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Resume
The significance of this study is derived from instability situations faced by 
various markets, particularly in the transport and logistics sectors, and the 
necessity to ascertain methods for their future advancement. The aim of 
this paper is to determine transformative modifications in the fundamental 
principles of strategic management for companies engaged in transport 
and logistics markets. In the course of the research, various methods 
were employed, including generalization, system analysis, abstract-logical 
method, systemic approach, analysis and synthesis method, graphical 
method, induction, deduction, comparison and systematization method, 
expert analysis, and selective observations. As a result, the authors 
identified the prerequisites for the transformation of unique and oversized 
air carriers into 3PL (Third-Party Logistics) operators, which are divided 
into the following blocks: needs, threats and risks, and product uniqueness.
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it concerns only the formulation of strategy, while 
the term strategic management should be used to 
describe the complex process of strategy formation, 
implementation and evaluation.

The strategic management of enterprises is 
inextricably linked to the green economy. Currently, 
management pays increased attention to this problem 
both at the macro and micro levels. Environmental 
priorities are identified as key factors in the economic 
development in the world’s leading countries. 

In the early 2000s, the transition to the principles 
of sustainable development was outlined by the UN 
and other global organizations as the most appropriate 
for countries. Their reports still emphasize the 
importance of sustainable development [2].

A  large number of researchers believe that 

1	 Introduction

Initially, the history of the strategic management 
evolution should be analyzed. According to David [1], 
the strategic management can be defined as the art and 
science of formulating, implementing and evaluating 
cross-functional solutions allowing the company to 
achieve its goals. Thus, the strategic management 
focuses on the integrated interaction of management, 
marketing, finance, production, research, and 
information systems to achieve organizational 
success. We disagree with the F. David’s opinion who 
emphasizes that the term “strategic management” is 
sometimes used as a synonym for the term “strategic 
planning”, which is completely incorrect. The strategic 
planning is a preliminary stage of the evolution and 

https://orcid.org/0000-0001-7185-1193
https://orcid.org/0000-0002-1869-7999
https://orcid.org/0000-0003-0624-5829
https://orcid.org/0000-0002-6187-2801
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associations and alliances are also important since it 
is necessary to reorganize business processes while 
creating new structural associations. The period of 
the scientific development of strategic management on 
its own basis falls on the late 1980s - 1990s, when the 
resource concept was actively developing and became 
dominant. There was a division of strategic goals and 
resources, along with almost complete compliance of 
the content, process and context of the successful 
enterprise development [12]. The resource concept is 
still popular, although its existence is possible only as 
an integral part of the basis of the new theory of the 
company. The development of enterprises in the context 
of globalization has led to the importance of valuable 
advantages over competitor, the share of intangible 
assets, the innovation implementation, the effective 
use of organizational culture as a tool for enterprise 
management, and the high dynamics of change in the 
world markets. They formed the basis of the concept of 
dynamic capabilities. 

This concept is characterized by the joint 
development of both external and internal competitive 
advantages, full compliance with the content, process, 
and context of the management strategies, the effective 
management of resource groups’ flows and the effective 
combinations of them, as well as creating new forms of 
the enterprise management [12]. The study of Shuen 
[13] should be considered an interesting continuation 
of the concept of dynamic capabilities. In particular, 
Shuen proposed a new paradigm of Web 2.0 strategies 
for business based on the reconfiguration of outsourcing 
competencies using the synergy effect. The critical 
analysis of the paper makes it possible to state that 
the author has made a significant contribution to the 
implementation of dynamic capabilities.

In continuation of Shuen’s scientific research, it is 
worth considering a scientific work by Alojairi [14], where 
the authors proposed a model of the network business 
innovation cycle, which proves that network capabilities 
are an important internal factor, positively affecting 
innovations in business models of Internet sellers and 
benefits consumers. In accordance with the analysis of 
the recent researches, the fifth stage in development 
of the theory of strategic management of enterprises 
was identified. It is based on further implementation 
of fundamentally new strategies, providing competitive 
advantages based on new paradigms of Web 2.0 strategy, 
implementation of the network business innovation cycle 
models, bioadaptive management, etc. 

At the same time, the updated concept of dynamic 
abilities based on foresight competencies and other 
derivatives becomes dominant. Competitive advantages 
are formed as a result of the symbiotic complex development 
of internal and external advantages, ensuring absolute 
consistency of the content, process, and context. This 
stage was fully formed in the early 2020s although some 
of its components were successfully implemented in the 
previous decade. The further development of the theory 

sustainable development remains dominant, 
while developed countries consider the greening 
of the economy a  breakthrough opportunity for 
their development. The importance of sustainable 
development is emphasized to end poverty, ensure 
prosperity, and create better conditions for health, 
education, and social needs [3-4]. Sustainability at the 
organizational level is also crucial [5-7]. At the same 
time, there are researchers who criticize the central 
role of sustainable development as a  dominant 
worldview [8]. 

Understanding the sources of sustainable 
competitive advantage has become the main focus 
of studying the strategic management. The strategic 
management is the process and approach to defining 
the goals of the organization, developing policies, 
programs, paradigms and plans to achieve these goals, 
as well as the allocation of resources. The strategic 
management can be considered the management of 
the combined components of the strategy process: 
strategy development, implementation and evaluation 
[9]. 

The problems of enterprises’ strategic 
management have been investigated by many authors 
and a number of important scientific tasks have been 
successfully solved. However, enterprises in various 
sectors of the economy are undergoing dynamic 
development, the external environment is changing 
rapidly, and new challenges are emerging. These 
shifts have particularly affected companies in the 
transportation and logistics sector. It is logistics 
operators, air carriers, global freight forwarders and 
other participants in the transport and logistics market 
that have begun to actively engage in global supply 
chains, which are created to ensure organizational, 
trade, production and investment activities in the 
context of globalization and transformational changes 
in the global economy.

2	 Literature review 

Within the classical management theory, M. 
Porter [10] studies the progress of the development of 
dynamic theory of strategic management. The reasons 
for higher efficiency in a certain period of time (a cross-
sectional problem) and the dynamic process of creating 
competitive positions (a  longitudinal problem) are 
highlighted. Ainuddin et al. [11] studied the influence 
of key attributes of the resource, such as value, rarity, 
imitability and organization, on the productivity of the 
enterprise. Ainuddin et al. believe that international 
joint ventures as an object of the study are especially 
valuable for the world practice.. However, if the cost, 
rarity and indispensability are important factors in 
the efficiency, then the value, rarity and imitability are 
critical attributes for organizational capabilities.

Aspects related to the creation of various 



T R A N S F O R M A T I O N  O F  S T R A T E G I C  M A N A G E M E N T  P R I N C I P L E S  O F  A I R  T R A N S P O R T  A N D  L O G I S T I C S . . . 	 A113

V O L U M E  2 5 	 C O M M U N I C A T I O N S    3 / 2 0 2 3

capabilities [18]. One of the components of the concept 
of dynamic capabilities is foresight competences. The 
scientific works of Salunke, Weerawardena and McCall-
Kennedy [19], D. T Teece [20], Wang and Ahmed [21], 
Wilden, Gudergan, Nielsen and Lings [22] and others 
are dedicated to the study of these competencies. 

The special feature of such an activity is to anticipate 
certain events on the basis of specific patterns that 
are recognized as characteristic of companies, their 
groups or even entire markets. In modern researches, 
much attention is paid to the interrelationship 
between business and society. The classics of modern 
management Porter and Kramer [23] noted the growing 
interest in corporate social responsibility. They also 
stated that business decisions and social policy must 
adhere to the principle of common value. In accordance 
with the concept of global innovation networks, which 
was studied by Kim and Park [24], the company’s 
innovativeness is largely determined by a research and 
development network outside the country. In general, 
an effective combination of external and internal factors 
of knowledge management can be a  key factor in the 
enterprise’s success [25]. According to Teece [26], it is 
possible to fully implement innovations only with a well-
developed and consistent business model. 

As revealed in the study [27], the impact of 
governance mechanisms on the relationship between 
decision-making practices for sustainable strategic 
investment, industry 4.0 technologies, circular economy 
methods, and financial performance of companies is 
becoming a key factor in sustainable value creation and 
sustainable performance for it.

A number of methods are used to solve the problems 
of strategic management of enterprises. According to 
the results of the analysis of recent scientific studies, it 
is worth noting the active use of expert evaluation and 
interviewing methods [28], comparative and economic-
statistical analysis, ranking [29], and methods necessary 
for developing a management tool for the company [30].

Ensuring the flexibility and scalability of business 
models is also extremely important in the strategic 
management of enterprises [31]. Researches confirmed 
that the implementation of innovations in several 
divisions of one enterprise is much more effective in 
terms of mastering innovations [32]. The concept of open 
innovations should be considered comprehensive for the 
general innovation theory [33]. The paper of Arefieva et 
al. [34] is dedicated to the management of sustainable 
development of human capital reproduction. It should 
be recognized that the mechanism of sustainable 
development management through the human capital 
reproduction proposed by the authors deserves further 
development. Conceptual model of economic stability 
monitoring business processes of the company in the 
period of sustainable development proposed Arefieva et 
al. [35]. 

The model and the method of assessment of the 
effectiveness of financial processes management in 

of strategic management of enterprises will continue 
to be based on the concept of dynamic capabilities. The 
process of strategic management of the enterprise is 
based on the belief that organizations must constantly 
monitor events and trends, while the speed and scale 
of changes affecting organizations is growing sharply. 
The strategic management process is dynamic and 
continuous. Changing any of the main components of 
the model may require changing all its components [1].

The conclusions [15] should be fully supported 
regarding the fact that differences between firms will 
deepen, with strategic resources and coordination 
playing a key role. The tasks of enterprises now include 
creating strategically valuable resources in current 
markets and using them effectively in adjacent markets, 
as well as implementing hybrid strategies [16]. All 
of these aspects are most fully manifested in the 
transportation and logistics market. And for logistics 
operators, the transition to the concept of a  SMART 
provider-integrator of comprehensive logistics solutions 
in supply chains means a shift from a resource-based to 
a strategic outlook.

Within the framework of the study [17], the 
paradoxical aspects of strategic resources were analyzed 
through a critical analysis of evolutionary trajectories. In 
particular, they identified conditions when an abundance 
of resources can make a  firm vulnerable, making it 
potentially weak. It should be noted that this opinion of 
the authors is fully consistent with the principles of the 
SMART model of a provider-integrator of comprehensive 
logistics solutions, in which the desired asset structure 
is defined as light.

A  critical analysis of the scientific literature has 
revealed that despite the significant contribution of 
scholars to the development of theoretical and practical 
aspects of enterprises’ strategic management, the 
problem of creating the foundations for strategic 
management of transport and logistics enterprises in 
the context of instability, transformational changes, 
globalization and intensification of their involvement in 
global supply chains remains unresolved.

3	 Methodological framework

Recent studies outline that commercial enterprises 
consist of portfolios of idiosyncratic and difficult to trade 
assets and competencies, that is, resources. Under these 
conditions, at some point in time, competitive advantages 
may arise from the possession of scarce but relevant 
and difficult-to-imitate assets, especially the know-
how. However, in the fast-paced business environment, 
which is open to a global competition and characterized 
by the geographical and organizational distribution 
of innovation and production sources, a  sustainable 
advantage requires something more than ownership 
of assets that are difficult to reproduce (knowledge). It 
also requires unique and difficult to reproduce dynamic 
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oversized cargoes into 3 PL operators; expert analysis, 
sample observations - when determining innovative 
principles of strategic logistics management of 4 PL 
(Fourth Party Logistics) operator.

4	 Results

It should be highlighted that, in line with current 
trends and as noted earlier, companies are actively 
integrating into Industry 4.0, which focuses on ensuring 
the creation of new business models and information 
transformation. Whereas, in the case of Industry 5.0, 
which has been actively implemented in developed 
countries, including the EU, the key transformation 
should be full integration with the green course, leading 
to better sustainability and circular economy, as well as 
improving the resilience of value chains and ecosystems 
to new challenges [39].

In view of this, it can be argued that the main 
reasons for the importance of changes in the strategic 
management of transport and logistics companies, 
including in the methodology, should be the need to 

logistic systems of industrial enterprises were 
substantiated in work by Bondarenko, Palyvoda and 
Kyrylenko [36]. Problems of organizing the production 
activity of network air carriers as one of the most 
difficult formations in transport and logistics markets are 
investigated in other works [37-38]. Undoubtedly, these 
scientific works have made a significant contribution to 
determining the prerequisites for the transformation of 
strategic management of these companies. 

Thus, all of the above proves the need to make 
changes to the strategic management of companies in 
the transport and logistics sector, which is the focus of 
the study.

In implementing the research, the authors used 
the following methods: generalization and system 
analysis, abstract and logical method - in creating 
a  scheme for implementing a  new paradigm for the 
development of enterprise strategic management theory; 
systematic approach, analysis and synthesis, graphical 
- in systematizing the principles of effective strategic 
management of an enterprise; induction, deduction, 
comparison and systematization - in determining the 
prerequisites for transforming carriers of unique and 
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be divided into three major groups as follows: suppliers 
of logistics services, subcontractors and consumers of 
the services. When creating innovative business models 
with the help of the relevant concepts of strategic 
management, systemic and situational approaches has 
become the norm for Western companies. 

Therefore, the use of these principles when building 
systems of domestic transport and logistics market 
participants will significantly improve the quality and 
adequacy of these systems. For instance, Ukrainian 
leading companies are still only on the way to the full 
implementation of innovative strategic management 
principles. Leading foreign logistics operators, such 
as Kuehne+Nagel, ECOL, DB Schenker, GEFCO and 
others becomes the engine of innovative changes in 
the transport and logistics markets excluding OECD 
countries.

The active digitalization of the world economy has 
been one of the key trends of recent decades. The trend 
has come to developing countries, including transport 
and logistics companies. A  cross-cutting information 
system becomes an integral part of a successful business. 
The abandonment of fragmentary information solutions 
is a key requirement of the market in modern conditions. 
It was noted that conceptually the information system 
of participants in transport and logistics markets 
should consist of two components, namely the external 
component, including tools that provide the information 
system settings, and the internal component, including 
object and subject of management, tools for resource 
management, planning, optimization of company’s 

meet the growing demands of customers, increased 
competition, energy and resource efficiency, and 
ultimately the vital need to integrate as full participants 
in global supply chains.

Thus, according to the recent trends described 
above, the following scheme for the implementation 
of a  new paradigm of development of the strategic 
management theory of enterprises can be designed, 
Figure 1.

The principles of effective strategic management of 
the enterprise, proposed by Lenz [40], were systematized 
and graphically represented in Figure 2. The success 
of transport and logistics enterprises largely depends 
on the stable development of the national economy and 
international relations. The service industry around 
the world is more susceptible to the negative effects of 
crises than, for example, manufacturing. These schemes 
complement the theoretical foundations of strategic 
management of enterprises and can be useful for 
scholars, postgraduates, and doctoral students.

It should be noted that the formation of a  new 
paradigm for the development of enterprise strategic 
management theory became possible with the direct 
implementation of generalization processes and the use 
of system analysis tools, as well as the application of the 
abstract and logical method.

To systematize the principles of effective strategic 
management of an enterprise, the authors used a system 
approach, the method of analysis and synthesis, and the 
graphical method for visual presentation of the results.

Participants in the transport and logistics market can 
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component of the logistics business are growing 
constantly. Based on the classification of logistics 
operators, it can be argued that after the currently 
classified five levels of PL operators, the next one will 
be a  level related to the environmental aspect of the 
logistics service. However, the currently classified 5 level 
PL “virtual logistics operator” can be considered quite 
environmentally oriented compared to previous levels.

5	 Discussion

In most countries of the world, port and warehouse 
logistics operators are in a winning position. Due to 
the increase in the cost of the entire supply chain and 
as a result of attracting more expensive cargoes, port 
and warehouse logistics operators were able to increase 
tariffs. Moreover, these companies did not face the 
need to change the strategic management principles of 
their activities, involving radical restructuring of their 
business models in view of the COVID-19 crisis, which 
affected other participants in the transport and logistics 
markets. However, domestic port operators continue 
to address the challenges they faced earlier. It is now 
clear that they need to improve their financial stability 
through increased competitiveness and to ensure 
customer-oriented principles in operation. In Ukraine, 
the warehouse logistics market is developing in a wave-
like manner, while the demand for smart warehouses, 
fulfilment services, solutions for separate storage of 
perishable goods, etc. are increasing.

As for the transport companies, the specifics of 
transforming their strategic management principles 
should be analyzed in detail. There is a large number 
of them and the principles of their management are 
completely different. Some of cargo carriers should be 
classified as companies with a high level of profitability, 
while others develop their business models based on the 
benefits of high business turnover. These circumstances 
are determined, primarily, by the markets in which these 
companies operate. It is worth noting that at present the 
vast majority of traditional air cargo carriers perform 
only the functions of transporting goods from airport to 
airport, without performing any additional functions, 
which is quite justified. Usually, when structuring the 
air transportation market, traditional and low-cost 
airlines are distinguished as two poles of development, 
which is not entirely true. In addition, such a gradation 
is carried out on the principle of forming a route 
network, which is also not entirely correct. There is a 
need for a comprehensive analysis of business models of 
air carriers as part of the strategic management.

A quantitative assessment of the global air network 
is an extremely complex and non-trivial task. The 
qualitative analysis, which involves clustering and 
scenario modeling of the global air transport system, 
allows to identify its vulnerable elements under different 
operating conditions, to determine peripherals up to 

activities and management of logistics processes. It 
was also found that the external component has lower 
productivity and lower quality than the internal one.

The development of informatization of participants 
in transport and logistics markets should be aimed at 
creating the information environment including not 
only a set of information systems and applications, but 
also mechanisms, models, factors, processes, resources, 
etc. The concept of informatization should be focused on 
solving problems related to the organization of cargo 
delivery, ensuring interaction between the participants 
in the delivery process and the full satisfaction of 
cargo clientele. It should also be kept in mind that 
carriers usually perform only part of the transportation, 
while the delivery process itself is provided by logistics 
companies or freight forwarders. So, the task of such an 
information system is the cross-cutting digitization of 
delivery processes of different participants to ensure the 
reliability and timeliness of delivery with a high level of 
coordination. 

The concept of informatization of participants in 
transport and logistics markets should provide for 
constant updating of information systems both through 
the introduction of new information systems and the 
creation of new mechanisms, tools and instruments to 
implement information solutions. In accordance with 
the theoretical foundations of information systems 
and environment for enterprises of different economic 
sectors, the information environment of participants 
in transport and logistics markets should provide 
high-quality horizontal and vertical integration of all 
components, information security, compliance with 
certain criteria and standards. In addition, there is 
a  need to develop a  number of highly specialized 
techniques, guidelines and recommendations that would 
ensure the effective operation of this environment and 
its painless change if needed.

A unified information system is the main component of 
the information environment of participants in transport 
and logistics markets, as mentioned above. However, it 
cannot exist without meeting certain requirements 
and the availability of tools for its implementation. 
This toolkit should consist of the methodology, the 
mechanism and the system of effective implementation 
of the information system of participants in transport 
and logistics markets. The methodology should reflect 
the suitability of the chosen concept of informatization 
with the choice of the appropriate set of methods and 
approaches to solving the problem, while the mechanism 
should include a  number of tools and instruments to 
resolve the problem. 

A  set of schemes should be used to control the 
management and the organization of relationships 
between the centers of responsibility and business 
processes of participants in transport and logistics 
markets that are involved in the implementation and 
improvement of the information system. It should be 
noted that the requirements for the environmental 
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refers to the process of combining individual aspects of 
activity from a variety of existing carrier types within a 
specific company, while maintaining an optimal level of 
efficiency to ensure effective production and economic 
performance.

The business model of express freight transportation 
has gained popularity in recent decades and is developing 
extremely rapidly. A typical business model of the 
express transportation market are companies that have 
an air carrier in their structure, while other structural 
units perform functions of supplying chain management, 
handling, ground delivery of special cargoes with 
temperature restrictions, etc. Such companies as Federal 
Express, UPS and TNT are recognized leaders among 
express carriers. FedEx Corporation includes FedEx 
Office, FedEx Express, FedEx Ground, FedEx Freight, 
FedEx Custom Critical, FedEx Supply Chain, FedEx 
Trade Networks and FedEx Services. The role and 
tasks of each FedEx division are limited to its area of 
responsibility within the global business. Therefore, no 
transformational change in the production and logistics 
activities of FedEx Express can take place. The same can 
be noted about other market participants.

