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Resume

Travel restrictions due to COVID-19 initiated a radical rethink of the urban
planning process, focussing on a concept initially proposed by Carlos Moreno
in 2016; the “15-Minute City” model, aiming at the improvement of quality of
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life by creating or rearranging cities so that residents’ needs can be reached

within 15-minutes on foot or by bicycle or by public transit. In continuation
to a research in 2020, this paper quantifies the attractiveness of the model
to residents in nine regions of Sicily in 2022. Based on statistical analysis
concerning the respondents’ opinion, the model examined promotes walking
as an anti-stress method and improves the overall health conditions at a
community level. Therefore, policy makers can revalue the existing planning
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process and create a blueprint for a healthier and car-free lifestyle.
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1 Introduction

The concept of the safe travelling has radically
changed due to the COVID-19 pandemic. Fear of
contagion and restrictions, imposed by governments in
an attempt to mitigate the disease, have contributed
to a significant drop in travel frequency [1]. At the
same time an increase in private vehicle use and non-
motorized modes of transport has been observed [2].
The travel behaviours of citizens differ before and after
the pandemic and they are highly affected by gender,
car ownership, employment status, distance travelled,
purpose of travelling and infection-related factors, such
as use of face masks, cleanliness, social distance. Travel
distances tend to become shorter and trips less frequent
[2]. In areas with sufficient and proper pedestrian and
bicycle infrastructure people might tend to use more
sustainable modes of transport (walking, e-scooters,
e-bikes).

Realising and quantifying these changes is crucial
for optimisation of urban spaces. The current demand in

terms of city planning shifts towards safer, sustainable
and more inclusive cities, independent of private vehicles
that increase social inequalities [3]. Many kinds of tools
can be used in order to observe citizens’ daily practices
and mobility can definitely be considered as one, so to
construct policies coherent with the emerging demands
being made by populations using the city and its
service [4]. One of the most promising concepts that
satisfies the world’s recent needs is the 15-minute city
model [5-6].

The 15-minute city model derives from the
“neighbourhood unity” concept, first developed in 1923
in a national architectural competition in Chicago,
as a proposal to build new compact residential
neighbourhoods. The proximity of services, public
facilities and housing could create communities with
a recognisable social and cultural identity on a local
scale, counteracting the anonymity of large cities [7].
As an alternative, the concept of “city region” was
developed, first explained in the Regional Plan of New
York and its surroundings, published in 1929 [3].

© 2023 UNIVERSITY OF ZILINA
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The dissemination of planning tools, such as the
SUMP (Sustainable Urban Mobility Plan), provides a set
of medium- and long-term strategies by defining different
components of individual actions and guidelines for all
the parties involved. These urban and mobility planning
tools:

e discourage high concentrations of settlement in
the city centre through housing programmes in the
suburban area, especially with low-density detached
and semi-detached houses [8];

e promote the return of productive activities to the
city (e.g. handicrafts, commercial activities) [9].

e advocate the construction of new, “compact”
residential neighbourhoods, according to the
dimensional and spatial criteria of the neighbourhood
unit [10]

The new residential neighbourhoods, developed
in the last twenty years outside the city centre, often
lack services and require the use of transport to
reach daily destinations. In order to create residential
neighbourhoods, integrated with services, greenery,
offices, it is necessary to rethink the location of certain
public and collective functions.

Typically, these functions are located in the city
centre, making the heart of the city a convenient place
to live [10].

The first data recorded after the lockdown in Italy
(end of May 2020) show a diversification in modal choice,
where walking or cycling is preferred for short distances
and private transport is favoured in other cases [11]. In
fact, Italy was the first European country to register
positive cases of COVID-19 from 8 March 2020 and to
implement travel restrictions by adopting the national
lockdown until mid-May 2020. Users preferred to
travel alone, with individual means of transport, such
as electric scooters and regular and pedal-assisted
bicycles [12].

Mainly due to fear of contagion, the use of shared
and public transport was abandoned. Considering this,
local administrations are responding with the proposal
of the “15-minute city”, i.e. a city in which all the daily
activities can be reached within fifteen minutes, either
on foot or by bicycle [13].

The mobility concept associated with this urban
planning model is characterised by walking and cycling.
It is therefore emphasised that there is a different
pyramid hierarchy between different modal choices that
place the use of private vehicles at the base, compared
to the pyramid hierarchy of the 15min city model that
places walking at the base

The 15-minute city concept, aiming to maximise
each user’s time, was implemented before the pandemic
in European and non-European cities such as Paris,
Helsinki, Los Angeles and Singapore. In those cities,
digital platforms or Mobility as a Service (MaaS) were
developed by service operators to facilitate the user in
multimodal choice [14].

In this sense, digital platforms have been developed

to make end-to-end planning, booking and ticketing
services interact for all the modes of transport, public or
private, while reducing waiting times for users [15]. The
15-minute city concept can be successfully implemented
if the presence of services (such as supermarkets,
banks, offices) and public spaces for socialising (such as
squares or playgrounds for children) are located near the
workplace and residence.

This would allow citizens to carry out daily activities
without wasting too much time on transport. At the same
time, it would discourage the use of private vehicles in
an attempt to tackle the problem of traffic congestion
(especially during rush hours).

The increase in pedestrian accessibility to services
aims to provide residents with a rational distribution
of services that facilitates daily travel at a distance of
between 200 and 800 meters, with respect to the location
of the residences [16].

2 Literature review

The recent pandemic imposed many restrictions
and showed that some cities were not ready for the
generated impacts, especially in the health and mobility
sectors. After the lockdown, it was advised to use
single-user mobility options. In particular, in several
European cities there has been an increase in the use
of bicycles. Actions to improve mobility post COVID-19
include the implementation of new or temporary (pop-
up) infrastructure, which in some cases has led to less
spread of infections, for example in Germany [17] and
Copenhagen [18].

Several parameters characterise 15-minute cities
and can be the basis for highlighting the development
benefits in different urban contexts worldwide.

In particular:
®  easy accessibility
* optimisation of the location of services
*  socio-economically equity
* reduction of the use of private vehicles
* strong pedestrianisation.

Most urban areas, built before the overwhelming
proliferation of automobiles (1960s-1970s), had
a 15-minute urban structure, so restoring the goal can
be relatively easy. This will depend on the estimate of
the damage produced by urban renewal, for example
by the spread of limited traffic areas, the presence
of motorways adjacent to the city and the population
trend.

There are alot of alternative and innovative transport
modes that can be implemented in order to improve and
make more efficient the existing (traditional) urban
mobility system and thus, has started to be included
within the policy agendas of many modern smart
cities [19]. Development of the 15-minute city model
allows for development of more infrastructure and
pedestrian areas, making cities more liveable, walkable,
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healthier, sustainable and economically productive [3].
Increased liveability is linked not only to the functional
geometric improvement of streets but also to the better
development of neighbourhoods, which also means that
people are more likely to meet each other, increase
sociality and build a sense of community.

These benefits are particularly relevant for the
elderly, as creating spaces and opportunities for
accidental social contact throughout the city can reduce
the experiences of loneliness in old age [20]. This
model provides an equitable socio-economic scenario -
those without cars could easily access all their needs.
Regarding inclusivity, developing neighbourhood
planning can help address urban inequalities by
considering those who cannot access urban services
[21]. Among the Italian regions, Sicily was the most
affected by the pandemic, where the public transport
(i.e. trains and metro) is still very limited in terms of
infrastructure and there is also a tendency to avoid the
use [12], However, there are several parts of the existing
infrastructure in which people can safely move on foot.
To investigate the travelling habits in the pre-pandemic
and the post-pandemic period an initial questionnaire
was distributed to a specific sample, which consisted of
Sicilian citizens, concerning the perception of walking
not only as an alternative means of transport but as an
anti-stress method, as well. In addition, the usefulness
of implementing the 15-minute city model was assessed
in order to make the short distance movement (<1km)
more comfortable and quicker [22-23].

2.1 Development of city of proximity in Italy and
in Sicily before and after COVID-19

“The “15-minute city” model, represents a city that
offers to the citizens all the services they need on a daily
basis by reaching the relevant destinations within
fifteen minutes (in maximum) of walking from where
they live. The evolution of cities and implementation
of the 15-minute city model must comply with the
technological and socio-economic evolution and the
needs of the population [24].

Additionally, a study conducted by [25], highlights
the characteristics of climate change and the ongoing
pandemic, pointing out the main effects and consequences
of these phenomena in cities and the vulnerabilities of
the urban system. The dissemination of the 15-minute
city model could create a climate-proof adaptive city in
the post pandemic period.

The concept of “urban proximity”, cannot be
associated with the concept of physical proximity
to the essential activities of daily life but must be
about strengthening the social interactions
that some places are more able to activate than
others [26].

Over the years some cities, such as Milan, have
already started efforts in order to adopt the concept of

15 minute-city model, without neglecting the goal of
upgrading the neighbourhoods into attractive places of
social aggregation for communities [27].

The above-mentioned research highlights the
importance of correlation between the concept of spatial
node to the node of local capacities and resources,
recognizing the local community as the bearer, which is
capable to guide and prefigure the process of regeneration
in the post-COVID city.

Regarding Southern Italy, a study conducted by [28],
identifies the urban characteristics in the city of Naples
that define a 15-minute city, by emphasising to processes
that urban, geomorphological, physical (regarding both
spaces and routes, such as the geometry of pedestrian
and bicycle networks), functional (distribution and
location of services), socio-economical (of the population)
and settlement characteristics, are taken into
account.

Sicily is an island area, characterised by the presence
of 3 metropolitan cities facing the sea namely Catania,
Messina and Palermo. The rest of the cities can be
classified as medium or small cities in terms of number
of inhabitants, especially inland. Implementation of
proximity city models would allow different contexts
to be implemented in order to increase the sustainable
urban mobility and help citizens to become more
familiar with the daily routine under a 15-minute
neighbourhood.

Moreover, based on research published in 2022 by
[29], the outbreak of the COVID-19 pandemic had as
affect to change the mobility of Polish resident in cities
with a significant use of public transport and many
residents started to prefer using their private vehicles.
In addition, similar research has also shown that
around 8% of citizens in Poland are using car-sharing.
However, after the COVID-19 pandemic, more than 30 %
of the examined sample stop using it because of health
concerns [30].

Another study, conducted in 2019 by [31], explores
that urban sprawl has several negative impacts on
the environment, economy and human health. Total
of 110 municipalities in Sicily were considered. In
addition, principal component analysis was adopted to
create the Sicilian dispersion/compactness index and
linear regression analysis was used to evaluate the
association between the dispersion index and health
outcomes.

It was shown that the public transportation has
an inverse relationship with increasing sprawl while
private transportation is directly related. Attention was
also focused on the relationship between the evolution of
urbanisation and its relationship with health outcomes,
such as cardiovascular mortality.

The recent COVID-19 pandemic has disrupted
travel choices for several months, as explained in the
following section. Resulting in the desertification of
some areas and the closure of businesses due to the rise
of e-commerce and online activities [11-32].
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Table 1 Distribution of respondents based on gender (2020)

Gender Frequency Relative Frequency (%) Cumulative Relative Frequency (%)
Male 306 43.7 43.7
Female 394 56.3 100.0

Table 2 Distribution of respondents based on age group (2020)

Age Frequency Relative Frequency (%) Cumulative Relative Frequency (%)
18-25 38 5.4 5.4
26-40 242 34.6 40.0
41-55 276 39.4 79.4
56-70 121 17.3 96.7

>70 23 3.3 100.0

Total 700 100

2.2 The residents of Sicily during the COVID-19
era

A series of studies have been conducted from 2020
to 2022 to examine the travel behaviour of the Sicilian
population. Different segments of population have been
considered as well as psycho-social and displacement
aspects, such as frequency of movement, preferable
means of transport, vehicle ownership etc. The majority
of relevant studies in Italy examine different regions of
the north and does not focus on the whole country [33].

The region of Sicily has several problems related
to the urban mobility, such as poor rail infrastructure
in the central southern areas, the absence of highways
connecting the westernmost part of the region and
several critical issues related to multimodality (in
different contexts switching from one mode of transport
to another implies very long waiting times). Additionally,
Sicily needs travelling connections by ship and airplanes,
as all the islands do. The transportation problems,
which were presented during the pandemic period, led
a number of researchers to investigate regional and local
travel dynamics.

A preliminary analysis was conducted on mobility
choices [34], considering citizens’ opinion regarding
the mobility choices in two Italian cities, Palermo and
Catania, before and during the pandemic. A series
of studies conducted in the Sicilian context, revealed
a propensity on the part of islanders to travel shorter
distances, respecting social distance and other safety
precautions during the COVID-19 therefore preferring
to travel by foot or car. The Sicilian context was also
the subject of investigations related to the use of public
transportation during the different pandemic phases
and the evaluation of sentiments that reduced the use
of public transportation and travel in general during
the various pandemic phases. Different segments of
the population were investigated, emphasising on the
modal choices of commuters such as workers and college
students [35-36].

The present study stands as the first descriptive

statistical analysis that instead investigated the
propensity to consider walking as a stress-relieving
antidote and also considered the view of the spread of
proximity city models as useful to be able to popularise
greater sustainable mobility and disseminate urban
planning strategies that can lift contexts from the
critical issues that emerged during the pandemic phase.

3 Descriptive statistics
3.1 Design of the survey

This research focuses on the qualitative evaluation
of judgements of a randomly selected sample of users
and made use of the CAWI (Computer Assisted Web
Interviewing) methodology. The latter is a data collection
methodology based on the completion of a web-based
questionnaire provided through a link, panel or website.
In particular, the study was conducted through the
drafting of a closed form questionnaire, distributed
online through the Google platform. The sample of
users examined refers to a section of members of
a social Facebook group of Sicilian inhabitants who
generally walk daily for both work and leisure. The
sample investigated was composed of 700 users and it
was disseminated from February to March 2020 and
repeated in March 2022 in order to compare the same
date from two different periods.

3.2 Data analysis through the use of descriptive
statistics

This study involves a questionnaire distributed in
nine cities of Sicily, Italy and consists of two parts. In
the first part, the basic socio-demographic data were
collected such as gender, age and level of studies. As
shown in Tables 1 and 2, 43.7 % of the respondents were
male, almost 40 % of them were 41-55 years old. and 40 %
of them were 18-40 years old.
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Table 3 Distribution of respondents based on groups of cities in 2020

Groups of cities Frequency Relative Frequency (%) Cumulative Relative Frequency (%)
metropolitan 157 22.4 22.4
medium 330 471 69.6
small 213 30.4 100.0
Total 700 100

Table 4 Distribution of respondents based on groups of cities in 2022

Groups of cities Frequency Relative Frequency (%) Cumulative Relative Frequency (%)
metropolitan 130 18.6 18.6
medium 309 441 62.7
small 261 373 100.0
Total 700 100

Table 5 Distribution of respondents based on car driving

Car ownership

Relative Frequency 2020

Relative Frequency 2022

I have and I drive 90.7 94.7

I have and I don’t use it 3.9
I do not have 14
Total 100 100

E March 2020 = March 2022

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

T have and [ drive

[ have & I don’t use it

| ——— I |

I do not have

Figure 1 Car ownership and use (period March 2020-March 2022)

It is also important to mention that the percentages
of gender and age groups for the respondents of the
questionnaire in 2022 are very close and almost the
same as  the above of 2020.

Additionally, the sample of the respondents is divided
in three groups based on the population of the nine
cities of the research (Tables 3 and 4). The first group
consists of small towns with population less than 60.000
(Agrigento, Enna), the second group includes cities with
population more than 60.000 habitants and less than
300.000 (Syracuse, Ragusa, Trapani, Caltanissetta) and
the third group consists of cities (metropolitan areas) with
population ranging from 300.000 to 700.000 (Catania,
Palermo, Messina). Almost half of the sample, 47.1% in
2020 and 44.1% in2020), live in medium cities and more
than three of ten of the respondents are habitants of
Agrigento or Emma (small cities).

In the second part of the questionnaire, the

respondents were asked if they possess a car. Based on
the results of 2020 and 2020 presented in Table 4, the
vast majority of the sample (more than 90%) owns and
uses a car.

As shown in Table 4, there was a further increase
in use of vehicles in March 2022. This could be linked
with the fact that there was a reduction in the frequency
of use of the public transport. Additionally, based on
Table 5 and as shown in Figure 1, the majority of the
respondents, in both time periods (2020 and 2022)
possess and drive their own car.

Moreover, citizens were asked if they consider
walking an anti-stress method. Figure 2 shows that
90 % of the respondents (in 2020 and in 2022) agree or
strongly agree with the statement. The percentage of
the sample that disagree or strongly disagree with this
fact is extremely low and equal to 2.3 % in 2020 and less
than 1% in 2022.
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March 2020
0% 0
f'2 % M Strongly
disagree
8% .
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W Neither agree
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March 2022
0% 0%
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|
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i Neither agree

nor disagree

u Agree

i Strongly agree

Figure 2 Walking like antistress concept trend (period March 2020-March 2022)

March 2020
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m Slightly

= Moderately
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= Extremely

March 2022

H Not at all

m Slightly

= Moderately
® Considerably
B Extremely

Figure 3 Usefulness of the 15-minute city model during the monitored periods (March 2020-March 2022)

It is critical to understand that despite the fact that
more than 90 % of the respondents use to drive a car, the
same percentage of the sample characterize walking as
an anti-stress method.

Finally, they were asked how useful they think it
would be to see their cities under the 15-minute city
model. More than half of the sample in both examined
periods believes that the 15-minute city model would
be useful in their city. However, 32.7% of them neither
agree or disagree like described on Figure 3 below.

A series of questions pertaining to the third section
of the survey emphasises the need to include 8 services
as priorities in the planning of a neighbourhood city.

Some of these services are related to health and
education (such as hospitals and schools and libraries),
others are related to a socioeconomical aspect (such as
local markets, stores) and other to community centres
and green spaces; in particular importance was also
given to the investigation of improving the road network.
In particular, as health services are defined those
primary services connected with health care or support.

Then, there are the social centres, which must be
open, above all, to young people and families and be
the scene of new collaborations with other realities
and subjects in the area. Neighbourhood libraries and

surrounding areas, understood as places to be enhanced
by virtue of their cultural, aggregative and educational
role, as well as social presidium in territories that are
often peripheral and crossed by social fragility. Oratories,
identifiable in places of community gathering, capable of
playing an essential role in building cultural exchange,
including the interethnic world. Neighbourhood markets,
which offer forms of meeting and presiding over the
territory with spin-offs in terms of social cohesion
in daily life. Schools, understood as places where
gathering spaces provide stimuli for the construction
and transmission of knowledge. Green spaces, which
for neighbourhood residents, represent the spaces for
meeting and socialising and which should be more open,
accessible and attractive. The road system, which, in
addition to being the subject of discussion on mobility
policies, is the public space where the needs of the
weakest (of the homeless, immigrants ...) are manifested
and it is there that it is easiest to intercept the needs of
fragile individuals. Commercial activities, which from
large shopping centres in the suburbs prospect (in some
cities have already been realised) types of businesses
that straddle the line between the large supermarket
and the post-war “grocery” store.

The research investigated which user choice trends,
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Figure 4 Comparison of the main services necessary for the definition of a proximity city (period March 2020-March 2022)

could define priority among those in light of the spread
of the virus and strategies to mitigate the spread.
Therefore, Figure 4 shows the comparison between years
2020 and 2022.

4 Discussion

The recent pandemic has underlined the importance
of respecting the social distancing and encouraging
short journeys by making everything easily accessible.
The future that cities are preparing for in the post-
pandemic phase is linked to a revision of city models,
introducing in metropolises, such as London, Paris,
Milan or Madrid, the possibility of guaranteeing their
inhabitants a sustainable standard of living by ensuring
that citizens can travel as little as possible to obtain
goods and services. Metropolises have thus begun to
rethink themselves, imagining a future similar to that
of cities such as Barcelona, famous for its self-sufficient
neighbourhoods called “superblocks”. The most recent
example is Paris and it is a model that Milan now seems
to want to take inspiration from. Future surveys can be
conducted taking into account the updated transportation
habits of citizens after the pandemic period and focus on
specific modifications for the existing urban mobility
systems in the European Union, so as to create new
alternative models of transport such as the 15-minute
city model. Implementing a 15-minute city model means
guaranteeing citizens all the primary services within
a quarter of an hour on foot or by bicycle. To achieve
this, it is necessary to lengthen the metro route, reserve
a portion of social housing for social housing and work
on the spread of IoT technologies, as well as promoting
the concept of smart cities. In order to implement useful
actions for the population, it is necessary to introduce
the concept of participatory planning by promoting the
active participation of population in urban planning and
mobility choices, participating in surveys/interviews and

disseminating awareness campaigns. This can bring out
the criticalities of each city at different levels of society
and allow the better choice of actions to be taken.

5 Conclusions

The concept of proximity, which is the basis of the
city’s function, was challenged in the last century when
the decision makers (re)thought cities around an idea of
efficiency placed on specialization and economy of scale.
In deference to efficiency, specialized portions of cities
were built (industrial zones, business centres, university
citadels, sports centres, residential-dormitory districts
etc.). In each of those zones, specific functions of activity
and services were concentrated.

The data analysed showed an increase in the use
of the private vehicle over the two years monitored, as
well as a slight increase in the propensity to implement
proximity city strategies and models. In addition, the
improvement of services, both related to health, as
well as related to the road system and the creation and
maintenance of green spaces, will have to be taken into
account by local administrators to improve the urban
liveability starting from the neighbourhoods. Based on
the research results from both time periods (2020, 2022),
the 15-minute city model can be very useful for Sicilian
residents with its significance to be increased a lot after
the pandemic experience.

Useful references are the best practices, where
governance has initiated particularly relevant social and
urban innovation experiences: think of Paris, Barcelona,
Milan. The 15-minute city model is a model of urban
development that does not follow the common trends in
urban planning. It outlines a scenario where everyone
has access to all the services needed at a maximum
distance of 15 minutes on foot or by bicycle. A city of
this type re-evaluates the concept of the neighbourhood,
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which becomes a complete cell of urban life. This concept
aims to optimise space, conveying a reflection on the
resources available and how they are used. It promotes
the presence of green areas to cool down in summer and
replace busy streets.

This city model allows for implementation of the
majority of the restrictions and strategies developed for
restarting activities in urban settings post COVID-19,
demonstrating and reducing displacement

The spread of online education and teleworking on
a larger scale, the search for services as close as possible
to home, the temporary reduction in urban traffic
flows and rediscovery of the urban dimension of the
neighbourhood, inevitably raise the question of whether
an alternative to the frenetic rhythms, traffic and long
distances is actually feasible in the near future.

The spread of this good planning practice must
therefore ensure that those who live in the centre and
those who live in the suburbs have access to all the
essential services nearby. The city thus maintains its
role as a social, economic and cultural reference point
and every citizen can enjoy every advantage of city life
without too much difficulty.
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Resume

Environmental protection is a major task for countries around the world
in the 21st century. One of the sources of pollution is the road transport.
Therefore, an analysis of the impact of the mobility of Polish residents on
the environment was carried out. To this end, a survey was conducted,
asking questions such as: the frequency of switching from cars to public
transportation, the way of moving in and out of built-up areas, the impact of
transportation on the environment, the EURO standard, the purchase of an
alternative-powered car and eco-driving. This research was carried out on a
group of residents, taking into account: age, gender, place of residence and
occupational status. Based on the research, it can be concluded that under
the influence of Covid-19. the population is trying to protect itself from
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1 Introduction

The main task for countries around the world is to
protect the environment. Increasing amounts of harmful
chemicals in soil, water and air will reduce the Earth’s
natural resources in the future. For this reason, the
European Union is encouraging member countries to
introduce a policy of sustainable development. This
term refers to development that will meet the needs
of the population, while at the same time protect the
ecosystem for future generations [1].

One source of pollution is the road transport. It is
the one that emits large amounts of harmful components
into the environment from fuel combustion. It is a source
of vibrations and human disease. The creation of linear
and point infrastructure from cleared land contributes
to the disruption of the proper functioning of plants and
animals. The road transport is developing rapidly, so
its impact on the environment is changing dynamically.
Therefore, there is a need to address the issue of
assessing the impact of the mobility of Polish residents
on the environment [2].

Mobility is defined differently by authors of
publications. Szoltysek [13], treats mobility as daily,
routine movement and activities resulting from the

reorganization of personal life, which may include a
change of residence or place of work. We can equate this
with movement and any activities of people performed
by means of transportation outside of their place of
residence [4-5]. Menes [6], on the other hand, depicts
mobility as mobility associated with the daily movement
of residents, most often to work or school.

According to the Treaty on the Functioning of the
European Union [7] and the resulting EU transport
policy, mobility, understood as an element of human
activity, depends on the person making the trip, the
infrastructure manager and other users of the transport
system for that mobility [8-9]. Closely related to mobility
issues is the concept of sustainable development, which
includes economic, environmental and social issues
[10-13].

When analyzing the mobility of residents, it is
important to keep in mind the transportation challenges,
which are included in the 2011 White Paper [14] and the
Urban Mobility Action Plan [15], among others. Taking
into account the behavior of urban residents, a policy
for sustainable transportation development in urban
areas should be developed. These policies create plans
for development of sustainable transportation in cities,
in which the most important element is sustainable
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urban mobility. This is the main goal of the 21st century
transportation policy [12-13, 16-17]. Among other things,
the sustainable transportation plan calls for a reduction
in the daily use of cars in favor of greater use of public
transportation, cycling and walking [18]. Behavior of
the Polish public, in terms of choosing a mode of
transportation, was also analyzed by the author of [19].
In addition, the problem of the mobility of residents
was addressed in the works [20-25]. The pandemic has
affected the mobility of residents [26-27].

2 Research
2.1 Subject and conditions of the study

The subject of the study was to analyze the impact
of the mobility of Polish residents on the environment,
in 2000-2020. The results of the survey will show the
behavior of citizens in the context of the choice of means
of transport versus its impact on the ecosystem. The
survey is designed to determine the transport preferences
of Poles and test their knowledge of environmentally
friendly activities.

2.2 Methods and measures for assessing the
impact of road transport on the environment

The survey was conducted in 2021 among Polish
residents. Due to the limitations of the then prevailing
Covid-19 pandemic, the survey was conducted via the
Internet. The electronic survey was created using the
Google Forms application. The link assigned to it was
distributed on social networks, transportation portals
and among friends. The survey was fully anonymous
and consisted of 18 closed-ended questions, but with
the option to enter your own answer. At the beginning
of the form was a metric on gender, age, labor market
status and place of residence. This was followed by
questions about respondents’ travel patterns in cities
and outside the built-up areas, both before and during
the pandemic. Respondents were asked about public
transportation problems and their environmentally
friendly behavior related to their choice of individual
transportation. The last question asked about solutions
to reduce the negative impact of road transportation
on the environment. The answer to this question was
partly imposed by the survey author, but respondents
also had the opportunity to introduce their own ideas.
Before conducting the target survey, a pilot study was
conducted, which consisted of sending a form with
survey questions to a selected group of people.

An important step during the implementation of
the survey was the calculation of the survey sample. For
Poland (population of 38151,000), assuming a confidence
level of 95% and a maximum error of 5%, the required
number of people taking part in the survey was 384

respondents. The survey on changes in mobility versus
its impact on the environment was completed by 414
respondents [28].

The respondents’ answers were also analyzed for
metric questions, namely: gender, age, labor market
status, place of residence and possession of a driver’s
license. In addition, two analyses (by gender and driver’s
license) were considered in the context of the Chi-
square statistics. This statistical test is used to test
hypotheses for random variables. One can test whether
the variables are related by the common pattern of
the results obtained. If the Chi-square has a greater
value than the theoretical Chi-square, then there is no
relationship between the variables [29]. The formula for
the Chi-square test of concordance is of the form:

i=1(f _ )
xz _ Z (fz np;jpl) ’ 1)

r

where:

x° - Chi-square test;

Jfi - number of values in a given range;

np; - the number of units that are in a given range.

2.3 Results

The survey included 414 participants: 211 women
and 203 men. Respondents were divided into six age
groups: under 18 (those without a driver’s license), 18
to 25 (mainly students), 26 to 35, 36 to 45, 46 to 55 and
over 55 (especially retirees). The smallest group is made
up of people under the age of 18, as the questions are
specifically aimed at those authorized to drive. The chart
below shows the percentage distribution of respondents’
ages (Figure 1).

Almost half of the respondents are employed (55.1
%). The second largest group is students, 26.8%, but
2.6% both study and work. The 55+ age bracket includes
10.3 % of respondents with retired status. The remaining
respondents are students (3.9 %) and unemployed (3.9 %)
(Figure 2).

Figure 3 shows a graph of the respondents’ place
of residence. The survey was addressed to residents of
each settlement unit. The responses of respondents from
different areas of permanent residence are relatively
equal to each other. Respondents were then asked about
having the authority to drive a vehicle with a gross
vehicle weight of up to 3.5 tons. Of the 414 people who
took part in the survey, as many as 349 have a Cat
B driver’s license and only 65 do not have driving
privileges.

The next question was addressed to those with
driving privileges. It should be noted that it was not
mandatory for respondents to complete. The question
“How long have you held a driver’s license?” was
answered by 316 people. The length of time that
respondents have held a driver’s license starts at one
year and for some it is already 45 years (Figure 4).
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B Under 18 years
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W 36-45 years

W 46-55 years

m Over 55 years

Figure 1 Age of respondents

3.9%

M Pupil

W Student

= Working

H Unemployed

M Pensioner

Figure 2 Respondents’ labor market status

M Village

B City up to 50
thousand inhabitants

= City of 50 to 100
thousand inhabitants

M City with more than
100 thousand
inhabitants

Figure 3 Respondents’ place of residence

For 40.1% of respondents, there are two vehicles in
the household. The second group is made up of families
with only one passenger car (26.6 %). Ownership
of three means of transportation was declared by
16.9% of respondents, while more than three motor
vehicles were marked by 9.2% of respondents. Only
7.2% of respondents have no vehicle in their household
(Figure 5).

The survey asked respondents about their general
knowledge of the environmental impact of road
transportation. 12.6% of people observe and analyze
environmental changes caused by transportation all the
time, while 34.3% of respondents are more interested
in the issue. Nearly half of respondents said they are
somewhat aware of how the way they travel and operate
their vehicle affects the ecosystem. 4.8% said they

Number of people

o LA

1 5 9 13 17 21 25 29 33 37 41 45
Year

Figure 4 Length of ownership of a driver’s license by
respondents

7.2% H No

Figure 5 Number of vehicles in respondents’ households

H One

m Two

B Three

B More than
three

H Yes, he watches this topic

0
4.8% all the time

1.4%

H Yes, more or less
interested in it

| am somewhat aware of
the impact of trasnport on

the environment
B No, it does not interest me

at all

M | have no opinion

Figure 6 Awareness of Poles regarding the impact of
transportation on the environment

were not interested in the topic related to the impact of
transportation on the biosphere and 6 people expressed
no opinion (Figure 6).

The next step assessed Poles’ awareness according to
gender, age, labor market status and place of residence.
In this case, taking into account gender, age and driver’s
license held, there are no significant differences between
the responses of men and women. The Chi square test
shows that there is no correlation between the responses
of men and women, as the Chi"2 is 10.47, where the
theoretical Chi*2 is 9.49. Moreover, it can be concluded
that Poles are interested in this topic regardless of
where they live (Table 1).

With environmental protection in mind, respondents
were asked how they travel around the city most often,
as well as outside the built-up area. The question was
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Table 1 Awareness of Poles related to the impact of transportation on the environment (%)

No. it doesn’t ~ Yes. I watch Somewhat. I am

I don’g h.ave interest me this topic all Yes. more or 1es§ aware of thg impact of
an opinion at all the time interested in this transpor"tatlon on the
environment
Sex
Women 2.84 3.32 11.37 31.75 50.72
Men 0.00 591 13.79 37.44 42.86
Age
Under 18 years 0.00 0.00 20.00 40.00 40.00
18-25 2.41 4.35 10.63 28.99 53.62
26-35 1.69 6.78 16.95 25.42 49.16
36-45 0.00 10.87 6.52 47.83 34.78
46-55 0.00 4.08 14.28 36.73 4491
Over 55 0.00 0.00 18.75 52.08 29.17
Status in the labor market
Pupil 0.00 6.25 6.25 31.25 56.25
Student 1.80 3.60 13.51 31.54 49.55
Working 1.75 6.58 12.28 34.65 44.74
Unemployed 0.00 0.00 6.25 3750 56.25
Pensioner 0.00 0.00 16.28 39.53 44.19
Place of residence

Village 3.13 3.13 11.46 34.38 47.90
City of up to 50.000 residents 0.85 427 11.97 34.19 48.72
City of 50.000 to 100.000 2.17 8.70 8.70 39.13 41.30

residents
City >100.000 residents 0.00 3.67 17.43 30.28 48.62

Driver’s license

Yes 1.43 5.16 11.75 35.53 46.13
No 1.54 3.08 16.92% 27.69 50.77

Table 2 Most common way respondents travel around the city (%) - part 1

Car Public transport On foot Bike. scooter Other (e.g.cab)

Sex

Women 41.23 45.97 10.43 2.37 0.00

Before the pandemic
Men 63.55 21.59 6.90 1.96 0.00
Women 56.40 25.59 14.22 3.32 0.47

During the pandemic
Men 83.74 7.39 8.38 0.49 0.00

Age

Under 18 years 20.00 20.00 40.00 20.00 0.00
18-25 40.58 43.96 13.05 2.41 0.00
26-35 64.41 28.82 5.08 1.69 0.00

Before the pandemic
36-45 82.61 10.87 2.17 4.35 0.00
46-55 71.53 28.47 0.00 0.00 0.00
Over 55 41.67 52.08 6.25 0.00 0.00
Under 18 years 0.00 60.00 0.00 40.00 0.00
18-25 58.45 24.64 14.98 1.93 0.00
26-35 74.58 13.56 8.48 1.69 1.69

During the pandemic
36-45 89.13 2.17 6.53 2.17 0.00
46-55 93.88 6.12 0.00 0.00 0.00
Over 55 77.08 6.25 16.67 0.00 0.00
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Table 3 Most common way respondents travel around the city (%) - part 2

Car Public transport ~ On foot  Bike. scooter Other (e.g.cab)
Status in the labor market
Pupil 18.75 12.50 56.25 12.50 0.00
Student 33.34 54.05 11.71 0.90 0.00
Before the Working 67.54 26.32 3.95 2.19 0.00
pandemic
Unemployed 68.75 25.00 6.25 0.00 0.00
Pensioner 25.58 62.79 9.30 2.33 0.00
Pupil 3750 18.75 25.00 18.75 0.00
. Student 55.86 27.93 16.21 0.00 0.00
During the Working 82.89 8.78 5.70 2.19 0.44
pandemic
Unemployed 75.00 18.75 6.25 0.00 0.00
Pensioner 46.51 2791 25.58 0.00 0.00
Place of residence
Village 69.79 21.88 8.33 0.00 0.00
) City of up to 50.000 residents  56.41 30.77 8.55 427 0.00
During the City of
pandemic ity 0 50.000 t0 100.000 5, o5 33.69 10.87 1.09 0.00
residents
City >100.000 residents 30.28 59.63 7.34 2.75 0.00
Village 85.42 7.29 6.25 1.04 0.00
. City of up to 50.000 residents 79.48 8.55 8.55 3.42 0.00
During the Ciby of
pandemic ity 0£50.000 t0 100.000 5o 49 17.39 1413 0.00 0.00
residents
City >100.000 residents 46.79 33.03 16.51 2.75 0.92
Driver’s license
Before the Yes 59.31 33.24 6.02 143 0.00
pandemic No 71.36 12.32 8.60 1.43 0.29
During the Yes 56.92 13.85 23.08 6.15 0.00
pandemic No 40.00 29.23 26.15 4.62 0.00

divided into the time before and during the Covid-19
pandemic, as the restrictions introduced contributed to
changes in residents’ lives. By 2019, 216 respondents
were using a personal car to get around the city.
Another very popular mode of travel was the use of
public transportation. Only 9 people indicated that
they used bicycles and scooters and 36 people moved
around the city on foot. The breakthrough comes as
the Covid-19 pandemic continues, with as many as 289
people indicating that they mostly move around the city
by individual means of transportation. The number of
people traveling by public transportation decreased (by
84 people), but more respondents chose to cover urban
routes on foot (by 11 people). Among all the survey
participants, no one uses the services of cab companies
(Figure 7).

In the next step, the way respondents get around the
city was analyzed according to gender, age, labor market
statute and place of residence, as well as the driver’s
license held, according to pandemic. It is men who are
most likely to travel by car in built-up areas, while
women choose public transportation for travel. During
the pandemic, many people switched from the public

transportation to personal transportation. The chi-
square test shows that there is no relationship between
the way of urban travel and gender, as the Chi*2 is 20.9,
where the theoretical Chi*2 is 7.81. In addition, people
in the 36-45 and 46-55 age groups are most likely to
use a personal car when traveling in a built-up area.
Public transportation is mainly used by people over 55
and those in the 18-25 age group. In terms of choice of
mode of transportation before the pandemic, students
were the most likely to walk, students chose public
transportation, employed and unemployed people used
a personal car and retirees and pensioners traveled
by public transportation. During the Covid-19 period,
the share of passenger cars increased in each group of
respondents. In the built-up area, the passenger car is
mainly used by residents of rural areas and cities with
up to 50,000 and 50-100,000 residents. The public living
in larger metropolitan areas uses public transportation
for this purpose. However, during the pandemic, many
respondents substituted public transportation in favor
of individual means of transportation. Respondents
most often use a personal car to travel in built-up areas.
During the Covid-19 pandemic, many people switched
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Figure 7 The most common way respondents move around
the city

from the road transportation to traveling on foot (Table
2 and 3).

The timing of the Covid-19 pandemic has not
drastically changed the way Poles travel outside built-up
areas. Most respondents use a personal car outside
urban zones. Respondents who do not have a driver’s
license prefer to choose the train over the bus. However,
the pandemic has contributed to the public’s reduction
in the use of public transportation in favor of the
personal car (Figure 8).

In addition, respondents were asked about
the frequency of switching from cars to public
transportation. Before the Covid-19 pandemic, a very
large number of respondents were willing to travel by
public transportation. The distribution of responses to
this question is as follows: 80 respondents travel by bus/
tram daily, 120 respondents several times a week, 60
respondents several times a month and as many as 83
respondents always choose personal transportation.

One of the effects of the pandemic is that the
public is using public transportation less. As many as
131 people declared that they do not substitute their
personal car for public transportation at all. Sixty-three
respondents choose public transportation several times
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Figure 8 Respondents’ responses regarding the mode of
travel outside the built-up area

a month and 54 people only occasionally during the
year. There was a decrease in the number of people
who, before the pandemic, declared that they take
public transportation every day. The above responses of
respondents are shown in Figure 9.

Before the Covid-19 pandemic, the public was more
likely to travel by public transportation. During this
infectious disease, the percentage of people who do not
substitute a personal car at all has increased. Daily
passengers on public transportation are mainly people
under the age of 18 and respondents in the 18-25 age
range. The answer “does not replace at all” was marked
by the largest number of respondents in the 26-35 and
46-55 age brackets. In addition, daily passengers of public
transportation are mainly students, schoolchildren and
unemployed people. Working people prefer to choose
a personal car over public transportation for work-
related travel. In contrast, residents of metropolitan
areas travel by bus/tram. In addition, daily trips by
public transportation are made mainly by people without
a driver’s license for motor vehicles. Among respondents
who choose only a personal car is the public who own
their own means of transportation (Table 4 and 5).

Public transportation is more environmentally

Table 4 Frequency of switching from personal car to public transportation among respondents (%) - part 1

Several Several It does
2-3 times Once ! o not Not
Everyday times times .
a week a week replace applicable
a month a year
at all
Sex
Before the Women 27.01 17.06 5.69 9.00 10.43 20.85 9.96
pandemic Men 11.33 16.75 18.72 20.69 10.34 19.21 2.96
During the Women 20.38 10.43 9.95 12.32 9.95 27.49 9.48
pandemic Men 5.42 9.85 11.33 18.23 16.26 35.96 2.95
Age
Under 18 years 40.00 0.00 0.00 0.00 0.00 20.00 40.00
18-25 25.12 19.81 5.80 10.14 12.56 15.94 10.63
Before the 26-35 18.65 18.65 8.47 11.86 10.17 28.81 3.39
pandemic 36-45 15.22 6.52 45.65 8.70 2.17 21.74 0.00
46-55 8.16 10.21 12.25 30.61 8.16 30.61 0.00
Over 55 8.33 20.83 12.50 29.17 12.50 14.58 2.09
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Table 5 Frequency of switching from personal car to public transportation among respondents (%) - part 2

Several  Several 1 90es
2-3 times Once evera evera not Not
Everyday times times .
a week a week replace applicable
a month a year
at all
Status in the labor market
Pupil 25.00 12.50 0.00 6.25 12.50 18.75 25.00
Student 26.12 27.03 7.21 9.01 9.01 11.71 9.91
Before the Working 14.91 11.40 16.23 1711 10.53 95.44 438
pandemic
Unemployed 31.25 0.00 0.00 25.00 12.50 25.00 6.25
Pensioner 18.60 2790 11.63 16.28 11.63 11.63 2.33
Pupil 25.00 18.75 0.00 6.25 12.50 18.75 18.75
Student 18.92 13.51 13.51 16.22 8.11 19.82 9.91
During the Working 8.77 7.89 10.96 14.04 14.47 39.92 3.95
pandemic
Unemployed 18.50 6.25 0.00 12.50 6.25 44 12.50
Pensioner 13.95 11.63 9.30 23.26 20.93 18.60 2.33
Place of residence
Village 11.46 10.42 4.17 6.25 19.79 41.66 6.25
City of up to
50.000 residents 11.12 15.38 17.95 25.64 9.40 16.24 4.27
During the Gty of 50.000
pandemic to 100.000 16.30 21.74 23.91 13.04 5.43 13.04 6.54
residents
City ?100'000 317.61 20.18 2.75 11.93 7.34 11.02 9.17
residents
Village 6.25 6.25 6.25 8.33 13.54 54.17 5.21
City of up to
50.000 residents 5.98 5.98 11.12 21.37 17.09 33.33 5.13
During the  Gity of 50.000
pandemic to 100.000 10.87 14.13 19.57 15.22 9.78 23.91 6.52
residents
City >100.000 28.44 14.68 6.42 1468 1101 1651 8.26
residents
Driver’s license
Before the Yes 16.91 15.47 12.61 16.33 1175 22.64 4.29
pandemic No 32.31 24.62 9.23 6.15 3.08 6.15 18.46
During the Yes 10.32 8.31 10.03 15.76 14.61 36.68 4.29
pandemic No 217.69 20.00 13.85 12.31 4.62 4.62 16.91

friendly than using individual transportation. As the
survey above shows, it is not the most popular choice
among respondents. For this reason, Poles were asked
what discourages them from using public transportation.
Most people declared the lack of direct connections as a
problem. Travel time and delays that occur are other
factors. Respondents do not pay attention to the price
and possible danger. For some people, discouraging
factors are the quality of public transportation, fear of
contracting coronavirus, crowding and lack of seats,
lack of personal hygiene of other travelers. Respondents’
responses are shown in Figure 10.

Behaviors that can be considered pro- or anti-
environmental are those related to actions in the context

of used car parts. The survey asked drivers what they
do with used batteries and tires. 23.7% of respondents
indicated that this question does not apply to them, as
they do not own a passenger car. More than half of the
respondents present environmentally friendly behaviors
in terms of used car parts, which include: leaving
them at a store (17.1 %), giving them to a recycling
center (26.3%) and leaving them at a workshop (17.6
%). Only 15% of people declared actions that could
endanger the environment. Among activities that do not
threaten the environment, storing them in the garage
or basement (10.6%) dominates, as their future fate
should be decided. 3.9% use used tires or batteries for
other purposes and only two people threw them in the
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Figure 9 Frequency of switching from personal cars to
public transportation among respondents

garbage. The percentage distribution of the number of
respondents’ answers is shown in Figure 11.

The next question asked about respondents’ actions
in the context of used car parts. Most respondents
marked the answer that they give them to a recycling
center. Among non-environmental behaviors among
men, using batteries and tires for other purposes

Table 6 Drivers’ behavior toward used car parts (%)

Lack of direct connections
Travel time
Delays

Lack of comfort

Factors

Frequency of courses
Price
Danger

Other

0 50 100 150 200 250 300
Number of people

Figure 10 Distribution of respondents’ answers on factors
that discourage them from choosing public transportation

dominated, while women’s responses included throwing
them in the garbage. Among ecological behaviors in the
context of used car parts, two responses dominated:
leaving them at the store and giving them to a recycling
point. Among those aged 18-25 and 26-35, there are
respondents who throw them in the garbage. As many
as 17.39% of those in the 36-46 age bracket use used

Surrenders to a

I leave in the I leave point accepting Stores in Uses for I. throw Not
st({:: when I in ktlile waste tires/ bgarage/ . other in lthe applicable
y new workshop batteries asemen purposes garbage
Sex

Women 14.22 16.10 23.70 9.48 0.95 0.95 34.60

Men 20.69 19.21 29.06 11.82 6.90 0.00 12.32
Age

Under 18 years 0.00 0.00 0.00 0.00 0.00 0.00 100.00
18-25 13.53 13.53 22.71 12.07 1.93 0.48 35.75
26-35 37.29 15.25 2712 3.39 3.39 1.69 11.87

36-45 26.09 6.52 30.44 13.04 17.39 0.00 6.52

46-55 16.33 24.49 36.74 12.24 2.04 0.00 8.16
Over 55 4.17 43.75 29.16 10.42 2.08 0.00 10.42

Status in the labor market

Pupil 6.25 6.25 6.25 6.25 6.25 0.00 68.75
Student 9.92 11.71 22.52 13.51 1.80 0.00 40.54
Working 2412 19.74 28.51 10.53 5.70 0.87 10.53
Unemployed 12.50 25.00 43.75 0.00 0.00 0.00 18.75
Pensioner 6.98 23.26 25.58 9.30 0.00 0.00 34.88

Place of residence

Village 20.83 20.83 25.00 16.67 5.21 0.00 11.46
soprofupto 20.51 93.93 95.64 9.40 0.85 0.00 19.67
l(f)‘gyoggigs?ggrft"s 20.65 9.78 26.09 9.78 9.78 218 21.74
City >100.000 8.25 14.68 98.44 734 0.92 0.00 40.37

residents
Driver’s license
Yes 19.48 20.34 29.51 12.32 4.30 0.29 13.76
No 6.16 3.07 9.23 1.54 1.54 1.54 76.92
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M | use for other purposes
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Figure 11 Drivers’ behavior toward used auto parts

car parts for other purposes. In addition, there are
two predominant responses: leaving them at the store
and giving them to a recycling center. Among working
people, there are respondents who throw them in the
garbage and use them for other purposes. Respondents’
place of residence has no influence on the further fate
of used car parts. The answers to this question are very
close to each other. Those with a driver’s license have the
largest share of used car parts, as they are the ones who
own their own means of transportation (Table 6).

The next questions were aimed at those with

mYes
M | associate

m | have heard of it,
but do not
remember

H No

M Not applicable

Figure 12 Drivers’ knowledge of EURO standards

a driver’s license and a passenger car. Respondents’
knowledge of the European emission standard was
tested. 25.4% of respondents know what the EURO
standard defines. Among the 34.8% of respondents are
those who associate or once heard, but cannot fully
describe the meaning of the European exhaust gas
standard. As many as 21.3 % of respondents do not know
the meaning of the EURO standards (Figure 12).

In the case of European exhaust gas standards, it
is 37.44 % of men and 13.74 % of women who know what
EURO stands for. According to the chi-square test,

Table 7 Drivers’ knowledge of knowledge of EURO standards (%)

Yes I'have heard of it. I associate No Not
but I do not remember applicable
Sex
Women 13.74 17.06 14.69 27.01 27.50
Men 37.44 10.34 2759 15.27 9.36
Age

Under 18 years 0.00 0.00 0.00 0.00 100.00
18-25 21.26 12.07 12.56 26.09 28.02

26-35 38.98 15.25 18.64 16.95 10.18

36-45 30.43 21.74 28.26 15.22 4.35

46-55 42.86 10.20 20.41 24.49 2.04

Over 55 6.25 16.66 56.25 10.42 10.42

Status in the labor market

Pupil 12.50 0.00 12.50 12.50 62.50

Student 12.61 16.22 9.01 30.63 31.53
Working 36.41 14.47 25.00 17.54 6.58
Unemployed 12.50 0.00 37.50 31.25 18.75
Pensioner 9.30 13.95 2791 16.28 32.56

Place of residence

Village 25.00 11.45 22.92 30.21 10.42

City of up to 50.000 residents 35.05 8.55 19.66 23.08 13.66
City of 50.000 to 100.000 residents 22.81 18.48 30.43 8.70 19.58
City >100.000 residents 17.43 17.43 12.84 22.02 30.28

Driver’s license
Yes 28.37 15.47 24.07 24.64 7.45
No 9.23 4.62 4.62 3.08 78.45

VOLUME 25

COMMUNICATIONS 2/2023



A102

GORZELANCZYK, SNIECIKOWSKA

there is no correlation between knowledge and gender,
as the Chi*2 is 59.47, where the theoretical Chi*2 is
9.49. Those in the age range of 26-35 and 46-55 have
the greatest knowledge on the subject. As many as
30.21% of rural residents do not know what the EURO
standard defines. In contrast, residents of cities up to
50,000 have the most knowledge and those who have
successfully passed the state driving test have some
knowledge on the subject. The group of people with
knowledge of the meaning of the abbreviation “EURO
norm” includes: 36.41% of working people, 12.61% of
students, 9.3% of pensioners and 12.5% of student
unemployed respondents. A large number of people
cannot identify the assumptions of European emission
standards. The Chi-square test shows that there is no
relationship between the purchase of a car regarding
the EURO standard and knowledge of the subject and
possession of a driver’s license. In this case, the Chi*2
is equal to 183.02 and the theoretical Chi*2 is equal to
9.49 (Table 7).

Air quality is affected by the amount of exhaust

fumes emitted by personal vehicles. Respondents
were asked whether they pay attention to the level
of pollutants emitted by a vehicle when buying an
individual means of transportation. The survey found
that 35.5% paid no attention to this issue and for 15.6 %
of people it is not important when choosing a vehicle.
For only 12.1% of respondents, the EURO standard is
an important criterion when acquiring a new means of
transportation. Due to the fact that many people do not
have knowledge of European exhaust gas standards,
14.3% of those questioned did not know that this is
a factor worth considering when choosing a passenger
car (Figure 13).

It is men who do not weigh the emission standard
when choosing an individual means of transportation.
For 13.74 % of women, it is an important criterion when
choosing a personal vehicle. The chi-square test shows
that there is no relationship between the purchase
of a car with a certain standard and gender, as the
Chi”2 is 27.93, where the theoretical Chi*2 is 9.49.
When purchasing a vehicle, as many as 20.34% of

Table 8 EURO standard as a criterion for buying a new vehicle (%)

This is an important

It matters

I didn’t know it was s .
I wasn’t paying

purchasing avehicte | Tiletome  “RECHERDYatieniion NSRS
Sex
Women 13.74 11.85 10.43 31.75 32.23
Men 10.34 19.21 18.23 39.41 12.81
Age
Under 18 years 0.00 0.00 0.00 0.00 100.00
18-25 11.59 12.56 8.70 33.82 33.33
26-35 20.34 16.95 10.17 37.29 15.25
36-45 6.52 15.22 17.39 54.35 6.52
46-55 18.38 8.16 24.49 42.85 6.12
Over 55 4.17 35.42 31.25 18.75 10.41
Status in the labor market
Pupil 0.00 6.25 0.00 25.00 68.75
Student 12.61 12.61 10.81 26.13 37.84
Working 14.03 15.79 16.23 44.30 9.65
Unemployed 18.75 18.75 0.00 43.75 18.75
Pensioner 2.32 23.26 23.26 13.95 37.21
Place of residence
Village 9.38 21.88 11.46 43.74 13.54
City of up to 50.000 12.82 13.68 19.66 35.89 17.95
residents
E)lgyoggigs?ggntfs 16.30 17.39 15.22 30.44 20.65
City >.100'000 10.09 10.09 10.09 32.12 37.61
residents
Driver’s license
Yes 12.89 17.76 16.91 40.69 11.75
No 7.69 3.08 0.00 7.69 81.54
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those in the 26-35 age group and 18.38% of those in
the 46-55 age group consider the EURO standard as
an important criterion. In contrast, more than half of
respondents in the 36-45 age group have never paid
attention to the emission standard. In addition, when
buying a vehicle, as many as 18.75% of the unemployed
and 12.61% of students consider the EURO standard
as an important criterion. In contrast, almost half
(44.3 %) of the working respondents and (43.75 %) of the
unemployed did not pay attention to this aspect. Among
those with knowledge of the meaning of the abbreviation
“EURO standard” are: 36.41% of working, 12.61% of
students, 9.3 % of pensioners and 12.5% of unemployed
respondents. A large number of people cannot identify
the assumptions of European emission standards. In
addition, the respondents’ place of residence does not
affect the answers in the context of purchasing a vehicle,
the main criterion of which is the Euro standard. Most
people indicated that they do not pay attention to the
level of pollution emitted by the car they are looking for.
The situation was similar in the questions about the
Euro standard, as they were aimed at those with a cat.
B driver’s license. 40.69 % of people never paid attention
to the level of pollution emitted by the vehicle. The chi-
square test shows that there is no correlation between

Table 7 Use of Eco-driving technique (%)

the purchase of a car regarding the Euro standard and
knowledge of the subject and having a driver’s license.
For the first question, the Chi*2 is 153.73 and the
theoretical Chi*2 is 9.49 (Table 8).

The amount of exhaust fumes emitted by a vehicle
depends on fuel consumption. Of great importance is the
driving style of drivers. Smooth acceleration, braking
or the way gears are changed, are characterized by
the fact that driving is more efficient and as a result,
the driver reduces the vehicle’s production of harmful
exhaust components. The European Union has begun to
promote and support the new economical driving style.
Half of those surveyed drive according to the principles
of Eco-driving. 20 % know what the method is about, but
do not use it and only 12.6% have never heard of the
economic driving technique (Figure 14). Thus, drivers
who apply eco-driving principles individually affect the
environmental protection caused by road transportation.

An important issue, related to the environmental
impact of transportation, is the driving style of drivers.
Definitions of eco-driving have been created and for
this reason respondents were asked whether they use
it in their daily driving of passenger cars. As many as
59.61% of men and 40.28% of women use this driving
technique. According to the Chi-square test, there is no

No. but I know the

No. I don‘t know what eco-

Yes rules driving is Not applicable
Sex
Women 40.28 19.43 13.74 26.55
Men 59.61 20.69 11.33 8.37
Age

Under 18 years 0.00 0.00 0.00 100.00
18-25 42.52 20.77 12.56 24.15

26-35 52.54 25.42 10.18 11.86

36-45 60.87 28.26 0.00 10.87

46-55 65.31 12.24 20.41 2.04

Over 55 56.25 12.50 20.83 10.42

Status in the labor market

Pupil 18.75 12.50 6.25 62.50

Student 4414 15.32 16.22 24.32

Working 57.02 23.25 10.96 8.77
Unemployed 50.00 31.25 0.00 18.75
Pensioner 37.22 13.95 18.60 30.23

Place of residence

Village 42.71 30.21 17.711 9.37

City of up to 50.000 residents 56.41 18.80 12.82 11.97
City of 50.000 to 100.000 residents 54.35 16.30 9.78 19.57
City >100.000 residents 44.95 15.60 10.09 29.36

Driver's license
Yes 57.88 22.06 14.04 6.02
No 6.15 9.23 4.62 80.00
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M | did not pay
attention to it

M It matters little to me

| did not know that
this is something to

Pay attention to
M [tis an important

criterion when
bu¥ing a vehicle
H Not applicable

Figure 13 EURO standard as a criterion for buying a new
vehicle

relationship between the use of eco-driving and gender,
as the Chi”"2 is 27.69, where the theoretical Chi*2 is
7.81. The economical driving technique is used by more
than half of the respondents in each age bracket who
have reached the appropriate age to take the driving
test. The eco-driving style is used by students (44.14 %),
working people (57.02%) and the unemployed (50 %).
The eco-driving technique is used by almost half of the
respondents in each group of localities. An interesting
phenomenon is that as many as 30.21% of respondents

Table 9 Use of Eco-driving technique (%)

M Yes

H No, but | know
the rules

" No, | don't know
what eco driving

is
B Not applicable

Figure 14 Use of Eco-driving technique by respondents

from rural areas know the eco-driving method, but
do not use it. More than half of the people (57.88 %) use
the eco-driving. The Chi-square test shows that there
is no correlation between the use of eco-driving and
having a driver’s license, as the Chi*2 is 39.16, where
the theoretical Chi*2 is 7.8 (Table 9).

