehicle
speed. Made and Wedagama [19] concluded that the
impact of different types of vehicles on the road
congestion is necessary to study for defining the
traffic management goal in mixed traffic situations.
Afrin and Yodo [20] analyzed existing road traffic
congestion measures and offered helpful suggestions
for establishing a long-term, robust traffic management
system. Comparison of seven congestion measures:
speed, travel time, Level of Service (LOS), delay, relative
congestion index, road segment congestion index,
congested hour, travel time index and planning time
index was done. Results showed that the speed can be
easily comprehensible but did not consider nonrecurring
conditions. Further, travel time can account for both
time and space but does not include capacity. Fellendorf
and Vortisch [21] illustrated the detailed methodology
for calibration and validation of simulation models
both at microscopic and macroscopic level in VISSIM.
They concluded that the distribution of intended speeds
was one of the essential input parameters for the lane
usage. The paper’s findings revealed that simulation
tools based on the psychophysical car-following model
could accurately simulate traffic flow under a variety
of real-world scenarios. Jie et al. [22] revealed that the
preferred speeds, top-end mean values of the acceleration
and deceleration patterns observed in the field were
significantly lower than VISSIM’s default parameter.
The results showed that drivers are less aggressive
in real compared to simulation default parameters
in VISSIM. Rao and Rao [6] developed the measure
for identifying the congestion on the urban arterials
operating with mixed traffic conditions in India. They
observed the congestion stream speed ranging between
18 km/h to 22 km/h. Sun et al. [23] evaluated the traffic
congestion occurring on urban arterial using the travel
time and traffic volume in China. They concluded that
the travel time-based measure gives noticeable results
about congestion. Samal et al. [9] studied the traffic
congestion on the urban arterial in India using the
travel time reliability measures. They found that the
users were wasting 50 % of the time in the congestion.
From the literature review, it can be summarized
that Congestion Index (CI), such as speed performance

VOLUME 24

COMMUNICATIONS 3/2022



D128

BARI et al.

index, index based on travel time, volume to capacity
(V/C) ratio etc. are the measures for evaluating the
traffic congestion. Further, it is better to know prior
the congestion level occurring after improvement in
terms of geometric characteristics for network-level
analysis. The present study is taken to select the best
suitable measures for congestion mitigation occurring
on the urban arterial road by changing the geometry of
the intersections. The microsimulation approach is used
to study the congestion and emission level for different
geometric improvements for an urban arterial network
as it is a cost-effective approach [24]. From literature,
it can be seen that the VISSIM can represent the mixed
traffic and non-lane based traffic nature and therefore,
it is used in the present analysis.

3 Description of the study stretch

In the present study, an urban arterial network in
the city of Surat has been considered as a case study.
Surat is considered in the present study because it is
the fastest-growing city with rank fourth in 2016 among
all the cities in the world. It had an annualized Gross
Domestic Product (GDP) growth rate of 11.5% over the
seven fiscal years between 2001 and 2008. Surat had
a population of 4.46 million, according to the 2011 India
census. Vehicle registered in Surat raised to 3 600 000 in
2011-12. Further, it is one of the smart cities under the
Smart City Mission of India.

The selected arterial is the busiest route in the
southwest zone of Surat. It connects the busiest Athwa
Gate intersection on one end and Dumas (a tourist
attraction) on the other end. It is the main corridor for
reaching the Surat Airport and the Kandla Port (one of
the major ports of India). In addition, shopping malls and
other recreational activities are mostly present along

this corridor. For all these reasons, the demand exceeds
the capacity of the arterial and frequent congestion was
observed in the peak hours. The study was conducted
along with a 5.7-kilometer long road network of six-
lane urban arterial road that consists of six different
links. The network begins at the Athwa Gate Circle and
concludes at the Rahul Raj Mall. The whole stretch has
been divided into six segments (Figure 1), as Athwa
Gate to Police Parade Ground (Section-1), Police Parade
Ground to Parle Point (Section-2), Parle Point to Sargam
(Section-3), Sargam to Sardar Vallabhbhai National
Institute of Technology (SVNIT) (Section-4), SVNIT to
Kargil Chowk (Section-5) and Kargil Chowk to Rahul
Raj Mall (Section-6).

In this road network, one signalized intersection
is present between Section-1, recognized by the name
Chopati. Two major rotaries are at Kewal Chowk and
Kargil Chowk, while one minor rotary is at Parle Point,
also an intersection near Police Parade ground named
as Synergy Group point. For convenience, in further
discussions, they are referred to as intersections 1,
2, 3, 4 and 5 for Chopati, Synergy intersection, Parle
Point, Kewal Chowk and Kargil Chowk intersection,
respectively.

4 Data collection and extraction

Data collection serves as a foundation to carry out
further research work. It was important to measure
the traffic load on the field in order to construct an
accurate picture of the current scenario in the VISSIM
simulation. In this study, data collection basically
consisted of three parts. As the first was speed data
collection using the radar gun; the second was the
volume data collection by the process of video recording

Figure 1 Study Stretch from Athwa Gate to Rahul Raj Mall
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using a video camera in the field and lastly, the travel
time data collection with the help of a performance box
(P-box) instrument. Collected data was extracted to give
input to the developed simulation model. MS Excel,
Minitab and Performance box software were used to
analyze the data.

Indian traffic includes various vehicle classes with
varying static and dynamic features. Hence, for the
study purpose, all the vehicles were classified into five
different vehicle classes such as motorized two-wheelers
(2W), motorized three-wheelers (3W), small cars (SCs),
big cars (BCs) and buses. The vehicle classification is
carried out as per the Indian Highway Capacity Manual
(Indo-HCM) [25]. The SCs include all the hatchback
and sedan cars, while the BCs include all the crossover
utility vehicles (XUVs) and sport utility vehicles (SUVs).

4.1 Video graphic survey

A video graphic survey was carried out using
a high-resolution video camera in the field for all
five intersections and six midblock sections (Figure
2 (a)). The camera is mounted at a high vantage
point such that all the turning movements and good
view of all the crossroads of the intersection were
observable from the position. Data were collected for the
morning peak, evening peak and for off-peak separately.
Traffic composition and turning movement counts were
retrieved from the recorded video footage by playing
recorded video on a large screen in the laboratory and
data was gathered in 5-minute intervals. The analysis is
done independently to look at traffic mix in the morning,
off-peak and evening hours.

Figures 2 (c) and (d) show that volume for off-peak
is less both for midblock sections and intersections. In
addition, it can be observed that the volume observed
at Section-1 is higher and for Intersection-1, volume
is bigger as compared to the others. Further, from the
field observed traffic composition, it is found that 2Ws
account for the majority of traffic (averagely 46 %),
followed by small cars (averagely 38 %), 3W (averagely
11 %), big cars (averagely 5%) and finally buses. The
analyzed volume and composition are provided as input
to the prepared model.

4.2 Radar gun survey

Figure 2 (b) shows the field speed data collection
by using a radar gun. For Section-5 and Section-6,
a dedicated BRTS corridor is available, so there is
a negligible variation in the speed of buses both spatially
and temporally. Keeping this fact in mind, a sample
of buses was skipped for this section. The cumulative
density function (CDF) for all the vehicle categories,
considering peak and off-peak time, was studied. The
graph shows an “S” shaped curve, i.e. the speed follows
the normal distribution (Figure 2 (e)).

4.3 Travel time data collection by P-Box Survey

Travel time data was collected with help of the
Performance Box (P-Box) instrument. The P-Box is
a self-contained Global Positioning System (GPS) data
logger and a performance meter. A 10 Hz fully calibrated
GPS engine provides accuracy and precision and the
data can be stored on a removable SD flashcard. It
gives the real-time data of speed, acceleration, latitude,
longitude ete. [26]. For recording the real-time data of
each vehicle, the antenna is connected to the vehicle’s
body part. The data obtained from the P-box instrument
was then analyzed using Racelogical P-Box software
[27]. Figure 2 (f) shows the sample speed distance plot
obtained from the P-box.

5 Development of a simulation model

After acquiring these large datasets of five
intersections and six midblock sections with their traffic
volume, speed and travel time, the next step is to build
the simulation network model in VISSIM. The base
network model is developed with the help of links and
connectors, as shown in Figure 3. For the link, the length
and the number of lanes are provided as an input to the
model (Figure 1). The traffic is highly heterogeneous
in India. There is a wide variation in composition and
volume per 5-minute count and therefore the 5-min
count, is found reasonable, to depict the flow rate [25].
Therefore, in the present study also, the 5-min flow
rate and traffic composition for that volume (12 x time
interval) for an hour, were given as input for simulation.
(Figures 2 (c) and (d)).

Figure 3 shows different intersections along the
road network developed in the VISSIM. As observed in
the field, Intersection-5 was the signalized intersections.
The timings of the signals were observed from the field
and were given as input. For other intersections, conflict
areas were provided at merging and diverging sections.

Speed distribution is provided from collected
data for each category of the vehicle separately for
morning peak, evening peak and off-peak. Figure 4 (a)
represents the default speed distribution given in the
VISSIM. Figures 4 (b) and 4 (c) show the sample field
observed speed distribution applied for 2W and SC,
respectively.

6 Calibration of the model

As the driving behavior in India is significantly
different from developed countries, any model built-in
VISSIM must be calibrated to represent the field
conditions accurately. Wiedemann 74 and Wiedemann
99 are the two psychophysical perception car-following
models included in VISSIM. Wiedemann 74 is more
typically used to represent urban traffic and hence is
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Figure 4 Sample Speed distribution provided as input (a) Default in VISSIM (b) for 2W (c) for SC

adopted here [28]. The methodology for calibration is
shown in Figure 5. Calibration is the process of fine-
tuning the model’s input parameters to accurately
replicate observed traffic circumstances. The manual
trial and error method is used for calibration in this
study. The simulation run should be performed until
no significant difference is found between the observed
and the simulated values. In this research, calibration
is done using the speed and volume data, whereas
validated by the collected field travel time data for
the entire network. Firstly, the VISSIM results were
generated for the default parameters for three random
seeds. It was observed that the VISSIM output did not
match the field data and was having a significant error.
After that, the default parameter values are updated
during the calibration until the difference between
the actual and simulated measures, such as flow and
speed, was less than the required threshold value. For
each vehicle category, the values of driving behavior

parameters, obtained after the calibration, are shown
in Table 1.

6.1 Calibration by speed

The speed distribution curve obtained from the
simulation run was compared to the field data to check
the effectiveness of the model. For each intersection, the
speed frequency curves are plotted for simulated and
field data. From Figure 6 (a), it can be concluded that
there is a negligible discrepancy between simulated and
field speeds because the two curves are almost similar.
Further, the F-test was conducted to determine whether
the statistically significant difference exists between the
simulated and field data. Here, the F-value is less than
F_ ... for all time periods and for all intersections and
hence, it can be concluded that the simulated speeds can
represent the field speeds well.
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Figure 5 Flowchart of calibration

Table 1 Calibrated values of the traffic parameters

Calibrated parameter

Parameter Default
2W SC 3w BC Bus
Minimum look ahead distance 0 30 30 30 30 30
Minimum look back distance 0 20 10 10 10 10
Average standstill distance 2 0.2 0.2 0.4 04 04
Additive part of safety
Model parameter distance 2 0.1 0.1 0.1 0.1 04
Multlphcat}ve part of safety 3 05 05 05 0.7 075
distance
Minimum clearance 0.5 0.4 0.4 0.5 0.5 0.4
Lane change behavior i i
g Safety distance reduction 06 05 05 05 05 05
factor
Distance standing
0.2 0.2 0.2 0.2 0.2 0.2
. . (at 0 kmph)
Minimum lateral distance ) o
Distance driving
1 0.5 0.5 0.5 0.5 0.5
(at 50 kmph)
300 -
25 Yariable -
TT Feanea £ 250 1
a
20 . E 200 1
2 150 -
7 s p N Z 150
< 100 ]
= 10 /4 . E 5
Y =
5 R I e . . S S . S ——
:‘?\_‘ - 1 2 3 4 5 6 7 & 9 10 11 12
0L : e Time interval
8 12 16 20 24 28 32 36
Speed ==@m= Simulation Data ~ ==#==TField Data
6 (a) Comparison of Speed frequency curve for simulated 6 (b) Volume count of midblock for evening
data and field data

Figure 6 Calibration results
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Table 2 The GEH values for midblock for section 6

Morning Off-peak Evening
Time interval
(s) Field Simulated ~ GEH Field Simulated GEH value Field Simulated GEH
data data value data data data data value
0-300 193 - 117 115 0.19 235 232 0.20
300-600 182 161 1.60 137 140 0.25 310 310 0.00
600-900 228 215 0.87 141 135 0.51 334 338 0.22
900-1200 203 192 0.78 156 157 0.08 272 273 0.06
1200-1500 159 144 1.22 155 156 0.08 239 218 1.39
1500-1800 195 197 0.14 174 180 0.45 286 284 0.12
1800-2100 149 149 0.00 165 161 0.31 239 223 1.05
2100-2400 198 198 0.00 147 147 0.00 254 256 0.13
2400-2700 168 165 0.23 146 142 0.33 278 281 0.18
2700-3000 196 190 0.43 126 128 0.18 230 230 0.00
3000-3300 197 197 0.00 157 157 0.00 216 218 0.14
3300-3600 201 198 0.21 139 137 0.17 174 175 0.08
1000 -
~ 900
=]

@ 800

= 700

‘;’ 600

g 500

E 400

@ 300

>
& 200
=100

Two Wheeler | Three Wheeler
Field Travel Time

Small Car

m Simnulated Travel time

Total

Figure 7 Validation by the vehicle class-wise travel time

6.2 Calibration by volume

Volume calibration is carried out for each midblock
section of six segments. The analysis for calibration
of volume is carried out from the GEH statistics. The
formula for the GEH Statistic is given by:

2AM— CY

CER=y"M+C @

where: M is the hourly traffic volume from the traffic
model and C is the real-world hourly traffic count.

The GEH value less than five is considered as a good
match between field and simulated data. At least 85%
of volume in the model should have GEH less than 5
[29-301.

From Table 2 is observed that the maximum GEH
value is 1.64 and the minimum GEH value is 0.00. The
values are within the permissible limits, so it can be
concluded that the model is well calibrated for volume
at the given midblock. For other midblock sections,
the GEH value for all 5-minute time intervals for the
morning, off-peak and evening peak were less than 5 and
hence it can be said that the model is well-calibrated.

6.3 Validation by the travel time

After calibrating the point and link elements, the
entire network is validated using the travel time on the
entire network. The chi-square test has been conducted
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Table 3 Development adopted in scenarios

Scenario no. Development adopted VISSIM Modification
Scenario 1 Existing condition e
Scenario 2 Signalized intersection at intersection 5.

Scenario 3 The channelized intersection at intersection 5.
Scenario 4 Signalized intersection at intersection 4
Scenario 5 The channelized intersection at intersection 4

. The channelized intersection at intersections 4
Scenario 6

and 5.

Scenario 7 The signal at intersections 4 and 5.
Scenario 8 The channelized intersection at intersection 2. k
Scenario 9 Re-designing signal timing for intersection 1.

A signal at intersection 5 and channelized

Scenario 10 intersection at intersections 4 and 2.

to ensure that there is no significant difference in
observed and simulated travel time. The observed data
is considered field travel time and expected data is
considered simulated travel time. The p-value from the
chi-square test is 0.000, which is less than 0.05 for all
the vehicle classes and for the morning, evening and off-
peak. Thus, it can be said that the model is validated.
Figure 7 shows the simulated and field observed travel
times for different periods and vehicle classes.

7 Mitigation measures

The present study stretch is composed of various
links and nodes with a number of access points. The
nodes consist of uncontrolled, partially controlled
and uncontrolled intersections and the whole study

stretch mostly has commercial and residential land use.
Looking to the present traffic demand, the traffic on
the entire facility has increased and reached the level
of congestion at a certain time of the day and it is very
frequent. In order to provide the mitigation measures,
the present nodes have been upgraded to a higher
category (partially controlled to signal control) based on
current traffic demand and various scenarios have been
generated in simulation to check their effectiveness to
reduce the congestion on the entire facility.

8 Development of scenarios
In order to obtain the satisfactory performance of

the entire network (congesting index must be within the
acceptable values), various scenarios have been created
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Figure 8 Percentage reduction of the speed performance index for generated scenarios

1.80 -
1.60 1

1.40 1

1.20
1.00 4

0.80

V/C ratio

0.60
0.40 4
0.20

0.00

Section 6 Section 5

=8==Scenario 2
Scenario 7

=== Scenario 1
—#=—Scenario 6

Section 4

Scenario 3
—o-—Scenario 8

Section 3 Section 2 Section 1

=8=Scenario 5
=o—Scenario 10

=== Scenario 4
—8—Scenario 9

Figure 9 Graph of the v/c ratio for different scenarios

in VISSIM and compared to the existing scenario.
The geometric developments were made in all the
scenarios by providing channelized intersection or
providing signalized intersection in the study stretch.
The development made in each scenario is shown in
Table 3.

The channelized intersection is provided by
providing free left turn in rotaries. Signal timing for
signalized intersection is adopted by calculating it with
Webster’s Method [31]. Signal timing is adopted in two
phases, in the direction of a minor road and another in
the direction of a major road. Scenarios are generated
in VISSIM software with the help of the scenario

a portion of the roadway at a particular time resulting
in slower speeds. Congestion can be measured using
average speed, flow/density, delay and travel time
variability.

9.1 Speed performance index

Vehicle speed is an essential indicator for measuring
the road traffic state. Here, the speed performance index
is used to measure the level of congestion. The speed
performance index is as calculated by:

management tool. Scenario 1 is an existing scenario. Ry = VU # 100, (2)
max

Nine scenarios are generated by providing a signal

at the intersection and channelized intersection at where:

intersections 4 and 5.

9 Results

Level of Congestion is analyzed for each scenario.
Congestion is described as an excess of vehicles on

R, denotes the speed performance index,
v represents the average travel speed, km/h,
V .indicates the maximum permissible road speed,
km/h.
The value of the speed performance index lies
between 0 to 100. Value 0 indicates heavy congestion,
while value 100 shows very smooth traffic. As the
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Table 4 Reduction in travel time (in %) compared to Base Scenario (Scenario-1) for the best result scenarios
Scenario Scenario-3 Scenario-6 Scenario-9
Small Car
Morning-peak 25.30 22.50 22.58
Off-peak 25.47 20.16 22.00
Evening-peak 22.12 22.19 16.89
Three Wheeler
Morning-peak 21.15 23.68 26.17
Off-peak 19.84 23.14 23.34
Evening-peak 23.44 23.90 22.69
Two-wheeler
Morning-peak 7.44 26.68 26.45
Off-peak 26.22 28.03 25.89
Evening-peak 28.29 28.21 21.45
Big car
Morning-peak 19.54 24.79 25.34
Off-peak 16.12 27.87 23.70
Evening-peak 19.45 22.89 21.49
2.00
1.80
w 1.60
< 1.40
EL
= 120
£ 1.00
£ 0.80
£ 0.60
© 040
0.20
0.00
Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario
1 2 3 4 5 6 7 8 9 10
= Morning Off-peak = Evening

Figure 10 Congestion index based on the travel time for different scenarios

value increases from 0 to 100, congestion is reduced. In
this study, the speed performance index for midblock
between segments is found out. From Figure 8, it can be
observed that the maximum speed performance index
is for scenario 9. The average percentage increased by
15.6 % for this scenario.

9.2 Volume-to-capacity ratio

The volume to capacity (v/c) ratio measures the
level of congestion on the road. The v/c ratio can vary
from 0 to 1 and as the value of v/c increases, congestion
increases. For each road segment, volume is collected
from the simulated run and the volume to capacity ratio
is thus evaluated. For determining the v/c ratio, the
capacity of the urban road is adopted from the recently
developed Indian Highway Capacity Manual. From
Figure 9, for scenario 3, scenario 6 and scenario 10, the

v/c ratio is minimum. Scenarios 3, 6 and 10 provided
channelized intersection so the vehicle could take a free
left turn, minimizing the chance of queues and delays.
Hence, volume on the road is less and provides better
performance.

9.3 Congestion index based on travel time

Congestion index based on the travel time is
a performance measure of the road network, indicating
congestion on the road. The average value of the
Congestion Index (CI) is calculated for the whole road
stretch as:

T/ Ve
Cr= L/Vi >’ @
where:
T s the average of the travel times as computed by the
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model on the validation dataset,
L is the segment length,
V. is the free-flow speed

Using Equation (3), the congestion index is
calculated based on the travel time. Table 4 shows the
vehicle class wise travel time reduction in percentage for
three best scenarios of all. From Figure 10, it is observed
that the congestion index is small for scenarios 6, 9
and 3. The average reduction of travel time congestion
index is 35%, 39.64% and 38.56%, respectively, for
scenarios 3, 6 and 9. Furthermore, along with the
congestion index, a significant reduction in travel time
is observed for scenarios 3, 6 and 9. The results show
that channelized intersection has an advantage over
signalized intersection for the studied road section

7 | 2 =
N T M W Section 1 g+ b
Section 3
! Section 4 ]
Section 5

as for signalized intersection, even if there was no
congestion, the driver has to wait until the signal turns
green.

9.4 Traffic congestion representation using
geographic information system (GIS)

Geographic Information System (GIS) provides
visualization of the congestion, which can be easily
recognizable for the traveler. The traffic conditions
were displayed using ArcGIS software and the volume
to capacity ratio and travel time congestion index were
used to analyze the road segment congestion. As the
congestion level reduces, a delay gets reduced and hence
exhaust emission decreases. For all the scenarios, the
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Figure 13 Relation between delay and emission

congestion is shown by the v/c ratio because it is used as
the primary measure for the planning purpose.

Figure 11 shows the four different scenarios
presented using the GIS platform taking the v/c ratio
as the measure of effectiveness. Figure 11 (a) shows the
existing field condition, which is observed to have large
v/c values. Figures 11 (b), 11 (c) and 11 (d) show the GIS
representation for scenarios 3, 6 and 9, respectively. It is
observed that the congestion relaxes with a maximum
decrease in the v/c ratio from 1.27 (for the base scenario)
to 0.81 (for scenario 3).

9.5 Emission of gases

Interms of sustainable and energy-efficient transport
system options, fuel consumption and air pollution are
other vital performance measures. Therefore, the vehicle
emission regarding carbon dioxide (CO,), nitrogen oxides
(NO,) and Volatile Organic Compounds (VOCs) and fuel
consumption were measured. Reducing the value of this
measure of effectiveness reflects a significant increase
in the traffic flow efficiency and safety along the road.
As congestion reduces, emissions of these gases are also
reduced. The reduction patterns of CO, and NOx are
shown in Figure 12, respectively.