The combined business model can be regarded as 
independent cargo divisions of large corporations of 
carriers. The most striking examples are Lufthansa 
Cargo and Emirates Cargo, which are part of the most 
diversified airlines Lufthansa Group and Emirates 
Group respectively. The effectiveness of aviation 
business diversification can vary, but a well-organized 
diversification strategy can ensure reliable cross-
functional benefits and provide significant value for both 
the parent organization and the subsidiary. Charter 
transportation of goods can be carried out according to 
different schemes and principles. This component of the 
world cargo market, in turn, is divided into a number 
of segments, each of them being characterized by its 
own specific features. Charter air carriers operate in 
specific markets where they are forced to expand the 
range of provided services. The market for the delivery 
of oversized and heavy cargo by air is also one of the 
specific ones. In this case, the carrier should create a 
product that is radically different from the product of 
traditional air cargo carriers.

First of all, the specific characteristic of the product 
created on this market by air carriers is the need to take 
into account the compliance of infrastructure and unique 
parameters of cargoes with the parameters of service 
devices at different stages of delivery and processing. 
This should involve at least one other mode of transport 
(for instance, road), the use of unique loading and 
unloading equipment, special customs clearance of goods 
and obtaining all permits for transportation. In addition, 
the carrier of oversized and heavy cargo very often solves 
a complex problem, that is, to develop projects for the 
delivery of these goods on one of the key principles of 
logistics - “door to door”. Considering the air transport 
markets of unique and oversized cargo, they are largely 

95% of air transport network nodes, to form a simulation 
model to study the air network redevelopment using a 
multilayer structure paradigm, and to understand the 
effectiveness of the perspective air traffic networks. 
The structure of the airline network is formed on the 
basis of a multifactor model. It means the analysis of 
factors influencing the existence and configuration of 
the structure of large network airlines’ systems in hub 
airports. There are four basic business models of air 
carriers, which are formed in accordance with existing 
trends in world air transport markets. Analyzing the 
conditions of air carriers’ operation for these four 
models, there is a number of characteristics that are 
inherent in each of them. 

The classic network model, in which cargo is 
transported by reloading cargo to a passenger’s aircraft, 
is the most common. Thus, all large passenger carriers 
operate in this segment. On its basis we have proposed 
most of the theoretical and methodological developments. 
These tools can also be applied to other business models 
of air carriers, but they must be significantly redesigned, 
depending on the characteristics and conditions of their 
usage. In most research, classic business models are 
analyzed, focusing on the passenger component. The 
situation with the spread of COVID-19 dramatically 
changed the balance in the air transport markets. It was 
the network airlines among cargo carriers that suffered 
the most, especially those that organized the delivery of 
goods in the cargo compartments of passenger aircrafts. 
With the cancellation of passenger flights in the spring 
of 2020, these carriers were put on the brink of disaster. 
They could not fully fulfill cargo contracts, the demand 
for which even increased during that period, as the 
delivery of goods on passenger planes was financially 
unprofitable. The strategic management principles of 
these airlines began to change sufficiently. They actively 
abandoned the purely network model and began to 
operate on a point-to-point basis, which was considered 
an outdated model of doing business in early 2020. The 
transformation of the strategic management principles 
of such airlines continues. 

By mid-2021, one can note the systemic nature of 
changes and the fact that the situation is gradually 
improving. However, adaptive quarantine measures 
around the world, mass vaccination have not become 
a panacea and failed to restore passenger flows to 
pre-crisis levels. Consequently, network air carriers 
are forced to hybridize their business models and use 
both network business principles and point-to-point 
flights. The performance of purely cargo flights has also 
dramatically increased for such carriers. This is due to 
a number of factors. The main one is the presence of 
unsatisfactory effective demand in most markets, which 
has led to an increase in tariffs by 200-400%. The lack 
of transportation capacity has changed the model of 
doing business, making network carriers less customer-
oriented.

The hybridization of an airline’s business model 
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on the contrary, the need for transportation of special 
categories of cargoes is growing. 

It should be noted that despite such a variety of 
companies engaged in the organization of delivery of 
oversized cargo, ensuring its multimodal delivery with 
the involvement of air transport remains unresolved. 
There are several air carriers engaged in the delivery 
of oversized cargo on the world market, including Volga-
Dnepr and Antonov Airlines. These carriers often faced 
the problem of the disruption of the aviation part of 
the multimodal delivery of oversized cargo due to the 
fault of the delivery organizer or companies responsible 
for delivery by other transport modes. For the air 
carrier, this immediately resulted in significant financial 
costs (the standstill of the An-124-100 aircraft and its 
subsequent modifications costs up to $150 thousand per 
24 hours). It could rarely be reimbursed in full as the 
cargo owner pays only the delivery cost. Of course, such 
risks can be pre-insured but this is not a panacea. Apart 
from that, airlines were forced to face inflated prices for 
the oversized cargo delivery initially by air, which made 
them consider the possibility of developing such projects 
on their own. At present, Volga-Dnepr and Antonov 
Airlines already have significant successful experience 
in planning projects for the delivery of oversized cargo 
by air. The next step was the development and successful 
implementation of similar projects in multimodal 
connections by airlines.

In view of the above-mentioned circumstances, 
air carriers have gradually begun to take over some of 
the functions that are related not only to the aviation 
component of the oversized cargo delivery. Undoubtedly, 
the performance of additional functions that are 
not typical to carriers only, i.e. 2 PL (Second Party 
Logistics) operators, makes such carriers higher-level 
operators. Since in this case the carrier of oversized 
cargo assumes a number of functions that are inherent 
in 3 PL operators, namely designing and applying 
special information solutions, vehicle management, 
consolidation of shipments, repackaging and labeling, 
providing a set of loading and unloading works, it can be 
considered so-called “basic 3 PL operator” (Third Party 
Logistic) or the Integrated Logistics Service Provider. 
The prerequisites for the transformation of unique 
and oversized cargo carriers into 3 PL operators are 
presented in Figure 3.

These aspects of strategic management include 
the development of methodical tools and practical 
recommendations on strategic management of 
enterprises and can be useful for employees of transport 
and logistics companies, airlines, government officials 
and employees of local governments. The best practices 
of companies were actively used in their development.

The transformation of the strategic management 
principles of unique and oversized cargo carriers in 
the crisis period was insignificant and determined by 
the general redistribution of cargo flows. The scientific 
literature identifies main types of risks including the 

evolving into a kind of global markets for the delivery 
of such cargo on a door-to-door basis, i.e. the air carrier 
becomes a logistics operator and organizes delivery. 
Consequently, it does not perform exclusively functions 
of the carrier.

When transporting monocargoes, one of the main 
conditions for successful transportation is to ensure 
complete safety of the cargo, the condition of absolute 
preservation of the cargo properties and the speed 
of delivery. Integrated logistics systems and cargo 
movement control systems based on global satellite 
systems are very relevant information tools for 
optimizing the delivery of cargo units. Such systems are 
now being actively implemented in the international 
and domestic freight markets. The use of these systems 
allows to determine the coordinates of geographical 
objects anywhere and anytime. They are also actively 
used on road vehicles and ships to solve the problem 
of navigation dispatching. It is possible to use these 
systems to optimize the route of transportation, organize 
work and ensure the safety of vehicles.

At the same time, the delivery of oversized and 
heavy cargoes requires carriers to develop their own 
techniques of transportation. The delivery of heavy and 
oversized cargo requires consideration of a number of 
risks, ranging from delayed delivery to non-compliance 
or incomplete compliance with customs and legal 
formalities. The analysis of air carriers’ operation in 
this market is also complicated due to the performance 
of transportation in a mixed way with the use of air 
transport by airlines-operators. This type of services is 
no longer something unique, and airlines are actively 
developing it to ensure the delivery of heavy and 
oversized cargoes on the “door to door” logistics principles. 
The aircraft in the air transport market of unique and 
oversized cargoes has unique characteristics and is 
able to carry specialized heavy monocargoes. Initially, 
the entry into the world commercial aviation market 
of the military transport aircraft An-124 was perceived 
skeptically by Western experts at that time. However, 
the successful certification of transport modification of 
the An-124-100 plane allowed to testify to the beginning 
of a new era in air transportation.

Until the early 1990s, the transportation of 
turbines, rockets and generators was the prerogative of 
almost exclusively maritime transport, while the use of 
aviation to transport such cargoes, even on a permanent 
basis, seemed a real utopia. However, from the very 
beginning the airlines-operators of An-124-100 aircraft 
(and its subsequent modifications) were able to impose 
competition on maritime carriers and to prove that the 
transportation of unique and oversized cargoes by air 
has a number of serious advantages to a solid cargo 
clientele. The main ones are the speed of delivery, the 
provision of a high level of cargo safety and the absence 
of the need to divide it into separate parts, in the case 
of monocargoes. The strategic management of such 
companies has changed significantly. In times of crisis, 
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of heavy and oversized air cargo transportation 10-15 
years ago. Currently, the concept of “green airport” as an 
environmentally safe participant in the urban transport 
cluster is being actively promoted. Although the concept 
of “green airport” is relevant not only for business 
models of urban airports, it is the environmental factor 
in the city that becomes indisputably essential and 
should be addressed in the first place. 

Relevant decisions have already been made at the 
level of the International Civil Aviation Organization 
(ICAO) requiring appropriate changes in the national 
legislation of the participating countries, including 
Ukraine. The intensification of a  competition in the 
logistics market is caused by the strategic principles 
of the development of a  number of leading logistics 
operators. These are usually the previously mentioned 
divisions of leading foreign logistics companies, such 
as Kuehne+Nagel, ECOL, DB Schenker, GEFCO and 
others. The transition to the principles of integrated 
logistics and complexity of logistics solutions is also 
expressed in the strategy of leadership by the product, 
a  full customer orientation, the availability of a  value 
proposition and the network principle of forming logistics 
operator’s business model. In general, the innovative 
principles of strategic management of the logistics 4 PL 
operator are presented in Figure 4.

The definition of innovative principles of strategic 
logistics management for 4 PL operator was based on 
the use of expert analysis and a  number of sample 
observations.  

A  competence approach as dominant in such 
conditions is provided by an integrated quality 

risks associated with the transportation of cargoes. 
Regarding the delivery of special categories of cargoes, 
transport risks also increase significantly. The delivery 
of dangerous, perishable goods and live animals requires 
a  number of precautions to reduce risk levels. These 
risks are more related to the physicochemical properties 
of such goods than to the transport process. Procedural 
aspects in the delivery of these categories of special 
goods by air are clearly regulated by international 
documents such as International Air Transport 
Association (IATA) Dangerous Goods Regulations, Live 
Animals Regulations, Perishable Cargo Regulations.

Determining the prerequisites for the transformation 
of carriers of unique and oversized cargo into 3 PL 
operators was based on the use of induction, deduction, 
comparison and systematization methods, with the 
obligatory incorporation of practical experience.

Other organizational and legal forms of air 
carriers are less popular for domestic air carriers. 
Federal Express, UPS, TNT and others are engaged 
in cargo transportation on specialized cargo planes. 
The combined type of cargo transportation in both 
luggage compartments on passenger aircrafts and on 
specialized cargo aircrafts is carried out by cargo air 
carriers established as subsidiaries and in addition to 
the passenger air transport business (Emirates Cargo, 
Lufthansa Cargo, etc.). The transfer of a  specialized 
cargo aircraft as a  complete package of cargo services 
(including team and maintenance) under the wet leasing 
scheme (e.g. Aircraft, Crew, Maintenance and Insurance 
- ACMIs) is also actively practiced in world markets. 
This model was actively implemented in the market 
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logistics companies in the context of the crisis has been 
successful. While port and warehouse operators have not 
felt these negative effects of the crisis, network airlines 
are ones of the most affected. This is primarily due to 
the intersection of cargo and passenger flows in these 
types of carriers and the organization of joint business 
for the delivery of passengers and goods, which has had 
serious consequences for the freight segment caused by 
a catastrophic drop in demand and a ban on passenger 
traffic. 

Other airlines suffered much less which can be 
explained by the separation of cargo flows. The strategic 
management principles of unique and oversized air cargo 
carriers such as 3 PL operators have been changed. This 
is slightly related to the COVID-19 crisis and has much 
deeper consequences for the evolutionary transformation 
of the business model of these types of carriers. Similarly, 
the change in the strategic management principles 
of the logistics 4 PL operator cannot be considered 
a consequence of the companies’ response to the crisis. 
The preconditions for such a  transformation are long 
overdue and have reached the market in full only now.
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management system, the comprehensive analytics 
of customer business processes, the implementation 
of innovative solutions and customer relationship 
management.

6	 Conclusions

A critical analysis of the evolution of scientific views 
on the strategic management of enterprises allows to 
claim that the term “strategic management” should not 
be equated with the term “strategic planning”, as the 
latter was a preliminary stage in the evolution of scientific 
opinions. Having studied the stages of the development of 
the strategic management, the fifth stage of development 
of the strategic management theory was formed on the 
basis of further implementation of fundamentally new 
strategies, providing the development of competitive 
advantages on new paradigms of Web 2.0 strategy, the 
implementation of the network business innovation cycle, 
bioadaptive management, etc. The weak implementation 
of innovative principles of strategic management of 
domestic participants in transport and logistics markets 
was noted, while foreign logistics operators are likely to 
become the leaders. 

The key trend of recent decades is digitalization 
which is also actively implemented in the transport 
and logistics market. The concept of informatization 
of participants in transport and logistics markets 
should be implemented in the integrated information 
environment with the mandatory use of adaptation 
mechanisms and models. The greening of the logistics 
business is facilitated by the decisions of relevant 
international institutions and the desire of companies 
for business recycling. The transformation of the 
strategic management principles of transport and 
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Resume
This study proposes an approach to determine transport delays at 
unsignalized intersections, according to the theory of stationary Poisson 
flow and considering the priority of vehicle traffic in competing directions. 
The accuracy of the proposed approach was estimated by comparing the 
average values of delays of vehicles performing a left turn from a minor road 
and their actual values obtained as a result of processing data from field 
studies. The results of the accuracy evaluation at unsignalized intersections 
of non-equivalent roads indicate the obtained results' reliability, because the 
calculation error does not exceed 10 %, as well as the possibility of using the 
developed approach in the process of transport planning and unsignalized 
intersections modelling.
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The impact of transport on the environment is 
primarily determined by the downtime and delays. If 
the transport speed is high enough, the environmental 
impact is slight, particularly noise pollution. If the 
matter concerns the more frequent impact of traffic 
flows, we get more serious consequences, up to socio-
economic issues - especially for cities. A delay indicates 
excess time consumed by a vehicle, compared to the 
control value. It is one of the most widely used criteria 
for assessing the quality of traffic management at 
intersections and is used in analyzing road investment 
[1].

It should also be understood that in most cases, 
transport delays are local and private problems that 
can be observed and investigated not only in terms of 
planning the development of an overall master plan of 
the territory but in the small areas, as well. Therefore, 
to reduce the vehicle delays on the road network, it is 
necessary to determine a rational traffic light cycle at 

1	 Introduction

In recent years, a constantly rising level of 
motorization has caused vehicle congestion in Ukrainian 
cities’ road networks, especially their centers. The 
central parts of cities are characterized by a high 
density of the road network, which provides a convenient 
approach to various places of attraction, disperses traffic 
and pedestrian flows in space and creates an extensive 
network of urban passenger traffic routes. However, the 
higher the density of the road network, the more often 
traffic and pedestrian flows cross and the non-optimal 
regulation negatively affects the economy. Negative 
effects in the last decades include a significant increase 
in road accidents, increased environmental pollution 
and more frequent traffic congestion. To reduce the 
impact of a rising level of motorization, it is necessary 
to develop the effective measures to improve the road 
safety in cities [1-4] avoiding risks [5-6].
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number of vehicles in a line before the main road. It can 
be determined using the fundamentals of the queuing 
theory, provided that the secondary direction of the 
traffic can be represented as a service line with an 
exponential distribution of arrival time requirements 
and service time. In turn, t H3T  is defined as the 
difference between the time required for braking before 
the intersection and the further vehicle acceleration and 
its passing time under free conditions.

With constant deceleration and acceleration while 
changing the speed and with an exponential distribution 
of the probability of time intervals occurrence between 
cars on the main road, the average delay of a vehicle in 
this direction of the minor road can be defined as [8]:

. ,

t
N N e N t

e N t

V
a a

1
1

7 2
1 1

H
mn mr

t
mn bd

N t
mn bd

v

d a

bd

mn bd

=
- - -

- -
+

+ +

T m

b

^

l

h 	 (2)

where: 
Nnm is the main road intensity in both directions, veh./s,
Nmr is the average intensity per one lane of the minor 
road in the relevant direction, veh./s, tbd is a boundary 
interval, s,
ad, aa is deceleration and acceleration of the vehicle, m/
s2, 
Vv is the vehicle speed under free conditions, m/s

The average vehicle delay at an unsignalized 
intersection is defined as the average value of delays for 
all directions of the minor road [8]:
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where: 
Nj is the traffic intensity on the j-th direction of the 
minor road, veh./s,
n is the number of directions on the minor road.

By analogy with the Kremenets’ model, the authors 
of [9] have developed a model of the total transport delay 
for all possible directions at an X-shaped unsignalized 
intersection that can be calculated as:

T t n t d t d t d nCwi ul l ur r us s
i

n

1

= + + + +
=

^ h| ,	 (4)

where: 
twi is the time spent for the i-th vehicle waiting in a line, 
s,
n is the vehicles number per time unit, veh.,
tul , tur , tus is the average time for performing a left turn, 
right turn, moving straight, respectively, s,
dl , dr , ds is the share of vehicles moving left, right and 
straight, respectively,
C is the time for braking and acceleration, s

It should be noted that the presented model for 
calculating the total transport delays is more applicable 
for the economic assessment of traffic management 
efficiency than the average delay, which mainly specifies 
the service quality of a particular vehicle [9].

regulated intersections and pay special attention to 
reducing vehicle delays at unsignalized intersections. 
There are controversial issues at such intersections that 
cause accidents with actual damages. Thus, the problem 
under consideration is technical and socio-economic, as 
mentioned above. However, considering the situations 
where a delay is temporary and, at the same time, the 
geometry and peculiarities of functioning transport 
delay areas are diversified, it is necessary to identify the 
possibilities of the technique for eliminating delays. This 
issue requires development of mathematical models 
for determining the transport delays at unsignalized 
intersections under different conditions.

2	 Literature review

Determining the transport delays at intersections 
aims to estimate and develop effective measures to 
increase the road traffic efficiency. Methods for estimating 
the transport delays at unsignalized intersections can 
be divided into two groups: based on empirical studies 
and various analytical models. The methods of the first 
group allow to solve problems for selected local objects, 
but they are specified by sufficiently high accuracy. The 
advantages of the second group methods are operational 
versatility and flexibility, while the disadvantage is 
lower estimation accuracy. The analysis results of the 
most widely used approaches to determine delays at 
unsignalized intersections are presented below.

The basis for calculating the transport delays at 
unsignalized intersections in the post-Soviet space 
(e.g., Ukraine, Moldova, Georgia, etc.) are the results 
of Kremenets’s studies, [7-8]. He considered that when 
crossing an unsignalized intersection with indicated 
main and minor roads, time losses occurred in the 
secondary direction with the lack of driver priority in 
traffic. The study [7] noted that the components of time 
losses, even with constant intensities at intersections, 
vary over wide ranges and differ for each vehicle. 
Considering the impact of many random factors, time 
losses are estimated by the average delay of one vehicle 
and are calculated with some assumptions. In general, 
the expression for determining the average delay can be 
written as follows [7]:

t t t tH H H H1 2 3= + +T T T T ,	 (1)

where: 
t H1T  is the average waiting time for an acceptable 
interval, s,
t H2T is the average delay associated with staying in a 
line of vehicles formed on the minor road, s,
t H3T  is the average delay related to braking the vehicle 
before the intersection, s

The following t H1T  is taken as equal to the ratio 
of the total duration of unacceptable intervals to the 
number of acceptable ones, [8]. It depends on the 
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Considering the results of driver behavior 
observations, Horowitz [18] improved the queue-waiting 
model for all-way stop-controlled intersections. The 
authors of [19] developed a probabilistic model of delays 
representing the driver’s behavior when deciding on 
manoeuvring that applies to describing a right turn at 
a T-junction.

In the study [20], three existing models of delays 
at unsignalized intersections were compared: the HCM 
94 model, the Akcelik-Troutbeck model and the SIDRA 
5 model. The differences in the calculation results are 
presented in the paper and these models are improved 
based on the simulation results. The total delay at 
unsignalized junction with relative priority under [21] 
has four components: delay to deceleration (braking); 
queue delay; delay in waiting for the possibility to turn 
(waiting time for a break in the main flow); acceleration 
delay (running-away).

The authors of [22] propose models for estimating 
queuing delays and service delays at the two-way 
stop-controlled intersections, where the service delay 
is calculated as a function of the degree of competing 
flows. In turn, the average value of the service delay and 
its variance are used as input parameters for the delay 
estimation.