Many car brands are producing and releasing
more and more cars with alternative powertrains,
such as hybrids and electrics. Their registration and
popularity in Poland are growing. Respondents with

No. I don’t know what

Yes No. but I know the rules eco-driving is Not applicable
Sex
Women 40.28 19.43 13.74 26.55
Men 59.61 20.69 11.33 8.37
Age

Under 18 years 0.00 0.00 0.00 100.00
18-25 42.52 20.77 12.56 24.15

26-35 52.54 25.42 10.18 11.86

36-45 60.87 28.26 0.00 10.87

46-55 65.31 12.24 20.41 2.04

Over 55 56.25 12.50 20.83 10.42

Status in the labor market

Pupil 18.75 12.50 6.25 62.50

Student 44.14 15.32 16.22 24.32

Working 57.02 23.25 10.96 8.77
Unemployed 50.00 31.25 0.00 18.75
Pensioner 31.22 13.95 18.60 30.23

Place of residence

Village 42.71 30.21 17.71 9.37

City of up to 50.000 residents 56.41 18.80 12.82 11.97
City of 50.000 to 100.000 residents 54.35 16.30 9.78 19.57
City >100.000 residents 44.95 15.60 10.09 29.36

Driver’s license
Yes 57.88 22.06 14.04 6.02
No 6.15 9.23 4.62 80.00
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Table 10 Respondents’ willingness to purchase an alternatively powered vehicle (%)

Yes No Not applicable
Sex
Women 38.39 38.86 22.75
Men 54.68 38.42 6.90
Age

Under 18 years 0.00 0.00 100.00
18-25 38.65 39.13 22.22

26-35 49.16 38.98 11.86

36-45 54.35 45.65 0.00

46-55 65.31 34.69 0.00

Over 55 54.17 317.50 8.33

Status in the labor market

Pupil 18.75 18.75 62.50

Student 39.64 36.04 24.32
Working 53.07 41.23 5.70
Unemployed 25.00 50.00 25.00
Pensioner 46.52 34.88 18.60

Place of residence

Village 37.50 53.13 9.37

City of up to 50.000 residents 47.86 41.03 11.11
City of 50.000 to 100.000 residents 54.35 25.00 20.65
City >100.000 residents 45.87 34.86 19.27

Driver’s license
Yes 51.86 42.98 5.16
No 16.92 15.39 67.69

internal combustion cars were asked if they had ever
considered buying an alternatively powered car. 46.4 %
of respondents said they had been able to switch
from gasoline or diesel modes of transportation to
environmentally friendly cars. Only 38.6% had never
thought about buying a hybrid or electric vehicle
(Figure 15).

More often it is men who are willing to purchase an
electric or hybrid vehicle. According to the Chi square
test, there is no relationship between vehicle purchase
and gender, as the Chi*2 is 23.29, where the theoretical
Chi”2 is 5.99. Nearly half of respondents aged 26 to over
55 are willing to switch from an internal combustion
vehicle to an electric or hybrid vehicle. Readiness to
purchase such a car indicated: 39.64% of students,
53.07% of working people and 46.52% of retirees.
Nearly half of respondents living in cities are willing
to switch from a combustion vehicle to an electric or
hybrid car. 53.13 % of respondents from small towns and
cities have not considered buying an environmentally
friendly vehicle. Those without a driver’s license also
considered buying an alternatively powered car. 42.98 %
of respondents with driving skills had never considered
buying an electric or hybrid car. The chi-square test shows
that there is no relationship between the willingness to
purchase an alternatively-powered vehicle and having

a driver’s license, as the Chi*2 is 168.30, where the
theoretical Chi*2 is 5.99 (Table 10).

The European Union is seeking and constantly
studying possible solutions to reduce the negative
impact of road transport on the environment. The
European Commission is urging member countries
to implement a policy of sustainable development by
supporting and funding research into environmentally
friendly transportation activities. For this reason,
respondents were asked what solutions they think
would minimize the negative environmental impact of
road transportation. Most would like to see those in
power allocate more resources to properly functioning
public transportation. In the second place was the idea
of more electric vehicles on Polish roads. As many as
179 people marked the solution of introducing green
zones in cities. Respondents do not want to eliminate all
internal combustion vehicles from the roads, but would
prefer more restrictive diagnostic testing of older cars
(Figure 16.). Respondents typed in their own ideas such
as:

* limiting the production of new vehicles,

* greatersubsidies for electric means of transportation,

*  building a nuclear power plant in Poland to generate
electricity to power electric vehicles,

* the invention of alternative fuel,
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M Yes
H No

= Not applicable

Figure 15 Willingness of respondents to purchase an

alternatively-powered vehicle

* popularizing the use of alternative means of

transportation,
* modernization of roads,

* increasing parking fees in cities and introducing

a 30-mph speed limit in built-up areas.

The next step presents a summary of correlations

Table 9 Correlation of answers given

Allocating more resources to properly
functioning public transportation

Solutions

Removal of combustion vehicles from
the roads

More electric vehicles

Introduction of green zones in cities

More stringent diagnostic testing of
old vehicles

Other solutions

0 50 100 150 200 250 300
Number of people

Figure 16 Summary of solutions to reduce the negative
impact of road transport on the environment

between Poles’ awareness of the impact of transportation
on the environment, the way respondents drive in and out
of built-up areas, drivers’ knowledge of EURO standards,
purchase of a car with the applicable exhaust gas
standard, Eco-driving and purchase of an alternatively
powered vehicle. As can be seen, there is no correlation

Criterion df a xt xa Conclusion
Awareness of Poles related to the impact of No correlation between the
. . 4 0.05 10.47 9.49
transportation on the environment responses of men and women
Manner of movement of respondents in a No correlation between the way of
. 4 0.05 20.9 7.81 . .
built-up area movement in the city and gender
Th.e way respondents travel outside 9 0.05 18.43 5.99 No correlat}on bet\iveen mode of
built-up areas movement in the city and gender
Drivers‘ knowledge of knowledge of EURO 4 0.05 59.47 9.49 No correlation between knowledge
standards and gender
No correlation between buying a
Drivers‘ knowledge of knowledge of EURO car regarding the EURO standard
4 0.05 183.02 9.49 . .
standards and knowledge about it and having
a driver‘s license
No correlation between buying a
Purchase of a car 4 0.05 27.93 9.49 car with a particular standard and
gender
No correlation between buying a
car regarding the EURO standard
Purchase of a car 4 0.05 153.73 9.49 and knowledge about it and having
a driver’s license
Eeo-driving 3 0.05 97.69 781 No cor?ellatlon between the use of
Eco-driving and gender
No correlation between using
Eco-driving 3 0.05 39.16 7.81 eco-driving and having a driver‘s
license
Purf:hase of an alternatively powered 9 0.05 93.99 5.99 No (':orrelatlon between buying a
vehicle vehicle and gender
. No correlation between buying
Purchase of an alternatively powered 2 0.05 168.30 5.99 a vehicle and having a drivers

vehicle

license.

where:

df - the degrees of freedom,

a - the significance level,

x° - the Chi-square statistic,

x4 - the critical Chi-square value.
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between the answers given among respondents to the
question by gender and driver’s license held (Table 11)

Summarizing the survey results, rural residents
cannot imagine daily life without a personal car. It
turns out that rural households usually own three or
more vehicles. It can be concluded that every person
with a driver’s license owns a personal car. The reason
for this phenomenon is that public transportation
to small towns is poorly developed. Therefore, rural
residents are forced to have their own car for each
family member. Official errands, professional work and
education are the main activities for which the rural
residents must travel to larger settlements. In smaller
settlements, on the other hand, there are usually one
to two means of transportation per household, while
residents of metropolitan areas mainly own one personal
car or no vehicle at all. This is due to the fact that public
transportation in larger cities is well-developed, so the
urban population prefers to use public transportation
such as buses, streetcars, light rail, among others.

The Covid-19 pandemic has changed transportation
behavior in Polish cities. It was enforced by government-
imposed restrictions, such as limits on the number of
passengers in public transportation vehicles. In addition,
fear of contracting the coronavirus was widespread
among the public. During the pandemic, the population
abandoned public transportation in cities shifting mainly
to the personal car. Many respondents declared that
they walk in urban areas. Respondents who declared
that they were switching from public transportation
to a personal car were those with a driver’s license.
In contrast, respondents who did not have driving
privileges were forced to use the bus or streetcar.
Summarizing urban mobility, the pandemic is the result
and the main factor that changed the public’s choice of
mode of transportation in the urban area. In addition,
outside the built-up area, respondents are most likely
to choose a passenger car. On the other hand, for longer
routes, passengers prefer to choose rail transportation
(train) rather than bus.

Public transportation is not so popular among
respondents that they choose it for longer routes.
Respondents were asked what discourages them from
using the public transportation. The main factor is
the offerings of transportation companies and their
shortcomings in performing transportation services.
For this reason, carriers should work together to
create consistency in schedules and the frequency of
courses that occur. Reaching a destination even with
a change, but without unnecessary waiting, is the
biggest advantage of choosing the public transportation.
This will minimize the travel time, which a very large
number of people pay attention to when planning a trip
and choosing a mode of transportation. In addition to
schedules, public transportation passengers point to the
comfort found in public transportation as a deterrent.
In addition, carriers should provide more funding for
modern vehicles, which will change the vision regarding

the quality and safety of travel. Respondents’ answers,
about the problems they face in public transportation,
are the best way for carriers to see the bad sides of
company management. As a result of changes in creation
of transportation offers suggested by the public, more
people will choose to travel by public transportation than
by individual means.

The public most often uses the passenger car for
travel, which is an emitter of a large amounts of harmful
components into the air, from fuel combustion. The
largest number of combustion vehicles travel on Polish
roads. However, the number of passenger cars with an
alternative source of propulsion is steadily increasing.
Nearly a half of the survey’s respondents are considering
purchasing an electric or hybrid vehicle. There are people
in every age group who are willing to swap their gasoline
or internal combustion vehicle for an environmentally
friendly means of personal transportation. In addition to
the choice of means of transportation, driving technique
is important for environmental protection in the context
of the road transport. Eco-driving style is now popular
and since 2015 it has been one of the tasks tested on the
driving test. Half of the respondents use Eco-driving as
a result of their individual commitment to minimizing
the amount of harmful exhaust components in the air.
Those who marked the answer “no, I don’t know what
Eco-driving is” are mostly young people who are licensed
to drive a vehicle with a maximum permissible weight
of up to 3.5 tons, having acquired it after 2015. It can be
inferred that they drive according to certain principles
of economical driving, but do not realize it. On the other
hand, there are many people who have knowledge of
Eco-Driving, but do not apply this method in their daily
driving of passenger cars.

The survey also tested knowledge of the European
emissions standard. More than a half of the respondents
do not know or only somewhat associate the meaning
of EURO standards. One in five has full knowledge of
permissible emission limits. Another question concerned
those who own an individual means of transportation.
A very large number of people, that took part in the
survey, do not pay attention to which EURO standard
their vehicle has. For only 50 people, this is an important
criterion when buying a personal vehicle. The responses
of those surveyed show that knowledge of the introduced
exhaust gas standards is low among the Polish public.
Thus, on this topic, more education should be introduced
for the future applicants to drive motor vehicles. In this
way, the nation’s awareness of the negative impact of
vehicles’ engines combustion on the environment can be
increased.

The public’s awareness of the environmental impact
of the road transportation is improving. A very large
number of respondents are interested in environmental
protection to some extent. This is a positive result
of the survey, as the future population will deeply
analyze their behavior and choices to act in accordance
with the principles of sustainable development. Pro-
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environmental actions can be encouraged through
various social campaigns, subsidies and increased fees
for those who will negatively impact the ecosystem.
Respondents also identified environmentally friendly
transportation solutions that should be introduced
in Poland. More than a half believe that the state
should allocate more money for properly functioning
public transportation. Create it according to the public’s
expectations, which will result in more people being
able to replace individual means of transportation
with public transportation. In the second place was
the idea of electric vehicles, to increase their number
and increase subsidies for purchase of an alternatively
powered car. However, to power such a vehicle, electricity
is needed, which in Poland is generated from a coal-fired
power plant. Therefore, there is a need to change the
way electricity is produced, which will be less invasive
to the environment. Only one person indicated that
a nuclear power plant should be built as a source of
energy to power electric vehicles. Respondents pointed
to solutions that should be introduced in cities, such as
green zones, a 30km/h speed limit in built-up areas and
higher parking fees. This would result in less congestion
on the roads and, in part, encourage the public to use
public transportation.

3 Conclusion

The survey of the Polish public revealed their
transportation preferences and knowledge of the negative
impact of the road transport on the environment.
The respondents’ responses were influenced by the
current situation of the infectious disease Covid-19. The
population is trying to protect itself from contagion, so it
chooses individual means of transportation. Before the
outbreak of the pandemic, they were able to swap the
personal car in favor of public transportation. However,
there are many factors that influence the decision to
choose the public transportation. The public is willing
to travel more often by public transport when carriers
create transportation offers that are in line with citizens’
needs. As a result, there will be fewer passenger cars on
the roads, thus reducing the negative components from
the fuel combustion.

Public interest in environmental protection in the
context of road transportation, is growing all the time.
Many people are basing their activities on environmental
solutions. Drivers, in addition to the proper operation of
the vehicle, are interested in the technologies used in
their vehicles to reduce exhaust fumes and are prudent
in deciding the fate of used car parts. Respondents
want the Polish state to function in accordance with
the principles of sustainable development. For this

reason, green innovations should be introduced, such
as development of public transportation, elimination of
old combustion vehicles and more electric cars. Those
measures will affect the environment to some extent,
but will not minimize the negative impact of the road
transport on the ecosystem.

The road transport plays a very important role for
the proper functioning of the country’s economy. It is
also growing very rapidly and is the most popular mode
of transport chosen for transporting people and cargo.
In an uncontrolled way, road passenger transport has
begun to dominate in the form of individual transport.
The public seeks to move as quickly as possible between
designated points than to travel according to public
transportation schedules. Road transportation has
a significant impact on the environment. Currently,
transportation means are powered by gasoline or diesel
fuel, which emit large amounts of harmful products of
their combustion into the environment. The highest
concentration of pollutants is shown by use of the
passenger car. Their registrations are increasing every
year, resulting in increased traffic caused by personal
travel vehicles. Road transportation also affects the
health and life of the public. This is influenced by noise
and air, soil and groundwater pollution.

There is a growing awareness in Polish society of
the negative impact of individual road transport on
the environment. For environmental action is to use
buses or streetcars to get around cities. A better way is
to choose a bicycle or cover routes on foot. This is ideal
for the environment and for human health and fitness.
Even such small measures can, to some extent, reduce
the negative impact of transportation on the ecosystem.

The aim is to make residents think about the
planet and the environment when choosing a means of
transportation and actions in the context of operating
their own vehicle. All the time, it is necessary to educate
the public and increase their knowledge about the
drastic development and impact of the road transport on
the ecosystem.
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1 Introduction

Development of the road infrastructure and, in
particular, the construction and reconstruction of
highways, bridges and overpasses, is one of the most
pressing issues in the field of transportation [1-8]. At
the same time, one of the most material-intensive,
financial and energy-consuming operations in the road
construction, is the production of building materials
and its transportation to the place of road building. This
fact determines the relevance of the development of new
cheaper materials for road building [9-25].

Organizations involved in the road building widely
use artificial materials made on the basis of man-made
waste, for example, based on the blast furnace slag, as
an alternative to natural materials [9-11].

Blast furnace slag is one of the wastes of ferrous
metallurgy, which is formed in a liquid state during
the smelting of pig iron and solidifies when it is cooled.
Blast-furnace slag consists mainly of gangue iron ore.
There are about 500kg of blast-furnace slag per each

1 ton of cast iron, which needs to be processed. About
1.1 billion tons of pig iron are produced annually in the
world, therefore, the annual global production of the
blast furnace slag is about 500-550 million tons [2].

Recycling and further use of solid metallurgical
slags, instead of expensive natural materials, reduces
the cost of road building, significantly reduces the
environmental burden in the regions due to elimination
of slag dumps, allows to preserve mining and chemical
raw materials, mineral materials [9-11]. All this confirms
the need to solve the environmental problem of disposal
of solid blast furnace slag accumulated in dumps.

The results of research in the field of processing the
blast-furnace slag for use in construction are presented
in a large number of scientific papers by both the authors
of this article [9-11] and many other authors, [26-38].

A preliminary literature analysis of these articles
showed that the most common method of recycling the
blast-furnace slag is its granulation. Granulation is
a rapid cooling of liquid hot slag in a water jet, leading
to formation of a fine-grained (less than 10mm) bulk
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multicomponent material - granulated blast-furnace
slag.

Granulation of the blast-furnace slag is carried
out for its further use as an active mineral additive in
the production of cement and concrete. Blast-furnace
slag is also used for the production of the calcium-
containing ferroalloy, paving slabs, curbs, fertilizers,
asphalt concrete pavements and heat-insulating
materials. Despite this, the demand for blast-furnace
slag in regions with ferrous metallurgy enterprises is,
as a rule, much lower than the volume of production of
this material.

Due to the limited demand for the blast-furnace
slag in regions with metallurgical production, despite
the processing of most of the material in the ways
described above, a significant part of the slag is still sent
to dumps that occupy huge areas and require disposal.
For example, according to the data for 2022, more than
30 million tons of the blast-furnace slag have been
accumulated in the dumps of ArcelorMittal Temirtau
JSC (Figure 1).

The main method of recycling the solid blast-
furnace slag from dumps is production of the crushed
stone for road building. However, today the use of the
blast-furnace slag for roads building is limited due to
its high water absorption (6 - 8 %) and insufficient frost
resistance.

The main reason for these disadvantages is the high
porosity of a significant part of crushed stone grains
made based on the blast furnace slag (Figure 2). The

1 The blast-furnace slag dump of ArcelorMittal Temirtau JSC on a satellite image

moisture absorbed by the pores of the blast-furnace slag
in summer increases in volume when it freezes in winter
and destroys crushed stone grains, as well as pavement
built on its basis, causing the formation of cracks,
subsidence and ruts on the asphalt pavement. [39].

To solve this problem, the work [39] proposes
a technology for processing the slag crushed stone,
which includes the following steps:

1) mixing pre-moistened crushed stone with a liquid
mixture containing cement, microsilica and crushed

(to a powder state) blast-furnace slag;

2) filling the pores of the obtained material with

a powdered filler of a similar composition;

3) removal of excess powdered filler from the surface of
crushed stone grains;

4) moistening the slag crushed stone for better setting
of the filler in the pores;

5) drying of the slag crushed stone with filled pores;

6) impregnation of the obtained material with a water-
repellent composition.

Kunaev proposed an experimental production line
for the practical implementation of this technology
(Figure 3), [39]. Let us consider the principle of operation
of this production line.

Mixer 1 performs the pre-mixing of the pre-
moistened (for better adhesion) crushed stone with
a liquid mixture containing cement, silica fume and
crushed (to a powder state) blast-furnace slag [9]. Next,
the slag crushed stone enters into the mixer 2, which
fills pores with a dry mixture of a similar composition.

VOLUME 25

COMMUNICATIONS 2/2023



Bo4

GEORGIADI et al.

External ports on 1he surface of the slag crushed 5/‘0/751

L 7100 mm

Figure 2 External pores on the surfaces of slag crushed stone grains
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Figure 3 Experimental technological line for hydrophobization of slag crushed stone: 1, 2 - mixers; 3 - dispenser;
4 - belt conveyor; 5 - rotating brush with synthetic bristles; 6 - metal gratings; 7 - dump truck, 8 section of moistening
and pre-drying, 9 - single-bucket loader, 10 - bath for hydrophobization (impregnation with a water-repellent composition),
11 - finished product storage section
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After that, the crushed stone is directed through the
dispenser 3 along the conveyor 4, to the rotating brush
with synthetic bristles 5. The brush 5 during rotation
ensures indentation of the powdered filler deep into
the pore space and the removal of excess mixture from
the surface of the crushed stone grains. Metal gratings
6, installed on both sides of the conveyor, prevent the
crushed stone from spilling over the borders of the
conveyor belt when in contact with the brush. The dump
truck 7 transports the slag crushed stone with filled
pores to the section of moistening and pre-drying 8,
where the surface of the material is moistened for setting
the powder mixture. The crushed stone is located at this
site until the setting the powdery filler in its pores.
Then, the single-bucket loader 9 loads the slag crushed
stone into the impregnation bath for hydrophobization
(impregnation with a water-repellent composition)
10. After impregnation for a predetermined time, the
crushed stone is unloaded to the finished product
storage section 11. For convenience, this technology of
the slag crushed stone recycling is supposed to be used
directly near the road under construction [39].

Prior to the delivery of the slag crushed stone to
this technological line, the blast furnace slag must be
removed from the dumps and crushed to the required
fraction size. However, during the long-term (20 - 30
years) storage of slag in dumps, its elements are
compressed, fastening together and forming a monolithic
material, inconvenient for loading into dump trucks and
crushing. This task is especially difficult in winter,
when the blast-furnace slag in dumps becomes a frozen
material. In conditions of a sharply continental climate,
this period can be more than half of a calendar year.
In order to avoid stopping the extraction of slag from
dumps and further hydrophobization for the winter
period, the preparation of this material for crushing into
crushed stone and subsequent processing should include
preliminary loosening [9]. Based on the foregoing, the
purpose of this paper was formulated.

The purpose of research is to develop, manufacture
and test equipment with interchangeable working tools
for preparation of building materials based on industrial
waste during the road infrastructure building, namely
loosening frozen dump slag in the winter, as well as
pressing powdered filler deep into the pore space of
crushed stone grains and removing its excess from the
surface of the processed material.

To achieve this purpose, the following tasks were
solved:

* analysis of equipment constructions and methods
for loosening the hard rocks and frozen soils;

e selection of materials and methods of research;

e development of a 3D model and drawings
of a universal working body of a single-bucket
excavator with interchangeable working tools;

e manufacturing and testing of a prototype
of a universal working body of a single-bucket
excavator.

2 Literature review

The first stage of the production of the slag crushed
stone for road building is the extraction of raw materials
(blast furnace slag) from dumps.

For loosening the blast-furnace slag during its
extraction from dumps, it is recommended to use earth-
moving machines designed to develop frozen and solid
soils.

In order to develop the construction of equipment
for loosening the frozen blast-furnace slag in dumps in
winter, the existing equipment for loosening the frozen
soils was analyzed.

A critical analysis of technologies and equipment
for loosening frozen and solid soils, which can be used,
among other things, in the loosening of frozen slag in
dumps, showed that the most significant results in this
area were achieved by authors of [9, 40-50]. The main
types of machines used for loosening the frozen soils,
discussed in works [40-50], are listed in Figure 4.

Let us consider the main methods and equipment
for loosening the frozen soils, which are described in
these works and, accordingly, hypothetically can be used
for loosening the blast-furnace slag in dumps in winter.

Explosive (slit or hole) method is used in preparation
of the frozen soils for further excavation. This method is
mainly used in uninhabited areas. It is acceptable in
inhabited areas, as well, however, with use of shelters
and explosion localizers. Slots are cut at a distance of
0.9-1.2m from each other by the trencher machines or
slot cutters. Next, the slots are loaded through one with
concentrated or elongated charges. After that, the slots
are filled with sand. When loosening the frozen ground
by this method, the site is preliminarily divided into
several grips. At the first grip, holes are sequentially
drilled, charged and blown up. At the second grip, the
work is not carried out according to safety conditions,
while at the third grip, the ground excavation is carried
out directly.

The method of mechanical loosening of the frozen
soils is advisable to apply at a freezing depth of 0.4
to 1.bm and the excavation of small-sized pits and
trenches. This method involves crushing or chipping
the frozen layer by static or dynamic action of a special
working body mounted on an excavator, tractor or other
base machine.

Dynamic impact is provided by shock, vibration or
their combined action using a ball or wedge hammer,
diesel hammers, wedge tractor rippers and other
equipment. It should be noted that the costs of mining by
dynamic methods using diesel hammers and hydraulic
hammers are 2 to 3 times higher than the costs of
mining with rippers, performing mechanical loosening
[48-501.

Analysis of the considered methods of loosening
the frozen soils showed that the most of them fully
meet the requirements for equipment for loosening the
frozen dump blast-furnace slag, the replaceable working
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Frozen soil excavation machines

-

Static actions machines

Dynamic actions machines
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machines

with a milling working body (chain, rotary, disk)
bucket-wheel excavators
single bucket excavators
tracked rippers
free fall wedge hammers

driven wedge hammers
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With an additional
effect on the
destructible material

)

vibrating wedges
destroying frozen ground

with additional pulling force
with a working body of active action
with a working body of active action
with thermomechanical working bodies

Figure 4 The main types of machines for loosening the frozen soils

equipment of a single-bucket excavator, proposed by
Letopolsky et al. [50]. Authors proposed to use an
excavator bucket combined with a hydraulic hammer as
a replaceable working equipment.

In order to optimize the workflow and reduce the
time spent on changing work equipment, an improved
design of the working body of a single-bucket excavator
has been proposed. The design solution combines
a bucket and two hydraulic hammers located on the
front side of the bucket.

At the first stage, the excavator works with hydraulic
hammers, loosening the frozen and hard soil and at the
second stage, it works with a bucket, collecting loosened
soil and loading it into a dump truck body.

In the course of the theoretical studies, the authors
of [50] calculated dependencies that allow to determine
the parameters of the installed hydraulic hammers. The
proposed design solution increases the performance
and operational reliability of the working equipment
of the excavator in the development of frozen and solid
grounds. Developing their experience, and of other

specialists in the field of soil mechanics, as well as based
on our own practical experience of the research team,
confirmed by analytical studies, our team of authors
propose to use cheaper cutterhead ripper for loosening
the frozen blast-furnace slag.

3 Materials and methods

To achieve the purpose and objectives of the
research, both theoretical (literature review, 3D computer
modeling, development of technical specifications for
designing of experimental equipment and a flow sheet of
the developed processes, approximation of experimental
dependencies) and experimental (manufacturing and
testing of an experimental construction of the cutterhead
ripper, production and testing of an experimental sample
of crushed stone based on the blast-furnace slag using
the proposed equipment) methods were used.

According to the results of a literature review, the
working group of the Karaganda Technical University
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Figure 5 General view of the cutterhead ripper:
1 - excavator, 2 - bracket, 3 - bucket 3,
4 - cutterheads, 5 - body

Figure 6 The construction of the proposed cutterhead
(in a disassembled state): 1 - bush, 2 - body, 3 - fist,
4 - cutterhead, 5 - bush, 6 - sidewall

b

Figure 7 The 3D model of the cutterhead: a - cutterhead in the assembled state,
b - cutterhead in the disassembled state

under the leadership of professor Kadyrov (one of
the authors of this article) decided to develop the
construction of a universal cutterhead ripper with
replaceable working tools. The cutters (for loosening
frozen grounds) and the synthetic brushes (for pressing
powdered filler deep into the pore space of crushed stone
grains and removing its excess from the surface of the
processed material) were proposed to use as working
tools. The proposed construction of the cutterhead ripper
is mounted on the basis of a single-bucket excavator and
allows to crush and excavate the frozen grounds and
rocks of high strength.

The cutterhead ripper is a replaceable working
body, which is pivotally mounted on the handle of the
base excavator 1 and consists of two coaxially located
ground-destroying cutterheads 4, a body 5, a bracket
2, a bucket 3 and a drive (Figure 5). Holders with
replaceable cutting elements (cutters) are placed on the
surface of the cutterheads along a helical line.

To develop a prototype of a universal cutterhead, 3D
models of all parts of this equipment and a general 3D
model were preliminarily built. The construction of the

cutterhead is shown as a 3D model in Figures 6 and 7.

Structural parameters of the bracket satisfy the
condition of interchangeability of the working equipment.
A bucket (attached to the bracket) serves to extract the
solid blast-furnace slag from the dump. The bucket
has two positions relative to the bracket: neutral and
working. The transmission of torque to the cutterheads
is carried out through a planetary gearbox and a bevel
gear from an axial-piston hydraulic motor. The power
source of the hydraulic motor is the oil station of the
base machine (excavator).

The work of an excavator with a universal cutterhead
ripper provides for the layer-by-layer loosening of an
array of the dump blast-furnace slag with its further
excavation from the dump with a bucket.

Introduction of the working body into the array
and its translational movement along the loosening
strip located on the slag dump is carried out due to the
pressure force of the hydraulic cylinders of the boom and
the handle. The main technical characteristics of the
universal cutterhead of the proposed construction are
presented in Table 1.
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Table 1 Technical parameters of the universal cutterhead of the proposed construction
Parameter Value
Loosening depth per pass (m) 0.2
Loosening strip width (m) 1.1
Performance (m?hour) 7.0
Hydraulic motor power (kw) 36.9
Torque of the working body (N-m) 6000
Universal cutterhead diameter (by cutters) (m) 0.68
Overall dimensions
Width (m) 1.1
Height (m) 1.2
Weight (kg) 1000
L . ‘
-
b)

a)
Figure 8 Replaceable working tools of a universal cutterhead
assembled with a fist: a - cutter, b - brush

N

a)
Figure 9 Replaceable working tools of a universal
cutterhead: a - cutter, b - brush

Figure 10 The 3D model of the cutterhead with the installed synthetic brushes
a - isometry, b - right side view
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Figure 11 Cutterhead ripper with replaceable tools - brushes with synthetic bristles

The peculiarity of the proposed equipment is the
presence of a bucket for removing the loosened blast-
furnace slag, which allows loosening and moving the
material without the involvement of additional machines
and ensures the energy efficiency of this equipment [51].

Taking into account the seasonality of work on
loosening the frozen ground and blast-furnace slag in
dumps, in order to avoid downtime of the cutterhead
ripper in the summer, the authors of this paper propose
to use it as part of an experimental technological line
for hydrophobization of the slag crushed stone, namely,
for compacting the powdered filler in the pores of
crushed stone grains and removing its excess from the
material surface. To solve this problem, the replaceable
working tools of a universal cutterhead ripper were
developed. These replaceable working tools are the
brushes with synthetic bristles (Figures 8, 9). Figure 8
shows two versions of the replaceable working tools of
the cutterhead ripper assembly with a fist, for fixing in
which a Morse cone connection is used (the cone angle
is 3°).

This connection type is chosen as the most quickly
detachable. Welding is used to attach the fists to the
cutter body. Figure 9 shows the same working tools
(cutter and brush), but separated from the fist. A 3D
model of a universal cutterhead with installed brushes
is shown in Figure 10.

4 Results and discussions

Based on the constructed 3D models, assembly
drawings of a universal cutterhead installed on a basic
machine (a single-bucket excavator) were developed.
Figure 11 shows a general view of a single-bucket
excavator with a universal cutterhead with synthetic
brushes used as working tools.

In this case, a universal cutterhead with brushes
with synthetic bristles, installed as a working body of
a single-bucket excavator, can be used as a part of a
mobile technological line for processing the crushed slag
stone in road conditions in summer, replacing a rotating
brush. This completely eliminates the downtime of the
proposed equipment in the summer and saves money for
the purchase of a separate rotating brush with a drive.

The technological line for processing the slag
crushed stone, containing a single-bucket excavator
with a universal cutterhead equipped with brushes
(highlighted in green oval), is shown in Figure 12.
Otherwise, this technological line operates similarly to
the line shown in Figure 3.

Based on the developed drawings, a prototype of
a universal cutterhead was made. The manufactured
prototype of a universal cutterhead, mounted on a base
machine (single-bucket excavator), shown in Figure 13,
was tested for suitability for loosening (destruction) of
various materials. The results of tests are presented in
the diagram in Figure 14.

The second experiment was aimed to evaluate the
applicability of a universal cutterhead, equipped with
replaceable working tools (brushes), as a replacement
for a separate rotating brush when used as a part of
an experimental technological line to remove excess
powdered filler from the surface of the slag crushed
stone grains, as well as to determine the optimal time
of processing the slag crushed stone by universal
cutterhead, equipped with synthetic brushes.

The main task of this experiment was to assess the
effect of the processing time of the slag crushed stone
with a universal cutterhead ¢, equipped with synthetic
brushes on the quality of filling the pores of experimental
samples of the crushed stone. The quality of filling the
pores was evaluated by reducing the water absorption

W ,. of the slag crushed stone samples after processing
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with a universal cutterhead and impregnating with a
hydrophobizer (water repellent). Thus, the objective
function looks like:

W, = f(tpmc) — min. (1)

For the experiment, 10 experimental samples of the
hydrophobized slag crushed stone were prepared. Each
of these samples weighed from 2000 to 2100 g. During the
experiments, the developed construction of a universal
cutterhead was used to fill the pores of the slag crushed
stone with powdered filler and remove its excess from
the surface of the material. And the processing time was
varied from 30 seconds to 300 seconds in increments of
30 seconds (Table 2).

Each sample was tested for water absorption. The
water absorption was determined by comparing the mass
of samples of the slag crushed stone in water-saturated
condition and after drying. Samples of crushed slag

1

stone were placed in the reservoir with water so that
the water level in the reservoir was at least 20mm
higher than the top of the slag crushed stone samples.
The samples were kept in the reservoirs with water for
48 hours, after which each sample was taken out of the
reservoir and weighed on a scale with an error of no
more than 1g. Water absorption was calculated by the
formula:

W = ZH— 212100 %, 2)

where:
m, - mass of a sample in the water-saturated condition, g;
m - mass of a sample in the dry condition, g.

The results are presented in Table 2.

The Microsoft Excel was used to process the
experimental data. The graphic dependence presented
in Figure 15 shows the effect of the time of processing

2
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Figure 12 Experimental technological line for processing the slag crushed stone after modernization: 1 - a complex of 2
mixers; 2 - dispenser; 3 - belt conveyor; 4 - single-bucket excavator with a universal cutterhead, equipped with replaceable
brushes with synthetic bristles; 5 - metal gratings; 6 - dump truck, 7 - section for moistening and pre-drying of crushed
stone, 8 - single-bucket loader, 9 - mobile equipment for hydrophobization of the slag crushed stone, 10 - section for
unloading and storing finished products
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Figure 13 A prototype of a universal cutterhead with cutters installed
on the base machine (single-bucket excavator)

fozen biast funace <z [

fozen broken brick fragments I ¢

Matenal tvpe

9

Evaluation of the quality of the destruction (loosening) of the material on a 10-

point scale

Figure 14 The results of tests for loosening different materials with a universal cutterhead mounted on

a single-bucket excavator

Table 2 Calculation of water absorption of the slag crushed stone

Time of processing Mass of a sample

. . Mass of a sample in in the state water- Water absorption
Sample number with universal oy .\
the dry condition m (g)  saturated condition W_ (%)
cutterhead ¢ (s) abs
‘proc ml(g)
1 0 2030 2146 5.71
2 30 2085 2176 4.35
3 60 2013 2098 4.20
4 90 2024 2094 3.45
5 120 2006 2053 2.34
6 150 2048 2091 2.09
7 180 2031 2063 1.56
8 210 2044 2071 1.34
9 240 2056 2079 111
10 270 2037 2068 1.50
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Figure 15 Influence of the processing time of the slag crushed stone with a universal cutter on its water absorption

A (87

Figure 16 The samples of the slag crushed stone after processing on the experimental technological
line using a single-bucket excavator with a universal cutterhead equipped with replaceable brushes

the slag crushed stone with a universal cutterhead on
the water absorption of the sample.

As readers can see, the water absorption decreases
with an increase in the time of processing the crushed
stone with a universal cutterhead up to 240 seconds
(W_,. — min), after which it begins to increase. This
is explained by the fact that with an increase in the
processing time of the slag crushed stone to 5 minutes
or more, a part of the powdered filler is removed from
the pore space. This leads to worse filling of the pores
and, accordingly, the absorption of more moisture. The
Microsoft Excel allowed to obtain a polynomial trend
line describing the relationship between the water
absorption W_ _and the processing time of crushed stone
t,,.- The obtained polynomial trend line is approximated
by the following equation:

0.00007 ¢

proc

W, =ft,)= 2.0.03462¢  +5.69766. (3)

This equation has a high reliability coefficient
(R? = 0.97974). Using the Microsoft Excel functionality,
a prediction trend line for graphic dependence in Figure

15 was built. This trend line allows to calculate how
the water absorption of the slag crushed stone will
change with a further increase in the processing time
of this material with a universal cutterhead ripper. It
is possible to track (Figure 15) the predicted values of
water absorption with a change in the time of processing
this material with a universal cutterhead along the
trend line in the range ¢ == 270-400 s.

Figure 15 shows that with a further increase in
the time of processing the slag crushed stone with
a universal cutterhead for more than 240 s, the water
absorption of the material increases and, for example, at
£, = 400 s it is about 2.7%.

Based on the foregoing, it can be concluded that
the optimal time for processing the slag crushed stone
with a universal cutterhead with synthetic brushes is
oroc opt = 240 8.

As readers can see in Figure 16, including with
a significant increase, on the obtained samples of the
hydrophobized slag crushed stone (at t =240 s), there
are no excess powdered filler and all the existing pores
are filled.
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Thus, the use of a universal cutterhead equipped
with brushes as a part of a mobile technological line
for processing the slag crushed stone ensures complete
penetration of powdered filler deep into the pore space
and removal of excess filler from the surface of crushed
stone grains.

5 Conclusions

1. The authors presented the literature review of
methods for processing the blast-furnace slag.
Based on the literature review, it was concluded
that the most appropriate way to process the waste
blast-furnace slag is to obtain the slag crushed
stone on its basis. The main disadvantages of the
resulting material (insufficient water resistance,
frost resistance, low strength) are determined.

2. To eliminate these disadvantages, the authors
proposed and substantiated the composition of
the technological line for filling the pores of the
slag crushed stone and impregnating it with
a hydrophobizator (water-repellent composition).

3. A critical analysis of machines and equipment that
can be used to loosen the frozen blast-furnace slag
in dumps in winter showed that cutter equipment
is the most suitable. Based on the results of this
analysis, the working group of the Karaganda
Technical University designed and manufactured the
replaceable working equipment of a single-bucket
excavator with replaceable working tools (cutters and
brushes) for loosening the frozen blast furnace slag
in dumps and removing excess powdered pore filler
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It has been shown that a perspective type of passenger transport is a
metro bus, which can be both two- and three-link. Mathematical model
of an autotrain has been developed for a two-link metrobus with both an
uncontrolled and a controlled trailer, with the help of which it is established
that the speed of the metro bus is 10 m/s, the angular speed of links racking,
lateral acceleration, the angles of axle wheels’ diversion while manoeuvring
of "steering wheel jerk" "Shift" and "turn" have a fading nature of oscillation,
which ensures the stability of its motion. At the same time, the value of
lateral accelerations in the center of masses of metrobus separate links
with an uncontrolled trailer at a speed of 15 m/s, while performing various
manoeuvres do not exceed 0.45 g, according to this characteristics, such
metrobus is stable, instead of a metrobus with a controlled trailer, which at
this speed loses its stability. This should be considered when developing the
advanced two-link metrobus of increased overall length (24 m).
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1 Introduction

Design of city buses is a topic of interest in current
research, both in terms of control [1] and sustainable
mobility [2]. As for articulated buses, stability control is
an issue of great practical importance, since the onset of
unstable oscillations like “jack-knifing” can lead to loss
of control and to dangerous accidents. Rapid bus, mainly
Metrobus (Eng. Bus rapid transit, BRT) is the way to
organize the bus (or trolleybus) connection, which has
higher operational characteristics in comparison with
regular bus routes (speed, reliability, transportation
capacity). According to peculiar parameters (in
particular, at speed) the system of high-speed bus
transport can be compared to the light rail systems
(high-speed tram) [3].

The BRT project involves the bus traffic on dedicated
and often enclosed lanes. The main advantage of the

metro bus is its complete isolation on the road from
other types of transport. As a means of transportation,
the next-generation articulated buses, equipped with
engines up to 250 kW, have been selected. However, as in
the metro and in metrobus salons places for standing are
much more preferable. Due to this, only one articulated

two-link bus carries up to 200 passengers [4].

The BRT system has a number of undeniable
benefits:

* high passenger capacity and efficient payment
systems provide low-cost travel;

* high traffic speed allows the metro bus to transport
a significant part of passengers, which reduces the
number of cars on the city roads and, thereafter,
vehicle emissions have been reduced,;

* a detailed information system informs passengers
about schedules of the routes.

A state of the art study on directional performance

© 2023 UNIVERSITY OF ZILINA
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issues in design of articulated heavy vehicles (mainly
devoted to trucks) is presented in [5-7], with an overview
of the models used in designing controllers. Some
studies are specifically devoted to articulated buses
(and in particular to pusher articulated buses), however
presenting numerical simulations only of particular
manoeuvres, using a single-track model [8-10].

Convenience, safety and improved traffic
organization are not all that a new system of high-speed
bus transport can offer to passengers. At the same
time, it is very important to ensure the stability of the
hinged-articulated vehicles while driving at high speed.
Therefore, the aim of the work is to analyze the influence
of mass, power and layout parameters of a two-link
metrobus, as with uncontrolled and controlled trailer, on
the stability of its traffic.

2 Methodology

The stability of traffic refers to properties of the
automatic transport vehicles (ATV), which do not
have a strict certainty in terminology, requirements,
indicators and methods of assessment [11-16]. In
practice, experimental characteristics that determine
the stability of the ATV while driving have been used
and in theory - direct and indirect indicators and their
dependencies, among which the critical speed of traffic
is the main one.

In famous nowadays studies the stability and
controllability issues have been considered in two
aspects [17]:

1. The study concerning the characteristics of all the
elements of “driver-vehicle-road” system has been seen
as a closed system of automatic control.

2. The study of own stability and controllability of a
car (autotrain) in which the driver’s influence has been
excluded.

To ensure controllability and stability of the system
of “driver-autotrain-road”, it is necessary, though not
sufficiently, to provide its own stability and control
of the car and trailer parts, e.g. properties that lie in
their design (without driver’s motion correction via the
instability). Thus, if the stability of the ATV is ensured,
then the stability of the driver’s system - ATV is also
provided, but with a large margin. Therefore, it is
enough to consider the traffic in the management of an
open scheme, that is, the potential stability of the ATV
itself.

Currently, the calculation methods for determining
critical speeds are most fully developed for single
cars, trailers and two-link sidecar autotrains. Much
less studies have been devoted to the critical speed
determination of the two-link trailer road trains, which
include the two-link metrobus.

In works [18-20], when completing the differential
equations of autotrains traffic, the following constraints
have been taken into consideration: a flat calculation

scheme, autotrain traffic is carried out on an equal
supporting surface with constant speed along a linear or
curvilinear trajectory set by the angle of rotation of the
driven wheels of power unit.

In Equations (1-20) the following notations have
been taken:
a - the distance from the front axle to the center of the

bus mass;

b - the distance from the middle axis to the center of the
bus mass;

bb - the distance from the back axle to the center of the
bus mass;

bs - the distance from the center of mass to the axle of
the rear suspension of the bus;

¢ - the distance from the center of the bus mass to the
point of coupling with the trailer;

A -the shift of the front driven wheels of the bus, due to
the longitudinal inclination of the kingpin;

c,, - the distance from the coupling point to the bus back
position point;

0 - the angle of wheels rotation of the front axle of the
bus;

b, - the distance from the center of the mass of the trailer
to its front axle;

b,, - the distance from the center of the mass of the
trailer to its back axle;

c,, - the distance from the coupling point to bus back
overall point;

0,, 0, -the rotation angle of the front and back axle of
the trailer;

m, J - the mass and central moment of inertia of the bus;

v, u - the longitudinal and transverse speed vector
projection of the center of mass on an axle connected
with the bus;

- the angular speed of the bus according to the vertical
axis;

m,, J, - the mass and central moment of inertness of the
control wheel module of the bus;

v,, u, - the longitudinal and transverse projections of
the speed vector of the center of mass of the control
wheel module of the bus;

o, - the angular speed of the control wheel module of
the bus;

m, J, - the mass and central moment of trailer
inertness (second link);

v, U, - the longitudinal and transverse projection of the
speed vector of the center of the mass of the trailer;

o, - the angular speed of the trailer;

Y , - the angle assembly of the links of the bus;

X, X, X,,X,, X, - the longitudinal forces on the axles of
the bus and trailer;

Y,Y,Y,, Y, Y, -the transverse forces on the axles of
the bus and trailer.

For such restrictions, the equation of two-link

metrobus traffic has been written, Figure 1 [21]:

e for the controlling wheel module bus

—mi(¥v1 — wiu1) — XAcos® — X1 — YAsin6 = 0,(1)
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a)
Figure 1 Photograph (a) and calculation scheme of a metrobus (b)
m(V —uw) = — Xz2co501 — Xa1cosOn +

— 11 — @1V1) — XAsin® — YAcosO + Y1 =0.(2 11

(i = @1v1) st cosOF N =0.@ Ly Gne, + XA — XBeosy: + YBsinys; b
e for the basic of the bus m(i — vw) = Yocos0y + Yo cosOr + )
m(V — ou) + Xzcos01 + XacosOn — YasinOn — 3y T Xesin®i+ YA —YBcosy: + XBsiny..
— XA + XBcosy: — YBsiny, = 0,

I = aYA — b(Ys 0, + Xssin6) —

m(it — av)+ Yscos01 + YercosO — Xesin@n — a (Yacos ’1 »sinB)

YA+ VB XBsi 0 (4) — bb(Ya1cos01 + XoisinBu) + (13)
— cosYy1 — siny; = 0.

n n +c(YBeosy: + XBsinyy) + M + My
e for a trailer
— (¥ — @o1) + XB — X005 + Yasin@y — L, =— YAAcosO + XAAsin® — M, = 0; (14)
— X 021 + Ys1sinBxn = 0 ®)
31 COS 021 3151N 021 = 0, Ly = diYB— bi1(Yscos0: + Xssin0s) —
— o (it — @svs) + YB — Xssin®s + Yscos0y + —bu(YacosBa + X31§1n021) + (15)
(6) 4 c¢1(YCcosys + XCsinys) — M,

+ Xa18in 01 + YaicosOzn = 0.

The common solution of Equations (1) - (6) allows to
find the reactions at points of connection of the control
wheel module with the basic of the bus XA and YA, the
basic of the bus and the trailer XB and YB.

XB = myVs — mawaus + X3c080; — Yssin0; +

7
+X31C05921 - Y:ﬂSirl@zl, ( )
YB = msits — mawous + X3sin@y — Yscos0: + ®)
+ Xs18in 6031 — Y3108 02;1.

XA = mii18in0 + mi@w1v1sin® — Yisin6 — ©)
—m1vVicosO + miwiuicos® — Xicosb;
YA = —mit1cos® — miw1V1cosO + YicosO — (10)

—m1v1sin® + mi@iu1sin @ — X;sin 6.

After determining the reactions at points of the
autotrain links connection, taking into account the
equations of the traffic rotation of each link of the
autotrain, a system of differential equations has been
written in the following form:

After substituting the values of reactions at the
points of connection of autotrain individual parts, a
system of differential equations relative to the variables
(#,,6,0,71,71) has been written in the form:

m(V —uw) = — @[misinOA + madising:] —
—Omisin@ x A — w*[m1 x Acos® + madicosp —
—mia + msc] — 6*mi x Acos — @imsdisiny, —
— @1madising@, — 2w0m1 X Acos@ + ¢l x

X[ — 2madicos @]+ wu(mi + ms) — Xicos® — (16)
*Ylsinef)ﬁfX21*X3COS((/)1+92)+

+ Yssin(@1 + 0:) — Xsicos(@1 + 021) +

+ Y‘dlsin((l)l + 021 );

m(it — wv) = — imscos’ @1 + vmssin2¢; — @ ¥
x{mi(a — Acos®) — ms[cos@i(2c1 + di) — c] +
+cos@i x(2cx cos@r + c1 + di + ¢)} + Omi x
xc0s0 — @V (mi + ms)x (1 — 2cos’ @) —
wumszsin 201 — @*[miAsin® — my x (dising: +  (17)

+ csin2¢1)] — 2@ 1madisin @ — gimadi X
xsin@i + madicos@i + Yicos® — Xisin6 + Yz +
+ Yo + Yscos(@i + 0,) — Xssin(@y + 62) +

+ YleOS(Yl +64) — Xslsin(')h + 921)];
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[1é = — CU([1 + Wlldﬂ,COSQ - WL12,2> -
VmiAsin® — amiAdcosO + OmiA* + wumiAsin® + (18)
+ wvmidcos® — YiAd + My + Ms;

I = aYA — b(Yacos0; + Xzsin0;) — bb( Ya1cosOn

(19)
+ Xo1sin611) + c(YBcosy: + XBsiny1) + M + My
Lo, =— d)[[z + Wtzdl(CCOS(Dl + d1)] - d)ﬁ’l’tzd% -
— Vmadisin @i + imadicos @1 + wvmadicos @1 + 20)

+ wumsdisin@, + @*mocdisingy — Ys(di + b1) ¥
c0s0; — Xs(d1 + bi1)cos0x — Xsi(dy + b11)sinBa.

To integrate the equations of the metrobus, it is
necessary to determine the longitudinal, transverse
forces on its axes, as well as the moments of inertia of
the metrobus links. Longitudinal forces on the wheels of
the autotrain have been determined as:
Xi=f 2, (21)
where f - coefficient of autotrain wheels rolling resistance,
Z, - the load on the axis of autotrain individual sections,
which have been determined by using the following
dependencies:

DEr=0; > momaF; =0,, (22)

7y = mig + mgbs/l; Z,0.5mga/l; Zs = 0.5msg;, (23)
where bs=(b+bb)/2; l=a+bs- 1.

The moments of the metrobus links inertia have been
determined in accordance with the study of Podrygalo
and Volkov [22], where a quite precise probabilistic
method for determining the radii of inertia of a car
(trailer, semitrailer) has been proposed. It is based on
two assumptions: firstly, the moment of inertia of the
car (trailer, semitrailer) depends on the law of its mass
distribution within the limits of the railway track, base
and height; and secondly, the distribution density of the
moment of inertia has been subordinated to the normal
distribution law.

The most probable values of the radius of inertia
relative to the vertical axis have been given by the
formula

2
Pz = q/%ab-i-%i%ab,

relative to the longitudinal and transverse axes of the
formula

(24)

_ 1y B 14
o= S—wn+ B el ), (25)
po=yrab+ L —mn+ta, (26)

where B - the track of the car (trailer), H - the height of
the car (trailer), 4 - the distances from the center of mass
to the road’s plane.

The moment of inertia of the metrobus links are
determined by the known formula
L= pim;. (27

The moment of resistance in the hinge between the
links of the metrobus has been determined as [23]

R? — 42

My = 2 Zyp "%

R @9

where Z , - vertical load in the support-coupling device,
1 - the coefficient of friction in the support-coupling
device, ©=0.15...0.20, R, r, - bigger and smaller radii of
the support-coupling device, respectively.

Nowadays, there are several analytical
approximations of the dependence of the lateral reaction
applied in the spot of the wheel contact, from the angle
of lead, namely [24]:

Y: = kix arctg(ciSi),

Y} = kiX th(cz-&),

Y, = ki(S‘i __ ,
J1+ kix(@?GE) ' x 8%

(29)

where 0,, Y, - abduction angles and lateral forces, ¢ -
coefficient of transverse linkage between the tire and the
supporting surface (has been considered as a constant
value of this study), &, - coefficient of resistance to lateral
withdrawal, G, - vertical load on the wheel.

The general requirement for all the functions given
in the Equation (29) states that, function f(J) is the
sum of an alternating series
Y=kS — kS +ES —+... (30)

In the further calculations, in mathematical
modelling, the last Y in Equation (29) dependence is
used. The need to take into account nonlinearity is
explained by the fact that only in a very narrow range
the dependence between the forces acting on the axis
and the angles of the axis drawdown is close to the
linear one, while with other values of the angles of
withdrawal, this dependence is nonlinear and the lateral
force cannot exceed the Y* adhesion forces. As the lateral
force approaches to its maximum value, a partial slip in
the lateral direction begins and then a full slide starts.
Accordingly, the maximum value of the lateral force Y =
Y* can be found, based on the fact that

k

lim Y(8) = % — Yo = 5 Y = 0G.

ye (31)

If the coefficient of resistance of the lateral carriage
is indicated in the absence of the longitudinal forces
acting on the wheel, through &, then & is defined as [24]

V11— (X/pGY

k= k0 3mx/G

(32)

where X - the longitudinal force acting on the wheel, the
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value of which has been determined by the ratio X=M/r,
if M/r < ¢Gand X = ¢G, if M/r = ¢G.

In the absence of the traction (brake) moment on
the wheels of the autotrain axes, the lateral forces on
the wheels of its axes have been determined by the
dependence [24]

kidi
K:71+x252 , (33)
_ ki
xXi= o7 (34)

Integration of the equations system in (20) was
performed with the software Maple 14. Equation (20) in
“the machine form” due to the additional symbols should
be written, where:

* v, u - longitudinal, transverse projection of the
velocity vector of the center of mass on an axle
connected with the tractor;

* omega - angular speed of the tractor, relative to the
vertical axis;

e pl, ul - longitudinal and transverse projection of
the velocity vector of the center of the masses of the
steering wheel module;

e omegal - angular speed of the steering wheel
module;

e v2, u2 - longitudinal and transverse projection of
the velocity vector of the center of the masses of the
second link;

*  omega2 - angular velocity of the second link;

e U - derivative of the lateral velocity of the center of
the masses;

e O - derivative of the angular speed of the tractor
relative to the vertical axis;

e O - the change speed of the rotation angle (6) of
the controlled module;

* TT - angular acceleration of the controlled module;

®  Phil - the change speed of the rotation angle (¢ 1)
of the second link;

*  PPTI - angular acceleration of the second link;

e V- acceleration in the longitudinal direction.
Taking into account the accepted symbols of the

autotrain motion Equation (6) in the “machine type” for

steady motion (¥ = 0) has been presented in the form:

* by variable u:
el:=-m*(U+omega*v)+Y2+Y21*cos(thetall)+X21%*-
sin(thetall)-m1*U-XI*sin(theta)+ cos(theta)*Y1+-
cos(phil)*X31*sin(theta21)+sin(phil)*X31*cos(the-
ta21)+m2*%U+
cos(phil)*X3*sin(theta2)-sin(phil)*Y3*sin(theta2)+-
cos(phil)*Y31*cos(theta2l)-2*m2%cos(phil)N2*U+-
cos(theta)*m1*lambda*Omega+m2*omega*v+2*m2%*-
cos(phi)"2%c*
Omega-2*m2*omega*v*cos(phil)"2-m1*sin
(theta)*lambda*Theta2+cos(theta)*ml1*la
mbda*TT-m1*sin(theta)*lambda*omega”2-
ml*omega*v-ml*a*Omega-sin(phil)*Y31%s-
in(theta2l)+cos(phil)*m2*d1*PT1+cos(-

phil)*Y3*cos(theta2)-2%cos(phil)*m2%omega*-
sin(phil)*u-m2%c*Omega+cos(phil)*m2*d1*0-
mega+2*cos(phil)*m2*V*sin(phil)-
+2%cos(phil)*m2%*sin(phil)*c*omega™2+sin(phil)*X3*+-
sin(phil)*m2*d1*omega™2+2*sin(phil)*m2*ome-
ga*d1*Phil+sin(phil)*m2%d1*Phil"2;

* by variable w:
e2:=-J*Omega+a*cos(theta)*Y1-c*cos(phil)*Y31%*-
cos(theta2l)-c*cos(phil)*X3*sin(theta2)-c*cos(-
phil)*Y3*cos(theta2)-cos(phil)*X31*sin(the-
ta2l)+c*sin(phil)*X3*cos(theta2)-2*a*m1*sin(th
eta)*omega*lambda*Theta+a*cos(theta)*m1*lam-
bda*Omega-a*m1*sin(theta)*lambda*omega”2-
a*ml*sin(theta)*lambda*Theta2-
a*X1*sin(theta)+a*cos(theta)*mlI*lam-
bda*TT+c*sin(phil)*Y31*sin(theta2l)+
c*sin(phil)*X31*cos(theta21)+2*c*sin(phil)*m2%ome-
ga*d1*Phil+c*sin(phil)*m2*d1*Phi1™2+
c*sin(phil)*m2*d1*omega”2-c*cos(phil)*m2*d1*PT-
1-c*cos(phil)*m2*d1*Omega-bb*Y21-m2%c"2*0-
mega-a*ml1*U-ml1*a™2*0Omega+c*m2*U-
-a*ml*omega*v+c*m2*omega*v+kk1*(theta-the-
ta0)+h1*Theta+kk2*(phi-phil0)+h2*Phil;

* by variable 6
e3:=-J1*(Omega+TT)+lambda*(-Y1+cos(the-
ta)*m1*U-mI1*lambda*Omega-m1*lambda*TT-
-mI*sin(theta)*V+ml*sin(theta)*omega*u+cos(the-
ta)*mI*a*Omega+cos(theta)*m1*omega*v+
ml1*sin(theta)*a*omega”™2)-kk1*(theta-theta0)-
-h1*Theta;

* by variable ¢:
ed:=-J2%(Omega+PT1)-m2*d1"2*Omega-
-m2*d1"2*PT1-d1*X31*sin(theta21)-b1*Y3*cos(the-
ta2)-b1*X3*sin(theta2)-b11*Y31*cos(theta2l)-
-b11%X31*sin(theta21)-d1*m2*V*sin(phil)+d1*m2%co
s(phil)*U+d1*m2%omega*v*cos(phil)+d1*m2*omega
*sin(phil)*u-d1*Y31*cos(theta21)-d1*X3*sin(theta2)-
d1*Y3*cos(theta2)-c*cos(phil)*m2*d1*Omega-
kk2*(phil-phil0)-h2*Phil+kk3*(phi2-
phi20)+h3*Phi2.