9.6 Comparison between delay and vehicle
emissions

As vehicle travel time is reduced percentage of
emission is also reducing. However, the proportions of
reduction of emission and travel time are not similar.
Figure 13 shows the comparison of the travel time
reduction and emission reduction for all the scenarios.
For scenario 3, the reduction of travel time is by 26 %
and emission reduction by 54 %. Meanwhile, for scenario

6, travel time reduction is 32% and emission reduction
is 39 %.

The overall simulation analysis results of three
congestion indexes, based on speed, travel time and
the v/c ratio, are used to quantify and assess the
congestion. Thus, it is observed that scenario 3 (i.e.
provide channelized intersection at Intersection
5), scenario 6 (i.e. the channelized intersection at
Intersection 4 and Intersection 5) and scenario 9 means
(change the signal time for Intersection 1 signal) are
performing better than the remaining scenarios. Further,
considering the emission reduction and the travel time
reduction, scenario-3 can be given as the rank-1 due to
consideration of sustainability. Moreover, for scenario-3,
only one intersection has to change, which will be more
economical than making the other improvements. It is
recommended that scenario-9 be implemented in the
field as it deals only with the signal timings that will be
easy to deal with.

10 Conclusions

The traffic congestion is the biggest challenge of
the current era, especially on urban road networks.
The problem of congestion becomes very tedious in
heterogeneous non-lane-based traffic streams. An arterial
road network is considered in the present study, where
the frequent traffic congestion has been observed in the
recent past. In order to provide mitigation measures for
congestion, geometrical improvements of various nodes
have been suggested. Therefore, the entire network
has been simulated in VISSIM microscopic simulation
software that is calibrated for heterogeneous non-lane-
based traffic movement by collecting field data on the
study stretch. The geometric improvement has been
suggested and hence 10 different scenarios have been
generated in VISSIM and various congestion measures
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have been determined. After a comprehensive analysis of
the congestion measures, such as the speed performance
index, congestion index by travel time and the v/c
ratio, it is observed that the channelized intersection
is performing better for most indexes’ values than
a signalized intersection. Out of 10 scenarios generated,
it is observed that 3 scenarios give favorable results of
the less congestion on the road. These three scenarios
are respectively for providing channelized intersection
at intersection 5, providing channelized intersection at
intersection 4 and intersection 5 and providing a signal
at intersection 4; channelized intersection at intersection
5 and interstation 2. The results show that providing
channelizing intersection at two of the point elements
(intersection) would reduce the travel time congestion
index from 1.61 to 0.97. It has also been observed that
the speed performance index has improved by 8.88%

while providing channelized intersection at one of the
point elements and 11.52 % when the two-point elements
have converted to channelizing intersection. The whole
outcome, in terms of the congestion measures, has been
graphically shown in the GIS environment. The GIS-
based outcome is easy to understand the scenarios and
effective countermeasures provided to reduce congestion.
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1 Introduction

Currently, there are several ways to solve the problem
of comfortable travel through traffic interchanges in
winter:

1. Traditional mechanical cleaning method combined
with the use of chemical reagents [1]. However, in
order to ensure the traction between the wheel and
the road surface, snowplows must work constantly
during the snowfalls, which creates additional
difficulties for the movement of vehicles and, on the
other hand, traffic makes it difficult for specialized
equipment for cleaning the roadway. The use of
chemical reagents negatively affects tires and metal
parts of cars. At the same time, such cleaning
often forms snow dumps on the side of the track,
hindering the movement of vehicles [2].

2. Installation of liquid’s sprayers of emulsified
chemical reagents in the base of the bridge deck
pavement. This is a technologically complex module-
system, which is responsible for the treatment of
the roadway with chemical reagents in automatic
mode. At the same time, the scattering density is
calculated based on empirical estimates that are not
always optimal [3].

Despite the fact that the quality of the de-ice
chemical products used is constantly being improved,
the composition of the reagents is being updated, the
direction of their action remains unchanged - a decrease
of the melting point temperature of ice and snow [4].

Obviously, both approaches are not without
drawbacks, the main of which are the following:

* limited duration of the chemical reagent exposure;

* the coefficient of the car tires’ adhesion with a road
surface drops by 30 percent in comparison with
a wet surface [5];

* the chemical reagents used are biotoxicants and
allergens [6-7];

* oily brine sprayed by moving vehicles, which is
formed after melting the ice and snow, reduces
visibility and contributes to an increase in road
accidents [8].

To eliminate these drawbacks, the authors propose
a fundamentally different approach to solving the
problem for de-icing of traffic interchanges and roads
at subzero temperatures - low-temperature geothermal
thermal stabilization of bridge deck pavement with the
heat pumps’ use.

The process of thermal stabilization maintains
the temperature of the roadway surface part in
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a fairly narrow interval, optimal both for stabilizing
the rheological characteristics of asphalt concrete
and for safe ice-free exploitation. At the same time,
the main bearing structure of the bridge crossing
perceives the thermal loads that differ from the heated
surface pavement coating. Therefore, it is necessary to
additionally analyze the unevenness of the resulting
thermal loads (and, accordingly, possible deformations)
and assess the need for additional thermal joints.

This work is devoted to the study of the thermal
stabilization technology applicability as part of the
implementation of the Russian Federation federal
program “Safe High-quality Roads”, “Best Available
Technologies”, which accords with the concept of ESG-
investing (Environmental, Social and Governance).

2 Experimental model and equipment

Based on the Federal State Autonomous Educational
Institution of Higher Education “Russian University of
Transport” (MIIT) research laboratory, the authors’ team
of the department “Bridges and Tunnels” has developed
an experimental model of a bridge deck pavement with
a size of =1.15 m?, built on a scale of 1:20 in relation to
the size of the object being modeled (Figures 1, 2).

The model is a rectangular heat- and waterproofing
concrete slab with plywood framework, with the plan
dimensions of 1520x755mm and a height of 220 mm.

N
300

40 4,

s

1520 J*
8

The heat exchanger pipeline made from metal-
polymer pipe d 20x2mm is laid in a serpentine course.

Temperature parameters were read from the surface
of the experimental model with an infrared pyrometer.

The schematic diagram of the installation for the
thermal stabilization is shown in Figure 3.

In the experiment the assembled unit was
responsible for the thermal stabilization of the bridge
deck pavement research model, in which the heating of
the heat-transfer agent (water) in the closed circulation
circuit of the model slab was performed according to the
heat exchange scheme in a heat-insulated heat exchange
reservoir. Heat was injected into this heat exchanger
due to heat transfer performed by the compressor. The
heat was taken away by the compressor from another
heat exchanger simulating a geothermal source with
amaintained temperature of 11+1 °C. The thermostating
(thermal recharge) of this heat exchanger was performed
by a flow heater.

Preliminary evaluations of heat exchangers were
performed according to the Equation [9]:

0.
Nu, = 14(Re, 4) L PrYs . (Pr,/Pr )% 1)

where: Nu_- Nusselt number for the system;

Re, - Reynolds number for the flow of water in the pipe;
Pr, - Prandtl criterion for water in the pipe (6.52 at
22 °C);

Pr_ - Prandtl criterion for water in a reservoir (3.93 at
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1-4 - Remote thermal sensors; 5 - Metal-polymer pipe d 20x2mm; 6 - Plywood framework; 7 - Sand-gravel concrete;
8 - Thermal insulation sheet; 9 - Polyethylene film 0.3 mm; 10 - Structural steel netting 70x70mm

Figure 1 Scheme of the experimental model for the bridge deck pavement
and the arrangement of remote temperature sensors

Figure 2 View of the bridge deck pavement experimental model
before and after the sand-concrete filling
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5 - Compressor block; 6 - Circulation pump; 7 - Thermostat; 9 - Power contactor; 10 - Instantaneous water heater;
11 - Heating circuit of the model slab; 12 - Compressor heat supply circuit (condenser);
13 - Compressor heat removal circuit (evaporator)

Figure 3 Installation schematic diagram

45 °C);
d - pipe diameter, m;
[ - pipe length, m.

Amendment for the pipe curvature was made by
introducing a correction factor as a multiplier, which is
determined for the coil pipes by the ratio:

e =1+1779% @)

where: d - pipe diameter (1.5-102m);
R - coil radius (0.2 m).

Calculations have shown that a copper tubular heat
exchanger with a diameter of 15mm and a length of 15m
is sufficient to remove/return heat at the level of 7 kW.

The temperature of 45 °C in the heat exchanger of
the model slab was kept constant using a thermostat. The
temperature of 11+1 °C, kept constant in the compressor
heat exchanger, simulates the real temperature of
geothermal sources. Thus, the selected thermal mode
of the installation corresponds to the standard thermal
load, as close as possible to full-scale conditions.

The water volume in the circuit of the pattern slab
was about 6 liters, in the heat exchangers tanks it was
about 80 liters.

Figure 4 View of the bridge deck pavement experimental model
before and after the research experiment with imitation of icing

Such a scheme of the experimental unit was
necessary for testing the model’s construction parts and
the thermophysical assessment of the entire scheme as
a whole, including thermal loads and losses.

3 Experimental part

The pattern slab was moved outdoor (at
a temperature of -17 °C) 20 hours before the start of the
experiment, the surface was covered with water, thereby
simulating the icing of the bridge deck pavement. The
thickness of the ice cover ranged from 0.7 to 1.5mm, the
longitudinal slope of the surface was 30 %o (Figure 4).

The wind speed on the day of measurements was
3-5 m/s.

The temperature difference of the heat-transfer
agent in the supply and return branches in the
established stationary mode (after ~ 4 hours from the
start of the experiment) was 0.3-0.4 °C. The graph of
the change in the temperature difference of the heat-
transfer agent over time (similar dependency with the
heating power removed by the external circuit) is shown
in Figure 5. The estimated power output varied in the
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Figure 5 Graph of the change in the temperature difference of the heat-transfer agent (forward /reverse flow) in time
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Figure 6 Graph of the temperature changes process on surfaces and in layers over time on the bridge deck pavement
experimental model

approximate range from 4.2 to 0.5 kW.

The results of the experiment showed that the
beginning of ice melting occurred after ¢, ~ 2-2.5 hours
and it took ¢, = 4-4.5 hours to completely surface
thawing of the bridge deck pavement experimental
model (Figure 6).

As follows from the shown graphs of the change in
the temperature difference (Figures 5, 6), the process of
the heat wave dispersion in the solid is non-stationary
and, in general, can be described by a rather complex
system of differential equations with definite boundary
conditions [10].

After 4-4.5 hours of the experiment to be started,

the heat transfer process assumes the character of
a stationary one.

After 6 hours from the beginning of the research the
experiment is terminated and accomplished.

4 Analytical solution

To describe the process of thermal stabilization of
the bridge deck pavement experimental model in winter
during the surface ice thawing, estimated calculations of
the heat flows were performed to establish a correlation
with the above mentioned experimental results.
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Since the calculations are evaluative, the following
assumptions were made:

1. In the period after the set of a stationary heat
flow, the temperature dependence on the vertical
coordinates is described by a linear dependence; the
temperature gradient is constant;

2. Radiation thermal emission from the heated surface
of the unit into the environment is not taken into
account due to insignificance;

3. To account for the uneven heating along the
horizontal coordinate, a concrete block can be
represented as a superposition of 3 elements
insulated along the perimeter and not interacting
with each other through the side walls;

4. The heat transfer equations are considered in
integral form;

5. Heating of the unit bottom part is uniform over the
entire surface;

6. The values of thermodynamic coefficients are taken
as averaged tabular [11].

Taking into account the accepted assumptions,
the allocation scheme of the stationary heat flow for
a parallelepiped with thermally insulated side walls
(excluding phase transitions) consists of:

1. Heat transfer from the heater through the concrete
solid to the surface;

2. Convective heat transfer from the block surface to
the air.

Thus, the equation of the system stationary state
for each highlighted element must satisfy the equality of
two heat flows - heat-conducting through the volume of
the concrete parallelepiped (Fourier equation) and then
convective through the surface layer (Newton-Richman
equation):

P:(/’L'S'(Tz_Tl))/h:a'S'(T1_Ta), 3)

where:

P - total heat-loss power (heat flow), W;

S - the cross-sectional area of the parallelepiped (block),
m?;

T, - the temperature of the heated (bottom) block
surface, K;

T, - the temperature of the cooled (top) block surface, K;

T, - ambient air temperature, K;

h - block height, m;

/. - coefficient of thermal
conductivity), W/(m-K);

a - heat transfer coefficient, W/(m?K).
From this equation it is possible to find the surface

temperature of the block with an established heat

transfer process:

conductivity (specific

Ti=A T+ h-aT)/(h-at+). (4)

The heat transfer coefficient o - is calculated in
accordance with requirements of the Russian Federation
building regulations code (SNiP 2.03.04.84 part 2)

according to the formula:
o =58+ 11.6yv, (5)

where
v - wind speed in m/s.

According to equation (4), the calculated temperature
of the top block surface should be set at +5.7 °C, which
correlates with the experimental data of =5.0-5.5 °C
in the central part and confirms the correctness of the
estimating calculations.

The steady-state specific heat flow P (specific heat
consumption) will be - about 0.5 kW/m ? in accordance
with equation (3).

The specific amount of heat given off by the heat-
transfer agent over a period of time A¢ will be:

Q:V;p'p‘csp'AT'At (6)

where:

@ - the total amount of heat given, J;

V,, - specific volume (flow rate) of the passing heat-
transfer agent, m?;

p - the heat-transfer agent density, kg/m?,

C,, - specific heat capacity of the heat-transfer agent,
kd/(kg-deg);

AT - change in the temperature of the heat-transfer
agent, K.

Thence it is possible to assess the evaluated flow
rate of the heat-transfer agent for the steady-state
stationary mode of the heat transfer, which should be
1.64 m%*hour. During the time from the 4th to the 6th
hour, the leaked volume of the heat-transfer agent was
3.55 m?, which correlates with the calculated 3.28 m?.

The process of melting the surface snow/ice layer,
which requires additional heat spending, is divided into
3 stages:

* ice heating from T, to 0 °C;
* phase transition;
e water heating from 0 °C to T,

The evaluated value of the correction for the specific
heat losses related to the melting of the surface ice layer
of a thickness of 1 mm is about 95 W-h.

If one takes the above calculated specific power
for a steady heat exchange flow of 500 W/m? (i.e.,
power consumption of 0.5 kW-h /m?), then the energy
consumption increases to about 0.6 kW-h /m?or by 20 %
in the case of melting of a thin (1mm) ice crust.

Assuming the density of freshly fallen dry snow of
40-60 kg/m? [12], one can say that power consumption
increases by 20% for every 15mm of precipitation in
winter at temperatures below -10 °C.

In the stationary mode, the energy consumption
of the entire model object for the last 2 hours of
the experiment should be ~ 1.15 kW-h (specific heat
extraction power ~ 500 W/m?, slab surface area ~ 1.15
m?, measurement time - 2 hours). The experimentally
recorded integral energy consumption of the compressor
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(measured by a direct-on electric meter) was 0.33 kW-h.
Thus, the increasing coefficient of the heat pump in the
experiment was ~ 3.5.

5 Computer simulation model

With the introduction of thermal stabilization
technology, the load-bearing spans and surface layers of
the roadway are staying under conditions of significantly
different temperature loadings. This imbalance can
lead to material’s degradation, materialized in the
appearance of cracks in the pavement. In order to
analyze the reasonable need to install additional
elements in the roadway structure, computer modeling
for the experimental model was performed in the
LIRA-CAD-2018 software package [13], with subsequent
extrapolation to the real span section.

An increase in temperature leads to the transition of
atoms (molecules) to a higher energy level, which means
an increase in the oscillating atoms’ amplitudes of when
heated. However, the oscillation anharmonicity caused
by the asymmetry of the real potential energy curve
of the atoms’ interaction leads to an increase in the
distance between atoms and, accordingly, to the thermal
expansion of solids [14].

The fundamental law of thermal expansion
states that a body with a linear dimension L in the
corresponding measurement, when its temperature
increases by AT and there are no external mechanical
forces, expands by an amount AL equal to:
AL=o - L - AT, @)
where:

a - coefficient of linear thermal expansion.

Asphalt concrete pavements arranged on a rigid
(cement concrete) base have a coefficient of linear
thermal expansion several times different from the
concrete of the base bearing layer, therefore, reflected
cracks appear atop the joints and cracks of the rigid
base, which are intensively developing, lead to untimely
destruction of the pavement.

The most radical way to rapidly retard of the asphalt
concrete pavements cracking processes is to reinforce
them with flexible rolled geogrids in combination with
solid nonwoven geotextiles [15].

In the software package, the model of the road
pavement piece with the base heating possibility is
adopted in the dimensions of 1520 x 755 mm. The grid of
the model nodes is adopted 75x75 mm. The layers of the
road pavement fragment are modeled by linking a set of
isosceles rectangular triangles with 75mm legs made
using the finite element No. 42 (triangular plate) into
three composite slabs of 1520 x 755mm. The nodes of
composite slabs modeling the road pavement layers are
connected by rod elements made of rod finite element
No. 10, which is assigned infinitely large stiffness to
imitate the joint effort of composite slabs. Figure 7
shows a general view of the calculation scheme in plane
and in axonometry.

The model of the road pavement fragment is fixed by
each bottom layer node from movement along the Z axis.
For the possibility of modeling the slab deformations
from temperature influences, the border line of the
bottom slab nodes located along the slab long side is
fixed to avoid displacing along the Y axis and the border
line of nodes located along the short side of the slab is
fixed to avoid displacing along the X axis. The fastenings
combination allows the slab model to deform easily from
temperature influences in the X0Y plane. The scheme for
fixing the nodes of the bottom slab is shown in Figure 8.

Figure 7 General view of the design scheme in plan and axonometry (LIRA-CAD-2018)

N

Figure 8 The scheme for fixing the nodes of the model bottom slab (LIRA-CAD-2018)
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Table 1 Displacement mosaic for model slab

Y-axis summ

X-axis summ

Y-axis maximum

X-axis maximum

Scheme
Winter-1

0.414
-0.373

0.817

-0.680

Winter-2
Winter mode

0.787

1.497
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The design scheme contains two different

temperature loadings:

¢ “Winter-1” - the transition from 45 °C in the bottom
part of the slab to 5 °C in the top part at ambient
temperature from -16 °C to -12 °C (heating mode).

e “Winter-2” - a slab in a stationary uniformly cooled
state at the beginning of the experiment (the
temperature of the bottom part is -16 °C, the top
part is -16 °C).

Reference temperatures are taken from experimental
data:

e 45 °C - corresponds to the heat-transfer agent
temperature;

e 5°C - plate surface temperature after completion of
the ice melting process;

e — 16 °C - temperature of the ambient air and the
model at the beginning of the experiment.

In the LIRA-CAD-2018 software package the
following conditions are accepted as normal: T = 273.15
K (0 °C), P = 101 325 Pa (1 atm, 760mm Hg)

The mosaic of temperature loading according to the
“Winter-1” scheme is shown in Figure 9.

Each loading provides for both temperature effects
on the bottom and top layers of the model and the effect
on the plates of the slab’s body.

As a result of computer simulation, calculated
mosaics of the model nodes’ displacements along the
X and Y axes were obtained for all the variants of
temperature loadings.

Figure 10 shows as an example a mosaic of the
nodes’ geometry deformation of the slab for the loading
“Winter-2”.

The results of the displacement mosaics for a model
slab with a length of 1520mm are shown in Table 1
(according to the maximum values for each scheme and
for the total values by period, mm).

Taking the standard span length of 64 m, one obtains
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the possible range for additional thermal extensions of
the bridge deck pavement for this gauge - up to +63mm.

The obtained results confirm the need to install
additional modular multiprofile deformation thermal
joints during the thermostabilized blocks’ assembly on
the bridge deck pavement.

6 Conclusions

The results obtained in the experiment on the
thermal stabilization of a bridge deck pavement
prototype, in combination with the analysis of the
efficiency of underground heat collectors [16], allow to
capture the ability of the proposed method practical
application.

As follows from the results of the experiment, with
an average winter temperature range in the Central
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in a safe condition is about 0.5 kW-h/m?.

Further development of the thermal stabilization
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efficiency and expediency of introduction and practical
application of the thermal stabilization technology for
the bridge structures’ safe operation.
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1 Introduction

Metropolitans, being possessive of the elevated
concentrations and growth of business and commercial
activities, are multifaceted in nature verily affected by
transportation system. As urbanization level upsurges,
the mobility features across cities need to be updated,
upgraded and integrated. To fortify the development
and progress of cities to become smart ones, the smart
mobility concept enhances the efficiency, ease of use
and access of public modes of transport to mobilize the
inhabitants in convenient way by using information
and communication technologies [1]. In this era of
digital economy and technological disruption, innovation
in transportation has updated the mechanism as
traditional transport system converted into Intelligent
Transportation System (ITS). The ITS based various
technologies aim to upgrade system, overcome challenges,
and mitigate the risks in transport industry. The role of
ITS covers transportation management, infrastructure,
operation, policies and control methods [2]. The term,
Intelligent Transport System (ITS), as main element
of Industrial Revolution 4.0 (IR 4.0) [3], has numerous
useful applications, like smart parking system, driver
support system, Electronic Toll Collection (ETC),
Highway Data Collection (HDC), Traffic Management
Systems (TMS), Vehicle Data Collection (VDC) and

Emergency Vehicle Preemption (EVP) etc. to make the
life easy and manageable on roads. There is a wide
array of advantages that can be obtained from the
ITS deployments. Intelligent Transportation System
(ITS) can perform the prominent role in managing
traffic congestion, controlling road risks, reducing high
accidents rate, carbon emissions, air pollution and, on
the other hand increasing safety and reliability, travel
speeds, traffic flow and satisfied travelers for all modes
[4], [5]. The ITS has traversed various milestones from
Artificial Intelligence (AI) to automated vehicles, from
robotics to renewable energy [6] for developing the cities
in smart environment towards better and convenient
mobility facilities.