Kaysi and Alam [23] used a simple simulation 
model to study the traffic service quality at unsignalized 
intersections with priorities. The developed simulation 
model reflected drivers’ behavior and the traffic flow 
interaction process. The authors concluded that the 
basic models considering the peculiarities of driver’s 
behavior (driver learning and impatience, aggressive 
driver attitudes) and the interaction of traffic flows 
differ from the simple perception of critical gaps at 
unsignalized intersections.

In most cases, to clarify drivers’ behavior 
characteristics on highways, it is necessary to conduct 
time-consuming real-field investigations (video 
surveillance, survey) with subsequent processing, 
verification and calibration of obtained results. The 
question of studying drivers’ behavior at both signalized 
and unsignalized intersections has been given numerous 
research papers. The main issues that are considered in 
these scientific publications are the following: studies 
of an acceptable critical interval for various maneuvers 
implementation at intersections [24-25]; cross-roads 
capacity studies [26]; studying reasons for making false 
decisions when crossing intersections [27], etc. It should 
be understood that there are many examples when 
drivers of conflicting flows at unsignalized intersections 
cooperate. An example of such cooperation is the 
provision by main road drivers of ways right for the 
secondary road drivers in various congestion (critical) 
situations. Such cooperation is a positive from the 
viewpoint of secondary flows since delays at intersections 
are reduced for them. On the other hand, even a slight 
speed decrease in driving in main directions reduces 
intersection throughput. The best way to define truth in 

The authors of [10] proposed determining the vehicle 
delays at an unsignalized intersection based on the 
traffic flow field studies. The authors have developed a 
software package that allows to calculate the total delay 
time, average delay time, the length of a vehicle line and 
the number of vehicles that arrived. It should be noted 
that the article’s content does not clarify the models, 
methods and algorithms incorporated in the software 
shell for calculating transport delays at unsignalized 
intersections.

The foreign theory (primarily the United States, 
Australia, and Eastern European countries) of transport 
regulation focuses on estimating delays and lengths 
of queues. Transport delays and the vehicle queue 
length are the main indicators introducing the concept 
of level of service (LOS) and used in assessing the 
adequacy of road lane length before the intersection, 
fuel consumption and exhaust emissions. Today’s delay 
models used for intersections are generally described 
from deterministic and stochastic points of view to 
reflect both the constancy and randomness of traffic flow 
properties [11].

Tanner’s approach is one of the first attempts 
to calculate delays at unsignalized intersections for 
vehicles moving in a secondary direction [12]. His 
approach is based on the following issues: vehicles 
arrive at the intersection randomly; the main traffic flow 
creates an alternating updating process with the time 
spent on crossing the intersection by a group (bunch) of 
vehicles, while the time intervals between the groups 
(bunches) of vehicles are distributed exponentially; the 
vehicles of secondary direction cross the main road at 
regular intervals during the presented interval, which 
is limited by the arrival time of the next group (bunch) 
of vehicles.

In turn, Kimber et al. [13-14] proposed an approach 
to estimate delays at an unsignalized intersection 
and predicted the length. Authors have analyzed the 
correlation between the delay and traffic flow intensity 
for minor roads.

In the paper [15], Troutbeck proposed to consider 
the following parameters in the model for determining 
vehicle delays at unsignalized intersections: an average 
delay with a little secondary flow; a degree of the 
secondary flow saturation; an indicator that quantifies 
the effect of minor flow queuing.

For intersections with the traffic priority, 
Heidemann [16] presented a formula for calculating 
transport delays on a secondary road as a saturation  
function.

For example, in the two-way stop-controlled 
intersections, the authors of [17] divided the total 
transport delay into queuing and service delays. In this 
case, the queue delay is determined by the time from 
the arrival of the vehicle at the end of the queue to its 
approach to the stop line. In turn, a service delay is a 
time between the vehicle’s arrival at the stop line and 
its departure.

https://journals.sagepub.com/doi/full/10.1177/0361198120925258
https://proceeding.researchsynergypress.com/index.php/cset/article/view/564/680
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delays at unsignalized intersections based on applying 
micro-modelling and regression dependencies. Particular 
attention should be paid to Caliendo’s work [35]; the 
presented models of the delay time, downtime and 
peak queue were developed using AIMSUN and can be 
used for decision-making by transport infrastructure 
designers and road operators.

One of the recent studies should be emphasized [36], 
where modelling the transport delays at unsignalized 
intersections, using an artificial neural network was 
carried out using Malaysia as an example. Obtained 
results showed that the neural network, could predict 
the delay at unsignalized intersections more accurately 
than the approaches presented in the Malaysian HCM 
and HCM 2010. The accuracy of the developed models 
was estimated based on the field study results at three 
intersections with different configurations.

In addition to traffic flows, the transport delays 
amount within a coverage area of unsignalized 
intersections is impacted by pedestrian crossing 
presence. Pedestrian flows create additional obstacles to 
traffic and can be accident reasons since it is extremely 
difficult consider the pedestrians’ behavior by drivers 
driving through the unsignalized intersections. The 
study of accounting challenges for pedestrians and 
drivers’ behavior within unsignalized intersections is 
described in many scientific publications. Turner et al. 
[37] evaluated various engineering measures that could 
be used to improve pedestrian safety within unsignalized 
intersections and formulated recommendations on the 
feasibility of using them at various kinds of unsignalized 
intersections. In the investigation [38], a large volume 
of real-field observations of transport and pedestrian 
flow interaction, within unsignalized intersections, were 
carried out. The obtained results are more aimed at 
accounting for pedestrian behavior for delays in mixed 
traffic conditions. Moreno et al. [39] designed a model 
predicting the pedestrian behavior at an unsignalized 
intersection at different locations around it. The results 
show that the model can provide crossing intentions 
within a 3-second time window. In addition to the 
above, a separate component of traffic participants can 
be considered categories of persons with special needs, 
which include blind, elderly, children and people with 
limited mobility, which significantly affect the traffic 
conditions and efficiency at unsignalized intersections. 
For such person categories, engineering structures are 
developed and information tools are introduced based 
on smart technologies that increase the driving safety on 
street and road networks. Information to these persons 
about the current traffic functioning can be obtained 
through the corresponding applications in smartphones, 
as well as smart bracelets [40-41]. 

It should be noted that most of the analyzed 
studies were performed in countries where the traffic 
management at unsignalized intersections, their 
geometric parameters, drivers’ behavior and traffic rules’ 
abidance are significantly different from Ukrainian 

this matter may be using software complexes of traffic 
modelling.

Based on the simulation modelling results by 
AWSIM, the authors of [28] developed empirical models 
for estimating delays and queue lengths at all-way-
stop-controlled intersections. A better correlation than 
exponential form models characterizes the proposed 
generalized form of the delay model. In the paper [29], 
Luttinen studied the relationship between the delay and 
a traffic on minor roads.

Cvitanic et al. [30] developed a new model for 
estimating the total delay at unsignalized intersections 
using the queuing theory. Brilon in [31] tried to test 
methods for calculating delays based on the queuing 
theory. The author developed a technique using Markov 
chains to obtain numerically accurate results. Stochastic 
modelling and empirically obtained data were used to 
assess the accuracy of obtained approximating models. 
The author has developed equations that can be used to 
calculate the value of delays at unsignalized intersections 
under the free traffic conditions.

Chandra et al. [32] developed a service delay model 
and conducted a microscopic analysis of delay in mixed 
traffic. The study revealed a significant impact of the 
share of heavy vehicles in the conflicting flow on the 
value of service delay.

The Transportation Research Board presented a 
procedure for estimating transport delays at unsignalized 
intersections in HCM [33]. In this case, delays are 
estimated separately for each secondary direction flow 
and left-turning flows of the main direction. According to 
this study, a delay is the time from when a vehicle stops 
at the end of the queue to when the vehicle leaves the 
stop line. A similar approach is used in the Malaysian 
HCM [33].
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where: D total delay, s/veh.,
Vx - flow speed for traffic direction x, veh./h,
Cm,x - throughput of direction x, veh./h,
T - period of analysis, h (T = 0.25 for a 15-min period).

In turn, the average delay for the secondary 
direction is estimated as a traffic capacity function and 
a saturation degree, where the capacity is expressed as 
a function of the degree of the conflicting flow.

The author of [34] proposed a new approach to 
determine delays at unsignalized intersections that 
allows one to estimate the change in the average 
delay depending on the previous queue and variable 
throughput. The advantage of this approach is the 
possibility of obtaining sufficiently accurate results for 
an extended period, for example, a day.

Another group includes approaches to determine 

https://www.researchgate.net/publication/235947343_Motorist_Yielding_to_Pedestrians_at_Unsignalized_Intersections_Findings_from_a_National_Study_on_Improving_Pedestrian_Safety
https://www.researchgate.net/publication/338513506_ROAD_CROSSING_BEHAVIOR_OF_PEDESTRIANS_AT_UNSIGNALIZED_INTERSECTION_UNDER_MIXED_TRAFFIC_CONDITION
https://www.mdpi.com/1424-8220/23/5/2773
https://journals.vilniustech.lt/index.php/Transport/article/view/10402/8930
https://link.springer.com/chapter/10.1007/978-3-319-76998-1_32
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based on data obtained during the empirical 
observations.
It should also be noted that the proposed models are 

being created for the first time. 

4	 Study materials on vehicle delays  
at unsignalized intersections development  
of analytical models of vehicle delays  
at unsignalized intersections

4.1	 Unsignalized intersection with equivalent 
directions 
Suppose that ,1 2m m  are the intensities of vehicles 

approaching an unsignalized intersection from competing 
directions, s-1, ,1 2T T  - time to pass the intersection by 
vehicles moving in competing directions time to pass the 
intersection by vehicles moving in competing directions, 
s Then congestion of the directions will be determined 
as:
•	 for direction 1

1 1 1Tt m= ,	 (6)

•	 for direction 2

2 2 2Tt m= .	 (7)

In turn, the average duration of the loaded period 
for each direction is determined as follows:
•	 for direction 1

P 11
1

1T
t= - ,	 (8)

•	 for direction 2

P 12
2

2T
t= - .	 (9)

In this case, the total congestion of both directions 
of the equivalent unsignalized intersection will be 
determined as the sum of Equations (6) and (7)

1 2t t t= + 	 (10)

and the total intensity of vehicles approaching to an 
unsignalized intersection of equivalent directions is:

1 2m m m= + .	 (11)

Using Equations (10) and (11), will make it possible 
to determine the average passing time of the dynamic 
dimensions of a vehicle across an equivalent unsignalized 
intersection in Equation (12) and the average duration 
of the loaded period when vehicles cross a two-way 
intersection in Equation (13):

T
m
t

= ,	 (12)

realities. Almost all the considered approaches for 
determining the transport delays refer to unsignalized 
intersections of two types: two-way stop-controlled and 
all-way stop-controlled, that indicates development 
of models for determining delays at unsignalized 
intersections, with an organization that differs from the 
worldwide traffic, for example, unsignalized intersections 
of equivalent roads are often found on the territory of 
Ukraine. The priority in developing a new approach 
should be given to analytical modelling, allowing one 
to obtain universal models, which will be possible at 
unsignalized intersections of any type. The developed 
approach will be based on the principles of the simplest 
flow, which will allow for taking into account the priority 
of vehicles passing in conflicting directions.

3	 Purpose and objectives of the study 

A general scientific challenge addressed in this 
study is improving the road traffic efficiency in urban 
areas. Herewith, the study object is traffic flows through 
unsignalized intersections. This problem cannot be 
considered as well-studied, confirmed by numerous 
research and design works analyzed in this field. In 
such cases, various approaches are used to determine 
the transport delays - from analytical models to applying 
specialized software, for example, VISSIM or others [42-
43]. It should be understood that the software tools for 
modelling the transport flows allow specialists to obtain 
an important data set for analyzing and predicting 
traffic, including the transport delays. However, 
information completeness received ensures applying 
only the commercial versions of such a software, which 
is not always accessible to Ukrainian transportation 
planning and modelling experts because their costs 
are high. The main focus of the paper is on designing 
analytical models for determining transport delays 
at unsignalized intersections.The main focus of the 
paper is on designing analytical models for determining 
transport delays at unsignalized intersections The main 
model advantage is the possibility to accurately assess 
received calculations based on empirical results of traffic 
observations at these road infrastructure objects. 

That is why the main focus of the paper is to create 
the main paper aims to create mathematical models 
for calculating transport delays at various types of 
unsignalized intersections: with equivalent and unequal 
traffic directions. Therefore, the priority study objectives 
are the following:
•	 Theoretical aspects are designing analytical 

models of average transport delays at unsignalized 
intersections with different priorities;

•	 Experimental studies conduct and process the traffic 
flow video surveillance results at unsignalized 
intersections. The proposed approach assesses the 
accuracy of results of calculating the transport 
delays according to developed analytical models 
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•	 for direction 2

B
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2T
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-^ h

.	 (20)

The average vehicle delay for each equivalent 
direction of an unsignalized intersection is calculated 
based on Equations (17) and (18):
•	 for direction 1
•	
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•	 for direction 2
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In turn, the average vehicle delay at an unsignalized 
intersection of equivalent directions can be calculated 
as:

W
W W
1 2

1 1 2 2

m m
m m

=
+
+ .	 (23)

4.2	 Unsignalized intersection with  
non-equivalent directions (relative priority)

The first direction has a relative priority compared 
to the second direction (allowing them to complete the 
movement of a vehicle arriving at the intersection from 
the second direction).

The approach to determining the vehicle delays 
at an unsignalized intersection with non-equivalent 
directions and the assumption that the flow of vehicles 
approaching the intersection is stationary is identical as 
for the case 4.1. The main difference is the consideration 
of vehicles manoeuvring at unsignalized intersections 
with relative priority. So, the average delay for vehicles 
of the main (first) direction is calculated as follows:

W
2 1

1
1

1 1
2T
t

m
=

-^ h
.	 (24)

The average delay of the secondary (second) 
direction vehicles is calculated as a matter of necessity 
for the mandatory passing of vehicles moving along the 
main (first) direction:

W
2 1 1

2
1 1

1 1
2 2

2 2

2

T T
t t t
m m

=
- - -

+
^ ^h h

.	 (25)

P 1
T
t= - .	 (13)

If the total intensity of vehicles approaching to an 
unsignalized intersection of equivalent directions is 
known, it becomes possible to determine the average 
free time If the total intensity of vehicles approaching 
to an unsignalized intersection of equivalent directions 
is known, it becomes possible to determine the average 
free time:

T 1
0 m
= .	 (14)

The average passing time of vehicles from each of 
the equivalent directions of an unsignalized intersection 
is determined based on the values of the average 
duration of the loaded period for vehicles crossing the 
intersection:
•	 for direction 1

T P P
P

P1
1 2

1= + ,	 (15)

•	 for direction 2

T P P
P P2
1 2

2 = + .	 (16)

Here is used an assumption of the stationary flow 
of vehicles approaching to an unsignalized intersection. 
It follows that a vehicle arriving at an unsignalized 
intersection can get into three probable states:
{0} - free intersection;
{1} - the intersection is loaded with vehicles moving from 
the first direction;
{2} - the intersection is loaded with vehicles moving from 
the second direction.

Taking into account this fact, the stationary 
probability of an arriving vehicle getting into the 
corresponding state will be determined as:

p T T T
T

i
i

0 1 2
= + + .	 (17)

Given the assumption stated in the work, as well 
as taking into account the equation for calculating the 
average waiting time of Zilbertal [44], the conditional 
average delay time of vehicles of the i-th direction got 
into the delay state can be defined from Equation (18):

, .T T
B
i2 1 2i

O

i

i= = ,	 (18)

where: 
Bi is the second moment of the loaded period of passing 
the i-th direction of an unsignalized intersection (the 
mathematical expectation of a squared random variable).

Within the limits of this work, the second moment 
of the loaded period of passing in each direction is 
calculated as:
•	 for direction 1
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intersections, the average values of traffic intensity for 
the morning peak period on weekdays have been defined. 
The results are shown in Figure 1.

Based on the results of traffic studies at selected 
intersections, the average values of the actual vehicle 
delay, when performing the left turn from a minor road, 
are determined: it is 37.9  s for the intersection of Les 
Serdyuk St. -Novo-Solonetskaya St., it is 27.3 s for the 
intersection of Saltovskoye Shosse St. - 7th Gvardeyska 
Army St. 

Based on the obtained values of the traffic 
flow intensity and passing time of vehicle dynamic 
dimensions, the delay values for vehicles performing 
the left turn from a minor road are calculated using 
Equations (6) - (20), (24), (25) (direction 2-3, Figure 1). 
Thus, the estimated delay values for vehicles performing 
a left turn from a minor road are 34.2 s for the 
intersection of Les Serdyuk St. -Novo-Solonetskaya St. 
and 24.8 s for the intersection of Saltovskoye Shosse St. 
- 7th Gvardeyska Army St.

Estimating accuracy of calculation for average values 
of transport delays, defined with designed analytical 
models is carried out by their comparison to empirical 
delay values of vehicles performing a maneuver to turn 
left from the secondary road. For both unsignalized 
intersections selected as objects of experimental studies, 

Additionally, the average vehicle delay at an 
unsignalized intersection with non-equivalent directions 
is calculated similarly to Equation (23).

5	 The field study results of transport delays  
at unsignalized intersections

The developed approach for determining delays at 
unsignalized intersections was tested on the example 
of two T-junctions with a relative priority (unsignalized 
intersection with non-equivalent directions), where the 
delay was determined for vehicles performing a left 
turn from a minor road. To obtain the initial data 
(traffic intensity in directions, passing the time of the 
dynamic dimensions, the actual time of vehicle delay) 
for calculating vehicle delays, video monitoring of traffic 
flows was carried out at unsignalized intersections in 
Kharkiv: Les Serdyuk St. -Novo-Solonetskaya St. and 
Saltovskoye Shosse St. - 7th Gvardeyska Army St.

Video monitoring was organized in such a way as 
to have the possibility to record vehicle movement in all 
directions. Current traffic monitoring was carried out in 
the morning peak period (7.30 - 8.30 a.m.) on weekdays 
(from Monday up to and including Friday). As a result of 
processing the field study materials of traffic at selected 

    
a

					   

       
b

Figure 1 The cartogram of vehicle traffic intensity: a - the intersection of Les Serdyuk St. -Novo-Solonetskaya St. b - the 
intersection of Saltovskoye Shosse St. - 7th Gvardeyska Army St.
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Novo-Solonetskaya St., a simulated traffic model was 
designed according to the following data (Figure 2):
•	 traffic flow intensity - average weekdays peak values 

are considered (Figure 1);
•	 traffic composition: on the main road (Les Serdyuk 

St.) - cars 94 %, trucks (lorries) 5 %, buses 1 %; by 
minor road (Novo-Solonetskaya St.) - cars 98 %, 
trucks (lorries) 2 %;

•	 permitted speed - up to 50 km/h;
•	 overall vehicle dimensions - cars: length up to 5 m; 

width up to 2.1 m; trucks: length up to 11 m; width 
up to 2.5 m; buses: length up to 12 m, width up to 
2.5 m.
According to the simulation results, the average 

delay values of vehicles turning left from the minor road 
to the main road and general delays at the intersection 
were set. The results confirm the preliminary conclusion 
on a sufficiently high accuracy of delay calculation 
based on the proposed analytical models (Figure 3). It 
should also be noted that the deviation of the results 

the average relative deviation does not exceed 10 %: for 
the intersection Les Serdyuk St. -Novo-Solonetskaya 
St. - 9.8 %; for the intersection Saltovskoye Shosse St. - 
7th Gvardeyska Army St. - 9.2 %. The obtained results 
indicate a relatively high accuracy of modelling the 
transport delays at unsignalized intersections using 
designed analytical models and the possibilities of their 
application in practice.

6	 Discussing the study results of transport 
delays at unsignalized intersections

Currently, the main way to represent the traffic flow 
is through traffic simulation on streets and highways. In 
this study, VISSIM was used to evaluate the proposed 
analytical models for determining delays at unsignalized 
intersections and to assess the effect of increasing the 
traffic intensity on main and minor roads on its value. 
For the unsignalized intersection Les Serdyuk St. - 

Figure 2 Visualization of Vehicle Routes at Les Serdyuk St. Intersection - Novo-Solonetskaya St.  
using VISSIM

Figure 3 Results comparison of calculating vehicle delays turning left from the minor road to the main traffic  
direction at unsignalized intersections Les Serdyuk St. - Novo-Solonetskaya St.
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which researchers are actively using are the next: 
intersection geometry, traffic intensity, dynamic 
vehicle characteristics, traffic composition (most often 
represented through freight transport share), pedestrian 
traffic intensity (if pedestrian crossings are within the 
intersection), as well as drivers’ behavior. Analytical 
models, based on the proposed approach for determining 
delays at unsignalized intersections, consider most of the 
above factors. They can be used to preliminary assess 
the traffic conditions at unsignalized intersections.