3 Results

Integration of motion equations has been made
by such initial data:
L=12 m; L =22 m; a =3.9 m; b=1.45 m; bb=2.75 m;
¢=3.8 m; A=-0.0023 m; co,=1.2 m; B=2.0 m; b=-0.65
m; b,,=0.65 m; DL2=4.8 m; ¢,=7.8 m; V:=0; X1:=0;
X2:=0; X21:=0; X3:=0; X31:=0; m1:=600; m:=17400;
kf:=0; m2:=16000; k1:=160000; k2:=252000;
k21:=252000; k3:=165000; k31:=165000; kk1:=2600;
kk2:=300; h1:=30; h2:=30; kappal:=0.8; kappa2:=0.8;

kappa3:=0.8; kf:=0; v:=10; phil0:=0; theta:=0;
theta2:=0; theta21:=0; J1:=12.22; J:=288395;
J2:=271189;

7Z1:=70000; Z2, Z21:=0.5*m*g*a/l=80000; Z3,
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731:=0.5*m*g*a/l=55000;
Y1:=k1*deltal/sqrt(1+(k1*deltal/(kappal*Z1))"2);
Y2:=k2*delta2/sqrt(1+(k2*delta2/(kappa2*Z2))"2);
Y21:=k2*delta21l/sqrt(l+(k2*delta21/
(kappa2*Z2))"2);
Y3:=k3*delta3/sqrt(1+(k3*delta3/(kappa3*Z3))"2);
Y31:=k3*delta31/sqrt(1+(k3*delta31/
(kappa3*Z3))"2).

The results of calculating the angular velocity of the
metrobus linkage, lateral acceleration, angles of wheel
alignment of axes, the angle of the links folding during
the “steering wheel jerk” manoeuvre for a metrobus with
an uncontrolled and a controlled trailer for direct control
over the axle and gear ratio of about 0.5 has been shown
in Figures 2-5.

The fading character of the oscillation of the angular
velocity of the bus and the trailer rushing demonstrates

the stable character of the metrobus links movement
during this manoeuvre (Figure 2). Thus, it should be
noted that the absolute values of the rush speed for an
uncontrolled and controlled trailer are almost identical,
which can lead to a breakdown of stability when
increasing the speed of the metrobus.

The stability of motion, to a greater extent, can
be judged by the magnitude of lateral accelerations,
operating in the center of masses of individual links.
According to literary sources, the stability of motion can
be considered satisfactory if the transverse accelerations
in the center of masses do not exceed 0.45 g. This
condition corresponds to the metrobus with a controlled
trailer (more unstable in comparison to the uncontrolled
one) (Figure 1).

In addition, the fading character of fluctuations
also indicates the stability of the metrobus. As in the

Angularvelocity, radks
o

time, s

| merobus tailer r contolled trailer |

05

04

=
[

S

=
o
!

Lateral acceleration, g

time, s

| s MEITODUS il trailer

a)

b)

Figure 2 Angular rushing velocity (a) and lateral acceleration of the metro bus
(b) during the manoeuvre “steering wheel jerk”
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time, s
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Figure 3 The angle of folding (a) and separation of the centers of the masses links (b) of the metrobus during the
manoeuvre of “steering wheel jerk”

COMMUNICATIONS 2/2023

VOLUME 25



STABILITY OF THE TWO-LINK METROBUS

B3

preceding case, the accelerations in the center of the
trailer mass are somewhat higher than the acceleration
of the bus, so the limiting factor, when performing the
manoeuvre of “steering wheel jerk”, is either accelerating
the center of the mass of the trailer.

According to values of the lateral accelerations,
the lateral forces acting in the center of the masses of
individual links have been determined and behind them
the angle of folding, Figure 3a and the angles of links
separation, Figure 3b.

It should be noted that bigger angles of allocations
outlets are inherent in the trailer. The variable
character of lateral acceleration and lateral forces leads
to oscillations of the links lateral displacement angles
and the greater amplitude of oscillations takes place
at the center of the trailer masses. That can lead to

1.57

0.5

14

-1.5

a) lateral speed

superfluous rotation of the metrobus and the violation of
stability when increasing the speed of motion. From this
follows an important practical conclusion - the pressure
in the trailer tires, as one which largely determines the
resistance coefficient of the drive, should be chosen in
such a way that does not lead to excessive twist of the
metrobus.

While performing a “reset” manoeuvre, similar
calculations have been made. The qualitative results
of calculating the main parameters of the autotrain
motion for the implementation of this manoeuvre, to a
large extent, coincide with the results of the previous
“steering wheel jerk” manoeuvre, but the absolute
values of the parameters are significantly lower.

In addition to the above-discussed manoeuvres of
“steering wheel spin” and “reset”, other modes of motion

i

E

b) lateral acceleration

Figure 4 Lateral speed and lateral acceleration of the center of the bus with a controlled trailer mass during the
manoeuvre “turn” at speeds of 10 m/s (a) and 15 m/s (b)

3

a) lateral speed

b) lateral acceleration

Figure 5 Lateral speed and lateral acceleration of the center of the bus with an uncontrolled trailer mass during the
manoeuvre “‘turn” at speeds of 10 m/s (a) and 15 m /s (b)
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a) lateral speed

b) lateral acceleration

Figure 6 Lateral speed and lateral acceleration of the center of the controlled trailer metrobus mass during the
manoeuvre “turn” at speed 10 m/s (a) and 15 m/s (b)

were also considered, namely the 90-degree rotation,
S-shaped rotation, ISO manoeuvre, straight-line motion
[25].

The results of calculation of the lateral speed
and lateral acceleration of uncontrolled and controlled
autotrain trailer links during 90-degree rotation
manoeuvre are given in Figures 4-6, where a limiting
factor in performing various manoeuvres is a controlled
metrobus trailer, acceleration of which is 25 to 36 %
higher than acceleration of an uncontrolled metrobus
trailer.

4 Conclusions

The mathematical model of the metrobus has
been developed, both with an uncontrolled and
controlled trailer, by means of which it is established,
that the speed of the metrobus 10 m/s, the angular
velocity of the links, the lateral acceleration, the angles
of the wheel axle during the manoeuvre of “steering
wheel jerk”, “reset” and “turn” have a diminishing
character of oscillations. In this case, values of lateral
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The aim of this research was to find out the specific geometrical parameters
of the harmonic drive with the greatest impact on its lost motion. Harmonic
drive units are widely used in production automation, robotics and automated
manufacturing systems. Virtual model of Harmonic Drive was examined
using the finite element method. The analyses were performed with
considering the real test conditions of high precision gearboxes with a lost
motion value of 4% of the nominal output torque. The analyses' results were
then used to develop a unique approach to obtain a functional relationship
between the input parameters defining the shape of the flexspline and
the harmonic drive lost motion value. Subsequently, the global sensitivity
analysis was performed to determine the degree of influence of the selected
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1 Introducion

In 1955, American scientist Clarence Walton
Musser published the concept of a new transmission
system called ,Strain Wave Gearing®. This transmission
system was based on a differential transmission with
a spur gear, in which the engagement was achieved by
periodic elastic deformation of one of the components
[1]. Harmonic drives (HD) are distinctive particularly
in their compact dimensions, transmission of high
torques, small lost motion and high positional accuracy.
They retain those properties, especially at steady
state at constant speed. Outside the steady state,
the mechanisms show a non-linear characteristics,
which is manifested by a significant kinematic error
in operation of these systems. The application of these
transmissions depends on the various advantages of
harmonic transmissions. Some applications require zero
lost motion and high positional accuracy, others high
torque to weight ratio [2]. Experimental measurements

of Ghorbel et al. [3] allowed understanding the variation
of the kinematic error, depending on the load, the
angular velocity and the relative position of certain
components of the mechanism. With development of
the computer technology, more detailed options enabled
examining the properties and dependences of the system
characteristics on the mechanical properties of individual
components. Further studies have investigated the
stress distribution in the flexspline (FS) [4]. Other
studies have dealt with the effects of the F'S shape on the
overall HD properties. Juan et al. [5] have dealt with the
optimization of the FS shape using the LSGA program
in terms of weight reduction and overall HD size. Zou et
al. [6] analyzed the stress and strain of the short F'S at
different loads.

The harmonic drive consists of three basic
components that are essential for the correct operation
of the transmission. The wave generator (WGQG) is
designed most often as a thin ball bearing pressed on
an elliptical cam. The circular spline (CS) is a rigid

© 2023 UNIVERSITY OF ZILINA
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Figure 1 Torsion characteristics of the HD by applying
the = 4% of the nominal output torque TN

gear wheel with internal gearing. The flexspline (F'S) is
the most important part of the HD, which is subject to
periodic elastic deformation. It has the shape of a semi-
closed cylinder with external gearing at the open end.
The overall properties of the HD depend mainly on
properties of the WG and FS.

The aim of the presented paper was to determine
the influence of selected geometrical FS parameters
on the resulting kinematic accuracy, the lost motion.
In the case of optimization, several design parameters
of the created virtual HD model that contribute to the
torsional stiffness and subsequently to the lost motion,
are selected. To improve the efficiency of the optimization
and design process, the process can be accelerated
by eliminating the insignificant input parameters.
Identification of the significant and insignificant input
parameters is performed using the global sensitivity
analysis (GSA), which reduces the number of input
variables of the optimization problem as described by
Saltelli et al. [7]. The unique method developed by Hrcek
et al. [8], which identifies the key parameters of various
HD components influencing its lost motion, was already
well tested and described.

2 Backlash, lost motion and HD virtual model

The backlash and the lost motion terms are
frequently used interchangeably in the technical
literature. It is crucial to understand the distinction
between the backlash and a lost motion, since the
lost motion is one of the most common reasons of the
positional inaccuracy in a motion system. Backlash
is actually one of the components of the lost motion.
It describes the state when the input torque to the
mechanism does not bring any corresponding response
at the output. Lost motion is a value that is determined
by measuring the angular deformation in both directions
with the WG fixed and CS blocked and the FS loaded
with a certain torque.

Figure 1 shows the hysteresis curve obtained by
the HD unit test. It records the torsional stiffness of

a harmonic drive with a fixed input. Its value changes
depending on the change of the transmitted load. The
nonlinear torsion characteristics arises due to the thin-
walled construction of the FS. It is important because
of the elastic elliptical deformation occurring below the
area of the outside FS gearing during the operation of
the harmonic transmission system.

With increasing load, an increasing number of teeth
engages due to the elastic deformation of the FS and
the torsional stiffness increases. The number of engaged
teeth changes while the HD gearbox is running. In
addition to the torsional characteristics, related to the
variable number of teeth, the characteristics in Figure
1 also depends on the elastic deformation of the FS
cylindrical thin-walled part by the action of torque. The
measurement of the torsional stiffness of the harmonic
drive takes place with a fixed WG, using a rotation of F'S
in both directions with the + 4% of the nominal output
torque Ty.

Calculation of the torsional stiffness constant, which
expresses the dependence of the rotation on the value of
the applied torque can be expressed as

T
C= R (1)
where:

T (Nm) - applied torque;

¢ (rad) - angular displacement.

The lost motion is defined as the angular delay of
the output shaft upon changing the direction of rotation
of the input shaft, while in the working condition. It
follows from the definition that during the measurement,
the input shaft is driven by torque and the backlash is
measured on the output shaft. Furthermore, the term
“in the working condition” means that the output shaft
is under the torque load. The analysis of harmonic
transmission revealed that the lost motion is caused
not only by the backlash, but by elastic deformation, as
well [9].

The lost motion of the harmonic transmission is
caused by backlash in the gearing between the circular
spline and flexspline, as well as by the backlash in the
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Figure 2 The geometry of the tested HD unit

Oldham coupling of the Wave generator. The source of

backlash caused by elastic deformation is the flexspline

under the torque load. The main causes of the backlash

in the harmonic drive include [9]:

¢ Error in machining of the flexspline and circular
spline gearing;

¢ Error in machining of the cam profile;

* Incorrect assembly of the three main components of
the harmonic drive;

*  Coupling backlash;

¢ Elasticity of flexspline and other parts.

The lost motion is defined with a nonlinear function
that includes the backlash effect as well as the torsional
characteristics of the engaging teeth with varying
loading torque. This function approximates the real
HD torsion characteristics and it is described by the
equation [10]

8§ — by,8> b,
AS) = 0, — b <8 <bs, 2)
S+ by, 8 < by

where the backlash equals to 2 6.

The loss of contact between the teeth is
a phenomenon that occurs especially in systems that
are loaded with little or no tor que. Loss of contact
and subsequent contact are a source of shocks that
cause noise and strong vibrations. These in turn affect
the efficiency, wear and reduce the overall life of the
mechanism [11]. The kinematic accuracy is defined as
the sum of the positive and negative differences between
the theoretical and actual rotation output angle. The
kinematic accuracy of the examined HD is less than 1
angular minute (arc min) without load and decreases to
about 30 angular seconds (arc secs) with loaded gear.

In order to perform the FEM analysis an HD virtual
model displayed in the Figure 2 was build following the
description published by Majchrak et. al., where the
finite element mesh is also described [12-14].

The resulting lost motion is influenced by many
geometric parameters of the FS. The selected ones are:

he

hpz

hp Rv

Figure 3 Selected relevant FS dimensions affecting the HD
kinematic accuracy presented on the 3D virtual mode

* thickness under teeth x, = hpz (mm),

* thickness of cylindrical part of F'S x, = 2, (mm),
* lead radius of the gearing x, = R (mm),

* end radius of cylindrical part x, = R, (mm),

¢ depth of the undercut x; = 2, (mm).

The selected relevant F'S dimensions are shown in
Figure 3.

The lost motion of the HD virtual model was
calculated in the ANSYS Workbench software. The
material of the harmonic drive components was steel
with a Young’s modulus of E = 210,000 MPa and a
Poisson’s ratio of 0.3. Each harmonic driving component
must be strained only in the elastic region; therefore, it
is enough to use a linear material model where Hooke’s
law can be employed, as described in [8]. The nonlinear
studies were performed since all the contact conditions
between the HD components were determined by the
Frictionless type of contact. No bonded contact type was
considered.

3 Global sensitivity analysis

In order to define the most important parameters
from the chosen F'S dimension set, which most affect the
lost motion, it is necessary to use appropriate techniques
for calculating the decision-making values referring to
the required variable. The global sensitivity analysis
was used in this research to identify the relevant FS
dimensions usable by its further optimization with
accent on the HD lost motion minimization.

3.1 Functional dependence definition

To be able to express the dependence between
individual changing parameters of the F'S and the value
of the lost motion in more detail using GSA, one first
needs to know the functional dependence between the
output (HD lost motion) and the input parameters (FS
dimensions), y = flx,, x,, X, X, X,).
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To get a better picture of the dependence between
the inputs parameters (iPx - selected dimensional
parameters) and the output parameter (oP - lost motion)
the linear regression analysis was performed. The
red curve in Figure 4 interprets linear interpolation
between the lost motion and the spesific dimension
parameter. The black curve interprets the exponentional
interpolation. The steepness of the red curve defines
a sensitivity dependance between the input and the

output parameters. The most popular method for solving
the task is a simple linear regression. The general form
is:

oRi = bo+ 31 b;iP”, (3)
where the coefficients are b, b, determined by the least

square computation, based on the squared differences
between the y-values produced by the regression model
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Figure 4 Comparison of the FEM analysis lost motion results (blue circles) and the lost motion values calculated
by the expressed functional dependence (red asterisks): (a) Thickness under gearing; (b) Thickness of the cylindrical
part of FS; (c) Lead radius of the gearing; (d) End radius of the cylindrical part; (e) Depth of the undercut
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Figure 5 Quasi random variables scatter plots: (a) Latin Hyper Cube; (b) Halton Point Set; (c) Sobol Point

and the actual model output obtained from the FEM
analysis data. For verification, the quadratic coefficient
of determination was calculated as well. The calculated
value R? = 0.96 indicates a very good match between the
data from the FEM analysis and the calculated data.
The FEA results and the fitted curve function results
comparison is shown in Figure 4.

3.2 Generating random numbers

After the functional dependence was obtained
according to Equation (3) and proved by the quadratic
coefficient of determination value, the task of a big set
of the input and output variables arised in order to
perform the GSA. It would be extremely time consuming
to create such a big set of input and output values by the
FEM, therefore the generation of the random numbers,
based on former calculations, was carried out.

There are many ways to generate as random numbers
as possible, but in some cases entire randomness of
numbers is actually not desirable. For some types of
applications, it is much more important to achieve
as even random coverage of the sampled integration
domain as possible, than being the numbers truly
random. One of the problems with the random sequence
of numbers is that the numbers can form clusters in
some areas. The overall coverage of the interval may be
uneven. On the other hand, the problem of a completely
uniform random coverage of the interval is the possible
creation of a completely uniform grid of points, which is
also undesirable in some cases [15].

Quasi random sequences of numbers represent
a compromise between these extremes. These sequences
cannot be considered random, as they are deterministic
sequences that are designed to provide as even coverage
of the sampled interval as possible for a given sample
and at the same time to look “sufficiently random”.
The individual elements of quasi random sequences
deliberately avoid each other in order to avoid the
clusters that we observe in random sequences [15].
Several methods for selecting the quasi random numbers
are known. In this case, we selected three methods that

met the requirements of this research:
e Latin Hypercube;

Halton Point Set;

Sobol Point.

The graphical representations of the generated
random points (scatter plots) according to these methods
are shown in Figure 5.

The calculated values of the lost motion for the
individual input parameters from the expressed function,
based on the quasi random variables scatter plot by

Sobol Point, are shown in Figure 6. The cyclic procedure
of their calculation started with a small number of the
quasi random variables, which was gradually increased
until the convergence was reached. The Sobol Point
method was chosen due to the possibility of solving
higher order interaction of the input parameters. In
order to calculate the Sobol indices, it is necessary
to include a large number of data sets in the range
of 1000 - 10000 in the analysis. Due to the better
comprehensibility of the graphs, only thirteen of them
are displayed. The data sets are generated from the
detected dependencies of individual input parameters on
the output parameter from the FEM analysis.

3.3 Sobol indices calculation

To generate the quasi random data for further GSA,
the Sobol Point method was used. The advantage of this
method was the speed of data generation. We know
several Sobol’s indices [16], but for our calculation the
first-order sensitivity index and the total-order index
are important. Let the generic model, described in more
detail in [7], be used:
Y =AXy,..,X;). 4)

The output Y is a scalar, while the input elements
X,..., Xp are independent random variables with known
probability distributions. Those distributions reject the
system's uncertain knowledge. The primary idea behind
this strategy is to break down the output variation into
contributions from each input factor. Derivation of the
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relation for calculation is described by Homma and
Saltelli [17]. Using the law of total variance, one can
write

W(Y) = Va(Ex-i(Y1Xi) + Exi(Vx-i(Y1X5),  (5)
where V is a expected value of process variance and E
is a variance of the hypothetical means. The first-order

influence of X, on Y is known as the conditional variance
Vxi(Ex-;(Y] X;)) and the sensitivity measure

_ Vxi (Ex~i(Y] X3))

(6)
is known as the first-order sensitivity index of X; on Y.
S.. S, is a number always between 0 and 1. The total-
order sensitivity index, ST, described to account for all
contributions to output variation owing to factor X, (i.e.
the first-order index plus all its interactions):

ST =Y,,, S, ™
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Figure 6 The lost motion values of the fitted function calculated for the Sobol Point data set: (a) Thickness under gearing;
(b) Thickness of the cylindrical part of FS; (¢c) Lead radius of the gearing; (d) End radius of the cylindrical part; (e) Depth
of the undercut
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where k#1 indicates all the indices associated to the
factor X.. The total-order index can be expressed as

Vx ~ i(EXi( Y] X~i))

Shi=1- VY)

(8)
and using again the law of total variance and normalizing
we get

Vx ~ z'(EXi( Yl X~i))
V(YY)

Ex ~ i( VXi(HX~i))

1= Y) .

+ 9)

The second term in equation (9) is the total-order
index [15]

_ Ex~ (Vxi (Y1 X20))
V(YY)

ST; (10

The graphically illustrated influence of individual
input parameters with respect to the output parameter
using GSA can be seen in Figure 7. The First order is
represented by the red columns and the Total effect by
the blue columns. The resulting values of Sobol’s indices
are presented in Table 1.

4 Finding and discussion

The presented research dealt with the analysis
of the lost motion in a harmonic drive. depending on
changing some design parameters of the harmonic
drive flexspline. Based on the knowledge from previous
research focused on the influence of various HD

B Sobol indices Total effect

0.8
0.7
0.6
05
0.4
03

0.1

iP1-hpz iP2 - hc

iP3 -

parameters on its lost motion. The flexspline was
selected as the key component of the HD unit. Based on
the experience gained, five key geometric parameters,
defining the FS geometry with the highest impact on
the lost motion, were selected. The examined gearbox
was loaded with + 4 % of the rated output torque, which
simulated the real conditions of high precision harmonic
drives for robotic and automated manufacturing system
applications.

The calculated First-order and Total-effect Sobol’s
indices in Table 1 indicate that the thickness under the
gearing i and the thickness of the cylindrical part of F'S
h, have the greatest affect to the lost motion. The above
mentioned results are consistent with the assumptions
based on previous experience with harmonic drive
unit design. These identified parameters had the
greatest impact on the lost motion even in prototype
tests.

The results obtained using the method based on the
GSA developed by Hrcek et al. and described in detail
in [8] allow to identify unambiguously the relevant
parameters affecting the HD kinematic accuracy not
only by parameters of various HD components but
by various parameters of a the flexpline, as well. The
results can help by optimizing the FS and thus the
whole HD unit. Based on the results of the used method
based on the GSA, the entire optimization process can
be accelerated by eliminating irrelevant parameters and
thus reducing the number of variants needed for the
time consuming finite elements analyses.

B Sobol indices First order

0.08
0.06
0.04

0.02

Rv iP4 - Rk iP5 - hp

Figure 7 Results of calculating the Sobol’s first-order and total-effect indices

Table 1 Values of the calculated Sobol’s indices

FS dimension iP1 (k) iP2 () iP3 (R) iP4 (R, iP5 (h,)
Sahol indices 0.0771500 0.0859400 0.0052840 0.0027370 0.0001973
Correlation First order
coefficient indi
Sobol indices 0.6969000 0.5974000 0.1497000 0.2385000 0.2825000

Total effect
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5 Conclusion

The main contribution of the presented research
is the clear identification of the input dimensional
parameters with the greatest influence on the lost
motion. So far, such a precisely quantified dependence
has not yet been published in scientific publications. The
findings can be used in the design process of harmonic
gearboxes. The early stage design process can be directly
focused on the specific dimensional parameters with the
greatest impact on the lost motion. On the the other
hand, less attention can be paid to parameters with less
impact. Further research will be focused on investigating
the influence of other dimensional parameters on the
kinematic properties of harmonic gearboxes. Another
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goal will be to investigate the torsional properties of
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the transmission system as a whole unit.
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Resume

The work presents the results of a statistical analysis of random processes
of the coefficient of vertical dynamics of a passenger car variation. To
determine the dynamic performance of cars the tests were running on
the tracks of JSC “Ukrzaliznytsia”. The main statistical characteristics of
random processes are determined for various modes of car movement along
curved and straight sections of the track. As a result of statistical processing
of experimental data, correlation functions have been constructed that
characterize the degree of connection between different time sections of
the process of changing the coefficient of vertical dynamics. The obtained
indicators of the law of distribution of the vertical dynamics coefficient
values, approximating the models of correlation functions and the numerical
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track section
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correlation function

values of their parameters, make it possible to further simulate the process

of loading a passenger car without carrying out lengthy expensive tests.
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1 Introduction

Facing the growing competition between different
kinds of transport one must pay more attention not
only to ensure fast transportation of passengers with
maximum comfort, but to reliable and coordinated
operation of all the parts of railway transport, as well.

In recent years, due to insufficient investment in
railways of Ukraine, there has been an increase in
physical wear and tear and obsolescence of the operational
fleet of passenger cars of JSC “Ukrzaliznytsia”.

Most of the passenger car fleet was built in the
70s and 90s of the last century, at the railcar-building
plants in Germany (Waggonbau Ammendorf) and the
Russian Federation (Kalinin Carriage Plant, nowadays
Tver). According to the Passenger Company branch
of JSC “Ukrzaliznytsia”, most of the cars in the
inventory fleet have served their assigned service life.
As a result, the current wear of the passenger car fleet is
approaching 92 %. Therefore, an urgent issue to increase

the competitiveness of rail passenger transport is to
overcome the high degree of wear of the passenger cars
fleet of JSC “Ukrzaliznytsia”.

In recent years, JSC “Ukrzaliznytsia” has been
renovating passenger cars in order to extend their service
life. That resulted in partial restoration of technical
and operational characteristics of the car. However,
it is necessary to understand that it is impossible
to completely restore cars to the initial condition.
Therefore, the analysis of dynamic characteristics of the
passenger cars, which have undergone renovation, is an
urgent task.

2 Analysis of recent research and publications

The dynamic loading of rail vehicles depends on
many factors. Therefore, a significant number of works
in different countries of the world are devoted to the
study of these issues. A number of scientific studies have

© 2023 UNIVERSITY OF ZILINA
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been devoted to the issues of rolling stock dynamics, the
determination of vertical and horizontal forces and the
study of their influence on stability, strength and traffic
safety.

It should be noted that both theoretical and
experimental methods for studying dynamics of the
rolling stock are constantly being improved with the
development of measuring instruments and information
processing. The use of modern computer technology
makes it possible to obtain results that are important for
design of the modern rolling stock.

In article [1], the authors compare the dynamic
performance of freight cars equipped with three different
types of bogies (models 18-100, Y25, 18-9771). The
researchers came to the conclusion that the values of
the coefficient of vertical dynamics of the non-sprung
part of the car are almost the same for all three models
of bogies, on a straight section of the track. The authors
also recommend improving the dynamic performance of
the car bogies by choosing rational parameters of the
spring suspension.

The studies of the specialists of the Faculty of
Mechanical Engineering University of Zilina are devoted
to issues of dynamic interaction of the rolling stock with
the superstructure of the track [2-4]. The authors have
developed the solid-state models of passenger cars that
allow simulating the real dynamic interactions of the
rolling stock, taking into account the rigidity-damping
parameters of the railway track. The paper presents
simulation calculations for three different models and
determines the stiffness-damping parameters of a rail
vehicle.

Thus, when modeling the dynamic load of passenger
cars, in order to simplify the mathematical model,
the authors of papers [5-6] considered the body and
bolsters as one inertial element of the car. However, if
it was necessary to determine the acceleration of the
body capabilities of such models, that turn out to be
insufficient. To determine the forces of interaction and
mutual displacements of the body and bolsters of the
car in studies [7-8], experts considered these structural
elements as separate. It is considered that the body rests
on the bolsters in four points (slides).

The article [9] shows the results of mathematical
modeling of spatial oscillations of passenger cars by
determining the forces of dynamic interaction of bodies
and bogies, which are used to determine the dynamic
running characteristics and strength. The publication
[10] evaluates the dynamic qualities of a passenger
compartment car model 61-779, constructed by OJSC
“Kryukiv Railway Car Building Plant”.

Hydraulic vibrations play an important role in
ensuring the smooth running of bogies. In the study [11],
the authors considered the influence of the parameters
of hydraulic vibration dampers of bogies on the dynamics
of cars. Numerical analysis has shown that the critical
velocity and the stability index increase with an increase
in the damping diaphragm and flow area. As the spring

stiffness increases, the critical velocity increases and the
stability index decreases.

In the rolling stock dynamics, in describing the
contact interaction of a wheel with a rail, the theory
of creep (elastic sliding) has found application. In [12],
a wheel pair is considered as a nonlinear dynamic
system. By means of computer simulation, the authors
determined the range of the car speeds within which
a stable trivial solution and a stable solution of the
limit cycle coexist. Their dependence on the car speed
is shown.

Issues of the influence analysis of the wheel tread
surface taper parameters and the transverse movement
of the wheel along the rails are considered in articles
[13-15]. The authors show the influence of the geometric
parameters of the wheels and the speed of the car on the
value of the maximum contact force and its distribution
in the contact zone.

The use of analytical methods of the rolling stock
dynamics had serious limitations until the middle of the
20th century, since it was based on linear differential
equations that do not take into account important
features of the design and modes of movement of the
rolling stock.

With introduction of the computer technology, there
has been a qualitative leap in theoretical studies of
dynamics, as well as in processing the results of dynamic
tests. The results of computer simulation of the damaged
wheels interaction with rails are analyzed in papers
[16-19]. The analyzes were focused on evaluating the
smoothness of the rail vehicle and its damaging effect on
the vehicle. The issues of influence of the vertical static
and dynamic loads on the load in the zone of a wheel
with a rail, as well as methods of their transmission, are
considered in [20].

However, it should be noted that in the scientific
literature not much attention is paid to the study of the
statistical dynamics of the rolling stock. It is known that
the change in time of the dynamic indicators of the car is
a random process. However, the characteristics of these
processes have not been studied enough and require
further in-depth study.

3 Problem statement

The study of loads acting on the rolling stock from
the rail track is the most responsible section of the
rolling stock dynamics. This is due to the complexity
of the interaction of the rolling stock and the track
structure.

Conventionally, all the forces of interaction of cars
and tracks can be divided into two groups. The first
group includes vertical forces acting on the wheelsets of
cars, while the second one includes the horizontal loads.
They depend on many factors. Therefore, it is advisable
to reduce the variety of random factors to one or more
equivalents.
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Figure 2 Change in the coefficient of vertical dynamics at a speed of 110 km /h on the track curved section

The main indicators that characterize the dynamic
qualities of the rail rolling stock in accordance with
the requirements of current regulations [21-22] are
coefficients of vertical load of bolsters and bogie frames
of passenger cars.

To determine the dynamic performance of rigid
compartment cars, which were renovated, were running
tests on the tracks of JSC “Ukrzaliznytsia”. During the
tests, the ambient temperature did not exceed 28 °C and
the relative humidity was 80 %.

The tests were carried out on straight sections of the
track, as well as on curves sections of the track of small
(R £ 350 m), medium (350 < R< <650 m) and large (R >
650 m) radius.

According to the requirements of the JSC
Ukrzaliznytsia, one passenger car was subjected to
dynamic tests. Since all the passenger cars of this type
have the same design and technical characteristics, the
results can be extended to the entire fleet of wagons.

Dynamic loading processes of cars, which were
registered on magnetic media, were processed by the

program for calculating instantaneous values of process
amplitudes. Test results were recorded were conducted
in both directions of train movement with a total
duration of at least 300 s in each speed range. The
sampling frequency of records of dynamic processes was
chosen more than 128 Hz, which allowed determining
the indicators in the required frequency range. For each
random process, calculations were performed and the
maximum values of the probability of vertical loads were
determined. At the first stage, one indicator value was
determined within each speed range, starting from a
speed of 40 km/h. Some results for speed of 40 km/h and
110 km/h are presented in Figures 1 and 2, respectively.

Analyzing the results, partly shown in Figures
1 and 2, it can be concluded that with increasing
the car speed the general amplitude of the vertical
dynamic coefficient, considered without the second-
order oscillations, becomes more clearly defined with a
pronounced cyclicality.

The process the coefficient of vertical dynamics
variation in time is a random process.
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coefficient at 100 km | h on the track straight section

It should be noted that when evaluating the driving
performance of a car, a check is made to see if the
maximum values of the vertical dynamics’ coefficient
exceed the threshold values regulated by the regulatory
document. The influence of high-frequency oscillations
on the stress-strain state was not considered in this case.

The stage determined the following
characteristics of a random process, namely
mathematical expectation, variance and minimum and
maximum efforts values.

The results of statistical processing show that
the random processes that characterize the coefficient
of vertical dynamics are distributed according to the
normal law (Figure 3).

The parameters characterizing this law were
obtained and are presented in Table 1.

Testing the hypothesis about the correspondence of
the empirical distribution was carried out according to

second

Table 1 The value of the distribution parameters

the well-known goodness of fit criteria of mathematical
statistics. Thus, for the results of processing the
instantaneous values of the coefficient of vertical
dynamics, at a speed of 100 km/h on a straight section
of the track (Figure 4), at a significance level of 0.05,
the value of the coefficient y* was 2.8 at y. = 6.2.
Therefore, the hypothesis of a normal distribution is not
rejected.

Mathematical expectation and variance are
important characteristics of a random process, but they
do not give a sufficient idea of the nature of individual
implementations of a random process.

The correlation function (CF) of a random process
is called the non-random function of two arguments,
which, for each pair of arbitrarily selected values of
arguments (time points), is equal to the mathematical
expectation of the product of the two random variables of
the corresponding sections of the random process, [23].

Speed (km/h) Movement mode Mathematical expectation Variance
40 straight track section 0.06129 0.00018
curved track section 0.062302 0.00015

straight track section -0.012078 0.00017

80 curved track section -0.02671 0.00083

110 straight track section -0.00947 0.00034
curved track section -0.00772 0.00056

straight track section -0.09838 0.00076

160 curved track section -0.09804 0.00056
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Kooty = MX(OX(0)] = [ [ X(6)X(0)x
xws (X, 1, X1,11), c (1)

where o, X, t, X

density.

That is, the CF determines the dependence of the
random variable at the next time point x (¢£) on the
previous value of X(¢) at time #; i.e. it is a measure of
the relationship between them, namely a correlation
measure between them.

The need to approximate the CF arises whenever
it is necessary to have an analytical description of
the experimental correlation function to solve certain
problems.

Finding an approximating expression for CF can be
done as follows:

* a linear combination of a finite number of
functions (approximation by functions of the form
@.(T) = o%e “TcosB:T);

* a finite series of exponential functions system,;

¢ aninfinite series of some definite system of functions
(possible partial approximation by step series,
orthogonal functions, asymptotic series, etc.).
Denote by Xlil=X(t)t:=int;i = T,n

stationary ergodic random sequence, where At is the

interval of discreteness of measurements of a stationary
random process X(¢).

The random processes of change of vertical dynamics
coefficients are considered as stationary and ergodic.

The CF estimation of the ergodic stationary
random process X(¢) can be determined by one of its
implementations x(¢). From this point on, the sequence
xli] = x(t:),i = 1,n is used.

The CF  estimation  K.[j]= K.(¢),
(tj =jAt;j = 1,m) is determined by the following
formulas:

» t) is a two-dimensional probability

K.lj

Z — g [ x(i + 7)) — e, @

j= 0,m,
where,
_ 1
- 7; 3)

In Equation (3) - x(i +j);tiv; = (i +j)At; i, is
the estimation of the mathematical expectation of the
sequence x(7),i = I,n .

To approximate the obtained estimate of CF in this
case, it is advisable to use the analytical dependence in
the form of a decaying cosine.

K.[j]l= o%e *TcosB.jAt,j = 0,m , 4)

where 0.,[:, 0 are the parameters to be determined.
The parameter O is defined as follows:

K:[0]. (5)

If one uses a normalized correlation function, o.
will be equal to unity.

To obtain the value of the parameter S.,
determine the estimate of the one-sided spectral density

Glk] = Gl f.),k = 0,m according to the following
Equation [24]:
Glk] = 2At[f(x 2 COS( ﬂni;k ) +
- (6)
4 (—l)kf(x[m]],k T

szﬁ_kAsz \m,

£ (7)
f ZAt’Af ’

where, Af = fii1— fo,= O,m —1;
f, is the cutoff frequency, Hz.

Smoothed estimate spectral density G*[ k], = 0,m
according to [13] is defined as follows:

G*(0) = 0.5G(0) + 0.5G(1,)
G*(k) = 0.25G(k — 1) + 0.5G(k) +
+0.25G(k+ 1),k =T1,m — 1,
G*(m) = 0.5G(m — 1)+ 0.5G(m).

8)

Further on, it is necessary to find the maximum
element in the array G*[k],k = 0,m and index of this
element & = k2. Then the parameter . is defined as
follows:

B = 2mk: A 9

The parameter . can be determined from the
following condition:

ml R . )
Flo) = Y [K.(j)— o%e “PcosBjAt] = min (10)
=0

To find o, from Equation (10) one obtains the
following equation:

_dF(a.)
YLK (j) — ok @ cos Brjnt] x (11)

j=0

x[ jat]e % cos B.jAL.

To solve the equation, it is advisable to use Newton’s
method. As a result, one can get:

L W)

(1+1) _
oy = Oy 1=0,1,2,..., 12
W (D) (12)

where
W' (o) =
— K.(j)ljatFP

dW(a’“) = > [20%e % cos B.jAt] —

(029 i=0

e~ %M cos By jAt.
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The initial approximation of the parameter ax

4 Conclusions
(0)

of the parameter ax is determined by the following 1. The work presents the results of a statistical analysis
of random processes of changing the coefficient of
vertical dynamics of a passenger car. It is confirmed
(13) that the distribution law of the vertical dynamics
coefficient values is a normal one. It is established
that the value of the expectation of the coefficient

formula [25]

T = %; T= % (14) of vertical dynamics at a speed of 40 km/h is 0.062.

’ As the speed increases to 160 km/h, the expectation

The best approximation, which is calculated by value will be 0.09838. Such results are typical for
Equation (12), will be achieved when realizing the both straight and curved sections of the track.

inequality: 2. As aresult of statistical processing of experimental

W) data, correlation functions have been constructed

Hm - < e. that characterize the degree of connection between

Then, the parameter ax is determined as follows:

ax = ol

The values obtained for different speeds on the

different time sections of the process of changing the

3. To approximate the

vertical dynamics coefficient.
correlation functions,

(15) dependences in the form of a damped cosine curve

were used. For each of the motion modes, the

straight section of the track are given in Table 2. are obtained.
The corresponding graph of the CF estimation, 4. The obtained characteristics of the distribution law

for changing the vertical dynamics coefficient, at a
speed of 40 km/h on a straight section of track and its
approximation are shown in Figure 4.

Table 2 Values of the parameters of the approximating CF

parameters ax and B., which characterize them,

of the coefficient of vertical dynamics instantaneous
values, approximating the models of correlation
functions and the numerical values of its parameters,

Parameter values

Speed (km/h) ;
0‘;% ax ﬁx
40 1 3.23 5.8
80 1 2.8 6.5
110 1 2.6 7.8
160 1 3.1 6.5
1
0.8 siroximation-of the-correlation function
\ —— Estimation of the correlation funcion
0.6
2.
=
S 04
5
A
§ 02 \" o
g0\ = _ [ T AN
= 7] \ { - A\ \
S / \ a Vi \/J \_
-0.2 3 f
\/’*\J;
04
-0.6
0 0.25 0.5 0.75 1 1.25 15 1.75 2 2.25 2.5 275 3 3.5 375 4

Figure 4 Correlation function for changing the vertical dynamics coefficient

Time, seconds

at the speed of 40 km [ h on the straight section of the track
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Resume

Cam rollers can be used to break up cold asphalt pavements. In Kazakhstan,
about 70% of roads have such coatings. It is most effective to open at
temperatures above 20 °C. To reduce the traction force and uniform
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movement of the roller, it is necessary to eliminate the resistance of the

coating to the exit of the cams, when rolling the drum by pivoting the cams
in the roller's direction. The reliability of the theoretical studies' results was
confirmed by production tests of the cam rollers during the opening of the
asphalt concrete pavement on the Gulshad-Akchatau highway.
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1 Introduction

Highways are of a great importance in the socio-
economic development of the country. Therefore,
much attention is paid to development of the road
network in the country. More than 10000km of
paved roads are built and overhauled annually. The
development of the country’s economy requires an
increase in the intensity and carrying capacity of the
traffic flow, which is impossible without improving the
quality of road construction [1-2].

Currently, more than 70% of highways of
republican significance with asphalt concrete
pavement are subject to reconstruction and this is
over 50000km of roads, which will require 55 to
65 million tons of asphalt concrete. To restore the
working capacity of roads in Kazakhstan, it is mainly
necessary to reconstruct the most material-intensive
structural element - road pavement, which contains
over 150 million tons of asphalt concrete as useless
ballast.

The world practice of reusing asphalt scrap of old
pavements shows that countries such as the USA,

England, Germany and France, reuse all asphalt
scrap, Japan, Hungary and Poland - 60% and 50 %,
respectively and much less in Kazakhstan [3-5].

To restore the entire network of highways in
Kazakhstan with a minimum of fuel, energy and
material resources, it is necessary to reuse the entire
mass of pavement materials, the reserves of which
are sufficient. One of the main reasons for the slow
implementation of the technology of reusing the old
asphalt concrete pavement is the imperfection of the
mechanisms used to destroy the pavement [6].

To facilitate the opening of the asphalt concrete
pavement, it is proposed to use a cam roller with some
improvement of the cams to prevent the resistance of
the asphalt pavement when the cams enter and leave
the surface [7-9].

At the same time, the use of a cam roller would
avoid mixing of coating and base materials, as happens
when using a ripper.

Asphalt concrete pavements are destroyed to
pieces of a certain size, taking into account the
location of the cams at a given distance from each
other in a checkerboard pattern. Usually, during
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the reconstruction of roads, the “old” coatings
are destroyed, which are almost all covered with
a network of cracks, so lumpy asphalt scrap should
not exceed 500 mm in size.

2 Materials and methods

There are two fundamentally different methods
of opening the old asphalt concrete pavement -
milling and breaking by scraping. Milling is usually
performed to a shallow depth and scarification,
mainly, to the full thickness of the coating [10-12].

Milling is carried out by special machines using
the milling cutters installed in most cases on a drum.
When milling, the so-called cold and hot methods are
used. Recently, only the cold milling method has been
used, since bitumen does not burn out and liquefied
gas, which is a scarce and expensive energy carrier,
is not used. However, during the cold milling, cutter
cutters wear out 5-10 times more intensively than
during the hot milling, which leads to a rapid wear of
expensive hard alloys used on cutters [13-14].

The destruction of old asphalt concrete pavements
that have lost their operational qualities is still
regarded as the simplest technological operation.
Destruction is carried out with the help of traditional
road machines - medium and heavy type motor
graders with scarifies, bulldozers with rippers on
tractors weighing 10 tons or more, as well as special
hydraulic hammers or concrete breakers of hydraulic
or pneumatic action [15-16].

The main disadvantages of machines for opening
asphalt concrete pavements are: the accepted principle
of loosening and scarifying the asphalt concrete
pavement requires significant energy consumption,
since the destructive force is directed along the entire
length of the asphalt concrete slab; the impossibility
of emergency adjustment of the depth of scarification
by rippers according to the thickness of the slab being
destroyed, as a result of which the coating and base
materials are mixed, thereby reducing the quality of
the products obtained subsequently; the method of
rough and fine milling is the least effective for opening
the coating and with fine milling, stone fractions of
crushed stone are crushed, which limits the use of
the resulting material; lumpy asphalt scrap, obtained
as a result of scarification, has different sizes and
requires additional costs for breaking them down to
the required dimensions acceptable for feeding into
the crushing plant.

The most rational way to open the coating slab is the
method of pressing a wedge on top of the slab, in which
the destruction force will be directed along its smallest
size - the thickness of the slab.

In view of the foregoing, it is proposed to use the
cam rollers for destruction and opening of asphalt
concrete pavements. The specific pressure of medium-

type cam rollers ranges from 2 MPa to 6 MPa or more,
which is sufficient to press the cams into the old
coating, the strength of which is much lower due to
cracking from its long-term operation.

The maximum effect can be achieved only with
a rational choice of parameters of the rink’s working
equipment.

The analysis carried out allows to conclude
that there is no holistic concept for increasing the
efficiency of the road rollers by creating an information
bank of their technical parameters, identifying
the main trends in development of machines
using probabilistic-statistical methods, predicting
promising directions in the design of working bodies
and developing a methodology for substantiating the
main parameters of the cam rollers at the stage of
their design. and applications, taking into account
the nature of their interaction with destructible
material for opening old asphalt concrete pavements
during the reconstruction of roads.

The possibility of using the cam rollers for
destruction of the old asphalt concrete pavement of
roads during their reconstruction, with development
of an engineering method for calculating their main
parameters (roller weight, dimensions and number of
cams) is justified. A cam 2 with a spring-loaded latch
3 is pivotally attached to the roller structure 1 and
is accepted as the base for further operation (Figure
1). Depending on the type of the working body, the
nature and conditions of its interaction with the
destructible material, various types of deformations
and their combination take place. The most effective
is the vertical introduction of wedges and dies,
which is ensured by use of the cam rollers for the
destruction of asphalt pavements with production of
the lumpy scrap of a given size.

For effective opening of old asphalt concrete
pavements during their reconstruction, the most
effective is the vertical introduction of wedges and dies,
which is ensured by using cam rollers to obtain lumpy
scrap of specified sizes, while the following requirements
must be met with a roller mass of at least 5 tons: the
number of cams in one row should not exceed from 4
to 5 pieces [3-6, 10-12, 16]: the distance between them
should not be more than 0.4m; the number of cams
along the perimeter must be at least 15 pcs.; the distance
between them is not more than 0.35m; cams should
be staggered; The height of the cams should be 250 to
300mm, thickness - no more than 40 mm and width - no
more than 100mm at the top.

Consider the case of an elastic-viscous state of
asphalt concrete. Let a wedge with side faces under
the action of a statically applied vertical force P enter
an elastic-viscous medium (Figure 2) and the length
of an infinitely small element of the wedge section
in the direction perpendicular to the plane of the
drawing will be taken as unity. Typically, the depth of
penetration or destruction of asphalt concrete is equal
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Figure 1 General view of the cam roller [8]: 1 - road skating rink; 2 - cam; 3 - spring-loaded latch

al

yf(x)

V=)

/] a b

Figure 2 The introduction of a wedge into an elastic-viscous medium:
a) a wedge with side faces under the action of a statically applied vertical force P;
b) to the equilibrium condition of an elementary wedge

to the thickness of the pavement layer. We believe
that to open the old coating, it is enough to pierce it
with the cams of the roller for its entire thickness.

The side faces of the wedge are described by two
surfaces (or two functions)

1 = filx),y2 = fo(x)). 1)

Let, for example, the function £ (x) describe the
face of the wedge in the interval 0 <x <« and the
function f;(x) in the interval 0 <x<5. Consider
the equilibrium condition for an infinitely small
elementary section of the wedge. On the side faces
of the wedge, from the side of the elastic-viscous
medium, act the normal and shear stresses o and T
, the resultants of which are the reactive resistance
forces of the medium. If g is the coefficient of
viscoelastic friction of the medium on the metal, then

T=UO. (2)

As known, the differential of the arc length of
a plane curve is determined from the expression

ds =1+ y'%dx. 3)

The pressing force of the wedge is determined by
the formula:

fO'dscosqﬁ + Tdssing = p/2. (4)

We substitute the expression for ds and, taking
into account Equation (2), we obtain for an elastic-
viscous medium

b
fO'(cosgo + usin@)y1 + y'%dx = p/2; (5)
0

taking into account the geometric meaning of the
derivative

¥y = tgp, (6)
we have:
@ = arctgy’. 7

Using the trigonometric identities of the function
cos@ and sing Equation (5), it is transformed to
the form:

b
[+ uy)odx = p/2 ®)
0

To use equation (8) in practical calculations,
it is necessary, firstly, to have the equation of the
curvilinear wedge face y = f(x) and secondly, to
know the law of distribution of normal and shear
stresses along the wedge faces. Usually, in the theory
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Figure 3 Dependence of the cam insertion force on the depth at various values
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of elasticity and plasticity, the law of distribution
of normal and shear stresses is given by the stress
functions, which must satisfy the equilibrium
equations, boundary conditions and strain continuity
equations. Hence, it follows that the problem of
equilibrium of a wedge in an elastic or viscoelastic
medium is solved ambiguously: the set of suitable
stress functions is very extensive.

The stress distribution law can be approximated
according to the experimental data of Bocharov [17]
function of the form

o= Ae P,

9
where & - is the penetration depth of the wedge, A and
B are constant coefficients.

As the experience of other researchers shows,
recently the most common are cams in the form
of: a truncated cone, a truncated pyramid, cams
with side surfaces formed by second-order curves
(involutes, spirals, cycloids) or complex curves with
a trapezoidal shape, [3, 7, 9, 11].

Calculation of penetration forces into an elastic-
viscous medium of different variants of cam profiles,
with varying coefficient of viscoelastic friction of the
medium against metal and penetration depth has
been performed. A graphical interpretation of the
calculation results for the considered cam profile
is shown in Figure 3, where u is the coefficient of
viscous-elastic friction of the medium on the metal in
the asphalt concrete layer.

The criterion for the destruction of the asphalt
concrete pavement is the ratio
Oy, Rcam[)res, (10)
where is 0, - the vertical compressive stress; R
compressive strength of asphalt concrete.

compres

The strength properties of asphalt concrete
depend on temperature, with its increase, the
pressing force of the wedge decreases. The most
intense changes are in the positive temperature
range from 10 to 35 °C, when the indentation
force is reduced by almost 3 times. This property
depends on the amount and viscosity of bitumen in
asphalt concrete and bituminous rocks. Comparing
the strength indicators of asphalt concrete pavements
to the specific pressure created by the cam rollers, we
conclude that medium and heavy rollers can be used to
open asphalt concrete pavements of highways during
their reconstruction to obtain lumpy scrap of given
sizes.

3 Results and discussions

The analysis of technical literature showed that
cams with concave or convex curvilinear side surfaces
formed by second-order curves are the most appropriate
for road rollers [1-9].

Studies show that the degree of fulfillment of all
the requirements largely depends on the correct choice
of the geometric shape of the cam and the design
parameters of the working body itself, but there is still
no consensus on this issue. This is evidenced by a wide
variety of geometric shapes of the cam and a significant
discrepancy in the size of the working bodies used on
rollers of various companies. It was mainly the shape
or profile of the cam that was changed, since they have
a significant impact on the compaction parameters, as
well as on the degree of loosening of the soil or other
material.

As experience of researchers from different countries
shows, recently the most common are cams in the
form of a truncated cone and a truncated pyramid.
Cams with lateral surfaces formed by second-order
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Figure 4 Cam roller with
opening of the asphalt concrete pavement

Figure 5 General view of the crushed
asphalt scrap padfoot roller

Table 1 Results of testing crushed scrap when pressed by a press and rollers

No. The composition of the crushed scrap (%)  Addition of water (over 100 %) (%)  Density (kg/m?) Cozif;clisent
1 20-40mm - 60
10-20mm - 20 5 2320 0.97
0-10mm - 20
2 10-20mm 50
0-10mm - 50 6 2360 0.98
3 Production composition of crushed asphalt 5.5 2350 0.98-1

curves (involutes, spirals, cycloids) or complex curves are
beginning to be widely used.

Cams with involutes side surfaces are more efficient
in terms of achieved soil density, self-cleaning and other
indicators compared to cams of a different shape.

Experimental tests of a cam roller for destruction of
the asphalt concrete pavement were carried out during
the reconstruction of the Akchatau-Gulyshad section of
the highway, 192km long.

The existing structure of the pavement consists
of a 130 to 140mm asphalt concrete pavement and
a base of crushed stone with a fraction of 200 to 400
from 120 to 180 mm. The width of the pavement is 8 m
and the shoulder is 1.5m each.

The design of the pavement consists of the
following layers: pavement of two-layer asphalt
concrete, 130 mm thick, of which 40 mm is fine-grained
asphalt concrete and 90 mm is coarse-grained asphalt
concrete; base made of crushed old asphalt concrete
(with the addition of crushed stone of a fraction of
20 to 40 mm, if necessary), with a thickness of 150 to
180 mm; leveling layer of sand-gravel mixture.

The volume of asphalt scrap to be processed was
more than 505 thousand tons. To open the old asphalt
concrete pavement, up to 140mm thick and grind
asphalt scrap, they used the recommendation of the
manufacturer of the DU -94 cam rollers weighing 5
tons (Figure 4).

The opening and grinding of the asphalt concrete

pavement was carried out directly on the road in the
following technological order. The cam rollers cracked
and crushed the coating in several passes, then the
resulting material was mixed with a disk mixer.
Then, the final grinding of the material was carried
out in 2 and 3 passes with cam rollers. A general view
of crushed asphalt concrete is shown in Figure 5.

During the first passes of the roller, due to the
resistance to the exit of the cams, the movement of the
K-700 tractor was slow. After partial destruction of the
cover over the entire area, the speed of the K-700 tractor
was from 3 to 5 km/h.

To reduce the resistance of the cams when leaving
the coating, a technical solution was developed that
made it possible to freely exit the coating by means of
hinged fastening of the cams.

After the final grinding, the resulting asphalt
material presents fractions from 0 to 70 mm, consisting
of the sand-crushed stone granules coated with an
asphalt binder, i.e. bitumen mixed with mineral powder.
According to the grain composition, the crushed material
was granules: crushed stone fractions from 5 to 70 mm
from 65 to 75 %, sandy from 1.25 to 5mm from 20 to 30%
and less than 1.25mm about 5%. Taking into account
that the grain composition is close to the required one
and when the crushed material is compacted, further
crushing of weak granules will occur, it was decided to
carry out a test rolling by pressing samples on a press
at a load of 20 MPa. The molding of the samples was
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carried out at the optimum moisture content of the
mixture, while comparing to the structural densities of
asphalt concrete (Table 1).

Production tests of compacted pulverized asphalt
have shown that the required density is achieved.

4 Conclusions

Based on the experimental tests of the cam rollers
during the reconstruction of the Gulshad-Akchatau
highway, it seems possible to draw the following
conclusions: mathematical dependencies have been
obtained that allow calculating the necessary efforts
for destruction of the old asphalt concrete pavement
by the cam rollers during the reconstruction of roads,
taking into account the physical and mechanical
properties of the medium and the geometric dimensions
of the working body; an engineering method has
been developed for calculating the main parameters
of a cam roller (mass of the rink, dimensions and
number of cams necessary for the destruction of an
asphalt concrete pavement with the production of

lumpy scrap of a given size) used to open and destroy
the old asphalt concrete pavement of reconstructed
roads; to reduce the rolling resistance of the roller,
the cams are hinged to ensure their free exit from the
pavement. The pilot tests of the cam roller, during
the destruction of the old asphalt concrete pavement
during the reconstruction of the road, confirmed the
efficiency and reliability of theoretical calculations
and scientific points made in the work.
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In this paper, the authors discuss the method of deformations compensation
(resulting from the impact of variable temperatures and pressure) in
pipelines intended for fluids transport (liquids and gases). Classical methods
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of compensation through the so-called "natural compensation" and using

special devices called expansion joints. In this paper authors present
research work on a new type of the metal expansion joints, called bellow-lens
expansion joints. The mechanically assisted laser forming method, which
was used to manufacture the bellow-lens expansion joints, was presented.
The method uses CO, laser radiation to heat the element from which the
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expansion joint will be made and the proprietary system consists of an

actuator and swivel handle.
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1 Introduction

Industrial transport systems, commonly -called
pipelines, are used to move mainly fluids such as, for
example: natural gas (gas pipelines), oil (oil pipelines),
steam and water (power pipelines) and others. These
types of installations operate with various operating
parameters, such as temperature and pressure [1].
Inadequate construction of such a pipeline may lead to
its damage and, consequently, even to a huge catastrophe
and threat to human health and life and the natural
environment.

Therefore, the pipeline spools should be designed
in such a way that the deformations arising from
changing temperatures and changing pressures will be
compensated. One of the easiest ways to compensate for
this type of deformations are “natural” spool direction
changes, implemented on standard fittings, such as
elbows or tees. If the route of the pipeline does not
assume a change of direction, then the special “loops”

should be designed to enable this type of compensation.
The method of compensation for “natural” direction
changes and “loop” is presented in Figure 1.

This type of solution is applied where there is
a lot of space to use a “loop”, mainly on overhead
and underground pipelines. However, it is not always
possible, e.g. due to lack of space or technological
and economic limitations. In such circumstances,
specialized devices, called lens compensators or bellows
compensators, are used [2]. As the name suggests,
on the circumference of the pipe there are bellows or,
less often, lenses that can expand and contract under
the influence of temperature (similar to the bellows
in an instrument called an accordion), thus acting as
a compensator (expansion joint). The classic methods of
producing these elements are plastic working on sets of
rollers, hydroforming, redrawing and welding.

The authors of this paper proposed to produce
a new type of metal expansion joint called a bellow-
lens expansion joint (combining the advantages of two

© 2023 UNIVERSITY OF ZILINA
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Figure 1 Pipeline thermal compensation on elbows, the so-called “natural” in the form of a “loop”. Schematically showed:
black line - nominal pipeline route (designed route), red line - compensation caused by material expansion (temperature
rise), blue line - compensation caused by material shrinkage (temperature drop)

types: a bellow joint with a lens expansion joint) by
using laser treatment. Currently, laser technologies are
very widespread in industrial practice. They are used to
perform such industrial operations as: cutting, welding,
industrial coatings applications, creating textures on the
material’s surface, additive manufacturing etc., [3-8].

In addition to the above-mentioned laser
technologies, we also have a laser forming technique.
The phenomenon of material deformation as a result of
the element’s local temperature change is used here. The
element is locally heated by the energy of the laser beam
acting on it. The appropriate geometry and trajectory of
the laser beam led to the desired shape of the element.
In this case, the local shape change of the element is
achieved due to the difference in thermal expansion
of the “cold” and “warm” parts of the material. Plastic
deformation is achieved by causing internal thermal
stresses in the material without the participation of
external forces. Vollertsen [9] distinguished three main
mechanisms of laser forming: the temperature gradient
mechanism (TGM), the upsetting mechanism (UM) and
the buckling mechanism (BM).

The mechanisms presented above apply to laser
forming, without the participation of external forces.
The disadvantage of this type of technology is its time
and energy consumption. According to this fact, to
speed up the laser forming process, it was decided to
additionally use external forces. Technologies that use
a laser beam as a heat source are called laser-assisted
forming or mechanically assisted laser forming [10-13].

The concept of the mechanically assisted laser
forming method, which technology was wused to
manufacture expansion joints, are presented below. The
results of experimental research are presented, as well.

2 Method concept

The concepts of new metal expansion joints
manufacturing process, using a mechanically assisted
laser forming hybrid method, are described in paper
[13] and the patent [14]. Below is a general description
of the metal expansion joints manufacturing concept
to introduce the assumptions of the technology to
the readers. Figure 2 presents a conceptual stand for
expansion joints manufacturing. The description of the
method is given below.