Being equipped with such ICT tools, the current
situation of transport system still entails with challenges
that need to be focused on. Rodrigue [7] explored that
in this 21% century, the drivers used to spend three
times more time on roads as compared to 20™ century
due to the high level of urbanization. Another similar
report by Kapsch [8] showed that drivers consume an
average of four year of their life (mostly time waiting
in traffic congestions) in a vehicle. As concentrated
urbanized atmosphere has escalated the congestion
challenge that further called the issues of parking, fuel
consumption, environmental impacts, infrastructures
damages, mental health, and low productivity etec.
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High integration of technology in transport system can
cope with such challenges. As the Boston Consulting
Group firmly considers prevalent acceptance of
technologies could harvest considerable advantages.
Such as eradicating road mortalities, refining travel
time up-to 40 %, recuperating billions of hours vanished
in traveling and congestion and producing overall
recompences to public worth $1.3 trillion [9]. The
fruitful implementation of Information System (IS)
technologies require studying the factors influencing
the acceptance and use of such technologies. Various
studies have explored that proper adoption of technology
in transport system, such as in electronic tolling, has
played important role in congestion management [10],
[11], smart parking for supporting urban mobility [12].
However, numerous researches pointed out towards
the ineptitude of technology integration and challenges
due to user’s concerns and unwillingness [13]-[16].
Acceptance and integration of technology by users
in a transport system is based on certain factors of
their perception that primarily control the adoption
decision of the technology. Jou et al. [10] considered that
user attitude molds the behavior and this behavioral
intention is responsible for taking any decision of
acceptance and rejection. The attitude can be impacted
by various factors to make positive (accept) and negative
(reject) feelings [17]. To understand the user behavior
and attitude towards innovations, certain expressions of
IT theories should be considered.

There are various IT models and theories that
facilitate the technology adoption by predicting the
technology wusers’ behavior and attitude towards
acceptance of a system. Technology Acceptance Model
(TAM) by Davis [18] is considered as a pioneer in this
field of IT acceptance that also predicted the transport
technology acceptance behavior. Unified Theory of
Acceptance and Use of Technology (UTAUT) proposed
by Venkatesh et.al, [19] undertook various technology
adoption studies to fortify the proper acceptance of
a system. Theory of Planned Behavior (TPB) deals with
systematic drivers of human behavior towards certain
innovation acceptance. In transportation sector, TAM
and UTAUT models are widely used for acceptance
assessment. As the effective realization of innovative
transport system necessities to observe and examine the
elements shaping the acceptance, a wide-ranging insight
of transport technology acceptance studies is a matter of
significance. The objective of this study is to determine
the imperative aspects affecting the adoption of the
road transport system technologies by undertaking
a systematic review on the elements impacting the
acceptance of technology in this field.

2 Methodology

The selection of keywords was based on objective of
a study, which describes the investigation of factors for

transport technology infusion among users/drivers. For
such an intent authors adopted the keywords search
strategies directed by Bramer [20]. It included the
search of relevant studies that answer the study’s aim
and scope. From this preliminary search of papers, the
relevant keywords were found that would yield out the
related studies for the review. Authors classified two types
of keywords that included 1) users behavior’s action such
as Acceptance, Adoption, Technology Usability and 2)
Transportation Technology such as Automated Vehicle
(AV), Electric Vehicles (EV), Automated Road Transport
System (ARTS), Electronic Toll Collection System (ETC),
Car Navigation System, Smartphone Driver Support
System, Automated Parking System, Autonomous
Vehicles etc. After finalizing above keywords, next step
was to select the appropriate databases for searching
the relevant studies that included Google Scholar, ACM
Digital Library, IEEE Explore, Science Direct, Springer,
Scopus and Web of Science (WoS). We used the Boolean
operator for searching the required studies such as
Acceptance OR Adoption AND Electric Vehicle OR Car
Navigation System etc.

The inclusion and exclusion protocols were used
to refine and pinpoint the suitable studies for this
systematic review work (see Figure 1). The basic
inclusion criteria consisted of the article language
and timeframe. This catalog hunt was comprised of
256 articles with the timeframe of 2011 to 2021. As
technology integration and innovation diffusion were
seen prevalently in the last decade and specifically since
last couple of years during pandemic era, therefore
this timeframe was selected to comprehend and
explore the recent and advanced technology diffusion
in transportation sector from users’ perspective. Only
English language articles were considered for the
analysis. More inclusion criteria, such as type of study
(i.e. empirical and quantitative research work only
but no review work or editorial or technical notes),
peer reviewed papers (i.e. original articles only and
no preprint or repository work) and Journal articles
(i.e. complete research work only and no conference
proceedings and book chapters) were also considered
in literature searching process. As the aim of this
work was to synthesize the elements of acceptance
and adoption behavior of transport technology users,
the theoretically supported studies were considered
only. Information System theories supported inferences
are more viable in terms of expanding the body of
knowledge. Quality of articles was assessed based on
peer reviewed nature of studies and respective journal
indexing such as only articles from those journals were
included for the survey that were indexed in Scopus
and/or Web of Science databases for last 5 years, as
publications in Scopus and WoS database are aligned
with integrity and higher standard of research output.
Inclusion criteria also entail the focus of the road
technology studies only. Additionally, articles that
focused on citizens adoption of transport technology were
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Figure 1 Inclusion and Exclusion Criteria

included only. The purpose of the transport technology
is to integrate the smart mobility in societies, therefore
only citizens’ centered studies were included and non-
citizens’ research work was disregarded for this study.
Moreover, the assessment of search criteria and quality
to ensure the fairness and reduce the biasness, the
STROBE technique is used. This technique is based on
22-items checklist that refers the guidelines for selected
article. These guidelines are based on article contents
like title, abstract, introduction of matter, methodology
techniques, results expressed and conclusion of proper
should be according to standards of STROBE.

3 Results and discussion

The total number of articles that considered after
inclusion and exclusion criteria for this review research
were 42. Table 1 shows the transport technologies
that are investigated for this research. Electric cars
have 7 studies and automated vehicles technologies
are the highest in number with 10 articles. Electronic
tolling and car navigation system have 4 studies each
and smart parking has 3 and driver support system
comprises of 2 studies, while other transportation
tools and technologies, such as ridesharing related
technologies and public transport linked tools etc.
are listed in miscellaneous section and there are 12
studies in this category. Table 1 also explores the
usage of IT theory in reviewed articles. Technology
Acceptance Model (TAM) has appeared in 20 articles as
a suitable IT theory for predicting the user behavior in
transportation sector. Unified Theory of Acceptance and
Use of Technology (UTAUT) is considered in 7 studies
for technology acceptance. Theory of Planned Behavior

(TPB) is undertaken by 4 studies to formulate the user
behavior. Diffusion of Innovation Theory (IDT) is used
by one study. There are 10 studies that had utilized the
combination of discussed theories (TAM, TPB, UTAUT,
IDT) to formulate better scenario for behavioral intention
towards the transportation technology acceptance. To
conclude the results of collected data, articles from
various databases were published by numerous research
publication platforms. Out of 42 articles, majority of
papers i.e. n = 24 (57 %) was published by Elsevier (see
Figure 2). Most researched transport technologies are
Autonomous vehicles (n = 10) and Electric vehicles (n
= T) followed by navigation system, e-tolling and smart
parking technologies (see Table 1). Around 50% of
studies (n=20) considered the TAM model for behavior
prediction followed by UTAUT and TPB while higher
trend of combining these IS models and adding the
external variables is also orchestrated (n = 10) (see Table
1). Among reviewed articles, 8 studies are published
in China to comprehend the behavioral modelling for
transport technology followed by South Korea (n = 5)
and Taiwan (n = 3) (see Figure 3). Geographically, the
most part of studies i.e. 54% were conducted in Asia
Pacific region (n = 23). Among 42 articles, around 30 %
of papers (n = 12) were published in 2021 that shows
the significance of investigating topic and tendency
of research in this segment. It shows the technology
integration strategies by government in the region to
obtain the sustainable urban mobility.

Numerous technologies of transportation system,
such as electric vehicles, automated vehicles, RFID
sensors, parking system, car navigation system, etc.,
are analyzed and observed through selected articles
of adoption mechanism. These technologies have
become the matter of interest for the governments
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Table 1 Articles searched containing the adoption of transportation system technologies

Topic Articles TAM TPB IDT UTAUT Combined
Car Navigation System 4 2 1 1
Smart Parking 3 1 1 1
Electronic Tolling 4 3 1
Driver Support System 2 1 1
Automated Vehicles 10 4 2 4
Electric Vehicles 7 2 2 2 1
Miscellaneous 12 7 1 1 2
Total 42 20 4 1 7 10
Publisher
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Figure 2 Articles by Publisher

and authorities in recent days due to challenges in
mega cities are mounting the congestion intensity,
fatalities on roads and environment hazardous [21].
Intelligent Transportation System (ITS) provides the
solutions for these issues by congestion charging,
smart parking system, environment friendly vehicles,
internet of things based sensors support system in
vehicles [22]-[24]. The studied articles encompass wide
variety of ITS technologies that provide the solutions for
smart mobility. Besides this, these studies covered the
empirical evidence of advanced technology adoption in
developed countries and show the urgency of authorities
to prioritize the transport-tech for sustainable urban
development.

Among studied digital transport services,
autonomous vehicles are trendy now a days due to
integration of Artificial Intelligence in transport sector
that enables the efficiency and accuracy on roads,
however, safety is still the main issue in its adoption. The
adoption of Autonomous vehicles is mainly investigated
in China i.e. a study on unmanned cars’ utility assessed
by the TAM model where perceived enjoyment and
perceived trust in technology found most influencing
element towards adoption [25] while another study
contemplating TAM and IDT in adoption of autonomous
cars concluded with the fact that Perceived Usefulness
(PU), relative advantage and result demonstrability can

help to integrate the acceptance level [26]. In Slovenia,
autonomous vehicles acceptance among millennials was
investigated by UTAUT and included the safety concerns
at higher level compared to benefits of autonomous cars
towards adoption mechanism [27]. Trust as acceptance
antecedent was validated in South Korea through the
TAM model with significance role PU [28]. The PU
and PEOU of TAM models appeared as key predictors
of driverless cars in USA [29]. Meanwhile a study
pertaining the case of developing country i.e. Vietnam
also explored the autonomous vehicle adoption system
and showed the financial risk and time risk as the
significant factors to manage the acceptance [30]. As
autonomous vehicles are not limited to personal cars,
but buses, shuttles and other modes of public transport
also managed by artificial intelligence and no-driver
required to operate. In China, autonomous buses can
be accepted by citizen upon perceiving the higher level
of trust and perceived usefulness [31]. Similarly, trust
and compatibility in accepting the autonomous shuttles
as a mode of mobility plays vital role in a German study
[32]. Perceived Enjoyment and Performance Expectancy
are emerged as important factors in Greek autonomous
public transport adoption [12]. In Ireland, adoption of
the autonomous public transport and driverless shared
vehicles underlined the TAM and TPB and found that
Perceived Behavioral Control, Perceived Usefulness
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and Subjective Norms were the main elements to shape
the behavioral intention of citizens [33]. Autonomous
vehicles adoption mainly depends on trust level of
technology and the safety concerns associated with
the system can be addressed by more efficient and
sustainable system integrity, rules and regulation by
authorities and distinct lane and route distribution of
driverless cars at trial basis for the long-term benefits
and mass integration.

Electric vehicles are hot topic in transportation
technology and sustainable mobility. They include the
personal cars, public buses, tri-wheelers and two wheelers
(scooters and bicycles). Electric vehicles recognition is
also interpreted as widely used technology of transport
system in reviewed papers. Being environment friendly
and convenient one, electric vehicle adoption positively
influenced by perceived usefulness, satisfaction and
attitude while perceived cost found ashurdlein acceptance
of electric vehicle technology [34]. While using the TPB
theory, the Attitude and Perceived Behavior Control
emerged as strong stimulators of early adopters in
Canada for electric vehicles [35]. In Germany, the early
adopters showed Perceived Organizational Usefulness
and Social Norms as main ingredients of electric vehicles
acceptance through the Structural Equation Modeling
[36]. Towards electric bicycle in Austria, the Perceived
Usefulness, Perceived Ease Of Use and Environmental
factor, possessed the significance towards shaping
adoption behavior [37]. To comprehend the citizens
behavior towards acceptance of e-scooters for urban and
short-distance mobility in Germany, UTAUT model was
used to validate the behavior modelling by expounding
the personal benefit and convenience as vibrant behavior
predictor [38]. E-Scooters’ adoption studies in Taiwan
[39] and Austria [37], [40] predominantly used the
TPB theory where Perceived Behavioral Control and

Social Influence played main role to shape the behavior.
Electric mobility resources are prevailing in developed
countries by considering the sustainable urban mobility
a crucial for future cities. Minimizing the dependency
on gasoline-powered cars, buses and two-wheelers by
promoting environment friendly e-cars, green buses and
e-scooters to protect the environment, cities livelihood
and healthy urban atmosphere. To attain this milestone,
the adoption of e-vehicles is mainly dependent on
the word-of-mouth about usability scenario because
perceived enjoyment and usefulness of technology are
largely acknowledged by citizens in reviewed articles
and infusing the “good word” at mass level could help
for higher level integration. By keeping this in mind,
government should promote it through multiple ways
as transforming the public transport to electric ones,
encouraging the e-vehicles import or production capacity
and motivate the micro-level usability of e-scooters for
better future.

As urban and highway mobility entails the tolling
and parking mechanism, the transportation technology
orchestrates the advanced technology for system
integration, safety and time saving tools to support
the government in toll collection, on road vehicles,
managed parking and travel behavior of citizens. Such
technology supports the vehicles to ploy on roads with
organized intelligent transport system. In such a way,
Taiwan implemented electronic tolling on its highways
to enhance the efficiency of tolling and combat the
congestion issue in 2006. However, the proper adoption
was not achieved until the government understood the
crucial factors impacting the decision making of highways
users to adopt RFID tags. The TAM model and Theory
of Planned Behavior with external constructs were
assessed that concluded in prominence of role of media
and word of mouth towards adoption of e-tolling [10].
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Indonesian study on e-toll established the significance of
Perceived Usefulness and Perceived Behavioral Control
[11]. In Malaysia, the RFID tag for e-toll, smart parking
and electronic road pricing is being implanted and to
understand the netizens behavior towards its adoption
was assessed by TAM model which in result explored the
vibrant role of Attitude (backed by PU and PEOU) and
Subjective Norms [41]. Similarly, a TAM-based Chinese
study validated the E-toll adoption through the TAM
model and resulted in presenting the Social Influence
and individual characteristics as the main antecedents
of behavior shaping of individuals [42]. The sensor-based
technologies in vehicles inside the urban spaces possess
the quite a prominence regarding the parking purpose.
Using the UTAUT, an Indonesian study towards urban
parking technology acceptance showed the Facilitating
Conditions as a key predictor among netizens [43]. More
studies on parking technologies revealed that Perceived
Usefulness with Perceived Network Externality in
shared parking [44], Perceived Risk with role of gender
for deciding the shared parking versus conventional
parking [45] can play important part in adopting the
smart parking tool.

Technologies inside the vehicles play noteworthy
part to engage the citizens on road with complete
information of surroundings, connectivity and safety
assurance such as car navigation system, driver support
system etc. Usability of these tools was mainly validated
by the TAM and UTAUT models. According to multiple
studies from South Korea, Quality features of car
navigation system [46] and Perceived Usefulness of such
tools [47] can become the adopting triggers among citizen
while in Serbia, installing telematics for cars insurance
purpose was supported by Facilitating Conditions
[48]. Social Influence and Usefulness can change the
netizen behavior in Malaysia to use dashboard cam [49].
Adoption of Smartphone driver assistance mechanism
in Ireland was also backed by Perceived Gain and
Usefulness with Social Influence [50]. In a similar study
in USA, to prevent the accident on highways, advanced
driver assistance system was validated through TAM
variables [51]. Technology to assist the drivers on roads
and prevent the unfavorable situation are backed by
quality features, perception of benefits and views of
society to accept or resist. However, the road safety
measurement should encourage to utilize the in-vehicle

digital tools for safe and managed travelling.

In miscellaneous category, there were assorted
studies on public transit technology, ridesharing apps,
sustainable mobility tools for netizens etc. These studies
had analyzed the citizens behavior through TAM, TPB
and UTAUT and most of the articles were describing the
public transport digital tool. Such as for public transit
commuters in Taiwan, [562] and UK [53], and mobile
payment for public transport in Italy [54] were resulted
in importance of potential significance of system. While
towards car drivers, in Australia, ITS tool for railway
crossing system was measured for adoption through the
combined theoretical framework where PBC and SN
were prominent behavioral factor [55]. Similarly, system
quality of the ITS mechanism in Malaysian roads was
accepted through its usefulness (PU) [56]. To manage
the bicycles detection on roads, drivers acceptance was
measured by the TAM model in Italy [57]. Travelers
adoption of variable message signs on roads in China
was also validated by TAM model [58]. Ridesharing is
the most famous digital transportation service and its
adoption through various social and contextual elements
is important for sustainable mobility. Muti-modal trip-
planning app in Turkey [59] and ride-sharing service
in China [60] were mainly adopted through the PU. To
accept the bicycle sharing system in Iran, Facilitating
Conditions from UTAUT emerged as vibrant factor
of adoption [61]. Ridesharing in a less-economically
developed country i.e. Ghana, depended on level of
education of respondents [62].

Higher level of acceptance of the ITS solutions (as
explored in reviewed papers) ensures the management
of mobility tasks. Technology Acceptance Model is
used by substantial number of studies in innovation or
information system adoption. Lai [63] conducted the
review of technology adoption by theory studies and
found that the TAM model was the most used one for any
type of technology acceptance. He further explained that
TAM model defined the ways, why do the acceptance
and rejections of respective system occur. Taherdoost
[64] conducted the technology acceptance review and
found the importance of TAM among several models.
Therefore, in transportation system, the TAM model
is also prevailing in most studies. However, assessing
the technology adoption through blending the multiple
models also apparent and evident in the study [65].
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Figure 5 Avoid Shift Improve (ASI) framework

However, combing the TAM , TPB and UTAUT model
also resulted in TAM notoriety for predicting behavior
for technology adoption [51].

Perceived Usefulness (PU) is the main construct
in TAM model that depicts about the advantageous
nature of technology while another construct of TAM
is Perceived Ease of Use (PEOU) which talks about
the convenience usage of that technology. Both of these
factors are major contributor towards impact on attitude
and behavioral intention of users. Attitude refers to
positive or negative assessment due to features of
a system that intended to use. Behavioral Intention of
user is considered as the behavior of user towards the
certain innovation or system acceptance or rejection.
Social Norms are the societal influence to accept and
adopt the technology. Perceived Behavioral Control is
provocation of human behavior that enables to accept
the system based on certain stimulators. Performance
Expectancy in UTAUT model is parallel to Perceived
Usefulness of TAM model, which relates with efficiency
in performance by usability of the specific system. Table
1 explores the transport technology adoption as per
theory to assess the user behavior. Here, the TAM model
is prevalent, UTAUT and TPB also have strong influence
towards behavioral shaping. There are various variables
reviewed in the papers, which had significant impact on
behavioral intention. A word cloud is shaped in Figure
4 to follow most impacted variables across the reviewed
articles.

As adoption of any technology is a basic step
towards future oriented pattern of usability therefore
understanding the antecedents and factors of
significance will help the stakeholders to fortify the plan
of action. The rationale of this study is to understand
the infusion of technological pattern according to users’
behavior, which in return will help to improve the
sustainable mobility practices. This impression is based
on the Avoid-Shift-Improve (A-S-I) framework, which is

modelled by German authorities in 1990s era to develop
the sustainable urban mobility strategies [66]. The A-S-I
framework, as depicted in Figure 5, is based on the three
strategies i.e. Avoid the travel activity through certain
modes of transport such as prevent cars usability in
cities and Shift to public transport or Avoid the gasoline
powered vehicles and Shift to electric vehicles or Avoid
the mobility activity through any vehicles and Shift
to walking or cycling inside the city for sustainable
mobility practices. When Avoid and Shift are not feasible
then Improve strategy is implemented by managing the
technology for individual motorized mobility such as
connectivity, automation and sensors in the vehicles. In
this study, the Shift and Improve strategy (specifically)
is being focused by contemplating the factors that play
significant role to support stakeholder for sustainable
mobility strategy.

The analysis of reviewed articles explores that
in order to implement the autonomous vehicles (the
Improve strategy of A-S-I framework), safety, security
and assurance of managed control should be kept in
mind. Driverless cars or semi-autonomous vehicles are
merely adopted based on the safety measures, while
autonomous public transport such as shuttles, buses or
trains are smoothly accepted by the netizen due to trust
level in authorities. To infuse the autonomous public
mobility initiatives, it is suggested to focus on quality of
services and ease of use of service for mass integration.
Similarly, sensors and devices in the cars for parking,
e-tolling, navigations and support gadgets are infused by
their perception of benefits, facilitating circumstances,
and quality of service. Such tools are also backed by
society influence where people adopt the respective
technology by realizing its usage worth among other
people’s action. While choosing technological services
for ridesharing, mobility as a service (MaaS) and trip
planner, the usefulness and usability ease can enhance
the individuals’ choice of mobility patterns. Regarding
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electric vehicles which support the Shift strategy of
A-S-1 framework, the mechanism is already diffused by
early adopter in many developed countries in the shape
of personal conveyance and micro-mobility scooters
etc. A better word of mouth regarding the benefits of
e-vehicles in the society would be quite resourceful for
the mass adoption. E-scooters for micro mobility would
be the solution for heavily car-congested urban roads.
Stakeholders should promote the usability of such
practices by encouraging the mobility startup towards
e-scooter initiatives. Authorities would also gain the
useful outcomes by e-buses implementation, since as
per users’ point of view, innovative technology with less
effort is suitable for mass adoption.