It should be added that when calculating delays 
from designed analytical models, empirical data 
on passage time of intersection vehicles were used 
(averages: the main road is 2 s; the minor road is 8 s), 
characterizing the specific intersections and specific 
time periods during which it was recorded, which may 
affect calculation accuracy of the transport delays under 
other conditions and other unsignalized intersections. 
To improve the calculation accuracy of transport delays 
according to designed analytical models, it is necessary 
to consider the stochastic characteristics of parameters 
for process variables during appropriate maneuvers 
implementation (mergers, crossing) at unsignalized 
intersections. With this parameter, a critical time 

in calculating delay average values of vehicles turning 
left from the minor road to the main traffic direction 
obtained using Vissim (35.2 s) from their empirical 
value (37.9 s) is about 7 %. This percentage characterizes 
the obtained transport model as suitable for the initial 
assessment of traffic terms at unsignalized intersections 
and for providing a simulation experiment.

A good opportunity is having a simulation model 
at one’s disposal. It helps to study the nature of impact 
of the amount traffic intensity changing in different 
directions on delay values at selected unsignalized 
intersections. This study analyzed the effect in traffic 
volumes changes (increase in intensity from 5 % to 25 %) 
separately on the main and secondary roads on vehicle 
delays turning left from the minor road to the main one 
(Figure 4) and total delays (Figure 5).

The obtained data indicate a significant impact on 
delay values in traffic intensity in the main direction 
(main road). This influence is especially noticeable 
with an increase in intensity on the main road by more 
than 10-15 %. With a further increase in intensity, the 
appearance of congestion is observed.

It should be noted that factors affecting the transport 
delay value quantity at unsignalized intersections and 

Figure 4 Effect characterization of traffic intensity change on average vehicle delays turning left  
from Novo-Solonetskaya St. to Les Serdyuk St.

Figure 5 Effect characterization of traffic intensity change on values of total vehicle delays at unsignalized  
intersections Les Serdyuk St. - Novo-Solonetskaya St.
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Improvement of the proposed analytical models 
is possible by considering probabilistic components in 
them, when drivers perform appropriate maneuvers 
on main and minor roads at acceptable limit intervals 
(critical gap).

It is necessary to conduct additional real-field 
traffic observations to obtain a complete and accurate 
assessment of actual vehicle delays at selected 
intersections.  It allows for obtaining a larger data 
array, determining the trip times of dynamic vehicle 
dimensions of different types while fulfilling various 
maneuvers in all the possible traffic directions.
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interval can be chosen between cars (critical gap), which 
can be determined by several approaches [24, 45-49].

Given the traffic management similarity at 
unsignalized intersections and exits from adjacent 
areas to city highways, it is advisable to consider the 
possibility of adapting designed analytical models for 
determining the transport delays at entrances (exits) 
from such urban road network elements.

7	 Conclusions

The analysis results of current methods for estimating 
transport delays at unsignalized intersections indicate 
the limited capabilities of models based on empirical 
data and a relatively low accuracy of calculations using 
analytical models.

The developed approach to determine delays at 
unsignalized intersections is based on the principles of 
a queuing system, considering the priority of traffic in 
competing directions.

The findings of evaluating the accuracy of calculating 
the delays of vehicles performing a left turn from a minor 
road using developed analytical models, at selected 
unsignalized intersections, indicate their reliability and 
objectivity (divergence is not higher than 10 %), as well 
as the possibility of their use for preliminary assessment 
of traffic conditions at unsignalized intersections. The 
traffic simulation results in Vissim confirm the high 
accuracy of the delay calculation using the proposed 
approach.
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Resume
The article deals with the problem of estimating criteria of the road 
traffic quality used in domestic (Belarus) and foreign research works. 
Each separate property of the road traffic, as well as their entire set - the 
so-called “quality”, can be assessed by means of losses - the smaller the 
loss is, the better the property and the higher the quality are. Evaluation 
using losses, which are expressed in money, is very convenient and clear, 
since it allows comparing contradictory properties of road traffic not only 
the each other, but the costs’ expenses involved in their improving, as well. 
The value of the costs estimate of the time spent by a user in the process of 
travelling has not been officially established and is the subject of research. 
The proposed methodology makes it possible to assess, not only the quality 
of the road traffic in general, but its main components, as well, for example, 
traffic management or road conditions. It has been proved by methodology 
implementation findings on the streets in Minsk.
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characteristics of public transport, reduce the so-called 
haulage time and to increase the efficiency of its use, to 
improve the overall road safety. The variability of the 
duration of a trip is peculiar to all the types of transport, 
although it is most clearly manifested in the urban road 
transport. It often results in significant additional time 
spending for the population. At the same time, there are 
still no methods allowing conducting a  comprehensive 
economic assessment of the costs associated with the 
time of travelling by urban public transport. It is obvious 
that implementation of measures and projects to improve 
the work of urban public transport and to develop the 
transport infrastructure and traffic conditions in cities 
causes changes in the conditions of the land transport 
movement and directly affects the time spent by users 
of the urban public transport for travelling. Accordingly, 
the reduction in total travel time leads to the possibility 
of using the resulting savings in a  more efficient way. 
Thus, one can say that the travel time is for the most 
part an overhead time in a person’s life. Hence, there is 
an interest in minimizing the time spent on transport 
movements in cities.

Currently, it is necessary to develop a methodology 
for assessing the costs associated with the time of travel 

1	 Introduction

The problems of motorization are relevant for many 
countries, including Belarus, where, according to expert 
data, the road transport currently provides more than 
70 % of the volume of passenger traffic and more than 
74.5 % of the volume of freight traffic and the high social 
importance of passenger road transport is due to the fact 
that it provides 85 % of work trips in cities. In the urban 
passenger transport system, the key participant is the 
resident facing the need to commute [1]. Human activity 
is determined by the presence of many alternatives of 
travelling (the ability to choose the method and route of 
transport), as well as the target function (minimization of 
costs associated with travelling, quality of transportation/
trip). The choice of people is determined not only by the 
costs and time of travel, it also depends on reliability of 
transportation provided.

It should be noted that the use of individual 
means of mobility changes the structure of road traffic, 
redistributes passenger traffic in favour of a  new type 
of traffic. It allows reducing the intensity of using car 
traffic and public transport, unclog the road network and 
increase the speed of traffic flow, improve the qualitative 
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by financial and time losses, but by the comfort and 
safety of travelling, as well. The use of personal mobility 
devices changes the structure of travel, redistributes 
a  passenger traffic flow in favour of a  new means of 
travelling, enables to unload the road net and to increase 
the travelling speed of a  traffic stream, to improve the 
qualitative indicators of public transport functioning. 
Personal mobility devices also makes possibility for 
reducing the so-called “transportation time” out of the 
common time budget and to advance the efficiency of 
their use, to improve the overall road traffic safety.

Increase in the number of personal cars causes 
traffic jams and boosts the number of car accidents. 
It brings on emissions of harmful substances and 
greenhouse gases into the atmosphere, increase in noise 
level. All of these deteriorates the road traffic quality as 
a whole.

Problems of motorizations are of great current 
interest for many countries, including Belarus. In 
the system of urban public transport, a  city resident 
is a  crucial participant who faces the necessity to 
commute. Person’s activities are conditioned by many 
alternatives of travel (an opportunity to choose the 
means and routes of travel, type of vehicle), as well as by 
the target function (costs minimization connected with 
travelling, the quality of travelling) [5-7]. People’s choice 
of transport is conditioned not only by financial and 
time losses, the comfort of travelling, but it depends on 
the safety of transportation. The variety in trip duration 
is unique to all modes of transportation, although it is 
most visible in urban road transportation. It frequently 
leads in significant extra time spent by the populace. 
At the same time, no tools exist for undertaking a  full 
economic assessment of the expenditures connected with 
the time spent traveling by urban public transportation.

It is obvious that the implementation of measures 
and projects to improve the work of urban public 
transport and to develop the transport infrastructure 
affects the time spent by the users of urban public 
transport on travelling. The reduction in total travel time 
leads to the possibility of using the resulting savings in 
a more efficient way.

One must distinguish economic losses in road 
transport from those in the road traffic, though they are 
closely connected. Losses in the road transport system 
- are the total losses in all the subsystems, including 
the road traffic system. It is common knowledge that 
the road transport system includes such subsystems as 
roads, means of transport, automobile transportation, 
protection of rights, motorway service, personnel 
training, etc. In all of these subsystems great economic 
losses can be found, which are connected with the 
following:
•	 production prime costs (including service) 

- practically everywhere in Belarus due to the 
outdated equipment, faulty technologies, the quality 
of the labour force, transportation process expenses 
etc., the production prime costs are much higher 

by urban passenger transport and the reliability of the 
urban transport system. This will provide an adequate 
assessment of the effectiveness of investments in the 
implementation of projects to organize the road traffic 
and improve the work of urban transport systems.

Losses can be used to evaluate both the individual 
characteristics of road traffic as well as the overall 
collection of those characteristics, or so-called “quality”; 
the smaller the loss, the better the characteristic and 
the higher the quality are [1-2]. Evaluation using 
losses that are expressed in money is very practical and 
straightforward since it enables comparison of opposing 
characteristics of road traffic not only to one another but 
also to the costs associated with their improvement. [3]. 
Obviously, when assessing the quality of the road traffic, 
those costs must be compared that cover all the aspects 
of the urban transport system.

The value of the loss costs estimates of the time 
unit by the user in the process of travelling has not been 
officially established and is the subject of research. 
The proposed methodology makes it possible to assess 
not only the quality of the road traffic in general, but 
its main components, as well, for example, the traffic 
management or road conditions.

2	 Literature review

The system of the road transport fulfils 2/3 of 
the total volume of transport services. 8-10   % of 
the working population is involved in the road traffic 
services. Each person deals with the road transport 
system for about one hour per day on average, it means 
they spend up to 7 % of their active time. Consequently, 
the road transport together with the road traffic serve as 
one of the most important life-sustaining environmental 
systems in modern society [1-2].

Due to the gigantic scale and other peculiarities 
of the road traffic, even minor drawbacks in its work 
cause enormous losses in economic, environmental, 
safety and social spheres. As far as the shortfall in work 
of Belarusian road traffic is quite significant today, the 
losses are so great that they affect the development of 
the state and the population wellbeing.

According to the UNO report on studying 
urbanization prospects, about 66 % of the planet 
population (6.5 B people) will live in cities by 2050. At 
the same time, according to the World Bank, 80 % of 
gross domestic product is generated by cities, they are the 
heart of economic and social interaction [2, 4]. Transport 
systems play a crucial role in the development of urban 
areas, as they are an important component of Public 
Economics: transport systems ensure the mobility of the 
population, expand trade and business opportunities. 
Transport increases the competitive ability of cities, 
improves the economic environment of regions and living 
standards.

People’s choice of transport is conditioned not only 
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the country’s population takes part in it, our roads, 
streets and facilities are public ownership. For these 
reasons, transport maintenance costs are considered 
as public, whole-of-government, nationwide. That is 
why any loss in the transport system, regardless of the 
reason, consequences or casualties, is a national loss. As 
a result, any losses in the road transport or road traffic 
systems, regardless of the fact whether we know about 
them or not, turn out to be our own losses. Consequently, 
all of us are extremely interested in the decrease in 
these losses.

The notion “transport maintenance costs” has several 
meanings. In its first meaning, when we speak about the 
huge regional or national road transport systems, it 
usually denotes an overall costs taking into account all 
the components of the system. A  noteworthy detail is 
that while choosing means of travelling, people assume 
not the physical time losses, but base on a psychological 
assessment of the travel duration. Therewith, the 
psychological assessment of travel duration is 
inadequate. For this reason, a notion of overhead (total) 
costs of time is usually used, which is obtained in view 
of weighing coefficients of a psychological assessment of 
travel duration. Such approach to calculations suggests 
that the coefficient value does not depend on the time 
period and travel conditions. Apart from the time period, 
the psychological assessment of travel duration is also 
influenced by individual psychological peculiarities of 
a  person, his physical well-being and conditions of 
travelling [5, 8]. People can estimate actual time losses 
in an adequate way or not, over- or underestimate the 
value. It means that while choosing the technical and 
technological maintenance of transportation processes 
to get adequate results, one should take into account the 
combination of factors, which determine the time spent 
by the users of urban public transport on travel and 
influence the psychological assessment of its duration. 
The value of monetary estimate of a time unit loss while 
travelling is not discovered in Belarus yet. It is a subject 
for research. To sum it up, the travel time is mostly 
overhead time of a person’s life. Therefore, it is of great 
interest to minimize the time losses while travelling 
around a city [5].

Value of Travel Time Savings (VTTS) is the most 
important factor in assessing the profitability of 
investments in transport infrastructure [9-11]. Becker 
[12] and DeSepra [13] were the first to find a solution in 
the field of economic theory of time assessment, drawing 
the dependence of time allocation on a consumer choice, 
based on utility maximization and taking into account 
the restrictions on income and the minimum time 
required to perform any actions. They used a variety of 
methods to assess people’s preferences to pay for time 
savings. Where it was possible to observe behavioural 
patterns, for example, the choice of a mode of transport 
or route, as well as to track other random factors, 
ratings were derived based on the revealed preferences. 
The most commonly used methods are those of 

than in the mature developed economies;
•	 not the best possible decisions are made - there are 

not the best road locations, wrong location of fuel 
stations, prolonged time periods of construction, 
reconstruction or repair work, etc.;

•	 the second-rate reliability and short exploitation 
time period of the products used in the road 
transport infrastructure - technological machines 
and equipment, tools, training systems, etc.

•	 An important role is played by the quality of final 
products and services, which are produced in the 
road transport infrastructure, but they are revealed 
already in the process of travelling: the quality 
of roadway paving, of vehicles, of management 
systems, personnel training, etc. One can easily 
notice that the quality discussed, together with 
the faulty traffic process control, is one of the main 
causes of economic losses in the road traffic. Those 
losses are associated with optional expenses of the 
traffic process that are mostly of economic value. 
They are the following:

•	 delay (time loss) of transport through reducing 
the speed of movement or through an unwanted 
standstill in a street and road network;

•	 coming to a  full standstill, which consists of such 
stages as putting on the brake, the standstill itself, 
starting the movement and accelerating;

•	 excess mileage in all of its forms;
•	 excess fuel consumption through an unfavourable 

brake-release mode;
•	 accelerated vehicle and road surface wear through 

an unfavourable brake-release mode;
•	 pedestrians’ delay (time loss);
•	 pedestrians’ excess mileage;
•	 delay of passengers (they are taken into account as 

a part of the delay and excess mileage of transport).
The list above discusses the so-called immediate 

expenses. However, there are also the mediate (direct) 
expenses such as, for example: loss of profit by traffic 
participants due to unplanned traffic delays, losses of 
profit in related sectors due to failure to deliver duties, 
loss of expected gain due to partial use of opportunities, 
etc. All of the above results in enormous economic losses.

All the processes in the road transport system 
can be roughly divided into two stages - preparation 
for travelling and the travelling process itself. During 
the first stage, all the necessary infrastructure is 
created: road construction and maintenance, production 
(or acquiring) and maintenance of vehicles, creation 
of management systems, personnel training, etc. At 
the second stage, passengers and cargo are relocated 
in the created conditions. Obviously, very significant 
expenses are required at the first stage - the so-called 
expenses in the infrastructure. Of no less importance 
are the expenses of the second stage - travel (relocation) 
expenses: time losses, fuel consumption, road and vehicle 
wear, emissions, car accidents, etc. And one more thing. 
Road traffic caters for all the spheres of our life, all 



A140 	 K A P S K I  e t  a l .

C O M M U N I C A T I O N S    3 / 2 0 2 3 	 V O L U M E  2 5

The studies by Concas and Kolpakov recommend 
a  rate of 50 % of the average salary in a  country both 
for commuting and for other personal trips [15]. They 
assign the VTTS to only 35 % of travel time reduction in 
urban public transport while sitting and 100 % - when 
travelling while standing and up to 175 % of earnings 
- to the waiting in uncomfortable conditions. The TAG 
[14] and Zhang et al. [16] recommend that the VTTS 
should be doubled in comparison with the normal value 
for walking and cycling and 2.5 times when waiting, 
although cycling can be considered as a beneficial use of 
time. The Value of Travel Time Savings is of practical use 
for assessing the social benefits resulting in transport 
projects implementation, but they are difficult to use 
for predicting the number of people who will choose 
a particular mode of transport or route. These aspects 
determine the differences in travel time reduction 
estimates. At the same time, such assessments should 
take into account the possibility of using the travel time 
for remote work, taking into account development of 
modern information and telecommunication technologies 
and robotics, for physical exercise (cycling) and so on. 
Variations in the duration of the trip over a  certain 
period of time would be different for different pairs of 
points of the beginning and end of the trip, depending 
on both the reliability of each segment of the trip and 
the correlation of delays between the segments. Value 
of Travel Time Savings (VTTS) Studies are conducted 
not only to understand the motivations of users’ travel 
decisions, but to assess the impact of measured factors 

stated preferences, which use questionnaires to identify 
a  hypothetical choice of a  travel option that varies in 
several dimensions. This approach enables a researcher 
to take into account a number of behavioural alternatives 
and independent variables.

Most studies use discrete choice technologies (choice 
from a  finite set of alternatives), for example, logistic 
analysis to assess parameters that affect the choice of 
a particular mode of transport or route. As the number 
of published studies was growing, some researchers also 
began using the meta-analysis to assess the reasons for 
the variation in results of individual studies [1, 5]. Value 
of Travel Time studies conducted in the United States 
have found that the value of business travel time is often 
set equal to the gross hourly costs of working hours, 
including payroll taxes and fringe benefits. Some studies 
have found that the time value for car users is lower 
than for drivers and the time value for shopping travel or 
recreation trips is lower than that for commuting.

In the UK, as seen from the work by Mackie et al. 
and from the UK Transport Analysis Guidance (TAG) 
[14], it is customary to distinguish between modes of 
transport by the average income of the population and 
not by the distance. The Value of Travel Time Savings 
(VTTS) value for commuting to and from work is set at 
less than 25 % of the business trips average and VTTS 
for other purposes is 90 % of the value for commuting. 
Gwilliam assumes that the World Bank uses 33 % of 
hourly household income for adults and 15 % for children to 
estimate the VTTS [10].

Table 1 Determination of VTTS valuation by different experts

Value of Travel Time Savings (VTTS)

Source/Researcher For business and work trips For educational/cultural/
personal (for recreation) trips

Remark

Venables [18] 61 % of the gross costs of hiring 
or 85 % of the employee’s gross 
salary

Applied to the French 
accounting
system

Boiteux and Baumstark [19] 61 % of the hourly costs of 
employment or 85 % of the 
employee’s gross wages

Recommends increasing 
VTTS by 50 % with high 
occupancy of the interior of 
urban passenger transport 
and 100 % when walking 
to the stopping point and 
waiting

Do approaches vary 
across groups defined by 
mode of transport, driver 
or passenger, or type of 
employment

Gwilliam [10] 133 % of wages per hour 
(employer estimate)

33 % - for adults, 15 % - for 
children from household 
income per hour

Waiting/walking
- 150 % of the costs of the 
trip by urban passenger 
transport (for the transport 
organizations the costs 
consist of the hourly costs 
of operating the vehicle, 
the driver’s wages per hour 
and the costs of using the 
infrastructure)

Mackie and Worsley [14] 90 % of the value for 
commuting and back

For time spent “forced” 
commuting to and from 
work – 25 % of the 
average for Labour and 
business travel



E C O N O M I C  A S S E S S M E N T  O F  T R A N S P O R T  M O V E M E N T S  O F  T H E  U R B A N  P O P U L A T I O N . . . 	 A141

V O L U M E  2 5 	 C O M M U N I C A T I O N S    3 / 2 0 2 3

as well as environmental and social friendliness [4, 12].
Belarusian National Technical University has 

developed a methodology and is modifying a procedure 
for assessing the quality of road traffic on a given section 
of the street and road network (SRN), which takes into 
account economic, environmental and car accident losses 
(social losses, unfortunately, due to the lack of reliable 
methods and validated formulae, are not yet taken into 
account) [3]. This methodology is based on calculating, 
summing up and comparing the losses at a given section 
of the SRN for any option of traffic management. It 
enables to quantify (in monetary terms) and therefore 
optimize any traffic management decisions.

Obviously, when assessing the quality, one must 
compare the costs that cover all the aspects of the urban 
transport system. In the simplest cases, when assessing 
the quality of the control options at an individual facility, 
it is sufficient to compare the losses from traffic expenses 
only. In general cases, one must consider the costs of 
losses of road traffic expenses and the costs of changes 
in road traffic conditions.