The general conception of bellows-lens expansion
joints manufacturing is as follows (see Figure 2):

1. The starting element is a pipe (1) with a known
diameter and wall thickness, made of a material of
an appropriate grade.

2. The pipe (1) is placed between the actuator (5) and
the swivel handle (6).

3. The pipe (1) is set into rotation .

4. The laser head (2) guiding the laser beam with the
power P heats the pipe (1) in the given area to the
plasticization temperature T.

5. The plasticization temperature T is monitored in
real-time by a pyrometer (3) coupled to the laser
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Figure 2 The execution and measurement stand concept: 1 - pipe quickly rotating around its axis, 2 - laser head
(pipe heating), 3 - pyrometer, 4 - force sensor, 5 - axial thrust actuator, 6 - swivel handle

.

Figure 3 Individual steps of bellow-lens forming (concept):
1 - straight output pipe, 2, 3 - pipe upsetting, 4 - the final bellow-lens shape
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Table 1 Chemical composition, main physical properties and mechanical properties of X56CrNi18-10 austenitic stainless

steel
Chemical composition (wt. %)
C Cr Ni Mn Si P S N
<0.07 17.5+19.5 8.0+10.5 <2.0 <1.0 <0.045 <0.015 <0.11
Density Thermal expansion coefficient Heat capacity Therrr}a}
conductivity
o (kg/m?) o 1K C,., UkeK) A (W/mK)
8020 14.2x10 480 15
Proof stress R, (MPa) Tensile strength R, (MPa) Elongation at fracture A, (%) Hardness (HV)
230 540-750 35-45 min. 220

Figure 4 Pipe in the course of the experiment: heating and compression process

device. This allows the plasticization temperature
to be kept constant.

6. After reaching the appropriate plasticization
temperature T, the actuator (5) presses onto the
pipe (1) with the force F and the velocity v.

7. The pushing force is recorded by a force sensor (4)
installed between the actuator (5) and the pipe (1).
The final result is the formation of a bulge, which
is a bellows-lens expansion joint. The individual
stages of bellows-lens formation are presented in
Figure 3.

The concept presented above was verified by
experiment. The results of the experiment are presented
in the following section.

3 Materials, methods and experimental results

A stainless steel pipes, of dimensions of $20 x 1 mm
(DN20) and ¢50 x 1.5mm (DN50), were used for the
experiment. The elements are made of austenitic steel
X5CrNi18-10 grade. The surface of the specimens was
covered with a special absorber to increase the laser
radiation absorption. The specimens were mounted

in the previously described device. The actual view
of the test stand is shown in Figure 4. The chemical
composition and selected physical properties of this steel
are presented in Table 1 [15].

A TRUMPF TruFlow 6000 CO, laser with a
maximum power of 6kW was used for the experiment.
The laser treatment parameters were as follows:

* laser wavelength: A =10.6 um,

e CW laser mode,

e laser power (recorded): P = 900-1100 W (for DN20
pipe); P= 1000-1300 W (for DN50 pipe),

* process temperature: approx. T' = 1050-1100 °C

(directly heated zone),

* compressive length: s = 10mm (for DN20 pipe);

s = 25mm (for DN50 pipe)

*  pipe rotation speed: @ = 10 000 °/min,
*  pipe compressive speed: v= 10 mm/s.

The process of mechanically assisted laser forming
uses proprietary research equipment, made by the
authors especially for this purpose. The device consists
of an execution stand and a control cabinet. The
execution stand is attached to the frame of the CNC
chuck cooperating with the TRUMPF TruFlow 6000
CO, laser. It is equipped with a linear actuator with
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a stepper motor and a strain gauge force sensor (Figure
2). The Siemens S7-1200 PLC controller was installed
in the control cabinet. Its task is to read signals
from sensors, generate control signals, manage the
process and communicate with the operator’s dedicated
application on a PC (the application was developed by
the authors of this paper).

The way the equipment works is as follows. Based
on the parameters set by the operator and readings
from the sensors, control signals are generated. The
working process starts automatically when the set
sample temperature is reached. The actuator moves

to the set position with the control of the maximum
force compressing the specimen and the maximum
feed rate. The temperature at the point of impact of
the laser beam is regulated in a closed feedback loop
from a monochromatic pyrometer. The plasticizing
temperature can be set in any range, for the tested
steel it is in the range (1050 °C-1100 °C). Based on the
pyrometer indications, the data sent to the laser device
regulates the laser power so that the temperature
does not exceed the set values. Depending on the
pipe diameter, the laser power automatically varies
in the ranges mentioned above. For this purpose, the

Drive ready? System
homing
y
A
NO
Laser ON?
YES
speed := 0 POSItioN< Xoay
ready := NO speed :=0 >
force-F o> Pesi speed:=(force—Fmay) N
speed := Vpyax

'

report
generating

Figure 5 The block diagram control of the mechanically assisted laser forming process
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Figure 7 An exemplary view of the expansion joint bulge formed after the mechanically assisted laser forming process
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Figure 8 Change of the pushing force during the element compression under expansion joint manufacturing process:
a) for DN20 pipe, b) for DN50 pipe
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PID SENSORTHERM REGULUS RDO00 00 regulator,
controlling the CO, laser power, was used. Pre-processed
measurement data are sent to the application on an
ongoing basis for their visualization and archiving in the
test report. The implemented actuator control algorithm
is shown in the block diagram in Figure 5.

The following were used to build the research

equipment:
e Siemens S7-1200 6ES7212-1AE40-0XB0 PLC
controller,

* linear actuator Thompson PC-40-PA-999-B05-0250-

X-F-1,
¢ SMB86/156-4208B stepper motor - 12.2Nm,

e TB6600 stepper motor driver,
* strain gauge force sensor SPAIS FT - 5306L/+5 kN/

M12x1.25/DL/5mb,

e amplifier for strain gauge WObit WDT11-U force
sensors.

e SENSORTHERM REGULUS RDO00 00 temperature
controller with a monochromatic pyrometer.

e PC.

After the experiment performed with the parameters
given in the previous chapter, it was possible to obtain
the shape of the bellows-lens on the pipe. An exemplary
view of the finished element is presented in Figure 6.

The cross-section of the finished element was
done to check the internal shape of the created
expansion joint. The view of the intersection is shown
in Figure 7.

During the process, the pushing force F was also
registered, the operation of which led to creation of
a bellows-lens metal expansion joint. The registered
forces data are presented in Figure 8.

4 Conclusions

The conducted experiment proves that the presented
concept of metal expansion joints manufacturing, the
so-called bellow-lens, is correct. Obtaining elements
with the required geometry was preceded by many
empirical tests. The selection of correct parameters
of mechanically assisted laser forming, such as: the
plasticization temperature of the element, the width
of the plasticization zone, the compression length and
the compression speed, have a significant impact on the
final shape of the bellows-lens. The preliminary studies,
mentioned in this paragraph, were not cited in this
paper, but they can be traced under [13].

The authors confirmed that the developed technology
allows the production of correct elements. The authors
are convinced that the appropriate equipment will allow
the production of a number of bellow-lenses on the one
tubular element. It is impossible at the moment, due to
the initial period of research and due to technological
limitations.

As shown in Figures 6 and 7, the element geometry
is correct. The buckling that forms the bellow-lens has
no defects in the form of cracks or discontinuities. The
upset is symmetrical and has appropriate fillets, which
the authors hope, will be able to work under the correct
pressure and temperature.

The diagram of force changes as a function of the
piston displacement (during pipe upsetting) is also worth
noting. In both cases, a characteristic peak (maximum
compression force) is observable, which appears at the
beginning of the process. For a DN20 pipe element, the
maximum compressive force is approx. 600 N, while for
a DN50 pipe element, this force is twice as high and
amounts to approx. 1200 N. It should be noted that this
force only reaches its maximum value for a while and it
decreases. Observations during the tests show that this
force reaches its maximum value when the bulge in the
shape of a bellow-lens begins forming. After the bellow-
lens started forming, this force diminishes. Thus, the
onset of upset formation is a critical point in the process
when it comes to the need to apply an appropriate force.

In the future, the authors plan to more accurately
recognize the element’s forming process itself by using,
among others, measuring instruments with better
resolution. The process temperature is approx. 1100°
C and this is the hyper-quenching temperature of the
X5CrNil8-10 grade steel. Therefore, the authors suspect
that the crystal structure of this steel should remain
an austenitic structure (without changes to material
properties). Therefore, material tests are planned for the
finished element, hardness tests and the distribution
of alloying elements, after the laser forming process
in the area exposed to the laser beam and crushing
zone. In addition, strength tests of the finished element
are planned. In the future, an FEM analysis of the
mechanically assisted laser forming process is also
planned. The results of the above-planned work will be
published in the future.
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Resume

Variations of successive combustion cycles are associated with power losses,
vibration and fluctuations in the engine speed, torque and work done.
Previous studies declared that the elimination of cycle-to-cycle variation
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(CCV) could improve the engine power by 10 %. This work aims at correlating

cyclic variability to engine operating conditions to determine the relevant
operating conditions that affect the CCV and help designers to predict it.
Experimental work was carried out on spark ignition, 4-stroke, 4-cylinder,
2.2 liters, with an 8.85:1 compression ratio and a maximum power of 85 kW
at 5,000 rpm. The cyclic variability of many indicators is calculated from the
measured in-cylinder pressure data. Results have been used to introduce
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1 Introduction

Cyclic variability in spark-ignition engines causes
a drop in overall engine performance and high emissions
[1]. So, the control of Cycle-to-Cycle Variation (CCV)
becomes a main target in the research field to improve
engine efficiency and diminish their emissions.

Indicators have been developed to quantify
the cyclic variability in internal combustion
engines [2-5]. Based on these works, the CCV can
be characterized by (i) the variation in pressure-
related parameters; (Bnax),
crank angle at maximum pressure (Op,..), maximum

maximum pressure

rate of pressure rise [C(li—‘g]mx, the crank angle at
the maximum rate of pressure rise (6(%)ma), or
coefficient of variance in indicated mean effective
pressure (COV,..), (ii) the concentration of exhaust
gases components; (HC), (CO) or (NO)), (iii) flame front-
related parameters; flame front position (L), crank
angle lapse between the flame front arrivals to two

pre-specified different locations in the cylinder 6, .,

displacement of the flame kernel center from the spark
gap at different crank angles (d_g)’ or (iv) combustion
re}iated parameters; maximum rate of heat release

0 , maximum rate of mass burning ( a’Gb s
max

max

ignition delay AO,, combustion duration A6, or time
elapse from ignition to a moment, at which a certain
mass fraction is burnt Afyx; .

Factors that influence the cyclic variability in the
SI engines have been extensively studied during the
last couple of decades. Authors have identified factors
affecting the CCV to include mixture composition factors,
cylinder charge factors, spark factors and in-cylinder
mixture motion factors. Chemical (combustion-related
factors) and physical (operating conditions and engine
geometry) factors have also been ascribed to CCV. It
is a common opinion [6-8], that the higher the laminar
flame propagation velocity for a given type of fuel, the
higher is the burning rate and the less is the CCV
due to the combustion process. Examination of the
overall equivalence ratio reveals [9-11] that minimum
CCV occurs at a slightly rich mixture equivalence
ratio (1-1.2) [12], which gives the shortest combustion
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duration and the highest peak pressure. Fraction of
diluent studies, some of them incorporating skip firing
to vary scavenging, confirm that the higher the diluent
concentration the less is the burning rate and the
greater the CCV [13-15]. This observation reveals the
criteria for minimizing the NO_emissions through the
exhaust gas recirculation and the criteria for minimizing
the CCV conflict. Mixture non-homogeneity as a result
of imperfect fuel atomization and evaporation process,
or as a result of poor mixing between the fresh charge
and residual gases, repeatedly yields the conclusion that
as mixture non-homogeneity increases, cyclic variability
increases due to lower growth of pressure rate and
predominant deceleration of flame propagation speed
[16-18]. However, Ozdor [5] declares that the effect
of inhomogeneity is still uncertain because its effect
depends, to a large extent, on the turbulence intensity
and scales.

The factors mentioned in the previous paragraph
relate to mixture composition. Ignition-related factors
follow. Examination of spark timing results [9, 19-21]
yields a common conclusion that the minimum CCV
can be achieved when ignition occurs at maximum
break torque (MBT). Investigations of spark discharge
characteristics, which means spark duration and
energy, lead to two conflicting conclusions. First,
the quicker the flame kernel reaches a critical size,
as affected by the high spark energy, the lower is
combustion-related cyclic variability [20, 22].
Second, spark discharge characteristics have been
concluded not to affect the CCV, as long as the
mixture can be ignited [5, 21, 23-24]. Spark plug
design may influence the CCV through the shape
and number of electrodes by affecting the flame/plug
contact area fraction and thereby affecting flame kernel
heat loss and through the spark gap by affecting
the flame kernel development [24-26]. Some authors
find no effect of electrode geometry on the standard
deviations in burning times of the smallest flame kernel
[27]; while others confirmed that fewer variations,
especially in terms of the CCV, are experienced for
cylinders equipped with four electrode plugs. Spark
plug number and location have a strong influence
on cyclic combustion variations [28]. Any change in
these parameters decreases the maximum flame travel
distance or increases the rate of mass burning and hence,
decreases the flame travel times, resulting in lower cyclic
variations [29].

The CCV factors related to in-cylinder mixture
motion are described next. Due to the probabilistic
nature of in-cylinder turbulence motion, investigators
consider in-cylinder mixture motion as the major cause
of the CCV that hampers engine performance. The
mean flow velocity in the vicinity of the spark gap
has a dominant effect on the very early stage of
sparking and flame initiation; it affects the flame
kernel growth rate through an alteration of spark
characteristics and flame kernel convection [30-32].

Investigations of spark plug orientation, concerning the
mean velocity vector, result in the observations that the
cross-flow orientations produce the lowest levels of cyclic
variability in indicated mean effective pressure (IMEP),
while an upstream orientation produces the highest
[33-34]. It is believed that turbulence intensity and
scales affect combustion by wrinkling and corrugating
the flame front, thus increasing flame surface area
[35]. Nishiyama et al. [36] commented that the level
of turbulence intensity near the spark gap should be
increased up to a certain limit, depending on operating
conditions and engine geometry. Above this limit,
excessive flame stretching occurs causing the local flame
quenching and increased CCV. Overall, in-cylinder flow
pattern affects the CCV through early flame kernel
convection and turbulence generation. Authors [37-39]
provide different conclusions regarding swirl, tumble
and squish motions, but the most common conclusion
is that the swirl motion can provide a significant
decrease in cyclic variability as measured by CCV in
pressure, combustion development, burning rate and
IMEP.

Sources of CCV have been hypothesized and
discussed by different authors [5, 21, 40]. It is a common
opinion that cyclic variability in turbulence intensity,
cyclic variability of in-cylinder mixture homogeneity,
cycle-to-cycle variation in velocity pattern inside the
cylinder, cycle-to-cycle variation of mixture composition
and cyclic variability in spark discharge characteristics
are the main sources of CCV in combustion
cycles.

Previous studies [41-42] show different approaches
to model combustion and in-cylinder combustion process
CCV.Some authorsinvestigated the effect of displacement
of the flame kernel on CCV in combustion. Others
studied the turbulence variations, manifold pressure
and residual gas effect on cycle-to-cycle variations
in flame development using different approaches
like the Auto-Regressive Moving Average (ARMA)
technique.

It is a very complex and difficult task to quantify
and control the cyclic variability phenomena given
their dependence on such a large number of factors. To
determine the lowest number of relevant independent
factors, needed to be controlled to control CCV, it is
mandatory to investigate them individually and in
a factorial manner. Although most of these factors
depend, more or less, on operating parameters, there
is no explicit relation that quantifies cyclic variability
in terms of operating parameters. This work aims
to study the effect of operating parameters (speed,
load), rather than one design parameter (compression
ratio) on CCV experimentally. Moreover, empirical
relations that predict the cyclic variability in terms of
operating parameters are introduced. Such investigation
could be an important step for engine assessment
and cyclic variability phenomena prediction, modelling
and control.
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Figure 1 Schematics of the test rig

2 Experimental setup and program

The first stage of this research work was to erect
a modern test rig for the study of the characteristics
of spark-ignition engines. The test rig included an
engine and the instrumentation that was necessary for
measuring and recording the parameters important to
engine performance and combustion. The experimental
investigations were conducted on a General Motors
four-stroke, four-cylinder water-cooled spark-ignition
engine. The engine capacity was 2.2 litres, with an
8.85:1 compression ratio, 115 horsepower maximum
power at 5,000 rpm and 183 Nm maximum torque at
3,600 rpm. The engine external load was applied by
a Go-Power Systems hydraulic dynamometer; model
D-356, with water as the working fluid. The maximum
braking torque could reach 690 Nm at 3,000 rpm. Figure
(1) gives a general schematic of the complete test rig
with the locations of the used sensors and transducers.
The positions of measuring transducers and pickups
(relevant to Figure 1) with their main specifications are
listed in Table 1.

The data acquisition system, which was used in
this work, is a 64-input channel online system for
recording the slowly and quickly varying parameters.
The system operates in a sequence of input channel
multiplexing, signal sampling and holding, analogue to
digital conversion and finally, storing the digital result.
This sequence is controlled, step by step, by a computer,
which at the end of each measuring procedure stores
the test data. The used card is an NI input-output

data acquisition one type PCI-6071E with 64 analogue
inputs A/D channels and two outputs D/A channels.
The resolution of this card is 12 bits. The sampling
rate of the A/D channels is software adjustable with
a maximum 1.25 MHz rate. The Lab-View software was
used in acquiring and saving the data. The acquisition
rate, start and duration of acquisition, number of
channels and data storage processes, were controlled
through the program. To keep the acquisition process as
fast as possible, this program was used for acquiring and
saving only; another MATLAB program was written for
later data analysis.

At the beginning of this work, 600 to 1,000 successive
data cycles were acquired in each test. The resulting
data was then divided into batches, each containing
the pressure data for 25 successive cycles. The standard
deviations and the coefficient of variance of the IMEP
were then repeatedly evaluated for the first group of
cycles, which contained an increasing multiple of 25
cycles. It is evident that both the coefficient of variance
and the standard deviation become almost constant
after 300 cycles, as shown in Figure (2). Therefore, it
was concluded that it is necessary to investigate the
data of at least 300 successive cycles to study the cyclic
variability problem.

Steady-state tests were carried out under different
operating conditions: namely engine speed and brake
load. At each engine speed of 1,000, 1,500, 2,000,
2,500 and 3,000 rpm, data acquisition was performed
at specific brake loads, namely 00, 27.1, 54.2, 81.35,
108.35, 135.58 and 162.7 N.m. These values of speed
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Table 1 The measured parameters with their corresponding measuring instruments, accuracies and uncertainties

(Measured Point no. is pertinent to Figure 1).
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Figure 2 Sample of the IMEP standard deviation in terms of number
of successive cycles at different operating conditions

and load were chosen to cover the widest range of
engine operation (35 combinations) and thus increase,
as much as possible, the range of the cyclic variability
investigation. In each test, the in-cylinder pressure,
crank angle and TDC marker data were acquired and
retained for 300 successive cycles. Engine speed and
load, in addition to fuel and air consumption, exhaust
temperature and intake manifold absolute pressure,
were monitored and recorded, as well.

3 Results and discussion

3.1 Effect of external applied load and engine
speed on cyclic variation

Heywood [4] defined the coefficient of variance
of indicated mean effective pressure (COV,..) as
an important indicator of the cyclic variability. This
variable is defined as the ratio of the standard deviation
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Figure 4 Dependence of the COV of maximum pressure on applied load at different engine speeds

in the indicated mean effective pressure (O pmp) over
many successive cycles divided by its mean value and is
usually expressed as a percentage as follows:

COVpp = g‘-}[gfy + 100 %,

$rav (1)

IMEP = Swept Volume

Figure 3 indicates the dependence of the COV of the
IMEP on the externally applied loads [Nm] at constant
speeds. The values of the COV are almost constant
at loads higher than 30 Nm, irrespective of engine
speed. However, at lower loads, the COV progressively
increases, especially at engine speeds below 1500 rpm.
The negative effect at low loads can be attributed to
the increased amount of residual gases remaining in
the combustion chamber at the end of the scavenging
period, which leads to lower combustion flame speed.
Besides this negative effect, there is the negative effect
of the valve overlap at low engine speeds accounts for
the increased COV at 1000 rpm. In addition, at near
idle conditions (low engine speeds and low loads), the
low level of turbulence results in a poor premixing of the
fresh charge and higher cyclic variations.

The effect of the engine load on the COV of the
maximum value of the cylinder pressure at constant
speeds is depicted in Figure 4. It is evident that the COV
increases slightly as the loads decrease to lower than 30
Nm, the same trend as the COV ..

Figures 5 to 7 summarize the effects of load on the
cylinder pressure history at constant speeds and show
that the combustion process is greatly disturbed at low

loads. This is manifested in the large relative changes in
the timing (Opm.x) of the maximum cylinder pressure,
as shown in Figure 5. Consequently, the expansion
process, represented by expansion polytropic exponent
n,, is affected, especially at low loads, Figure 7. On the
other hand, Figure 6 proves that the compression curve,
represented by compression polytropic exponent n,, is
only slightly affected at low loads. It is believed that
this is a result of the ignition point changing and the
beginning of the combustion process.

The effects of the engine speed on the COV of the
various parameters seem to be relatively small at all the
loads except close to idle conditions (low speed and low
load). This supports the previous analysis and confirms
that cyclic variability is practically experienced at
speeds below 1,500 rpm and external braking loads less
than 30 N.m. This is seen in Figures 5 to 7, where there
are no significant changes at different speeds except at
low loads.

3.2 Correlating cyclic variations to engine speed
and external load

Previous results and discussion show that the
cyclic variations are dependent on engine speed and
external load. Other design characteristics, such as
the compression ratio, valve timing and ignition and
fuel system parameters, are expected to contribute to
the cyclic variations. Further investigations of these
parameters need to be conducted in a factorial manner
to provide a complete map of the CCVs.

The IMEP value is affected mainly by the pressure-
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Table 2 Correlation formulae of the COV of characterizing parameters
Correlation Formulae R? StEmdard Significance F
rror
—9.73u 0.18
COVirp = — 0.678% + 7.143687 — 9.311(%) + 10.993 0.987813 1.046008 9.7E-30
COVipe = — 102.33(v) — 81.651( 1) + 103.287(v)"! — 7.0551(e %) + 0942630 0584337 A 38E17
+71.0315(u)"* + 21.191 ' ' R
COViopn = 256.629(v) + 25.3746( 1) — 128.94(v ) — 55.8891n(v) +
ol ) L \012 0.953413 2.516873 2.56E-16
+8.76612( <5 ) — 19.025(uf — 16.599( 5 ) — 113.28
COV, = —31.412(v) — 29.104( 1) + 24.0818(v )’ + 52.0949( 1 ) —
, Lu(v) U ol 0.870005 0.748355 1.15E-09
—29.1254° + 0.99789(7) — 0.3357(7> — 0.6793<T> + 20.0566
—9u 0.16
COVyp = — 0.1108LHT(U) + 2.62169(%) — 5.5()41(%) + 7.26 0.973009  0.694006 2.17E-24
Coefficient of Variance (COV) of IMEP Coefficient of Variance (COV) of P max
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Figure 9 Measured VS predicted COV of different characterizing parameters

volume diagram characterizing parameters, such as
the maximum pressure P the crank angle at which
maximum pressure occurs 6 pmax , compression polytropic
exponent n, and expansion polytropic exponent n,. So,
it is convenient to investigate the effect of operating

max’

conditions (speed and load) on these characterizing
parameters variation.

Figure 8 displays the dependence of the COV of
the IMEP on the externally applied load with the trend
lines drawn at constant engine speeds. Several attempts
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are made to obtain a sound mathematical dependence
of the COV on the engine load, with different degrees
of success. The best results are obtained when the
dependence is assumed to take a logarithmic form as
suggested by the shapes of the trend lines. The least-
square curve fitting techniques are used to evaluate the
coefficients of the assumed equation, which gives the
minimum residuals (R?> 0.95).

The procedure that was previously followed is
repeated to correlate the characterizing parameters
variations and operating conditions of the engine. These

parameters to both engine speeds and loads.

To normalize the variables and make the empirical
relations more applicable to other engines, the following
ratios are introduced:

- Engine Speed

~ Engine Speed at Maximum Torque’ @)
_ Applied External Torque

" Maximum Engine Torque

v

These ratios are substituted into the relations and
the final shape of the equations describing the COVs of

steps provide guidelines about the nature of relations.  the IMEP, P__, Opmax , n, and n, are provided, as shown
Regression techniques are then used to correlate these in Table 2.
--CR=8.85 —4#CR=7.8
0 40
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P
S 20
‘E o
2
2
5 o e
< 0 50 100 150 200
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Figure 10 Coefficient of the IMEP variance at two values of Compression Ratios (CR)
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These equations were used to calculate the COVs
under the same measurements’ conditions. The
calculated results are confirmed by the measured values
in Figure 9. For example, the COV ;.. can be predicted
within 98 % accuracy, while P___ with 94 % and so on as
shown in Table 2 and Figure 9. The highest percentage
of error is encountered at low load conditions.

3.3 Compression ratio effect on cyclic variability

Figure 10 presents a comparison of the measured
COVs of IMEP at the compression ratio of 7.8 to those
that were obtained with the initial compression ratio
of 8.85. The figure proves that the dependence of the
cyclic variability on the engine speed and load generally
remains the same. However, with the lower compression
ratio, the cyclic variability seems to increase at low
loads, irrespective of the engine speed. This is attributed
to the lower pressure and temperature at the end of the
compression stroke, which eventually leads to longer
delay periods and lower flame propagation speeds. The
fresh charge, being slightly rich under the conditions
of low load and the poor mixing at low speeds, can also
increase the cyclic variability. Measurements could not
be conducted for all the cases at high loads and speeds,
at low compression ratios, as shown in Figure 10 at 2,500
and 3,000 rpm.

4 Conclusions

Extensive experimental work has been conducted
to investigate the cyclic variability in spark-ignition
engines. Conclusions can be summarized as follows:

1. Calculations of standard deviation of the COV, .
for different batches of successive cycles show that
the optimum number of successive cycles, needed to
be acquired to investigate the CCV problem, should
be at least 300 cycles, at which the value of standard
deviation starts to become constant. Previous works
showed wide variations regarding that number
starting from 42 up to 1,000 cycles.

2. Experimental results show that the COV are higher
at lower loads and speeds (lower than p = 16.5% and
v = 41%, corresponding to 30 Nm load and 1,500
rpm speed in this engine respectively), due to low
level of turbulence, poor mixing and higher residual
gases. Moreover, the applied load has a dominant
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Resume

The article presents the results of the strength analysis of the chain binder
components for symmetry fixing a wagon on the railway ferry deck, taking
into account the actual hydrometeorological conditions of the navigation
area. The simulation of the wagon dynamic load during the railway ferry
rolling was carried out to determine the loads acting on the chain binder.
The strength of the chain binder hook was analysed. The calculation results
showed that the maximum equivalent stresses in the hook occur in the
radial part and exceed the allowable ones by 23%. Therefore, to ensure the
strength of the chain binder, it is necessary to comply with the appropriate
roll angles of the railway ferry or create measures to reduce its load when
rolling. The conducted studies will contribute to ensuring the safety of
wagon transportation by sea and increasing the efficiency of rail-ferry
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1 Introduction

Ensuring the efficiency of the functioning of the
transport industry leads to the need to introduce
intermodal transport systems into operation. One of the
most successful among these is rail-ferry transportation
[1], which has become used in countries that have access
to international traffic through sea areas. A feature
of these transportations is the possibility of wagon
transport by sea on special ships, which are railway
ferries equipped with the appropriate infrastructure.

The wagon is fixed by using chain binders to ensure
its stability on the railway ferry deck (Figure 1).

Eight chain binders per wagon are used. A typical
design of a chain binder for fastening a wagon on the
railway ferry deck is shown in Figure 2 [2].

For fastening, one end of the chain binder using a
hook 2 is attached to the wagon structural element 1,
and the other end is attached to the deck eye bolt (Figure
3, a). The tension of the chain binder is provided by
using a pneumatic gun (Figure 3, b). The tensile force of

the chain binder is about 5 tons.

In order to effectively secure the wagon on the deck,
chain binders are spatially located relative to the body
(Figure 4) [3].

Chain binders must meet strength conditions in
order to ensure reliable fastening wagon on the deck.
One of the most important components of the binder is
the hook for fastening the wagon and the chain. Under
the conditions of alternate stresses caused by oscillation
of a railway ferry during sea disturbance, damage to the
chain binder hook occurs, in particular, deformations
and cracks. Mostly cracks occur in the zone of interaction
between the hook eye and the shackle (Figure 5) or in the
zone of the radial tide. When we speak about the chain,
the most common damage is its break.

This circumstance contributes to the violation of the
wagon stability on the deck and threatens the safety of
the railway ferry movement. It is important to say that
the violation of the vehicles fastening has repeatedly
become the cause of the sea craft wreck. For example,
the wreck of the railway ferry Mercury - 2 in 2002

© 2023 UNIVERSITY OF ZILINA
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(a)

(b)

Figure 2 Chain binder in working position: (1) is a wagon frame; (2) is a hook; (3) is a stud chain;
(4) is a claw hook; (5) is an enlarged link; (6) is a turnbuckle; (7) is an eye bolt fixed on the deck

(a)

was caused by a violation of the tank wagon stability
on the deck during a storm in the Caspian Sea [4]. In
prior years, namely, on December 8, 1966, as a result of
unreliable fastening on the Greek ferry ship Heraklion,
the refrigerator trailer broke off and damaged the ferry
gate, through which water began to flow onto the cargo
deck. In a matter of minutes, the ship lost its stability,

(®)
Figure 3 Means of fixing the lashing chain: (a) the deck pad-eye; (b) the pneumatic ratchet

overturned and sank. The tragedy occurred in the
Mediterranean Sea during a storm [5].

In thisregard, it is important to determine the actual
conditions under which the strength of chain binders for
securing wagons on railway ferries is ensured. This will
help to ensure the safety of carriages by sea and increase
the efficiency of rail and ferry transportation.
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2 Analysis of recent research and publications

The issue of determining the load of reusable
fastening means is covered in a book [2]. The author
proposed a simplified method for calculating the means of
fastening wagons on railway ferries. When determining
the chain binder strength, classical formulas of strength
of materials, which allow obtaining the stress in an
uniaxial stress state, are used. It is important to say
that this method is quite simplified and does not allow
to investigate stress concentrators in the components of
the hook of the chain binder.

In the paper [6] Zemlezin gave a method for
calculating the forces acting on the wagon bearing
structure during transportation by railway ferry. When
doing this, the author considered the disturbing effect
in the form of a plane wave, which is described by the
harmonic law. However, the paper did not investigate the
strength of the means of fixing the wagons on the decks.

The load of vehicle bearing structures during
transportation by railway ferries are modelled in
publications [7-9]. The specified value of the dynamic
load acting on them during the oscillations of the railway
ferry was determined. The stability of the vehicles was
studied, taking into account the typical interaction with

Figure 5 Crack in chain link hook

'

Deck pad-eye

i

the deck. Along with this, the authors did not make the
strength analysis of chain binders for securing vehicles
on decks.

The results of mathematical modelling of the load of
the rigging lines for containers fastening on the deck are
presented in [10]. Forces at the points of their interaction
with containers are calculated. Forces and moments
are obtained taking into account different schemes for
rigging lines. However, the above methodology applies
to metal cables and cannot be used to calculate chain
binders.

The author proposed elements of calculation models
for different methods of fastening cargo placed on semi-
trailers in the paper [11-12]. Calculations were made in
accordance with the requirements of the XL Code. The
results of the analysis of transport security management
are given. At the same time, the given method cannot be
used to determine the strength of chain ties of railway
ferries.

The issue of increasing the level of reliability of
fastening military wheeled vehicles on a railway flat
wagon by using improved technical means is carried out
in a paper [13]. The design features of a reusable tension
cable are described. However, when designing this cable,
the loads that may act on it during the transportation
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Figure 6 Movement of a railway ferry with wagons during rolling motion

of goods by rail are taken into account. That is, it is
not suitable for securing cargo on decks during sea
transportation.

Calculation of marine fastenings of a container
crane for the transportation of heavy cargo is carried
out by the authors in [14]. The highest stress fields in
the crane structure are determined and, taking this
into account, the places of its fastening are chosen. The
calculations confirmed the possibility of its fastening,
taking into account the proposed scheme. However,
the authors focused on determining the strength of the
crane, and not the means of its fastening.

The publication [15] presents the results of
determining the forces acting on the container and means
of securing during maritime transportation. Solutions
are proposed for optimal fastening of containers on deck
in terms of ensuring the safety of their transportation
by sea. At the same time, certain forces are not taken
into account for strength calculation of the means
of securing containers on the deck during vessel
oscillations.

The dynamic load of the wagon bearing structures
during transportation on rail ferries was determined
in papers [16-17]. The main strength characteristics
of wagon bodies are determined in the course of their
interaction with the fastening means on the decks. It
is proposed to improve the wagon bearing structures
to ensure the reliability of their fastening. At the same
time, the author did not calculate the strength of the
fastening means, taking into account their interaction
with improved wagon designs during railway ferry
oscillations.

The manuals [18-21] contain features of the
placement, fastening and loading of car-goes on the
railway ferry decks, which are operated in the Black
Sea. Possible schemes of cargo fastenings are given. The
strength conditions of reusable fasteners are mentioned.
However, these regulatory documents do not provide
methods for strength calculation of the fastening means

in the conditions of railway ferry rolling.

An analysis of literature sources [2-21] allows us to
conclude that the issues of strength calculation of the
means of wagon fastening on the railway ferry decks
have not been given due attention. Therefore, there is a
need for research in this direction.

3 The aim and main objectives of the article

The aim of the article is to determine the strength
of the main components of a chain binder for symmetry
fastening a wagon on the railway ferry deck, taking into
account the actual hydrometeorological conditions of the
navigation area. To achieve the goal, the following tasks
are defined:

* toinvestigate the dynamic load of the wagon during
transportation by rail ferry to determine the actual
loads acting on the chain binder;

*  to conduct the strength analysis of the chain binder
hook;

* check the strength of the binder chain.

4 Investigation of the dynamic load of a wagon
during its transportation by the railway ferry

To determine the actual values of the loads perceived
by the chain binder in storm conditions, mathematical
modelling of the dynamic load of the wagon during the
railway ferry rolling motion has been carried out in the
case of the highest load of its structure (Figure 6) [22].

The differential equation, which describes the
movement of a wagon placed on the deck of a railway
ferry during its roll, has the form in Equation (1)

(5B +42) g+ (40 ) g =
h

(1)
P a0 L),
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where ¢=0 is a generalized coordinate corresponding
to the angular movement of a railway ferry with
wagons around the longitudinal axis. The origin of the
coordinate system is located at the mass center of the
railway ferry.

D is weight water displacement; B is the width of
the railway ferry; h is the height of the railway ferry
board; 4, is a coefficient of resistance to of the railway
ferry motion; 2z, is a coordinate of the railway ferry
gravity center; p’ is a wind load; and F(?) is the law of
action of the force that disturbs the motion of a railway
ferry with wagons placed on its deck.

Equation (1) is a second order equation for non-
conservative systems.

When doing this, the law of a sea wave motion is
considered in the form of a trochoidal curve [23]:

Ft)=a+R e"sin(k-at+wt)+b—

2
—R-eé®cos-(k-a+w-t), @

where a and b are the horizontal and vertical coordinates
of the center of the trajectory along which the particle
rotates, which currently has x and z coordinates; R is the
radius of the trajectory along which the particle rotates;

e

o is the sea wave frequency; k is the frequency of the
disturbing force trajectory.

When compiling the mathematical model, it was
taken into account that the wagon body is rigidly and
symmetry fastened on the deck and moves with it. The
shock effect of sea waves on the hull of a railway ferry
with wagons placed on its board was not taken into
account [24].

Input parameters to the mathematical model
are geometric characteristics of the railway ferry and
hydrometeorological characteristics of the Black Sea
water area. The model also took into account different
angles on the bow of the wave y in relation to the railway
ferry body [18].

To solve the mathematical model, a calculation
program was created in the environment of the Mathcad,
for what it was reduced to the Cauchy normal form, and
then integrated according to the Runge-Kutta method
[25-28]. The initial conditions were assumed to be zero
[29-30]. The obtained results are given in Figure 7.

The largest acceleration, which acts relative to the
standard place of the wagon on the deck, occurs at y° and
is 0.4 m/s%. Accelerations are given for wagons placed
on the last track from the bulwark of the railway ferry
upper deck.

5
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Figure 7 Acceleration of the wagon during railway ferry rolling motion
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Figure 8 The scheme of chain binder operation in the case of railway ferry rolling motion
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The total amount of acceleration acting on the
wagon is the sum of the accelerations on its regular
place on the deck, as well as the horizontal component
of the acceleration of free fall due to the railway ferry
roll angle. The roll angle was 12.2° based on the manual
[3], for the case of static wind action on the surface
projection of a railway ferry with wagons placed on its
upper deck and the hydrometeorological conditions of
the Black Sea water area. Taking this into account, the
total acceleration acting on the wagon farthest from
the bulwark is equal to 2.47 m/s? (0.25g). The obtained
acceleration value is considered when determining
the dynamic loads acting on the chain binder.

Table 1 The main technical characteristics of the hook

The calculation was carried out under the condition
of fixing the open wagon model 12-757 with chain
binders. The total value of the dynamic load acting
on it is equal to 208.96 kN. Therefore, 52.24 kN
falls on one binder during the railway ferry rolling
motion.

The total load perceived by the binder also takes
into account the load from its tension. That is, in the
case of rolling motion of the railway ferry, the chain
binders will tense on one side of the wagon, and will be
destressed on the other side (Figure 8).

Then the total value of the load on the chain binder
from the side of its tension is equal to 101.3 kN.

Parameter Value
Allowable load (kN) 80
Material of manufacture Steel 20MnCr5
Diameter of the hole for the bracket (mm) 25
Mass (kg) 1.3
Table 2 The main properties of the hook material
Parameter Value
Modulus of elasticity (Pa) 2.1-10%
Poisson's ratio 0.28
Shear modulus (Pa) 7.9 -101°
Mass density (kg.m) 7800
Tensile strength (Pa) 1100825984
Yield strength (Pa) 750000000

Figure 9 Spatial model of the chain binder hook

Figure 10 Finite element model of the hook

Figure 11 Calculation scheme of the hook
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Figure 12 The stress state of the hook
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Figure 13 Displacements in hook nodes
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Figure 14 Dependence of stresses in the hook of the chain
tie on the railway ferry rolling angle

5 The strength calculation of the chain binder
hook

The load obtained in the previous section of the
article is considered when calculating the strength of the
chain binder hook. The calculation was carried out using
the finite element method in the SolidWorks Simulation
software.

The spatial model of the hook was built in accordance
with the album of drawings of reusable railway ferry
fastening means (Figure 9). Solid modeling was made in
the SolidWorks software [31-34].

The main technical characteristics of the hook are
summarized in the Table 1.

It is important to note that the load on one binder,
which is equal to 80 kN, is determined from the strength
conditions of the wagon frame items.

Isoparametric tetrahedrons were used in the
building of the hook finite element model (Figure
10). The mesh was created based on curvature. The
optimal number of tetrahedrons was calculated by
using the graphic and analytic method [35-37]. The
mesh contained 74647 elements and 14985 nodes. The
maximum size of the mesh element is 3.2mm, and the
minimum size is 1.1 mm. The number of elements in the

circle was 8. The ratio of the increase in the element
size is 1.5.

The calculation scheme of the hook is shown in
Figure 11. The longitudinal load P, was applied to its
bridge. Its fastening was carried out behind the work
surface. In this case, hard clamping was used. The main
properties of the hook material, steel 20MnCr5, are
given in Table 2. The material was considered as linear
isotropic.

The calculation was made according to the Mises
criterion (energy theory of strength). The calculation
results are shown in Figures 12 and 13.

The obtained results allow us to conclude that the
maximum equivalent stresses in the hook occur in the
radial part and amount to about 973.7 MPa. That is,
they exceed the allowable ones by 23%. In this case, the
allowable stresses for a hook made of 20MnCr5 steel are
750 MPa. This stress value is taken from the technical
data sheet for the chain binder.

The maximum displacements in the hook take place
in the zone of the bridge and are equal to 0.4 mm.

On the basis of variational calculations, the
permissible rolling angle of the railway ferry has been
determined from the point of view of ensuring the hook
strength (Figure 14). This angle is about 9°.
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Table 3 The main technical characteristics of the binder chain

Parameter Value
Diameter of the ring bar (mm) 14
Manufacturing material Steel 20MnCr5
Total length including hook (m) 2.5
Allowable load (kN) 80
Weight (kg) 11

6 The binder chain strength test

To ensure the strength of the chain, the condition
[38] must be satisfied:
n= S—‘: >[n], 3)
where S_ is the critical load of the chain, kN; S_is the
calculated chain load, kN; [n/ is the safety factor of the
chain.

The main technical characteristics of the chain are
listed in Table 3.

Taking into account the fact that S, = 101.3 kN and
S_ = 80 kN, the safety margin of the chain is less than
1. Therefore, the strength of the binder chain is not
provided.

Therefore, in order to ensure the strength of the
chain binder, it is necessary to comply the appropriate
rolling angles of the railway ferry or to create measures
to reduce its load during rolling motion.

The conducted studies will contribute to ensuring
the safety of wagon transportation by sea and increasing
the efficiency of railway and ferry transportation.

7 Conclusions

1. The dynamic loading of the wagon during its
transportation by railway ferry was studied to
determine the actual loads acting on the chain
binder. It has been established that the total value
of the acceleration acting on the wagon furthest
from the bulwark is equal to 2.47 m.s? (0.25g). The
obtained acceleration value was taken into account
when determining the dynamic loads acting on the
chain binder. Taking into account the calculations,
the total value of the load acting on the chain binder
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Resume

The authors of this manuscript present development of a prototype
protective UV-C half-face mask. The first stage of this study focuses on
proposing a UV-C half-face mask design and the second phase investigates
the quality of printings, 3D/2D roughness and porousness of three different
printed samples of PA12. Development of the protective half-face mask used
the non-destructive technology of 3D scanning of the human body by the
Ein Scan scanner. As a part of the experiment, three samples were prepared
with Sinterit Lisa, EOS Formiga and HP jet fusion printers. SLS and MJF
technology were used during the experiment. The experimental observation
of the structure of the surface was secured using the Alicona Infinite focus
G5 device. The conclusions present the study's results and the authors'
recommendations for other developers dealing with the development of the
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1 Introduction

The human population has been susceptible to
new respiratory diseases in the last two years. The
emergence of COVID - 19 has sparked a worldwide
demand for necessary measures to mitigate the spread
of the infection [1]. At the end of 2019, hospitals reported
a shortage of personal protective equipment for the
frontline health workers [2]. Additive manufacturing
brings a unique option to alleviated the lack of these
critical medical aids [3]. At this time, the protective half-
face masks are essential for masses of people to protect
themselves and others from the virus’s aerosol. Correct

use of protective equipment significantly reduces the
risk of virus transmission and protects the medical staff
and other patients from infection [4]. It is a common
knowledge that respiratory infections are caused mainly
by different factors such as bacteria, fungi and viruses.
This fact has been known for several tens of years. There
are several ways to “fight” against these undesirable
factors and keep your health in good condition. Among
the primary and best-known methods are a healthy
lifestyle, enough sleep, staying in the sun and a vitamin-
rich diet. Vitamin D is important, which is essential
in strengthening the human immune system [5]. The
authors of the qualified manuscript [5] listed that

© 2023 UNIVERSITY OF ZILINA
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Figure 1 Flowchart of the experimental setup

vitamin D has a vital role in enhancing and increasing
the immune system’s ability. This characteristics of
vitamin D prevents the virus’s rapid spread in the lungs
[5]. It also prohibits the penetration of viruses deep
into tissues by maintaining intercellular connections
[5]. These aspects contribute favorably to the correct
functioning of the immune system, ultimately resulting
in a good defense of the human body against these
pathogens. However, after breaking through a weakened
immune system, pathogens can cause respiratory
disease. When an infection occurs, in most cases,
medications must be started, which in the current 21st
century is evident and effective in the fight against
pathogens. Recently, increased number of people are
discussing prevention, which is very important. In
recent months, the public has used various surgical “no-
name” face masks (products without company brand) to
protect against respiratory diseases, which is not always
quality protection. Wearing the protective face masks is
utterly natural in Eastern culture (Asia). The population
of Asia uses them not only to protect health but in the
case of increased air chemical pollution (smog), as well.

The difference is the case in Europe and America,
but the trend has changed and wearing a protective face
mask has become a natural part of our lives in recent
months. The authors of the manuscript [6] subjected
surgical face masks to four simulated cycles of folding,
aging with artificial saliva, or sweating and washing.
They concluded that folding, saliva and sweat have
little effect on the face mask’s effectiveness and aging
(depreciation). Research has confirmed that one can
wear a worn surgical face mask longer than usual, the
recommended four hours [6]. The pathogens have lived
with us since time immemorial, so it is appropriate to
introduce prevention and prevent infection.

The events from the last period have created a space
for use of these technologies for disinfection, be it water,
air, or surfaces with which a person comes into daily
contact. For this reason, the authors of this manuscript

began to develop a new type of the protective face mask
that would disinfect the air with UV-C light. Value
UV-C of the light is moving in the vast range from 100
to 280 nm and is used for disinfection increasingly in
everyday life. Many researchers are currently working
on the issue of UV-C light disinfection. When developing
the protective face masks, information about the shape
and features of the human head (face) is crucial.
The imprint of the human face can be obtained only
scientifically. Anthropology is a scientific field that
focuses on measuring the external characteristics of the
human body. Anthropology is necessary for developing
and producing ergonomically correct workplaces or
protective equipment.

Modern 3D scanners are also often used for this.
Similar anthropological research took place in the U.S.
in 2003 under the leadership of the National Institute for
Occupational Safety and Health (NIOSH) [7] to update
the respirator testing standards. The measurement was
according to the traditional measure of anthropometric
techniques on a sample of 3997 subjects, for 947
issues used, a Cyberware 3D Rapid Digitizer. Based on
anthropometric data collected during the 2003 NIOSH
survey, developed parameters at the National Personal
Protective Technology Laboratory (NPPTL) for new
digital models of the human head in five categories.
The authors of [8] submitted the final report of this
research in 2004. The digital head models from the
NIOSH survey are symmetrical and represent the shape
head-and-face distribution of current U.S. respirator
users [9]. In the technical specification standard for
protective equipment ISO TC94, upper respiratory
protective equipment SC15, WG1 General and PG5
Human factors are also incorporated head forms [9]. The
original journal National Library of Medicine [9] and
several other highly qualified publications published
the NIOSH anthropological data (2D and 3D). Many
researchers during the COVID-19 crisis were dedicated
to development of protective face masks.
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An example can be a manuscript [10] in which
authors present the custom-made face masks for
pandemic crisis solutions, made using the 3D printing.
In addition, the manuscript’s authors [11] present
a similar issue. The authors’ study [12] examined the
relationship between the definition of problems related
to the COVID-19 pandemics and the characteristics of
additive manufacturing solutions.

This study aims to design a protective UV-C half-
mask and thus contribute to eliminating infection in
society. At the beginning of the development of the
protective half-face mask, the researchers established
the following attributes as essential:

* The ideal shape designs;

¢ The high-quality non-porous material PA12;

¢ The surface structure of the half-face mask should
not be enormously rough (the surface of the
protective half-face mask will not need additional
finishing after being printed out).

The flowchart (Figurel) shows the procedure
for developing a prototype and the methods used to
investigate the surface roughness of three different
materials PA12.

2 Materials and methods

Additive technologies started to develop several
decades ago and the development in a few years
has grown exponentially. These developing additive
technologies are significant and decisive for the fourth
industrial revolution. Nowadays, increasing number of
people come across devices that work on the principle
of additive technologies. The use is very diverse and
sometimes it is no longer possible to clearly say what
was used in specific additive technology in production.
Products realized by the additive technology also bring
material and technical limitations that should be
discussed more [13-14]. In the final process of the 3D
printing, there may be limits, which can be manifested
in the size of the printed object or the complex geometry.
The current state of matters in the field of 3D printing
does not allow fundamental structural changes in the
standard design of a 3D printer [14]. The 3D printer
forms a definite structure without the possibility of
expanding individual parts of the device [14]. In addition,
for this reason, a trend in the development of several
researchers is a modular 3D printer, which solves these
limitations and improves shortcomings. In the future,
this would mean that after purchasing and asking for
an increase in the construction area, only another block
of, for example, the essential construction area would be

Table 1 List of samples used in the experiment

needed [14]. The research and development details of
the modular 3D printer are listed in [14].

In the past, most 3D printers, which worked on the
principle of additive technology, used only one material
during the printing. The first multi-material 3D printer
was presented in 2006 and used a syringe-based system.
This experimental study addresses only two specific
additive technologies used in developing the protective
UV-C mask (SLS, MJF). It should be also mentioned
that the 3D printers that work on the principle of fusible
link production, Fused Filament Fabrication (FFF), are
currently more affordable for the public. In this case, the
FPP2 filter housing and internal and external exhalation
valves for the prototype protective half-face mask can
be 3D printed out of the Fused Filament Fabrication
(FFF) technology. The 3D printer, which works on
the Fused Filament Fabrication technology (FFF), can
simultaneously print a 3D object using several materials
[15]. From the knowledge gained from practice, we
can conclude that the primary motivation and goal
of the 3D printer researchers was the integration of
additive technologies into the electronic industry,
aviation, bioengineering, robotics, textile industry and
development centers, which was achieved [15]. It should
also be noted that the ISO/ASTM 529000:2015 standard
categorizes the additive technologies into seven main
groups [16].

2.1 Three different PA12 powder materials
for the experimental samples

At the beginning of 2020, many protective face
shields made of polypropylene were used worldwide.
Authors of the manuscript [17] verified that the 3D
printable extruded material could produce be recycled
and reused for 3D printing. However, this experimental
study aims to develop and research materials for
a prototype protective half-face mask from polyamide
12 (PA12). Within the experimental measurement of
the surface roughness 3 test samples were prepared
from three different PA12 powder materials (Table 1) of
a rectangle shape of 50mm x 30mm x 10 mm.

Each sample was printed with another 3D printer.
The first sample was printed out with a printer from
SINTERIT company, the second sample was with
an EOS printer and the third sample was printed
out with an HP printer. The 3D printers worked
during printing with the powdered material PA12
according to the specific requirements of additive
technology (SLS, MJF) and the manufacturer’s
recommendations.

Samples AM - No.1 AM - No.2 AM - No.3
Used additive technology SLS (5W) SLS (60W) MJF
The powder material PA12 Smooth PA12 PA 2 200 PA12 MJF
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2.2 Photogrammetry - 3D projection

Three-dimensional scanning brings the best choice
for obtaining data from physical objects into a digital
3D model. In the 21st century, it is characteristic of
the start of the fourth industrial revolution, which
presents these technologies. The manuscript [18] states
that the 3D scanning systems can work with or without
contact. The 3D scanning technology is currently used
in the development and research, design, engineering,
healthcare, dentistry, or scanning of parts of the human
body, as well as in archaeology. Prototyping has become
a certain standard in the field of healthcare especially.

Additive manufacturing is used for production of
Orthopedic Prosthetics devices, as well. In [19] the
authors described the 3D printing and the application
of Orthopedic Prosthetics in an industrial area. An
example can be the manuscript [20] in which the
authors published research results on foot deformation
with bearing conditions to improve the design of diabetic
footwear. Last but not be least, the authors of [21] used
the 3D scanner EinScan-SP to scan the foot deformities.

In addition, dentistry uses 3D scanning; for
example, a manuscript [22] confirmed the suitability of
intraoral digital scanners for scanning the entire arch
for dental patients. The other significant publications
of the authors [23-27] present results from their actual
medical practice.

The use of photogrammetry is varied. The mentioned
authors used the non-contact and non-destructive 3D
laser scanning technology during the research and
development. The authors [28] stated more information
about the technology of 3D scanning in their manuscript.

Technologies of the 3D scanning are just now used
in a wide range of various applications. Additionally,
photogrammetry wuse is in scanning museum
archaeological objects [29]. Next, in the area of reverse
engineering a 3D scan is used for the mechanism’s
physical parts that lack documentation or have changed
from the original CAD design of the element [30].
Scanned 3D objects can be used in further work in virtual

assemblies utilizing the CAD system. The EinScan-SP
scanner has a fully automatic mode for larger objects
with the support of a tripod.

During the development of the protective UV-C
mask benefits of the powerful EinScan-SP 3D scanner
were used, Figure 2. EinScan features two scanning
modes. The first is Fixed Scan (manual control) and
the second is Auto Scan. The fully automatic mode is
only suitable for up to 5kg objects with the support of
a tripod. The smaller physical objects need a rotary
table. When the rotary table is used, it is possible to scan
objects with an accuracy of 0.05mm. In addition to the
fixed scanner placement on the tripod, the scanner, even
outside the tripod, creates digital 3D objects. EinScan
device is recommended in manual mode for objects
heavier than 5kg, of lengths more than 25cm and for
items with complex geometry. In this case, the object
to be scanned is placed on a flat surface and gradually
rotated manually. The human body is 3D scanned using
this manual mode. The advantage of the EinScan-SP
scanner is that it provides a new human face and hair
scanning mode that works with an invisible infrared
light source. It offers a reliable solution even for dark-
colored scanning objects and, last but not the least,
has high accuracy. The Ein Scan-SP scanner software
also adjusts the data coordinates in the post-processing
process, which provides spotless 3D data for subsequent
applications [31]. Another advantage is that the scanned
3D objects can be used in further work in virtual
assemblies utilizing the CAD system [31].

2.3 Selective laser sintering (SLS)

The selective laser sintering (SLS) is a method
that creates physical models through the selective
solidification of various fine powders and has received
much attention in the clinical field [32]. During the
3D printing, tiny powder particles with 18 to 80 pm
are sintered. Selective laser sintering (SLS) ranks
among a solid freeform fabrication technique developed
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Figure 3 The 3D printer of the Sinterit Lisa in the laboratory [34]
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Figure 4 The 3D printer of the EOS Formiga P100 in the laboratory

by Deckard for his thesis at the University of Texas,
patented in 1989 [32]. The authors of [33] thoroughly
addressed the issue of polymers produced using the SLS
technology. They developed a transparent production
methodology based on research using the desktop
printers with selective laser sintering (SLS). The critical
aspects described in the manuscript can also apply to
developing a protective UV-C half-face mask.

The first used 3D printer Lisa (Figure 3) from
Sinterit Lisa, has a laser with a power of 5 - Watts.
The working principle of the Lisa 3D printer consists
in fusing the powder material with a laser beam. The
printer works with the SLS technology, which sinters
the powder material layer by layer using a laser emitter.
The current market offers several powder materials that
apply to Sinterit Lisa. The best known are the PA12
powder material, PA11 and polypropylene (PP) [34].

The Lisa printer can print any shaped object in
the printer space. It should be noted that the Sinterit
Lisa printer offers the printing of 3D objects without
supporting materials, which represents a significant
advantage [34]. The Sinterit Lisa can be placed on
a worktable thanks to its smaller dimensions, what

ultimately brings a practical solution. In general,
however, the objects made using the mentioned additive
technology (SLS) have a superior surface quality and
incomparable mechanical and temperature resistance
up to 120 °C. One advantage of the Sinterit Lisa printer
is the reuse of unused dust, which is found together with
the model in the print cake [34]. The 3D Sinterit Lisa
printer can also bake with flex grey powder material -
TPU (Thermoplastic Polyurethane Elastomer), which
makes it possible to create the 3D prints of high
elasticity.

The second 3D printer used, the Formiga P100 from
EOS company (Figure 4), uses a 60 - Watt laser to sinter
particles of PA12 powder material.

The EOS Formiga P100 printer prints vertical
walls of objects with maximum surface quality. For
this reason, the printer is ideally suited for small
filigree components, precisely like those that make up
a protective UV-C face half-mask. The manufacturer
states the vertical accuracy at distances of 300mm =+
0.05mm. The development of the EOS Formiga P100
printer was primarily aimed for that parameter. Sinterit
Lisa (Figure 3) and EOS Formiga P100 (Figure 4)
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devices offer 3D printing of PA12 using selective laser
sintering (SLS). The listed printers differ in dimensions
and, above all, sintering performance.

2.4 Multi jet fusion 3D printer

The last 3D printer, used in developing the UV-C
protection half-face mask, is the HP Jet Fusion 3D
4200. The device works with Multi-Jet Fusion (MJF)
technology. The last sample AM-No. 3, was printed from
unique PA 12 powder material, designated for Multi-Jet
Fusion sintering technology. The mentioned HP printer
can print the PA12 powder material, the polypropylene
(PP) and thermoplastic polyurethane (TPU 90A) [35].
After producing three samples from the powder material,
visual differences were visible in the surface structure of
every experimental sample. Ultimately, the quality of
the 3D print depends on the 3D printer technologies.
During the development of the protective UV-C face
half-mask, emphasis was placed not only on the quality
of the surface, which does not let water, viruses and
bacteria through the surface of the half-face mask. The
EOS Formiga P100 printer produces vertical walls of 3D
objects with maximum surface quality.

For this reason, the system is ideally suited for
small filigree components, precisely like those that make
up a protective UV-C face half-mask. The manufacturer
states the vertical accuracy at distances of 300mm
+ 0.05mm. TThe last sample was made of the PA12
powder material, suitable for multi-jet fusion sintering
technology. The research examines several prints’
surface quality for the proposed protective half-face
mask as a primary goal.