4 Conclusion

The objective of this study was to determine the
imperative aspects affecting the adoption of road transport
system technologies by undertaking a systematic
review on the elements impacting the acceptance of
technology in this field. This systematic review is led
by searching of numerous keywords such as adoption,
usability, acceptance of IT in transportation, highways
and information system models in transport services
through the Boolean operators. Authors also examined
the different vital technologies, such as Autonomous
Vehicle (AV), Electric Vehicles (EV), Automated Road
Transport System (ARTS), Electronic Toll Collection
System (ETC), Car Navigation System, Smartphone
Driver Support System, Automated Parking System
and other technologies (i.e. in vehicles and on roads)
in the 2011-2021 period. There are 42 articles enlisted
in this study that shrouded adoption mechanism of
advance technology in the transport system in 20
developed and developing countries. The technology
acceptance model (TAM) has appeared to be the most
significant model used to predict and point out the
determinants influencing the acceptance of technologies
in road transport system; in addition the Unified Theory
of Acceptance and Use of Technology (UTAUT) model
and Theory of Planned Behavior (TPB) have also covered
many applications in recent years in the transportation
system. Perceived usefulness, convenience in usability,
social influence, facilitating circumstances, attitude
and behavioral control and behavioral intentions of
end-users are effective in the adoption of modern
transport system. By contemplating numerous factors
like usefulness, ease of use and social influence, the
adoption rate of transport technologies can be amplified
to make better achievement of smart mobility.
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Resume

The present study has developed regression models to study the impact
of side friction factors on speeds of vehicles in urban roads. The factors
that were considered are on-street parking, pedestrian movement, water
stagnation, encroachment, poor road condition and wrong side driving.
Three locations from Vellore and Chikmagalur cities in India were selected
and vehicle speeds, side friction parameters and flow were collected through
videographic survey for 6 hours duration. It was found that the speeds
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of vehicles were in the range of only 11-23 km/h due to side friction. The  prediction
study has proposed a "simple arithmetic operand” method to overcome regression
the multicollinearity problem and it predicts well, the speeds with mean  multicollinearity

absolute percentage error (MAPE) between 8-29 %. The arithmetic operand
method proposed in the present study can be applied in other fields as well

principal component regression

to overcome the multicollinearity problem.
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1 Introduction

An efficient transportation system should ensure
easy mobility by free flow of vehicles without any traffic
congestion [1-3]. Properly maintained carriageways are
essential to meet this goal as there are features on
carriageway, which normally hinder the traffic flow.
Popularly called as side friction in literature can be in the
form of pedestrian walking on the carriageway, on-street
parking, road side encroachment, bus stops, wrong
movement of vehicles, etc. These side friction elements
occupy some portion of the carriageway and thus result
in reduction of carriageway width. This phenomenon
leads to reduced capacity of the highway and poor level
of service (LOS) besides affecting the speeds of vehicles.
As seen in Figure 1, due to non-availability of proper
sidewalk, the pedestrians are forced to walk on the
carriageway and this causes the vehicles to reduce their
speeds as the carriageway width has got reduced. These
side frictions not only reduce the speeds of vehicles and
capacity of the roads but they raise the safety concerns
as well, especially for the pedestrians [4].

Studies have been carried out worldwide on the
effect of side friction on vehicle speeds and they are
reviewed in Table 1. It can be seen that the side friction
is a common phenomenon in most of the countries,

especially in the developing ones as there are studies
reported from India, Indonesia, Africa etc. From the
review of literature, one can figure out that the roadside
friction activities such as pedestrians, bus stops, entry/
exit maneuvers, wrong movement of vehicles, non-
motorized traffic and on-street parking were considered
mostly and their impacts on the vehicular speeds were
analyzed. However, there are other side friction elements,
such as water stagnation on roads owing to lack of proper
drainage system, carriageway encroachment through
road side shops and poor road condition due to improper
maintenance. The impact of these side frictions, which
likely tends to obstruct the traffic flow, has not been
studied before in any of the reported studies. This was
one of the main motivations aimed for carrying the
present work in which each of these side frictions were
taken into account and their impact was studied. One
common thing, observed from Table 1, is that in many
studies, statistical analysis of explanatory variables was
not seriously taken into consideration. For example,
R? and p-values were not reported in many studies.
Even if the R-square was less and/or p-values were
more than 0.05, but still the variables were considered
and the models were used. The possible reason for not
achieving the expected R? and p-value is due to the
existence of redundancy in the form of multicollinearity

© 2022 UNIVERSITY OF ZILINA
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Figure 1 Side friction on Indian roads

Table 1 Studies on side friction

Statistical

SL Model fitting  significance of W?si?:;t&e Country where
Authors Side friction considered based on R? the variables probie .. the study was
No value* based on Multicolli-nearity carried out
p-values* addressed
On-street parking, Pedestrian
1 Biswasetal. [6] movement and Non-motorized N/A N/A No India
vehicles (NMV)
Alkaissi and On-street parking,
2 Kamoona [6] Pedestrians movement Good N/A No Iraq
Pedestrian movement,
Mahendra et On-street parking, Entry/ .
3 al. [7] Exit of vehicles, Slow moving Moderate N/A No Indonesia
vehicles
Patkar and Bus stops, NMV and . .
4 Dhamaniya [8]  Pedestrian movement Good Significant No India
5  Yeboah et al. [9] Pedestrian movement N/A N/A No Ghana
Bitangaza and  Pedestrian movement,
6 Bwire [10] On-street parking Good N/A No Rwanda
7 [Clli;iuhan et al. NMYV, Roadside parking N/A N/A No India
NMYV, Pedestrian movement,
8 Najid [12] Left-Right Access, Roadside N/A N/A No Indonesia
parking
Hidavati et al Pedestrian movement,
9 [13] Y ) Roadside parking vehicles, N/A N/A No Indonesia
Entry/Exit of vehicles
Wrong movement of vehicles,
Gulivindala and Pedestrian movement, .
10 Mehar [14] Stopped vehicles and Entry/ N/A Moderate No India
Exit manoeuvre
Bus Stops, Pedestrian
11 Salini et al. [15] movement and Roadside Good Not Significant No India
parking
Rao et al. Pedest.rian moyement, Poor o .
12 Roadside parking, NMV, Not Significant No India
[16] Entry/Exit of vehicles
13 Bansal et al. [17] Bus stops Poor Significant No India
14  Chiguma [18] Pedestrian movement, NMY, Moderate Not Significant No Tanzania
Roadside parking
Pedestrian movement,
15 Munawar [19] Roadside Parking, Entry/Exit N/A N/A No Indonesia

of Vehicles, Bus Stops

*R2value > 0.7 is Good, 0.5 - 0.7 is Moderate, < 0.5 is Poor [20]
*#p- value < 0.05 means the independent variable is significant; N/A = Not Available.
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in the dataset, i.e. higher inter-correlations between the
two or more independent variables (IVs) in the model.
However, none of the studies reviewed before have
studied this multicollinearity effect and the ways to
overcome it. Hence, in the present study after analyzing
the conventional methods like principal component
regression (PCR), a new method called “simple arithmetic
operand” was proposed to remove this multicollinearity
effect and achieve the desired R? and p-values. This was
one of the main contributions of the present study, i.e.
a new method to remove the multicollinearity among the
independent variables, which can be applied in other
fields, as well, where the multicollinearity is a potential
problem while regressing the variables. The details
of study area, data collection and data extraction are
explained in the following section.

2 Study area

The problem of side friction can be mainly seen in
cities and busy towns where the commercial activities are
predominant. Hence, in the present study, a city called
Vellore located in Tamil Nadu state of India and a busy
town in Karnataka state of India called Chikmagalur
were considered. Vellore, which has a population of
around 0.5 million is one of the fast-growing cities in the
state and it is considered as an important educational
hub as VIT University and Christian Medical College
and Hospital (CMCH) are located in Vellore. In addition,
the golden temple and Vellore fort attracts large number
of tourists in recent years. The other study area, called
Chikmagalur, is a famous hill station in the state of
Karnataka and it attracts tourists in huge amounts

f
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Figure 2 Map showing the location - 1 in Chikmagalur town in Karnataka, India
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Figure 3 Map showing the locations - 2 and 3 in Vellore city in Tamil Nadu, India
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Table 2 Description of the study area

Name of the study location

Nature of road

Type of side friction

Indira Gandhi (IG) Road,
Chikmagalur (Location - 1)

Long Bazzar Road, Vellore
(Location - 2)

VG Rao Nagar Road, Vellore

(Location - 3) 5.5m wide carriageway

Intermediate undivided arterial road with 10m
wide carriageway (including both directions)

4 lane divided road with two lanes per direction
(7.5m wide carriageway per direction)

Water stagnation on road,
Pedestrian movement,
Wrong-side driving.

Encroachments in the form of road-side
shops, On-street parking, Pedestrian
movement, Wrong-side driving.

Intermediate undivided collector street with

Poor road condition.

Figure 4 Photos showing the study locations (a) IG road, Chikmagalur; (b) Long bazaar road, Vellore;
(¢c) VG Rao nagar road, Vellore

almost throughout the year. After careful investigation,
three locations were selected as study stretches - one in
Chikmagalur and two in Vellore. Figures 2 and 3 shows
the maps of three locations selected for the present study
and details of the selected locations such as nature of the
road and type of the side friction are given in Table 2.
The locations were chosen in such a way that
they cover the side frictions, which have not been
studied before. For example, in Indira Gandhi (IG)
road of Chikmagalur, water stagnation on carriageway
is a major side friction, as seen in Figure 4a. It can be
noticed that due to water stagnation, almost two thirds
of the carriageway in one direction is not utilized, as
the vehicles are not using the road space covered with
water. This creates a kind of bottleneck situation where
the vehicles are forced to reduce its speed when passing
through this area. In addition to water stagnation,
pedestrian movement on carriageway and wrong-side
driving were also noticed in IG road and hence were
taken into account. This IG Road is considered as

the main commercial hub for the tourists coming to
Chikmagalur as it contains the hotels, restaurants,
shopping malls and the presence of Karnataka State
Road Transport Corporation (KSRTC) bus station makes
this road one of the busiest roads in Chikmagalur.

In the case of Vellore, two locations were taken,
one amidst of the main inner city comprising CBD
(central business district), namely the Long bazaar
road, in addition to other one in a residential area called
VG Rao Nagar. The study stretch in Long bazaar of
Vellore is basically a four-lane divided urban arterial
with dual lanes per direction of travel but presence
of encroachments in the form of road-side shops and
on-street parking occupied almost one whole lane in
each direction, as can be seen in Figure 4b. In order
to put restrictions on these encroachments, the civic
authorities have constructed a median few years ago.
However, this median does not serve its original purpose
and encourages illegal parking as the two-wheelers
have parked their vehicles on both the sides of the
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median, as seen in Figure 4b. As like in IG road of
Chikmagalur, in Long bazaar of Vellore also pedestrians
were found to walk on the carriageway and wrong side
movement were observed. Hence, these two variables
were considered as the side frictions in addition to the
road-side encroachment and on-street parking. The
two-lane collector street, located in a residential area
called VG Rao Nagar, was another study stretch from
Vellore. A photograph of the location is shown in Figure
4c. As seen from the photo, there is no proper road
constructed with asphalt or concrete and only earthen
road is available for the motorists to use. Such a poor
road condition is one of the side frictions, which can
be seen in interior streets of tier-2 cities in India like
Vellore. Though the VG Rao Nagar comes under Vellore
municipal corporation (selected for smart city mission
by Government of India), the roads are very poor and
act as a speed barrier for the vehicles. Such bumpy
roads not only cause the vehicles to reduce their speed
while passing through the section, but they cause many
health-related problems, as well, like the back pain and
spinal cord damage especially for the two-wheelers.
These earthen roads, where thousands of vehicles
plying on it every day, create a dusty environment in
the entire location. All the three study stretches from
Chikmagalur and Vellore are midblock sections without
any intersections nearby, thus, the drop in vehicles’
speeds would be mainly due to the prevailing side
frictions activities.

3 Data collection and extraction

The data for all the three locations was collected
using videographic method with a handycam mounted
on the tripod. High rise buildings, which are just
adjacent to the study stretch were chosen as the vantage
points to get a clear vision of traffic stream. As traffic
and side friction activities would be generally more
during weekdays, the video data collection also was
carried out on typical working days, i.e. 16% August
2019 (Friday), 10" February 2020 (Monday) and 5%
February 2020 (Wednesday) for the locations-1, 2 and 3
respectively. As various commercial activities begin from
10 a.m. in IG road of Chikmagalur and Long Bazaar of
Vellore, the vehicular and pedestrian population will
also start increasing from 10 a.m. onwards. Hence, the
data collection was carried out from 10 a.m. to 12 p.m.
for a duration of 2 h at these two locations (1 and 2). For
the study stretch in VG Rao Nagar of Vellore, the video
recording was carried out for a period of 8 a.m. to 10 a.m.
The reason for choosing this particular time is VG Rao
Nagar is basically a residential area with many schools
and colleges nearby. Hence, the educational and office
trips were found to be more during this period of 8-10
a.m. and so the data collection was done during this time
using a tripod mounted handycam.

The extraction of required data from video depends

on variables that are going to be used in the regression
model. In this study, the velocity of a specific class of
vehicle has been taken as the dependent variable (DV)
and the speed corresponding to other classes of the
vehicles, side friction elements and flow of vehicles, were
considered as independent variables (IV’s). Hence, for
building up the regression model, the data required are
speed, side friction parameters and flow corresponding
to different categories of vehicles (four wheeled, three
wheeled and two wheeled). The traffic volume count
(flow) was done manually by counting class-wise
categories of vehicles for every 5 minutes time interval
by using the recorded video. Speed of vehicles can be
obtained by dividing the distance by the corresponding
travel times of vehicles. In order to get the travel times,
a length of 63m, 34m and 60m were marked on the
road at the three study locations, namely, IG Road, Long
Bazaar road and VG Rao Nagar road, respectively. The
video taken at the study locations was played and the
travel times of vehicles to cover the above mentioned
lengths were then noted down using a digital stop watch.
With the known distance and time of travel, speed of
vehicles was then determined. As the side frictions,
namely, the water stagnation, poor road condition and
encroachment were taken as categorical variables with
presence or absence, there is no data required to be
extracted from the video. However, the side frictions like
pedestrian movement and wrong movement vehicles
were calculated manually for each 5 min time interval.

4 Methodology

The present study has developed the mode-wise
regression models with help of data collected from
study stretches in Chikmagalur and Vellore. Since each
vehicle type exhibit different speed characteristics,
separate multiple linear regression equations were built
corresponding to each mode. The two wheeled vehicles
would generally drive fast, despite having compact space
available between other modes of vehicles, due to the
smaller vehicle sizes, which may not be possible with
three wheeled and four wheeled vehicles. The general
form of the regression models that are developed for each
mode are given below.

a) The four wheeled vehicles

Yrw = Oy + ot1x1 + Qexe + o3x3 + otaxs + Asx5 +
OsXe + O7x7 + Olsxs + A9 X9,

(D

where:

Yy = mean speed of the four wheeled vehicles (km/h) for
each 5 min. duration,

x, = mean speed of the three wheeled vehicles (km/h) for
each 5 min. duration,

x, = mean speed of the two wheeled vehicles (km/h) for
each 5 min. duration,
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x, = categorical variable (1 if poor road condition, 0
otherwise),

x, = categorical variable (1 if road-side encroachment
and on-street parking, 0 otherwise),

x, = number of pedestrians moving on the carriageway in
each 5 min. interval,

x, = number of wrong-side driving vehicles in each 5
min. interval,

x, = number of the four wheeled vehicles (flow) observed
for each 5 min. duration,

x, = number of the three wheeled vehicles (flow) observed
for each 5 min. duration,

x, = number of the two wheeled vehicles (flow) observed
for each 5 min. duration.

b) The three wheeled vehicles

vow = Bo+ Brxr + Paxz + Paxs + Baxs + Bsas +

(2)
Boxe + Brxr + Bsxs + Boxo,
where:
Ymw = mean speed of the three wheeled vehicles (km/h)

for each 5 min. duration,

x, = mean speed of the four wheeled vehicles in (km/h)
for each 5 min. duration,

x, = mean speed of the two wheeled vehicles in (km/h) for
each 5 min. duration.

x, to x, as defined before in Equation (1).

(c) The two wheeled vehicles

yrw = Yo+ Yix1 + Yexe + Ysxs + Yaxa + Ysxs +

3)
Yexs + Yrx7 + Ysxs + Yoxo,
where:
¥ = mean speed of the two wheeled vehicles (km/h) for

each 5 min. duration,

x, = mean speed of the four wheeled in (km/h) for each
5 min. duration,

x, = mean speed of the three wheeled in (km/h) for each
5 min. duration.

In the above equations, oo, 0 and 7y, are the
regression constants and o1 to ag, Bi1 to Bo and y:
to Yy are the regression coefficients for the independent
variables of the four wheeled, three wheeled and
two wheeled vehicles, respectively. The independent
variables that were chosen indicate that the speed of
a particular category of vehicles in a traffic stream is
influenced by speeds of other vehicles, flow or volume
and the available side frictions. As per traffic flow
theory, for a given flow there could be two extreme cases
possible one in the free-flowing state and the other one
in the congested state [21]. This says that, just based on
flow alone, one cannot ascertain the type of the traffic
state. Hence, in the present study, while selecting the
independent variables, speeds of other categories of
vehicles were also taken into account in addition to flow,
because for a given flow, if the traffic is free flowing,

the vehicles would go at high speeds, whereas if it is
congested, the speeds would be less. As seen from Figure
4, the presence of side frictions also plays a major role in
speeds of vehicles. Hence, they were taken into account
in the regression models, as seen from Equations (1) to
(3). There are total of five side frictions, namely, poor
road condition, road-side encroachment and on-street
parking, water stagnation, pedestrians movement and
wrong-side driving. Out of these five side frictions, the
first 3 were taken as categorical variables (presence
or absence) and the last 2 were taken as continuous
variables. Normally in regression analysis, if there
are “n” levels to represent as dummy or categorical
variable, then there will be “n-1” dummy variables in the
regression model [22]. In the present study, there are 3
categorical responses, which are need to be incorporated
and so 2 variables were included, namely, x, and x,.
If both x, and x, were zero, then that indicates the
water stagnation condition. A total of 720 observations
for each vehicular mode were taken into account for
generating the multiple linear regression equations
[12 data points/h x 2 h x 3 locations x 10 variables
(1 dependent variable and 9 independent variables)].
Thus, an aggregate of 2160 set of measurement points
(720x3) was considered for development of all the three
multiple linear regression models. While regressing
the independent variables, if a specific type of roadside
friction activity is absent, then it was treated to be zero.
Such as, in VG Rao Nagar data, x, (poor road condition)
was taken as 1, whereas for the other two locations, it
was zero.

Once the regression models were built, the R?
and p-values were checked to know the strength of
the models developed. If R?is exceeding the value of
0.70 and probability value remains below 0.05, then
the proposed model is reliable and it is statistically
significant [20]. However, sometimes, due to the
high correlation among the independent variables,
popularly called as multicollinearity, the p-values of
some variables may exhibit values more than 0.05. The
problem with multicollinearity is that the regression
coefficient estimates become imprecise and fluctuate
drastically and may lead to poor predictions, as well
[23-24]. Multicollinearity may result in indeterminate
estimates as explained below.

The two variable case is assumed, expressed in the
standardized form (subtracting mean and dividing by
standard deviation).

vi = Po+ Bixi + Baxsi (4)
where: i (observation) = 1, 2, ... , n (sample size).

As y = By + Bix1 + B2x2, Equation (4) becomes

vi—y = Bo+ Bixii + Baxsi — (Bo + Prx1 + Baxz) 5)
= Bi(xi — x1) + Balxz — x2).
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If one divides Equation (5) by standard deviation on
both sides

yi_E, ixli*xil ‘sz Xoi — X2
S ol e V10 s )
Equation (6) can be denoted as
yi*:ﬁ1*21+,32*22, (7

. Lk Yi — y
where: y; S,

zZu =
o le

Equation (7) is the standardized form of dependent
and independent variables with mean zero and standard
deviation one. The matrix form of Equation (7) is
Y*=ZB*, w where:

y1* Zu Zan
yz* Zy L
ﬁl*]
Y*= Z = Br=1" .
B B,
yn* Zln ZZVL

The least square estimator of B* is

1\ 1
*=(Z2'2)'Z2'Y*= X
ﬁ ( ) (1’[—1)(1_721222)
1 —raz|[(n — 1)ray 1
= —L 8
— 7z1z2 1 (Vl - l)VZZy* (1 - 721222) ( )
Valy* — V2122 ° Vz2y*

Vaoy* — Vz122 ° Vzly*
Thus, the standardized regression coefficients are

_ Tayr T V122 Vaoyt
B, 9
1— V2122

Va2y* T 7z122 " Vzlyt
2
1 — 7z122

ﬁz* - ) (10)

where, 7.1, is the correlation coefficient between z, and
y*, L is the correlation coefficient between z, and y*
is the correlation coefficient between z, and z,.
xl

2™ can also be obtained directly using S: S

andr,,
B1* and
and ﬁg?’f respectively as seen in Equations (6) and
(7). From Equations (9) and (10), can be seen that, if the

independent variables are highly correlated, |7.1.2|— 1,

what would result in poor estimates of S1* and B:* as
denominators in Equations (9) and (10) would approach
zero. In addition, the variances VarB*=(Z'Z) 'o?
will become very large and approach co when |7.12| — 1
. Such large variances imply the poor and indeterminate
estimates of the regression coefficients. Hence, if there
exists highly correlated variables with one another in
a regression model, multicollinearity pose a serious
issue that has to be estimated for accuracy of the models.

Detection of multicollinearity can be achieved by
calculating “tolerance” for each independent variable.
Tolerance is computed by subtracting R? from 1. HereR?
is obtained by regressing an independent variable over
the remaining IV’s. Whenever the least correlation exists
between considered IV’s, it indicates R? to be small and,
thus, the tolerance become large. On the other hand,
if strong correlation is found among the independent
variables, R? would be high and the tolerance would be
low. Thus, the terms tolerance and multicollinearity
are inversely proportional to each other. In general, any
tolerance value less than 0.2 indicates the presence of
high degree of multicollinearity in the dataset used for
model development [25-26]. Hence, the tolerance value
of 0.2 was considered as a benchmark for indicating the
existence or non-existence of multicollinearity in the
dataset for the present study also. If the multicollinearity
is detected, methods like principal component regression
(PCR) can be done to remove the multicollinearity. In the
present study, a new method, called “simple arithmetic
operand” method, was proposed by defining a new set of
independent variables obtained by adding, subtracting,
multiplying or dividing the existing independent
variables. Both the PCR and the proposed method were
evaluated for its statistical significance by checking the
R?, p-values and tolerance. The model was then validated
by taking only 75% of the data and predicting for the
remaining 25 % data. Predicted speeds were then checked
with the observed speeds for similarity and the accuracy
of prediction was reported through one of the popular
error measures called “Mean Absolute Percentage Error
(MAPE)”. The reason for choosing MAPE is that it
has many advantages when compared to other error
measures, such as mean absolute error (MAE) or root
mean squared error (RMSE). For example, MAPE is
scale independent, whereas the other two error measures
are scale dependent, i.e. they depend on the range
of the target variable and hence cannot be compared
across the datasets. As the present study compares the
performance of the mode-wise regression models, it
would be advantageous if one uses MAPE rather than
MAE or RMSE. In addition, if the value of MAPE is below
10 %, then prediction can be considered excellent, 10-20 %
is considered good and if MAPE ranges between 20-50 %
then its reasonable, whereas MAPE exceeding more than
50% is unacceptable [27-28]. Thus, based on MAPE, one
can ascertain how good the prediction results are, which
may not be possible with MAE or RMSE. Results are
discussed in the following section.