Those costs and expenses are very diverse and 
manifest themselves in a variety of forms, for example, 
in the form of the costs of land given for the road, 
emissions into the atmosphere, the support of a huge 
mass of people serving road traffic and road transport, 
car accidents, disobedience of road users, wasted time, 
etc. Therefore, comparing them is very difficult and 
rather conditional. However, there is always a certain 
normalized sum of costs and expenses that characterizes 
the cost of transport maintenance or transport service. 
These costs are made up of two main components - 
infrastructure costs and traffic expenses:

C = Z + E,	 (1)

where: 
C - the costs of transport maintenance or transport 
service;
Z - infrastructure costs;
E - traffic expenses.

All these are estimated in monetary units, for 
example, in rubles or conditional currency units, or, as it 
is often accepted, in rubles/year or USD/year.

If the investigated costs are close to the minimal 
possible one, then it is considered that the system works 
in the optimal way, without losses. If these costs are not 
minimal, then there are losses, which are understood 
as the excess of the investigated costs over the minimal 
possible one:

L = C + Cmin,	 (2)

where: 
L - losses in the investigated system;
C - investigated costs of transport maintenance or 
transport service;
Cmin - the minimal possible costs.

on other groups of people, as well, often separated 
in time and space. Each assessment depends on the 
demographic characteristics of the travelling population, 
mode of transport, time, location and purpose of travel 
and the choice of alternatives available, so the chosen 
explanatory variables should be important while making 
these decisions.

The VTTS is not the same for different types of 
trips (labour, cultural, domestic, business) [17]. Value of 
Travel Time Savings studies are often based on factors 
influencing the choice of mode of transport, including 
comfort, private space and prestige, duration and costs 
of travel. If different modes of transport are relatively 
close substitutes for each other, concerning a  place, 
purpose and distance of travel, it is advisable to assume 
that the incomes and preferences of transport network 
users are distributed identically between and within 
modes of transport, which gives an overall value of travel 
time savings. As can be seen from Table 1, the results 
of studies are heterogeneous enough to eliminate some 
arbitrariness in the estimates.

3	 Results

Vrubel [3] proposed a new universal assessment 
criterion - “road traffic losses”, which is understood 
as the socio-economic costs of the unforced expenses 
of the traffic process. This criterion is applicable to 
assess the quality of both road traffic in general and its 
individual properties. Since the quality is assessed in 
monetary terms, it is possible to compare not only the 
quality of individual properties of road traffic, but the 
costs of achieving this quality, as well. This makes the 
comparison evident and allows optimizing easily and 
quickly (according to the criterion of losses minimization) 
the decisions made on the traffic organization. [1, 4]. The 
proposed criterion is gradually being introduced into the 
practice of traffic management. Methods for calculating 
the economic and environmental losses for the most 
typical facilities, as well as the basic (preliminary) 
methods for calculating car accident losses for individual 
typical facilities have been developed. In the Policy 
of ensuring the road traffic safety in the Republic of 
Belarus, losses are recognized as the main assessment 
criterion of the road traffic quality and it is required to 
improve the methods for calculating losses.

In recent years, views on the goals and methods of 
designing the urban transport systems have changed. 
The main problems in Belarusian road traffic, among 
others, are: the excessive dependence of population of 
some regions on individual cars, congestion with motor 
transport in cities, especially their centres [4]. Road 
traffic in the country is characterized by the increasing 
integration of the road traffic management with other 
types of transport and urban planning. An obligatory 
element of transport projects is the assessment of their 
impact on the urban environment in terms of accidents, 



A142 	 K A P S K I  e t  a l .

C O M M U N I C A T I O N S    3 / 2 0 2 3 	 V O L U M E  2 5

as costs - global, of travel expenses and in the  
infrastructure.

Costs losses, as well as the costs themselves, can 
be divided into four types - economic, environmental, 
accident and social. All of these types are quite closely 
related and it is sometimes difficult to draw a  clear 
line between them. Therefore, this division, as well 
as the given names should be considered conditional 
or operating names. However, more than 20 years of 
using this classification have shown that it is clear and 
quite user-friendly, especially when analyzing the loss 
structure of an individual site or system.

Obviously, in assessing the quality of large systems, 
global costs covering all the aspects of the road transport 
system must be compared. In the simplest cases, it is 
sufficient to compare only the travel costs losses when 
assessing the quality of control options at a  single 
facility. In general, the so-called comparative costs, 
including travel costs losses and costs of (limited) 
changes in traffic conditions, etc. should be considered:

C = L∑ + Z rub/year,	 (7)

where: 
C - comparative costs;
L∑ - total normalized losses;
Z  - annual normalized costs of changes in travel 
conditions.

The object to be studied is divided into elementary 
areas, which are either conflicting objects or similar 
sections of a road. At each conflict point (or zone) or at 
a given section of a road, all the losses’ types are defined 
and the results are summed. The resulting value of the 
total loss is added to the annual normalized costs in 
the infrastructure and the comparative value is set at 
which the quality is assessed. The absolute estimate is 
characterized by the comparative value of road traffic 
at the site under study, i  = C, rub/year. Three types of 
estimates are considered: absolute - i , relative - ri  and 
comparative - ci . The relative estimate is the ratio of the 
absolute estimate to the normalizes (current) volume of 
traffic:

F x
, ,

r
Q Q L1 2

#i i=
^ h

, rub/year,	 (8)

where: 
F , ,Q Q L1 2^ h  - some function, which characterizes the 
normalizes volume of traffic;
x - the dimension of the function that describes the 
volume of traffic, such as cars, automobile kilometres, 
etc.

Obviously, only the characteristics of the conflicting 
flows are relevant to the conflict objects 

For the road sections (Q1, Q2) are the characteristics 
of the flows and the road section’s length, respectively. 
There are several approaches to definition of the 
normalized volume of traffic. For example, for the 
conflict objects the following formula is used: 

The concept of the “minimal possible costs” is 
rather relative and has an extended interpretation. 
Firstly, all the unnecessary costs, such as car accidents, 
are considered to be expenses, although it is known 
that accident-free traffic does not exist. Secondly, the 
standard permitted speed, for example, in settlements 
(60 km/h) is taken as a  basis for comparison to the 
speed of commuting. To gain such a  speed any-place 
is impossible. Thirdly, to achieve the lowest possible 
costs, it is necessary to bring together all the best 
world achievements in the location or a  system under 
investigation, which is also almost impossible. Therefore, 
the minimal possible costs today actually act not as 
a  standard, but rather as a kind of cue that one must 
aim for. As a result, the concept of “a  loss” implies not 
only what we have lost, but also what we have missed, 
have not used, taken, etc.

Comparison of losses is carried out according to 
the so-called “unital/single/normalized” losses, including 
both economic and social components:

L = Le + Ls,	 (3)

where: 
L - normalized losses of a given type rubles/year;
Le - economic component of a given type of losses, rubles/
year;
Ls - social component of a  given type of losses, rubles/
year.

The definition of the social component is carried out 
using the so-called “social coefficient”, Ks, showing how 
many rubles a society agrees to pay (or has already paid) 
to avoid the socio- economic losses of a given type, per 1 
ruble at a given time:

K
L L
L L

L
1e s

s
e e

s=
+

= + .	 (4)

Normalized losses of a given type can be defined as 
the product of the economic component times the social 
coefficient:

L = Le × Ks, rub/year.	 (5)

The total normalized losses in the investigated 
location or in the investigated system are determined 
from the formula:

L∑ = Lekon × Ksekon + Lecol × Kecol + 
+ La × Ksa + Ls × Kss, rub/year,	 (6)

where: 
Lekon and Ksekon - the economic component and the social 
coefficient of economic losses resp;
Lecol and Ksecol - the same for ecological losses;
La and Ksa - the same for accident losses;
Ls and Kss - the same for social losses.

Since losses are, by definition, derivative of 
value, they can be characterized in the same way 

https://www.multitran.com/m.exe?s=some%2Bfunction&l1=1&l2=2
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traffic were briefly considered. As it can be seen, the 
valuation principle and valuation criteria are extremely 
simple - the less the losses (comparative value), the 
better. The assessment itself is somewhat more complex 
and includes three types of estimates for at least three 
subsystems. As for the determination of the total 
losses, without which no assessment can be made, this 
is the most difficult task. It requires automated data 
collection, its processing and storage, prediction of 
characteristics and losses, optimization of management, 
etc. All these requires considerable intellectual 
capacity and appropriate infrastructure. This is no 
longer a  technical task, but a  social and national  
one.

Figure 1 shows a  fragment of a  linear graph of 
the traffic losses on a  city street, where accident, 
environmental, economic and total annual losses are 
shown for each elementary section.

Such information will make it possible to 
systematically distribute the available opportunities for 
scientific and practical activities to improve the quality 
of the road traffic. In addition, it will demonstrate 
the true importance of traffic, especially its urban 
component, where, on busy streets, millions of dollars 
are lost annually. This should contribute to a  positive 
change in the attitude of managers to the organization 
of traffic in cities. Figure 2 shows a comparison of various 
sets of measures to improve the quality of traffic on the 
main street of the largest city of Minsk. It can be seen 
that the two options are comparable in terms of payback 
periods, but have different “survivability” and relevance, 
which makes one of the options more attractive for 
saving capital investments for a  longer period, despite  
its costs.

F Q Q, ,Q Q L 1 21 2 #=^ h , 	 (9)

for the road sections:

F Q L, ,Q Q L1 2 #=^ h . 	 (10)

A comparative estimate is a quotient of the relative 
estimate of the object being investigated by the relative 
estimate of the prototype object, normalized to the 
usual, for example, a ten-point rating system:

s
rprot

ri
10#i i

i
d= ,	 (11)

where: 
rii - relative estimate of the object being investigated;
rproti  - relative estimate of the prototype object;
10d  - some constant (in this case 10).

Obviously, it is possible to select such elementary 
objects, which by agreement can be accepted as prototype 
objects. By comparing the relative estimates of the 
surveyed object and the prototype object, it is easy to 
make a comparative assessment of any object or section 
of the road network.

The proposed methodology makes it possible to 
evaluate not only the quality of road the traffic in 
general, but of its main components, as well, such as 
traffic management or road conditions. To evaluate the 
quality of the management, it is necessary to find the 
best way to manage under the given road conditions and 
traffic-pedestrian load and compare it to the existing 
ones.

Thus, the main features of the methodology being 
developed for evaluation of the quality of the road 

 - ac - accident losses;   - en - environmental losses;  - economic losses

Figure 1 Linear graph of losses on a city street
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households and employers that are not included in 
the standard cost-benefit analysis [20]. Therefore, 
there is a  possibility to extend this conducted 
research taking into account such conditions.
For some USA states, cost-benefit analysis has 

not been mandatory and has not been considered at 
all in the transport investment decisions [21], while in 
Northern Europe and Australia such analysis has been 
dominating in the decision-making [22-23].

This research supports the idea of the obligatory 
projects’ revision, based on the careful strategy planning 
under national, regional and local missions and aims of 
the country [24]. 

The economic impact analysis of the project is also 
supposed to be used in the pre-project assessment for 
a  direct forecast of the resulting final economic effects 
[25-26].

5	 Conclusions

A  sharp increase in car flows in urban transport 
systems in recent years is caused by:
•	 the constant intensive growth in the level of 

population motorization; 
•	 the increase in the number of business trips; 
•	 the use of passenger cars with small volumes of 

cargo transportation; 
•	 the emergence of “commercial” routes.

This has resulted in significant overloads of 
transport networks, especially in the central parts of 
cities. It also has led to an increased level of accidents 
and environmental impact on urban ecosystems and 
a  decrease in traffic speeds. In this regard, the whole 
range of tasks arises, related to improving the comfort 

4	 Discussion

It is clear that the management of traffic and of 
the entire road transport system cannot be based on 
erroneous criteria and be carried out in a rudimentary 
manner, resulting in huge and increasing losses. While 
it is costly to build sophisticated management systems, 
it is not only necessary but also very beneficial, as the 
road traffic losses exceed those costs by several orders. 
Assessing the quality of decision-making is the 
foundation of any management system. Nowadays, 
the first steps to establish an objecting reliable 
methodology for assessing the quality of the road traffic 
and transport systems are being taken in the Republic 
of Belarus. The popularization, implementation and 
improvement of the methodology lead to hope that huge 
losses in the road traffic would be noticed by the society 
and the problem of their reduction would move things 
forward. The valuation of urban transport efficiency is 
the subject of further research.

Undoubtedly, it is desirable to take into account 
the final economic consequences of expanding 
production, wages and employment when assessing 
losses [3]. Under these assumptions, it is supposed 
to allow more accurately exploring the area called 
“standard scope of cost-benefit analysis”. However, 
with the standard application of transport cost-benefit 
analysis, there are problems that can be described as  
follows.: 
•	 the scope of benefits covered in the standard cost-

benefit analysis that is limited by the practical 
possibilities of forecasting and estimating; 

•	 improvements in urban transport systems and 
traffic conditions can stimulate fundamental 
changes in the number or location of institutions, 

Figure 2 Application of the developed methodology (Street K. Cetkin)
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related to the time of travel, would ensure the selection 
of the best priority for urban traffic management and is 
an effective tool for investment priority guidelines in 
transport infrastructure and urban traffic management. 
The developed method for the economic evaluation of 
the efficiency of transport solutions, based on the total 
travel time losses of road users and the efficiency of 
the transport system, allows evaluating and justifying 
investments in transport projects of any level, i.e. to 
select and justify rational (optimal) decisions on the road 
traffic management (organization) and to plan the work 
of urban public transport.
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of movement and the quality of citizens’ life in general, 
which is possible by optimizing the operation of route 
passenger transport and increasing its attractiveness 
for users of all the levels. The proposed methodology 
is applicable to assess the effectiveness of measures 
aimed at reducing delays in route passenger transport, 
as well as to compare the technical and economic 
indicators of the proposed options, including when 
using the international CBA methodology (Cost Benefit 
Analysis). The methodology, in fact, is a business model 
for assessing the implementation of standard measures 
aimed at improving the quality of the entire transport 
system of cities and the efficiency of the route passenger 
transport, in particular.

The analysis of the studies carried out showed that 
there is no universal methodological approach to the 
economic valuation of the expenses associated with the 
travel time of the urban population and the efficiency of 
the urban transport system. The results of the studies 
confirm the point of view that the effectiveness of the 
implemented transport projects aimed at improving the 
quality of road traffic and the efficiency of the transport 
system is directly linked to the reduction of the travel 
time total costs. The developed methodological approach 
to the economic estimation of unanticipated (unenforced) 
road traffic losses in each specific transport system 
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Resume
The purpose is to determine the impact of operating conditions on the 
reliability of vehicles, to identify the main causes of failure of truck units and 
assemblies and to find ways to improve their reliability. The main methods 
are a systematic approach to analysis of complex technological systems, the 
fault tree analysis to identify the most common causes of failure of trucks 
in the climatic conditions of Central Asia. It has been revealed that one of 
the frequent causes of failure of units and assemblies is fatigue failure, the 
finite element modelling of which allowed the study to obtain a diagram of 
limit deviations for various cycle asymmetries and as a result, the ability to 
predict the process of fatigue failure under the influence of external factors. 
The study results are aimed at the possibility of predicting the failure of 
components and assemblies of trucks conditioned by fatigue failure.
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average temperature and the type (connectivity) of soil. 
The performance of systems and assemblies, that is, 
the intensity of their wear is affected by the quality of 
the road surface, which, in turn, depends on the terrain 
[5-6].

In the Republic of Kazakhstan and in the Central 
Asian region, a  sharply continental and dry climate 
prevails with a hydrothermal coefficient of no more than 
0.8, which corresponds to an arid zone. The annual 
temperature difference is significant, since in winter 
the temperature can drop to -50 °C and in summer it 
can rise to + 70 °C in some areas. Daily temperature 
drops reach 20-30 °C. With the exception of the 
northern regions, soils in Kazakhstan are represented 
by chestnut, brown semi-desert soil, dry-type playa and 
desert sands. Considering the type (connectivity) of soils 
and low precipitation, the air dustiness reaches 0.1-0.3 g 
of dust per 1 m3 of air [7]. The technical conditions of 
a vehicle are determined by the changing properties of 
its components, affecting serviceability and operability. 
The theoretical state parameter curves change smoothly 
over time but are influenced by external factors resulting 
in broken curves. The main causes of technical changes 

1	 Introduction

A modern vehicle is a complex system, a set of joint 
elements - components that ensure the performance 
of its functions, made of various materials, with high 
precision machining of the surfaces of parts and, in 
turn, is part of the “vehicle-driver-road-environment” 
system and its properties are manifested in interaction 
with the elements of this system. The operation of 
vehicles is carried out in various road and climatic 
conditions, which is conditioned by the influence of 
various mechanical, physical and chemical factors on it, 
causing a  change in its technical condition. Therefore, 
the significance of the criteria for the vehicle operation 
depends on the conditions in which this criterion is 
manifested, on the operating conditions and natural and 
climatic environment [1-3]. The study by Mozharova [4] 
defines operational conditions as conditions that were 
formed as a  result of the organisation of production 
with the participation of an automobile fleet and the 
performance of technical and technological maintenance 
of vehicles. The natural and climatic conditions include 
the terrain, the amount of precipitation per year, the 
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indicators [10-11]. The currently available parameters 
of reliability indicators in accordance with the assessed 
properties are shown in Table 1.

Research in the field of predicting failures of complex 
engineering systems is conducted in various countries 
and in various areas: information systems, production 
equipment, vehicles as complex systems [12-15]. Despite 
a  large number of research papers on the reliability of 
vehicles, the problem of reduced reliability in difficult 
climatic conditions has been rather understudied, 
which leads to high repair costs, downtime. This paper 
considers reliability in relation to engineering systems 
and their elements from the position of adapting them to 
difficult conditions, which would allow comprehensively 
considering the causes of vehicle failure and suggesting 
ways to improve reliability.

The purpose of the study is to determine the impact 
of operating conditions on the reliability of vehicles, to 
identify the main causes of failure of truck units and 
assemblies and to find ways to improve their reliability.

2	 Materials and methods

The study focused on a  KrAZ-65053 motor vehicle 
chassis from Kremenchuk Automobile Plant, equipped 
with PAP-60/80 lifting units for major repairs of oil 
and gas wells and used in heavy machinery plant 
production in Kazakhstan. The reliability analysis 

in vehicles, units, and mechanisms are wear, plastic 
deformation, fatigue damage, corrosion, and physico-
chemical and temperature changes. Figure 1 shows the 
percentage of malfunctions for major truck units.

Analysis of research papers byTurdikulov and 
Kushakov [8], V. G. Kozlovet al. [9] showed that natural 
and climatic conditions (temperature differences, air 
dustiness) have a negative impact on the fatigue strength 
of vehicle components. Fatigue failure occurs on surfaces 
of the cams and gear teeth, in the rolling bearings of 
the transmission, in the antifriction layer of the engine 
crankshaft bearing shells. Fatigue failure is also observed 
in extreme operating conditions (prolonged overloads, 
low or high temperatures) in springs, semi-axles, frames. 
In the reference literature and technical characteristics 
of materials, σ-1 is used as a  criterion of the fatigue 
endurance limit. However, to investigate fatigue strength 
in difficult operating conditions, this criterion is low 
informative, therefore, in the presented studies, a more 
informative criterion will be used that characterizes the 
resistance of metal to cyclic loads - a  diagram of limit 
deviations for various cycle asymmetries. The fault-
tolerance of products is determined by their reliability, 
durability, maintainability and preservation. Reliability 
of components and assemblies of trucks is a key property 
for studying fault-tolerance, the calculations of which 
would allow predicting the operating time of a vehicle. 
Reliability, durability, maintainability and survivability 
are characterized by the quantitative single and complex 

Figure 1 Percentage of malfunctions in the major units of trucks, source: compiled by the authors

Table 1 Parameters of reliability indicators
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deviations for various cycle asymmetries is constructed 
in the coordinates of the average cycle stress (X-axis) and 
maximum cycle stress (Y-axis) and allows evaluating the 
fatigue resistance of the future product at the design 
stage. The necessary characteristics of the cycle: the 
mean cycle stress σm and the highest cycle stress σmax 
[17]. The ANSYS Workbench software suite was used 
to obtain the values necessary for constructing the 
diagram.