Some medical devices are, at this time, already
produced using modern 3D printers with sintering
metal powder (SLM) technology. The authors of [36]
present experiences with developing medical devices

Figure 5 HP Jet Fusion 3D printer 4200 [35]

Processing
Station

and other applications. In their manuscript, the authors
describe attempts to optimize some process properties,
such as surface roughness, porosity and mechanical
properties of 3D prints. The authors also described
the issue in great detail, to understand the existing
research gaps. The publication [36] outlines some
critical aspects for further development of the technique
of selective laser sintering of metal powder, especially
in medical applications, which needs consideration.
In addition, optimizing process properties, such as
surface roughness, porosity and mechanical properties
for the 3D prints PA12, printed out with selective
laser sintering (SLS) technology, is similarly necessary.
Authors of [37] correctly noted one fact. Before achieving
more economical production, one must decide on the
setup of the 3D printer to economically print parts
with good mechanical behavior. They also noted that if
the hatch spacing, laser power and scanning speed are
selected so that the laser energy density was too high,
the powders would burn and the printing process would
fail.

2.5 Alicona Infinite Focus G5 and observing 2D
and 3D roughness of the samples

The team of researchers defined the essential
attributes the protective half-face mask must meet at
the beginning of development. The first two important,
characteristic primary features that the half-face mask
must fulfill are focused on the ideal shape design
as well as on the high-quality non-porous material,
which is necessary for the correct function of the half-
face mask. This second most significant requirement
defines the zero penetration of air and liquids through
the material’s structure of the print-out from PA12
of the powder material. The third condition discusses
how the surface of the protective half-face mask will
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not be additionally finished after being printed out. It
means that the surface structure of the half-face mask
should not be enormously rough, but pleasant to the
touch after print-out. For this reason, it was necessary
to investigate all the samples’ roughness, porosity and
surface topography. All the samples’ surface roughness
structures were analyzed using the Alicona Infinite
Focus G5 device (Figure 6).

3 Results of the experimental study

The facial features recorded with the 3D EinScan-SP
scanner are essential in developing the UV-C protective
half-face mask design. The scanned digital model of
the head (Figure 7) was subsequently phase modified
(Figure 8). The digital model of the human face is used
to create the basic parametric model of the protective
UV-C face half mask. After printing, the half-face mask
should be perfectly sitting on the chin, cheekbones and
nose.

The human head’s anthropology data was collected
using the 3D scanning technology, the so-called
photogrammetry-3D projection. The software of the

Figure 8 3D digital head form EinScan SP after
digital modification

Ein Scan-SP scanner automatically generated a digital
file human head, which was subsequently edited by the
modeling software Ein Scan-SP scanner. During the
scanning, imperfections arose in the digital model in the
form of hole shapes. For this reason, using the software
Ein Scan the digital model was modified and the holes
were filled, smoothed and sharpened. This process
aimed to provide the perfect 3D data for the parametric
design of the mask in Creo parametric software from
PTC company.

3.1 Design of the UV - C half mask

Development of the half-face mask was primarily
the parametric 3D model focused, including creating
a chamber with an air disinfection system using a UV-C
light source. The developers also emphasized the overall
appearance and ergonomic shapes of the proposed
prototype of the protective half-face mask. In developing
the protective UV-C half-face mask the Creo Parametric
software was used, with a standard modeling tool and
the ISDX (Interactive Surface Design Extension) tool,
which allows the modeling of free surfaces (Figure 9).
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Figure 10 Protective UV-C half-face mask in the exploded view
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Figure 11 Construction of the UV-C half-face mask

In the current era of the 21st century, software tools
already handle the demanding requirements of high-
quality free characters (class A surfaces), similar to the
modeling of structural components using the power of
parametric modeling.

The prototype development of the protective UV-C
half-face mask used the experience of the researchers
from the Rapid Prototyping laboratory. During the
development of the mask, the results and experiences of
prototyping from publication [38] were applied, as well.
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Figure 13 Inside part of protective UV-C half-face mask

The parametric 3D model of the protective UV-C half-
face mask consists of seven parts. The module for the
internal valve the exhalation valve and the FFP2 filter
housing comprises two separate parts and the rubber
valve together form an assembly. The illustration below
shows a parametric 3D prototype of a protective UV-C
half-face mask, Figure 10.

The protective half-face mask’s working principal
rests in disinfecting the air-inhaled using the UV-C
light. The inner part of the protective half-face mask has
two separate chambers. The first chamber is named the
“disinfection module” and forms a separately removable
part of the mask. Inhaled air enters the disinfection
module with UV-C LED through the FFP2 filter on the
bottom of the mask. The air stream slows down in the
disinfection module as it passes through the labyrinth-
shaped holes. In this case, the slower-flowing air is
cleaned effectively of pathogens with UV-C light. The
space of the second chamber accumulates the disinfected
air, which the person subsequently breathes (Figure 11).

The inside valve design ensures that the airflow
direction is always from the accumulation chamber to
the other section, never in the opposite direction. During
inhaling, the person breathes disinfected air, passing
through the two side valves into the second chamber.
During exhalation, the consumed air is enriched with
CO, and exhaled through the exhalation valve into
the surrounding space. The external exhalation valve
works on a similar principle. However, the air fluxed is
the opposite, as in the case of the two internal valves.
The air flows from the exhalation valve only to the
surrounding area, never back inside.

The protective half-mask is removable for more
accessible cleaning of all corners and inaccessible
crevices. An outer part of the mask covers the space
where the disinfected air is maintained. The figure
below illustrates four slots integrated into the outer part
of the mask, respectively, the outer cover (Figure 12).

The 3D model of the prototype protective half-face
mask contains two side valves on both the right-hand
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Figure 15 Primary surface PAI2 - PA 2 200 - Selective Laser Sintering (SLS)

and left-hand sides. However, one valve is visible on the
back side of the protective half-face mask (Figure 13).
The front round valve exhales consumed air. Both inside
valves use musk rubber, ensuring air penetration into
and out of the chambers. The outer cover is equipped
by a groove for a silicone gasket, which is visible on the
back side of the outer surface of the mask.

3.2 Observation of the surface topography
of PA12 with Alicona infinite Focus G5

The last stage of experimental research was focused
on the samples’ surface topography investigation. The
3D graphs show the primary surface of samples in
perfect natural resolution and clarity. The display
of colors is authentic and at a high micro level. The
results of investigation follow ISO 16610 - 61 standards.
Additionally, the roughness profile is shown in a 2D
diagram with a complete RA surface roughness analysis.
Figure 14 shows the primary surface of sample AM -
No.1 (PA12 - Smooth) at 100 times magnification. The
unevenness of the primary surface ranged from 350 to
100 pm.

Figure 15 presents the primary surface of sample
AM - No.2, made of powder material PA12 - PA 2 200 at

100 times magnification. The sample showed more pores
and minor irregularities in the surface structure. In
addition, the unevenness of the primary surface ranged
from 100 to 240 um. The second sample, AM - No.2, was
printed by selective laser sintering technology on the
printer EOS Formiga P100.

The last sample, AM - No.3, was prepared by
additive Multi-Jet Fusion (MJF) technology. At 100 -
fold magnification regularly repeating waves are seen
on the structure of the surface that arise after applying
the powder material (Figure 16). The unevenness of the
primary surface ranges from 120 to 180 pum.

The authors of [39] presented research on the
surface roughness profile for both parallel and
perpendicular orientations of 3D-printed polymers. They
concluded that the similar direction shows a consistent
periodicity for the surface topography with peak height.
However, at perpendicular orientation, the profile shows
different peak height values for the scan lengths with
a reasonably consistent peak periodicity between the
consecutive peaks [39]. The authors of [40] presented
the surface roughness of the manufactured parts of
the Lisa 3D printer using the Focus Variation (FV)
technology. The authors described the experimental
investigation of the surface roughness of three samples
from PA12. The experimental investigation occurred
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Figure 18 Diagram of PA12 Smooth profile roughness measurement - Sinterit Lisa

1 cm

in the certified measurement laboratory, where they
investigated the 2D, as well as the 3D surface roughness
of the three samples above. The measurement of surface
roughness took place with the help of the Alicona
Infinite Focus G5 device. The measuring device used an
optical sensor IF Sensor C100 G1 to extract the primary
surface. During the experimental investigation of the
2D roughness on the sample’s surface, 50 roughness
profiles per 1cm length were pulled. The diagrams show
the graphic course of roughness results with the worst

Figure 19 PA12 Smooth - 2D surface roughness measurement path

L

surface parameters in terms of surface functionality.
The red line on each sample (Figures 17-21) represents
lcm of the length and location of the 2D roughness
measurement. During the test, the parameters of the
2D surface roughness (Figures 18-22) were measured.
These parameters were the average roughness of the
profile (Ra), root mean square roughness (R ), the mean
height of the roughness profile from peak to valley
(Rz), maximum roughness profile valley height (R ) and
roughness profile distortion (R ).
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Figure 22 Diagram measuring the roughness of the PA12 profile - MJF - HP Jet Fusion 3D 4200

Table 2 2D surface roughness parameters of all samples

Samples Ra (um) Rq (um) Rz (um) Ru (um) Rsk (um) RU/RZ (um)
AM - No.1 7.656 10.498 59.421 32.194 0.959 0.541
AM - No.2 9.185 12.499 66.363 28.714 1.430 0.432
AM - No.3 21.200 30.045 157.093 81.992 1.245 0.521

The R/R, ratio is the most important, indicating
whether depressions or elevations predominate on the
sample’s surface. If depressions prevail, cracks may
appear in the structure of the polyamide sample.
However, in the case of cyclic stress, the split can occur
after some time. Bacteria and viruses can accumulate
in cracks, which is undesirable for protective half-
face masks with a UV-C light source. The acceptable
value of the R/R, ratio is in the interval from 0 to
0.55. Ultimately, this finding stems from the long-term
research experience of researchers. The results of all
investigated parameters are given in Table 2.

From the measured results it is clear that the R,

parameter came out in positive numbers for on all the
examined samples. That means that protrusions are
predominantly present the surface of each sample.
However, when the value R, of is negative, the sample’s
surface is dominated by holes. The R /R, ratio is at the
limit of the permissible value of 0.55 for all the samples.
The 3D surface roughness was investigated in the last
phase of the experiment. When evaluating the surface’s
topography, the nesting index is fixed to 8mm. In
addition, the evaluation was to use the Gaussian filter.
The first sample represents the 3D surface of sample
AM - No. 1 (Figure 23). The second sample represents
the 3D surface of sample AM - No. 2 (Figure 24).
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The last sample represents the 3D surface of sample
AM - No. 3. The sample is printed-out from PA12 - MJF
powder material (Figure 25). During the measurement
of 3D roughness, a Gaussian filter (FALG) was applied
by the ISO 16610 - 61 standard on all the samples.

4 Discussions

Manuscript [41] listed that the global pandemic
that has affected humanity has contributed to the
breakdown of traditional supply chains responsible for
providing personal protective equipment for health and
social staffers.

The researchers’ strategy was to mitigate the
impact of infectious diseases on the world’s population.
The researchers of this experimental study decided
to contribute with their prototyping experience and
proposed a protective UV-C half-face mask.

The protective half-face mask can be printed out on
a 3D printer that works with SLM or MJF technology,
based on a digital parametric model, in any corner of
the world, where the technical means are available.

The main idea of this project was to immediately use
the created digital mask data. Another part of the
research and development was preparing a chamber
for disinfecting the inhaled air with a source of UV-C
light and preparing the section for breathing disinfected
air. Some publications [42-43] state that the ideal
wavelength band of UV-C light for the air disinfection,
which does not harm human health is the band of
wavelengths from 220 to 222 nm. In addition, several
publications mention that UV-C light with wavelength
band UV from 220 to 222 nm should not produce ozone
(0,) and using UV with said wavelength is biocompatible.
Therefore, this claim will continue to be explored and
verified. However, the authors of [43] state that further
evaluation and testing of the safety and efficacy of the
band of wavelengths from 220 to 222 nm UV-C light
is needed. Therefore, the research will be extended to
clinical evaluation and testing of the wavelength band
UV from 220 to 222 nm in the future and its impact
on the human health in prolonged use. The project will
also focus on other additive technologies and materials
suitable for such protective masks. Ultimately, additive
technology allows production of parts with complex
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designs, with certain limitations depending on the
specific additive technology [44-45]. Several researchers
dealt with polyamide materials listed in this manuscript
within development. The researchers also focus on UV-C
portable disinfection boxes for small objects, such as
a set of keys, a mobile phone, etc. A team of researchers
is also considering developing a device for disinfecting
factories’ production areas by using a UV-C module
mounted on an automated guided vehicle (AGV) cover
of the body.

5 Conclusions

The developers used the advantages of the 3D
scanning while developing the protective UV-C half-face
mask, since in development of a protective half-face
mask technology of non-contact and non - destructive 3D
laser scanning, details of a human head was needed. As
already mentioned at the beginning of the experimental
study, as a part of the development of the prototype
of the protective UV-C half-face mask, three samples
were prepared, which consisted of the PA 12 powder
material. However, the final sintering of the PAI12
powder material took place on the three 3D printers
with different sintering technologies. At the first glance,
the difference in the surface structure is easily visible
in all samples. It is essential to mention that any
additive technology influences the surface roughness of
components with PA12 in a certain way. The right choice
of a suitable PA12 powder material for a protective
half mask is also necessary due to the roughness and
porosity of the PA12 material. The research also showed
significant differences in surface porosity in all the
investigated samples. The first sample, AM - No.1,
produced by selective laser sintering of PA12 - Smooth
powder material, is biocompatible. Sample AM - No.1
has a smooth surface and is pleasant to the touch. The
surface 2D roughness results are the proof and the 3D
diagram (Figure 18) proves it, as well. This sample
has the minimum number of pores in the structure
surface. The second sample of AM - No.2, produced by
the EOS Formiga P100 printer, has visible pores in
its surface structure that, when enlarged, resembled
a sieve. Evidence can be black dots in the 2D diagram
(Figure 20), which present holes. The blue to black spots
are visible on the chart of the 3D roughness surface of
the second sample. Chemical surface protections for
technical plastics from practice are known. However,
applying a chemical surface treatment to the printed
parts of the PA12 material and thus filling a large
number of pores is impossible since this protective
half-mask is for biocompatible use. The EOS Formiga
P100 printer works with selective laser sintering (SLS)
technology, similar to the SINTERIT Lisa printer. It is
essential to note that the authors of [46] stated that PA

2 200 is biocompatible.

In the case of MJF technology, the sample surface
quality (AM - No.3) is, at the first glance, reasonable,
it has fewer pores and no additional surface treatment
is required. However, the sample made by Multi-Jet
Fusion (MJF) technology showed the highest surface
roughness value of all three examined samples. The
texture in place of the sample’s surface resembled
a wave shape and rougher. Compared to all the analyzed
samples, the last piece, AM - No.3, has a distinct surface
structure, which can also be seen at the macro level.

The summary of the experimental investigation of
the surface roughness:

* Regarding the surface structure of samples and
print quality, PA12 smooth or PA12 MJF material
is recommended for the protective UV-C half-face
mask.

* Roughness of the PA12 Smoot has a value of Ra
7.656 nm.

* Roughness of the PA12 2200 has a value of Ra 9.185
pm.

* Roughness of the PA12 MJF has a value of Ra
21.200 pm.

* Continue clinical research and testing of the mask,
especially the impact of UV-C light at a wavelength
of 220 nm on human health.

The protecting UV-C half-face mask will find
application mainly in medical facilities and public
service (fire and police forces etc.). The advantage of
the protective UV-C half-face mask is the possibility
of repeated use. The use time is limited to one battery
charge because the battery provides an electricity source
for the UV-C led light. The FFP2 protective filter placed
into the mask protects human health for more than four
hours. The FFP2 filter is also advisable to replace after
each use. In conclusion, it is necessary to appreciate that
the collaboration between the 3D printing community
and the healthcare system has helped in providing
innovative solutions to combat the crisis.
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The article presents a method of experimental research and created stand
with metrological equip-ment that allows to simulate the complex process of
milling asphalt concrete samples by force and coordinate closure. As a result
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transition from the power (elastic) closure of the technological system to
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1 Introduction

In the Republic of Kazakhstan, the Law “On
Technical Regulation” was adopted, which established
that the technical regulation is carried out in accordance
with the principles of: application of uniform rules
for establishing requirements for products, production
processes, operation; unity of rules and methods of
research (testing) and measurements during the
mandatory conformity assessment procedures. According
to this Law, in the current market conditions, the
requirements for the parameters of work should mainly
be regulated in contracts, mandatory requirements - in
national standards.

Over the past 30 years, the equipment has been
modified and it is proposed to use new equipment
already. These are graders with an automated “Profile”
system, self-propelled rollers with a wide range of speed
and vibrations, powerful domestic and imported milling
cutters, recyclers, automated modern asphalt pavers,
asphalt concrete mix loaders, etc. [1-5]. New materials

and technologies have appeared with new possibilities
for mixing uniformity, laying, with automation of modes.
Accordingly, the work requirements and tolerances
should be revised, justified and supplemented directly
based on conducting the full-scale experimental work
on road sections with a secured level of quality of work.

During operation, the road is subjected to various
kinds of transport and weather-climatic factors. The
very first and most unprotected element experiencing
such effects is the asphalt concrete pavement. Practice
has established that the main reason that has the
greatest influence on the decrease in the quality of the
roadway is called excess weight, the flow of cars that
form rut, as well as the stressed-deformed state and
service life of asphalt concrete pavements of highways
depend on increased summer temperatures [6-8].

Wheel formation on roads is one of the main reasons
leading to an increase in the degree of risk of road
accidents, reduces the comfort and economic efficiency
of using roads. The gauge bulges reach 170 mm in height
and up to 350mm in width [9].

© 2023 UNIVERSITY OF ZILINA
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Over the past more than twenty years, the
road equipment has been modified. Accordingly, the
requirements to the road pavement profiling technology,
including milling, should be revised, substantiated and
supplemented.

The creation of automated road cutters made it
possible to significantly easier and more efficiently
implement the operations of milling tracks and their
spikes as a part of measures to repair roads and ensure
road safety [10].

Therefore, the topic of improving the methods of
coordinate closure of automated cutters for the repair
of track formation of road surfaces is relevant and,
therefore, the problem of increasing the efficiency of
repair of road surfaces based on the use of coordinate
closure of automated road cutters, is urgent.

2 Materials and methods

The long-term urban development plans are
inextricably linked with an increase in the pace of
construction of residential complexes, individual housing
and other socially significant facilities. In development of
urban areas, a special role is played by solving a complex
of issues on their improvement for comfortable living of
the population. At the same time, one of the important
tasks is improvement of the sidewalks, courtyard roads
and playgrounds, as well as squares, alleys and park
areas, require a large number of a wide range of road
construction materials.

Currently, concrete pavers of various configurations
and asphalt concrete are widely used to solve these
problems. However, as practice shows, during the
operation of these roads, their destruction is often
observed. The fact is that the concrete paving stones
are necessarily exposed to the actions of sulphate salts
of acids and alkalis, since they are necessarily present
in the composition of the soils of the surface being laid
and are additionally exposed to the actions of chemical
reagents coming from the external environment (rains,
car oils, groundwater etc.). Under the influence of these
chemicals, concrete pavers and products made on the
basis of cement binders are corroded, as a result of
which they eventually collapse.

Based on the analysis of the layouts of the
existing automated road cutters, the dominant factors
determining the change in the mutual position of the
working elements of the machine and the road surface
in the process of milling the road surface with a variable
gauge are determined, which causes a decrease in the
evenness of the profiled surface of the road surface
[9,11].

As a result of studies, it has been found that
the problems of controlling the track milling and its
overheads on existing road milling machines come from
a lack of feedback, therefore, it is possible to build an
adaptive road surface milling system provided that the

milling system is supplemented with feedback sensors
and appropriate software.

The proposed principle of operation of the software
complex of computational modeling makes it possible to
determine the recommended height of the removed ramp
allowance for the initial conditions of the steady-state
mode. Based on that, the numerical modeling of the
milling process was carried out.

The possibilities of using the contact sensors are
considered, converters of movements into electrical
signals, which are usually inductive.

The solution of this problem was proposed to be
carried out by changing the structures of the control
systems and laws of control of the road milling machines
working bodies, as an automated road technological
manipulator with several degrees of mobility of
a working body - a milling tool operating in generalized
technological coordinates for repair of the road surfaces
with variable rut and due to the transition from elastic
(power) to the rigid (positional or coordinate), as well
as the combined closure of the technological system for
milling the track and its legs.

At the same time, the need to switch from an elastic
(power) closure of the position control circuit to a rigid
(coordinate) closure of the track milling process scheme
and its overheads is justified, which allows reducing,
not only the current average error (deviations from the
required level) of milling, but their spread (standard
deviation), as well.

3 Results and discussions

At present, when carrying out the repair work
to eliminate ruts on road surfaces, the technology
of milling outbursts has been used as a temporary
measure. When milling outbursts (influx), the required
coefficient of adhesion and a smooth surface of the road
surface are provided. The problem of precise milling
of swells, side bumps next to the track is solved. The
milling technology of the track itself does not change
[6,9].

Usually, the track is filled with a mixture for
patching (cationic emulsion with fine crushed stone,
fraction size 5 to 10mm) or milled to a given depth
without requiring accuracy and filled with asphalt
concrete mixture followed by compaction. Precise milling
is necessary to ensure evenness and ensure road safety.
The milling error should not exceed 1 to 3 mm/m.

During the milling, the relative position of the axis
of rotation of the milling cutter changes relative to the
chassis of the road milling cutter and, accordingly, the
road surface, vertical corrective movement is carried
out [11-13]. The distance from the cutting line to the
axis of rotation of the cutter will be called the level
of dimensional adjustment, i.e. during the milling,
corrective variable movements are carried out for the
vertical position of the cutter.
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The cutting line lies at the level of the initial surface
of the road surface outside the area, in order to avoid the
risk of road traffic accidents (accidents) and to meet the
technical requirements of the track repair project. The
influx is a mass of asphalt concrete mixture squeezed
out of the track to the right or to the left, with different
dimensional and mechanical characteristics (height,
width, density, shape, strength, presence of cracks,
staining, porosity). We will assume that the front and
rear wheels of the milling cutter travel on a flat section
of road outside the track. The new road construction
machines use computer control with drives and working
bodies. In addition, additional control circuits can be
made independently of the main computer, based on
a microcontroller or an industrial computer. The control
of the vertical displacement drive will be carried out by
adding up the signals coming from the main computer
and from the compensation circuit for the deviation of
the milling dimensions.

The milling cutter is usually of a Wirtgen (FRG)
type design it is recommended to use the free-layout
teeth of the milling cutter in the mounting housing
to reduce diffusion wear. The freely rotating cutting
element is constantly shifted by the heated contact point
to the side, outside the contact zone, so the milling cutter
section has time to cool down. Therefore, there is no
molecular diffusion exchange and the usual mechanical
wear is significant for rigid tools are significant.

New road machines use computer control of drives
and working organs. In addition, additional control
circuits can be implemented independently of the main
computer based on the microcontroller or industrial
computer. The vertical drive will be controlled by
summing the signals from the host computer and the
milling size deviation compensation circuit.

A contactless laser sensor is used, the base length
is 250mm, with an error of 0.5mm of the BOSCH type,
which is a housing with an optical eye of the receiving and
transmitting system, there is also a microprocessor and
an output to computer equipment. The control system
sets the setting for the signal received from the sensor,
the difference from which this signal gives deviations
in the milling dimensions. The feedback control is used
with help of correction variables for turning the level
of dimensional adjustment of the milling cutter. In
fact, it is proposed to switch from kinematic closure by
force to kinematic closure by coordinate (displacement
or increments of the movements of the milling cutter),
because it allows to fully realize the capabilities of the
numerical control system of the road milling cutter.

This makes it possible to reduce, not only the current
average milling deviation, but their spread, as well (the
standard deviation, the square of which is the variance).
The task of ensuring only evenness is solved, the task
of ensuring the coefficient of adhesion is not set and is
not discussed. For traditional constructions of the road
milling cutter, power take-off from the main engine or the
use of an additional engine is characteristic. In manual

control, feedback is implemented through the adaptation
of the driver to changing environmental conditions.
Previously, kinematic force closure was actually used
(by hydro, pneumatic suppression power take-off or by
power take-off through auxiliary elements). In fact, this
method of controlling the road milling cutter allowed only
to prevent or reduce the initial deviation of the treated
surface of the road surface during milling. If the size of
the allowance and its influx density became larger, then
the milling cutter experienced additional vertical loads
and additionally deviated upwards from the cutting line,
which resulted in deviations in dimensions of the milled
surface of the road surface, which led to an increase
in the risk of an accident. Changes in the size of these
surges can be 10 to 170 mm and will affect the road repair
site by 5 to 10 times. Accordingly, the additional vertical
component of the cutting force changes at times, caused
by a change in the dimensional mechanical parameters
of the influx. Therefore, the task arises of compensating
for undesirable additional vertical movements of the
milling cutter and controlling the level of the milling
cutter adjustment in real time.

It is used to set a digital model of the road surface.
As an initial information for determining the level of
dimensionality of the milling cutter setting, existing
milling cutter layouts assume the operation of the
milling cutter cutting elements in the milling cutter
coordination system, if the interaction occurs through
the milling cutter and wheels or, more importantly,
through the milling cutter and rollers rolling on the
road surface outside the track. In fact, the second
method allows milling in the coordinate system of
the road surface and without elastic elements in the
form of wheels. From the road milling cutters there
is only a power take-off. However, this does not allow
compensating for the wear of the cutting elements of the
cutter, errors in adjustment, temperature deformations.
Therefore, the scanning systems determine the digital
model of the road surface outside the track and calculate
the trajectory of the cutting lines. With respect to this
virtual line, automatic or virtual adjustments of tool
departures are made so that the tool vertices lie on this
calculation line. The adjustment can be done manually.

Previously, the control was carried out according to
the instantaneous height - the average value of deviation
of the milling dimensions and now we are additionally
engaged in reducing the spread of the deviation of the
milled surface. For the first time, the precision control
of milling of specific elements of the highway is applied
- eliminating the influx from the side of the track,
the principle of controlling the road milling cutter by
feedback is used.

Non-mechanical kinematic connections are widely
used in automated road milling cutters. For example,
by wires or radio signals. Previously, gears were used.
As a rule, new types of drive can work with different
types of kinematic closures. For example, by speed,
by increment of movements, by moment, by power
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Figure 1 Procedure for measuring deformations of
an asphalt concrete coating sample using a universal
magnetic measuring head

Figure 2 Measurement of vibroacoustic vibrations during

the cutting using a vibration measuring system
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Figure 3Diagram of the experimental stand for determining the main milling parameters:
1- trolley with a sample of asphalt concrete, 2 - diamond disc, 3 - dynamometer

(electricity sold). In the work, the control for the
increment of movements is selected as the main one. In
the non-mechanical kinematic connections, the control
principle is important. Control is considered by feedback
and by perturbations. The feedback control is selected,
which consists in measuring the output parameter,
determining the milling deviation, multiplying by
the adjustment coefficient and implementing this
correcting the variable increment through the vertical
displacement drive (correcting variable increment
of displacement) of the milling cutter. Comparative
simulation tests of cutting asphalt concrete samples
with elastic and coordinate closure were carried out.
In their formulation, implementation and processing
of the results, well-developed and modern methods
of experimental research were used. Specifically, the
experimental research methodology was developed by
Kochetkov [9, 14].

The experimental stand was implemented based on
the vertical milling machine in the laboratory of metal-
cutting machines. By readjusting it, the axis of rotation
of the cutting tool was installed in a horizontal position.
As a model of a milling cutter, standard disc cutters
with a diameter of 110 and 230 mm (metal-cutting tools)
were selected. Photos of the developed stand are shown
in Figures 1 and 2.

Figure 1 shows the procedure for measuring
deformations of an asphalt concrete coating sample
using a universal magnetic measuring head. Figure
2 shows the measurement of vibroacoustic vibrations
during cutting using a vibration measuring system.
Two series of experiments with elastic and rigid closure
were carried out. In the first case, a rubber sheet of
a thickness of 5mm was placed between the magnetic
clamping device and the milling machine table. In the
second case, the magnetic clamping device was rigidly
attached to the milling machine table. A disc milling
cutter and a sample of asphalt concrete with an uneven
surface were selected. Example, at the real time of the
deviation of the milling size consisted of 10 mm, multiply
it by the adjustment factor equal to - 0.5, get -5mm - the
value of the variable correction increments and add it
to the existing level of dimensional adjustment of the
cutter.

This compensates for random changes in the
dimensional mechanical parameters of the gauge influx,
it also compensates for pressure changes in pneumatic
tires, for wear of cutting elements, thermal temperature
deformations of the working body and the road milling
cutters themselves and compensates for changes in the
mass characteristics of the milling cutter. The determined
(linear) and periodic (correlating) component of the
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Table 1 Plan and results of experiments

Plan in natural variables

Residual deformations

No. Feed force W, (kN) - . fastening through an

rigid fastening lastic el ¢

h (mm) V (m/s) elastic elemen
1 10 0.03 3.8 1.8 1.6
2 60 0.03 20.6 2.8 2.4
3 10 0.05 4.2 2.0 1.7
4 60 0.05 22.7 2.1 15
5 7.68 0.04 2.6 1.7 2.4
6 77.68 0.04 26.2 2.8 4.6
7 35 0.023 11.2 2.1 3.0
8 35 0.047 13.1 2.2 3.1
9 35 0.04 11.7 2.6 3.1
10-13 35 0.04 12.0 2.7 3.3

milling deviation sequence is actually compensated. The
random component cannot be controlled.

Comparative simulation tests of the cutting asphalt
concrete samples with elastic and coordinate closure
were carried out. A methodology for study of the main
parameters of milling has been developed. The research
was aimed at determining the relationship between the
milling depth (2) and the disk feed rate (V) on the feed
resistance (Wo). The experiments were carried out on
a specially made stand (Figure 3).

The rotation frequency of the disk was taken as a
constant in the experiments, which provided a linear
cutting speed of up to 50 m/s. At the same time, the feed
rate of the diamond disc varied from 1.8 m/min to 3 m/
min and the milling depth A - from 10 to 60mm. The
experiments were carried out with 3-fold repetition,
in accordance with the developed plan of the factor
experiment presented in Table 1 with the results of the
experiments.

The scientific result is registering the fact of an
increase in the spread of residual cutting deformations
(errors) in comparison of rigid and elastic force closures
[9, 14-15]. After the processing of the experimental
results, mathematical dependences were obtained (the
feed effort of the W, on the milling depth % and the feed
speed V)

Wo = 0.35h + 0.1 B. (1)

Based on this dependence, the average value of the
milling resistance was determined, g, as

qo= Wo/h B, (2)

where B is the milling width. The g, values are 60 to
80 kPa and can be used to determine the drive power N

N=05qgo-h-B-D-w, 3)

where D - is the diameter of the disk, @ - is the angular

velocity of rotation of the disk.

The experimental stand is implemented based on
the horizontal milling machine 6M82G. At the same
time, the task was to reproduce the process of interaction
between the milling tools and asphalt concrete as close
as possible to the real one. As a model of the drum of the
road milling cutter, a prefabricated milling cutter with
a ratio of diameter and width similar to the working
bodies of existing machines was chosen. The milling
cutter was assembled from a typical metal-cutting tool,
taking into account the peculiarities of asphalt concrete
processing, discs with a large tooth were selected to
reproduce the effect of dyeing (breaking out) and not
cutting the sample.

Two series of experiments with elastic and rigid
closure were carried out. Milling was carried out towards
the treated surface (against the feed). Two modes were
investigated: - with an elastic element (rubber base
with a thickness of 20mm) (Figure 4 a, b) - simulation
of milling by force closure. The sample was fixed on
a specially designed experimental table mounted on the
frame through an elastic element. In this case, there was
an increased spread of deviations of milling parameters
and an increase in the average height of the profile
of the milled surface - in the case when the sample
with asphalt concrete was fixed rigidly (Figure 4 ¢, d)
- imitation of coordinate closure, a decrease in
deviation of the milling dimensions was observed,
according to approximate estimates, by 2 times. This
confirms the effectiveness of the transition from
force closure to coordinate closure or displacement
control. Photos of part of the experiments are shown
in Figure 4.

Outside of the experimental plan, the milling of an
asphalt concrete sample was carried out by force closure
using springs of variable stiffness as elastic elements,
simulating different stiffness of the milling cutter - tool-
coating system. The observation showed that the effect
of the rigidity of the milling cutter - tool-coating system
on the deviation of the milling profile is not linear and
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Figure 4 Experiment on simulation milling of asphalt concrete samples:
a)with elastic element (rubber base 20mm thick); b) simulation of milling by power closure;
¢) the sample with asphalt concrete was fixed rigidly; d) imitation of coordinate closure
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Figure 5 Comparison of results of the road surface milling with use of the road cutters:
- elastic closure, - rigid closure

increases abruptly with a decrease in the rigidity of the
system (an increase in its elasticity).

It is possible to use the developed algorithms of
adaptive sign and proportional adjustments. As a result
of modeling based on the initial sample, a decrease in
the average value of the milled surface of the protrusions
by 20% was obtained when using sign pulsating
adjustments with a variable pulse. Comparison of the

results of milling asphalt concrete pavement with use of
the road cutters for elastic (power) and rigid (coordinate)
closure is shown in Figure 5.

The technological scheme of milling of the first track
of the road surface has been developed, the effectiveness
of the rigid (coordinate) closure of the technological
scheme of milling in comparison to the elastic (force)
method has been confirmed.
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Practical results of the study of methods of
automated road milling control were obtained. It is
obtained that during the motion control (coordinate
closure) there is a decrease in the residual deformation
spread compared to the elastic closure control.

The use of results of this work would allow for more
efficient work on construction, repair and maintenance
of highways, to ensure the required transport and
operational characteristics, the safety of highways and
road safety.

4 Conclusions

Based on the analysis of the layouts of existing
automated road cutters, the dominant factors
determining the change in the relative position of the
working bodies of the machine and the road surface,
during the milling of the road surface with variable
track height are determined, which causes a decrease in
the evenness of the profiled surface of the road surface.

The concept of presenting a road milling cutter as an
automated road transport and technological manipulator
that corrects the level of dimensional adjustment by
vertical movements of the working body is proposed,
based on of which a new design of an automated road
milling cutter, for repairing road surfaces with variable
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This study discusses the automated visual inspection of electronic boards
used in the mass production of power electronics equipment. Soldering
splashes, produced during the necessary manufacturing stages, can affect
the hybrid power semiconductor modules' quality, specifications and lifespan.

Splashes from soldering may appear in some electronic boards areas when Keywords:
they may cause decreasing of quality of these boards and need to be removed.  transistor
Image analysis algorithms are used to search for such areas. The automated module
inspection is based on neural network YOLO. The images of electronic  solder
boards, acquired by authors in SEMIKRON Slovakia company, were used as  splash

training, testing and validation dataset for the YOLO network. The custom
recording system was designed to acquire those images. The implementation
of this method may increase the object search success and then thereby

increase the overall quality of module production.
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1 Introduction

The first IGBT based standard module appeared in
1989. Today the construction is still closely related to
the original set-up. One or more ceramic plates DCBs
(Direct Copper Bond) are soldered onto a copper base
plate, which also serves as the mounting surface to the
heatsink. They consist of a thin insulating substrate
made of ALO,, Si,N, or AIN and copper with variable
thickness coated on both sides.

Soldered to the top of the DCBs are the bottom
sides of the chips (IGBTs: collectors, diodes: usually
cathodes). The chip tops sides (IGBTs: gate and emitter,
diodes: anode) are contacted by parallel Al or Cu bond
wires to corresponding pads on the DCB substrate.
Either soldered, or ultrasonic welded, directly onto
these pads, are the module terminals. There are more
soldered, ultrasonic welded or bonded connections to

the terminals mechanically fixed in the module housing
(Figure 1).

The continuous development of the construction
and connection technology of power modules is driven
by the cost measures in production and processing of the
modules on the one hand and ever-increasing demands
on the module properties on the other.

This involves the best possible dissipation of the
heat loss in the semiconductors to the cooling, both
statically, as well as for the short-term loads. Power
modules can be utilized very effectively with efficient
cooling, which is a “must” for the high power and lowest
possible semiconductor cost. Thus, the permissible
temperatures of the IGBT and diode chips are increased
from one chip generation to the next. However, high chip
operating temperatures and efficient heat dissipation
tighten the requirements for temperature and power
cycling capability of the module designs. This requires

© 2023 UNIVERSITY OF ZILINA
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Figure 1 Basic concept of soldered module

continuous development of the construction and
connection technologies.

One of the most important processes in power
modules production is soldering (Figure 2). Soldering is
currently one of the basic methods of connecting circuit
elements. When soldering power modules, it is necessary
to ensure a perfect connection of individual components
with the baseplate. In practice, it sometimes happens
that during the soldering of individual elements there is
an imperfect connection of components or splashes are
formed. Detection of soldering splashes is important for
increasing the quality and reliability of power electronic
modules and it is important from the economical point of
view, as well: most of detected soldering splashes can be
removed and electronic board of expensive module can
be used again.

Industrial manufacturing processes are
supervised by the visual inspection systems, to
identify possible defects. To increase reliability,
reduce the number of defects (higher identification
rate) and decrease the time required for this
procedure, progressive detection algorithms and visual
systems are being developed within last years. Last
decade, the computer vision tasks for specific objects
detection are based on neural networks (especially
convolutional neural networks - CNN). There are some
works comparing the modern CNNs and conventional
classifiers (such as Support Vector Machine - SVM) used
in algorithms for searching specific objects in images.
Ren et al. [1] concluded that selected CNN obtained
better results for identification of given object as method
based on SVM. Multilayer feedforward neural networks
can be computationally demanding due to high number
of weight parameters. The neuronal representation

of spatial information can be another bottleneck for
flattened layers [2]. Due to significant expansion and
massive implementation of CNNs to many image
identification tasks, it exists several CNN architectures
and their derivatives. The YOLO architectures, which
were used for our application, are discussed in the
following. The research shown their applicability to
inspect the electronic boards (PCBs) for different types
of defects. The YOLO model (You Only Look Once)
belongs to deep neural networks designed by Joseph
Redmon as one step process classification algorithm.
The input image is divided into a grid SxS. The YOLO
network can detect multiple bounding boxes in single
grid cell. In comparison to other deep neural networks,
the YOLO’s detection speed is relatively high. The YOLO
can classify multiple categories simultaneously [3]. The
final stage of model classification results in localization
of bounding box and type of category identification [4].
In our case there is only one object category - soldering
splash. The YOLO classification model is considered as
one of the most successful modifications of Convolutional
neural networks [5]. Adibhatla et al. proposed deep
learning model based on Tiny-YOLOv2 architecture for
PCB quality inspection. Their dataset consisted of 11000
images (420x420 pixels) obtained from the automated
optical inspection (AOI) machine. The model achieved
98% accuracy for batch size 32. The YOLO model
can have lower recall or increased localization errors
than the Fast R-CNN network model [2]. The YOLO
architecture can be preferred due to tradeoff between
detection accuracy and speed. The authors consider
template-matching and image subtraction as traditional
methods for the PCB defect detection [6-8]. Liao et al.
used improved YOLOv4 algorithm for detection of 6
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Figure 2 Timeline of automated soldering procedure
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Figure 3 Typical examples of soldering splashes in inspected images

different PCB surface defects - scratch, clutter, broken
line, hole loss, line repair damage and over oil-filling. The
original dataset consisted of 2008 PCB defect images.
The data augmentation was performed and number
of images increased to 19029. Originally 12-megapixel
images were resized to 416 x 416 pixels and labelled with
Labellmg program. The neural network model with 39.5
million of weight coefficients achieved high performance
with 98.6 % mean average precision score (mAP) [9].

2 Soldering process characteristics
In production soldering process, exist three

procedures:

*  One-step soldering process: whole power module
with chips and terminals (power terminals and

signal terminals) is assembled in soldering mask

and soldered together by the preform solder.

e Two-step soldering process: power module is
assembled in two steps, the 1st step consists of
silicone chips soldering by the solder paste, the 2nd
step consists of preform soldering from power hybrid
to baseplate and terminals (main power terminals
and auxiliary/signal terminals).

e The second soldering process: used for power
modules with high void ratio under the DCB or
chips. This process is introduced for decreasing the
scrap ratio after the soldering process and eliminate
unwanted voids.

Solder under the chips consists of solder and flux
(solder paste). Solder under the DCB is without flux
(preform solder used for Semitransl0, SEMiX Press-
fit). In two-step soldering process (or second soldering
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process) during the soldering (or re-soldering) of power
hybrids (PH) to the baseplate the solder under the chips
is melted again. Flux is flowing out from the solder to
the chips’ edges. If there is some restriction or resistance
to the flux movement, it can cause increase of internal
mechanical forces and solder splashes. Solder splashes
can be found on more than one production line and
for different solder alloys and for different soldering
equipment (Centrotherm oven or Pink oven) (Figure

3). It can be found for all the power hybrids and chips

dimensions.

In production there are restricted areas, directly
defined in product drawings (power hybrid drawing,
module drawing, etc.), where solder splashes cannot be
found. If the solder splashes are in the restricted area it
is necessary to clean these areas. Proposed operations
for cleaning, actually used and tested, are milling (used
in production) or ultrasonic washing (actually tested for
various products).

* Solder splashes most often cause problems with
micro welding, bonding and ultrasonic welding.
Bigger solder splashes can cause micro welding and
bonding head damage.

e Additional problem, caused by solder splashes, is
when they are located on Data Matric Code (DMX)
position. This can cause damage of the DMX code
and restrict or wipe out traceability in production
process.

* Another effect is for position of solder splashes on
power hybrid (PH) where it can cause damage on
chip passivation, decreasing of minimal electrical
distances, decreasing the module lifetime etc. This
causes decreasing of power module reliability and
quality.

* Solder splashes located on baseplate will directly
influence thermal characteristics of the power

module, increase in thermal resistance, as well as
increase in thermal paste thickness and cooling in
target customer application.

3 Proposal for imaging system
and preprocessing of image information

When designing the chain of acquisition and
preprocessing of image information, it is important to
precisely plan individual steps in advance, so that the
final result meets all the requirements. Since we are
working with LabVIEW software, the following steps will
also be closely related to its use. To obtain a data source
of images, it is necessary to prepare the equipment for
scanning, which consists of a stand, provision of constant
light, auxiliary template reference white color, dark
uniform background, defective VPM with containing
object of interest, industrial camera from the company
Basler type: ace acA4600-10uc together with C125-
1218-5M 12mm lens and processing software, marking
area of interest and storing image information in the
necessary data form.

The entire creation process is shown in Figure
4. How the system is set up depends on imaging
environment and the type of analysis and processing
to be performed. The imaging system should produce
images of sufficient quality so the required information
can be extracted.

3.1 Sensing chain
Sensing chain is processing several steps from

sensed information:
* Design of sensing apparatus
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Table 1 Parameters of sensing apparatus - Basler camera

Parameter Specification
Video output USB 3.0
Manufacturer Basler
Type of sensor Progressive Scan CMOS
Format of camera sensor 1/2.8”
Pixels 46x33
Sensing area (mm) 6.45x 4.6
Depth of pixel 12 bit
Resolution (megapixels) 15.10

Figure 5 Comparison of images for 8mm focal length (left) and 12mm focal length (right)

Image 2
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Figure 6 Preprocessed image after the noise filtration
and color balancing (normalization)

*  Pre-processing and storage of sensed information
e Detection and acquisition of position of object of
interest
e (Camera Basler, type: ace acA4600-10uc with C125-
1218-5M 12mm objective was used as a sensing
apparatus. Main parameters are listed in Table 1.
Lenses with a focal length of 8mm and 12mm
were used in the design of the sensing apparatus. The
difference between images with 8 mm focal length and
12mm focal length is shown in Figure 5.
Pylon Viewer is a software tool, which was used for
storage of image information. It has high compatibility

with camera and enables automatic modification
of the image, what improves white color correction
requirements. Stored image is converted to .bmp format,
while the object of interest is defined by the technology
engineer. The next step is then gaining the coordinates
of the objects of interest. Since the deep learning
algorithms have been analyzed in this study as well,
a set of databases of power module images was developed
(approximately 200 recorded modules).

Preprocessing of image information is realized with
the use of LabVIEW environment, using NI-IMAQ
and Vision Development libraries. The principle of
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the sequential loading of images algorithm consists in
incrementing the input - the value of the number in the
for loop, which is added to the string and thereby creates
the whole string path to the new image frame. Images
are saved in bmp format with names from 0000 to 0197.
The white balance algorithm is based on dividing the
image into 3 basic components: red, green and blue,
to compare the area of interest and thus our reference
white color, the value of which should be 255 points.
Reference values of 255 points are divided with the
mean value of the given colors. After getting new colors
that will be added to the original ones obtained, the
image is recomposed using the field-to-image transfer
function and their subsequent replacement into the
original image (Figure 6).

4 Image database design

To realize the detection algorithms, it is required
to modify acquired images by crop and mask tasks, i.e.
unnecessary areas, which can influence detection of the
objects of interest, are eliminated (Figure 7).

Masking is similar to image straightening on the
coordinates of comparison of the extreme point patterns
and by calculating their distances, the algorithm
can automatically adjust dimensions and placement
masking for each frame separately, using the reference
percentage value. Once the necessary straightening
and masking coordinates are obtained, they can be

g

\ ) |
| \ e

implemented into a color image, since we have been
working in the gray-tone area so far for more accuracy
comparing endpoint patterns. The resulting image can
be cropped using coordinates and saved to a new file
with a new name, making the data source ready for
the phase practical implementation of algorithms for
detection of objects of interests.

There are several ways how to identify and detect
specific objects among which the used algorithms
are described later. Algorithms are then utilized for
advanced intelligence algorithms for neural networking
and predictions of soldering splash detection.

4.1 Global thresholding

A global thresholding technique is one that uses
a single threshold value for the whole picture. By
correctly setting the colors, red, green and blue, in the
form of RGB or hue, saturation and lightness in the form
of HSL, the object can be extracted from the background
by a simple operation that compares the image values
with a threshold value T. Pixels subject and background
have gray levels grouped into two dominant modes. One
obvious way to extract an object from the background is
to choose a threshold T, which separates these modes.
Thresholding results in a binary image where pixels
with a value intensity of 1 correspond to objects, while
pixels with a value of 0 correspond to the background.

As can be seen in Figure 8 it is possible to utilize

) e

TOP ih

BOT

Figure 7 Comparison of original and modified image with crop and masking algorithms
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Figure 8 Example of global thresholding and decomposition into object and background
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Figure 10 Comparison of the samples for image difference operation

the global thresholding to separate the light component
from the dark one and thus the solder spatter is in the
foreground with a value of 1 and the dark part that
surrounds the splash has a value of 0. The disadvantage
of the method is that it divides components only in 2
parts, if there is a small difference between the object of
interest and the environment, components merge.

4.2 Manual thresholding

Assertion on dependence on the uniformity of
lighting is resulted on Figure 9. For clear and relatively
large solder joints splashes, it is possible to record their
occurrence and thereby separate them from the rest of

the image. However if those sprinkles are located in

GO

the upper part, where the luminosity is, in our case,
the sharpest, it is difficult to separate them from the
environment at lower threshold values, what prevents
the detection of faulty elements in the image.

When detecting faults on others images, there was
a problem not only in uneven lighting but in the variety
of colors, size and color difference of the solder splash, as
well, whether as a result of the melt or splash location on
the power semiconductor module.

4.3 Image difference operation
It works on a pixel-by-pixel basis of reading two

images. The important part is so that the images are
symmetrical “pixel by pixel” to ensure the expression

lefoefa@plomN

|2680x1050 6X 32-bit RGB image 0,0,0 (0,0)

Figure 11 Result of image difference operation
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Figure 12 Example of dataset of images from neural network training

Table 2 Model parameters

Method Setting
Initial learning rate 0.0001
Optimizer Adam

Batch 16

Epochs 1000

Image HSV value augmentation 0.0

Patience 300

Image resolution 640

of object difference and to have the same dimensions.
The basis is the correct preparation of the data source,
which was secured using the multiple coordinates of
edge detectors, by coincidence selected patterns, rotation
of the image and adding masking. Initially, modified
image, with separated solder splash, was used together
with the original image (Figure 10). This created an
identical match with the difference of the currently
searched defect.

Figure 11 shows an enlarged single bright point,
which is the soldering splash, whose data information
remained after reading the frames. When trying to read
two different modules in the picture, it is possible to see
the deviations that are caused by different installation
of elements on power module, surface changes, material
changes and moving the x and y axes. Despite the
imperfect match of the two images, it is possible to
recognize the object of interest on the image.
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5 Neural network training and proposal for Al
detection algorithms

Within the proposed system, we decided to use the
last versions of the YOLO model, i.e. YOLO v5. It is the
most advanced version of this classification algorithm
and Python software support is useful in scientific
research area. The YOLOv5 medium model was chosen
as compromise between the detection speed and accuracy.
After the neural network model selection, the training
process must be provided. Training process requires
a huge dataset of samples. There are many official
datasets for various image classification problems, but
for detecting the soldering splashes we had to create our
own dataset.

After the neural network model selection, the
training process must be provided. Training process
requires a huge dataset of samples. There are many
official datasets for various image classification problems,
but for detecting soldering splashes we had to create our
own dataset (Figure 12).

As we declared in the previous section, each image
in the acquired dataset was annotated by SEMIKRON
Company specialist with Labellmg tool dedicated for
YOLO. We defined just one class - soldering splash. The
original resolution of PCB images was 4608x3288 pixels.

train/box_loss
0.10
0.08
0.06
0.04

0.02

0 500

The complete dataset actually consists of 231 images and
there are 350 soldering splash objects annotated.

Nvidia GTX 1070 with 8 GB of memory was used
as a GPU to speed up the training of YOLO model
parameters. It was necessary to install the PyTorch,
CUDA and OpenCV software libraries. The YOLOv5
neural network model could not be trained on the
original image resolution due to the high-resolution
quality of the input images and the huge video memory
requirements [10]. In order to create 640x640 pixels
images, the PCB images were tiled using the YOLO
image tiling algorithm [11]. The original resolution of
the object was preferred since soldering splashes are
rather small-scale objects. The training, validation and
testing sets were randomly assigned the following ratios:
70% - 20% - 10 % of the input dataset.

The YOLOv5 model was initially trained using the
initialization parameters’ default values. In a computer
simulation experiment, these parameters were modified
to determine the ideal starting point for the neural
network training. The values of the YOLOv5 model’s
configurable parameters that produced the best
classification performance are shown in Table 2. This
configuration was used ten times to replicate the model
learning.

Precision was 92.7%, recall was 87.9% and the
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Figure 13 Plots of objectness and box loss over the training epochs for training set
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Figure 14 Plots of objectness and box loss over the training epochs for validation set
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Figure 15 Plots of precision and recall over the training epochs for training set
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mean average precision score (mAP) was 90.6% with
these model parameters. Model correctness is described
by the mean average precision parameter; a higher value
denotes a more accurate neural network model. The
following formulas were used to calculate the metrics:

L True Positive
Presicion = T Posttive + False positive M
Recal — True Positive (2)

True Positive + False Negative -

Precision score is represented by Equation (1),

where the true positives refer to soldering splashes that
were accurately detected, but false positives relate to
image areas that were incorrectly identified as soldering
splashes. The recall score is represented by Equation (2),
where false negatives are related to undetected solder
splash items and the remaining terms are the same as
those in Equation (1).

Figures 13, 14 and 15 display the pertinent metrics.
The training process revealed a declining trend for
the training set’s normalized box loss score over the
epochs (Figure 13). The box loss function shows how
well the predicted bounding box encloses an object and
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how precisely the algorithm can find the object’s center
(soldering splash). A measure of the likelihood that an
object exists in a suggested region of interest is called
the objectness loss (obj loss) (ROI) [12].

The normalized box loss score trend over the
training epochs is shown in Figure 14. The box loss
also decreased in the training and validation sets over
the training phase. This suggests that the YOLOv5
model has strong generalizability potential in terms of
pinpointing soldering splash centers. After 100 epochs,
the objectness loss in the validation set showed an
upward trend, therefore the training was cut short.

Throughout the training, the precision and recall
scores were steadily dropping. The recall score could
rise if there are more photographs in the collection. The
precision and recall score are shown to grow over the
training epochs in Figure 15. The trained model was
very accurate at identifying the soldering blobs.

Even soldering droplets with small areas were
successfully recognized by the specially trained YOLOv5
model (Figure 16). These outcomes were related to the
direct application of the YOLOv5 medium model. No
image manipulations or alterations were used. The
input photos contain several items with similar color
and texture to soldering splashes, which can impair
classification ability.

6 Discussion and conclusion

Although the YOLOv5 algorithm is not a novel
technique, in this article we show the use of machine
learning-based object detection in an original dataset
of particular PCBs. The study demonstrates that the
YOLOV5 algorithm was successfully employed for item
recognition, including people, cars, animals and more.
This algorithm’s use for tiny items, such as soldering
droplets, is innovative in the field.
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Resume

A survey of cyclists in the city of Qazvin, Iran, was conducted by
focusing on improving the bike lane attributes (increasing width, increasing
attractiveness or appeal of the bike lane (painting, planting ...), improving
pavement conditions, improving sight distance and removing obstacles in
the bike lane). It was seen that there was no difference between age groups.
Two important priorities for the men group were increasing the lane width
and improving the sight distance, while the women considered improving the
pavement conditions and the appeal of the bike lanes. Increasing the lane
width and improving the pavement conditions for the recreational group
and increasing the lane width and improving the sight distance for the non-
recreational group were the most important improvements. It can be said
that increasing the width of the bike lane was the most important factor for
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1 Introduction

Many countries have tried to encourage people to
use bicycles more, but despite the support for public
transportation and bicycles, their use is low. Research
in some developing countries in 2009 showed that
84 % of city trips had been made by private car [1]. For
example, while in Curitiba (Brazil), only 11 and 17 % of
the adult population uses a bicycle for commuting and
leisure, respectively [2], in countries with high income,
these values were higher (26 % for leisure and 41% for
commuting) [3-4].

Although increasing the proportion of cycling in
trips faces many obstacles, it is one of the best ways for
sustainable transportation and development. Therefore,
it is necessary to put some improvements into practice to
encourage the use of public transportation and bicycles
for those who go from home to work, school and shopping
every day [3, 5]. There are many surveys and studies
about barriers that may hinder the use of bicycles for
commuting. The most common barriers reported in the
previous articles are lack of adequate infrastructure

(bike lanes), lack of safety, lack of company and climate
[6-71.

De Sousa Suely et al. conducted a survey of 380
college students in three Brazilian cities, [8]. Their
questionnaire was based on the theory of planned
behavior and included: cycling infrastructure, lack of
safety, distance to be traveled, physical fitness, slopes
and climate. They found a lack of dedicated cycling
infrastructure. De Camargo et al. [9] recruited 84 adults
of both sexes and characteristics related to cycling
(commute, leisure time users and activists) in focus
groups interviews. The most-reported barrier was lack
of safety, followed by lack of bike lanes. Parkin et al. [10]
applied UK 2001 census data with logistic regression
for cycle choice. They found that hilliness was the most
important factor that had affected the proportion that
cycles to work. The following three factors were physical
conditions of the highway, rainfall and temperature.
Garrard et al. used the census of cyclists observed at
15 locations of Melbourne, Australia’s central business
district (CBD). They found that the most important
facilitator for female commuter cyclists was maximum
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separation from motorized traffic [11]. “Barriers” are
the factors that by their negative effects on cyclists (or
a group of cyclists) hinder cycling and “facilitators” are
those that by their positive effects, encourage cycling
[12].

Segadilha and Sanches [13] compared the shortest
path between orientation and destination (by using
geographical information system (GIS)) and chosen path
(by using global positioning system (GPS) data) for the
cyclist in Brazil. They examined which factors caused
them to choose a longer route. They demonstrated
that the speed and volume of motorized traffic and the
pavement quality were top factors that affected the
cyclists. In contrast to Segadilha and Sanches, Harvey
et al. found that cyclists became more comfortable
with cycling in heavy conditions and did not affect
their chosen route [14]. Dill and Voros studied a set of
factors that could affect bicycle demand in Portland,
Oregon region of the USA. They observed that the
availability of bike lanes and higher levels of street
connectivity has led to an increase in using a bicycle
[15]. Surveys and examinations demonstrated that
travel time could strongly influence bicycle route choice
[16-17].

Jain and Tiwari [18] surveyed bicyclists in Pune,
India. The bicyclists interacted with pedestrians better
than the vehicles. A parked vehicle was considered
more dangerous during the parking maneuver. The
used questions include a set of factors such as on-street
parking, pedestrians as barriers, pavement quality, road
width, the density of land use and slope. Another study
by Krizek [19] confirmed the results of Jain and Tiwari
[18]. Majumdar et al. [20] examined a set of attributes
affecting bicycle route choice, including the presence of
the motorized vehicle on road or traffic volume, road
width, on-street parking, route visibility, etc. They found
road width as the most important attribute.

Basu and Vasudevan [21], conducted a questionnaire
survey in four major Indian cities. to rank some bicycle
friendly infrastructures and policies. Dedicated bicycle
lane was found to be the most preferred bicycle friendly
infrastructure and whereas facility to carry bicycle on
public transportation was found to be the least preferred
one.