5 Results and discussion

In this section, the findings were presented in
two parts. The first part explains the basic descriptive
statistics for the collected data. The second part
deals with development of multiple linear regression
model, treatment for multicollinearity, which is then
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Table 3 Descriptive statistics

Indira Gandhi (IG) road, Chikmagalur

Mean Std. Dev. Min. Max
Mean speed of the four wheeled vehicles 15.11 2.31 9.43 19.34
Mean speed of the three wheeled vehicles 17.47 2.74 10.61 22.29
Mean speed of the two wheeled vehicles 21.37 1.01 19.7 23.26
Number of pedestrians (x,) 49.38 115 32 77
Wrong-side driving (x,) 16.33 3.76 10 24
Number of the four wheeled vehicles (x7) 52.33 10.01 33 78
Number of the three wheeled vehicles (x,) 33.92 4.56 25 42
Number of the two wheeled vehicles (xg) 84.46 9.94 67 103

Long bazzar road, Vellore

Mean Std. Dev. Min. Max.
Mean speed of the four wheeled vehicles 2.67 4 0 10.68
Mean speed of the three wheeled vehicles 10.6 1.85 7.99 14.85
Mean speed of the two wheeled vehicles 16.5 3.05 11.31 21.89
Number of pedestrians (x,) 72.42 12.84 46 97
Wrong-side driving (x,) 27.92 7.57 10 44
Number of the four wheeled vehicles (x7) 0.96 1 0 3
Number of the three wheeled vehicles (x,) 6.88 2.64 3 13
Number of the two wheeled vehicles (xg) 44.83 10.13 27 63

VG Rao nagar road, Vellore

Mean Std. Dev. Min. Max.
Mean speed of the four wheeled vehicles 9.3 1.17 7.35 11.97
Mean speed of the three wheeled vehicles 5.76 5.08 0 12.67
Mean speed of the two wheeled vehicles 13.66 1.07 11.95 16.03
Number of pedestrians (x,) 0 0 0
Wrong-side driving (x,) 0 0 0
Number of the four wheeled vehicles (x,) 5.88 2.82 1 13
Number of the three wheeled vehicles (x,) 1.42 1.64 0 5
Number of the two wheeled vehicles (xg) 32.83 7.8 20 48

followed by validation of the developed model.

5.1 Descriptive statistics

The statistics, like mean, standard deviation
(SD), minimum and maximum values, were calculated
location-wise for the speed, flow and side friction data
collected and the results are shown in Table 3. The
categorical variables x, and x, were not considered
for calculation of descriptive statistics, as they take
the values of 0 or 1. Many interesting results can be
obtained by looking into Table 3. Overall, the two-
wheeled vehicles speeds were high when compared to
that of other vehicle categories in all the 3 locations
considered. As said before, the two-wheeler being the
smallest vehicle in terms of size, possesses the ability
to freely maneuver between the large seized vehicles
and, hence, the average speed is high when compared
to others. Due to this phenomenon, the two-wheelers

”

did not exhibit completely stopped condition (“zero’
speed) in any of locations, whereas other vehicles have
stopped completely and reported zero speed under the
“minimum speed” category as seen from Table 3. One
can notice in Table 3 that the maximum speed ranges
between 19-23 km/h, 11-22 km/h and 12-16 km/h, for
IG road, Long bazaar road and VG Rao nagar road,
respectively. Though the central government has raised
the speed limits of cars and two-wheelers in Indian cities
to 70 km/h and 50 km/h respectively [29], however the
maximum speeds of cars and two-wheelers were found to
be only 19 km/h and 23 km/h, respectively, as seen from
Table 3. This is mainly due to the presence of different
side frictions on the urban roads and unless they are
removed it is difficult to achieve increment in the
speed of vehicles in India. The results suggest that the
minimum, maximum and average speed of vehicles were
different for different vehicle categories and this clearly
indicates the need for the mode-wise speed prediction
models as attempted in the present study.
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Table 4 Results of the mode-wise regression models

Four wheeled (R? = 0.815)

Three wheeled (R? = 0.720)

Two wheeled (R? = 0.811)

Variable Reg. p value Tolerance Reg. p value Tolerance Reg. p value Tolerance
Coeff. Coeff. Coeff.
value value value
Intercept 35.494 1.84E-05 - -0.672 0.952 - 28.106 6.05E-08 -
x 0.008 0.936 0.280 0.012 0.936 0.184 -0.055 0.500 0.185
x, -0.131 0.500 0.189 0.578 0.016 0.206 0.154 0.016 0.307
x, -21.041 0.000 0.014 -1.321 0.865 0.011 -13.997 0.000 0.014
x, -21.829 6E-06 0.022 1.840 0.780 0.016 -1.673 0.021 0.017
x, -0.007 0.831 0.072 0.0009 0.984 0.072 -0.067 0.003 0.082
%, -0.114 0.104 0.131 -0.057 0.520 0.127 0.034 0.460 0.127
X, -0.045 0.407 0.058 -0.045 0.515 0.057 -0.018 0.600 0.057
X -0.165 0.129 0.039 0.292 0.032 0.041 -0.099 0.165 0.039
X -0.088 0.016 0.135 -0.012 0.790 0.123 -0.017 0.480 0.123

“” implies not applicable

From the descriptive statistics was found that,
though the Long bazaar road of Vellore has bigger
carriageway width, compared to the IG road, the
average speeds of vehicles were smaller than those
of IG road. The possible reason for that is presence
of the side friction activities in the form of roadside
shops and on-street parking in the Long bazaar road,
as seen in Figure 4b. When the effective carriageway
width available at Long bazaar was measured using
the tape, it was shocking to notice that out of 7.5m
carriageway, only 2.74m was available for vehicles to go.
The remaining portion was completely encroached by
the side friction activities and this may be the reason for
lower speeds in the Long bazaar road. The average speed
of the four wheelers was found to be only 2.67 km/h in
Long bazaar, which is far less when compared to other
locations’ four-wheelers speeds. The possible reason for
this is that the Long bazaar is a market area where more
pedestrians walk on the carriageway due to absence of
proper footpath. This has been shown in Table 3 where
the pedestrian count was higher (72 pedestrians/5
min) in the Long bazaar than in any other location.
In such a scenario, considering the pedestrians’ safety,
the drivers of the four-wheelers are forced to reduce
their speed drastically, as the pedestrians walk on the
carriageway. The results indicate the need for proper
sidewalks also in locations where there are pedestrian
activities, in addition to removal of side frictions like the
on-street parking and roadside shops.

5.2 Development of the speed prediction models

Table 4 shows the multiple linear regression model
results obtained for all the modes (four wheeled, three
wheeled and two wheeled vehicles). It includes the
coefficient of determination (R?), estimated regression
coefficients, p-value for each of the independent
variables, as well as the tolerance values. It was found

that R? was good as it is more than 0.7 in all the three
modes. In addition, the signs of the coefficients were
logical as most of the side friction and flow variables
exhibited negative sign. For example, the negative
coefficients of categorical variables x, and x, indicate
that if the road is poor in condition or encroached by
the road-side shops with on-street parking or water
stagnation is there, then speeds will get reduced.
Similarly, if the flow is increasing then speeds of vehicles
would get reduced. Though the developed mode-wise
regression models have good R? values and logical signs,
however the explanatory variables are not statistically
significant, as most of the coefficients have p-values
more than 0.05, as seen from Table 4. In addition, the
tolerance was found to be less than 0.2 in 24 out of
27 tolerance values calculated and this indicates the
presence of multicollinearity in the given dataset. It is
logical to expect multicollinearity, i.e. correlation among
the independent variables because if there are road-
side shops, it may attract people to purchase the goods,
which in turn leads to gathering of people, on-street
parking and pedestrian movement and finally leading to
reduction of vehicles speed in that road stretch.

In order to break the multicollinearity between the
independent variables in the model, the conventional
approach is to use methods like principal component
regression (PCR) or ridge regression. In this study,
the PCR was used to check whether it can remove the
multicollinearity or not. The PCR involves basically the
conversion of given data of independent and dependent
variables to standardized form and then calculating the
covariance matrix. The covariance matrix was then used
to calculate the eigen values and vectors, which were
then used to calculate the principal components. The
results of the PCR, done using NCSS 2020 statistical
software [30], is shown in Table 5. As before, the R?
values were good as they are more than 0.7 for all the
three models. Since some degree of bias is added to the
regression estimates in the PCR, it is not meaningful
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Table 5 Results of mode-wise regression models developed using PCR

Four wheeled (R? = 0.762)

Three wheeled (R? = 0.719)

Two wheeled (R? = 0.781)

Variable Reg. pvalue  Tolerance Reg. p value Toleance Reg. pvalue  Tolerance
Coeff. Coeff. Coeff.
value Value value
Intercept 6.139 - - 1.876 - - 14.509 - -
x -0.007 0.949 0.280 -0.006 0.962 0.244 0.075 0.326 0.249
x, 0.206 0.305 0.228 0.555 0.011 0.247 0.173 0.011 0.310
X, 1.323 0.466 0.174 -3.145 0.136 0.162 -3.251 0.010 0.143
x, -5.480 0.026 0.097 0.371 0.889 0.099 1.798 0.196 0.115
x, 0.018 0.661 0.074 -0.0007 0.988 0.073 -0.069 0.005 0.082
%, -0.064 0.413 0.135 -0.063 0.469 0.135 0.077 0.108 0.139
x, 0.055 0.317 0.071 -0.052 0.398 0.071 0.032 0.348 0.072
xg 0.152 0.087 0.077 0.269 0.006 0.081 0.052 0.349 0.073
x -0.041 0.288 0.149 -0.017 0.685 0.148 0.014 0.535 0.150

Table 6 Results of multiple linear regression model developed using simple arithmetic operand method

Variable p value Tolerance
Four wheeled (R? = 0.702)

Intercept 7.03E-21 N/A
Variable-1 0.000 0.349
Variable-2 1.74E-05 0.712
Variable-3 0.014 0.354

Three wheeled (R? = 0.700)

Intercept 4.39E-05 N/A
Variable-1 1.13E-06 0.623
Variable-2 0.013 0.505
Variable-3 0.016 0.400

Two wheeled (R? = 0.707)

Intercept 1.96E-18 N/A
Variable-1 0.009 0.258
Variable-2 0.006 0.923
Variable-3 0.014 0.248

to infer the statistical significance based on the t-stat
(coefficient divided by standard error) and p-value
for PCR models [31]. However, the tolerance must be
more than 0.2 for all the variables to ensure that the
multicollinearity is removed. However, results in Table
5 show that tolerance was less than 0.2 for majority of
the variables and this clearly indicates that the PCR
failed to remove the multicollinearity in the dataset.
The present study tried a new method called “simple
arithmetic operand” to remove the multicollinearity,
which is explained below.

The proposed approach, named as “simple arithmetic
operand” is quite simple and straightforward, as the
name suggests. Because in this method, the independent
variables were added, differenced or ratioed to create
new variables, until the desired results were achieved,
i.e. R? exceeding 0.70, p values of new IV’s (independent
variables) less than 0.05 accompanied by tolerance of

more than 0.2. While developing the regression model
using the proposed approach, 75 % of the data were used
so that the remaining 25% can be used for validation.
The developed models are shown below in Equations
(11)-(13).

a) Four wheeled vehicles

yew = 14.210 + 4.530[(x1/2x2) — (23 + x4)] —

Variable — 1
—0.061[(x5 + x6)] +0.098 [(x7) + (25 — x9)].

Variable — 2 Variable — 3

(11)

b) Three wheeled vehicles

yoow = — 8.722 + 0.452[(x1 + x2) + (x5 + x4)] +

0.041[(xs + x6)] — 0.099[ (xtr — 0) — (xs)]. (12)
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(¢) Two wheeled vehicles

yrw = 10.425 + 0.157[(x1 + x2) — (a5 + x4)] +

0.020[ Cxts + x6)] + 0.024[ Cxer) + (s + 29)]. (13)

It can be seen from Equations (11)-(13) that the
regression model has been reduced from 9 variables to
3 variables, by adding, subtracting or ratioing the given
independent variables. Sometimes, the combinations
were applied, as well. For example, x, and x, were added
and subtracted from the ratio of x, and x,. As seen
from Table 6, R? values were 0.7 and above, p-values
were less than 0.05 and tolerance values were above
0.2. Tolerance of above 0.2 indicates that the proposed
approach has removed the multicollinearity, which was
not possible with the conventional methods like the
PCR. The proposed approach is simple, does not require
any specialized softwares like NCSS and produces the
desired results finally. In addition, no independent
variables were dropped as seen from Equations (11)-
(13). Thus, with the proposed approach no variables are
missing. The only limitation with this approach is that
it involves the “trial and error” practice, that is done
manually until the expected results are obtained. If
a separate tool is developed in MSEXCEL to automate
this trial-and-error procedure, then there will be no
limitation for this method.

With the aim of validating the potential of the
developed model in forecasting the mode wise vehicular
speeds, the remaining 25 % data were used for comparing
the actual/observed speeds with the predicted ones. The
results shown in Figure 5 clearly exhibit the similar
trend of observed speed to that of the predicted speed.
In addition, R? was greater than 0.7 for all the three
modes, which says that the results were acceptable.
The MAPE calculated between actual and predicted
were 17.26 %, 29.60% and 8.23 % for the four wheeled,
three wheeled and two wheeled vehicles respectively.
Generally, the value of MAPE below 10% is considered
to be excellent, 10-20% termed as good and a range of
20-50% is considered to be reasonable, but any value
exceeding more than 50 % is unacceptable [27- 28]. With
the obtained results, one can draw a conclusion that
the prediction accuracy is excellent in the case of the
two wheeled vehicles, good for the four wheeled and
reasonable for the three wheeled vehicles.

In Figure 5 was noticed that the predicted and
observed values were in good agreement for the two
wheeled and four wheeled vehicles, whereas for the
three wheeled vehicles, the predicted speeds were lower
than the actual ones. The possible reason for this could
be that the three-wheelers include the normal autos
and the shared type autos both of which have different
characteristics in terms of its size, as well as operation.
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Figure 5 Observed vs. Predicted Speed for (a) Four wheeled (b) Three wheeled (c) Two wheeled vehicles
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In addition, the normal autos were only present in
Chikmagalur, whereas the shared type autos were
counted more in Vellore. In model development, both
types of autos have considered as one class and the
data from all the locations were combined to develop
the regression model. Perhaps it may likely to be the
probable cause for three wheeled vehicles alone to
exhibit slightly higher range of MAPE when compared
to other modes. Overall, the MAPE and R? are within the
acceptable limits for the all the three modes and, hence,
the developed models could be considered for predicting
the mode-wise speeds using speed corresponding to
other vehicular classes, side friction activities data and
traffic volume count.

6 Concluding remarks

One of the important factors that causes reduction
in speed of vehicles on urban roads of India is the side
friction. The carriageway, which is meant for vehicles
to go has not been utilized properly for the purpose for
which it has been constructed, because of these side
frictions. Studies on investigating the impact of side
frictions on vehicular speeds have been mostly focused
on common type of roadside frictional activities like
curb side bus stops, on-road parking, movement of
pedestrians, etc. However, there are other side frictions
like water stagnation, road-side shops and poor road
condition, which are not studied before. Present study
attempted this by collecting data from cities like Vellore
and Chikmagalur in India and developed mode-wise
speed prediction models using the regression analysis.
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Resume

The number of vehicles on the road is growing every year and each year
too many people lose their lives and health on Polish roads. The number of
accidents, including at level crossings, is very high. Despite the construction
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of new, safer roads, the number of collisions continues to grow and about

three thousand accident participants die each year. The main causes
of accidents are inadequate speed to the prevailing road conditions or
regulations, driving under the influence of alcohol and random events. For
this reason, the article analyzes the safety at railroad crossings in Poland. In
the next stage, an exemplary system improving safety at railroad crossings
is presented. The new solution was analysed using a survey. The research

results presented may be applicable to other countries.
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1 Introduction

Railroad crossings are a very characteristic element
of the railway infrastructure because two types of traffic
flows (road and rail) intersect here. Due to the steady
increase in traffic, the frequency of crossings is also
increasing, which increases the likelihood of accidents
at level crossings.

Safety is undoubtedly a very important element
in the life of every human being. For years, it has been
a specific object against which statistical research or
various types of analyzes are conducted. Their aim is
to increase the comfort in the sphere of safety of all the
road users. The problem of accidents at level crossings
is repeatedly mentioned on the radio and television.
Social media also touches on this topic in order to reach
the largest possible audience. This is to make people
of all ages aware of the risk of carelessness and lack of
concentration when approaching the railway crossings.
However, it should be remembered that the safety itself
at the railroad crossings depends mainly on behavior of
the road users, as well as on the proper performance of
tasks by rail and road infrastructure managers [1].

A sense of security is an integral part of the daily
life of public transport users. There are many definitions

of safety in the literature. One of them defines it as
freedom from all the threats and such freedom of action
in which we do not feel threatened [2]. There are many
accidents at level crossings every year. The causes of
accidents can be very different, they can be dependent
on weather conditions or simply the carelessness of road
users.

Safe road travel means following a number of
established rules and regulations that should not be
taken lightly [3]. The improvement of road safety is
influenced by many elements related not only to the
promotion of correct behavior among drivers [4-6], but
to the proper organization of traffic, the appropriate
technical condition of roads and vehicles, as well [7-11].
Training and examinations for future drivers are equally
important. Road safety is a research field covering not
only the above-mentioned aspects, as well as issues
related to traffic supervision, emergency medical
services and transport psychology [10]; road traffic
safety in the analyzed city [12]; problems with the course
of the procedure related to the proceeding of inflows in
the first publication of [13-20].

Some publications focus on assessing the safety of
level crossings in terms of detection and monitoring [21-
22], others address safety using ultrasound and wireless

© 2022 UNIVERSITY OF ZILINA
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Figure 2 The average number of incidents in individual months on guarded
and unguarded level crossings in Poland in 2010-2019 [35]

communication [23]. The possibility of increasing safety
at road crossings is also discussed in Saunders et al.
[24], which analyzes active elements at road and level
crossings. In Widyastuti et al. [25], the authors address
the safety of level crossings in Blitar on a model case.
The probability of accidents at railway crossings also
increases with the intensity of traffic, which is also
pointed out by the publications Gasparik [26-27] and
Mesko [28], which deal with capacity problems in
railway transport. Addabbo et al. assess safety and
safety analysis by targeted measurement. [29]. The
authors of [30] investigated different situations and
analyze them. Warnings for drivers before arriving at
level crossings are addressed in Read et al. [31], where
the authors focused on the warning alarm systems
for drivers approaching the automatic level crossings.
Zaman et al. dealt with map modelling of accidents at
the railway crossings [32]. Another factor that affects
safety at level crossings is the human factor. The reason
may be carelessness, inexperience of drivers or violation
of road traffic regulations. These factors are investigated
by Akaateba et al. [33] and Salmon et al. [34]. The
authors focused on the analysis of psychological factors
that affect professional drivers and new drivers.

2 Safety at railroad crossings

Analyzing the data in Figure 1, one can see that
more events take place at guarded crossings. These
are crossings where the safety is ensured by people
(railway crossing - category A). The increase in the
number of accidents on guarded crossings as compared
to unguarded ones, may result from the fact that in
these places there is a man guard, who may faint at
any moment, or simply forget to activate the barrier. In
Poland, guarded crossings constitute 17.5 and unguarded
crossings - 82.5 of all the crossings. The largest number
of accidents on guarded level crossings (74 of events
in a given year) took place in 2017, while the largest
number of accidents on unguarded level crossings (40
of events in a given year) occurred in 2010. An incident
at the unguarded level of crossings may also be caused
by a careless driver who ignores the half-barriers at the
level crossings. These are very dangerous situations and
pose a threat to other road users, because the driver of
the car does not comply with the road traffic regulations.

Most accidents at guarded level crossings in
Poland (Figure 2) occurred in July (67% of events in
a given month). In turn, the fewest events took place in
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January (63 % of events in a given month). At unguarded
crossings, most accidents took place in August (36 % of
incidents in a given month), while the lowest number of
accidents in March (29 % of incidents in a given month).
The reason for the increased number of accidents during
the holiday months may be the fact that most people
travel during this time, which is causing the increased
traffic on the roads.

The largest number of persons who died on guarded
crossings (Figure 3) was in 2010 (15 persons), seriously
injured in 2017 (18 persons) and slightly injured in 2010
(18 persons). The smallest number of persons died in
2013 (4 persons), seriously injured in 2012 (4 persons),
slightly injured in 2018 (3 persons).

Most persons died at unguarded railway crossings
(Figure 4) in 2012 (33 persons), seriously injured in 2015
(24 persons) and slightly injured in 2011 (70 persons).
The smallest number of persons died in 2010 and 2014
(18 persons), seriously injured in 2011 (16 persons),
slightly injured in 2019 (17 persons).

The most common cause of accidents at guarded
railway crossings in Poland was running into a railway
barrier (72.83 %). The incident may have occurred
because the drivers were rushing ahead of the oncoming

20

Number of people

~

&

mdead mbadly injured

15
14
12
1010
10 9
8
0 I I

2010 2011 2012 2013 2014

train. Running an animal was the rarest cause of
accidents (0.08 %). It can also be seen that the most
common side collisions at rail and road crossings were
sideways (45.46 %). The rarest animal was run over
(0.20 %). The average number of incidents on guarded
level crossings was 661 and at unguarded level crossings
326 [35].

The most common type of vehicles in incidents on
guarded and unguarded railway crossings in Poland is
a passenger car (50.56 % - guarded crossings, 70.56 % -
unguarded crossings). The reason why a passenger car
is most often involved in the incidents may be the fact
that, according to GUS (Central Statistical Office) data,
the number of registered vehicles increases every year
[39]. The least frequent incidents involving a motorcycle
with a capacity of up to 125 c¢cm3 occur on guarded
and unguarded crossings (0.05% - guarded crossings,
0.02% - unguarded crossings). The average number of
vehicles on guarded crossings was 676 and on unguarded
crossings - 342 [35].

As can already be seen from the above statistical
data, the situation at the rail and road crossings in
Poland is not ideal in terms of safety. To improve safety,
a solution should be applied that will enthusiastically
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Figure 3 Number of persons who died, seriously injured and slightly injured
on guarded railway crossings in Poland in 2010-2019 [35]
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Figure 5 Time display used in the demonstration model

Figure 6 Demonstration model with time display

Figure 7 Connection diagram

encourage road users to improve conditions in such
a dangerous place as the railroad crossing. For this
reason, the authors propose to use the time display on the
railroad crossings and it has not been tested or described
anywhere. This is the basis for the implementation of
the new solution as a test facility to improve safety at
the railroad crossings.