3	 Results and discussion

Reliability indicators like failure-free operation, 
failure rate, and mean time to failure are important for 
assessing components and predicting system failures. 
A  failure tree is an effective top-down method for 
analyzing product reliability and identifying causes of 
failure. It models the complex interactions of system 
parts and considers specific and general causes of failure, 
their interaction, and influence on each other [18]. The 
failure tree analysis uses Boolean abbreviations and 
clipping set analysis to assess system reliability and 
operability based on failure rate, fault mode probability, 
and recovery rate. The method has advantages and 
disadvantages depending on its scope. In mechanical 
engineering, the failure tree is useful for visually 
identifying potential failure points, analyzing system 
reliability quantitatively and qualitatively, and gaining 
detailed insight into system behavior. The method’s 
main advantage is the ability to eliminate irrelevant 
system elements and events and focus on the most 
significant causes of malfunctions leading to system 
failure or accidents.

Limitations of the method: allows presenting events 
that depend on the time or the order of their occurrence; 
if the operation of the system depends on its state, 
then the method ceases to be flexible when rebuilding 
the system. These shortcomings can be eliminated by 
using Markov models to study the main events of the 
fault tree. Thus, combining the principles of failure 
tree analysis with Markov models provides the best 
results in relation to engineering systems. [19]. In the 
studies [18-20], the method of analyzing the failure tree 
for various engineering systems was used; the use of 
this method allowed reducing the time for diagnosing 
the cause of failures and increasing the efficiency of 
the systems. The presented method is included in 
national standards, for example, as the standard of the 
United States of America MIL-HDBK-217 “Reliability 
prediction of electronic equipment” [21] or the Russian 
RD 03-418-01 “Guidelines for risk analysis of hazardous 

showed a  significant number of failures in wheels 
and axles during technological operation. Statistical 
methods identified the main causes of failures, which 
were analyzed and formed the basis for building a fault 
tree. The semi-axle of the front-drive axle was selected 
as the investigated part, during its operation, fatigue 
failures were most often observed. The half-axle of the 
front-drive axle is included in the assembly unit of the 
differential of the front axle of the KrAZ truck, designed 
to rotate the half-axles at different speeds when turning 
the vehicle and prevent twisting of the shafts and the 
distribution of torque between the wheels. The semi-
axle, in turn, is designed to transfer torque from the 
differential to the wheels. The part in the assembly unit 
operates at high rotational speeds as well as in a reverse 
loading cycle. The working environment of the part is 
the front axle casing. The maximum dimensions of the 
part are Ø 66 mm and length 1.108 mm. 

The part is made of 40CN2MA steel, the mechanical 
properties of the material are shown in Table 2 [16]. 
The presented mechanical properties are necessary for 
further finite element modelling. 

Fatigue (cyclic) loading is the most common type 
of loading that parts and components of mechanisms 
experience during operation. It is accepted that the 
assessment of the strength of the product, from the 
action of cyclic loading, is reduced to comparing the 
values of the calculated stresses obtained and the values 
of the endurance limit of the material from which the 
product is made. σ-1 is used as a criterion of the fatigue 
endurance limit. Its values are obtained as a  result of 
fatigue tests. The tests are carried out on laboratory 
samples of small diameter (7-10 mm) made of a  rod. 
The surface of the samples is carefully polished. Next, 
a series of tests of samples is carried out during bending 
by a symmetrical loading cycle. In the first test, a  load 
value is applied that creates maximum cycle stresses 
close to the yield strength. The number of loading 
cycles that the sample has sustained before destruction 
is measured. Next, the load is reduced and the next 
test is carried out to measure the number of loading 
cycles that the sample withstands before destruction. 
Thus, the load is gradually reduced until the sample 
can withstand the base number of loading cycles (107 
cycles) without destruction. According to the test results, 
a “Stress-cycle” graph is built.

Due to the fact that three main types of loading 
cycles are considered in mechanical engineering 
(symmetrical cycle, pulsating (zero) cycle, asymmetric 
cycle) and fatigue tests consider only symmetrical cycle, 
to obtain a  more informative criterion characterizing 
the resistance of metal to cyclic loads, a diagram of limit 

Table 2 Mechanical properties of 40CN2MA steel

Yield strength σt 
(MPa)

Tensile strength σV 
(MPa)

Elongation 5 % Reduction ψ (%) Impact strength  
(J/mm)

Brinell hardness 
HB

780 980 15 50 6 230-285
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the analysis of the failure tree, but the most common 
methods of construction can be summarised in several 
steps. First, it is necessary to identify an undesirable 
event. An undesirable event acts as the root for building 
a failure tree, one event for one tree. In this case, that is 
a failure (breakdown) of the truck’s chassis.

Secondly, all the reasons that affect an undesirable 
event will be highlighted and analyzed if the probability 
of the influence of these reasons on the event is 0 or 
more, it is included in the failure tree, for trucks these 
data are summarised in Tables 3 and 4. To identify the 
causes of failures, it is recommended to use a systematic 
approach that can help limit the study to only those 
malfunctions that directly affect the failure of the 
system in question, but at the same time would allow 
avoiding skipping malfunctions affecting an undesirable 
event. Then, for the selected event, all the causes are 
numbered, then in accordance with the selected system 

production facilities” [22]. Based on the statistics of 
truck malfunctions in the period from 2014 to 2017, 
which are listed in Tables 3 and 4, 13, 380 malfunctions 
account for the chassis [23]. To simplify the construction 
of the failure tree and for the convenience of its analysis, 
fault indices for the failure tree have been introduced.

Based on the analysis of statistical data, a  failure 
tree was constructed (Figure 3). The principle of causal 
relationships for constructing a  logical-probabilistic 
model of the failure tree, it can also be called tree 
of malfunctions, undesirable events, accidents, 
incidents, which is described in [24] and implemented 
in the constructions presented in Figure 3. To find 
possible causes of system failures and failures of its 
elements, a  multilevel model is constructed that has 
a  graphological structure of the effects of violations 
and malfunctions on the functioning of the system 
under study. Various approaches can be used to model 

Table 3 Fault statistics - part I
Indicator Number of faults Percentage ratio Fault tree index

Chassis
Frame 635 100 
deflections, distortions of breakage F.1
A) overloading of the vehicle 336 53 F.1.A
B) strong tremors when moving 209 33 F.1.B
C) unfavourable climatic conditions 89 14 F.1.C
Axles 4.125 100
Swivel axle assembly 1.238 100 A.S.
1) mounting hole thread failure 738 100 A.S.1
A) natural wear and tear 502 68 A.S.1.A
B) plastic deformation 236 32 A.S.1.B
2) hub bearing wear 271 100 A.S.2

A) lack of oil 154 57 A.S.2.A
B) natural wear and tear 117 43 A.S.2.B
3) crack formation 223 100 A.S.3
A) fatigue wear 167 75 A.S.3.A
B) natural ageing 56 25 A.S.3.B
Semi-axles 2.310 100 A.S-A.
1) breakage (twisting) 1.063 100 A.S-A.1
A) fatigue wear 510 48 A.S-A.1.A
B) severe operating conditions 213 20 A.S-A.1.B
C) unfavourable climatic conditions 213 20 A.S-A.1.C
D) hidden defects (shells, microcracks) 127 12 A.S-A.1.D
2) wear of the half-axle splined joint 647 100 A.S-A.2
A) insufficient anchoring 453 70 A.S-A.2.A
B) fatigue wear 194 30 A.S-A.2.B
3) wear or destruction of the half-axle bearing 600 100 A.S-A.3
A) deformation of the half-axle 360 60 A.S-A.3.A
B) natural wear and tear 120 20 A.S-A.3.B
C) lack of oil 120 20 A.S-A.3.C
U-joint 990 100 A.U.
1) wear of crosspins 526 100 A.U.1
A) lack of lubrication 274 52 A.U.1.A
B) natural wear and tear 252 48 A.U.1.B
2) wear of needle bearings 464 100 A.U.2
A) lack of lubrication 316 68 A.U.2.A
B) natural wear and tear 148 32 A.U.2.B
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adverse climatic conditions. Predicting failure due to 
fatigue wear is a difficult task and requires a detailed 
consideration of the mechanisms of fatigue failure of 
metals and methods of their study, since fatigue failures 
begin with appearance of the hard-to-detect microscopic 
cracks and the maximum dynamic loads that cause 
them are less than with static destruction [26]. Fatigue 
failures occur during the cyclic application of loads 
exceeding the endurance limit of the metal part. At 
a  certain number of loading cycles, fatigue failure of 
parts occurs, associated with the gradual accumulation 
and growth of fatigue cracks. Improvement of calculation 
methods and manufacturing technology of vehicles 
(improvement of metal quality and manufacturing 
accuracy, exclusion of stress concentrators) will lead to 
a significant reduction in cases of fatigue failure of parts. 
As a rule, it is observed in extreme operating conditions 
(prolonged overloads, low or high temperatures) in 
springs, semi-axles, frames.

The analysis shows common causes of chassis failures 

and used for graphical implementation of building 
a failure tree (Figure 2). The main characteristics of the 
fault tree are determined by the symbols “AND” and 
“OR”, which allow building a  failure tree based on the 
previously conducted selection of an undesirable event, 
substantiation and analysis of the reasons causing 
the system failure [25]. The “AND” gate represents 
a combination of events that must occur simultaneously 
for the top event to occur and the “OR” gate represents 
a combination of events where only one event needs to 
occur for the top event to occur.

The truck’s chassis failure tree analysis, based on 
malfunctions in Kazakhstan’s climate, shows severe 
operating conditions and unfavorable weather as the 
main causes of failure. Although these reasons for 
failure appear much more frequently in Kazakhstan, 
they should be considered during truck design and 
manufacturing and during operation and maintenance. 
Fatigue wear significantly impacts the chassis’ trouble-
free operation, especially under severe operating and 

Table 4 Fault statistics - part II
Indicator Number of faults Percentage ratio Fault tree index

Suspensions 5.420 100 
Hydraulic absorbers 2.331 100 S.H.
1) break of airtightness of the rod seal 1.119 100 S.H.1
A) ageing 358 32 S.H.1.A
B) natural wear and tear 425 38 S.H.1.B
C) poor build quality 190 17 S.H.1.C
D) severe operating conditions 146 13 S.H.1.D
2) violation of the integrity of the rod coating 723 100 S.H.2
A) abrasive wear 549 76 S.H.2.A
B) poor build quality 174 24 S.H.2.B
3) damage to internal valves 489 100 S.H.3
A) severe operating conditions 298 61 S.H.3.A
B) unfavourable climatic conditions 191 39 S.H.3.B
Semi-elliptical springs 3.089 100 S.S-E.
1) sagging or breakage of sheets 1.236 100 S.S-E.1
A) lack of lubrication 408 33 S.S-E.1.A
B) fatigue wear 445 36 S.S-E.1.B
C) violation of the correct fixing 272 22 S.S-E.1.C
D) severe operating conditions 111 8 S.S-E.1.D
2) loss of elasticity 1.112 100 S.S-E.2
severe operating conditions
3) wear or breakage of pins and bushings in the spring eyes 741 100 S.S-E.3
A) corrosion 482 65 S.S-E.3.A
B) lack of lubrication 259 35 S.S-E.3.B
Wheels 3.200 100
Disks 1.115 100 W.D.
bearing backlash or jamming W.D.1
A) lack of lubrication 814 73 W.D.1.A
B) natural wear and tear 301 27 W.D.1.B
Tires 2.085 100 W.T.
tire wear W.T.1
A) non-compliance with pressure standards 1.001 48 W.T.1.A
B) violation of wheel mounting angles 542 26 W.T.1.B
C) severe operating conditions 438 21 W.T.1.C
D) unfavourable climatic conditions 104 5 W.T.1.D
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The test base for determining the endurance limits 
is accepted: 10 to 106 cycles. The constructed fatigue 
strength curve is shown in Figure 3. As can be seen 
from Figure 3, the curve asymptotically approaches 
the horizontal line. The ordinate of this asymptote is 
the endurance limit, the greatest stress of the cycle, at 
which the destruction of the material will never occur. 
The results correlate with the results obtained in [27].

Thus, the entry σ-1 = 519 MPa for 40CN2MA 
steel means that this is the highest normal stress at 
which a  small diameter rod with a  polished surface 
will not collapse under the action of bending stress 
in a  symmetrical cycle. Consequently, in products of 
a  different design, size and in other cases of cyclic 
loading, when using the value σ-1, there is not enough 
information about the fatigue failure process. Based on 
the above, it is fair to assume that the endurance limit 
is not a sufficient criterion for assessing the resistance of 
a metal. At the second stage, a computational 3D model 
of the lever was created in the computer-aided design 
(CAD) system, which is transmitted in the ANSYS 
Workbench software suite via a  plug-in built into the 
menu [28]. A  material with the necessary properties 
was created in the ANSYS Workbench software suite. 
To specify the material, it is necessary to specify the 

as related to suspension, axles, semi-elliptical springs, 
and wheels. Semi-axles and swivel axle assembly have 
the highest percentage of failures among axles. Wear 
of crosspins is the primary cause of U-joint failures. 
Hydraulic absorbers have the highest percentage of 
failures among suspensions. Sagging or breakage of 
sheets is the most common failure among semi-elliptical 
springs. Tire wear is the most common failure among 
wheels. Regular maintenance and inspection of all 
components is important to prevent system failures. 
The study proposes a method for constructing a diagram 
of limit deviations for various asymmetries of the half-
axle operation cycle. Below are the steps required to 
obtain this diagram. At the first stage of the research, 
fatigue tests of a  semi-axle made of 40CN2MA steel 
were carried out, the results of which are presented in 
a  graph. The main criteria for failure in determining 
the strength limits and constructing fatigue curves 
are complete destruction or the appearance of macro 
cracks of a given size. At least 15 identical samples were 
tested to construct the fatigue curve and determine 
the endurance limits corresponding to the possibility 
of destruction of 50 %. Three samples were tested in 
the stress range of 0.95-1.05 from the endurance limit 
corresponding to the possibility of destruction of 50%. 

Figure 2 Failure tree by chassis, note is presented in Table 5
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Table 5 Note for Figure 2
Fault tree index Possible Issues
A.S-A. Semi-axles
A.S-A.1 breakage
A.S-A.1.A fatigue wear
A.S-A.1.B severe operating conditions
A.S-A.1.C unfavourable climatic conditions
A.S-A.1.D hidden defects (shells, microcracks)
A.S-A.2 wear of the half-axle splined joint
A.S-A.2.A insufficient anchoring
A.S-A.2.B fatigue wear
A.S-A.3 wear or destruction of the half-axle bearing
A.S-A.3.A deformation of the half-axle
A.S-A.3.B natural wear and tear
A.S-A.3.C lack of oil
A.S. Swivel axle assembly mounting hole thread failure
A.S.1 natural wear and tear
A.S.1.A plastic deformation
A.S.2 hub bearing wear
A.S.2.A lack of oil
A.S.2.B natural wear and tear
A.S.3 crack formation
A.S.3.A fatigue wear
A.S.3.B natural ageing
A.U. U-joint wear of crosspins
A.U.1.A lack of lubrication
A.U.1.B natural wear and tear
A.U.2 wear of needle bearings
A.U.2.A lack of lubrication
A.U.2.B natural wear and tear
S.H. Hydraulic absorbers break of airtightness of the rod seal
S.H.1 ageing
S.H.1.A natural wear and tear
S.H.1.B poor build quality
S.H.1.C severe operating conditions
S.H.1.D severe operating conditions
S.H.2 violation of the integrity of the rod coating
S.H.2.A abrasive wear
S.H.2.B poor build quality
S.H.3 damage to internal valves
S.H.3.A severe operating conditions
S.H.3.B unfavourable climatic conditions
S.S-E. Semi-elliptical springs sagging or breakage of sheets
S.S-E.1 lack of lubrication
S.S-E.1.A fatigue wear
S.S-E.1.B violation of the correct fixing
S.S-E.1.C severe operating conditions
S.S-E.1.D severe operating conditions
S.S-E.2 loss of elasticity
S.S-E.3 wear or breakage of pins and bushings in the spring eyes
S.S-E.3.A corrosion
S.S-E.3.B lack of lubrication
W.D.1 bearing backlash or jamming
W.D.1.A lack of lubrication
W.D.1.B natural wear and tear
W.D.2 tire wear
W.D.2.A non-compliance with pressure standards
W.D.2.B violation of wheel mounting angles
W.D.2.C severe operating conditions
W.D.2.D unfavourable climatic conditions
F.1 deflections, distortions of breakage
F.1.A overloading of the vehicle
F.1.B strong tremors when moving
F.1.C unfavourable climatic conditions
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finite element method. Next, it is necessary to generate 
a grid of finite elements on the model and apply anchors 
and loads. The vertical load is set as - 8900 N along 
the Z axis. It should provide a stress level close to the 
endurance limit. After the calculation is completed, the 
type of result should be selected. The general stresses 
that arise in the structure are of interest. The resulting 
stresses are close to the endurance limit of this steel 
(515 MPa).

The stress limit diagram will be constructed from 
a series of points. The first point is the limit of endurance 
of steel with a  symmetrical loading cycle, therefore, 
it will have coordinates (0; σ-1) on the graph. The last 
point of the diagram is the tensile strength, it will have 
coordinates (σB; σB). It is necessary to get the points 

density, modulus of elasticity and Poisson’s ratio. The 
value of density and other parameters is taken from the 
reference literature [29], the temperature to which this 
density corresponds is optional. 

For fatigue calculations, the Alternating Stress 
Mean Stress option from the Life option set is required. 
At this stage, the fatigue curve is set. The values shown 
in Figure 4 are entered in the Table of Properties Row 
9: Alternating Stress Mean Stress window. In column 
B - cycles, in column C - stresses corresponding to them. 
Column A  indicates the average cycle stress for the 
experimentally obtained fatigue curve (Figure 4). As 
already indicated earlier, the fatigue curve was obtained 
for a symmetric loading cycle, σm = 0. Calculations in the 
ANSYS Workbench software suite are carried out by the 

Figure 3 The resulting fatigue curve in coordinates σ-N

Figure 4 Setting the fatigue curve
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coefficient k, depending on the exponent of the degree 
m of the fatigue curve. The coefficient k  is selected 
depending on the stresses and the number of cycles 
for different samples and materials, but the proposed 
coefficient does not consider the asymmetry of the cycle. 
To expand the possibility of calculation equations for 
predicting trouble-free operation in various operating 
conditions and to improve the accuracy of the results 
obtained, it is proposed to use the values obtained for 
the boundary stress diagram instead of the values from 
the fatigue curve.

4	 Conclusions

A  review of methods for analyzing the reliability 
of engineering systems is carried out, while the truck 
is considered as a  complex system. The calculation of 
statistical data to identify the most frequent failures 
showed that for trucks operating under constant load 
conditions, 32 % of breakdowns occur on the chassis. 
The paper discusses the existing methods of predicting 
failures. The process of compiling a failure tree has been 
investigated and based on those data, the failure trees 
for the chassis of a truck have been developed. A scheme 
for constructing a failure tree is proposed, which allows 
analyzing the nature, causes and consequences of 
failures of the chassis elements, which allows solving 
complex issues to improve the reliability of the system. 

It is revealed that the main causes of failure 
are natural wear, fatigue failure, severe operating 
conditions. Unfavourable conditions are the complex 
causes of malfunctions of the chassis of trucks operating 
in the Republic of Kazakhstan. The data obtained would 
allow reducing the time for troubleshooting vehicles 
during the technical operation and maintenance. It is 
determined that when the vehicle components work at 
different loading cycles, the value of the endurance limit 
used is not always sufficiently informative. Thus, the 
study proposes a  method for constructing a  boundary 
stress diagram using the example of the front axle 

between coordinates. These will be endurance limits for 
the load cycles with asymmetry coefficients from -1 to 1. 
It is necessary to repeat the calculation with different 
load values to obtain endurance limits. As a result of the 
calculations, a number of points are obtained on which 
the boundary stress diagram is constructed (Figure 5). 
The result is the following. The endurance limit was 
557.1 MPa. The average cycle stress was 278.55 MPa. 
The point has coordinates (278.55; 557.1). The boundary 
stress diagram is constructed in the coordinates of the 
average cycle stress (X-axis) and the maximum cycle 
stress (Y-axis). 

This diagram allows evaluating the fatigue 
resistance of a  future product at the design stage. It 
is enough to know the following cycle characteristics: 
the average cycle stress σm and the highest cycle stress 
σmax. Fatigue resistance is estimated as follows: a point 
is plotted on the diagram, the coordinates of which are 
the average and maximum cycle stress; if the point is in 
the area that is bounded by the curves σmax and σmin, then 
the fatigue failure of the future product will not happen 
during the established service term. The experimental 
results obtained and the simulation data will serve as 
the basis for calculating the reliability of the front drive 
axle. The operability of parts can be determined by 
various criteria. The main criteria used in mechanical 
engineering are the criteria of strength, rigidity, wear 
resistance, heat resistance and vibration resistance.