On the one hand, the share of cycling in Iranian
cities is very low, for example, the share of cycling in
the city of Tehran [22], Ahvaz [23] and Mashhad [24]
are 1%, 2% and 1.5 %, respectively. On the other hand,
the share of women is less than men. For instance, the
share of women cycling is 25% of the total number of
cyclists in the city of Tehran [25]. Of course, it has been
seen that women less cycle for non-recreational purposes
in developing countries with low bicycle transport mode
share [10-11].

Cycling facilities and infrastructure in developing
countries, such as Iran, are not suitable enough and the
budget needed to improve them is limited. Therefore,
it should be examined how any improvement in the

attributes of infrastructure and bike lanes affects the
demographic groups of cyclists and encourages them.
As the municipality has tried to build the all possible
bicycle lane in the city, it is practically not possible to
increase the length of these facilities easily. On the
other hand, the municipality is trying to increase the
quality and willingness of people to use the existing bike
lanes.

Many previous studies have used aggregate data
to analyze, but in this research, the survey of different
groups of cyclists has been examined separately. First, the
data were categorized according to age and gender and
then the priorities of different groups for improvement
in the attributes of bike lanes were compared to each
other. The research methodology has been described in
the next section. The data collection is introduced in the
third section. The fourth section has been devoted to
statistical analysis and comparison of different groups
of cyclists. The results have been discussed in the fifth
section. Finally, the sixth section has summarized and
concluded the research.

2 Methodology

In this research, the options for improving the bike
lanes conditions have been prioritized based on the
opinions of cyclists. It should be mentioned that bike
lane means a segregated path or track for the bicycles. It
can be on the street or on the sidewalk. It depends on the
transverse profile of the road. Questionnaires have been
completed by interview. The demographic composition
of people in a city can be different, so the investigation
aimed to examine priorities for improving the conditions
of bike lanes for different user groups.

The questionnaires were divided according to age
(over and under 40 years old) and gender (male and
female). Respondents were given five options to improve
the conditions of the bike lanes, which they should
choose the importance of each option based on the
Likert scale (between 1 and 5). Using statistical tests,
the priority of bike lanes improvement options for each
group of users was examined. Then, the differences of
opinions in different groups have been studied. The
questions were prepared based on the opinions of traffic
engineers at the Qazvin department of transportation.
In other words, the experts considered these options the
most important options for improving bike lanes among
some options.

Questions about the bike lane were: increasing width,
increasing attractiveness or appeal of the bike lane (such
as painting, planting), improving pavement conditions,
improving sight distance and removing obstacles in
the bike lane. The questionnaire also included other
questions, such as demographic characteristics and the
goal(s) of cycling. At the end of the analysis, options were
arranged based on different groups of cyclists based on
the results.
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Table 1 Distribution of respondents

Variable Mean SE Mean St Dev Minimum Q1 Median Q3 Maximum
Age 38.498 0.861 15.435 13.00 27.000 36.00 51.50 80.00
Gender 0.804 0.022 0.3978 0.000 1.0000 1.00 1.00 1.00

To compare opinions between different groups,
statistical methods should be used, the most important
and well-known of which is ANOVA. This method can only
prove the existence of differences. So, Tukey’s method is
used to compare groups individually and rank them.

3 Data collection

The paper targets bicycle lane improvement options,
so respondents should be bike users and familiar with
bike lanes. Here, bicycle users were defined as cyclists
who use bicycles at least once a week. Total of 457
Questionnaires were collected from people on the street,
from which 321 were riding a bicycle. Cochran’s formula
was used to estimate enough number of questionnaires.
Considering the population of about 400,000 people
in Qazvin city and the error level of 5%, at least 384
data are required and more than this amount have
been collected here. The survey was conducted during
different days of a week.

There are many studies that have used Global
Positioning System (GPS) data to investigate the
behavior of cyclists [26-28]. Although those data have
uncertainty, they can continuously provide a wide range
of information to the researcher. In this research, survey
and questionnaire methods were used because the paper
aimed to investigate the opinions and feelings of cyclists
about bicycle lane attributes. The GPS data cannot help
here, because by using the GPS data, it is possible to
find out whether a cyclist has used a path or not, but it is
not possible to extract her/his satisfaction and opinions.
Table 1 shows the distribution of respondents.

The age range of the respondents was between 13
and 80 years with an average of 38 years. Only 3% of
the participants were over 65 years old, so respondents
within the age range of middle-aged adults and old
adults were categorized as the elder group (age > 40). In
other words, two age groups were defined, which were
young (age < 40) and elder (age > 40).

The survey of cyclists using bike lanes was conducted
on the main central business district (CBD). Qazvin city
is one of the small cities in Iran. Most land uses and
population in Qazvin are centralized, so most bike lanes
are also located in CBD. The total length of bicycle
infrastructure in Qazvin is about 10km.

The participants were asked whatis the main purpose
of their trips by bicycle. Non-recreational purposes
included commuting to work, school, or university, while
recreational cycling included exercising, just enjoying
cycling (riding around), or shopping. Shopping was

also considered a recreational destination, because in
shopping trips, unlike business trips (such as getting
to work, university or school), the user is not under
pressure and is not done regularly. The respondents
could state recreational, non-recreational or both as the
purpose of cycling.

The existence of a multimodal system like bike-and-
ride is necessary to encourage people to use bicycles. The
goal of this paper was not studying the factors that can
influence using a bicycle, but to measure the satisfaction
of cyclists with bicycle facilities (bicycle lane). In other
words, considering the existing limitations in the
expansion of cycling facilities in a small and dense city
like Qazvin, the goal is to improve the existing facilities
based on the opinion of users [29-31].

4 Analysis

This section statistically analyzes the survey of
bike lane users according to age and gender groups to
prioritize improvement options, then uses other data in
the questionnaire.

4.1 Male cyclists

First, the men’s group was studied and then the
women’s group. Tables 2 and 3 represent the result of
the men’s survey.

Test results ANOVA One-way showed a significant
difference between men in terms of priority of options
(P-Value = 0.013). To determine the priority of options
Tukey test was applied. From the point of view of
male cyclists, the most important improvement was
increasing the width of the bike lane, followed by sight
distance and pavement conditions.

4.2 Female cyclists

The analysis process for men was also applied to
the group of women. ANOVA One-way results are shown
in Table 4. If the confidence interval is chosen 90 %,
there would be a difference between the women’s group
(P-Value = 0.071). Then, Tukey test was used to rank the
improvements, which showed that the improvement of
pavement conditions was the most important, followed
by bike lane appeal and increasing the width of the bike
lane (Table 5).

Table 6 compares the survey results of female
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Table 2 ANOVA of men’s priorities

Source DF Adj SS Adj MS F-Value P-Value
Factor 4 19.14 4.785 3.22 0.013
Error 615 915.01 1.488
Total 619 934.15
Table 3 Ranking of men’s priorities
Factor N Mean Grouping
Bike_lane_width 124 3.4919 A
Sight_distance 124 3.3306 A B
Bike_lane_pavement_conditions 124 3.282 A B
Bike_lane_obstacles 124 3.258 A B
Bike_lane_appeal 124 2.952 B
Means that do not share a letter are significantly different.
Table 4 ANOVA of women’s priorities
Source DF Adj SS Adj MS F-Value P-Value
Factor 4 10.43 2.606 1.61 0.071
Error 310 501.43 1.618
Total 314 511.85
Table 5 Ranking of women’s priorities
Factor N Mean Grouping
Bike_lane_pavement_conditions 63 3.317 A
Bike_lane_appeal 63 3.238 A
Bike_lane_width 63 3.206 A B
Sight_distance 63 3.143 B
Bike_lane_obstacles 63 2.794 B
Means that do not share a letter are significantly different.
Table 6 Comparison between women and men’s priorities
Priority Male Female
1 Bike_lane_width Bike_lane_pavement_conditions

2 Sight_distance

3 Bike_lane_pavement_conditions
4 Bike lane_obstacles

5 Bike_lane_appeal

Bike_lane_appeal
Bike lane_width
Sight_distance

Bike_lane_obstacles

and male cyclists. It can be seen that there would be
differences, which are more examined in following
sections.

4.3 Young cyclists

The survey of young cyclists (age < 40) has been
assessed by One-way ANOVA. Table 7 shows that
by considering a 95% confidence interval, there was
a significant difference within the young group (P-Value
= 0.035). Tukey test (Table 8) demonstrated that
increasing the width of the bike lane and improving the

sight distance have the highest priority for this group.

4.4 Elder cyclists

By considering 95 % confidence, it can be seen that
there was a difference within the elder group (P-value
= 0.015). In the elder group, such as the young group,
increasing the lane width and improving the sight
distance had the priority. The results are shown in
Tables 9 and 10.

Table 11 compares the priorities for young and older
cyclists. In general, it can be said that the priorities of
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Table 7 ANOVA of young cyclists® priorities

Source DF Adj SS Adj MS F-Value P-Value
Factor 4 15.71 3.928 2.60 0.035
Error 775 1170.67 1.511
Total 779 1186.38
Table 8 Ranking of young cyclists® priorities
Factor N Mean Grouping
Bike_lane_width 156 3.4615 A
Sight_distance 156 3.3333 A B
Bike_lane_pavement_conditions 156 3.2821 A B
Bike_lane_obstacles 156 3.256 A B
Bike_lane_appeal 156 3.026 B
Means that do not share a letter are significantly different.
Table 9 ANOVA of older cyclists® priorities
Source DF Adj SS Adj MS F-Value P-Value
Factor 4 18.59 4.647 3.12 0.015
Error 820 1221.60 1.490
Total 824 1240.19
Table 10 Ranking of older cyclists® priorities
Factor N Mean Grouping
Bike_lane_width 165 3.4242 A
Sight_distance 165 3.3273 A B
Bike_lane_obstacles 165 3.097 A B
Bike_lane_pavement_conditions 165 3.0727 B
Bike_lane_appeal 165 3.0606 B
Means that do not share a letter are significantly different.
Table 11 Comparison between young and older® priorities
Priority Young Elder
1 Bike_lane_width Bike_lane_width
2 Sight_distance Sight_distance
3 Bike_lane_pavement_conditions Bike_lane_obstacles
4 Bike_lane_obstacles Bike_lane_pavement_conditions
5 Bike_lane_appeal Bike_lane_appeal

both groups were similar. It should be noted that since
the number of men who participated in the survey was
significantly larger than women, the priorities of both
young and older groups were more like men’s opinions.

The analysis showed that the priorities for improving
the bike lanes were different within gender and age
groups. For further examination, the survey data were
categorized based on the purpose of cycling. As has been
mentioned, the questionnaire also included the purpose
of cycling. Two general purposes of recreation and non-
recreational were considered.

Table 12 shows the distribution of purpose of using

the bicycle for different age and gender groups.

It can be seen that men used bicycles for non-
recreational purposes more than women. There is no
significant difference between young groups and older
groups in this regard. This can be due to the equal
distribution of men and women in all age groups.
In general, the survey indicated that most of the
cyclists in the city of Qazvin are cycling for recreational
purposes.

It can be said that the reason for the meager
share of the bicycle in Qazvin is that bicycle is not yet
recognized as a mode of transportation and is often used
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Table 12 Distribution of data based on cycling purpose

Gender Age
Male Female Young Elder
Recreation 63 80.5 70 68.7
Work 37 19.5 30 31.3
Table 13 ANOVA of recreational cyclists® priorities
Source DF Adj SS Adj MS F-Value P-Value
Factor 4 20.12 5.029 3.64 0.006
Error 1160 1600.68 1.380
Total 1164 1620.79
Table 14 Ranking of recreational cyclists priorities
Factor N Mean Grouping
Bike_lane_width 233 3.4421 A
Bike_lane_pavement_conditions 233 3.3176 A B
Bike_lane_appeal 233 3.2833 A B
Bike_lane_obstacles 233 3.1717 A B
Sight_distance 233 3.0558 B
Means that do not share a letter are significantly different.
Table 15 ANOVA of non-recreational cyclists® priorities
Source DF Adj SS Adj MS F-Value P-Value
Factor 4 42.13 10.532 6.09 0.000
Error 490 846.93 1.728
Total 494 889.06
Table 16 Ranking of non-recreational cyclists’ priorities
Factor N Mean Grouping
Bike_lane_width 99 3.434 A
Sight_distance 99 3.404 A
Bike_lane_obstacles 99 3.394 A
Bike_lane_pavement_conditions 99 2.859 B
Bike_lane_appeal 99 2.778 B

Means that do not share a letter are significantly different.

for recreational purposes. It was assessed whether there
is a difference between the priorities of cyclists based on
the purpose of cycling.

4.5 Recreational cyclists

Tables 13 and 14 show the result of the survey
of recreational cyclists. It can be seen that there was
a difference within recreational cyclists by considering
a 95% confidence interval (P-value = 0.006). Three
top improvements were as follows: increasing the lane
width, improving pavement conditions and improving
the appeal of the bike lanes.

4.6 Non-recreational cyclists

As recreational users, it can be seen that there
was a significant difference within non-recreational
cyclists for the bike lane. The first three priorities were
increasing the lane width, improving the sight distance
and removing the obstacles in the bike lane (Table 15
and 16).

Given the above results, it can be said that
the priorities of cyclists were different according
to the cycling purpose. Table 17 compares the
choices of recreational and non-recreational
cyclists.
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Table 17 Comparison between recreational and non-recreational cyclists® priorities

Priority Recreational

Non-recreational

1 Bike_lane_width

2 Bike_lane_pavement_conditions
3 Bike_lane_appeal

4 Bike_lane_obstacles

5 Sight_distance

Bike_lane_width
Sight_distance
Bike_lane_obstacles
Bike_lane_pavement_conditions

Bike_lane_appeal

Table 18 The priorities of different groups

Priority Male Female Elder Young Non-recreational Recreational
1 width Pavement_ width width width width
conditions
. . Sight_ Sight_ Sight_ pavement_
2 Sight distance appeal distance distance distance conditions
pavement_ . pavement_
3 conditions width obstacles conditions obstacles appeal
4 obstacles Slght— paverpgnt obstacles paverpgnt_ obstacles
distance _conditions conditions
Sight_
5 appeal obstacles appeal appeal appeal distance
Table 19 Descriptive statistics of data
Overall priority Variable Sum Mean  Variance Min Max
1 Bike_lane_width 8 1.333 0.667 1 3
2 Sight_distance 17 2.833 1.767 2 5
2 Bike_lane_pavement_conditions 17 2.833 1.367 1 4
3 Bike_lane_obstacles 23 3.833 0.567 3 5
4 Bike_lane_appeal 25 4.167 1.767 2 5

5 Results and discussion

The priorities of different groups are summarized
in Table 18 so that the data can be better analyzed. The
table shows that the priorities of different groups were
different for improving the bike lane attribute. Now it
should be examined what were the general opinions of
the participants.

Previously, the opinions of different groups were
compared using statistical methods, but here those
opinions are summarized. The third column in table 1
is the sum of the values of the first column of Table 2,
so that it can be find out which attribute has a higher
priority for improvement in general. For example, the
bicycle lane width attribute has a priority value of 1 in
all groups, except for the female group, whose priority
is 3. So, its total or sum priority is 8. So, the lower the
value of the total priority, the more important it is. Table
1 is sorted by sum column value.

The values of Table 19 are depicted in Figure 1. The
lower the value distribution and the smaller the values,
the higher their priority.

Lane width has been given the highest priority
because it can be considered one of the most important

safety and comfort factors for cyclists. According to the
field survey, most of the lanes in Qazvin have a width
of 1.5 meters or less and on the other hand and many
of them are as two-way bike lane, which leads to safety
and maneuver problems in peak hours. It is noteworthy
that the priority difference of this attribute, compared
to the next attribute(s), is very high and it shows that
the inappropriate lane width was the main problem for
cyclists to use the bike lane. It can be seen in Figure 1
that in other attributes there is a dispersion of opinions
between different groups, but regarding the width of the
bicycle path, the dispersion is very small and almost all
groups agree on its priority.

Sight Distance and pavement conditions were the
next priorities. Pavement conditions and appropriate
sight distance help cyclists to travel safely and at their
desired speed on the bike lane. In other words, the
unproper pavement conditions makes it more difficult to
move faster and also the unproper sight distance makes
it unsafe to move faster.

Obstacles on the bike lane are the next priority.
Perhaps it was expected that this attribute would have
a higher priority because the presence of an obstacle in
the bike lane greatly disrupts the movement and greatly
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Figure 1 Boxplots of priority data

reduces the quality and safety of the bike lane. But in the
city of Qazvin, most of the bicycle lanes are completely
separated from the traffic flow by using physical barriers
and the interference of parked cars or other obstacles
with cyclists is little. Therefore, this attribute was not
so important according to the respondents. Improving
the appearance of bike lanes has been the last priority.
This is to be expected because the priority of cyclists has
been to use the bike lane safely and at a suitable speed.

In the following, the findings in this research are
compared with similar researches.

There are many researches about the factors
affecting the willingness to use bicycle. For example, one
of these studied factors is environmental conditions [10,
14]. Another factor is the existence of a bicycle lanes,
which has received a lot of attention and researchers
have found that the absence of a bicycle lane reduces the
willingness to use a bicycle.

In the CBD of small and dense cities, the possibility
of building bicycle lanes is limited and bicycle lanes
cannot be developed easily to encourage more people
to use a bicycle. Therefore, the focus should be on
increasing the quality of the existing bike lanes. Very
few researchers have studied the opinions of cyclists
regarding bike lane attributes.

Jane and Tiwari [18] and Krizek [19] found that
the most important factors affecting the bike lane
are obstacles and pavement quality. Here, pavement
conditions have taken the second place and have been
very important from the point of view of cyclists. However,
obstacles had lower priority because as explained,
the entry of cars into the bicycle lane was limited.
Majumdar [32] examined three factors, including route
visibility, obstacles and lane width and found that the
lane width was the most important attribute, which is
similar to the results of this research.

6 Conclusions

The proportion of bicycles in the transportation
of developing countries, such as Iran, is very low and
should be helped to increase by improving infrastructure.
One of the most important infrastructures is bike
lanes. Given the limitation of financial resources, it is
necessary to consider which attributes of bike lanes are
more important to improve from the cyclists’ point of
view. Priorities for improving attributes of bike lanes can
vary for different groups of cyclists. Therefore, a survey
of cyclists in the city of Qazvin was conducted.

Questions about the bike lane were: increasing
width, increasing attractiveness or appeal of the bike
lane (such as painting, planting), improving pavement
conditions, improving sight distance and removing
obstacles in the bike lane. It was seen that there
was no difference between the priorities of different
age groups and their most important priorities were
increasing the lane width and improving the sight
distance. Two important priorities for the men group
were increasing the lane width and improving the sight
distance, while the women considered the improvement
of the pavement conditions and the appeal of the bike
lanes more important. Increasing the lane width and
improving the pavement conditions for the recreational
group and increasing the lane width and improving the
sight distance for the non-recreational group were the
most important improvements in the attribute of the
bike lanes.

Generally speaking, it can be said that increasing
the width of the bike lane has been the most important
factor for almost all the groups and should be a priority
because it would increase both comfort and safety. It was
seen that in the city of Qazvin, the bicycle was mostly
used for recreational purposes and has not yet been
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Resume

The article presents selected results and the sequencing of research into the
project “Long-Term Monitoring of Rail Structures in Tramway Crossings
with a Focus on Shallow-Grooved Crossings Aimed at the Optimization
of their Maintenance and Noise Reduction”, which was running with
support from the Technology Agency of the Czech Republic within the Zeta
Project (project registration No. TJ04000257) in 2020-2022. The project was
elaborated jointly with the Prazska strojirna a.s. Company in cooperation
with the Prague Public Transit Company (hereinafter PPTC). The project’s
objective was to optimize the maintenance of tramway tracks with a focus
on shallow-grooved crossings in rail structures taking into account the noise

Keywords:

rail structure
deep-grooved crossing
shallow-grooved crossing
wear

noise emission level

emission levels during the life cycle of these crossings.

Available online: https://doi.org/10.26552/com.C.2023.033

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

1 Introduction

The rail structures installed in tramway crossings
are part of tramway tracks loaded by the passage of the
tram cars. To a lesser extent, they are also loaded by the
passage of road vehicles, which, however, impact more
significantly mainly on the track geometry parameters
rather than the rail wear. The loading causes the wear
of rails and flangeways, as well as the deformation of
flangeway bottoms - resulting in the deformation of the
prescribed flangeway shape. What seems problematic
is, above all, the rail head wear and the lateral rail
head loss at the crossings and entering rails, which are
directly connected to the crossings. The resulting wear
and deformations are affected by the crossing’s geometry.
The lateral rail head loss is mostly manifested in the
branching-off direction, while the rail head wear in the
straight direction. Although the rail wear phenomenon
in rail structures with shallow-grooved crossings is
relatively predictable, the rail profile development over
time and the growth of the above deformations have not
been validated yet [1-2].

Excessive flangeway wear is connected with the rail
head loss in the crossing. It changes the contact area at
the wheel-rail interface. Such wear levels also instigate
the wheel wear, which is obviously undesirable in traffic

operation. Therefore, the flangeway profile is always
repaired by welding on new material into the flangeway
space after reaching an unacceptable wear level, i.e. the
flangeway shape is reprofiled.

The increasing wear of shallow-grooved crossings is
associated with development of the noise emission level.
The noise emission level changes during the crossing’s
life cycle - the noise emission around the track grows
with the increasing wear of the crossing. The noise
emission level is affected not only by the wear, but
by the maintenance of shallow-grooved crossings, as
well. The crossings are maintained by welding on the
missing material and its successive grinding. It has been
empirically found and confirmed by measurements that
noise emission levels increase (by roughly 4 dB) after
the crossing has been welded. Due to traffic, the added
material is rolled over and the noise emission level is
subsequently stabilized at a lower level again. Like in
the above case, it still holds true here that no continuous
measurements have been performed so far to match the
rail condition with the noise emission arising during
the passage of a tram car over the crossing. Nor has
the moment been identified when the noise emission is
reduced due to the added material rolling over after the
crossing was welded [3].

Up to now, the decision about the repair of a shallow-
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grooved crossing has been made and the interval between
individual repairs identified empirically, based on the
experience of track administrators. The optimization
of the maintenance planning of the rail structures,
the grinding plans, flangeway reprofiling and other
works on rail structures, should lead to reduced cost
and labour requirements. The maintenance planning
should be optimized respecting the development of
deformations based on the passing loads taking into
account the development of the noise emission level.
Preventive maintenance campaigns are presumed
as well [4].

The stimulus for research into the above issues
was made by PPTC during 2019. Nevertheless, as these
issues are relatively complex and very extensive to
grasp, the project was only oriented towards a part of
the whole related field with a focus on shallow-grooved
crossings, encompassing just a small range of monitored
structures and relationships.

2 Definition of terms

In order to describe the project and the phenomena
mentioned in more detail, it is necessary to define the
terms used and outline the local specifications of the
tram operation within which the project was designed.

Shallow-grooved crossing (crossing with a shallow
flangeway) - a crossing with a reduced flangeway depth
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so that the wheel flange deliberately travels on the
flangeway bottom for some time during the wheel
passage over the crossing [5-7].

Deep-grooved crossing (crossing with a deep
flangeway) - a crossing with such a depth of the
flangeway that the wheel rolls on the running surface
and there is no contact between the wheel flange and
the flangeway bottom of the crossing during the wheel
passage over the crossing [5-7].

Entering rail - a rail manufactured in the same
shape as the corresponding grooved rail, but without the
rolled flangeway, which is subsequently milled according
to the required geometry [8-10].

Individual tramway networks within the Czech
Republic differ in the wheel profile geometry. Therefore,
the flangeway depth for a shallow- or deep-grooved
crossing has not been precisely defined. The project
focused on the tramway traffic operation within PPTC
where the shallow-grooved crossings have a flangeway
depth of 14mm. The flangeway width affecting the
crossing’s geometry depends on the flangeway geometry
(straight track x curve). The flangeway in a straight
track is 27mm wide and the flangeway in a curve
is 29mm wide (measured 9mm below the top of the
rail). The crossing is connected to connecting grooved
rails with a depth of 39mm. The height difference is
compensated by a 1500mm long flangeway entering
piece. The PPTC network uses the wheel running profile
with a width of 86 mm [5].
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3 Project sequencing

The project was elaborated within the PPTC
tramway track network from 07/2020 to 06/2022. It
was a direct follow-up to the previous pilot academic
measurements initiated by the PPTC. The project can be
divided into 3 research phases.

In the first project phase, the localities, or rail
structures and crossings, respectively, were selected to
be continuously and systematically monitored during
the project. A total of 5 crossings within the PPTC
network were selected, situated in the localities marked
on the map below (Figure 1):

*  Spojovaci Terminus, specifically the 2" crossing of
the take-off turnout - “Spojovaci“ Locality;

¢ Rasin Embankment - Svobodova Street junction,
specifically the crossing in the direction from the
centre, to Modrany in the straight direction, or to
Albertov in the branching-off direction - “Vyton“
Locality;

¢ Lazarska - Spalena Street junction, specifically the
crossing in the direction from Narodni Avenue to
Vodickova Street - “Lazarska“ Locality;

e Junction point to Branik Terminus, specifically the
crossing in the R04 high-speed turnout - “Branik®
Locality;

e Klarov - Letenska Street junction, specifically the
crossing in the direction from Staromestska to
Malostranska Metro Station - “Klarov“ Locality.
The crossings in the “Vyton” area and the Spojovaci

Terminus had already been monitored prior to the
start of the project, from 2019. During that time, the
above localities underwent reconstruction and new
crossings were installed in the track structures. It was,
therefore, possible to monitor the crossings starting
from their new, factory condition. The crossings in those
localities were monitored systematically over a long
time interval - for more than 3 years. This approach
is not a common practice in the maintenance of track
structures and crossings. It allowed the comparison of the
deformation development of a new and repaired (welded)
crossing.

The monitoring of the wear and development of
individual deformations was carried out using the
Contour II measuring instrument (see below). Based
on the experience of the PPTC staff, the measurements
were carried out at an interval of once a month. After
the installation of the structures, or after the flangeway
shape reprofiling respectively, the interval was shorter -
once every 14 days.

Furthermore, preventive welding of the crossing
in the “Vyton” Locality took place during this project
phase. This allowed the comparison of the wear and
deformations of a new, factory-provided crossing with
the crossing welded during the traffic operation. At the
same time, the effect of the crossing welding on the noise
emission level was observed.

The second project phase involved systematic

evaluations of all the measured data and searching
for relevant correlations of individual parameters. In
particular, these were the correlations enabling the
prediction of the crossing’s condition - “passing load -
rail wear” and “time from repair - rail wear”. The noise
emission levels of tram car passing over the crossings
were continuously measured in two localities: in Branik
and Vyton. Both localities had been chosen with regard
to possibilities of the noise measurement offered by the
spatial layout of the localities, the traffic load of the
localities, especially by non-rail traffic and with regard
to the noise of the surrounding environment.

In the third project phase, the measured data
were evaluated, involving both the data related to the
wear and deformations of the crossings and the data
related to the noise emissions. During this period, the
noise load was matched with the wear development
pattern of the crossings and the wear development
pattern was correlated with the loading of individual
structures.

4 Measurement - contour II

Under Regulation No. 177/1995 Coll. of the Ministry
of Transport, regular inspections and measurements
of railway structures are performed to ensure the
operability of tramway tracks. Regular inspections of
tramway turnouts in traffic rails are performed on
a daily basis. At the same time, tracks are patrolled
every two weeks. Based on the recommendation of
track supervisors, control measurements of designated
sections are made with various instruments (Krab
measuring trolley, Contour II.). The measurements
within the project were performed with the Contour II
measuring instrument (shown in Figure 2) [11-13].

The Contour II measuring instrument is used for
checking the PPTC rail wear. It is usually used to check
the wear in curves and to check the correct welding
of entering rails of shallow-grooved crossings. The
instrument measures by means of a red dot laser beam,
which is dispersed over the rail and is also imaged by
a camera.

The measurement with the Contour II measuring
instrument can be divided into 2 types - continuous
measurement and  spot Spot
measurement reads individual rail transverse profiles,
which are defined by the user. Continuous recording
captures transverse rail profiles in 3.84mm or 5.75mm
increments - as selected by the user. The distance
between individual points of the transverse profile is
0.13mm for both continuous and spot recording. The
transverse profile width sensed by the instrument is
150-200mm [1].

The measured data were evaluated in the Contour
Eval III programme. Excel was used for the subsequent
data comparison to model 2D transverse profiles.
The Contour II measuring instrument does not allow

measurement.
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Figure 2 Contour II measuring instrument
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Figure 3 Example of an evaluated profile of the exit nose of a crossing from the rail structure situated
at the Rasin Embankment - Svobodova Street junction (Vyton Locality)

creation of a 3D model as it does not record the track can be observed (as shown in Figure 3 for illustration).
geometry. Using the profiles processed in this way, the  Subsequently, these data can be related to the noise
development of the wear and deformations over time emission level and to the passing load, as well.
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5 Shallow-grooved crossing:
wear and deformation

Crossings with shallow or deep flangeways can
be used in tramway structures. Individual operated
networks differ in the wheel profile geometry. For this
reason, the flangeway depth for shallow-grooved or deep-
grooved crossings has not been precisely defined [1, 6].

The use of shallow-grooved or deep-grooved crossings
depends, above all, on the wheel profile geometry and the
crossing angle of individual rail structures. Therefore,
the regulations for the use of shallow-grooved crossings
differ for individual networks operated within the Czech
Republic. The project is focused on the monitoring of
shallow-grooved crossings within the PPTC tramway
network, where the wheel profile with a width of 86 mm
and a critical crossing angle for the deep-grooved
crossing of roughly 12° are used (for a wheel with
a width of 100mm this angle is 16°) [5, 7-9].

Tramway crossings are subjected to wear due to
traffic - the flangeways get deeper and wider. The
wear of the crossing depends, above all, on the passing
load. Thus, a shallow-grooved crossing becomes a deep-
grooved one over time. At this point, its maintenance
and the flangeway reprofiling are carried out. This is
achieved by adding new material into the flangeway by
welding. The wear of the crossing is also characterized
by deformations of the flangeway bottom. The resulting
deformations are mainly dependent on the crossing’s
geometry. The flangeway in a straight direction is
mainly characterized by the flangeway deepening and by
the rounding of its edges. The flangeway in a branching-
off direction (flangeway in a curve) is deepened due to
traffic and a longitudinal edge is formed at the flangeway
bottom due to the passage of the wheel flange dividing
the flangeway into two parts - the so-called double
flangeway is formed. Characteristic defects include the
break-off of the crossing’s take-off nose.

6 Selected results

The wear and deformation development pattern at
the crossing in the “Vyton” Locality has been chosen as
an example (as shown in Figure 5). In particular, the
figure displays the profile in the middle of the crossing

where the flangeways in the crossing intersect. For
better illustration, a photo with a marked monitored
profile is added (Figure 4).

A total of 18 measurements were carried out in the
“Vyton” Locality during the project. The results of all the
measurements were correlated in one diagram, which
shows the time-related development pattern of the
wear and deformations, starting from the installation of
a new crossing in the structure, including the crossing’s
flangeway welding (Figure 5).

Figure 5 clearly shows that a vertical flangeway
wear from a depth of 14mm to a flangeway depth
of 21.6mm occurred from the installation of a new
crossing (curve of 2.8.2019) to the condition before the
crossing maintenance by welding on new material (curve
of 17.6.2021). Successively, the flangeway bottom was
welded (curve of 30.7.2021) and the flangeway depth was
15mm. For illustration, see the diagram presenting the
respective selected values, Figure 6.

From the above results, it can be concluded that the
vertical wear of the crossing over a period of 22 months
(from 2.8.2019 to 17.6.2021) was 7.6mm. On closer
examination of the measured results (as seen in Figure
5), it is evident that the wear is slower at the beginning
of the crossing’s life cycle. Subsequently, the flangeway is
deepened more dramatically to a value of approximately
20.5mm, at which the wear development pattern slows
down again. The stabilization of the wear at the end of
one life cycle of the crossing (before the flangeway bottom
of the crossing is welded) is caused by a change in the
contact interfaces between the wheel and the crossing.
At the beginning of the life cycle, the crossing is travelled
over by the wheel flange. However, the deepening of the
flangeway results in the wheel being guided over the
crossing on the wheel running surface. Subsequently,
the lateral wear, in particular, increases and the vertical
wear gradually stabilizes. At this point, the crossing
is welded, as the shallow-grooved crossing has become
a deep-grooved one, to which the crossing’s geometry is
not adapted.

In cooperation with PPTC, passing loads were
monitored and load counts were carried out on the
monitored rail structures. Or, the numbers of passages
of individual types of tram cars and trains were
monitored, respectively. For the “Vyton” Locality, a total
of 850,000 units passed during the period of interest

=1

Figure 4 Marked (with a red line) monitored transverse profile

of the crossing presented in the article for illustration
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Flangeway depth [mm]

Flangeway depth [mm]

from August 2019 to June 2021, which represents the
passage of approximately 5,600,000 individual axles
(combinations of four-, six- and eight-axle cars and
trains) and corresponds to a passing load of 40 million
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Figure 6 Selected data from measurements in the “Vyton“ Locality.

tons. This load had caused a wear of 7.6mm on the
crossing. Subsequently, new material was welded into
the crossing.

The new material welding (see Figure 7) to the
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Figure 7 Illustration of welding the flangeway bottom of a shallow-grooved crossing in the “Vyton“ Locality.
The welding was done with the Weltrode 40 electrode

bottom of the flangeway takes place during the night
operation without a traffic closure. For this reason,
the welding is not as precise as factory welding. Even
so, there is an effort to weld the material to a depth
of approximately 14mm. Consequently, the depth of
a factory-made flangeway (flangeway depth of 14mm)
differs from the depth of the flangeway of a welded
crossing (flangeway depth of 15mm) - this is visible
in Figure 6. After the welding on new material, the
crossing is finished by grinding and individual weld
beads are “smoothened”.

7 Conclusions

The so-called shallow-grooved crossings undergo
vertical flangeway wear during their life cycle. The
crossings that were designed as shallow-grooved
(travelled on the flangeway bottom) gradually change
their profile due to the contact with the wheel and
become deep-grooved ones (travelled on the top surface
of the crossing). To return the crossing to the original
condition, new material must be added by welding it into
the flangeway. Excessive wear of the crossings and their
flangeways causes a change in the contact interfaces
with the wheel. This causes a shift in the contact
area between the wheel and the rail, a phenomenon
undesirable in traffic conditions as it causes faster wheel
wear.

The wear development pattern of crossing depends
primarily on the geometry parameters of the crossing
(curve radius) and the passing load. The monitored
structure experienced a flangeway deepening to the
wear limit value (wear at which a shallow-grooved

crossing becomes a deep-grooved one) in about 2 years,
after approximately 850,000 units had passed over
it. Subsequently, the maintenance and reprofiling of
the crossing’s flangeways was scheduled. By going
through this procedure, the crossing enters the
second phase of its life cycle, when the whole process
is repeated.

The monitoring campaign confirmed the assumptions
that the straight flangeways are worn out and deepened
in one concentrated track of the passing vehicle wheel
flanges, while the curved flangeways are worn out and
deepened in two parallel tracks. The wear rate (material
loss) corresponds to the passing load - the number of
vehicles.
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Resume

Concrete belongs to the most used building materials, applied in almost
all types of constructions (civil, industrial, road, hydraulic, subway
constructions, etc.). Currently, the most common is the vibration method of
molding concrete and reinforced concrete products.

However, the issues of choosing a rational mode for compacting concrete
mixtures, its effect on density and, accordingly, strength, water resistance,
frost resistance and deformation properties of concrete, remain insufficiently
studied. The best results are obtained by using the optimal frequentative
vibratory influence method. In this case, concrete strength is increased by
25-30 % in comparison to the factor of concrete compacted by traditional
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1 Introduction

For the construction industry, the development
and improvement of methods of compaction of concrete
mixtures in forming of the reinforced concrete products
is one of the leading areas in the concrete technology.
At the forming stage, the necessary concrete structure
is created, its required density, homogeneity and,
accordingly, the quality of the product have to be secured.
Therefore, we have modernized and substantiated the
optimal mode of compaction of concrete mixtures during
the products’ forming. This would make it possible
to significantly reduce the duration of the products’
forming and the consumption of the energy can be
reduced too. Such implementations are one of the actual
solutions in concrete technology at the companies of the
construction industry.

Achievements in theoretical physics and analytical
mechanics were used to develop the foundations of the
theory of optimal control of the process of vibration
compaction of concrete mixture [1-4].

Some researchers represent the concrete mixture
as a system of aggregate particles connected by elastic

or elastic-plastic connections [5]. The role of such
connections is assigned to the layers of cement paste.
It is assumed that each particle of a certain mass,
connected by an elastic connection, must have some
frequency of natural vibrations and vibration will be
the most effective when the period of the vibrator’s
perturbing force coincides with the period of natural
vibrations of the aggregate particles, i.e. at resonance.
It has been proven that a low vibrations frequency is
necessary for the resonance of large aggregate particles
and a higher frequency for the small ones. Since the
aggregate particles, of different sizes, weights and
shapes, are usually present in the concrete mixture, the
multifrequency vibrations should be the most effective
[5].

One of the main parameters of compaction of
concrete mixtures is the optimal duration of compaction,
after which the density and strength of concrete are
practically not increasing. For durations of compactions
below this value, the mixture would be uncompacted
and the strength and other properties of concrete would
not be fully utilized. The same degree of compaction
can be achieved with different combinations of intensity
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COMMUNICATIONS 25 (2) D39-D44


https://orcid.org//0000-0003-4187-5340
https://orcid.org/orcid.org/0000-0001-5023-3070
https://orcid.org/orcid.org/0000-0002-5149-4165
https://orcid.org/orcid.org/0000-0001-7742-2445

D40

PSHINKO et al.

and duration of vibrations. As the intensity increases,
the time required for compaction of the mixture
decreases and vice versa. The increased duration of the
compaction does not provide a noticeable improvement
of strength and other properties of concrete. Such a
measure is ineffective and sometimes even harmful
(overconsumption of energy, unproductive use of
equipment, longer exposure to noise) [3, 5-6].

Currently, the vibrations are the most common
method of compaction of concrete products. However,
despite the available developments in this field, the
issues of choosing a rational mode of compaction of
concrete mixtures, its effect on density and, accordingly,
strength, waterproofing, frost resistance and deformable
properties of concrete remain insufficiently studied [5].

2 Experimental material and methods

The paper aimed at developing the scientific and
technical principles of optimal management of the
reinforced concrete products’ forming process by the
vibrating method. This would significantly improve
the quality of reinforced concrete (in terms of strength,
waterproofing, frost resistance, deformation indicators,
etc.).

Portland cement M400, 20-40 mm fraction gravel
and the fine Dnieper sand (Mkr = 1.2-1.3) were used in
the research.

The composition of the concrete was characterized
by the ratio of components Cement: Sand: Crushed stone:
Water = 1:1.63:3.68:0.59 (C:S:C:W = 1:1.63:3.68:0.59;
(C =357 kg/m?, S = 582 kg/m?, C = 1314 kg/m?®, W =210 1/
m?)), the mobility of the concrete mixture - the slump of a
standard cone of 30 - 40 mm (S1 = 30 - 40 mm), concrete
class B 15 (C12/15).

For compaction of concrete mixtures when forming
samples of 100 x 100 x 100 mm, a laboratory vibrating
table VT-1 was used (oscillation frequency 2860 cycles/
min, amplitude under load - 0.35 mm).

3 Research methodology

Vibrations compaction of concrete mixtures with a
constant intensity of vibrations (at a constant energy
flow) results in voids (jamming of aggregates and
especially crushed stone or gravel). This significantly
reduces the sealing efficiency. To increase the efficiency
of compaction, it is suggested to apply optimal
management of the forming process, which includes
multiple vibrations actions. This would contribute to the
destruction of voids, as well as directed capillaries, which
are formed as a result of air removal, redistribution of
cement paste and soluble component. The technology
of manufacturing reinforced concrete products by the
optimal molding control allows to significantly increase
the physical and mechanical properties of concrete and

reduce their cost.

Compaction of concrete mixtures by the vibrations
method can be carried out under different modes (the
intensity value, its change over time, the duration of
compaction, etc.), however, after the end of the process,
a concrete mixture of different densities will be obtained
[5-6]. The task is to develop and theoretically justify such
a mode of vibrations compaction, in which compaction of
the concrete mixture (achieving the minimum possible
volume) would take place in the shortest time.

Significant factors, characterizing the quality and
speed of compaction of the concrete mixture, are the
change in the volume of the compacted mixture and
the speed of removal of the air phase. Therefore, using
the terms «theory of optimal control», the phase plane
is defined by the coordinate Xi - the volume of the
compacted concrete mixture and the coordinate X3 - the
rate of air removal during vibrations compaction, water
removal during vibrovacuum, centrifugation, etc. The
origin of the coordinates will be characterized by the
minimum possible volume of the compacted mixture
and the removal rate of the air and liquid phase, which
is equal to zero. Admissible control has the following
components: pressure in the concrete mixture without
vibrations, during the vacuuming etc. and pressure in
the concrete mixture during the vibrations compaction,
vibrations vacuuming etc.

The phase state of the concrete mixture (terms of
“theory of optimal control”) at the initial moment of
time (X3 (t0),X3(ty)) and the control function P(¢)
uniquely determine the phase trajectory of the state
of the concrete mixture during the compaction. Based
on this, a dependence was obtained, which gives the
optimal control in terms of speed, which turns out to
be piecewise-continuous (relay) - it changes periodically
[7-8]. The number of switches (or control stability
intervals) for the linear systems is always normal and
depends on the control field, initial and final conditions.
We have proven that the optimal control of the forming is
carried out by rational regulation of the pressure inside
the compacting concrete mixture [7, 9-10]:

L.(t) = K" (t)signy(t) = K¥(t)signy(c1 — cst) (1)

where:

P - pressure in the concrete mixture (active pressure);
Y - amount of movement (impulse of the system);

t - compaction time;

¢, ¢, - constant integrations;

KY - coefficient depending on the type of compacted
mixture.

Taking into account the obtained results of theoretical
studies, as well as developments [8], a structural diagram
of the concrete mixture vibrations compaction control
with feedback was developed (Figure 1).

Thus, the optimal forming control is carried out
by the rational pressure regulation inside the concrete
mixture compacted by the vibrations method by means
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Figure 1 Block diagram of the concrete mixture vibrations compaction control with feedback, where: I - is the intensity of
compaction, A - is the vibrations amplitude of the vibrations device, f - is the vibrations frequency of the vibrations device

Table 1 Density and strength of concrete depending on the method of vibrations

Type of sealing

Duration of operation of the
included vibrating table (s)

The average density of
concrete, p, (kg/m?)

Concrete strength
limit, . (MPa)

Without inertial intensity flow (energy flow) 20
With inertial intensity flow (energy flow) 10
Without inertial intensity flow (energy flow) 30
With inertial intensity flow (energy flow) 20
Without inertial intensity flow (energy flow) 40
With inertial intensity flow (energy flow) 30

2343 19.5
2357 21.2
2357 19.2
2263 20.9
2352 19.1
2360 22.2

of multiple vibrational influences (multiple intensity
pulses).

With this mode of compaction, the inertial intensity
flow (inertial energy flow) will significantly affect the
quality of compaction of the concrete mixture. To reveal
its role, two batches of samples were formed using
different methods of vibrations.

4 Results and discussion

The first batch of samples was formed without an
inertial intensity flow (energy flow), the duration of
forming was 20, 30 and 40 s, respectively. In this case,
the form with the concrete mixture was installed on
the vibrating table, the vibrating table was turned on
and after the set time, the form was removed from the
vibrating table without turning it off.

The second batch - taking into account the inertial
energy flow: the duration of the vibrations effect in this
case was only 10, 20 and 30 s - here the form with the
concrete mixture was installed on the vibrating table,
the vibrating table was turned on and turned off after
a certain period of time, the form was removed only
after a complete stop of the vibrating table The density
of concrete at the age of one day and the strength limit
after 28 days were determined (Table 1, Figure 2).

The results of the research show that the inertial
energy flow has an important impact on both the density
and strength of concrete, as well as on the forming
duration, which is significantly increased if this flow is
excluded from the technological process of compaction of
the concrete mixtures. It should be noted that with the
help of an additional inertial intensity flow (energy flow),
it is possible to increase the concrete strength by 10-15
%, relative to the strength of concrete compacted by the

standard molding method. Repeated use (application)
of the inertial energy flow can significantly improve the
quality of concrete compaction.

In the course of research, a comparative assessment
of various modes of vibrations compaction of concrete
mixtures was carried out. Materials used for production
of the concrete mixtures were the same as in previous
studies.

Optimal control of the forming process of concrete
and reinforced concrete products is an inertial energy
flow under vibrations. That is, the general cycle of
product molding is divided into several segments: when
the concrete is exposed to vibrations and when the
vibrations are interrupted. The time interval between
the vibrations impact was 2-3 s and duration of
vibrations (with optimal control) was 6-18 s. The entire
cycle of compaction of the concrete mixture is 30 s.

Molded samples were hardened under the normal
conditions. At the age of 28 days, the density and
compressive strength of concrete were determined.
The results of the research are given in Table 2,
which confirmed the conclusions obtained during the
theoretical development of optimal forming control
[8]. A comparative assessment of various methods and
regimes of the concrete mixtures compaction showed
that the best results were obtained by applying the
optimal control, which uses the mode with multiple
vibrations effects. In this case, the greatest increase in
concrete strength was achieved in comparison to the
indicators of the concrete compacted by the traditional
method.

Since the frost resistance is one of the most important
properties of concrete for determining its durability, we
have carried out research on the frost resistance of
concrete compacted with the commonly used method
of vibrations compaction and optimal management
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Figure 2 Influence of the method of vibration exposure during the molding
of products on the strength characteristics of concrete:

1 - with inertia energy flow; 2 -

without inertial energy flow

Table 2 Density and strength of concrete depending on the compaction mode

Vibro-sealing at the maximum possible

. . Concrete Strength of
intensity densit t
T ¢ sealing ensity concrete,
'ype o . .
Duration of vibrations Number of mixture, i
actions (s) vibrations p, (kg/m®) (MPa)
Existing method of vibrations compaction (at 30 1 2384 194
constant intensity)
The proposed method of vibrations compaction 13 2 2466 23.0
(with multiple vibrations)
8 3 2505 25.8
6 4 2507 25.9

according to standard DSTU B.V.2.7-47-96. A freezer
was used to test for frost equipment. The tests were
carried out at a temperature of -50° C. Duration
of the test cycle in the freezer was 2.5 hours. The
main samples are tested for strength 2 hours after
being removed from the freezer. In the experimental
studies, used concrete mixes and concretes, as well as
the materials for their preparation, were the same as in
the previous experiments.

The degree of the frost resistance was judged by
changes in sample weight and compressive strength
after 50, 100, 150 and 200 freezing cycles.

The results of the research are shown in Figures 3
and 4. During the period of testing for the frost resistance
(273 days), the control samples that were stored in water
hardened, increased their mass and strength. At the
same time, the largest increase in mass (3.5 %) and
strength (10 MPa) was observed in samples of concrete
compacted at a constant intensity of vibrations.

Samples of concrete compacted with optimal control
of forming showed a smaller increase in mass due to
lower water absorption (within 2 %), the increase in
strength was 9 MPa on average

Samples subjected to freeze-thaw cycles within
100 cycles increased mass and strength with greater
intensity than the control ones. The strength of samples
molded by vibration in the usual mode (at constant
intensity), after 200 cycles, decreased by 16% compared
to control samples.

After 200 cycles the compressive strength of the
concrete compacted by the optimal control of the
compaction (with repeated vibrations effects) was almost
at the same level as that of the control samples (the
decrease was only 5-6.5 %).

The research results show that concrete compacted
under optimal control of forming has higher frost
resistance compared to concrete compacted under
constant vibrations intensity. The results of our studies
of the main properties of concrete, compacted by different
modes of vibrations, have shown that in addition to the
increased frost resistance, the optimal control of forming
also significantly increased the water resistance of
concrete (by 1.3-1.6 times) and on the other hand, it
significantly reduced the value of capillary moistening
and water absorption, as well as deformation, shrinkage
and swelling.
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Figure 3 The mass of concrete samples depending on the duration of hardening, the number
of freezing and thawing cycles: 1 - for samples formed with optimal control and freezing-thawing;
1a - the same, for control samples; 2 - for samples molded according to the traditional
mode (with constant vibrations intensity) and subjected to freezing-thawing;
2a - the same, for control samples

35
30

<

=

= 25

oN

(=]

(0]

5

(0]

e 20

5

Q.

g

o

= 15

0 50 100 150 200 Number of cycles

Figure 4 Compressive strength of concrete samples depending on the duration of hardening,
the number of freezing and thawing cycles: 1 - for samples formed with optimal control
and freezing-thawing; la - the same, for control samples; 2 - for samples molded according
to the traditional mode (with constant vibrations intensity) and subjected to freezing-thawing;
2a - the same, for control samples
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5 Conclusions

Experimental research has confirmed the conclusions
obtained during the theoretical considerations, regarding
the improvement of the compaction mode of concrete
mixtures:

* A comparative assessment of different methods
and regimes of compaction showed that the better
results were obtained by application of the optimal
control of forming, i.e. when using the mode with
multiple vibrations effects. In that case, the increase
in strength of concrete was 25-30 %, compared to the
indicators of concrete compacted by the traditional
method;

e  When obtaining the full-strength concretes, it is
possible to reduce the cement consumption. At the
same time, the duration of forming is significantly
reduced and the proposed forming method does not

require additional capital costs for implementation
- it requires just the standard mechanical
equipment widely used in the construction
industry.
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Resume

Pedestrian fatality rate plays a key role in examining effectiveness of the
road safety. The present study attempts to examine the effect of various
categories of accused vehicles and the average 85™ percentile speed at
accident location on the pedestrian crash fatality. The study also attempts to
develop pedestrian crash severity models using the binary logistic regression
and boosted trees technique. Historical crash data, along with the video
recording technique at accident sites, have been utilized for the present
study. From regression equations, it is observed that when the heavy vehicle
(HV) hits a pedestrian as compared to two-wheeler (2W), the average chance
of death increases 2.44 times. According to the Boosted tree model, the
contribution of speed is 60 %, whereas the contribution of category of accused
vehicle is 40% for pedestrian fatality prediction. The study should help in
planning better strategies like all red time at intersections or pedestrian foot
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over bridge at critical locations.
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1 Introduction

Pedestrians form an integral part of every roadway
environment. The conflict between pedestrians and
vehicles is a vital factor to examine the efficiency of the
roadway traffic [1]. World Health Organisation (WHO)
[2] has reported that more than 1.3 million deaths occur
every year around the world, due to the road crashes.
Among them, 54 % of the global road accidental deaths
comprise of pedestrians, cyclists, and motor cyclists with
pedestrians outnumbering the other two categories [3].
Further, 93% of fatalities due to road crashes occur
in low-and middle-income countries even though they
comprise only 60% of the total number of vehicles in
the world [2]. In a developing country like India, more
than 150,000 people die in road crashes every year [3].
Although the number of persons killed in road crashes
have slightly declined in 2019 (-0.2% as compared to
2018), however, the share of pedestrian deaths has shown

increasing trend. Despite the pedestrians being involved
in 14 % of total road accidents in the country, their share
in total deaths is alarming at 17 % [3], suggesting that
the fatality rate in road accidents involving pedestrians
is very high. The cases of hit and run has also increased
over the years [3], which concludes pedestrians being the
worst sufferers in the road accidents. All these numbers
press for an imperative need to study and examine the
pedestrian safety on roads.

Many studies have been conducted over the years to
assess pedestrian safety, as well as the overall safety on
roads. While earlier studies [1, 4-5] focused mainly on
studying the pedestrian behaviour from recorded videos
with relation to the accepted gaps and vehicles dynamics,
recent studies [6-10] are focused on development of
mathematical models like MLR, Logit and Probit models,
etc. to predict different characteristics of both the vehicle
and a pedestrian during the conflict situation. Most of
these models and simulations-based analysis are based
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on the data collected from the field through recorded
videos, historical crash data, or questionnaire-based
surveys. Few other researchers [7, 11] have also examined
the pedestrian safety based on various surrogate safety
measures (SSM), like Post encroachment time (PET),
Time to vehicle (TTV), Deceleration time (DT), Time to
accidents (TTA), etc. Similarly, few researchers [12-13]
have also utilized decision trees, like CART, Random
Forest, Boosted Trees, or ANN, to model the safety of
vehicles and pedestrians on road. Hu and Cai (2022)
[14] reported that the logistic model is first applied for
relationship explanation, and then the machine learning
classifiers like ANN or Fuzzy are applied for prediction
modeling. Tamakloe et al. (2022) [15] opined that logistic
regression helps in identifying the individual effect of
factors affecting crash severity. According to Pande et
al. (2010) [16], various decision trees, like CART and
boosted trees, make it easier to interpret the results
unlike the ANN. The CART and boosted trees also
remove the problems of multicollinearity.

Although the usage of SSMs have grown popularity
in last few years due to its ability to predict crashes
without occurrence of the incident [17-18], still the
analysis of historical reported road crashes is common
due to its proof of occurrence. Moreover, with historical
data, varied geometrical and driver behavior along with
vehicle flow data can be considered. Safety assessment
of road networks and heterogenous traffic conditions of
developing countries like India have historically relied
on police-reported crash data [19-20]. According to
[19], the fatal crashes should be assessed in detail for
developing countries like India, to understand what
factors contributes to fatal crashes. Past studies reveal
that the role of accused vehicles/perpetrators have not
been probed much to inspect their effects on pedestrian
deaths. Few studies have undertaken the effect of
motorcycles and heavy vehicles [20-21] on all the road
crashes. However, their effect on pedestrian deaths was
not in focus much.

In the present study, historical crash data have
been utilized to assess the role of accused vehicles on
pedestrian deaths. Along with the historical crash data,
field studies are conducted at accident locations to gather
speed data, which is also used as a factor to analyze the
pedestrian fatalities. Thereafter, pedestrian severity
prediction model has been developed by using logistic
regression and boosted tree. The developed severity
prediction models can help to understand the pedestrian
fatalities better and help in framing better strategies for
reducing the death rate during their crashes.

2 Data collection and methodology

Data collection is a significant aspect for attaining
the objectives of the present study since better prediction
models can be developed with a greater number of data
points. In order to pursue the study, historical road

crash data has been collected from Visakhapatnam,
an emerging smart city in India. A total of 2425 road
crash data have been analyzed, out of which 789 crashes
involved pedestrians. All these crashes have occurred
in 2019. The data were extracted on spreadsheets and
analyzed using the MINITAB and JMP SAS software for
correlations and development of models. Since the study
deals with examining the role of accused vehicle, all the
road crash incidents where victims were pedestrian,
the details regarding the accused vehicle category and
the outcome of the crash (injury or death), are noted.
Further, field studies using video recording technique
have been conducted at the accident locations to collect
the 85™ percentile speed for the road stretch where the
accident occurred. It was observed that there was no
major difference between the 85th percentile speeds
collected on different days at those locations for various
time periods. In addition, since this research has been
ongoing for a longer time period of more than 2 years,
it was seen that the 85 percentile speed also remained
statistically similar in different years, too. Therefore,
the 85 percentile speed data used to understand the
effect of operating speed on pedestrian fatality is not
much different to the 85% percentile speed on the day of
the road accident at that location. Figure 1 displays the
camera setup to collect speed data at various locations.
In order to collect the speed data, 2 lines are marked
20m apart at certain road sections near busy streets or
accident blackspots. A camera is placed at the locations
strategically so that it can cover a view of 20 meters.
The data are collected during both the peak and off-
peak periods. Next, the recorded videos are played on
monitor to extract time data of various vehicles while
crossing these 20m interval lines, which in turn is
used for extraction of speed data. Further, based on the
time during which the road crash has occurred, the 85
percentile speed during that time interval is extracted
and used in the study.

All the above-mentioned factors have been
considered and correlated with pedestrian fatality to
identify causative factors for pedestrian deaths and
develop pedestrian fatality prediction models.

3 Results and discussions

The road crash data used for the study had 2425
reported crashes, which included all kinds of vehicles. It
was observed that out of 2425 road crashes, pedestrians
were the victim in 789 instances (32.5 %). Similarly,
although 550 of the total 2425 crashes were fatal (22.7
%), the fatality percentage when pedestrians are victim
is 35.1% (277 out of 789 crashes). The preliminary data
itself shows two major points. Firstly, how rampant is
the pedestrian hit road crashes when compared to other
vehicles on the road, and secondly, how the fatality rate
escalates when pedestrians are hit on roads. The section
has been divided into two major parts:

COMMUNICATIONS 2/2023

VOLUME 25



DEVELOPING PEDESTRIAN FATALITY PREDICTION MODELS USING HISTORICAL CRASH DATA...

20 m

> .
I IIIITIITHIIiiNy
<™

20 m

Figure 1 Camera setup for the field data collection

A 4

'y

Table 1 Pedestrian fatality rate based on various category of perpetrators

Accused vehicle/Perpetrator Number of crashes Number of fatal Proportion of fatal
crashes crashes
2W 326 81 24.85
3w 51 18 35.29
4w 234 94 40.17
HV 178 84 47.19
Total number of crashes involving pedestrians 789 277 35.11
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Figure 2 Boxplot for assessing the impact of 85" percentile speed on pedestrian fatalities

1. Relationship of accused vehicle category and speed
with pedestrian fatality and

2. Development of pedestrian severity prediction
models.

3.1 Relationship of accused vehicle category
and speed with pedestrian fatality

The major category of vehicles, which hit pedestrians
on roads are the Two-wheelers (2W), Three-wheelers
(8W), cars, SUVs, jeeps, ete. (4W), and heavy vehicles

(HV). Table 1 represents the number of accidents with
each accused vehicle category and the percentage of
fatal crashes with each category as perpetrator.