A device that can improve safety at railroad
crossings is a time display (Figure 5), which would count
down the seconds until the front of the train appears
at the railroad crossing. The solution would be placed
at the single-track crossings. It can be a supplement to
the already existing level crossing signals, e.g. at level
crossings with traffic lights only. It could also be the
main warning device at the D level crossings, because,
according to PKP (Polish State Railways) data, these
are the most numerous crossings in Poland [36]. Level
crossings and level crossings are classified into the
following categories [37]:

e category A - level crossings for public use with
horned barriers,

e category B - level crossings of public use with
automatic traffic lights and half barriers,

e category C - level crossings of public use with
automatic traffic lights,

e category D - level crossings of public use without
horns and half-gates and without automatic traffic
lights

e category E - level crossings for public use,

e category F - crossings and level crossings of non-
public use.

The inspiration for creating such a device was the
already existing time display, which was used at road
intersections. It tells drivers in how many seconds
the light color will change. In European countries,
exhibitions of this type are slightly less popular than
in Asian countries, but there are, among others, in
Greece, Belgium and Croatia [38]. There are two types of
counters in Poland: for drivers and for pedestrians. The
most frequently used counters in Poland are solutions
attached to the siren. For the first time, the exhibition
at intersections appeared in Opole in 2007. From that
moment, more and more cities began to decide on this
type of solution, including Torun, Poznan, Wroclaw,
Zielona Gora and Szczecin [39].

3 Assumptions for the project

The time display counts down 6 seconds before the
front end of the train reaches the level crossing. The
train covers the entire length of the track in 9.8 seconds.
The total length of the track is 280 cm. The train speed
is 0.29 m/s. All the rail vehicles at the railroad crossing
point move at the same speed. The sensors that the train
must pass through for the display to start counting down
are 174 cm from the railroad crossing. Figure 6 shows the
demonstration model.

VOLUME 24

COMMUNICATIONS 3/2022



50

GORZELANCZYK et al.

4 Connection diagram

The display and the infrared sensor (Figure 7) are
connected via the contact plate to the 5 V (red) and
GND (ground) (black) power supply. Signals that allow
text to be displayed on the LCD (Liquid-crystal display)
are connected to the SDA (data line) -> Al and SCL
(clock line) -> AO connectors. The light barrier sends
the obstacle signal with a green wire to connector 7 on
the Arduino Uno. Arduino UNO is a board for learning
electronics and programming.

5 The principle of operation of the device
(on the mock-up)

The receiver and the transmitter of the infrared
sensor are placed opposite to each other on both sides of
the tracks (Figure 8). During the normal operation, both
elements “see each other”. When a train passes through
them, the light barrier is broken and a signal is sent to
the microcontroller during this time. Arduino uno, after
receiving information about an obstacle, starts the time
countdown algorithm. At the same time, the display
shows information about the time remaining until the

) |
il PN ) |

e 71

<--71,72--> - inductive sensors detecting the direction of an

oncoming train

W1, W2 - weight sensors

! ot

train arrives at the railroad crossing. After the train
has passed through the crossing, the measuring device
returns to the rest mode and waits for the next signal
from the infrared sensor.

6 Assumptions for the actual use of the time
display

The time display counts down 60 seconds before
the front end of the train reaches the level crossing.
The train speed is 70 km/h. All the rail vehicles at the
railroad crossing point move at the same speed. The load
cells through which the train must pass in order for the
display to start counting down are 1166 meters from the
railroad crossing and the inductive sensors are 1366
meters away.

7 The principle of operation of the device at
the selected intersection

On the Pila - Ulikowo railway line, on which there
is a railroad crossing, the maximum axle loads for the
wagon and locomotive are 221 kN (approx. 25 tons) [36].
In this case, for the display to work properly, one needs

Figure 9 Visualization of the device installation on the
railroad crossing

Peron pr 1 Sxydowo Krej

n |
w2 72> Wake

Figure 10 Arrangement of sensors on the railroad crossing
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to use weight sensors. The infrared sensor could not be
connected, as a passing animal or human may interrupt
the light beam at any time, which would disturb the
display. Another element that is actually used is an
inductive (proximity) sensor that detects the direction
of the train. This is necessary because the solution was
applied at a single-track crossing where trains run in
two directions. The inductive sensor sends a signal to
the weighing sensor about the approaching train from
the direction of the inductive sensor. Figure 10 shows
the arrangement of strain gauges and inductive sensors.
Arduino uno, after receiving information about exceeding
the weight, starts the time countdown algorithm. At the
same time, the display (Figure 9) shows information
about the time remaining until the train’s arrival at the
railroad crossing. After passing the railway crossing, the
measuring device returns to the ready state and waits
for the next signal from the weighing cell.

8 Materials and methods

The survey technique was used to conduct this
research. This was due to the prevailing COVID-19
pandemic from February to April 2021. The survey
form is a deliberately created set of properly formulated
questions that are then asked to the surveyed group
of people. The survey was anonymous and consisted
of 17 questions - including one on respondent’s age.
Before conducting the targeted research, a pilot one
was carried out on a selected group of respondents.

Table 1 Gender and age structure

People were asked questions prepared for the target
survey. Then, appropriate conclusions were developed,
which showed that it is possible to conduct the study
on a larger number of respondents. They could choose
one of the answers provided or enter their own. The
survey also included an open-ended question. The
results obtained from the study are aimed at checking
the level of knowledge in the field of behavior on the
railroad crossings and checking whether drivers and
pedestrians feel safe on the railroad crossings with the
use of modern hazard warning systems, opinions on the
proposed solution.

9 Object of research

The respondents constitute: 69.5% of women and
30.5% of men. The questionnaire was completed by
3.6 % of women and 3.28 % of men under the age of 18,
36.69% of women and 36.07% of men aged 18-25, 26.6
2% of women and 29.51% of men aged 18-25. 26-36 years
of age, 18.71 % of women and 11.48 % of men aged 37-46,
14.39% of women and 19.67% of men over 47 years of
age (Table 1). The greater number of answers given by
women may result from the fact that, according to the
latest data of the Central Statistical Office, the number
of women in Poland is dominant (51.63 %) [26].

According to the data in Table 2, 82% of the
respondents have a driving license and 18% do not.
The majority of both men and women holding a driving
license were aged 18-25 (women - 29.50%, men - 32.79

Woman Man Woman Man
Under 18 5 2 3.60% 3.28%
18- 25 51 22 36.69% 36.07%
26 - 36 37 18 26.62 % 29.51%
37 - 46 26 7 18.71% 11.48%
Over 47 years old 20 12 14.39% 19.67%
Sum 139 61 100.00% 100.00 %
Table 2 Answers to the question: “Do you have a driving license?”
Woman, %
Answer / Age Under 18 18- 25 26 - 36 37- 46 Over ifdyears
Yes 0.00 29.50 23.74 15.83 10.07
No 3.60 7.19 2.88 2.88 4.32
Sum 3.60 36.69 26.62 18.71 14.39
Man, %
Answer / Age Under 18 18 - 25 26 - 36 37 - 46 Over ;‘17 PR
Yes 0.00 32.79 217.87 9.84 18.03
No 3.28 3.28 1.64 1.64 1.64
Sum 3.28 36.07 29.51 11.48 19.67
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Table 3 Place of residence

Woman, %
Answer / Age Under 18 18- 25 26 - 36 37 - 46 Over 47 years old
Pila 0.72 10.07 12.95 9.35 6.47
5 - 12km from the city center 1.44 3.60 2.88 2.16 2.16
13 - 25km from the city center 0.72 6.47 5.04 2.16 1.44
More than 25km from the city center 0.72 0.72 5.76 0.72 4.32
Sum 3.60 20.86 26.62 14.39 14.39
Man, %
Answer / Age Under 18 18 - 25 26 - 36 37 - 46 Over 47 years old
5 - 12km from the city center 0.00 14.75 9.84 4.92 4.92
13 - 25km from the city center 0.00 4.92 0.00 3.28 3.28
More than 25km from the city center 1.64 6.56 4.92 0.00 6.56
Sum 1.64 1.64 14.75 1.64 4.92
5 - 12km from the city center 3.28 27.87 29.51 9.84 19.67
Table 4 Means of transport
Woman, %
Answer / Age Under 18 18 -25 26 - 36 37 - 46 Over 47 years old
Bike 1.44 2.16 1.44 0.72 0.72
Car 0.00 30.94 20.86 12.23 9.35
Train 0.72 1.44 0.72 1.44 0.72
Bus 1.44 2.16 3.60 4.32 2.88
Others - scooter 0.00 0.00 0.00 0.00 0.72
Sum 3.60 36.69 26.62 18.71 14.39
Man, %
Answer / Age Under 18 18 - 25 26 - 36 37 - 46 Over 47 years old
Bike 3.28 1.64 0.00 0.00 0.00
Car 0.00 29.51 26.23 9.84 16.39
Train 0.00 0.00 1.64 0.00 0.00
Bus 0.00 4.92 1.64 1.64 1.64
Others - scooter 0.00 0.00 0.00 0.00 1.64
Sum 3.28 36.07 29.51 11.48 19.67
%). The overwhelming number of men may result from 10 Results

the fact that, according to the Central Register of
Vehicles and Drivers, 17.6 million people have a category
B driving license, of which 60% are men and 40% are
women [35].

The data in Table 3 present the places of residence
of the research group. According to the information, 38 %
of respondents live in Pila, 12% of persons are 5-12km
from the city center, 17% of persons live 13-25km from
the city center and 33 % of respondents live more than
25km from the city center. Most of the respondents
living in Pila are women (12.95%) aged 26-36 and men
(14.75%) aged 18-25. The highest number of answers
was given by women from Pila (39.57 %), which may
be because, according to the Central Statistical Office,
73,139 persons live in Pila, of which 52.2% are women
[40].

The first question asked to the respondents
concerned the most frequently used means of transport
(Table 4). According to the data, most of the respondents,
both women (30.94%) and men (29.51%) aged 18-25,
drive a car. The second place was taken by the group of
persons aged 26-36 (women - 20.86 %, men - 26.23 %).
Most road users use a car (Figure 11) (76 %). The next
most frequently used means of transport is the bus (13
%), 6 % use the bicycle, 4% choose the train, 0.5% of the
research group walk and 0.5% use the scooter.

The next question was whether the respondent
witnessed an accident at the railroad crossing. Reading
the data in Table 5, one can see that 12.50% of
respondents participated in an accident at a railroad
crossing, while the vast majority of respondents did not
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participate in such an event (87.50 %). The discrepancy
may be because not all the railroad crossings with
accidents are located in places with high traffic. Most
women (4.32 %) aged 18-25 participated in accidents.
Another question was about persons who were
involved in an accident at a railroad crossing. According
to the information contained in Table 6, it can be seen
that a greater number of respondents did not answer
this question (88.50 %), although 11 % were observers of

0.5%

0.5%

13%

events at railroad crossings and 1 person was injured in
an accident at the crossing. The group of observers was
dominated by women (4.32 %) aged 18-25.

Another question was posed to persons who
witnessed an accident at the crossing and it was at
which railroad crossing the accident took place. Most
of the respondents (Table 7) witnessed an accident on
a single-track crossing (54.17 %), while 45.83 % saw an
accident on a double-track crossing. The greatest number

u bike
u car
H train
bus
m walk

H scooter

Figure 11 Means of transport of the respondents

Table 5 Responses to the question: “Have you been | have you witnessed an accident at a railroad crossing?”

Woman, %
Answer / Age Under 18 18 - 25 26 - 36 37 - 46 Over 47 years old
Yes 0.72 4.32 3.60 2.88 1.44
No 2.88 32.37 23.02 15.83 12.95
Sum 3.60 36.69 26.62 18.71 14.39
Man, %
Answer / Age Under 18 18- 25 26 - 36 37 - 46 Over 47 years old
Yes 0.00 3.28 3.28 1.64 3.28
No 3.28 32.79 26.23 9.84 16.39
Sum 3.28 36.07 29.51 11.48 19.67
Table 6 Responses to the question: “During the incident, what were you?”
Woman, %
Answer / Age Under 18 18- 25 26 - 36 37 - 46 Over 47 years old
An observer 0.72 4.32 3.60 2.16 144
The injured 0.00 0.00 0.00 0.00 0.00
Perpetrator 0.00 0.00 0.00 0.00 0.00
Not applicable 2.88 32.37 23.02 16.55 12.95
Sum 3.60 36.69 26.62 18.71 14.39
Man, %
Answer / Age Under 18 18 - 25 26 - 36 37 - 46 Over 47 years old
An observer 0.00 1.64 3.28 0.00 3.28
The injured 0.00 0.00 0.00 1.64 0.00
Perpetrator 0.00 0.00 0.00 0.00 0.00
Not applicable 3.28 34.43 26.23 9.84 16.39
Sum 3.28 36.07 29.51 11.48 19.67
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Table 7 Responses to the question about the crossing which the incident took place on

Woman, %

Answer / Age Under 18 18 - 25 26 - 36 37 - 46 Over 47 years old
Monorail 0.00 11.11 11.11 16.67 5.56
Two-track 5.56 22.22 16.67 5.56 5.56

Multi-track 0.00 0.00 0.00 0.00 0.00
Sum 5.56 33.33 27.78 22.22 11.11
Man, %

Answer / Age Under 18 18 - 25 26 - 36 37 - 46 Over 47 years old
Monorail 0.00 16.67 16.67 16.67 33.33
Two-track 0.00 0.00 16.67 0.00 0.00

Multi-track 0.00 0.00 0.00 0.00 0.00
Sum 0.00 16.67 33.33 16.67 33.33

Table 8 Responses to the question: “What was the cause of your accident?”

Woman, %
Answer / Age Under 18 18- 25 26 - 36 37-46 Over 47 years old
Driver error 0.00 29.41 23.53 5.88 11.76
Malfunc“"n;;lﬁrvov;g‘friiS‘ilﬁ;ices against 5.88 5.88 588 1176 0.00
Other 0.00 0.00 0.00 0.00 0.00
Sum 5.88 35.29 29.41 17.65 11.76
Man, %
Answer / Age Under 18 18-25 26-36 37-46 Over 47 years old
Driver error 0.00 0.00 0.00 0.00 33.33
Malfun‘:ti°n;:§r?;;‘$;§S‘fﬁgceS against 0.00 1667 3333  16.67 0.00
Other 0.00 0.00 0.00 0.00 0.00
Sum 0.00 16.67 33.33 16.67 33.33

of accidents was observed at single-track crossings,
because according to statistical data on events at railway
crossings, there are more single-track crossings [36].
Most of the surveyed women (16.67 %) aged 37-46 and
men (33.33%) over 47 saw the event while traveling.
None of the respondents saw an accident on a multi-
track crossing.

According to the respondents’ answers in Table 8,
39.13% answered that the cause of the accident was
a faulty warning device at railroad crossings, while
60.87% assessed the situation as a driver’s error.
The majority of women (29.41%) aged 18-25 and men
(33.33%) aged over 47 stated that the cause of the
accident was driver’s error, while 11.76% of women
aged over 47 and men (33.33 %) aged 26-36 believed that
the event occurred as a result of incorrect operation of
warning devices at the railroad crossing.

In the next question, the respondents who witnessed
the accident at the railroad crossing could present in
writing what the accident looked like. Below are the
most common descriptions provided by respondents:

e “The lights were off and a car was crossing the
tracks. The train was approaching and began to

warn with siren/honk. The passenger car sped up,
but the train hit the rear of the car, pushing it to
the side of the road. Nobody was hurt, but the entire
rear of the car was crushed “

“The driver did not stop in front of a stop sign and
the train hit the back of the trailer”

“We were driving with my brother-in-law and the
traffic lights allowed us to cross the tracks. Suddenly,
a train came around the bend. My brother-in-law
sped up and drove into the ditch”- response of the
injured person,

“The driver did not adjust the speed and stopped at
a stop sign and there was a collision”

“There was a train and the gates did not close”
“The barrier were almost deserted and the driver
has pulled into the crossing. He survived, but it
didn’t look good. “

“The barrier began to close and the traffic lights
were on and the passenger car still wanted to pass
before the gates were closed”

“The machine reached the intersection, the
warning lights were not flashing and the train was
approaching”
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Analyzing the answers of the respondents, one can
see that incidents at the level crossings are caused both
by drivers and by improperly operating warning systems
of the oncoming trains. The participants in the accident
also responded to an open question. The person should
not place complete confidence in the safety system, i.e.
not rely only on its proper functioning.

The next three questions concerned the behavior
of drivers at the railroad crossings. According to the
answers given by the respondents (Table 9), most of
them always stick to the signs placed in front of the
railroad crossing (88.5 %). 11 % of respondents said that
they “sometimes follow the signs”. Out of the entire
research group (0.5 %) of persons replied that they never
obey the signs placed there. Most women (33.81 %) aged
18-25 and men (24.59 %) aged 18-25, 26-36 replied that
they always obey the signs at the railroad crossing. This

may be because they are young drivers, which makes
them more sensitive to dangerous situations and the
things around them.

Another question was about the behavior at
a railroad crossing equipped with barriers and traffic
lights. Analyzing the answers of the respondents (Table
10), one can see that most road users know how to
behave at an intersection equipped with barriers and
traffic lights. As many as 84.5% of respondents replied:
“I am waiting for the barrier to lift completely, the red
light will stop flashing and only then I am crossing the
railway crossing”. It proves. that both pedestrians and
drivers are particularly careful, which means that they
obey traffic regulations [41] and that their own safety is
important to them. Another answer was: “I check that
nothing is coming and I cross the railroad”. This answer
was chosen by 15% of the respondents. Another answer

Table 9 Responses to the question: “Do you follow the road signs placed there before entering | entering the railroad

crossing?”
Woman, %

Answer / Age Under 18 18- 25 26 - 36 37 - 46 Over 47 years old
Always 3.60 33.81 23.74 16.55 14.39
Sometimes 0.00 2.88 2.16 2.16 0.00
Never 0.00 0.00 0.72 0.00 0.00
Sum 3.60 36.69 2.88 2.16 14.39

Man, %

Answer / Age Under 18 18- 25 26 - 36 37 - 46 Over 47 years old
Always 3.28 24.59 24.59 9.84 18.03
Sometimes 0.00 11.48 4.92 1.64 1.64
Never 0.00 0.00 0.00 0.00 0.00
Sum 3.28 36.07 29.51 11.48 19.67

Table 10 Responses to the question: How do you behave at the railroad crossing equipped with barriers and traffic lights?

Woman, %
Answer / Age Under 18 18-25 26 - 36 37 - 46 Over 47 years old
I wait for the turnstiles to go up
completely. the red light to stop blinking 3.60 33.81 23.74 14.39 11.51
and I pass
I check tha}t nothmg.ls coming a'nd ITam 0.00 9,88 2,88 439 9,88
crossing the railroad crossing
Otherwise (the respondent could enter his/ 0.00 0.00 0.00 0.00 0.00
her answer here)
Sum 3.60 36.69 26.62 18.71 14.39
Man, %
Answer / Age Under 18 18 -25 26 - 36 37 - 46 Over 47 years old
I wait for the turnstiles to go up
completely. the red light to stop blinking 1.64 22.95 22.95 11.48 19.67
and I pass
I check tha}t nothlngils coming gnd ITam 1.64 13.11 499 0.00 0.00
crossing the railroad crossing
Otherwise (the respondent could enter his/ 0.00 0.00 1.64 0.00 0.00
her answer here)
Sum 3.28 36.07 29.51 11.48 19.67
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Table 11 Responses to the question: How do you behave at the railroad crossing equipped with traffic lights?

Woman, %
Answer / Age Under 18 18 -25 26 - 36 37-46  Over 47 years old
I check if the train is coming. If not - I pass 1.44 9.35 5.04 6.47 0.72
I stop and I wait for 2111;; blinking lights to go 2.16 2734 21.58 12.23 13.67
Otherwise (the rgspondent were able to enter 0.00 0.00 0.00 0.00 0.00
their answer here)
Sum 3.60 36.69 26.62 18.71 14.39
Man, %
Answer / Age Under 18 18 - 25 26 - 36 37-46  Over 47 years old
I check if the train is coming. If not - I pas 3.28 14.75 8.20 1.64 1.64
I stop and I wait for :c)}lllet: blinking lights to go 0.00 21.31 21.31 984 18.03
Otherwise (the rgspondent were able to enter 0.00 0.00 0.00 0.00 0.00
their answer here)
Sum 3.28 36.07 29.51 11.48 19.67

Table 12 Response to the question: “Do you ever enter the railroad crossing without being particularly careful?”

Woman, %

Answer / Age Under 18 18- 25 26 - 36 37 - 46 Over 47 years old
Always 0.00 1.44 0.72 1.44 1.44
Sometimes 0.00 9.35 5.76 2.16 0.72
Never 3.60 25.90 20.14 15.11 12.23
Sum 3.60 36.69 26.62 18.71 14.39

Man, %

Answer / Age Under 18 18-25 26 - 36 37 - 46 Over 47 years old
Always 0.00 1.64 1.64 0.00 0.00
Sometimes 0.00 19.67 14.75 1.64 2.88
Never 3.28 14.75 13.11 9.84 5.76
Sum 3.28 36.07 29.51 11.48 8.63

was chosen by a man aged 26-36 and it was: “I am
waiting for the gate to rise high enough for my car to fit
and I am going through.” It can be concluded that the
person who marked this answer does not pay attention
to the safety systems used at the level crossings. It is
therefore necessary to continuously educate road users
to minimise the risks at the level crossings.

The next question was concerned with behavior of
the road users on crossings equipped with traffic lights.
The information provided by the respondents, given in
Table 11, shows that as many as 75 % of the respondents
replied, “I stop and wait until the flashing lights go
out”. Such an answer was given by the greatest number
of women (27.34%) aged 18-25 and men (21.31%) aged
18-25 and 26-36. This proves that both pedestrians and
drivers care about their own safety and pay attention
to the safety systems used. On the other hand, 25% of
respondents only check that the train is not coming and
if it does not they pass.