When calculating reliability, the values obtained as 
a  result of calculations are used and compared to the 
boundary values characterising strength (endurance 
limit, strength and fluidity), maximum load, resource, 
maximum displacement, heat resistance of oil and 
materials, dynamic stability and, according to data 
obtained empirically, as a  result of experiments or 
observations during operation [30-31]. The study by 
Ostrejkovskii [32] presents a calculation of performance 
according to the strength criterion, where the limit of 
endurance acts as the boundary value characterizing 
strength. For calculations, the equivalence coefficient 
of the regime is used, the main criterion of which is the 

Figure 5 Boundary stress diagram
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be worthwhile to conduct further research on the 
effects of these factors on other vehicle components  
and systems.
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half-axle, which allows evaluating and predicting the 
behaviour of the part material depending on its design 
and with different cycle asymmetries. The values of 
the cycle stresses, obtained as a  result of modelling, 
can be used to calculate the reliability of the semi-axle 
according to the criterion of endurance chapel, which 
would improve the accuracy of calculations.

In terms of future research, it may be useful to 
expand the study to include other types of vehicles 
or machinery and to consider additional factors that 
may contribute to failures. It may also be beneficial to 
conduct more detailed analyses of specific components 
or subsystems within the vehicle to gain a  better 
understanding of the root causes of failures. Additionally, 
the study highlights the importance of considering the 
effects of severe operating conditions and unfavorable 
climate on reliability of the chassis. Therefore, it may 
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Resume
This paper describes the optimization of dimensions of the individual 
injection mold runner system of the plastic part used as the frame for 
various devices in transport means. Nowadays, the great emphasis is placed 
on the production time and finances associated with design and production. 
As a result, simulations are being employed increasingly. This paper aims to 
describe the design the optimum size and shape of the sprues and runners 
required for proper filling and to simulate the injection molding process to 
avoid problems and defects that tend to be caused by an incorrectly sized 
runner system. As a result, some adjustments were made to the size of the 
runner system to eliminate problems with underfilling, overfilling, air traps 
and weld lines. The difficulties with the original design were fixed by the 
optimized solution, which improved the monitored parameters. Additionally, 
the technological parameters of the injection process were modified, 
resulting in lower stress on the injection mold in the injection process.
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location of the gates, which can affect the direction of 
flow and solidification of the melt during and after the 
filling. The design of the runner system, especially the 
gate system, is critical to eliminate underfill, overfill and 
weld lines [6].

In recent years, many programs for computer 
simulation of injection molding processes have been 
developed and among the most widely used programs 
is Autodesk Inventor [7]. This software is often 
used to optimize the injection molding process. The 
development of computer simulation techniques that 
mimic the injection molding process, such as CAE, 
has the potential to replace the costly trial-and-error 
experiments that have been associated with the process 
[8]. These experiments were used at a time when 
the mentioned CAE software did not yet exist. They 
consisted in designing a distribution system of a certain 
shape and dimensions according to general design rules 
and procedures and then modifying it to achieve an 
optimal solution.

In this paper, the dimensions of the runner system 

1	 Introduction

The plastic injection molding is a highly efficient 
way of producing a wide range of thermoplastic products 
and offers many advantages. Injection molding ensures 
the production of complex and intricate shapes of plastic 
products in short production cycles with excellent surface 
quality, good dimensional and shape accuracy and high 
reproducibility of mechanical and physical properties 
[1]. Injection molding can be used to manufacture 
plastic products by injecting molten polymer under high 
pressure into a designed mold [2]. The injection mold 
must be well designed and manufactured before any 
products can be molded [3].

In addition to the proper design of the mold cavity, 
the proper design of the runner system is very important, 
as well. The runner system ensures the passage of 
molten plastic from the injection molding machine nozzle 
to the mold cavity [4]. The cold runner system consists 
of the sprue, the main runner, the runner branch, the 
cold slug and the gates [5]. An important factor is the 
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analysis is the design of the injection mold. The first 
step of the design is to insert a 3D model of the plastic 
part and adjust its orientation, concerning the opening 
direction of the injection mold. This is followed by 
selection of a suitable type of material. For this analysis, 
SCHULAMID 6 GF 30 plastic from manufacturer A. 
Schulman GMBH was chosen. Next, the mold design 
proceeds with creation of the cavity and the core. It 
consists of defining the position of the gate location 
and workpiece setting, creating the patch surfaces 
and creating the runoff surface. Subsequently, the 
main parts of the injection mold are created using the 
“Generate core and cavity” command. The design then 
continues by sketching the runner and selecting its 
shape and dimensions. According to Fattori [16] the 
runner should not be too big or too small. It requires 
much more force to fill the cavities if it is too small 
and there is a danger that they will freeze off before 

are optimized using the Autodesk Inventor software. 
The parameters monitored were the injection process 
parameters, simulation of filling time, plastic flow, 
confidence of filling, quality prediction, air traps and 
weld lines. Finally, the results of the analysis were 
compared between the two variations of the runner 
system’s size.

The proper design of the mold runner system is 
based on the use of various progressive systems, such as 
design CAD systems [9-11] or calculation FEM systems 
[12-15], which support the design process of the molded 
part significantly.

2	 Analysis of mold filling

The mold-filling analysis was created using the 
Autodesk Inventor Mold Design. The basis of the 

Figure 1 Runner system of the original design

	 	  
	 a)	 b)  

Figure 2 Elements of the runner system of the original design
a) Main runner     b) Runner branch

Figure 3 Submarine-type gate of the original design
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the mold base, its manufacturer and dimensions are 
selected; next, the position and type of ejectors, sprue 
bushing and locating ring. Once the mold has been 
successfully designed, it is still necessary to define 
the mold processing setup input parameters, such as 
mold temperature, melt temperature, the maximum 
injection pressure of the machine and the opening time 
of the machine fixture. In both variants of the runner 
system design, the input parameters were the same. The 
change of parameters does not depend on the shape and 
dimensions of the system, but are based on the product 
data sheet that is supplied with the plastic. Then, the 
analysis can be started using the “Mould filling analysis” 
command.

the part is completely packed out. Even if reground 
material is allowed, a large runner should still be 
avoided because it can increase cycle time. Determining 
the size of a runner, just like a gate, is a balancing act. 
To properly size a runner, one has to start at the gate 
end and work the way back toward the sprue. The shape 
and corresponding dimensions of the gate are defined 
using the command “Gate”. For the ejection system to 
function correctly, the injection molded product must 
remain on the side of the cavity after the mold has been 
opened. This is ensured using the cold wells, which were 
defined in the next design step. The next step was to 
create the inserts for the holes that contain the product. 
The last step is creation of the mold base. The type of 

Figure 4 Runner system of the optimized design

	 	
	 a)	 b)

Figure 5 Elements of the runner system of the optimized design
a) Main runner      b) Runner branch

Figure 6 Submarine-type gate of the optimized design
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depth of 8 mm, Figure 5a. It is further formed by a 
runner branch having the same shape and a depth of 7 
mm, Figure 5b. The termination of the runner branches 
is formed by the gates. A submarine-type gate with a 
diameter of 2.5 mm was chosen, Figure 6.

2.1	 Parameters of the injection molding process

The resulting values of the technological parameters 
of the analysis for the original design can be seen in 
Table 1 and for the optimized design in Table 2. The 
actual filling time represents the filling time of the 
injection mold cavities. The simulation of the filling 
time for both designs can be seen in Figures 7 and 8. 
The main role of injection pressure, in conjunction with 
injection velocity, is to ensure the volumetric filling of 

Original design

The original design of the runner system, Figure 1, 
consists of a sprue, which is formed by the sprue bushing 
and a main runner, which is U-shaped of a depth of 3 
mm, Figure 2a. It is further formed by a runner branch, 
which has the same shape and a depth of 2 mm, Figure 
2b. The termination of the runner branch is formed by 
the gates. A submarine-type gate with a diameter of 1 
mm was chosen, Figure 3.

Optimized design

The optimized design of the runner system, Figure 
4, consists of a sprue, which is formed by the sprue 
bushing and a main runner, which is U-shaped of a 

Table 1 Parameters of the injection molding process of the original design

Parameter Value

Actual filling time 1.50 (s)

Actual injection pressure 180.0 (MPa)

Clamped force area 21397.15 (mm2)

Max. clamp force during filling 59.38 (t)

Velocity/pressure switch-over at % volume 99.1 (%)

Velocity/pressure switch-over at time 1.48 (s)

Estimated cycle time 15.49 (s)

Table 2 Parameters of the injection molding process of the optimized design

Parameter Value

Actual filling time 1.71 (s)

Actual injection pressure 94.202 (MPa)

Clamped force area 23973.13 (mm2)

Max. clamp force during filling 54.527 (t)

Velocity/pressure switch-over at % volume 99.02 (%)

Velocity/pressure switch-over at time 1.69 (s)

Estimated cycle time 15.15 (s)

Figure 7 Actual filling time of the original design
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Figure 8 Actual filling time of the optimized design

Figure 9 Simulation of the plastic flow of the original design

Figure 10 Simulation of the plastic flow of the optimized design



O P T I M I Z A T I O N  O F  T H E  I N J E C T I O N  M O L D  R U N N E R  S Y S T E M  O F  T H E  T R A N S P O R T  M E A N S . . . 	 B181

V O L U M E  2 5 	 C O M M U N I C A T I O N S    3 / 2 0 2 3

into the sprue and then into the main runner. Next, it 
passes through the runner branch and flows into the 
forming cavity through the gate. Simulation of the 
flow shows that there are no problems and thus the 
entire cavity space is filled with the melt at the end  
of the cycle.

2.3	 Confidence of fill

Another output of the simulation is the confidence 
of fill, which shows the probability of filling the cavity 
area with plastic under the normal injection molding 
conditions. The simulation result is derived from the 
pressure and temperature results. If the filling process 
does not fill the molding cavity and results in a short 
shot, the design must be modified, the gate location 
changed, the plastic type reconsidered and the process 
conditions modified. Appropriate adjustments must also 
be made if the quality of the injected product is not 
satisfactory. Figure 11, shows confidence in filling in the 
original design, Figure 12, shows confidence in filling in 
the optimized design [17].

the mold cavity with the least possible melt shear stress, 
which is also related to a reduction in the strength stress 
of the injection mold. The clamping force is a reaction 
against the injection pressure and its magnitude must 
ensure the production of an injection molded product 
without burrs and overshoots. When switching from the 
injection pressure to the overpressure phase, there is 
a change in the control of the injection process. In the 
injection phase, the flow rate and injection velocity are 
regulated and in the overpressure phase, the pressure 
is regulated [4]. The last parameter of the analysis 
is the estimated filling time. This is composed of five 
main periods, namely the clamping time, injection time, 
dwelling time, cooling time, mold opening time and 
ejection time.

2.2	 Simulation of the plastic flow

Figure 9 shows a simulation of the plastic flow 
in the mold cavity of the original design, Figure 10 
represents the flow in the optimized design. The melt 
advances from the injection unit through the nozzle tip 

Figure 11 Confidence of fill of the original design

Figure 12 Confidence of fill of the optimized design
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batch of melt is injected, the enclosed air is pushed in 
front of the melting face, enclosed by it, compressed and 
excessively heated, which can lead to its expansion. The 
inability of the air to escape leads to several problems. 
Expansion is responsible for the local degradation of 
the melt and as it burns it turns black and its surface 
contains residues from combustion. Another problem 
can be insufficient melt flow, resulting in an untouched 
spot at the edge or in the middle of the shot area or 
shape. This leads to apparent defects and technical 
problems such as:
•	 Insufficient melt flowability - solidification of the 

melting face,
•	 Air sealing - appearance of bubbles in the walls of 

the injected product,
•	 Increased probability of weld lines leading to 

reduced local strength,
•	 Internal stresses,
•	 Increase in anisotropy of product properties and

The greater probability of mold corrosion due to 

2.4	 Quality prediction

The task of the quality prediction simulation is to 
estimate the quality of the mechanical properties and 
appearance of the injected product. The basis for this 
analysis is the functional filling of the mold cavity. The 
simulation result is derived from pressure, temperature 
and other results. Figure 13 represents the quality of 
the injected product of the original design and Figure 
14 represents the quality of the injected product of the 
optimized design. The quality of the parts of the injected 
product shown in green should be high, the yellow color 
represents the parts with limited quality and the red 
color represents the quality problems [18].

2.5	 Air traps

When the mold is closed in the injection molding 
process, the air in the mold cavity is sealed. After a 

Figure 13 Quality prediction of the original design

Figure 14 Quality prediction of the optimized design
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to the holes for the ejectors and false cores, which was 
also required for the proper function of the injection  
mold.

2.6	 Weld lines

Occurrence of the weld lines is directly related to 
filling of the molded cavity. A weld line occurs when the 
main melt stream is split into two or more streams by 
the mold elements in the mold cavity, or when the melt 
streams from multiple gates meet. Weld lines virtually 
always occur on the opposite side of the bypassed shape 
from the gate. The melt faces of the split flow cold and 
then join frontally, laterally, or tangentially. The weld 
lines adversely affect the properties of the product, 
specifically strength and appearance. Simulation 
programs can be used to predict the occurrence of weld 
lines, which would reveal potential problems before the 
actual mold production [4]. As can be seen in Figure 17 
(original design) and Figure 18 (optimized design), the 
occurrence of weld lines is minimal and they are located 
at the meeting points of the melt faces.

an increase in temperature and pressure, leading to 
the release of gases from the injected material that can 
chemically react with the mold material.

There are several methods to prevent the air trap 
problems. The first method uses simulation programs 
output of which is a prediction of the occurrence of 
air traps. The second method uses the knowledge and 
experience of the designer, who already considers the 
method of venting in the mold design process. The last 
way is to address venting after the mold has been tested, 
if necessary [4].

In this mold design, the venting of the molding 
cavity was already considered during the design process. 
The venting is implemented through the following 
design modifications. The core is designed as a divided 
part and consists of a core plate and a core insert. 
There is a gap between the two to ensure the air 
leakage. A further modification are the gaps between 
the ejector holes and the ejectors themselves and the 
gaps for false cores, which provide sufficient space for 
air leakage. Figure 15 shows the predicted locations 
of the air traps for the original design, Figure 16 for 
the optimized design. The air traps are located close 

Figure 15 Air traps of the original design

Figure 16 Air traps of the optimized design
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analysis carried out, it was found that the dimensions 
of the runner system do not provide the melt with 
sufficient space for the proper filling and may be 
responsible for development of defects. By evaluating the 
results of this analysis and its technological parameters, 
it was concluded that the dimensions of the runner 
system of the original design needed to be optimized. 
The optimization of the runner system design consisted 
in modifying the dimensions of the runner system and 
increasing the number of gates. This solution improved 
the melt flow into the mold cavity, ensured higher filling 
confidence and better product quality and eliminated 
the problems of the original design. In addition, the 
technological parameters of the injection process were 
changed, resulting in lower stress on the injection mold 
in the injection process. The advantage of lower stress is 
to ensure a longer lifetime of the injection mold.

The result of the runner system optimization process 
is a solution that meets the requirements for its function. 
This is proven by the results of the analysis, which are 
an excellent basis for the subsequent production of the 
injection mold.

3	 Conclusions

When designing an injection mold, it is necessary 
to follow a set of rules and recommendations that are 
generally known. The mold design process is very 
complex and consists of several areas. The selection of 
the type and proper design of the runner system is an 
essential part of this process. The runner system ensures 
the transfer of the melt from the injection molding 
machine to the injection mold. Its function is very 
important and the overall functionality of the injection 
process and product characteristics depend on it.

In the field of injection mold design, simulation 
programs are of great help. They have the advantage of 
providing the design results before the actual production 
of the injection mold. This results in a reduction 
in design and production time, as well as in cost 
savings associated with the production of prototypes. 
Autodesk Inventor software program was used for this 
optimization.

The original design of the runner system was a 
simple shape with certain dimensions. Based on the 

Figure 17 Weld lines of the original design

Figure 18 Weld lines of the optimized design
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Resume
The publication presents the results of research into the strength of an 
improved tank container. The tare of a tank container can be reduced 
through application of composite material for the tank. In this case its mass 
can be 46% lower than that of a metal tank. The strength of the tank was 
calculated by computer simulation. The maximum stress occurs in its lower 
part and is about 295 MPa.
The dynamic loading of a tank can be reduced by application of elastic 
elements in the fittings of a tank container. The reduction in dynamic load 
is achieved by the elastic friction forces generated in the fittings. The results 
of mathematical modelling of the tank container dynamics proved the 
effectiveness of this solution.

Article info
Received 7 February 2023
Accepted 2 May 2023
Online 23 May 2023

Keywords: 
tank container
improvement construction
dynamic load
construction strength
container transportation

Available online: https://doi.org/10.26552/com.C.2023.047
ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

2	 Analysis of recent research and publications

The issue of the dynamic loading and the strength 
of tank containers was studied by many researchers. 
Study [8] presents the study of the loading to a tank 
container on the flat car during a shunting impact. 
The calculation of the accelerations to a tank container 
included a technological gap between fixed fittings and 
container fittings. The longitudinal forces on the flat 
wagon were approximately 2.2 - 2.8 MN according to the 
tank container load.

However, the maximum longitudinal force on 
the flatcar during shunting is 3.5 MN [9]. Therefore, 
improved values of accelerations to a tank container 
in operation can be obtained by means of additional 
research.

Studies [10-11] have presented the results of 
optimization of the tank car structures and substantiated 
development and introduction of tank containers as 
transport means into operation. They designed improved 

1	 Introduction

One of the most mobile transport facilities widely 
used for combined transportation is containers. This 
is by a reason, that they can be transported by almost 
all types of transport: rail, road, air and sea. In case 
of railway transport, containers are the most often 
transported on a flat car (Figure 1 [1]).

At present the use of tank containers is increasing 
due to higher volume of liquid freight transported along 
international transport corridors (Figure 2 [2-3]).

The demand for inter-modal tank containers is 
increasingly growing. There is a need for development 
and introduction of innovative tank containers 
with improved characteristics. The designing 
of such structures for tank containers requires the 
introduction of measures for their better strength 
during operational modes which will provide ecological 
compatibility [4-7] of combined transportation and lower  
maintenance costs.

https://orcid.org/0000-0002-7626-9933
https://orcid.org/0000-0003-3928-0567
http://orcid.org/0000-0002-3823-7201
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Study [16] presents the research into the strength 
of a tank container. The authors analyzed how the 
finite element mesh influences the stresses of a tank 
container. However, the authors did not provide 
solutions for improvements in the bearing structure of 
a tank container for improved strength in operational  
modes.

The analysis of literature [8-16] shows that there is 
a possibility for further developments and improvements 
of the tank containers in order to provide their strength 
and higher operational efficiency.

3	 The aim and main objectives of the article

The objective of the publication is research into the 
loading of the tank container with the tank of composite 
material and improved container fittings. The given 
objective can be achieved by means of the following 
tasks:
• 	 determine the strength of the tank of a container of 

composite material; and
• 	 study the longitudinal loading on the structure of 

a tank container on the flat car during a shunting 
impact. 

tank container structures. The strength model of a tank 
container included the normative loading values given 
in [9]. The study into the strength of tank container 
with improved operational loading values (compliance 
of freight, displacements of container fittings relative to 
fixed fitting, etc.) was not included.

The strength calculation for a tank car in operational 
loading are described in article [12]. The authors used 
the ABAQUS calculation tool. The case of static loading 
on the tank container structure according to ISO 1496-3 
[13] was included in the calculation. 

Study [14] presents the calculation of the dynamic 
of a tank container transported by road or rail transport. 
This study was used for the research into an advanced 
tank container structure. Besides, these studies do not 
give the engineering solutions to reduction of the loading 
on the tank container structure.

The issue of how the structural solution for tank 
containers impacts their loading in operation is studied 
in [15]. The work caclulated the stress strain state 
of a tank container. The authors substantiated the 
structural solution for a hatch in the tank.

However this tank container structure does not 
include elements intended for reduction of the loading 
at operational loading modes.

	 	
	 a)	 b)

Figure 1 Placement of containers on a flat car  
a) dry bulk containers; b) tank containers

	  	
	 a)	 b)

Figure 2 Tank container
a) model T11-254 / T11-254.2; b) model T14-254

https://www.railway.supply/uk/kontejner-czisterna-t11-254-t11-254-2/
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the improved structure of the frame is 354 kg lighter 
than that of its existing analogue, which together with 
their massive state produces a considerable economic 
effect.

The tank container tare can also be decreased if 
the tank is made of composite material. The mass can 
be reduced by 46  % in comparison with a metal tank. 
The substantiation of this solution was made with the 
computer modelling of the strength of the tank. The 
graphic work for the tank container have been made in 
SolidWorks (Figure 4).