Results from Table 1 clearly show the effect of each
category as perpetrator, while hitting a pedestrian. The
effect of HV and 4W are particularly concerning, since
the fatality rate increases to 40 and 47 %, respectively, as
compared to the total average fatality rate of pedestrians
(35.11 %), which itself is a high severity rate. In addition
to the category of perpetrators, the operating speed
(85 percentile speed at accident location is considered)
has also been analyzed to study its effect on pedestrian
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Table 2 Odd’s ratio for independent predictors

Level A Level B Odds Ratio 95% CI
Accused category
3W 2W 1.411 (0.7376, 2.6993)
4W 2W 1.737 (1.1892, 2.5360)
HV 2W 2.441 (1.6320, 3.6500)
AW 3W 1.231 (0.6401, 2.3665)
HV 3w 1.730 (0.8863, 3.3759)
HV 4W 1.405 (0.9308, 2.1221)
85 percentile speed 1.073 (1.053 to 1.093
NB - Odds ratio for level A relative to level B
fatality rate. A box plot (as shown in Figure 2) is plotted  Ysw = —4.435 + 0.0702 = 85th per.speed , 3)
to understand the effect of 85" percentile speed on
pedestrian fatality rate. Figure 2 clearly presents that  Yiy = —4.227 + 0.0702 = 85th per.speed , 4
with increase in 85% percentile speed, the pedestrian
fatality rate also increases. The average 85 percentile Y7y = — 3.887 + 0.0702 = 85tk per.speed . (5)

speed when road accidents, involving pedestrians lead to
fatalities, is observed to be 56.4 km/h, whereas the same
average 85 percentile speed reduces to 50.9 km/h when
only injuries are sustained by pedestrians. 2 sample
t-test is also conducted, which shows that the mean
85% percentile speeds resulting in pedestrian injury
and fatalities are significantly different from each other
(p < 0.05) at 5% significance level. Next, pedestrian
severity prediction modelling is conducted by two
techniques - (a) Binary logistic model, and (b) Boosted
tree model.

3.2 Development of pedestrian severity
prediction models

In the present study, the preliminary analyses
revealed clear relationship to be existing among
pedestrian fatality, category of accused vehicle, and 85
percentile speed. Two techniques have been utilized -
(a) Binary logistic, and (b) Boosted tree to developed
predictive models.

3.3 Binary logistic model

Being a nominal variable with death/fatality
and injury as two outputs, at first a binary logistic
regression is carried out to predict the severity of
pedestrian hit crashes. The general equation of logistic
regression, to calculate the probability of fatality/deaths
of pedestrians, is provided in Equation (1). P(fatality)
refers to probability of pedestrian fatality in the case
of a crash event. Equations (2) to (5) present the Y’
functions for each category of accused vehicle.

P fatality) = [exp(Y") /(1 + exp(Y"))], 1)

Yiw = — 4779 + 0.0702 = 85th per.speed , )

Equations clearly depict that the HV shall give
higher probability of pedestrian fatalities, as compared
to other categories since the constant term is lowest here
with a negative sign. Hence, the least number will be
subtracted from the other term (85" per. speed*0.0702)
in the equation. That term is same for all equations.
Therefore, the Y’ for HV shall be highest and therefore
the probability of fatality for same 85% percentile speed.
The proposed model predicts the outcome of 67.2% of
the pedestrian crashes correctly with correct prediction
for 88% of injuries and only 35% of deaths. However,
the accuracy of predicting fatalities can be increased by
decreasing the cut-off value for deciding fatality/injuries.
Default settings suggest that if the pedestrian fatality
is predicted to be more than 0.5, then the regression
predicts the outcome as deaths, else injuries. However,
the actual fatality rate of pedestrian as per the recorded
crash data used for the study is 35.1%. This suggests
that if the predicted probability for death is more than
35.1%, it is more likely to result in death of a pedestrian,
since it is more than total average. If the cut-off value
is decreased from 0.5 to 0.35, the prediction of accuracy
for pedestrian deaths increases to 60 % and for injuries,
decrease to 65%. The equations (Equations (2) to (5))
reveal the higher effect of HV, which was eminent from
the crash data too. However, more precise comparison
can be made from the odd’s ratio obtained from the
logistic regression. Table 2 provides the odd’s ratio table
obtained for the proposed model.

The odd’s ratio suggests the increase or decrease
of fatality rate for each accused vehicle as compared to
other vehicles, considering the 85 percentile speeds.
For instance, it is observed that the HV when hits
a pedestrian, as compared to the 2W, the average
chance of death increases 2.44 times ranges from
1.63 times to 3.65 times. Similarly, when 4W hits
a pedestrian the average probability of fatality increases
1.737 (1.189 to 2.536) times as compared to when a 2W
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hits a pedestrian. Similarly, 1 km/h increase in 85%
percentile speed increases the probability of pedestrian
deaths by 1.073 times. Although the results of logistic
model provide reasonable estimates of pedestrian crash
outcomes, the predictions have not been very accurate.
The odd’s ratio, on the other hand provides important
results regarding pedestrian fatalities, which is useful
for development and execution of proper strategies to
reduce the pedestrian accident-related deaths. The
composition of traffic along with the 85% percentile
speeds, at any vulnerable location, can be utilized to
assess the threat to pedestrians. Next, decision tree
namely, the boosted tree, was used for developing the

prediction models due to its higher level of accuracy in
predicting the outcome [16, 22].

3.4 Boosted tree model

Boosted tree is a type of decision tree, which uses
boosting algorithm at every step to improve the accuracy
of prediction of a required outcome. The boosted tree
model is a more modern, versatile, and powerful
predictive tool for developing the prediction models. In
the present study, the model is developed using JMP
SAS. The model predicts 95% of injuries and 71% of

Figure 4 Prediction profiler for boosted tree method - prediction profiler when the speed is 40 km/h
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85th percentile speed <44
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85th percentile speed <69
85th percentile speed <70
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Accused Vehicle(3W, 4W, HV)
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85th percentile speed>=44
85th percentile speed>=53

Estimate
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Figure 3 Sample tree details at each layer
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Figure 5 Prediction profiler for boosted tree method - prediction profiler when the speed is 50 km /h
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Figure 6 Prediction profiler for boosted tree method - prediction profiler when the speed is 60 km/h
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Figure 7 Prediction profiler for boosted tree method - prediction profiler when the speed is 70 km /h

deaths correctly. As mentioned earlier, 789 pedestrian
involved incidents have been used for study, which
implies that the model uses 789 layers of trees to develop
the prediction model. At each layer, 3 splits have been
modelled, based on data and the developed algorithm
changes the estimated percentage of pedestrian fatality
and makes it better. The algorithm that works at the
backend of the boosted tree is highly dependent on
number of data points. With increase in data points,

the accuracy of prediction will increase, since that many
number of trees shall be used to develop the prediction
model. The sample labels of algorithm at each layer and
resulting changes in predicted probabilities (tree details)
are provided in Figure 3. As can be seen from Figure 3,
for each layer, 3 splits or 3 conditions are being developed.
For instance, in the first layer, first split describes that
when 85% percentile speed decreases below 69 km/h,
the probability of fatality decreases by 0.02 times. The
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second split denotes that when the speed is less than
70 km/h, the probability of pedestrian fatality reduces
by 0.14 times. The third split describes when the speed
is less than 76 km/h, the death probability decreases
by 0.79 times. The reference level for the algorithm is
considered as 100% probability of pedestrian deaths.
Figures 4-7 present the prediction profilers for the two
independent variables and their effects on pedestrian
fatality. Since the plots dynamically changes with
change in accused category and 85% percentile speed,
therefore, 4 cases are presented in Figures 4-7, viz. the
probability of deaths for all category of accused vehicles
when speed increases by 10 km/h (40, 50, 60, and 70
km/h). As can be seen, when 4W and HV are hitting
a pedestrian while travelling at 40 km/h, the probability
of death is around 0.4-0.5. However, of a 2W or 3W hits
a pedestrian while travelling at 40 km/h, the probability
of death is much smaller. With increase in speed, the
probability increases for each category of vehicles. At 70
km/h (Figure 7), the probability of pedestrian fatality is
0.997, irrespective of category of vehicles.

Boosted tree’s prediction accuracy is high and can
be increased if more data is fed into the algorithm.
Prediction profiler is handy to understand the
microscopic effect of each variable on pedestrian fatality.
In achieving these higher levels of prediction accuracy,
speed has 60% contribution, while category of accused
vehicle has 40 % contribution.

4 Conclusions and recommendations

The present study focuses on examining the role
of accused vehicle category and 85% percentile speed of
vehicles on pedestrian fatalities. To attain the objective,
historical crash data along with the field study (for
collecting 85 percentile speed data) have been used.
Out of 2425 reported crashes, 789 incidents involved
pedestrians. The average fatality rate for pedestrians is
found to be 35.1%, which is much more than when other
vehicles are hit (22.7 %). The category of perpetrators
was classified into the 2W, 3W, 4W and HV. It was found
that proportion of pedestrian fatal crashes increases
when the HV is the accused vehicle. Along with category,
85 percentile speed has also been utilized in the study.
It is observed that the average 85" percentile speed is
56.4 km/h and 50.9 km/h for pedestrian fatalities and
injuries respectively. Then, the 2 sample t-test also
shows that the mean 85" percentile speeds resulting
in pedestrian injury and fatalities are significantly
different from each other (p < 0.05) at 5% significance
level.

Afteridentification of clear relationship to be existing
among pedestrian fatality, category of accused vehicle,
and 85% percentile speed, pedestrian crash severity
model is developed using binary logistic regression
and boosted tree model. The binary logistic regression
clearly depicts the higher effect of the HV of pedestrian

fatalities, as compared to other categories. Besides the
category, the specific regression equations, odd’s ratio,
helps in understanding as how each category impacts
pedestrian fatalities as compared to other categories.
For instance, from the odd’s ratio table is observed
that chance of pedestrian crashes increases 2.44 times
when the HV hits a pedestrian as compared to the 2W.
Similarly, when the 4W hits a pedestrian as compared
to the 3W, the probability of death increases 1.23 times.
Similarly, 1 km/h increase in the 85" percentile speed,
increases the probability of pedestrian deaths by 1.073
times. Next boosted tree model is developed, whose
accuracy of predicting injury correctly is 95 % and deaths
is 71%. The boosted tree employs 3 splits, based on data
of each layer, to improve the accuracy denoting that
more the data points, the better shall be the accuracy
of the developed model. Dynamic prediction profilers,
utilizing the change in accused category and the 85%
percentile speed, are very helpful to understand the
pedestrian fatality rates microscopically. For instance,
the probability of pedestrian fatality is almost O for the
2W and 3W, when the speed is 40 km/h with around
0.4 for the 4W and HV. At 70 km/h the probability of
pedestrian fatality is 0.997, irrespective of category of
vehicles. Boosted tree’s model is developed with 60%
contribution of speed and 40 % contribution of category
of the accused vehicle. The model identifies that for
a speed of around 40 km/h to 50 km/h, the pedestrian
crash with the 2W and 3W have very less chance
of fatality; whereas the higher speeds increase the
probability of fatalities exponentially.

The predicted models can be used to predict the road
crashes with great accuracy. The results of the present
study should be useful for analyzing the pedestrian safety
on any road. Utilizing the composition of a vehicle and
the average 85" percentile speed, at any traffic facility,
the probability of pedestrian fatality can be obtained
using the boosted trees model. Based on the obtained
pedestrian fatality probabilities, different strategies,
like all red time at intersections or pedestrian foot
over bridge at mid-block sections, can be planned and
executed to reduce the pedestrian crashes and deaths.
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Resume

Geospatial data are increasingly used to model the terrain in the coastal
zone, in particular in shallow waterbodies (with a depth of up to 1 m). In
order to generate a terrain relief, it is important to choose a method for
its modelling that will allow it to be accurately projected. Therefore, the
aim of this publication is to analyze the terrain modelling methods in the
coastal zone. For the purposes of the research, five most popular methods
for terrain modelling were described: Inverse Distance Weighted (IDW),
Modified Shepard’s Method (MSM), Natural Neighbor Interpolation (NNI),
kriging and spline. Each of the methods has been described in a uniform
way in terms of: the essence of its operation, mathematical expression and
application examples. The advantages and disadvantages of each of the
methods for terrain modelling are also discussed. It should be stated that
the choice of the method for the terrain modelling of a shallow waterbody
is not unambiguous, as it depends on the type of data recorded during
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1 Introduction

Geodetic and hydrographic measurements are
increasingly carried out by Unmanned Aerial Vehicles
(UAV), Unmanned Surface Vehicles (USV) or Terrestrial
Laser Scanners (TLS) [1-3]. The use of these modern
methods in coastal zone measurements enables the
acquisition of high-quality bathymetric data. However,
these data do not cover the total area of the seabed
[4]. For this reason, data interpolation methods, which
create Digital Terrestrial Models (DTM), are used [5].
Hence, it is important to know that the creating of
a DTM is a multi-stage process (Figure 1).

Creation of a DTM requires prior data collection.
In addition to the above-mentioned measurement
equipment, the following measurement methods are used
to obtain the land surface geospatial data:

* Direct field measurements - they consist of the
position survey or height of objects in the field.
Currently, modern electronic total stations and
Global Positioning System (GPS) receivers are used
for direct measurements. The data obtained by the

direct method are characterized by high accuracy.
However, a direct field survey is time-consuming
and thus provides small amount of data [6-8];
Photogrammetric measurements - a measurement
method consisting in recreating a ray going from
the camera lens to the select point using a camera.
Surveys provide information about the shape of the
object and its position in relation to other objects
in space [9]. UAVs equipped with cameras are
increasingly used to take photogrammetric images.
Moreover, photogrammetric data can be derived
from aerial or satellite images [10-11];
Bathymetricmeasurements - they consist of obtaining
the processed data on the depth distribution in a
waterbody. Bathymetric measurements are usually
performed using a Single Beam Echo Sounder
(SBES) or a MultiBeam Echo Sounder (MBES).
A limitation of the measurement method using a
SBES is the lack of depth data between profiles
[12-13];

Map vectorization - consists of converting the
raster data into vector data. Map vectorization can

© 2023 UNIVERSITY OF ZILINA
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Figure 1 A diagram showing the stages in creating a DTM

(a)

(b)

Figure 2 A diagram showing the structure of a GRID (a) and a TIN (b)

be performed using the Geographic Information

System (GIS) software, e.g. ArcGIS, GeoMedia or

QGIS. The data acquired by this method are affected

by errors associated with coordinate transformation

[14-15];
¢ Laser scanning measurements - surveys in which

the system measures the distance and the angle

between the instrument and the surface being
measured [16]. Laser scanning surveys can be
performed using either Airborne Lidar Bathymetry

(ALB) or Terrestrial Laser Scanning (TLS). Data

obtained from the laser scanning are characterized

by high accuracy [17-18];

* Interferometric Synthetic Aperture Radar (InSAR)
- a method that measures the spatial extent and
magnitude of surface deformation. It is a remote
sensing method that uses the phase difference
between the two complex radar SAR observations of
the same area, taken from slightly different sensor
positions [19-20].

The next stage in creating the model is to define
the data range. An important aspect of data preparation
is their density and distribution. Therefore, it is to
be expected that data distributed unevenly due to
interpolation will create a DTM that will not faithfully
reproduce the surface.

Subsequently, the method of DTM representation,
i.e. the structure of the model, is determined. The
following ways of representing a DTM are distinguished
[21]:

* A regular square grid (GRID) (Figure 2a) - a form
of DTM representation, in the shape of a squares
grid that covers an area evenly. The GRID models
are created through interpolation, i.e. estimating an
unknown value based on known values and specific
interpolation methods. Next, the GRID nodes are
created, which form a structure of regular rectangles
(usually squares) with a determined resolution;

e Triangulated Irregular Network (TIN) (Figure 2b)
- a form of DTM representation, in the shape of an
irregular network of triangles. The TIN structure
is formed by adjacent triangles whose vertices are

located at the real measurement points. These

points should be relatively evenly distributed for

a network comprising triangles with similar shapes

to be created. Where a surface is covered with

measurement points unevenly (in a dispersed or
linear manner), elongated triangles with no regular
shapes will be formed.

After choosing the DTM representation structure,
the data interpolation method needs to be selected,
which is the most important stage in creating
a digital terrain model. As regards the interpolation
methods, the two main groups of spatial models can be
distinguished:

*  Deterministic models - values are determined based
on the distance or area function. The deterministic
models include, among others the Inverse Distance
Weighted (IDW), polynomial and spline [22];

e Statistical models - values are determined based
on the probability theory. The statistical methods
include kriging and regression models.

The final stage of work is the visualization of
the DTM. Additionally, it is recommended that an
assessment of accuracy of the generated models be
conducted using typical accuracy measures [23]: Root
Mean Square Error (RMSE) [24], Mean Absolute Error
(MAE) [25] and the coefficient of determination (R?).

The terrain modelling methods have found
applications in many scientific fields. In geology, the
interpolation methods are used, e.g. to model geological
[26] and geomorphological processes [1], as well as
geological structures [27]. It is also worth noting the
fact that the interpolation methods can be used to create
Electronic Navigational Charts (ENC), which contain
a detailed description of hydrographic structures and
waterbody depths. In addition, they are the basic source
of information in marine navigation [28].

However, a DTM has a particular application in the
coastal zone. A model generated in this area enables the
study of oceanographic phenomena and processes, as
well as modelling of coastline changes. Nevertheless, it
poses a research problem of selecting the most accurate
method for modelling the surface in the coastal zone.
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Figure 3 A diagram showing the relationship between the weight w(x,y)
with the exponent p and the distance d

Therefore, it was decided to characterize popular data
interpolation methods.

The paper consists of three sections. The first
section (Introduction) provides a detailed description
of the stages in creating a DTM. The second section
(Interpolation methods) presents five most popular
methods for terrain modelling: IDW, Modified Shepard’s
Method (MSM), Natural Neighbor Interpolation (NNI),
kriging and spline. Each of the methods has been
described in a uniform way in terms of: the essence of
its operation, mathematical expression and application
examples. The publication concludes with Conclusions,
which sum up the methods described.

2 Interpolation methods
2.1 IDW

The most commonly used deterministic model in
spatial interpolation is the IDW method, which involves
the estimation of the value being interpolated by
calculating a weighted average from the values located
at a specific distance from the point being interpolated
[29].

The height value of the interpolated point by the
IDW method can be calculated using the following
formula [30]:

Z wi(x y ) "2

zow (x,y) = 55—, (1)
2 wi(xy)

where:
2u(%,y) - height value of the interpolated (unknown)
point by the IDW method (m);
x,y - easting and northing of the interpolated (unknown)
point (m);
n - number of interpolating (known) points (-);
i - numbering representing successive interpolating
(known) points (-);
w, (x,y) - weight value of the i-th point in the IDW
method (-);

2, - height value of the i-th point (m).

However, the weight values are inversely
proportional to the distance between the interpolated
(unknown) point and the interpolating (known) point
[31]:

wi(x,y) = [ 1 2)

di(x,9)"’
where:
p - exponent (-);

d(x,y) - actual distance between the interpolated
(unknown) point and the i-th point, defined as follows
(m):

di(x,y) = V(Ax:) + (Ay:f =
V(x— 2 + (v — )
where:
x,, y, - easting and northing of the i-th point (m).
A factor affecting the shape of the surface being
modelled is dependent on the value of the exponent
p. Application of the exponent p as the weight function
is referred to in the literature as the Inverse Distance to
a Power (IDP) method [32-33]. Usually, a basic exponent
value of p = 2 or p = 3 is applied. However, application of
these exponents does not always result in representation
of the actual surface. Based on the weight function, it
can be concluded that it decreases with an increase in
distance. An increased exponent results in the weight
decreasing its value (Figure 3) [34].
Another parameter that has an effect on the surface
mapping is the smoothing parameter. The modified

IDW method, to include the smoothing parameter, is as
follows [35]:

3)

n

1
D e, rAES
ZIIDW(xyy) =L n[dZ(x,y)1+ O_] )

~di(x,y)+ o)

4)

where:
o - smoothing parameter (m).

A high value of the smoothing parameter ¢ results
in the target interpolating value having less influence
on the interpolated value. Moreover, in order to smooth
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the modelled surface, independent smoothing methods
are used [36].

The next additional parameter in the modified
IDW method is the effective distance. It is used when
the phenomenon of anisotropy is considered in the
data interpolation procedure. This phenomenon involves
a change in properties of an object depending on the
direction of observation of a particular feature. This
means that values of the interpolating data change
depending on the direction under consideration [37].

In the modified IDW method, which considers
the phenomenon of anisotropy, the actual distance is
replaced by the effective distance [38]. The modified IDW
method can be written using Equation (4). However,
the distance between the measurement point and the
interpolated point has the following form [35, 39]:

di(x,y) = \/A”'(Axl)z + Ay Axi Ay +
i\ Ay +Ayy~(Ayi)2

; (5)

where:
di(x,y) - effective distance between the interpolated
(unknown) point and the i-th point (m).

The unknown parameters in the formula for the
effective distance are determined as follows [35, 39]:

2
A= sin2<e>+%§9), 6)
Ay =2 %fosw)— sin(0)-cos(0)]|, (7)
.9
Ayy:%(m-i-cosz(e), (8)
where:

0 - anisotropy angle (°);
p - anisotropy ratio (-).

It should be noted that an anisotropy ratio value
smaller than 2 has no significant impact on interpolation,
while a ratio value greater than 4 has such an impact.

The IDW method, along with its numerous
modifications, is the most commonly used method
for modelling phenomena and surfaces. It has found
application in many areas of scientific research,
particularly in the coastal zone modelling. An example
is a study presented in [31], which created a DTM of the
coastal zone by the IDW method. Moreover, the generated
models enabled a geospatial analysis of the tombolo
phenomenon in a waterbody adjacent to the beach in the
city of Sopot. It should be noted that the IDW method
was applied without using additional parameters, such
as the anisotropy, exponent and smoothing. On the other
hand, the depth data were derived from the SBES and
the data from ENC cells were used.

Another example of the IDW application is described
in a publication by Maleika [36]. The method was tested
on data from an MBES, and its parameters were
modified in terms of accuracy. A research problem in this
study was the density of the data being entered into the

IDW method, as having too many measurement points
during the interpolation increases the model error and
significantly increases the computation time. Therefore,
based on different modifications of the IDW method,
it was determined that the best results were obtained
for 5-8 measurement points located within a radius of
0.6m. Based on a study by Maleika [36], it should be
concluded that the IDW method enables the modification
of parameters, which translates into the method fitting
to obtain the best results. The next example of the IDW
application is presented in an article by Lubczonek et al.
[1]. It is noteworthy that the IDW method was applied to
data derived from an UAV and an USV. The integration
of the data derived from these two systems enabled
creation of a model of a bathymetric surface extending
to the coastline.

2.2 MSM

The MSM method is another modification of the IDW
method. It appears in the literature as an independent
numerical method, which is why it was decided to
characterize it in a separate subsection. The method was
developed to reduce the expressive local values, which
result in the so-called bull’s-eye or the butterfly shape.
The MSM method was developed by Shepard in 1968
[40] and implemented in studies by Franke and Nielson
[41], Renka [42] and Basso et al. [43].

The MSM function has the following equation [42-
44]:

iWE(x,y)~ Qi(x,y)
— , 9
> wi(x,y)

Z MSM (x,y) -

where:

26 (%,y) - height value of the interpolated point by the

MSM method (m);

wi(x,y) - weight value of the i-th point in the MSM

method (-);

Q,(x,y) - bivariate quadratic function of the i-th point (-).
The bivariate quadratic function is the second-

degree polynomial with one or more variables, which is

calculated by the least squares method for the selected

reference points [45]:

Qxy)=a-(x—x)+b-(y—y)+c(x—x)f+ (10)
td-(y=vf +e(x—x)(y—y)+ 1,

where:

a, b, ¢, d, e - numerical coefficients (-);

f - constant of the quadratic function (-).

The polynomial function @ (x,y) describes a quadratic
surface [46], which is a conic section. Depending on the
coefficients a, b, ¢, d, e and f, the conic section is a circle,
ellipse, hyperbola, parabola, point or two straight lines.
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It should be noted that the second-degree polynomial
Q/(x,y) is solved by the least squares method [47]. The
use of this method allows the data to be fitted to the conic
section. The least squares method is used to determine
a conic section for which the sum of squared errors will
be the smallest, and thus the sum of distances of all
points from the conic section will be minimum.

The weight function, as suggested by Franke and
Nielson [41], has the following form:

(Rw - di(X,y))+ :
Ry di(x,y) for
(Rw— di(x,9)): =
{Rw —di(x,y) if di(x,y) <R
0 if di(x,y)=R)

wi(x,y) =
(11)

where:
R - radius of influence around the i-th point (m).

In the modified IDW method with the radius
parameter, in the weight function [48], the radius value
determines the decrease in the weight with an increasing
radius R . The radius R , exactly like the exponent
used in the IDW method, enables the smoothing of the
modelled surface. Moreover, an accurate representation
of the surface is obtained for the coefficient R equal
to the distance from the furthest interpolating
point [34].

Derivation of the second-degree equation to the IDW
results in an unrealistic landform on the edges. This is
due to the merging of extreme points on the interpolated
area edges that does not refer to the overall variability
trend. Consequently, the MSM method smooths surfaces,
thus eliminating outliers.

The MSM method was compared to the IDW method
in [44]. The methods were applied to a small data set.
The input data for the models included the permeability,
porosity and thickness of the Neogene hydrocarbon
sandstone reservoirs in northern Croatia. The cross-
validation results proved that the MSM method could
be recommended for geological mapping of the Neogene
deposits. Moreover, the MSM method eliminated all
unwanted geological features in the model.

2.3 NNI

The simplest approach to interpolation was applied
in the NNI method. This method was introduced for the

first time by Sibson [49] as a weighted average weighted
interpolation method. Additionally, research concerning
the structure and properties of the method are described
in studies by Farin [50] and Piper [51].

The height value of the interpolated point by the
NNI method can be calculated using the following
formula [52]:

ZNM(JC,J’) = iwj(X,y)‘Zj, (12)

J
where:
Zyu(%y) - height value of the interpolated (unknown)
point by the NNI method (m);
m - number of neighboring points (-);
J - numbering representing successive neighboring
points (-);
w(x,y) - weight value of the j-th point in the NNI method
-);
z, - height value of the j-th point (m).

The weight value according to Sibson [49, 53] is the
quotient of the stolen area of the j-th Voronoi cell [54] for
the whole area of the new Voronoi cell [55]:
w;(x,y) = % (13)
where:

S, - stolen area of the j-th Voronoi cell (m?);
S - whole area of the new Voronoi cell (m?).
Using the previous Equations (12) and (13), the
following equation was obtained:
_S
zwr (x,y) = Z?‘Zj. (14)
J

It should be noted that the Voronoi diagram
method [56] consists in a creation of irregular polygons
based on the analyzed points and then entering of the
corresponding point value into each polygon. In the
literature, this method is also referred to as Thiessen
diagrams or polygons. This is due to the fact that the
article published in 1911 by an American meteorologist
Alfred H. Thiessen proposed a method for determining
the average amount of precipitation over the study area
[57-58]. This method used the same polygons for the
calculations as Voronoi diagram method.

The procedure for constructing the Voronoi diagram
consists of the following stages (Figure 4) [59]:

A. Selection of measurement points for the construction
the Voronoi diagram,;

A- B

C

Figure 4 The process of creating the Voronoi diagram [59]
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Figure 5 A diagram showing the constructions and calculations for the NNI method based on the example from [60]

B. Determination of sections between the most closely
located points;

C. Drawing perpendicular bisectors for each section;

D. Connecting each of the points where the three
bisectors intersect.

On the other hand, the diagram of the interpolation
procedure by the NNI method is as follows (Figure 5):

a. Creation of the Voronoi diagram for all the
measurement points;

b. Creation of the Voronoi diagram for the point G
being interpolated;

c. Determination of the proportion of particular

polygons S, S,, S,, S,, S,, S, for the polygon G;

d. Calculation of the height value for the point G by

the NNI method using Equation (13).

Based on the presented diagrams and equations,
it can be concluded that this is a not very complicated
method, which means that it can be easily implemented.
Moreover, the method is mainly based on forming of
a network of triangles by the Voronoi method, which
is created locally in relation to the interpolating point.
Unlike the other methods, the NNI method has no
global data structure and only uses the data which are
adjacent to the interpolated value. Therefore, the NNI
method can be used for unevenly distributed data. This
is confirmed by research conducted in [61]. The NNI
method has proven to be more accurate than the IDW,
kriging or spline methods.

2.4 Kriging

Geostatistical methods are based on finding
a function which determines the similarity of points
based on the mutual relationships occurring between
them. One such method is kriging. This method was
originally developed by Krige [62] for the purposes of
a Master’s degree thesis, in which he tried to estimate
the most likely distribution of gold based on samples
from a few boreholes. On the other hand, the theoretical
foundations of this method were published by Matheron
[63]. Nevertheless, it is Danie Gerhardus Krige who is
considered the forerunner of the method.

The function interpolating by the kriging method
has the form of the following equation [64]:

zrr(x,y) = iwf(x,y)'zl', (15)

where:

2. (x,y) - height value of the interpolated point by the
kriging method (m);

w?(x,y) - weight value of the i-th point in the kriging
method (-).

The kriging method consists of two stages. The first
stage is to determine the spatial relationship between
these data. In order to describe the spatial variability
of the data, the kriging method usually uses half of the
variogram, i.e. the so-called semivariogram, which is
a graph showing the semivariance values as a function
of distance. Therefore, before creating a semivariogram,
semivariances need to be calculated for the interpolating
points.

Semivariance is a that enables
determination of the spatial autocorrelation, found in
a particular set, i.e. the relationship between the values
of a single feature that changes with the distance. This
is half of the mean square of the difference between the
values of the examined variable at two locations distant
by the vector A [65]:

measure

NCh)

y*(h) = mi;[z(m—zuﬂrhﬂz, (16)

where:

y*(h) - semivariance value calculated for distance A (m?),
N(h) - number of paired data at a distance of & (-);

2(x), 2(x+h) - height values at a particular location (m);
h - 3D Euclidean distance between the two interpolating
points (m).

Once the semivariance has been calculated, the
experimental semivariogram can be plotted (Figure 6)
to represent the interpolating data on the semivariance
graph as a function of distance.

A theoretical semivariogram must then be fitted
to the experimental semivariogram (Figure 6) in such
a manner that it best represents the empirical model. It
should be noted that the best results of the interpolated
values depend on the establishment of a correct
semivariogram. Selected theoretical semivariogram
models are described below and presented in Figure 7.

The spherical model has the form of [67]:

y(h) = [C‘)* Cl[%%)’%(%ﬂ h<g )

Co+ Gy

COMMUNICATIONS 2/2023

VOLUME 25



ANALYSIS OF TERRAIN MODELLING METHODS IN THE COASTAL ZONE E7

Gaussian model [65]: y(h) = Co+ Ci (%) , (19)
_ 2
Y(h) = Co + C1~[1 —d fﬂh )], (18)  where:
y(h) - theoretical semivariogram model for distance h
while the linear model [65]: (m?);

C1

—— Experimental semivariogram

Range, a

Co

[
[
B ;e Theoretical semivariogram
\
Il
T

| | Il Il | | |
T T T T T T T

Distance h

Figure 6 A graph showing the experimental semivariogram along with the fitted theoretical semivariogram [66]
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Figure 7 Examples of the commonly used theoretical semivariogram models: spherical (a), Gaussian (b) and linear (c) [65]
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C,, C, - nugget (unaccountable) and stochastic
(accountable) variance (m?);
g - range of influence (m).

The second stage of the work concerns the calculation
of the weights w?(x,v).Based on the conducted analyses
of the other interpolation methods, it must be concluded
that the interpolation formula of the kriging method is
similar to the IDW formula. Their similarity is due to
the fact that the values assigned to the nearest point
being interpolated are weighted. However, not only
that the weights (referred to as kriging coefficients)
are based on the distance between points, but on their
spatial distribution, as well. These are determined
from a set of equations resulting from the condition of
minimizing error variance. This error (referred to as the
kriging variance) is defined at measurement points as
the difference between the interpolated value and the
measurement value [68]:

y(hu) y(he) @ y(hy) wi(x,y) y(h)
')/(I’Lm) Y(hzz) : }’(l’lzn) wh(x,y) Y(l’lz)

T : = |, @0
Y(ha) y(he) 5 Y () 1 |wi(ew)| [ y(ha)

1 1 : 1 0 A 1

where:

yh,) - semivariance between successive points i and
k (m?);

y(h) - semivariance between the interpolated (unknown)
point and the i-th point (m?);

/. - Lagrange multiplier (-).

Only after calculating the weights w}(x,y) can one
proceed to determine the values for the points being
interpolated using Equation (15).

The kriging is among the most commonly used
methods for interpolating geological parameters [69-71].
Geological measurements involve drilling the boreholes,
as well as sampling soil and water at several locations.
In most cases of interpolation methods, the generated
model is inaccurate due to the small amount of data.
Nevertheless, the kriging method is more effective
for a smaller number of measurement points. This is
primarily due to the possibility of the interpolation error
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in the model. However, it should be noted that in this
method, not only that the results are determined by the
number of measurement points but by the experimental
semivariogram parameters and the mathematical model
fitting, as well.

Moreover, this method is among the most accurate
methods for creating a DTM [72-73]. This is evidenced by
a study conducted by [74], who performed interpolation
of the data derived from a SBES using different methods.
The most accurate digital terrain model was obtained for
the radial basis function and kriging methods.

2.5 Spline

Spline functions are an interpolation method used
when the input data are diverse in terms of a particular
feature. A DTM generated using spline functions is
devoid of outliers. This results from the interpolation
technique, which involves fitting the polynomial segment
to the measurement data. The polynomials are created
separately for each interval between the two successive
points [75]. A fitted curve is continuous and smooth,
i.e. it has a derivative at each point, which means that
the slope of a curve on either side of the joining of two
polynomials is the same.

Depending on the interpolation conditions and
polynomial equations, there are various types of spline
functions. However, the most well-known and common
is the cubic spline interpolation [76-77]. A cubic spline
is the function, which is a third-degree polynomial for
each interval [78]:

Ax)=filx)=Ai(x—x1) + Bi-(x — x: ) +

+Ci(x—x:)+D; for x;<x<x;+1 and
ie{0,...,n—1},

(21)

where:

f(x) - cubic spline (-);

A, B, C, D, - numerical coefficients of the i-th point (-).
A special case of the cubic spline is the so-called

natural spline, which, additionally, satisfies the following

condition:

Figure 8 Isolines, the original surface (a) and its image after the spline smoothing (b)
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Table 1 Summary of advantages and disadvantages of selected terrain modelling methods

Terrain
modelling Advantages Disadvantages

method

IDW Short computation time It generates the so-called bull’s-eye, i.e. f:oncentrlc

contours around measurement points
MSM It receives similar results to those of the IDYV but does Terrain deformations are formed
not tend to generate the so-called bull’s eye

NNI It receives good results for unevenly distributed data It does not extrapolate the terrain relief
Kriging It receives the best, non-affected linear estimations Semivariogram modelling problem occurs
Spline It forms a smooth surface It is not suitable for points located close to each other

and having different values

S (x0) = f"(x) = 0, (22)
where:
f(x,), f(x) - second derivatives of the cubic spline (-).

The literature and terrain modelling programs
[79-80] mention the so-called smoothing spline. This
method is based on the same definition of a spline
function as that in Equation (21). The only modification
is the values of the nodes. Each point (x, y,) is replaced
with a node (x;, D).

Spline smoothing is a method applied when a map
in the form of curves includes contours and surfaces
refracted at different angles. The method application
increases the model grid density, which results in the
smoothing of the sharp refract of the isolines, thus
minimizing the surface curvature. As a result, the
interpolated surface is smooth (Figure 8).

The spline method was applied to interpolate the sea
surface temperature in the southern part of the Indian
Ocean [81]. Moreover, the model generated by the spline
method was compared to the models interpolated by the
IDW, NNTI and kriging methods. Based on the conducted
analyses, all of the methods were found to have similar
RMSE values. North and Livingstone [82] compared the
two methods that rely on the fitting of a polynomial to
data. The two-point linear interpolation and cubic spline
interpolation were applied to interpolate water column
profiles in a lake. The results of the study showed
that both methods are suitable for interpolating the
incomplete input data.

3 Conclusions

In the coastal zone monitoring studies, optoelectronic
and hydroacoustic methods are used [83]. However,
these methods do not ensure the coverage with data of
the entire coastal zone. Therefore, the terrain modelling
methods are used [84]. Moreover, the land surface
modelling in the coastal zone deserves particular

attention, as the accurately mapped surface in this area
is a part of coastal monitoring.

This study provides an overview of the most
important terrain modelling methods. In the future,
these methods will be applied to the real data derived
from the coastal zone. Therefore, before proceeding to
the data processing stage, it was decided to describe the
selected interpolation methods, important in terms of
the coastal zone modelling, using equations. Moreover,
examples of the use of methods were provided in
various areas, e.g. geology and meteorology. Table 1
presents advantages and disadvantages of selected
terrain modelling methods.

It should be noted that the general characteristics of
the methods provide no information on the fit between
the terrain modelling method and the phenomenon
[85-87]. This is due to the fact that each phenomenon
being interpolated is characterized by different spatial
distribution of measurement points, resulting from the
data acquisition method applied. Therefore, the statistical
analyses should be carried out for characteristic data in
the selected area.

Acknowledgement

This research was funded by the National Centre
for Research and Development in Poland, grant number
LIDER/10/0030/L-11/19/NCBR/2020. Moreover, this
research was funded from the statutory activities
of Gdynia Maritime University, grant number WN/
P1/2023/03.

Conflicts of interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

VOLUME 25

COMMUNICATIONS 2/2023



E10 LEWICKA

References

[1] LUBCZONEK, J., KAZIMIERSKI, W., ZANIEWICZ, G., LACKA, M. Methodology for combining data acquired by
unmanned surface and aerial vehicles to create digital bathymetric models in shallow and ultra-shallow waters.
Remote Sensing [online]. 2021, 14(1), 105. eISSN 2072-4292. Available from: https:/doi.org/10.3390/rs14010105

[2] SPECHT, C., LEWICKA, O., SPECHT, M., DABROWSKI, P., BURDZIAKOWSKI, P. Methodology for carrying
out measurements of the tombolo geomorphic landform using unmanned aerial and surface vehicles near Sopot
Pier, Poland. Journal of Marine Science and Engineering [online]. 2020, 8(6), 384. eISSN 2077-1312. Available
from: https://doi.org/10.3390/jmse8060384

[3] STATECZNY, A., WLODARCZYK-SIELICKA, M., GRONSKA, D., MOTYL, W. Multibeam echosounder and
LiDAR in process of 360-degree numerical map production for restricted waters with HydroDron. In: 2018 Baltic
Geodetic Congress Geomatics 2018: proceedings. 2018.

[4] SPECHT, M., STATECZNY, A., SPECHT, C., WIDZGOWSKI, S., LEWICKA, O., WISNIEWSKA, M. Concept
of an innovative autonomous unmanned system for bathymetric monitoring of shallow waterbodies (INNOBAT
system). Energies [online]. 2021, 14(17), 5370. eISSN 1996-1073. Available from: https:/doi.org/10.3390/
en14175370

[5] LI,J.,HEAP, A. D. Spatial interpolation methods applied in the environmental sciences: a review. Environmental
Modelling and Software [online]. 2014, 53, p. 173-189. ISSN 1364-8152, eISSN 1873-6726. Available from:
https://doi.org/10.1016/j.envsoft.2013.12.008

[6] SPECHT, C., SPECHT, M., DABROWSKI, P. Comparative analysis of active geodetic networks in Poland.
In: 17th International Multidisciplinary Scientific GeoConference SGEM 2017: proceedings [online]. 2017.
ISBN 978-619-7408-02-7, ISSN 1314-2704, p. 163-176. Available from: https:/doi.org/10.5593/sgem2017/22/
S09.021

[71 SPECHT, C., SZOT, T., DABROWSKI, P., SPECHT, M. Testing GNSS receiver accuracy in Samsung Galaxy
series mobile phones at a sports stadium. Measurement Science and Technology [online]. 2020, 31, 064006.
ISSN 0957-0233, eISSN 1361-6501. Available from: https://doi.org/10.1088/1361-6501/ab75b2

[8] SPECHT, C., WEINTRIT, A., SPECHT, M. A history of maritime radio-navigation positioning systems used in
Poland. The Journal of Navigation [online]. 2016, 69(3), p. 468-480. ISSN 0373-4633, e[SSN 1469-7785. Available
from: https://doi.org/10.1017/S0373463315000879

[91 HELLWICH, O. Photogrammetric methods. In: Encyclopedia of GIS [online]. SHEKHAR, S., XIONG, H., ZHOU,
X. (Eds.). Cham, Switzerland: Springer Cham, 2017. ISBN 978-3-319-17884-4, eISBN 978-3-319-17885-1, p. 1574-
1580. Available from: https://doi.org/10.1007/978-3-319-17885-1

[10] BURDZIAKOWSKI, P., BOBKOWSKA, K. UAV photogrammetry under poor lighting conditions - accuracy
considerations. Sensors [online]. 2021, 21(10), 3531. eISSN 1424-8220. Available from: https://doi.org/10.3390/
$21103531

[11] WANG, X., LIU, Y., LING, F., LIU, Y., FANG, F. Spatio-temporal change detection of Ningbo coastline using
Landsat time-series images during 1976-2015. ISPRS International Journal of Geo-Information [online]. 2017,
6(3), 68. eISSN 2220-9964. Available from: https://doi.org/10.3390/ijgi6030068

[12] NIKOLAKOPOULOS, K. G., LAMPROPOULOU, P., FAKIRIS, E., SARDELIANOS, D., PAPATHEODOROU, G.
Synergistic use of UAV and USV data and petrographic analyses for the investigation of beach rock formations:
a case study from Syros Island, Aegean Sea, Greece. Minerals [online]. 2018, 8(11), 534. eISSN 2075-163X.
Available from: https:/doi.org/10.3390/min8110534

[13] SPECHT, M., SPECHT, C., MINDYKOWSKI, J., DABROWSKI, P., MASNICKI, R., MAKAR, A. Geospatial
modeling of the tombolo phenomenon in Sopot using integrated geodetic and hydrographic measurement
methods. Remote Sensing [online]. 2020, 12(4), 737. eISSN 2072-4292. Available from: https://doi.org/10.3390/
rs12040737

[14] DOUCETTE, P., AGOURIS, P., MUSAVI, M., STEFANIDIS, A. Road center line vectorization by self-organized
mapping. International Archives of Photogrammetry and Remote Sensing. 2000, XXXIII(B3), p. 246-253.
ISSN 1682-1750.

[15] WANG, C., HUANG, K., SHI, W. An accurate and efficient quaternion-based visualization approach to 2D/3D
vector data for the mobile augmented reality map. ISPRS International Journal of Geo-Information [online].
2022, 11(7), 383. eISSN 2220-9964. Available from: https:/doi.org/10.3390/ijgi11070383

[16] WILLIAMS, R., BRASINGTON, J., VERICAT, D., HICKS, M., LABROSSE, F., NEAL, M. Chapter twenty -
monitoring braided river change using terrestrial laser scanning and optical bathymetric mapping. Developments
in Earth Surface Processes [online]. 2011, 15, p. 507-532. ISSN 0928-2025, eI[SSN 2213-588X. Available from:
https://doi.org/10.1016/B978-0-444-53446-0.00020-3

[171 MARCHEL, L., NAUS, K., SPECHT, M. Optimisation of the position of navigational aids for the purposes of
SLAM technology for accuracy of vessel positioning. The Journal of Navigation [online]. 2020, 73(2), p. 282-295.

COMMUNICATIONS 2/2023 VOLUME 25



ANALYSIS OF TERRAIN MODELLING METHODS IN THE COASTAL ZONE E11

ISSN 0373-4633, eI[SSN 1469-7785. Available from: https:/doi.org/10.1017/S0373463319000584

[18] SAYLAM, K., BROWN, R. A., HUPP, J. R. Assessment of depth and turbidity with airborne Lidar bathymetry
and multiband satellite imagery in shallow water bodies of the Alaskan North Slope. International Journal of
Applied Earth Observation and Geoinformation [online]. 2017, 58, p. 191-200. ISSN 1569-8432, eISSN 1872-
826X. Available from: https://doi.org/10.1016/j.jag.2017.02.012

[19] KETELAAR, V. B. H. (Gini). Satellite radar interferometry [online]. Dordrecht, Netherlands: Springer Dordrecht,
2009. ISBN 978-90-481-8125-4, eISBN 978-1-4020-9428-6. Available from: https://doi.org/10.1007/978-1-4020-
9428-6

[20] SOLTANIEH, A., MACCIOTTA, R. Updated understanding of the Ripley landslide kinematics using satellite
InSAR. Geosciences [online]. 2022, 12(8), 298. eISSN 2076-3263. Available from: https:/doi.org/10.3390/
geosciences12080298

[21] VAN KREVELD, M. Digital elevation models and TIN algorithms. In: Algorithmic foundations of geographic
information systems [online]. VAN KREVELD, M., NIEVERGELT, J., ROOS, T., WIDMAYER, P. (Eds.). Vol.
1340. Berlin, Heidelberg, Germany: Springer Berlin, Heidelberg, 1997. ISBN 978-3-540-63818-6, eISBN 978-3-
540-69653-7, p. 37-78. Available from: https:/doi.org/10.1007/3-540-63818-0_3

[22]1 MENG, Q., LIU, Z., BORDERS, B. E. Assessment of regression kriging for spatial interpolation - comparisons
of seven GIS interpolation methods. Cartography and Geographic Information Science [online]. 2013, 40(1),
p. 28-39. ISSN 1523-040, eISSN 1545-0465. Available from: https://doi.org/10.1080/15230406.2013.762138

[23]1 GENCHI, S. A., VITALE, A. J., PERILLO, G. M. E., SEITZ, C., DELRIEUX, C. A. Mapping topobathymetry
in a shallow tidal environment using low-cost technology. Remote Sensing [online]. 2020, 12(9), 1394.
eISSN 2072-4292. Available from: https:/doi.org/10.3390/rs12091394

[24] PHAM, H. A new criterion for model selection. Mathematics [online]. 2019, 7(12), 1215. eISSN 2227-7390.
Available from: https:/doi.org/10.3390/math7121215

[25] WILLMOTT, C. J., MATSUURA, K. Advantages of the mean absolute error (MAE) over the root mean square
error (RMSE) in assessing average model performance. Climate Research [online]. 2005, 30(1), p. 79-82.
ISSN 0936-577X, eISSN 1616-1572. Available from: http://dx.doi.org/10.3354/cr030079

[26] CORTI, G., RANALLI, G., SOKOUTIS, D. Quantitative modelling of geological processes. Tectonophysics
[online]. 2010, 484(1-4), p. 1-3. ISSN 0040-1951, eISSN 1879-3266. Available from: https:/doi.org/10.1016/.
tecto.2009.09.004

[27] TEOFILO, G., GIOIA, D., SPALLUTO, L. Integrated geomorphological and geospatial analysis for mapping
fluvial landforms in Murge Basse Karst of Apulia (Southern Italy). Geosciences [online]. 2019, 9(10), 418.
eISSN 2076-3263. Available from: https://doi.org/10.3390/geosciences9100418

[28] LUBCZONEK, J., TROJANOWSKI, J., WLODARCZYK-SIELICKA, M. Application of threedimensional
navigational information in electronic chart for inland shipping (in Polish). Archives of Photogrammetry,
Cartography and Remote Sensing. 2012, 23, p. 261-269. e[SSN 2391-9477.

[29] LU, G. Y., WONG, D. W. An adaptive inverse-distance weighting spatial interpolation technique. Computers
and Geosciences [online]. 2008, 34(9), p. 1044-1055. ISSN 0098-3004, eISSN 1873-7803. Available from:
https://doi.org/10.1016/j.cage0.2007.07.010

[30] LI, Z., WANG, K., MA, H., WU, Y. An adjusted inverse distance weighted spatial interpolation method. In: 3rd
International Conference on Communications, Information Management and Network Security CIMNS 2018:
proceedings [online]. 2018. ISSN 2352-538X. Available from: https:/doi.org/10.2991/cimns-18.2018.29

[311 MAKAR, A., SPECHT, C., SPECHT, M., DABROWSKI, P., BURDZIAKOWSKI, P., LEWICKA, O. Seabed
topography changes in the Sopot pier zone in 2010-2018 influenced by tombolo phenomenon. Sensors [online].
2020, 20(21), 6061. eISSN 1424-8220. Available from: https://doi.org/10.3390/s20216061

[32] BARTIER, P. M., KELLER, C. P. Multivariate interpolation to incorporate thematic surface data using inverse
distance weighting (IDW). Computers and Geosciences [online]. 1996, 22(7), p. 795-799. ISSN 0098-3004,
eISSN 1873-7803. Available from: https://doi.org/10.1016/0098-3004(96)00021-0

[331 DAVIS, J. C. Statistics and data analysis in geology. 3. ed. Hoboken, NJ, USA: John Wiley & Sons, Inc., 2002.
ISBN 978-0-471-17275-8.

[34] STATECZNY, A. Comparative navigation methods (in Polish). Gdansk, Poland: Gdansk Scientific Society, 2004.
ISBN 83-87359-88-2.

[35] TOMCZAK, M. Spatial interpolation and its uncertainty using automated anisotropic inverse distance weighting
(IDW) - cross-validation/jackknife approach. Journal of Geographic Information and Decision Analysis. 1998,
2(2), p. 18-30. ISSN 1480-8943.

[36] MALEIKA, W. Inverse distance weighting method optimization in the process of digital terrain model creation
based on data collected from a multibeam echosounder. Applied Geomatics [online]. 2020, 12, p. 397-407.
ISSN 1866-9298, eISSN 1866-928X. Available from: https://doi.org/10.1007/s12518-020-00307-6

VOLUME 25 COMMUNICATIONS 2/2023



E12 LEWICKA

[371 GOLDSZTEJN, P., SKRZYPEK, G. Applications of numeric interpolation methods to the geological
surface mapping using irregularly spaced data (in Polish). Polish Geological Review. 2004, 52, p. 233-236.
ISSN 0033-2151.

[38] Surfer® user’s guide - Golden software LLC [online] [accessed 2023-03-16]. Available from: https://downloads.
goldensoftware.com/guides/Surfer20UserGuide.pdf

[391PHOTHONG, T., DUMRONGCHAI, P., SIRIMONTREE, S., WITCHAYANGKOON, B. Spatial interpolation
of unconfined compressive strength for soft Bangkok clay via random technique and modified inverse distance
weight method. International Transaction Journal of Engineering, Management, and Applied Sciences and
Technologies [online]. 2017, 8(1), 13-22. ISSN 2228-9860, eISSN 1906-9642. Available from: http://TUENGR.
COM/V08/013.pdf

[40] SHEPARD, D. A Two-dimensional interpolation for irregularly-spaced data. In: 23rd Association for
Computing Machinery National Conference ACM 1968: proceedings [online]. 1968. p. 517-524. Available from:
https://doi.org/10.1145/800186.810616

[41] FRANKE, R., NIELSON, G. Smooth interpolation of large sets of scattered data. International Journal for
Numerical Methods in Engineering [online]. 1980, 15(10), p. 1691-1704. eISSN 1097-0207. Available from:
https://doi.org/10.1002/nme.1620151110

[42]RENKA, R. J. Multivariate interpolation of large sets of scattered data. ACM Transactions on
Mathematical Software [online]. 1988, 14(2), p. 139-148. ISSN 0098-3500, eISSN 1557-7295. Available from:
https://doi.org/10.1145/45054.45055

[43] BASSO, K., DE AVILA ZINGANO, P. R., DAL SASSO FREITAS, C. M. Interpolation of scattered data:
investigating alternatives for the modified Shepard method. In: 12th Brazilian Symposium on Computer
Graphics and Image Processing: proceedings. 1999.

[44] MALVIC, T., IVSINOVIC, J., VELIC, J., SREMAC, J., BARUDZIJA, U. Application of the Modified Shepard’s
Method (MSM): a case study with the interpolation of neogene reservoir variables in Northern Croatia. Stats
[online]. 2020, 3(1), p. 68-83. eISSN 2571-905X. Available from: https://doi.org/10.3390/stats3010007

[45] JANKOVIC, V. Quadratic functions in several variables. The Teaching of Mathematics [online]. 2005, VIII(2),
p. 53-60. ISSN 1451-4966, eISSN 2406-1077.

[46] ZEVENBERGEN, L. W., THORNE, C. R. Quantitative analysis of land surface topography. Earth Surface
Processes and Landforms [online]. 1987, 12(1), p. 47-56. eISSN 1096-9837. Available from: https://doi.org/10.1002/
esp.3290120107

[47] SALKIND, N. Encyclopedia of measurement and statistics [online]. Vol. 2. Thousand Oaks, CA, USA:
Sage Publications, 2007. ISBN 9781412916110, eISBN 9781412952644. Available from: https://doi.
org/10.4135/9781412952644

[48] FRANKE, R. Scattered data interpolation: tests of some methods. Mathematics of Computation [online]. 1982,
38(157), p. 181-200. ISSN 0025-5718. Available from: https://hdl.handle.net/10945/40152

[49] SIBSON, R. A Brief description of natural neighbor interpolation. In: Interpreting multivariate data. BARNETT,
V. (Ed.). Hoboken, NdJ, USA: John Wiley and Sons, Inc., 1981. ISBN 978-0471280392, p. 21-36.

[60] FARIN, G. Surfaces over Dirichlet tessellations. Computer Aided Geometric Design [online]. 1990, 7(1-4),
p. 281-292. ISSN 0167-8396, eISSN 1879-2332. Available from: https://doi.org/10.1016/0167-8396(90)90036-Q
[61] PIPER, B. Properties of local coordinates based on Dirichlet tessellations. In: Geometric modelling. FARIN,
G., NOLTEMEIER, H., HAGEN, H., KNODEL, W. (Eds.). Vol. 8. Vienna, Austria: Springer Vienna, 1993.

ISBN 3-211-83603-9, p. 227-239.

[62] CUETO, E., SUKUMAR, N., CALVO, B., MARTINEZ, M. A., CEGONINO, J., DOBLARE, M. Overview and
recent advances in natural neighbour Galerkin methods. Archives of Computational Methods in Engineering
[online]. 2003, 10(4), p. 307-384. ISSN 1134-3060, e[SSN 1886-1784. Available from: https:/doi.org/10.1007/
BF02736253

[63] SIBSON, R. A Vector identity for the Dirichlet tessellation. Mathematical Proceedings of the Cambridge
Philosophical Society [online]. 1980, 87(1), p. 151-155. ISSN 0305-0041, eISSN 1469-8064. Available from:
https://doi.org/10.1017/S0305004100056589

[64] TAMASSIA, R. Introduction to Voronoi diagrams [online] [accessed 2023-03-16]. Available from: https://cs.brown.
edu/courses/cs252/misc/resources/lectures/pdf/notes09.pdf

[55] LEDOUX, H., GOLD, C. An efficient natural neighbour interpolation algorithm for geoscientific modelling.
In: Developments in spatial data handling. FISHER, P. F. (Ed.). Berlin, Heidelberg, Germany: Springer
Berlin, Heidelberg, 2005. ISBN 978-3-540-22610-9, eISBN 978-3-540-26772-0, p. 97-108. Available from:
https://doi.org/10.1007/3-540-26772-7_8

[566] VORONOI, G. A New A new applications of the continuous parameters in the theory of quadratic forms. First
memoir. On some properties of the perfect positive quadratic forms (in English) Journal for Pure and Applied
Mathematics. 1908, 134, p. 97-178. ISSN 0075-4102, eISSN 1435-5345.

COMMUNICATIONS 2/2023 VOLUME 25



ANALYSIS OF TERRAIN MODELLING METHODS IN THE COASTAL ZONE E13

[67] THIESSEN, A. H. Precipitation averages for large areas. Monthly Weather Review [online]. 1911, 39(7), p. 1082-
1084. ISSN 0027-0644, elSSN 1520-0493. Available from: http://dx.doi.org/10.1175/1520-0493(1911)39<1082b:PA
FLA>2.0.CO;2

[68] SCHUMANN, A. H. Thiessen polygon. In: Hydrology and lakes. Encyclopedia of earth science. HERSCHY,
R. W., FAIRBRIDGE, R. W. (Eds.). Dordrecht, Netherlands: Springer Dordrecht, 1998. ISBN 9780412740602,
p. 648-649.