The next question was, “Do you ever enter a railroad

crossing without being careful?” Analyzing the responses
(Table 12), one can see that the majority of respondents
(70 %) are particularly cautious at the railroad crossings.
As many as 25.5% of the research group persons
sometimes forget the said rule, which is the cause
of undesirable events at the railway crossings. The
questionnaire was also completed by persons who are
not particularly careful (4.5%) and thus pose a threat
to themselves and other road users. Persons with
the answer “always” are mostly women. The greatest
number of “never” answers was given by women (25.9 %)
and men (14.75%) aged 18-25. This is evidenced by the
fact that the majority of students in this age group
obtain their knowledge on the road safety at school.
Another question, related to the sense of security,
was: “Do you think that the current safety devices at the
railroad crossings (traffic lights, gates, sound devices)
provide sufficient safety?” According to the answers
given by the respondents (Table 13), most of them
do not feel completely safe using the current security
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Table 13 Responses to the question: “In your opinion, do you think the currently used safety devices at the railroad
crossings (traffic lights, barriers, sound devices) ensure sufficient safety?”

Woman, %

Answer / Age Under 18  18-25 26 - 36 37-46  Over 47 years old
Yes - I feel safe 2.16 15.83 9.35 7.19 3.60
do mot Teol safe ontering the railvoad orossing 000 1727 1867 863 7.19
No 1.44 3.60 3.60 2.88 3.60
Sum 3.60 36.69 26.62 18.71 14.39

Man, %
Answer / Age Under 18 18-25 26-36 37-46  OV€T 317 dyears

Yes - I feel safe 3.28 11.48 4.92 1.64 4.92
o not feel safo entoring the railvoad crossing 00 1803 1803 98¢ 6.56
No 0.00 6.56 6.56 0.00 8.20
Sum 3.28 36.07 29.51 11.48 19.67

Table 14 Responses to the question: “What do you think about the use of an additional device before the railroad crossing,
which is a time display, which would count down seconds (e.g. 20 seconds) until the train enters the railroad crossing?”

Woman, %
Answer / Age Under 18 18-25 26-36 37-46 Over 47 years old
Absolutely - I am open to new technological
solutions that will improve safety at railroad 3.60 32.37 23.74 16.55 11.51
crossings
I do not know 0.00 0.72 144 2.16 1.44
No - I don‘t see the need for such a device 0.00 3.60 144 0.00 0.72
Other (here the respondent was able to enter his/ 0.00 0.00 0.00 0.00 0.72
her answer)
Sum 3.60 36.69 26.62 18.71 14.39
Man, %
Answer / Age Under 18 18-25 26-36 37-46 Over 47 years old
Absolutely - I am open to new technological
solutions that will improve safety at railroad 1.64 32.79 24.59 11.48 14.75
crossings
I do not know 1.64 0.00 3.28 0.00 1.64
No - I don‘t see the need for such a device 0.00 3.28 1.64 0.00 3.28
Other (here the respondent was able to enter his/ 0.00 0.00 0.00 0.00 0.00
her) answer
Sum 3.28 36.07 29.51 11.48 19.67

systems (48.5 %). The answer “No” was given by 17%
of the respondents, while 34.5% of the research group
answered “Yes”. The majority of both women (17.27 %)
aged 18-25 and men (18.03%) aged 18-25 and 26-36
do not feel safe using the current security systems.
This proves that road users are waiting for new safety
systems’ improvements that will increase their safety
comfort when approaching a railway crossing.

Another question posed to the respondents was:
“What do you think about the use of an additional
device before the railroad crossing, which is the time
display proposed by the authors, which would count
down seconds (e.g. 20 seconds) until the train enters

the railroad crossing?” According to the answers of the
respondents (Table 14), one can see that most of them
(87%) are interested in a new technological solution,
which is a time display. The answer “I do not know” in
the survey was given by 6 % of the respondents and 6.5 %
saw no need to use such a device. 0.72% of women over
47 believed that the application of the above solution
would pose a threat as it would provoke careless drivers
to pass in front of the train. To dispel any doubts, the
new solution could be implemented on a single level
crossing in conjunction with a camera to observe the
behavior of drivers and then consider whether the device
is completely safe.
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Table 15 Responses to the question: “If an additional device was used that could improve safety at railroad crossings,

would you pay attention to it?”

Woman, %

Answer / Age Under 18 18- 25 26 - 36 37 - 46 Over 47 years old
Yes 2.16 32.37 24.46 17.99 12.95
Maybe 1.44 4.32 2.16 0.72 1.44
No 0.00 0.00 0.00 0.00 0.00
sum 3.60 36.69 26.62 18.71 14.39

Man, %

Answer / Age Under 18 18 -25 26 - 36 37 - 46 Over 47 years old
Yes 1.64 31.15 29.51 11.48 19.67
Maybe 1.64 4.92 0.00 0.00 0.00
No 0.00 0.00 0.00 0.00 0.00
sum 3.28 36.07 29.51 11.48 19.67

The last question asked by respondents was: “If an
additional device was used that could improve safety
at railroad crossings, would you pay attention to this?”
Analyzing the responses (Table 15) of the respondents,
the majority, as many as 91% of respondents, declared
that they would pay attention to a new, additional device
and 9% of the respondents answered “Perhaps”. Neither
person gave a negative answer. The majority of both
women (32.37 %) and men (31.15 %) aged 18-25 answered
“yes”, while 4.32% of women and 4.92% of men aged
18-25 answered “maybe”.

11 Discussion

When assessing a new safety system, first of
all, attention should be paid to the annual number
of accidents. Among other things, it was this factor
that prompted authors to propose the time display as
a security solution. One should constantly strive to
reduce the accident statistics from year to year. The
answers of the respondents play a key role in this case,
because, as one can see in the question about what traffic
users think about the new, additional device, as many as
87 % of respondents said that they are most open to new
technological solutions that would improve safety at the
level crossings - road traffic. If the road users accept
the new solution, the time display could also be used on
crossings of other categories, not only D. However, the
priority is given to crossings of this category, as they are
dominant by the number of unfortunate events.

Another way to reduce the number of accidents is
to focus on reducing the number of the level crossings,
which can be achieved through cooperation between the
state, regions and municipalities. The modernization
of the level crossings must be in line with national and
international standards and norms, as declared by the
research of Luptak et al. [42]. Another solution is to take
technical measures aimed at clarifying and simplifying
the traffic situation at the level crossings, as proposed

and recommended in several studies [43-45]. For this
reason, it makes sense to introduce this solution at one
of the level crossings and to observe the behaviour of
drivers crossing the crossing. Will they respect the timer
or will they enter the crossing despite the countdown to
the train’s arrival?

12 Conclusion

The main goal of improving the safety at the railroad
crossings is to significantly reduce the risk for life and
health in rail and road traffic. In most cases, haste and
lack of care for security systems lead to material losses
at best.

The poor technical condition of the pavement at
the intersection of public roads and railroads should
be repaired as soon as possible from the moment the
pavement damage is reported. However, in majority of
cases, the retrofitting occurs at the time of an accident.

According to statistical data, most accidents occur at
level D level crossings. These crossings are only equipped
with a “Stop” warning sign. Equipping D category
crossings with the new technological solutions, such as
a time display, can significantly improve safety in such
difficult places. The new system can also complement
the existing systems (e.g. at level C level crossings).
Modernization or additional auxiliary systems may
lead to a gradual lowering of the accident curve at the
railroad crossings.

Another important aspect is educating the public
and future road users about the dangers and rules
of behaviour at the railway crossings. An example of
such activities are special actions conducted by PKP.
Increasing the awareness of young drivers that stopping
a vehicle before each railroad crossing is an obligation to
save lives. Eliminating behaviours leading to accidents
will definitely improve the level of safety at the railroad
crossings.

The research results presented may be applicable
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to other countries. Authors of the article propose an authors plan to extend the research to double-track
improvement in safety at a single-track crossing where crossings where the trains would move at different
the train moves at a set speed. In the next stage, the speeds.
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Cities are often characterised by the presence of universities and by a greater
number of students, often commuters, with an average age of less than 30
years. The study focused on the city of Enna (Italy), where the university
students represent a significant percentage of residents and also a good rate
of local travel demand. The survey campaign was conducted over a period of
more than one year. A bivariate statistical method was applied highlighting
significant variables regarding several features of a car sharing system.
Additionally, non-parametric statistics and a before and after analysis
were performed to evaluate the influence of implementation of the shared
transport service. The results can also offer insights into the improvement
of transport supply in urban context and the possible implementation of the
co-creation actions between the companies managing the service with the
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1 Introduction

The continuous evolution of urban transport models
is characterised by different sharing transport systems
i.e. car sharing and bike sharing that are particularly
attractive and constantly updated themes [1-2].

A correct design of sharing mobility systems
provides an optimal basis for implementation of Mobility
as a Service (MaaS) systems, useful for all age groups
and which make it possible to streamline booking
procedures and waiting times in changing the mode of
transport, also considering the new transport mobility
issues deriving from the COVID-19 pandemic and the
evolving transport demand [3-4]. An increasing safety
related to this mode of transport can be guaranteed both
by carefully studying the variables that characterise the
transport demand or further measures to the restriction
of the private vehicle use for decarbonisation strategies.

The use of one’s own car is also connected to
increasing economic, social and environmental costs. In
fact, the ever-increasing transport demand, effectively
involves enhancing the attention to systems capable
of “intelligently” addressing the mobility problems in

their entirety, by allowing more effective and efficient
overall performance of the system, using appropriate
mobility planning and management strategies [5-6] and
implementation of innovative transport systems [7].
One strategy, linked to benefit in terms of innovation
and low costs, is to create vehicle sharing institutions.
Shared transport demand is strongly influenced by some
external factors such as population density, age, family
size, level of education, proximity to public transport
stations, land use, distance from the central business
district, distance from services, number of companies
close to the stations and vehicle availability. Authors
of [8] show the impact of demographic, environmental,
economic and travel models on the adoption of vehicle
sharing systems. The efficiency of the implemented
system is based on the correct design and location of the
stations.

The optimisation of the transport offer is done by
considering the end user as a user as well as a potential
helper during the decision-making process, implementing
what is called co-creation. The term co-creation refers
to involvement of users and stakeholders during the
product design and development process. Co-creation
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is a very broad term and emphasises the collective
creativity of stakeholders, designers, researchers
and end users [9]. Some authors have identified the
co-creation as the composition of co-production and
co-design, while others have referred to co-creation as
a particular case of co-design [10].

Several researches have highlighted the importance
of networks and configuration of relationships and
resources in markets. In particular, the creation of value
is a complex and multidimensional process that is best
studied in the context of dynamic networks or ecosystems
of exchange of services. The concept of co-creation has
been advanced by several value research from a service
ecosystem view, considering the importance of networks
and the configuration of relationships and resources in
markets [11-12].

In the field of mobility, a bottom-up approach to
participatory planning is essential in order to improve
cooperation between citizens and politicians and to take
into account the critical issues that users encounter on
a daily basis [13-15].

In studies [16] and [17] authors focused their
research on the relationship among sharing service,
forecasting, optimization and personalization actions.

The evolution of shared mobility starts from
traditional forms such as taxi, car rentals and public
transport [18] and expands through the diffusion of new
business models and concepts. In this perspective, the
growing development of new forms of one-way mobility
or free-floating car sharing is spreading in Europe and
America [19]. Car sharing generates benefits for the
community and for certain population groups, such as
young people who do not own a car [20]. Indeed, this
service allows journeys to be made without a need to
purchase a vehicle [21]. Moreover, the diffusion of car
sharing service implements a mitigation intervention
regarding the dependence on private cars, with economic
and environmental impacts as well as potential health
benefits that can be obtained from this emerging mode
of transport [22-23].

Currently, many systems are adopting electric
vehicles that require charging only when battery levels
drop below a certain value. In order to improve the
service, in accordance with [24], a model was evaluated
which considers the assignment of cars to charging
stations and the path of staff and service vehicles by
optimising the service.

Consequently, to promote a more sustainable
development of urban areas characterised by expansion
of university centres, it is considered that the diffusion
of the shared transport service, in parallel with the
diffusion of the public transport service, can improve
travel, especially when the student population is almost
represented by foreign students or commuters. The
attributes of potential users of this system have been
studied in this research in order to maximise its
effectiveness. A survey of a number of attributes was
conducted in order to know and model the propensity of

university students to join the car sharing. Mixed data
collected from Internet and paper surveys were used to
understand the preferences of early adopters for this
shared transport service and to assess the subsequent
extension of the service to the whole population.

Furthermore, through a before and after analysis,
it was possible to compare the results of the survey
following the implementation of the car sharing service
and influences that this had on the opinions of the
interviewees.

The document is divided into 4 sections: Section
2 with the analysis of literature on the evolution of
the shared transport system and demand modelling
analysis; in Section 3 is defined the sample acquisition
methods and the statistical analysis methodology
used; in Section 4 the results are compared and finally
conclusions and evolutionary hints of this research are
provided in Section 5.

2 Literature review: the sustainability of car
sharing services implementation

Compared to the last decade, Europe is experiencing
a positive development of car sharing in terms of
number of cars and number of users. At present, Europe
represents around 50 % of the global car sharing market
and is expected to reach 15 million users by 2020.

Europe highlights that car sharing is popular
in cities with a high level of education or university
presence and, in cities where business-to-consumer
(B2C) takes place and in cities where there are many
people with green ideals and ecologists [25]. In addition,
the car sharing is getting less choice in cities where there
are many automotive commuters. The introduction of
innovative mobility services, such as car sharing, leads
to changes in users’ travel habits, inducing a shift
in travel demand from existing travel arrangements.
An analysis of these changes should be performed to
promote the car sharing, effectively managing the travel
demand.

The recent pandemic has altered the travel habits
of users due to both restrictions and the growing fear of
contagion [26-27]. The months following the lockdown
(March-May 2020) were characterised by an increase
in the use of private vehicles, reducing the successes
of the decarbonisation campaigns implemented prior
to the pandemic [28]. Some categories of users such as
students and workers have reduced travel from March to
December 2020 due to distance learning and teleworking
[29]. A small number of studies have considered future
compulsory student travel, which constitutes a large
part of daily travel and is crucial for the development of
a society, by analysing available travel alternatives and
specific risk mitigation measures on vehicles, as well
as the promotion of shared or alternative mobility [30].

The variables investigated in this manuscript allow
to lay the foundations for an improvement of the
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service in the post-pandemic phase: in fact, it is known
that the car sharing offers a way to stay on the move
while maintaining distance during the Coronavirus
pandemic, especially without an own car. It also offers
the possibility of having one’s own car at short notice,
without the financial commitment of owning one. This
service is optimal for areas, such as the one examined,
where the weather conditions together with the high
slopes do not allow one to move easily on foot and/or
by bicycle. To identify the travel attributes that affect
the intention to switch to car sharing, estimates can
be used through the decision trees for each mode of
transport. In fact, in accordance with [31], it is clear
that the threshold values of each variable that induce
a modal shift are specific to the mode and therefore
provide better information useful for calibrating the best
political and economic actions aimed at increasing the
benefits of car sharing. The social component, defined
by students and in particular by those who attend
universities, in general is very receptive to the concept
of sharing economy and therefore university students
are recognized as a potential group of customers for car
sharing operators.

A study focusing on Belgrade university students
reveals that the student population has provided
a homogeneous response regarding critical aspects of
service adoption such as costs, distance from vehicles
and convenience of parking. Specific attributes, such as
the pricing scheme and vehicle cleaning, are particularly
interesting problems in the study market [32].

Some universities in California offer commuter
students free use of shared vehicles across campus for
a certain period of time, so car-sharing is very popular
with bus commuters, college students and women
employees [33]. In order to improve the car sharing
transport offer for university students it is necessary
to consider a series of socio-economic variables, but
it is also important to understand both the unique
characteristics of academic institutions such as markets
for car sharing and the ways to predict the university
demand for car sharing services.

The design of a balanced survey, hard-copy and
online format, allows researchers to investigate the
transport habits and car sharing preferences of university
affiliates and the propensity to use the car sharing
service. Studies prepared over the past decade showed
that the status of an interviewee at the university
(e.g. faculty, student or staff) had a strong influence on
individual acceptance of car-sharing, even more so than
the socioeconomic variables, such as income or property.
Vehicles and people’s attitudes play an important role
in their decision making [23]. Different types of the car
sharing services affect the travel behaviour (choice and
frequency) and this depends on the type of user. Several
factors have changed the travel habits and modal
choices over time, e.g. the recent COVID-19 pandemic
or the spread of Mobility as a Service (MaaS) platforms.

Several studies in the literature show such trends
through before-and-after modelling; in particular,
according to [34] the sustainability of shared mobility in
the post-pandemic phase has been considered through
two levels: at the level of travel behaviour and at the
level of urban infrastructure. In contrast, research
conducted by [35] investigated the effects of car sharing
by considering trends in transport-related emissions at
the individual and city level.

With regard to bivariate modelling, a research
focused on the city of Turin focused on estimation of cars
haring services, estimating the propensity to have a car
sharing subscription and substitution patterns between
different means of transport for a representative sample
of trips made by the population of Turin through the
bivariate models [36].

In agreement with [37] an ordered bivariate
profit model was implemented to better understand
the influence of various exogenous socioeconomic and
demographic variables on the frequency of use of ride-
sourcing and car-sharing services.

This work is focused on a correlation of variables
related to location of the sample’s place of residence
(distance) by relating this variable to the concept of
car-sharing utility and fare selection. The results made
it possible to combine the socio-demographic or purely
user-specific aspects with typical characteristics of the
pricing of the service and the interconnected distance
between the places of residence/work and the car parks
where the shared cars are parked.

3 Materials and methods

The methodological framework of the research is
represented in Figure 1.

First of all, a survey was carried out in order to
retrieve a number of information and measures. Then,
the obtained data were processed and analyzed through
a statistical bivariate analysis (the first step) and
a before and after analysis (the second step).

In the first part of the analysis, after the definition
of main and secondary variables, the computational
procedure for the assessment of multiple dependence
or independence between variables was characterised
by six steps, including primarily the calculation of the
Cronbach alpha.

Subsequently, in the second step, the survey was
re-proposed and statistical tests were implemented, i.e.
Wilcoxon and Friedmann, by comparing the “before”
and “after” answers. Moreover, judgement criteria were
identified based on which the percentages of variation
in the opinions of the interviewed users were assessed.

The following subsections provide more details on
the methodological aspects regarding the structuring
and implementation of the questionnaire and the
performed statistical analysis.
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Figure 1 Methodological framework

3.1 Questionnaire design and data collection
The questionnaire was structured in four sections,

investigating different variables:

e the first section was related to socio-demographic
data (i.e. gender, age, car and driver licence
ownership; attended university);

e the second one was linked to geographical
information (i.e. residence and domicile);

* the third section investigated the travel behaviour
(i.e. transport modes for home/school and home/
leisure trips; bus use frequency);

¢ the fourth section analysed the shared mobility
experience. This last section investigated previous
experiences linked to car sharing (e.g. in Italy;
abroad with electric or hybrid vehicles); the
propensity to use alternative vehicle power supply;
and aspects related to the car sharing service
(i.e. way of reservation; rate; service subscription).
Finally, the experience and propensity to use the
implemented car sharing service in the case study
area were evaluated.

The questionnaire was drawn up considering
different types of approach to the response, that is,
through both Internet and paper surveys and a single,
multiple or Likert scale response. The rating system of
Likert scale [38-39] was used to structure answers in
ordered scale (e.g. “absolutely no”, “absolutely yes” for
answering the question about the proposal of a new car
sharing service), wherever it was possible, in order to
assess the subject’s perception.

The sample was characterized by a specific group
of users consisting of university students. The size
of the sample can be considered significant, as it is
representative of almost the entire student population.
Furthermore, a sub-sample was randomly selected and

was subjected to a double investigation before and after
the advent of the car sharing service in the study area.

3.2 Bivariate analysis

A bidimensional or bivariate analysis was developed
to study the influence of different variables in joint car
sharing service, from a sustainable perspective.

The main variables, related to economic,
environmental and social points of view, were associated
with several secondary variables and Pearson’s chi
squared test was calculated considering pairs of these
variables [40-41]. Selected variables included three
major aspects: influence of socio-demographic data
(e.g. gender; car ownership), travel behaviour (e.g.
transportation mode for daily trips) and attributes
related to experiences with car sharing and willingness
to join it (e.g. car sharing experience in Italy and
abroad; rate selection; car sharing utility). Specifically,
three main variables were associated to each combined
correlation with several secondary variables, as reported
in Table 1.

The concept of probabilistic independence on which
this study was based is represented by the following
assumptions:

H,: P(AB) = P(A) x P(B), 1)
H,: P(AB) # P(A) x P(B), (2)
where:

* H, is the null hypothesis;
* H, is the alternative hypothesis;
* A and B the two correlated variables.
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Table 1 Bivariate attributes and specific correlations between main and secondary variables

Correlation Main variables Secondary variables
Cl-1 1 - Mode of transport for home/school
Cl1-2 1. Place of residence (Distance) 2 - Mode of transport for home/leisure
C1-3 3 - Car ownership
C2-1 1 - Gender
C2-2 2 - Car ownership
C2-3 3 - Place of residence (Distance)

C2-4 2. Car Sharing utility 4 - Mode of transport for home/school
C2-5 5 - Mode of transport for home leisure
C2-6 6 - Car sharing experience in Italy
C2-7 7 - Car sharing experience abroad
C3-1 1 - Gender
C3-2 2 - Place of residence (Distance)
C3-3 . 3 - Mode of transport for home/school
3. Rate selection .
C3-4 4 - Mode of transport for home/leisure
C3-5 5 - Car sharing experience in Italy
C3-6 6 - Car sharing experience abroad
C3-7 7 - Car Sharing utility

To test the association between the two categorical
variables and verify the null hypothesis H, that the
samples are independent, the data were organized in
a table of contingency g x k, a chi-square y? was derived
from:

9
=3 S (nj — Ey) _
i=1 i=1 Eﬁ
2 ' (3)
g ko Py
i=1 i=1 Eﬁ n,
. _ g k L= g k "
with n =7 | o1 Wi F. _,'quJ
where:

* n,is the number of observed cases in sample j and
which correspond to the i-th mode;

* E, is the number of expected cases in sample j and
for the i-th mode if H is true;

* gisthe number of modes in which the main variable
is expressed;

* 1 it is the number of all the samples put together.
Due to the hypothesis of independence of the

samples, the number of expected cases was calculated

with:

Ey=—17%, 4)

with:

* nj=7  ny is the marginal frequency for each
of the g modes;

°  n;= Zf, 7 is the number of each sample.
Before calculating the chi-square »2, the Cronbach

alpha was calculated for each correlation, in order to

measure the internal reliability of the questionnaire,

Equation (5), [42], with particular reference to the

quantitative variables (or items) and using the Likert
scale:

r

A ST

(5)
where:
e K is the number of items;
* 7 represents the mean of the correlations.