[59] ANGELUCCI, G., MOLLAIOLI, F. Voronoi-like grid systems for tall buildings. Frontiers in Built Environment
[online]. 2018, 4, 78. eISSN 2297-3362. Available from: https:/doi.org/10.3389/fbuil.2018.00078

[60]NONOGAKI, S., MASUMOTO, S., NEMOTO, T., NAKAZAWA, T. Voxel modeling of geotechnical
characteristics in an urban area by natural neighbor interpolation using a large number of borehole logs.
Earth Science Informatics [online]. 2021, 14, p. 871-882. ISSN 1865-0473, eISSN 1865-0481. Available from:
https://doi.org/10.1007/s12145-021-00600-x

[61] COLEMAN, J. B., YAO, X., JORDAN, T. R., MADDEN, M. Holes in the ocean: filling voids in bathymetric Lidar
data. Computers and Geosciences [online]. 2011, 37(4), p. 474-484. ISSN 0098-3004, eISSN 1873-7803. Available
from: https://doi.org/10.1016/j.cage0.2010.11.008

[62] KLEIJNEN, J. P. C. Kriging metamodeling in simulation: a review. European Journal of Operational Research
[online]. 2009, 192(3), p. 707-716. ISSN 0377-2217, eISSN 0377-2217. Available from: https:/doi.org/10.1016/.
€jor.2007.10.013

[63]MATHERON, G. Principles of geostatistics. Economic Geology [online]. 1963, 58(8), p. 1246-1266.
ISSN 0361-0128, eISSN 1554-0774. Available from: http://dx.doi.org/10.2113/gsecongeo.58.8.1246

[64] FANCHI, J. R. Chapter 2 - Geological modeling. In: Principles of applied reservoir simulation. FANCHI, J. R.
(Ed.). 4. ed. Houston, TX, USA: Gulf Professional Publishing, 2018. ISBN 9780128155639, e[SBN 9780128155646,
p. 9-33.

[65] MERT, B. A., DAG, A. A Computer program for practical semivariogram modeling and ordinary kriging: a case
study of porosity distribution in an oil field. Open Geosciences [online]. 2017, 9(1), p. 663-674. ISSN 2391-5447.
Available from: https://doi.org/10.1515/geo-2017-0050

[66] WONG, A. H., KWON, T. J. Advances in regression kriging-based methods for estimating statewide winter
weather collisions: an empirical investigation. Future Transportation [online]. 2021, 1(3), p. 570-589.
eISSN 2673-7590. Available from: https:/doi.org/10.3390/futuretransp1030030

[671MONTES, F., HERNANDEZ, M. J., CANELLAS, I. A Geostatistical approach to cork production sampling
estimation in Quercus Suber Forests. Canadian Journal of Forest Research. 2013, 35(12), p. 2787-2796.
ISSN 0045-5067.

[68] JOURNEL, A. G., HUIJBREGTS, CH. J. Mining geostatistics. London, UK: Academic Press, 1978.
ISBN 0123910501.

[69]CHE, D., JIA, Q. Three-dimensional geological modeling of coal seams using weighted kriging method
and multi-source data. IEEE Access [online]. 2019, 7, p. 118037-118045. eISSN 2169-3536. Available from:
https://doi.org/10.1109/ACCESS.2019.2936811

[70] DAL H., REN, L., WANG, M., XUE, H. Water distribution extracted from mining subsidence area using kriging
interpolation algorithm. Transactions of Nonferrous Metals Society of China [online]. 2011, 21(s3), s723-s726.
ISSN 1003-6326, eISSN 2210-3384. Available from: https://doi.org/10.1016/S1003-6326(12)61669-0

[711 MALVIC, T., IVSINOVIC, J., VELIC, J., RAJIC, R. Kriging with a small number of data points supported
by jack-knifing, a case study in the Sava Depression (Northern Croatia). Geosciences [online]. 2019, 9(1), 36.
eISSN 2076-3263. Available from: https://doi.org/10.3390/geosciences9010036

[72] VAN BEERS, W. C. M., KLEIJNEN, J. P. C. Kriging for interpolation in random simulation. Journal of the
Operational Research Society [online]. 2003, 54(3), p. 255-262. ISSN 0160-5682, eISSN 1476-9360. Available
from: https://doi.org/10.1057/palgrave jors.2601492

[731 WOJCIECH, M. Kriging method optimization for the process of DTM creation based on huge data sets obtained
from MBESs. Geosciences [online]. 2018, 8(12), 433. eISSN 2076-3263. Available from: https://doi.org/10.3390/
geosciences8120433

[74] PARENTE, C., VALLARIO, A. Interpolation of single beam echo sounder data for 3D bathymetric model.
International Journal of Advanced Computer Science and Applications (IJACSA) [online]. 2019, 10(10), p. 6-13.
ISSN 2158-107X, eISSN 2156-5570. Available from: https:/doi.org/10.14569/IJACSA.2019.0101002

[75]LAM, N. S.-N. Spatial interpolation methods: a review. The American Cartographer [online]. 1983, 10(2),
p. 129-150. ISSN 1523-0406, eISSN 1545-0465. Available from: https:/doi.org/10.1559/152304083783914958

[76] CHAPRA, S. C., CANALE, R. P. Numerical methods for engineers. 6. ed. New York, NY, USA: McGraw Hill, 2009.
ISBN 978-0-07-340106-5.

[771BURDEN, R. L., FAIRES, J. D. Numerical analysis. 9. ed. Boston, MA, USA: Brooks/Cole Publishing Company,
2010. ISBN 978-0-538-73351-9.

VOLUME 25 COMMUNICATIONS 2/2023



E14 LEWICKA

[78] DIAZ-ARAUJO, M., MEDINA, A., CISNEROS-MAGANA, R., RAMIREZ, A. Periodic steady state assessment of
microgrids with photovoltaic generation using limit cycle extrapolation and cubic splines. Energies [online]. 2018,
11(8), 2096. eISSN 1996-1073. Available from: https:/doi.org/10.3390/en11082096

[79] Surfer help - Grid spline smooth [online] [accessed 2023-03-16]. Available from: https:/surferhelp.goldensoftware.
com/gridmenw/idm_splinesmooth.htm

[80] WANG, Y. Smoothing splines: methods and applications [online]. 1. ed. London, UK: Chapman and Hall/CRC,
2011. eISBN 9780429146923. Available from: https://doi.org/10.1201/b10954

[81] KUSUMA, D., MURDIMANTO, A., SUKRESNO, B., JATISWORO, D. Comparison of interpolation methods for
sea surface temperature data. JFMR (Journal of Fisheries and Marine Research) [online]. 2018, 2(2), p. 103-115.
eISSN 2581-0294. Available from: https://doi.org/10.21776/ub.jfmr.2018.002.02.7

[82] NORTH, R. P., LIVINGSTONE, D. M. Comparison of linear and cubic spline methods of interpolating lake
water column profiles: interpolation of lake profiles. Limnology and Oceanography: Methods [online]. 2013, 11(4),
p. 213-224. eISSN 1541-5856. Available from: https://doi.org/10.4319/lom.2013.11.213

[831LEWICKA, O., SPECHT, M., STATECZNY, A., SPECHT, C., BRCIC, D., JUGOVIC, A., WIDZGOWSKI, S.,
WISNIEWSKA, M. Analysis of GNSS, hydroacoustic and optoelectronic data integration methods used in
hydrography. Sensors [online]. 2021, 21(23), 7831. eISSN 1424-8220. Available from: https://doi.org/10.3390/
$21237831

[841 KARAKI, A. A., BIBULI, M., CACCIA, M., FERRANDO, I., GAGLIOLO, S., ODETTI, A., SGUERSO, D.
Multi-platforms and multi-sensors integrated survey for the submerged and emerged areas. Journal of Marine
Science and Engineering [online]. 2022, 10(6), 753. eISSN 2077-1312. Available from: https://doi.org/10.3390/
jmsel0060753

[85] STATECZNY, A. The neural method of sea bottom shape modelling for the spatial maritime information system.
In: Maritime engineering and ports II. BREBBIA, C.A., OLIVELLA, J. (Eds.). Vol. 51. Southampton, UK: WIT
Press, 2000. ISBN 1-85312-829-5, p. 251-259.

[86] WLODARCZYK-SIELICKA, M., STATECZNY, A. Fragmentation of hydrographic big data into subsets
during reduction process. In: Baltic Geodetic Congress 2017 BGC 2017: proceedings [online]. IEEE. 2017.
ISBN 978-1-5090-6041-2, eISBN 978-1-5090-6040-5. Available from: https:/doi.org/10.1109/BGC.
Geomatics.2017.67

[871 WLODARCZYK-SIELICKA, M., STATECZNY, A., LUBCZONEK, J. The reduction method of bathymetric
datasets that preserves true geodata. Remote Sensing [online]. 2019, 11(13), 1610. eISSN 2072-4292. Available
from: https://doi.org/10.3390/rs11131610

COMMUNICATIONS 2/2023 VOLUME 25



ummﬂ"‘

got

5
=
Fed
)
2]
=
A
e
Fed
<]

! = m‘
1,
=
i

-
BAESE




ORIGINAL RESEARCH ARTICLE

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
BY

which does not comply with these terms.

F26 Safety and Security Engineering in Transport

ROAD ACCIDENT ANALYSIS AND SAFETY AUDIT:
A CASE STUDY OF MDR 132

Amir Ali Khan, Sabir*, Sachin Dass, Gyanendra Singh, Saurabh Jaglan
Deenbandhu Chhotu Ram University of Science and Technology, Murthal, India

*E-mail of corresponding author: sabirkhan490@gmail.com

Amir Ali Khan
Gyanendra Singh

0000-0002-3309-9831,
0000-0002-0050-719X,

Sachin Dass
Saurabh Jaglan

0000-0003-1015-4807,
0000-0001-8719-4677

Resume

Road accident and road safety are the key global concerns and problem for
emerging nations like India. It has been attempted to examine the accidents
that happened on Major District Road (MDR) 132 (Nuh to Hodal), India
in the last five years. The primary objective of this study was to perform
the Road Safety Audit for identification of accident-prone areas based on
Accident Severity Index (ASI) and provide some improvement measures in
order to lower the frequency and severity of accidents. Identified accident
prone locations (blackspots) were ranked according to the ASI index. The
distribution of accidents based on various parameters were also discussed.
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1 Introduction

In developing nations, there is a severe problem
with traffic accidents. In spite of this, several groups
are working to mitigate the impact of these tragedies.
The results of the efforts show that while accident-
related mortality declined by 0.20 %, the number of road
accident instances in India was reduced by 3.86% in
2019 compared to the previous year. This study tries to
identify the many causes of traffic accidents and offers
suggestions for future accident prevention based on the
RSA conducted on the stretch under study.

The stretch used in this investigation was chosen
on MDR-132 between Nuh and Hodal, Haryana. From
2017 to 2021, the FIR records from Haryana’s official
website have been gathered (up to July). The FIR report
includes the time, date, day, month and year, as well as
the number of injuries, including fatalities, serious and
minor wounds and property damage. It also includes
some information about the accident’s location and
the nature of its causes. To ascertain the criticality of
the linkages and stretches, the data has been collated
and several parameters have been examined. With this
study, key junctions, times, types of vehicles etc. are
discovered, and the findings are shown in charts.

2 Literature review

Haque et al. (2022) identified blackspots on NH
76 using accident severity index approach. Corrective
safety measures to improve identified blackspots were
presented in [1]. Minor road junctions of Nuh were
analyzed for safety aspects by Asruddin et al. (2022).
The FIR accident data from various police stations
were collected and analyzed to identify accident prone
locations and then safety measures to correct the road
features were given in the study [2]. Mir et al. (2022)
performed a case study of J&K (Jammu and Kashmir) for
accident analysis and presented accident data in terms
of month, year, cause of accidents, location of accidents
etc. [3]. Khan et al. (2022) compiled and analyzed the FIR
data of accidents occurred in three years on the study
stretch and concluded that over-speeding is the main
reason causing majority of accidents [4]. E-rickshaws
are responsible for many minor accidents especially on
city roads. Khan and Singh (2021) developed passenger
car unit of e-rickshaw so that designated facilities can be
provided for e-rickshaws while planning and designing
to ensure safety of e-rickshaws and to avoid safety
concerns related to e-rickshaw [5]. In their research,
Elena et al. (2018) suggested forecasting techniques for
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accidents involving vehicles in the Driver-Vehicle-Road-
Environment (DVRE) system. A study of effectiveness
of the recommended action to increase the traffic safety
was conducted using the approach, which allowed for the
measurement of the influence on the accident rate [6].
The road safety scenario of the rural roads was studied
by Naveen et al. (2017). This article examines variables
that influence the safety of rural road and perform
road safety audit. The study was based on two different
sections of the road. Finally, this project intends to
address the issues that arise throughout the rural road
implementation process and presents remedies to assist
the work of the road safety audit [7]. Tawar and Dass
(2017) identified the black spots on NH 65 and analyze
the safety measures on the selected section of 19.5km
of NH 65. Safety measures based on the RSA conducted
on selected stretch were also presented in [8]. Borole et
al. (2017) conducted research on traffic crashes on NH 6
and found that during the last few years, there has been
an increase in the number of traffic crashes in Jalgaon.
Geospatial data was used to identify crash locations, as
well as to examine the pattern of traffic crashes in
Jalgaon [9]. Kaur et al. (2017) estimated the severity of
accidents on State highways and other district roads.
By evaluating the accident severity based on the kind
of accident and location of accident using the R tool,
this study focused on forecasting the occurrence of
accidents on roads. The frequency of traffic crashes on
roads was evaluated using the correlation analysis and
exploratory visualization approaches, pointing out the
traffic collision data on roadways. Finally, a system for
analyzing the road traffic accidents has been developed.
Improvement in the level and scope of the road traffic
safety management can be effectively implemented
using this methodology. The current study modeled
accident and incident data acquired from traffic data
and data pertaining to the construction industry [10].
Singh et al. (2016) predicted the accidents using the
M5 tree model and binomial regression model on rural
road sections of Haryana state. Data on accidents were
obtained from police records. Field studies were used
to gather data on geometry, traffic and environment
parameters. By separating roadways into parts with
specific uniform geometric properties, 222 data points
were acquired. It was concluded that minor highway
accesses must be properly constructed and managed,
service roads must be made functional and speed

dispersion must be reduced to improve the highway
safety in India [11]. The NH-55 was analyzed for road
accidents by Dehury et al. (2013) and a predictive
model was proposed to reduce road accidents on the
selected stretch. The study depicted that major cases
of fatalities involve trucks in road accidents. This study
adopted the method of regressions for predicting the
future accident growths [12]. The majority of accidents,
according to research by Ganveer and Tiwari (2005),
involve persons between the ages of 18 and 37. Because
of this, the nation is being hurt twice. Risk-taking
behaviors among children may be a contributing factor
to the greater accident rate in these age groups [13].
The accident scenario of Patna was analyzed by Singh
and Misra (2004) and found that pedestrian fatalities
were exceptionally high as a portion of all traffic deaths
where public transportation facility is not provided
properly. It was also found that the new bypass road
on NH-38 was determined to be the most accident
hotspot in the town [14].

3 Data collection and data analysis

The research was done on MDR132 from Nuh to
Hodal. The study stretch was covering Nuh Bypass,
Adbar, Raipuri, Ujina, Chilawali, Bibipur, Thekra Mode,
Bhimsika, Malai, Uttawar, Maluka Mode, Mithaka,
Kot, Pahari Mode, Bahin, Nangal Jat, Sunder Nagar,
Sondh and Hodal village. Accident data were collected
from the official website of Haryana police stations,
as shown in Table 1. On this route, 63 accidents
occurred in 2017, 43 accidents occurred in 2018, 44
accidents occurred in 2019, 36 accidents occurred
in 2020 and 23 accidents have occurred until July
in 2021.

3.1 Month-wise distribution of accidents

As observed in Figure 1, accident severity follows
a complex pattern with the month of occurrence. The
figure suggests that month of January followed by
August and December are the most unsafe in terms of
number of injured persons and their severity levels. The
month of May is the month in which the least accidents
occurred.

Table 1 Total accidents recorded on MDR132 from Nuh to Hodal

Year Location (Nuh to Hodal) Total Accidents Fatalities
2017 MDR-132 62 34
2018 MDR-132 43 27
2019 MDR-132 44 24
2020 MDR-132 36 16
2021 (till July) MDR-132 23 8
Total 208 109
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3.2 Day wise distribution of accidents

Figure 2 shows variation of accident severity
according to the day of a week. The figure clearly
indicates that more severe injuries are taking place
on Tuesdays and then Fridays and Sundays. The basic
reason behind the observation was that both days are
close to weekends when more people travel from and
to their homes (extended families) to their workplace.
People also break traffic rules due to congestion
and hurry, which further leads to higher number
of accidents.

The least accident occurred on Wednesday or
Saturday as shown in Figure 2.

3.3 Distribution of accidents according to time
of occurrence

Figure 3 shows pattern of accident severity
according to the time of day. The figure indicates that
more severe accidents occurred between 3 PM and 6 PM
and then between 12 AM and 3 PM, while during the
time between 3 AM and 6 AM least accidents occurred.

Figure 4 presents the combined graph showing the
relation between the number of accidents and time, day
and month.

3.4 Distribution of accidents according
to the nature of accident

According to an FIR assessment of the previous
five years, the head-on collision accidents accounted
for 65 accidents, rear end collision accidents accounted
for 50 accidents and skidding was the cause of just one
accident as per records in FIRs (see Figure 5).

3.5 Distribution of accidents according
to geometric design of the road

According to statistics from the past five years’
FIR reports, there were more accidents on the straight
section of the road (68% of all incidents), followed
by 11% on the stretch’s curve, while there were less
accidents at the X- and Y-junctions, as shown in Figure
6. Around 75% of the study stretch is straight, which
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Figure 4 Distribution of accidents according to time, day and month
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50
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Over turning, 3
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Figure 5 Distribution of accidents according to their nature
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Figure 8 Distribution of accidents according to the hitting vehicle

is why 68% of accidents have occurred on the straight
sections. This stretch lacks traffic control devices.

3.6 Distribution of accidents according
to the cause of an accident

According to the number, speeding contributed to
158 accidents. On this route, excessive speeding is the
leading cause of collisions, followed by carelessness on
the part of other drivers. While the FIR data of the

previous five years, as shown in Figure 7, indicates that
the least accidents were caused by the wrong-side driving
and visibility. Heavy vehicles like truck and tractor ply
significantly in numbers without following the rules
and regulations. There is the absence of speed control
devices like speed hump, rumble strips on this stretch
and there is no enforcement there. To reduce the number
of accidents and to minimize the impact of accidents, it
is recommended to install speed limit sign boards, speed
hump and rumble strips at the locations where accidents
frequently occur. It is also recommended to maintain
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Figure 10 Distribution of accidents as per types of victim’s vehicle

proper enforcement and to educate the people about the
road safety and the negative impacts of speeding.

3.7 Distribution of accidents according
to the hitting vehicle

It was discovered that most collisions involved cars.
As seen in Figure 8, those vehicles account for 77 of the
208 incidents reported by FIR, followed by trucks, while
buses and three-wheelers are less commonly involved in
road accidents.

3.8 Distribution of accidents according
to the type of injury

From Figure 9, it can be stated that the share of
grievous injuries is more as compared to other types of
injuries followed by the fatalities while no injury share

is the least. The fact that the majority of situations were
resolved without being reported may be the cause of the
low rate of reported incidents in police records.

3.9 Distribution of accidents according to type
of victim’s vehicle

Motorcycles, followed by pedestrians, were the
most common victims of the accidents that happened
on this route during the research period. Figure 10
demonstrates that incidents involving tractors and
bicycles are less common.

3.10 Distribution of accidents according
to location wise

From the Figure 11, identified accident prone
locations are Uttawar Chowk, Jaisinghpur junction,
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No of Accident

Ujina Mode
Pepsi Plant Ujina

Dhenkli Nuh Road Hodal
Near Adbar

Near Raipuri
Mandi Gate Nuh
Bus Adda Kot

Bibipur Canal
Choudhry Hotel Sondh

Bibipur Mode
Maluka Mode Uttawar
Essar Pump kot

Near Masjid Uttawar
Uttawar Chowk

Bus Adda NangalJat
Near Kot Village
Deegember Material..

Adbar Road Nuh
Near Malai Uttawar Chowk

Adbar Chowk Nuh
Hodal Road Nuh

Bus Adda Raipuri
Petrol Pump Kot
Sondh Mode Andhop
Pahari Mode Bahin
Near Temple Bahin
Petrol Pump Sondh
Bus Adda Sondh
Naval vatika Sondh

Rice Meal Sondh

Figure 11 Identified accident prone locations

Ujina Mode, Bus Adda Bahin etc. Total of 17 accidents
occurred at Uttawar Chowk, then 13 at Jaisinghpur
junction and Ujina Mode.

4 Identification of black spots
Blackspot locations can be identified by various
methods. Accident severity index (ASI) and MoRTH
method are the most widely used methods.

According to the Popli Sudarshan K. study titled
“Black Spot Management,” Equation (1) is utilized to

Table 2 List of identified Blackspots in the study area
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determine ASI [15].
ASI = (Nf * W) + (Ng * Wg), 1)

where:
Nf = Number of fatal accidents at the spot
Wf = Weightage assigned to the fatal accident is 7
Ng = Number of grievous accidents
Wg =Weightage assigned to grievous is 3.
Note: When conducting a safety audit of NHAI
PPP projects, the values Wf = 7 and Wg = 3 were
recently adopted for determination of the black spots

S. Location Number of affected persons Average Standard  Threshold ASI
No Fatal  Grievous  Minor Non- Deviation Value
Injured
1 Adbar Road Nuh 1 2 3 0 13
2 Pepsi Plant Ujina 2 2 3 0 20
3 Maluka Mode Uttawar 2 0 0 0 14
4 Uttawar Chowk 2 0 0 0 14
5 Sunder Nagar Sondh 3 0 3 0 21
6 Bus Adda Raipuri 2 1 0 0 17
7 Sondh Mode Andhop 2 0 0 0 14
8 Bus Adda Bahin 2 0 0 0 14
9 Bus Adda Nangal Jat 2 0 0 0 14
10 Bhatta Junction 2 0 0 0 5.70 4.17 11.95 14
11 Aditya Army School 2 0 0 0 14
Ujina
12 Maluka Mode Uttawar 2 0 0 0 14
13 Sondh Mode Andhop 2 0 0 0 14
14 Near Adbar 1 2 0 0 13
15 Jaisinghpur Junction 3 0 0 0 21
16 Near Adbar 3 0 0 0 21
17 Rice Meal Sondh 2 0 0 0 14
18 Petrol Pump Kot 2 0 0 0 14
19 Near Adbar 2 0 1 0 14
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Table 3 Ranking of blackspots

Rank ASI Location
Sunder Nagar Sondh
1 21 Jaisinghpur Junction
Near Adbar
2 20 Pepsi Plant Ujina
3 17 Bus Adda Raipuri
Maluka Mode Uttawar
Uttawar Chowk
Sondh Mode Andhop
Bus Adda Bahin
Bus Adda Nangal Jat
Bhatta Junction
4 14 ) B
Aditya Army School Ujina
Maluka Mode Uttawar
Sondh Mode Andhop
Rice Meal Sondh
Petrol Pump Kot
Near Adbar
Adbar Road Nuh
5 13
Near Adbar
Table 4 Locations’ specific safety observations and recommendations
Image Observations Recommendation I;,ISk a}nd
riority
* Pavement edge marking * Pavement edge marking Risk: High
missing. should be provided Priority:
Speed breaker and its towards both edges. Highly
marking missing at entry ¢ Provide speed breaker  desirable
of junction sign board before
Speed breaker sign intersection in all the
missing on the entry of incoming directions to
junetion. alert the drivers
o Information Sign Missing  ° Provide light reflecting
in all directions. tape/paint on all such
poles.
* Provision of cat eyes at
the entry of junction on
both carriageways.
* Provide information
sign in all directions to
guide the road user.
¢ Pavement edge marking ¢ Road marking should Risk: High
missing. be painted properly on Priority:
¢ Electrical poles laying the road. Highly
on main carriage way ¢ The electric pole should desirable

obstructing the traffic
without marking.

be removed from the
carriageway to avoid
safety hazards. At least
the retro-reflective tape
should be pasted on
both sides of the pole.
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and the findings were quite good. Minor and non-injury
accidents are sometimes considered and given a weight
of 1. However, since they are typically not reported in
India, they may not be considered when determining the
“black spots”.

5 Black spot recognition

According to MoRTH, “a Road Accident Blackspot
is a stretch of National Highway of around 500 meters
in length where either 5 road accidents (including
fatalities/grievous injuries) occurred in the previous
three calendar years, or 10 fatalities occurred in the
previous three calendar years.” The Hazardous Spots
are ranked using the ASI and SD (standard deviation).
Dangerous regions, known as “Black Spots”, have an
ASI higher than the TH (threshold value). Following
formulas are used to calculate threshold value TH [16]:

KHAN et al.

TH value = Avg of ASI + 1.5 * SD, 2
. Z(V-VY)

TH value = V + 1.5 N_1) 3)

where, V=V, V,, .V is the ASI values of locations 1,
2.... N, respectively; V is the average ASI value and N
is the total number of ASI values.

Vit Vet +V,

V= N . (4)

As seen in Table 2, the black spots are
mentioned from all accident-prone areas in the
study where the ASI estimates are higher than
the threshold value. Out of many locations where
accidents occurred, 19 locations were identified as
potential black spots using ASI, according to the data
provided from January 2017 to July 2021, as shown
in Table 2.

Table 5 Locations’ specific safety observations and recommendations

breaker marking
is missing, which
can cause visibility
problems for road ¢ Pavement edge marking

Observations Recommendation Rls.k and
Priority
* Road marking/Speed  * Provide speed breaker Risk: High

along with the sign board  pyigrity: Highly
before the intersection to  jegirable
alert the drivers.

users at night-time as should be provided.
it can lead to the road
crashes.

* The shoulders ® The tree branches have Risk: Medium
are covered under come on the carriageway Priority:
vegetation. at very low height require pegirable

pruning along with
removal of weeds/ plants
from roadside.

* The information and ¢ To warn residents of
direction signages are
not provided

Risk: High
Priority: Highly
Desirable

habitation, a standard
village signboard should
be installed (as per IRC-
67,99).

* Speed Limit signboard
should be provided.
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6 Ranking of black spots

Black spots are ranked according to the accident
severity index of the location. Ranks of the black spots of
the study location are shown in Table 3. Locations under
rank 1 type are the most severe in terms of accidents
and hence priority should be given to such locations.
“Adbar road nuh” is the least severe accident blackspot.

7 Safety observations and adequate
recommendations
Location specific safety observations and
recommendations along with priority as observed from
the Road Safety Audit during the field visit are shown

in Tables 4 to 7. Identified blackspots were audited to

identify the potential safety concerns and to suggest the
corrective measures to improve those locations. The risk,
along with the priority, is also given in Tables 4 to 7. The
road safety manual IRC: SP:88-2019 was used for the
road safety auditing. The format and content of Tables
4-7 is in accordance with IRC: SP:88-2019.

8 Discussion and conclusions

The road safety audit and accident analysis are
carried out to identify the probable cause of accidents
and to identify the accident-prone locations. In this
study, accident study was carried out on a 67 km stretch
of MDR - 132 from Nuh to Hodal. The FIR data of the last
five years from the year 2017 to the year 2021 (July) were

Table 6 Locations’ specific safety observations and recommendations

Image Observations Recommendation 1;1;122?;
* Road side green areas e Formation land along Risk: High
and trees abutting are not with footpath should be Priority:
properly maintained. free from vegetation/ Highly
¢ Retro-reflective tape is weeds. desirable

pole.

missing on the electric

Retro-reflective tape
should be provided

on both sides of the
electric poles placed
close to the carriageway
as per IRC-35

® Truck drivers are parking ® Unauthorized parking

Risk: Medium

their trucks in no parking on the carriageway Priority:
zone approx. 1km near must be removed Desirable
Ujina mixture plant.
, * Speed hump is not visible. ¢ All marking should Risk: High
It can lead to road crashes. be reinstalled and Priority:
maintained properly Highly
and kept clean of dust  egirable
at all times for the
proper visibility.
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Table 7 Locations’ specific safety observations and recommendations
Image Observations Recommendation IgSk a}nd
riority
¢ Text is missing on ¢ Text on signboard Risk: Medium
Signboard should be placed as Priority:
per IRC-67-2012. Desirable
Uncontrolled Junction: * The junction should be Risk: Very
Due to the traffic entering improved as per IRC High
and leaving and heavy SP 73-2015 standard. Priority:
pedestrians crossing, this  « Proyide speed breaker ~ Essential

is a safety hazard.

Signboards and speed
humps are missing.

along with sign board
before the intersection
to alert the drivers.

collected from the Haryana police website. Distribution
of accidents, according to various parameters, like
month, time, year, vehicle involved, location, cause of
accidents etc. were classified after interpretation of FIR
data. The main interpretations of accidental the FIR
data are as follows:

1. In the month of January and December, more
accidents occurred. Probable reasons might be foggy
conditions during the winter season.

2. Head-on collision (65 accidents) was found as
contributing type of accidents for this stretch
due to undivided nature of road and lack
of enforcements.

3. Out of 208 accidents, 158 accidents are due to
speeding according to the collected FIR data. Flow
of truck is significant in this stretch and many
accidents occurred due to negligence and speeding
of trucks. Motorcyclists too ply with over speed
in this stretch. In 84 accidents, truck and tractor
combined were hitting vehicles.

Accident prone locations (blackspot) were identified
using the accident severity index method in which
accident severity index of locations where accidents
occurred were calculated along with the threshold
value for these locations. Any location having higher
ASI value than the threshold value is termed as
blackspot. A total of 19 such locations were identified
and those locations were ranked accordingly. Those 19
locations were audited to find out safety concerns and
to provide safety measures with the help of road safety
manual IRC: SP:88-2019. The main observations with
the suggestive measures are as follows:

1. The major victims of the accidents were seen to be
motorcyclists and pedestrians (Vulnerable Road
Users) (VRU), while cars and trucks were observed
as the main hitting vehicles causing accidents.
Monotony of drivers should be broken on longer
sections having considerable VRU movements.
Separation of the VRU from vehicular traffic with
adequate pedestrian facilities on service roads
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ensures less chances of pedestrian from entering regularly on all roads.
the carriageway as mentioned in IRC 103:2012. These safety measures are location specific and can
2. All informatory signage, road marking, hazard be applied for the roads having similar safety issues
marking must be provided as per IRC 67-2012 &  across India.
IRC 35.
3. Provide proper signboards, retro reflective markings
on all the fixed obstructions and cat eyes as edge Grants and funding
marking and central line for the night vision.
4. Remove all unauthorized hoardings from lighting The authors received no financial support for the
and electricity poles. research, authorship and/or publication of this article.
5. The unauthorized encroachments in the form of
street vending, parking and material storage must Conflicts of interest

be removed.
6. Regular cleansing and removal of debris and The authors declare that they have no known
aggregates from carriageway is a must. competing financial interests or personal relationships

7. Trees and bushes on the edge of road and median that could have appeared to influence the work reported
obstructing the carriageway should be trimmed in this paper.
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Resume

The change in people's lifestyles, their desire or compulsion to move
constantly and the development of technology, have forced development
of communications, which has led, among other things, to an intensive
increase in traffic. For this reason, the purpose of the article is to identify
the main causes of traffic delays and the factors affecting the sense of safety
on the road. It is followed by the analytical part, which presents the effect of
a survey conducted on a group of 401 respondents. The respondents' answers
show that the most common causes of road accidents and collisions are:
failure to adjust the speed to road conditions (89 %), failure to give priority
(84 %), which is in line with the 2019 police report. The results show a clear
difference between Western Europe and Eastern Europe.
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1 Introduction

Year after year, people are changing their lifestyles.
This is due, among other things, to the need for constant
movement and the development of technology. This leads
to the increased development of communications and an
intense increase in traffic.

As we read in the article by Hoy, women’s motivating
factors for travel are shopping, accompanying others,
including children to school and with administrative
errands. It should also be noted that “motivations to
travel are not fixed, but depend on specific life situations
and change with the stages of a person’s life, [1]. The
key stages affecting travel behaviour are: becoming
employed, having children and retiring.” The article also
notes that men are more likely to use cars and women
are more likely to use public transportation. In the
article below, women make up 18% of respondents and
men 82 %.

Road safety is worth leaning into. However, as the
author Racynska-Bulawa noticed, increasing the road
safety requires intervention in many aspects of public
policy [2]. The road safety policy directions for 2011-
2020, set by the European Commission, clearly indicate
that a forward-looking road safety policy should be
taken into account in other EU policy areas, while at
the same time such a policy should take into account

the objectives of other policy areas. Road safety is closely
linked to policies on energy, environment, employment,
education, youth, public health, research, innovation
and technology, justice, insurance, trade and foreign
affairs, among others.

Among the factors that have a decisive impact on
the road safety (human-road-vehicle as a causal factor
in accidents), the first place is definitely occupied by
humans. It is the behaviour of particular groups of road
users, in general, that affects the occurrence of traffic
accidents - argue author of [3]. When driving on the
road, certain rules and regulations must be observed [4].
Improving road safety is influenced by many elements,
related not only to the promotion of correct driver
behaviour [5-7], but to the proper organization of traffic
and the proper technical condition of roads and vehicles,
as well, [8-11]. Training and examinations for future
drivers should also be considered. The road safety is
a scientific field that includes the above-mentioned
aspects, as well as issues related to traffic supervision,
emergency medical services and transport psychology
[12]. The problem of using the road as a means of
transportation in terms of safety is discussed in [13-23].

The European Commission’s efforts to further
improve the road safety are based on the adopted long-
term EU goal of achieving zero fatalities and serious
injuries in the road transport by 2050, i.e. “Vision
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Zero” and “Safe System.” Published on the European
Commission’s website, the document sets the goal of to
reduce road fatalities and serious injuries by 50% by
2030 compared to 2020 [24]

2 Research
2.1 Purpose and methodology of the survey

The survey was conducted in late 2021 and early
2022 among residents of Poland. The collection of
respondents’ opinions needed for the survey was carried
out through two research methods: an online survey
and through direct collection of information. The survey
was posted on forums, related to transportation, on
social media and among friends. The survey was fully
anonymous, contained 12 questions and consisted of

3
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three parts: a brief driver metric, questions about
drivers’ feelings about the road safety and an assessment
of infrastructure in European countries.

The main purpose of the survey was to find out the
opinions of the road transport users on road safety and
the causes of traffic delays and to compare European
countries in terms of infrastructure. The countries
that were pitted against each other in the survey are:
Poland, Austria, Belgium, Czech Republic, France,
Germany, Hungary, Lithuania, the Netherlands,
Romania, Slovakia, Spain and the United Kingdom.
Those countries were selected based on a report by
OCRK (the National Center for Driver Accountability),
which indicates to which countries Polish drivers travel
the most often [25]. The survey includes mainly adult
respondents with a driver’s license, although this is not
a prerequisite. One of the main goals was also to acquire
at least 350 responses, including the opinions of at least
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100 professional drivers. The next step in implementing
the survey was to calculate the research sample.
For Poland (population 38151 thousand), assuming
a confidence level of 95% and a maximum error of 5%,
the required number of survey respondents was 384. The
survey was completed by 401 respondents.

Respondents’ responses were also analysed for
metric questions, namely. Gender, age, seniority of
driver’s license, professional driver, frequency of use of
transportation and mode of transportation. In addition,
two analyses (by gender and age) were considered in
the context of the Chi-square statistics. This statistical
test is used to make hypotheses for random variables.
One can test, whether the variables are related to each
other by the common pattern of the results obtained. If
the theoretical Chi-square was less than the calculated
one, then there is a significant relationship between
the variables. The formula for the chi square test of
concordance has the following form [25]:

s e (i — mpi)
= T (1)
where: y2 - Chi-square test,

f. - the number of observed values from a given interval,
np, - number of units (n) that should be in a given
interval (expected values of the intervals).

2.2 Results

The survey was completed by 401 respondents in
different age ranges: 18-26, 27-35, 36-44, 45-53, 54-62,
63-71. Above the age of 71 there were no respondents.
The largest group of respondents was in the 18-26 age
range (32 %), followed by 27-35 (26 %), 36-44 (21 %),
45-53 (15 %), 54-62 (5%) and 63-71 (1 %). Efforts were
made to have respondents in each age range, which
presented some difficulty especially in the 54-62 (5%)
and 63-71 (1%) age ranges (Figure 1). Women accounted
for 18 % of the respondents and men 82 %. (Figure 2).

Next, the question asked was how long they have
held their driver’s license. The largest range is those
who have had a driver’s license for 6 to 14 years (32 %),
followed by up to 5 years (31 %), 15-23 (19 %), 24-32 (14
%), 33-41 (3%) and over 42 years (1 %). Two people did
not have a driver’s license (Figure 3).

In the next question, respondents were asked to
specify the frequency of use of transportation. By
far the largest number of respondents use means of
transportation daily and 5-6 times a week, 43 % and 37%
respectively. This was followed by 3-4 times a week (18
%), 1-2 times a week (1 %) and less often (1 %) (Figure 4).

The fifth question concerned the breakdown of
professional drivers. A professional driver is a person
who has an entry in the driving license document
with code 95 and a valid certificate of professional
qualification. This includes driving license categories
C, C+E, D [26]. Among the respondents, there were 113

professional drivers (28 %). This result was achieved
mainly by posting the survey on groups, forums
specifically related to this profession, as well as through
their own acquaintances (Figure 5).

In the sixth question, respondents were asked to
indicate which mode of transportation they use the most
often. Respondents most often use cars (3 9%), followed
by vans, trucks up to 3.5 tons (2 8%), trucks over 3.5 tons
(23 %), bus, streetcar (9 %) and others (Figure 6).

Analysis of responses by gender. The first question
concerned the age of the respondents. Here we can see
a significant difference between some age ranges. From
the Chi-square test with a significance of 0.05, one can
conclude that the variables are not independent, as x? is
41.80 and the theoretical x* is 11.07. The next question
shows the respondents’ answers regarding the time
of holding a driver’s license. The Chi-square test with
a significance of 0.05 shows that there is a relationship
between gender and the time of holding a driver’s
license, as x2 is 34.55 and x? theoretical is 11.07.

The third question concerns the frequency of use
of means of transportation. The answers showed that
respondents most often use means of transportation
5-6 times a week and daily. The number of degrees of
freedom was 4 that is, the critical value of the Chi-
square test is 9.488. The result of the Chi-square test
was 17.73, this means that the results are statistically
significant for a significance level of p = 0.05.

Question four asks whether the respondent is
a professional driver. The number of degrees of freedom
is 1, so the critical value of the Chi-square test is 3.841.
The result of the Chi-square test was 12.287. This
means that the results are statistically significant for
the significance level of p = 0.05. The fifth question asks
what type of transportation respondents use most often
(multiple choice). The respondents’ answers show that
they most often use a personal car (Table 1).

The results of question six show that there is
a relationship and this is confirmed by a Chi-square test
result of 723.09 with a theoretical 43.77. (Number of free
degrees 30). Respondents are most likely to take their
driving test just after they turn 18.

The next table shows the respondents’ answers on
the use of any means of transportation. The Chi-square
test with a significance of 0.05 shows that there is
a relationship between gender and the time of holding
a driver’s license, as x*?is 42.80 and x? theoretical is
26.30 (number of degrees of freedom 16). Question eight
- where the result of the Chi-square test indicates that
there is no correlation between these concepts. The x*
test result is 6.67, while x? theoretical is 11.07 (number
of degrees of freedom 5). Another analysis looks at the
frequency of transportation use in relation to gender
(Table 2).

People in the age range of 18-26, 54-62 and over 62
are less likely to use means of transportation during
the week. Item 11 of the table shows that those with
a driver’s license for up to 5 years, 6-14 years and 15-23
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Table 1 Research results

Category Fermale (%) Male (%)
1. Age
18-26 years 61.11 25.34
27-35 years 26.39 26.74
36-44 years 8.34 23.1
45-53 years 4.16 17.63
54-62 years 0.00 6.08
63-71 years 0.00 0.91
2. Time to hold a driver‘s license
I do not own 2.77 0.00
Up to 5 years 52.77 26.13
6-14 years 29.16 33.16
15-23 years 111 21.27
24-32 years 4.6 16.1
33-41 years 0.00 2.26
Over 42 years 0.00 1.08
3. Frequency of transport use
Less often 2.77 0.00
1-2 times a week 4.16 0.6
3-4 times a week 15.3 18.84
5-6 times a week 43.05 45.28
Daily 34.72 52.28
4. Is the respondent a professional driver?
Yes 11.11 31.91
No 88.88 68.09
5. Type of means of transportation

Passenger car 79.16 70.51
Light ff;?; ;Vg%‘ GvW 8.33 46.8
Bus streetcar 19.44 9.72
Other 2.17 1.82

years are using transportation most frequently. The
likely reason for these results is that these people are
the most active and travel daily or 5-6 times a week.

Not surprisingly, professional drivers use means of
transportation much more often (Table 3).

Of the professional drivers surveyed, 92.93% are
men. This is a very difficult profession, which generally
requires leaving home even for several weeks. In recent
years, however, more and more female professional
drivers can be observed. The largest number of
professional drivers is among respondents who have
held a driver’s license for 6-14 and 15-23 years (item
14). This is due to the fact that professional drivers can
become professional drivers after the age of 21 and the
fact that it is quite an expensive course. Professional
drivers move much more frequently 5-6 days a week and
every day. In those who are not professional drivers, the

frequency of transportation use is more spread out (item
15) (Table 4).

Since most of the women surveyed are young, they
most often hold a driver’s license for up to 5 years. As the
age of holding a driver’s license increases, the prevalence
of men in this aspect increases (item 16) (Table 5).

Another part of the questions dealt with drivers’
feelings about delays in transportation and road safety.
Respondents were asked to select factors related to
delays and safety, which were given by the authors of
the paper. According to respondents, the most common
causes of transportation delays are traffic congestion
(82%) and poor road class (69 %). As other factors,
respondents pointed to weather conditions (53 %), the
condition of the road surface (39 %), poor information
flow between companies (33 %), the quality of rolling
stock (30 %), poor company storage facilities (loading,
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Table 2 Research results

Criterium Number of responses (%)
6. Age breakdown of respondents regarding holding a driver's license
Age 18-26 27-35 36-44 45-53 54-62 63-71
Don‘t own 0.24 93 0.00 0.00 0.00 0.00
Up to 5 years 81.25 8.41 3.68 0.00 0.00 0.00
6-14 years 17.96 81.3 7.31 1.63 0.00 0.00
15-23 years 0.00 9.34 75.6 9.83 0.00 0.00
24-32 years 0.00 0.00 13.41 85.24 22.53 0.00
33-41 years 0.00 0.00 0.00 3.27 7147 0.00
Over 42 years 0.00 0.00 0.00 0.00 0.00 0.00
7. Breakdown of respondents by age versus frequency of transportation use
Age 18-26 27-35 36-44 45-53 54-62 63-71
Less often 1.56 0.00 0.00 0.00 0.00 0.00
1-2 times a week 2.34 0.93 0.00 1.63 5 33.33
3-4 times a week 22.65 14.01 17.07 13.11 30 33.33
5-6 times a week 40.62 40.18 30.48 32.78 45 0.00
Daily 32.81 44.85 52.43 54.09 20 33.33
8. Responses of respondents by age regarding professional driver
Age 18-26 217-35 36-44 45-53 54-62 63-71
Yes 20.31 29.9 32.92 31.14 40 33.33
No 79.59 69.1 67.08 68.86 60 66.66
9. Respondents’ responses by frequency regarding gender
frequency less frequently  1-2 per week 3-4 per week 4-5 per week daily
Female 100 60 15.06 20.8 14.53
Male 0.00 40 84.94 79.8 85.47
Table 3 Research results
Criterium Number of responses (%)
10. Respondents‘ answers by frequency regarding age
Frequency less frequently  1-2 per week  3-4 per week 4-5 per week daily
18-26 100 50 39.72 34.89 24.41
27-35 0.00 16.66 20.54 28.85 279
36-44 0.00 0.00 19.17 16.77 25.00
45-53 0.00 0.00 10.95 13.42 19.18
54-62 0.00 16.66 8.21 6.04 2.32
above 62 0.00 16.66 1.36 0.00 0.58
11. Respondents‘ responses by frequency regarding having a driver‘s license
Frequency less frequently  1-2 per week  3-4 per week 4-5 per week daily
I do not own 50.00 0.00 1.36 0.00 0.00
Up to 5 years 50.00 33.33 21.91 31.2 25.00
6-14 years 0.00 33.33 17.18 30.2 33.13
15-23 years 0.00 0.00 8.21 20.8 22.67
24-32 years 0.00 0.00 6.84 12.75 15.11
33-41 years 0.00 16.66 1.36 5.36 5.23
over 42 years 0.00 16.66 0.00 0.00 0.58
12. Respondents‘ answers by frequency regarding professional driver
Frequency less frequently  1-2 per week  3-4 per week 4-5 per week daily
Yes 0.00 0.00 6.84 2751 38.95
No 100.00 100.00 93.16 67.49 61.05
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Table 4 Research results

Criterium

Number of responses (%)

13. Responses of respondents by professional driver regarding gender

Professional driver Yes No
Female 7.07 22.22
Male 92.93 77.88

14. Responses of respondents by professional driver regarding the length of time they have held a driver's license

Professional driver Yes No
I do not own 0.00 0.69
Up to 5 years 12.98 38.19
6-14 years 32.74 32.19
15-23 years 30.08 15.27
24-32 years 17.69 11.8
33-41 years 6.19 1.04
Pow 42 0.88 0.69

15. Respondents‘ answers by professional driver regarding frequency

Professional driver Yes No
less often 0.00 0.69

1-2 per week 0.00 1.73
3-4 per week 4.42 23.61
5-6 per week 36.28 375
daily 59.29 36.45

Table 5 Research results

Criterium

Number of responses (%)

16. Responses of respondents by time of holding a driver's license regarding gender

Uptob

Driving license time I don‘t have vears 6-14 years 15-23 years 24-32 years 33-41years  above 42
Female 100.00 30.64 16.15 10.25 5.35 0.00 0.00
Male 0.00 69.36 83.85 89.75 94.65 100.00 100.00

unloading) (29 %), the method of loading and unloading
(25 %), a road accident (20 %), vehicle breakdown (17 %)
and driver or GPS navigation errors (14 %) (Figure 7).

Another issue concerned respondents’ feelings
about factors affecting the road safety. According to
respondents, the sense of safety on the road is most
influenced by driver experience (71 %), followed by driver’s
rest (65 %), class of the road (highway, expressway) (60
%), psychomotor efficiency (55 %), weather conditions
(45 %), technical condition of the vehicle (43 %), adapted
traffic volume to the road capacity (26 %), condition
of the road surface (25 %), use of road junctions (type
WA - completely collision-free junction, where the tracks
do not intersect; WB type - partially collision-free, on
one road the tracks of some relations intersect) (20 %),
proper signage and signalling (19 %), road controls and
speed cameras (12 %), road safety barriers (6%) and
proper lighting of roads, tunnels (4 %) (Figure 8).

The respondents’ answers show that the most
common causes of traffic accidents and collisions are:
failure to adjust speed to the road conditions (89 %),
failure to give priority (84 %), improper overtaking,

turning, turning around, changing lanes, stopping (64
%), failure to maintain a safe distance between vehicles
(41 %), failure to give priority at a pedestrian crossing
(54 %), improper overtaking (37 %), fatigue, falling
asleep (31 %), distraction (ringing phone, smoking,
drinking beverages, talking) (16 %), failing to obey other
signs and signals (23 %), driving under the influence
of alcohol or psychoactive substances (23 %), weather
conditions (16 %), crossing the road in a prohibited place
by a pedestrian (11 %), driving without the required
lighting (10 %), sudden braking (7 %), vehicle breakdown
(5 %), psychological stress (distress) (4 %) (Figure 9).

The last part of the survey questions was to rate
each European country in terms of the road safety and
infrastructure. Drivers had to rate 14 countries, the
rating scale was as follows: 1 - terrible, 2 - poor, 3 -
average - 4 good and 5 - very good. Questions included
an assessment of the feeling of safety on the country’s
roads, the density of the road network, the density of
gas stations, the quality of roads, signage and parking
lots (Table 6).

The survey showed the most common causes of
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Figure 7 Factors affecting transportation delays
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Figure 8 Factors affecting feelings of safety on the road

delays in transportation. These include traffic congestion
(82%) and poor road class (69 %). These reasons are
somewhat interrelated, as it is common for a road in
a given location to have insufficient capacity. A high
score was given to the factor of weather conditions
(53 %). Considering recent years in Europe, weather
conditions can be extreme and changeable. In the
summer, drivers especially have to contend with
hot weather, which causes fatigue and thus reduced

concentration. Precipitation can be very intense, due
to which the average speed of vehicles decreases. In
winter, the main obstacles to transportation are ice and
snow. Most of the surveyed people working as drivers
marked at least one answer from the following: poor flow
of information between companies (33 %), poor storage
infrastructure of companies (loading, unloading) (29 %),
method of loading and unloading (25 %). From these
responses it can be concluded that companies still need
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Figure 9 Most common reasons for accidents, traffic collisions
Table 6 Places and ratings of European countries in each statement [27]
Country A sense of Density of the ~ Fuel station Quality of roads - Signage Parking lots
security road network density condition of pavement

Austria 4 4 6 2 3 4
4.02* 4.07* 3.98* 4.25% 4.05% 3.17*

Belgium 8 2 1 9 7 10
3.31*% 4.5% 4.52% 3.1% 4* 2.91%

Czech Republic 9 10 5 12 10 13
3.16* 3.53* 4.04* 2.62* 3.6* 2.59*

France 6 5 10 5 5 2
3.71% 4.01* 3.79*% 3.75% 4.08* 3.47%

Spain 5 6 9 4 4 3
3.77* 3.93* 3.86* 3.91% 4.16% 3.42%

Netherlands 1 1 2 1 2 1
4.41% 4.59% 4.46* 4.36% 4.64* 3.61%

Lithuania 12 13 13 7 13 12
2.9% 2.95% 3.18% 3.41% 3.58* 2.65%

Germany 2 3 4 3 1 7
4.04% 4.22% 4.27* 4.12*% 4.35% 3.01*

Poland 13 12 8 10 8 5
2.88* 3.06* 3.86* 2.85% 3.65% 3.15*

Romania 14 14 14 14 14 14
2.13* 2.5% 2.83* 2.11* 3.66* 2.24*

Slovakia 7 11 12 13 11 11
3.5% 3.09* 3.43* 2.51% 3.46* 2.67*

Hungary 10 8 11 11 9 6
3.09* 3.7* 3.53* 2.66* 3.29% 3.07*

United 3 7 7 6 6 8
Kingdom 4.02* 3.86* 3.92+ 3.62 3.96* 2.96*

Ttaly 11 9 3 8 12 9
3.02% 3.68* 4.31% 3.21% 3.71% 2.94%

* evaluation of respondents
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Figure 10 Number of road fatalities per million inhabitants
by country, 2021 [28]

to improve their work organization, as well as their
storage infrastructure.

According to respondents, the feeling of safety on
the road is most often influenced by the experience
of the driver (71%) - almost 85% of responses to the
driver experience factor were given by those who have
more than 6 years of driving license. This is followed
by driver rest (65 %), class of the road (highway,
expressway) (60%) and psychomotor efficiency (55 %),
weather conditions (45 %) and technical condition of the
vehicle (43 %). This shows that drivers’ sense of safety
is influenced by a number of factors, ranging from the
general condition of the driver to road infrastructure
and natural phenomena.

Respondents’ answers regarding the main causes
of traffic collisions and accidents show that the public
is knowledgeable on the subject. Comparing the
respondents’ surveys with the report Road accidents
in Poland in 2021, created by the Traffic Bureau of the
Police Headquarters, many similar conclusions can be
found. Respondents identified as the main factors in
traffic collisions and accidents: failure to adjust speed
to road conditions (89 %), failure to give priority (84 %),
improper passing, turning, turning around, changing
lanes, stopping (64 %), failure to maintain a safe
distance between vehicles (41 %), failure to give priority
at pedestrian crossings and in other circumstances
involving pedestrians (54 %), improper overtaking (37 %)
and fatigue, falling asleep (31%) In the Police report,
these factors statistics account for the following number
of accidents: failure to adjust speed to road conditions
(5,254; 23 % of all accidents), failure to give precedence
to pedestrians (5,566; 24% of all accidents), improper
bypassing, turning, reversing, turning, changing
lanes, stopping, stopping (4,185; 18% of all accidents),
failure to maintain a safe distance between vehicles

(1,607; 7% of all accidents), failure to give priority
at pedestrian crossings and in other circumstances
involving pedestrians (2,487; 11 %), improper overtaking
(1,012; 4%) and fatigue, falling asleep (538; 2 %).
Adding up these factors, they caused about 95% of all
the traffic collisions and accidents caused by drivers in
2019. This shows that people are aware of what causes
lead to incidents on the roads and yet Poland has a very
high road fatality rate of 77 people per million. A very
positive note is that as many as 23% and 16 % got the
answers in turn: driving under the influence of alcohol
or psychoactive substances and distractions (a ringing
phone, smoking, drinking a drink, talking), respectively.
In police statistics, these responses do not appear. That
is because they are attributed to other factors, such as
failure to adjust speed to road conditions or under the
term “other.” This is because they often appear together.
The large number of votes cast by respondents for these
factors shows that all the advertising spots and media
campaigns work.

3 Assessment of the feeling of security
in European countries

Another issue was to assess the state of the feeling
of safety in European countries. The averages obtained
were compared to the statistics in 2021 of fatal accidents
per million inhabitants of a country. The country with
the highest average of deaths per million of population
is Romania (93), followed by Bulgaria (81), Latvia (78),
Croatia (72), Poland (59), Greece (57), Hungary (56),
Slovenia (54), Latvia and Portugal (52), Cyprus and
Czechia (50), Italy (48), Slovakia (47), France (45),
Belgium (43), Estonia (41), Austria and Finland (40),
Luxembourg (38), Spain (32), Germany (31), Netherlands
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Figure 11 Short-term trend in the number of road fatalities
(2021 compared to 2019 and 2020) [28]

(28), Ireland (27, Denmark (23), Sweden (18) and Malta
(17) (Figure 10).

Comparing 2019 to 2021, it is Slovenia that has
the largest increase in road fatalities, up 43%. This
represents the largest increase in the EU. The next
country is Croatia with an increase of 23 %, followed by
Bulgaria with an increase of 21 %, Italy with an increase
of 19%, Hungary with an increase of 18 %, France with
an increase of 16 %, Spain with an increase of 10% and
Romania with an increase of 8 %. The country with the
highest decrease in the number of fatalities per million
inhabitants in 2021, compared to 2020, is Denmark
17% - Lithuania 17% decrease. In Poland, the number
of fatalities per million inhabitants fell by 23 %. Across
the EU, there were an average of 44 traffic fatalities per
million residents in 2021, up 5% from 2020, but down
13 % from 2019, before the pandemic (Figure 11).

4 Summary

The purpose of the above work was to analyse and
evaluate the impact of trucking infrastructure on freight
efficiency and safety. This allowed to draw relevant
conclusions that in the future can improve transport
efficiency, safety of drivers and cargo. The conclusions
also show the state of infrastructure in Europe and the
direction of development of the road infrastructure.

The respondents’ answers show that the most
common causes of road accidents and collisions are:
failure to adjust speed to road conditions (89 %),

failure to give priority (84 %), which is in line with
the 2019 police report. Countries were compared in
terms of: sense of the road safety, density of the road
network, density of the gas stations, quality of the road
condition, road markings and number of parking lots.
The results show a clear difference between Western
Europe and Eastern Europe. The best rated country
in all the aspects is by far the Netherlands, followed by
Germany, Austria, France, the UK, Spain and Belgium.
Poland’s performance is very average and places it
further down the list. The worst country among those
compared is Romania, which ranked as the last in all
the assessments. The survey confirms that despite the
visible progress and huge investments in recent years,
Poland still lags behind Western countries. For this
reason, the transport infrastructure must continue to
be improved.
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The author has identified incorrect description in
his paper [1]. Two significant errors have crept into
the description of Table 6 and one of the rows below.
The previous Equation (5) should be removed with the
addition of the comment "not applicable, the assumed
value", as well as the row below the Table 6 providing
the incorrect information about the p-value, as shown

Table 6 Regression analysis results [20]

in the table below. Also, all subsequent equations
must be renumbered. However, the highlighted errors
did not affect the accuracy of the results presented in
a mentioned paper.

The author would like to apologise for any
inconvenience caused.

The corrected table and text should read as follows:

Parameter Symbol Value Equation
Sample size N 500 N=n, nc (4)
Confidence level CL 0.95 Not applicable, the assumed value
N D\
Standard deviation SD 22,046.57 kW SD = \/ Zleﬁ\f&' I Pa) )
N By
Determination coefficient R? 0.9959 RE=1— 2 j‘vzl(PBi @)z (6)
Do (Ps— Pa)
Standard error of SE 985.95 kKW SE = SD @

propulsion power

/N

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, - Propulsion power, the actual value of the dependent variable, (kW),

Py = P, - Propulsion power, the predicted value of the dependent variable based on the regression model, (kW),

P, - Propulsion power, the mean value of the actual dependent variable, (kW).
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TRANSCOM 2023 aims to establish and expand international contacts and ceoperatie'n'

The main purpose of the conference is to provide Ph.D. students and young scientists W|tJ:1 P

an encouraging and stimulating environment in wh|ch they present the results of the|r

research to the scientific community. TRANSCOM: has been organlsed regularly every""-f;:-__'

other year since 1995 by the University of Zilina, Slovakla- RR\ A

IMPORTANT DATES

January 31, 2023
FULL PAPERS SUBMISSION

March 20, 2023
NOTIFICATION OF ACCEPTANCE

April 20, 2023
CONFERENCE FEE PAYMENT

May 15, 2023
CONFERENCE PROGRAMME

May 29-31, 2023
CONFERENCE

CONTACT

University of Zilina, Department for Science & Research

Univerzitna 8215/1, 010 26 Zilina, Slovakia

e-mail: transcom@uniza.sk
www.transcom-conference.com
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Mechanical Engineering in Transport
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Management Science and
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