The formulation has been adapted for the case of
dichotomous variables (or items), as follows:
| 2ba ]

o}

K
C=K—1

(6)

where:

e K is the number of items;

* p is the proportion of items with coding equal to 1;
* g=1-p;

e 07 is the variance.

3.3 Before and after analysis

The before-and-after analysis (B/A analysis)
constituted of a non-experimental design, which is
very suitable for the purposes of this study, since it
is a reasonable option for an evaluation to provide
preliminary evidence for an intervention effectiveness
[43-44].

Specifically, in this study a B/A analysis of this
type “OX0” was applied to assess the level of causality
of the two measurements Oi and Oj having in the
middle the introduction of the intervention X, i.e.
the implementation of the car sharing service in the
study area. The percentage of response variation before
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and after the intervention was calculated and it was
compared to a judgement criterion associated with each
variable, to be able to assign a negative or positive
value, from a multiple perspective (i.e. economic, social
and environmental).

Additionally, since the statistical analyzed sub-
sample for the B/A analysis was derived from the same
group population, the Wilcoxon non-parametric test was
applied to verify, in the presence of ordinal values with
a continuous distribution, if the judgments undergo
a variation following implementation of the intervention
X. The test involved calculating the statistical variable
U, which has a distribution under the null hypothesis
determined by the following equation:

7[1(7!1 + 1)
A==, (7)

U 1= R1 -

where:

* n,isthe sample dimension of the sample interviewed
before the intervention X;

* R, isthe sum of the ranks in the mentioned sample;
Similarly, the statistic variable U, was calculated

for the sample interviewed after the implementation

of intervention X. The smallest value of U, and U,

was used for consulting the significance tables and

performing the Wilcoxon test.

3.4 Study area: the car sharing service of Enna
city

The analysed area focuses on the municipality
of Enna characterised by the presence of 27.000
inhabitants and around 5300 students from two
universities respectively Kore University of Enna (about
4800 enrolled) and Dunarea de Jos Galati (about 500
enrolled) in 2020. The city is distributed along three
macro areas called Enna Alta, Enna Bassa and Pergusa
(Figure 2).

The road infrastructures are mostly classified by
local roads without preferential lanes. At present there
is no bike sharing service but since 2019 a car sharing
service has been activated by the company titled Amat
Palermo. The service is provided from 06:00 to 22:30
on weekdays and from 07:00 to 23:00 on holidays
every 30 minutes. In April 2019 the city inaugurated

a car sharing service with the presence of 6 cars and
a minivan.

There are two bus terminals located respectively in
Enna Alta and one in Enna Bassa near the universities.
There is a taxi service little used by residents due to the
high costs.

The Kore University of Enna is located in the centre
of Enna Bassa and the surrounding areas are populated
by residential neighbourhoods mostly inhabited by
university students and commercial activities such as
shops and supermarkets (Figure 3). The majority of the
student population is commuting while the remaining
part has rented, or owned houses scattered in the three
ones defined above.

AmiGO is the car sharing service in the Sicilian
Region, supplementing public and private transport,
intelligent, economic and respectful of the environment.
In Enna it has been started for less than a year and
provides for the facilitation of travel to and from the
areas of the historic centre where many primary schools,
banks and offices are located, Enna Bassa, a place of
schools and universities and the tourist area of Pergusa
(Figure 4). The service is intended as an alternative to
use of the private vehicles and provides for the sharing
of a car park with low environmental impact among all
the registered citizens, limiting the use of the car to the
time strictly necessary.

4 Results and discussion
4.1 Statistical analysis results

From May 2018 to January 2020, five investigation
campaigns were launched, which involved the paper
and online administration of a total of 704 surveys. The
investigated population was entirely related to the Kore
University with a gender distribution of 48 % males and
52% females with an average age between 24 and 29
years (63 %).

After the first part of the survey, related to socio-
demographic analysis, the possible itineraries made
by the university students for home/school and home/
leisure reasons were monitored, considering the location
of the different houses and the location of each Faculty
of the University of Enna Kore. It has been estimated

Figure 2 Enna landscape and an overview of Enna Alta, Bassa and Pergusa
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Figure 3 An overview of Enna Bassa where the University of Enna Kore

and relative distribution of each Faculty

Figure 4 Dedicated AmiGo parking area and car sharing service in Enna

that around 62 % of the population lives in the district
of university faculties located in Enna Bassa (within
1 km), 32% in Enna Alta (considering also cities with
similar distance) and 6% in Pergusa. The latter two
are respectively 5km and over 6km away from the
university area.

The geo-localisation of the University of Enna
Kore is barycentric with respect to the area of Enna
Bassa and the three districts that characterise it are
about 700m from each other. Students are uniformly
distributed in the various faculties, i.e. 51 % of students
attend the Faculty of Psychology and Sociology, 25%
attend Engineering and Architecture courses, while the
remaining 28 % are divided between economics and law
studies.

The second part of the questionnaire focused on the
driving licence possession and on the use of alternative
transport modes, i.e. the frequency of public transport
or the propensity to go on foot. In particular, a high
percentage of students have a driving licence (over 98 %
and 51 % for over five years). However, a good percentage
of them use public transport (41 %) or walk (26 %) to go
to university. Considering home/leisure itinerary, the
percentage of car use increases (43 %) because the public
transport service is active until 10 pm. It is impossible
to reach Enna Alta and Bassa on foot due to the high
slope and the absence of pavements on many road
sections. The third part of the questionnaire allowed

to acquire information on the previous experience of
the car sharing service (47 % in Italy and 26 % abroad)
and therefore studied the propensity to use it (72% of
students thought it very useful to set up a car sharing
service).

A part of the sample (about 10 % of the entire sample
randomly selected) was doubly interviewed and on the
completed questionnaires it was possible to implement
a before and after analysis. The aggregate results of the
individual attributes show almost total interest in the
provision of a car sharing system dedicated to students
and this result is consistent with those obtained for the
attributes relating to the previous experience of car
sharing services and willingness to pay for use of this
service, distinguishing between low (65 %), medium
(28 %) and high (7 %) rates. This corresponds to use of
the small two-seater vehicles in the first case and small
vehicles in the second. These choices are supported by
Enna’s morphology referring to the narrow streets of the
historic centre.

4.2 Bivariate analysis results

In order to schematically summarise the obtained
results, the Cronbach alpha and the chi-square values
for each studied correlation are shown in Table 2.
It emerged that in most cases the items are highly
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Table 2 Bivariate attributes and correlations between main and secondary variables
Correlation aCronbach b p<.01 p<.05 p <.001
Cl1-1 0.7691 17.8043 Sign Sign Sign
C1-2 0.6125 13.3779 Sign Sign Sign
C1-3 a<0.3 6.6885 .0352 Sign Sign
Cc2-1 0.4 <a<0.6 12.8139 Sign Sign Sign
02-2 0.8467 27.6656 Sign Sign Sign
C2-3 0.6762 11.4428 .0220 Sign Sign
C2-4 0.7795 9.1079 .0584 .0584 Sign
02-5 <03 64.6379 Sign Sign Sign
C2-6 0.8194 15.5678 Sign Sign Sign
Cc2-7 0.6771 17.6167 Sign Sign Sign
C3-1 0.4 <a<0.6 7.56 .02282 Sign Sign
C3-2 0.7504 2.5099 .6428 .6428 .6428
C3-3 04<a<0.6 23.7965 Sign Sign Sign
C3-4 0.4 <a<0.6 32.4531 Sign Sign Sign
03-5 0.8309 12.6495 Sign Sign Sign
C3-6 0.6645 4.4359 .1088 .1088 .1088
C3-7 0.7081 14.6545 Sign Sign Sign

correlated with each other, as there is a high internal
consistency having obtained Cronbach alpha values
higher than 0.60, which represent a good level of
consistency. In some correlations, the range of variation
is between 0.4 and 0.6 and this indicates a tentative and
possible consistency. Therefore, it is possible to affirm
that each question makes a real contribution to the
measure of the construct.

However, the Cronbach alpha represents an
indicator to measure the reliability and verify the
reproducibility over time. Thus, in the cases of
values from 0.4 downwards, this indicates that these
correlations are not reproducible over time under
the same conditions. The lower reliability in the case
study was verified for the correlations corresponding
to place of residence (distance) with car ownership. In
fact, the results may vary over time if, for example,
the user no longer owns a car or vice versa buys a new
one. A similar phenomenon was also observed in the
case of the correlation between car sharing utility
and mode of transport for home/leisure, because
evidently it is the shared mode of travel that is more
considered by the examined users to go to school
or work. Furthermore, since it is a large sample of
students, not having a high financial availability, it
is possible that they prefer to travel by private car
(own or family car) or walking. In particular, in Enna
Bassa, the entertainment venues are almost all close
to the student residences.

The obtained results for the chi-square are discussed
for each analysed main variable.

4.2.1 Place of residence (distance)

The first correlations were referred to the place of

residence, which is likely related to the distance travelled
during the daily trips. In this case, the city macro-
areas and the neighbourhoods were grouped into three
categories: a short-travelled distance (i.e. Santa Lucia;
Ferrante and Enna Bassa); a medium-travelled distance
(i.e. Monte; Lombardia and Enna Alta) and a long-
travelled distance (i.e. Pergusa and other locations).
It was considered useful to correlate this variable
with the transport modes, both for home-school trips
and home-leisure trips, in order to understand which
mode is chosen by students according to the travelled
distance. In addition, car ownership was also taken into
account. By analysing the tables of contingency for each
of these correlations, it was possible to observe that
over 63% of students travel for a short distance, but
they were almost equally distributed among the three
considered modes, that is, walking, public and private
transport. For longer distances, a very small percentage
of students walking was obtained; however, those who
use the bus were more than double compared to those
who use the private car. This denotes good sustainable
travel behaviour. Slightly different considerations were
found in the case of home/leisure trips: in fact, a good
percentage of walkability was registered, equal to 31%
of the total; however, at the same time, an increase in
the number of trips by car was noted to the detriment
of those made by bus. This is consistent with the fact
that greater flexibility is required for home-leisure
trips, but this also indicates a lack of public transport
service to support demand mobility. Finally, it was
observed that the number of trips for short, medium and
long distances was very similar both in the case of car
ownership and no-ownership.

The results associated with the bivariate analysis,
with respect to this first main variable, were coherent
for the three correlations and allowed to assume
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a hypothesis of independence between the variables,
except in the case of the last correlation, for which there
is a dependency at p < 0.01 (see Table 3).

4.2.2 Car sharing utility

Evaluation of propensity to join the car sharing was
assessed in the opinion of students about the utility
associated with the service. Students expressed a rating
on a Likert scale from 1 to 5 based on how useful a car
sharing service dedicated to Enna’s students can be. The
analysed correlations with this main variable took into
account different aspects relating to socio-demographic
data; travel behaviour and car sharing experience.

For the examined sample, equally distributed
between men and women, it was not observed a specific
propensity for car sharing based on gender. In general,
the students’ opinions regarding the usefulness of a car
sharing service were very positive. The maximum value
of 5 was selected in more than 70 % of cases and for this
reason it was chosen to analyse correlations considering
the utility values from 3 to 5. Non-car owners showed
a greater propensity towards car sharing, attributing
a higher utility rating. The distance also influenced car
sharing service, which was deemed proportionally useful
up to 4 times more in the case of medium distances than
the short ones. As regards the transport modes used
for daily trips, higher utility values associated with car
sharing were obtained by those who walk, especially
in the case of home-leisure trips, which need more
flexibility. Through the calculation of the chi-square,
a dependence from the variables of a distance and
transport mode was found (for p < 0.01 and p < 0.05) and
so they influence reciprocally with the main variable.
Finally, any previous experience of using car sharing
was taken into consideration, both in Italy and abroad.
Certainly, a positive aspect was represented by the fact
that almost 50 % of the interviewed sample had already
used a car sharing service. This percentage rises in the
case of experiences abroad. However, the same utility
values were also attributed by those who have not yet
experienced this service.

4.2.3 Rate selection

The last analysed main variable was the rate
selected by students for car sharing service, which in
a certain way is representative of the willingness to
pay to use this service. The correlations taken into
consideration were similar and the influence that the
utility, associated with the car sharing service, may
have on the willingness to pay a certain rate, was
assessed, as well.

The rate was set in three different ranges (i.e.
low, medium and high), depending on the service
characteristics and on operational attributes (for

example the displacement of the vehicle used, the type
of power supply, etc.). Considering that, for all the
correlations the highest percentage of responses was
concentrated in correspondence with the low rate values.
It emerged that women were more willing to pay an
eventual medium rate to use the service. Analysing the
correlation with the distance, from the calculated table of
contingency it was possible to observe that as the travel
distance increases, the willingness to pay a higher rate
decreases, because the total cost of the service is greater
due to the increasing number of kilometres. As regards
the attribute linked to travel behaviour, represented by
the transport mode, it was registered as a willingness
to pay a medium rate one third less than a low rate
by students travelling by car; for those who walk, this
percentage is only reduced by half. In addition, in this
case, the willingness to pay for using a car sharing
service was demonstrated in the same way by students
without previous experience of using car sharing. In the
end, from the last correlation it clearly emerged that
utilities with a value of 5 were associated with higher
percentages of potential increases of the rate, since the
utility associated with the car sharing is greater and,
therefore, they are willing to pay more.

4.3 Before and after analysis results

A selected group was interviewed the first time
before the implementation of car sharing in Enna and
the second time after a period of approximately one
year after the activation of the service. The before and
after analysis (B/A) was based on the comparison of
data obtained by dispensing the questionnaire both
before and after the car sharing service implementation
in Enna (mentioned in the methodology section as
intervention “X”).

The Wilcoxon test was performed considering the
three variables related to: (i) the car sharing utility; (ii)
the willingness to pay and thus the rate of the service;
(iii) the recommendation of the car sharing service. The
results of the statistical test are reported in Table 3.

Since the test proves non-significance, then it can
be argued that the null hypothesis cannot be rejected.
This implies that the randomly selected values of
the items associated to the population interviewed
before the implementation of the car sharing service is
assumed to be equal to the randomly selected values of
the items associated to the population interviewed after
implementing the intervention.

The results indicate a measure of how similar
the random sample is and how close it is to the entire
population. Therefore, the judgments of the considered
sub-sample, both before and after the implementation of
the service, remain almost similar considering the three
examined variables. In fact, the students interviewed
have shown that they tend to use alternative and
less polluting forms of mobility regardless of the
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Table 3 Wilcoxon test results
Items p-value Z p<.01 p<.05 p<.10
Utility 0.06619 -1.8371 Not Sign Not Sign Not Sign
Rate 0.127 1.5259 Not Sign Not Sign Not Sign
Recommendation 0.272 -1.0984 Not Sign Not Sign Not Sign
Table 4 Percentage variation of B/A analysis and criteria evaluation
B/A variables \I');;i?(fzg; Criteria
Place of residence 11 Travel distance
mode of transport for home / school 14 Sustainability
mode of transport for home / leisure 2 Sustainability
Bus use frequency 0 Sustainability
Car sharing experience in Italy 0 Increasing experience
Car sharing experience abroad 5 Increasing experience
Electric/hybrid vehicle experience 4 Technological Innovation
Propensity to use electric/hybrid vehicles 0 Technological Innovation
Car Sharing utility 11 Willingness
Car sharing reservation methods 0 Innovation
Main reason for using car sharing Motivation Convenience
Rate selection 16 Willingness to pay
Service subscription 8 Customer; Loyalty

implementation of these shared service types. This
evidence could be partly attributed to the fact that
there is a widespread participation in dissemination
campaigns and surveys regarding shared mobility.
Furthermore, even the preventive planning actions
by the local government in the context of SUMPs can
trigger the propensity to use these forms of mobility [45].

With regard to the B/A analysis, almost all of
the significant variables reported in the investigation
were subject to the B/A analysis and specifically the
percentage of response variation was calculated. This
percentage was compared to a judgement criterion
associated with each variable, so as to be able to assign
a negative or positive judgement to the variation, from
a multiple perspective. Table 4 shows the results of the
B/A analysis highlighting the aspects and variables
most sensitive to the introduction of the car sharing
service in Enna:

As regards the place of residence, there was a total
variation of 11%. The real appreciable variation of this
variable, if analysed with respect to the “travel distance”
criteria, can be reduced to 3% since the other residence
displacements concerned the two neighbourhoods of
Ferrante and Santa Lucia, which are quite close between
them and therefore comparable. Therefore, no major
changes from this point of view are appreciable.

Another significant variable related-to the mode of
transport, both for home/school and home/leisure daily
trips. In this case, an overall variation of 14% was
obtained. In detail, for home/school 7% stopped using
the bus and started walking and 3% changed mode of

transport from private car to bus, while the remaining
percentage started using the car or the bus instead
of walking. Considering the sustainability criteria,
a positive variation of this variable can be assumed. With
reference to home/leisure trips, a positive percentage
variation of 2% was obtained. No variation was obtained
with respect to the bus use frequency.

Evaluating the sharing mobility experience, the
percentage variation related to car sharing experience
in Italy is zero, but considering experience abroad it was
registered an increase of 5 %, which represents a positive
aspect as this could lead to a greater propensity to use
the car sharing service implemented at Enna.

Concerning the experience of using electric or
hybrid vehicles, there was registered an increase of 4%
in favour of these new innovative forms of alimentation.
No variation was observed relating to the willingness to
use an electric or hybrid car sharing service.

An important aspect is represented by the value
associated with the usefulness of a dedicated university
car sharing service.

As a matter of fact, by comparing the answers
obtained before and after the implementation of the
car sharing service in Enna, there was a response
percentage variation equal to 11%. This would seem
to suggest that student opinion has changed. However,
this can be denied because analysing in detail the
answers, it was a variation of the utility judgement,
which varied between the values of 4 and 5 on the Likert
scale. In fact, there was a 5% variation from value 5 to
value 4 and a 6% from 4 to 5. So, it can be said that
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there was no change in thinking of students that could
affect the willingness to use the car sharing service.
Moreover, the preferred way of reservation represented
for the majority by the use of an APP has not undergone
changes. Instead, only 2% of response variation was
registered in the motivation to use car sharing. In
this case, this variation derives from a change in the
convenience of using car sharing, first associated with
flexibility and subsequently with an economic aspect.
Therefore, it was possible to attribute a slightly negative
judgement, as the economic aspect is prevailing the idea
of the availability of a vehicle that allows you to move
more flexibly, instead of owning a car. This consideration
was also found in the subsequent significant variable
analysed, that was the rate selection for car sharing
service. The total percentage variation is equal to
16 % and specifically 13% corresponds to a declaration
of intent to pay less, moving from a high to medium
rate, or from medium to low rate. This negatively
affects the willingness to pay for the car sharing
service.

In a certain way, a similar consideration made for
the car sharing can be associated with the variable
linked to the kind of typology service subscription to
car sharing. In fact, the response variation of 8% can
be considered null as the number of students who
expressed a preference for non-subscription is the same
as the number that expressed a change in favour of
activating a subscription.

A final consideration that can be made in relation
to this B/A analysis is that, by performing a cross-
observation of the response variation before and after
the implementation of car sharing and of the experience
related to amiGO, half of these observed variations
derived from users of the service. Therefore, any kind of
recorded change is only partially attributable to a direct
experience of the car sharing service.

5 Conclusion

Car sharing services play an active role in keeping
congestion at bay by meeting the current short-term
demand for private cars. As long as people have the
possibility to share a car, they will be more likely
to continue using the public transport in the future.
Therefore, it is important to analyse how certain factors
increased or decreased the propensity to use car sharing
in the pre-pandemic phase in order to understand the
correlation between the variables analysed and those
arising from the pandemic and to be able to optimise
the service.

This focused on evaluating the
implementation of a car sharing service in the city of
Enna, involving students through a large consultation
survey featuring mixed data from Internet/paper
surveys. The results made it possible to analyse
students’ propensity to use the shared mobility and

work was

to provide an opinion on the current car sharing
service implemented by the Municipality of Enna in
collaboration with a transport company. A detailed
analysis was performed, segmenting the sample, in
order to study the heterogeneity of preferences and
model the propensity to the car sharing.

The data processing took place through a bivariate
statistical analysis and through a before and after method
on a portion of the sample investigated. The Cronbach
alpha computation was used in order to measure the
internal reliability of the questionnaire. Then, the
chi-square test was calculated to analyse different
combinations of attributes and their correlations.
of the socio-demographic
parameters, experience with shared mobility and the
propensity to use a university car sharing service
have been taken into consideration. Moreover, a non-
parametric test (i.e. Wilcoxon test) was performed and
through the B/A analysis it was possible to investigate
the judgement of the student population regarding the
service implemented in Enna.

Based on the research on the transfer model of
the optimization of the future car sharing service
implemented in Enna, this document has reached the
following conclusions:

* alack of public transport service to support mobility
demand can generate a greater propensity to use
private cars for daily trips, especially in the case
of home-leisure trips, which need more flexibility.
In this context, a car sharing service could help
to make the journeys more sustainable, without
necessity to own a car;

* despite having carried out an extensive investigation
campaign, there seems to be no high gender influence
in the analysed correlations. However, it would be
interesting to deepen this aspect with reference to
other case studies;

* previous experiences of using car sharing can
influence a greater propensity to join this service.
Since the analysed sample is represented by
students (high percentage of 18-30 years old), it is
possible to affirm that a young age group tends to
be more willing to try a new experience, in this case
a shared mobility service;

e the highest percentage of responses was
concentrated in correspondence with the low rate
values associated with car sharing services. It would
be interesting to investigate the willingness to pay
with reference to the service characteristics and on
operational attributes. Furthermore, to encourage
the use of car sharing, it would be useful to propose
discounted rates for students, also depending on the
travelled distance.

The analysis conducted and the selection of the
variables analysed allowed evaluation of possible
correlations and mutual influences, paving the way
for recalibrating the implemented service. It also lays
the groundwork for future phases of the research that

Different combinations
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will consider multiple simultaneous correlations with
a multinomial logit analysis. The obtained results from
this research highlight some of the factors that optimise
the propensity to use car sharing by the student population
in the area examined. These results can be implemented
and optimised by investigating more variables or by
comparing different target groups such as millennials.
This approach allows to highlight that the motivation for
a stable participation (for a longer period of time) and the
collaboration of the user samples is essential to obtain
useful results in the process of service optimisation.
Through this strategy and the related survey steps both

experts and non-experts represent different and often
complementary perspectives. The research findings could
also be useful for local authorities, university managers
and managers of shared mobility services to control the
part of the travel demand.

Data availability statement
Some or all data, models, or code generated or used

during the study are available from the corresponding
authors by request.
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