The model included several pads mounted in the 

4	 Presentation of the main content  
of the article

In their previous studies the researchers developed 
the method to reduce the material capacity of tank 
container by improving its frame through replacing 
the rectangular cross-section, used in the standard 
structure, for the circular pipes which provide both 
strength conditions and operational reliability  
(Figure 3).

The new structure of a frame of container is 
calculated for loading mentioned in [9]. It was found that 

Figure 3 Spatial model of an improved tank container

Figure 4 Model of the tank 

Figure 5 Design diagram of the tank
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where:
N - impact force to a coupler, MN; mv - mass of freight in 
the tank, kg; mbr - gross mass of a container, kg; F - area 
of the internal cross section of the tank, m2.

Petrol was taken as liquid freight.
The hydrostatic pressure was determined by 

formula:

P g hhydr $ $t= ,	 (2)

where: 
ρ - density of liquid freight, kg/m3; h - height of the 
freight distribution in the tank, m; g - acceleration of 
gravity, m/s2.

The maximum stresses in the tank of a tank 
container occur in its bottom part and amount to about 
295 MPa (Figure 6), which is 8 % lower than in the 
standard structure.

Distribution of the stresses by the length of 
the cylindrical (bottom) part of the tank is given  
in Figure 7.

area where the tank rested on the frame with the 
geometry identical to the padding sheets.

The strength calculation was made with the FEM in 
SolidWorks Simulation [17-20]. 

It was taken into account that the tank was 
made of a composite with linear elastic orthotropic 
characteristics [21-22]. The limit strength along the fiber 
was 1100-1300 MPa and across the fiber - 650 MPa. The 
number of layers in the material was taken equal to 2. 
The strength calculation for the tank was made as if 
for a thin shell. The model was secured in the areas of 
support of the tank on the padding sheets. The model 
was rigidly fixed. 

The FEM was built with tetrahedrons [23-24], the 
optimum of which was calculated with FAM [25-27].

The elements in the mesh was 13065, and nodes - 
38714. The calculation diagram is given in Figure 5. 

The pressure to the tank Ph was determined to the 
formula [9]: 

P N m
m

F
1

h
br

v$ $= ,	 (1)

Figure 6 Stress state of the tank

Figure 7 Distribution of the stresses by the length of the cylindrical (bottom) part of the tank
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assumed to be 3.5 MN [9]. 
The hydrodynamic characteristics of the liquid bulk 

cargo were determined according to the method given in 
[28]. Petrol was taken into account as a liquid cargo. The 
hydrodynamic characteristics of the liquid cargo were 
made with the maximum admissible load of the tank 
container according to [29]. Based on the calculations 
performed in accordance with [28], the value of Ip = 250 t 
∙ m2 was obtained.

Equation (3) was solved in MathCad [30-34]. To 
do this, it was reduced to the Cauchy form and then 
integrated using the Runge-Kutta method. In this case, 
one can write:
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where: 
Y0 - the vector with initial conditions, tn, tk - initial and 
final integration variables, n’ - number of steps, F - the 
symbolic vector. 

The maximum stresses occur on the side of the 
hatch and decrease along the tank length.

The loading of the tank can also be reduced by 
application of elastic elements in the tank container 
fittings (Figure 8).

The solution was substantiated through the 
mathematic modelling of the dynamic of a tank 
container. The calculation included the shunting impact 
of a flat car (Figure 9).

The accelerations of a tank container were studies 
through the mathematical model:
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where: 
MFC

gr - gross mass of a flat car, t; Pl - longitudinal force, 
kN; FFR - friction force, kN; Mc - mass of a tank container, 
t; lf - stiffness of elastic elements, kN/m; MP - mass of a 
pendulum simulating the displacements of liquid freight 
in a tank container, t; l - length of a pendulum rod, m; 
IP - inertia moment of a pendulum, t ∙ m2; q1, q2, q3 - 
coordinates corresponding to displacements of flat car, 
tank container and freight relative to the longitudinal 
axle.

The movement of the liquid bulk cargo was described 
by a set of mathematical pendulums [8]. The value of 
the longitudinal impact force acting on the flat car was 

Figure 8 Diagram of interaction container and flat car
1 - container; 2 - flat car; 

Cf - stiffness of the fitting spring, kN/m; FFR - friction force, kN 

Figure 9 Action of the longitudinal force to a flat car 
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boiler, calculations were made using the finite element 
method. The stresses in the tank occur in its bottom part 
and amount to about 295 MPa, which is 8 % lower than 
that of the standard structure.

The longitudinal loading on the improved container 
located on the car during a shunting impact was studied. 
It was found that the accelerations to a container were 
about 40 m/s2 (4g); the calculation included the elastic-
frictional connections in the fittings; they do not exceed 
the allowable values. The total rigidity of the elastic 
elements for one tank container must be within a range 
of 426 - 535 kN/m.

This study will contribute to the development of 
tank containers with better technical and operational 
characteristics, higher operational efficiency and 
improved environmental friendliness of container 
transport.
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The generalised accelerations acting on the 
components of the mechanical system were calculated 
in the array ddqj,i :
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On the basis of the calculation the authors obtained 
the accelerations of an improved tank container structure 
(Figure 10).				  

This value of acceleration was about 40 m/s2 (.4g), 
thus it was within the allowable values. 

5	 Conclusions

The study deals with calculation of the strength of 
a tank container made of composite material and fittings 
with elastic-friction bonding. The use of composite 
materials will reduce the weight of the boiler by 46% 
compared with metal. The use of elastic-friction bonds 
in the fittings will reduce the dynamic load of the tank 
container during the operational regimes.

To investigate the strength of the tank container 

Figure 10 Accelerations to the tank container
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Resume
The presented article aims at assessment of the influence of test bench 
design on the cooling performance of a rail vehicle brake disc. The test bench 
is designed for experimental analyses of rail vehicles’ brake components. The 
work includes an introduction to the solved problem, as well as a description 
of importance of airflow simulations in virtual environment. Creation of 
a geometrical model and its most important features are described. The 
research is performed by means of the computational fluid dynamics. For 
this method, it is important to set-up the boundary conditions, which are 
presented in the next part of the article. The results of the computational 
fluid dynamics simulations are presented for the solid disc and for the 
ventilated disc. The simulations of the solid disc showed the better 
convergence of calculations for various time-steps in comparison to the 
ventilated disc.
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design solutions for various test benches might satisfy 
the same performance requirements [4-5]. An integral 
part of the test bench is its ventilation subsystem 
that provides air from environment with satisfying 
parameters. This article discusses a particular solution 
of a ventilation subsystem installed on the test bench. 
Each design might influence the experiments differently, 
so in the leaflet, there is a standardized way to check 
that the cooling performance of the ventilation system 
is similar enough throughout all the test benches and 
results are comparable [6-8].

There are several ways of how the design of the 
ventilation system can affect the cooling performance of 
the brake disc. First, with the total mass flow around the 
brake disc (or pads), the velocity of the air changes and 
so do the parameters of forced convection. Moreover, the 
parameters of the flow (e.g. temperature) have serious 
impact, as well. However, these influences are subject 
to the test described in the leaflet, so after successful 
certification, there is no need to discuss them further 
[9-10]. 

One of the ways the airflow can affect the cooling 

1	 Introduction

Safety is an extremely important point of view 
during design, development or any other lifecycle stage 
of all the types of vehicles. Concerning safety, braking 
plays vital role. This is even more important for rail 
vehicles, as these can operate at higher velocities and 
with higher masses than cars. Even though the rail 
vehicles can be equipped with brakes of multiple types, 
a frictional brake should always be present. One type 
of frictional brakes is the disc brake, now widely used 
for all the high-speed trains, as well as for passenger 
wagons of casual trains. 

To ensure proper functionality during operation, 
certification procedure is standardized in UIC 
(International railway union) leaflets [1-2]. These 
certification procedures aim to provide set of simulations 
of certain conditions for different types of brakes. 
Another leaflet [3] regulates certification requirements 
for the test benches themselves. Requirements for 
performance is present in that leaflet, however, no exact 
design is required by it. As a consequence, various 
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2	 Model creation, geometry

The room of the test bench consists of four main 
parts. An inlet pipe serves as the source of cooling 
air driven from outside the building to the brake 
mechanism. In the beginning of the pipe is a primary 
fan, which is regulated to maintain the proper velocity 
at the outlet of the inlet pipe. However, this fan is 
incapable of providing enough mass-flow for the highest 
velocities, and so in the final part of the inlet pipe, the 
secondary fan is installed, which is not regulated and is 
active only at simulated train speed of 160 km∙h-1 and  
above.

The second and the most important part is the 
test bench itself. It consists of the frame of the brake, 
the braking mechanism, bearings etc. The airflow is 
directed towards the brake disc and further direction 
is influenced by the disc and the braking conditions. 
The third part is the outlet pipe located behind the 
frame (flow-wise) and provides suction power to remove 
products of braking (heat and solid dust particles). The 
remaining part is a moveable covering. From airflow 
point of view, this covering separates the test bench 

of the brake disc, is that the flow direction on the local 
scale (turbulences, eddies) can have some impact on 
results of the experiment by the means of providing 
slightly different airflow on opposite friction surfaces 
of the disc. To assess this influence, the computational 
fluid dynamics (CFD) can help to isolate this effect from 
others on the disc (for example inevitable geometry 
imperfections in production, material imperfections, 
test bench geometry imperfections etc.). As a numerical 
method, a CFD simulation is suitable for observation 
and evaluation of concomitant effects, as suggested by 
many authors, for example [11-14]. The best metric to 
compare the results of the simulations seems to be the 
same as is used for experiments - averaging temperature 
on the friction surfaces of the disc [15-17]. 

From the above mentioned, the following two 
objectives arose. The first and main objective is to assess 
the influence of a test bench geometry, namely the inlet 
pipe’s shape, on the cooling performance on the brake 
disc via the CFD simulation. The secondary objective 
is a side objective to roughly assess the maximum time 
step size for such simulations, so that the solution can 
converge and provide acceptable results.

Figure 1 A geometry for the CFD simulations - an inlet pipe

Figure 2 A geometry for the CFD simulations - a test bench
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in Figure 2. Figure 3 depicts a cross-section  view of the 
solid disc model with individual components. 

3	 Simulation settings, boundary conditions  
and mesh

The airflow analysis was split between the simulation 
of airflow around the test bench and the simulation of 
airflow in the inlet pipe. For the latter one, the domain 
consisted only of the first part of the geometry (inlet 
pipe). The goal of this sub-simulation is only to find the 
velocity profile at the outlet of the inlet pipe. Settings 
and boundary conditions for this sub-simulation are 
presented in Table 1.

Due to the complexity of the problem, both brake 
discs were simulated in a single constant regime. 
Rotation was simulated using the principle of sliding 
meshes with angular velocity of rotating domain 
simulating particular train velocity. Settings and 
boundary conditions of this regime are summarized 
in Table 2 and the thermal properties for cooling are 
summarized in Table 3.

The mesh used in all bodies was made using 
the Mosaic meshing in Ansys Fluent Meshing, the 

environment from the rest of the room and thus making 
the space out of the covering aerodynamically irrelevant 
for test bench.

The exact CAD model was created from the first 
three parts and this model was heavily simplified for the 
purpose of CFD simulations [18-20]. However, even after 
these simplifications, the computational costs of this 
problematics remained relatively high. The CAD model 
was then converted into a CFD model - enclosure of the 
bodies, while keeping the size of the enclosure same as 
the size of the real covering. 

Various discs are mounted in the brake test bench, 
so two different simplified discs have been examined in 
simulations. The simplest disc is solid with a groove and 
the second is simplified brake disc with radial vanes. 
These two discs represent the edge cases for effectivity 
of cooling from ventilation point of view.

For the selected method of simulating the disc 
rotation - “sliding meshes” - another body had to 
be created inside the domain. This body needs to 
cylindrically enclose the disc.

The basic components of an analysed CFD simulation 
model are shown in Figures 1 to 3. Figure 1 depicts a 
geometry of an inlet pipe. A geometry of the test bench, 
which is used for the simulation computation, is shown 

Figure 3 Bodies in a model for the “sliding meshes” simulation

Table 1 Boundary conditions for simulation of airflow in the inlet pipe

Boundary condition / setting Value

Material in the domain Air, constant density 1.225 kg∙m-3

Mass flow inlet - primary fan 2 kg∙s-1

Pressure outlet 0 Pa

Table 2 Boundary conditions for simulation of airflow around the test bench

Boundary condition Value

Material - stationary + rotating domain Air, constant density 1.225 kg∙m-3

Angular velocity of rotating domain 357 rpm (equivalent to simulated train speed 60 km∙h-1)

Velocity inlet Velocity profile obtained by previous simulation

Suction - mass flow outlet 3.87 kg∙s-1

Pressure outlet - floor 0 Pa

All walls No roughness, stationary relative to adjacent cell zone

Time step size 0.00047 s (cca. 1° of rotation)
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time step size - for solid disc, the disc temperature 
contours after one minute of cooling are presented in 
Figure 5. The gradient in the tangential direction in 
the middle of the friction surface is clearly visible in the 
contours created with time step size 1 s and 0.5 s but are 
not present when the time step size is 0.05 s. Therefore, 
the time step 0.05 s can be considered as the maximum 
time step size for model with solid disc. Figure 5 shows 
an example of the simulation computations results 
of a solid disc. It includes three various temperature 
distributions in the solid disc after the 1st minute. Figure 
6 depicts the results of simulation computation for the 
ventilated brake disc. As the numerical simulation was 
successful only for the time step of 0.005 s, it includes 
only one illustration of temperature distribution in the 
disc body.

On the other hand, the model with ventilated disc 
has the only single time step size successfully simulated 
- 0.005 s. All the other (bigger) time steps showed poor 
convergence or no convergence at all. No significant 
tangential gradients are present in this case, as can be 
seen in Figure 6. For ventilated disc, its aerodynamic 
drag was used as an additional criterion of convergence 
and was in good proximity with values presented by [17]. 
In addition, the results were in good accordance with the 
rig tests described by [10].

To compare the influence of turbulent and swirling 

final mesh contained polyhedral prisms near the wall 
and hexahedral elements farther from the wall with 
polyhedral buffer layers.

4 	 Results and discussion

From the simulation of airflow in the inlet pipe, the 
velocity profile is obtained at the interface between the 
inlet pipe and the main stationary domain. This velocity 
profile is presented in Figure 4.

A measurement was performed to prove the results 
of this simulation. A total of eight points were selected 
(and spaced almost equally) near the inner perimeter of 
the profile and velocity of flowing air has been measured 
using simple handheld anemometer. A comparison of 
measured and simulated values can be found in Figure 
4. Generally, the correlation between them is good and 
the velocity profile is accepted as an input to the main 
simulation.

During the real measurements, the temperature is 
measured 1 mm under the frictional surfaces, in three 
locations on both sides of the disc and the temperature 
is averaged between those three sensors. In these 
simulations, temperature is averaged on the whole 
surface of friction. 

As for the minor objective - the minimum applicable 

Table 3 Thermal properties and time-dependent simulation settings

Property Body Value

Density Air 1.225 kg∙m-3

Disc 8030 kg∙m-3

Thermal conductivity Air 0.0242 W∙m-1∙K-1

Disc 40 W∙m-1∙K-1

Specific heat Air 1006.43 J∙kg-1∙K-1

Disc 502.48 J∙kg-1∙K-1

Initial temperature (homogenous throughout the 
body)

Air 288 K

Disc 600 K

Figure 4 A velocity profile on the outlet of the inlet pipe (left), the comparison of the measured vs. simulated values (right)
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Figure 5 Temperature contours on the surface of a solid disc at different time steps after the 1st minute

Figure 6 Temperature contours on the surface of a ventilated disc  
for the time steps 0.005 s after the 1st minute

Figure 7 Evolution of temperature differences between the friction surfaces of the brake discs in terms of time
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differences diminish and no trend was observed over 
time. 

•	 Combining the previous statements, simulations 
with ventilated disc can be heavily simplified by 
removing most of the test bench geometry, as it shows 
little to no influence on its cooling performance.
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flow from the inlet pipe on the cooling performance of 
the either of the brake discs, curves for both successful 
cases are presented in Figure 7. The two curves are 
depicted - for the solid disc (a red curve) and for the 
ventilated disc (a blue curve). For the non-ventilated 
disc, the trend is clearly visible, as the difference of 
temperatures on frictional surfaces increases in time. 
Contrary to the solid disc, the curve for ventilated 
disc shows neither increasing nor any other trend  
in time.

5	 Conclusions

From the results, for the goals stated at the end 
of the introductory part, following statements can be 
concluded:
•	 For the non-ventilated disc, the maximum 

allowable time step is (in simulated case) 0.05 
s (cca 10 degree of revolution), whereas for 
ventilated disc, this value is 0.005 s (cca 1 degree 
of revolution). Bigger time steps caused the 
simulation either to diverge or to provide unrealistic  
results.

•	 The airflow provided by the inlet pipe causes 
different sides of the solid disc to be cooled at 
different pace, while the ventilated disc makes these 

References

[1]	 UIC 541-3 Brakes - disc brakes and their applications - general conditions for the certification of brake pads.
[2]	 UIC 541-4 Composite brake blocks - general conditions for certification and use.
[3]	 UIC 548 Brakes - requirements of friction test benches for the international certification of brake pads and brake 

blocs.
[4]	 GERLICI, J., LACK, T., HARUSINEC, J. Development of test stand protoype for rail vehicles brake components. 

Communications - Scientific Letters of the University of Zilina [online]. 2014, 16(3A), p. 27-32. ISSN 1335-4205, 
eISSN 2585-7878. Available from: https://doi.org/10.26552/com.C.2014.3A.27-32

[5]	 GERLICI, J., GORGUNOV, M., KRAVCHENKO, K., KOSTYUKEVICH, A., NOZHENKO, O., LACK, T. 
Experimental rigs for wheel/rail contact research. Manufacturing Technology: Journal for Science, Research 
and Production [online]. 2016, 16(5), p. 909-916. ISSN 1213-2489. Available from: https://doi.org/10.21062/
ujep/x.2016/a/1213-2489/MT/16/5/909

[6]	 GERLICI, J., LACK., T., HARUSINEC, J. Rail vehicles brake components test stand railbcot constructional 
solution. In: 22nd International Conference on Current Problems in Rail Vehicles: proceedings. Part I. 2019. p. 
159-170.

[7]	 KOCH, S., KOPPEN, E., GRABNER, N., VON WAGNER, U. On the influcence of multiple equilibrium positions 
on brake noise. Facta Universitatis, Series: Mechanical Engieering [online]. 2021, 19, p. 613-632. ISSN 0354-
2025, eISSN 2335-0164. Available from: https://doi.org/10.22190/FUME210106020K

[8]	 MOTLAGH, V. G., AHMADZADEHTALATAPEH, M. Optimization of air distributionn patterns by arrangements 
of air inlets and outlets: Case study of an operating room. Journal of Applied and Computational Mechnaics 
[online]. 2022, 8, p. 809-830. eISSN 2383-4536. Available from: https://doi.org/10.22055/JACM.2020.32443.2015

[9]	 INCROPERA, F.P., DEWITT, D. P., BERGMAN, T. L., LAVINE, A. S. Fundamentals of heat and mass transfer. 
USA: John Wiley and Sons, 2007. ISBN 987-0471457282.

[10]	KRAVCHENKO, K., HAUSER, V., GORBUNOV, M. Estimating the brake disc air resistance by scaled test rig 
and by computer simulation. Transportation Research Procedia [online]. 2019, 40, p. 737-744. ISSN 2352-1457, 
eISSN 2352-1465. Available from: https://doi.org/10.1016/j.trpro.2019.07.104



B200 	 P A V E L Č Í K  e t  a l .

C O M M U N I C A T I O N S    3 / 2 0 2 3 	 V O L U M E  2 5

[11]	ZHUOJUN, L., JIANYONG, Z. Conjugate heat transfer study on a ventilated disc of highspeed trains during 
braking. Journal of Mechanical Science and Technology [online]. 2013, 28(5), p. 1887-1897. ISSN 1738-494X, 
eISSN 1976-3824. Available from: https://doi.org/10.1007/s12206-014-0336-7

[12]	ZHANG, S., ZHANG, J. Modeling and analysis on fluid-solid-thermal physical field coupling of ventilated disc 
brake. Jixie Gongcheng Xuebao / Journal of Mechanical Engineering [online]. 2019, 55(8), p. 154-164. ISSN 
0577-6686. Available from: https://doi.org/10.3901/JME.2019.08.154

[13]	STASTNIAK, P., MORAVCIK, M., BARAN, P., SMETANKA, L. Computer aided structural analysis of newly 
developed railway bogie frame. MATEC Web of Conferences [online]. 2017, 157, 02051. eISSN 2261-236X. 
Available from: https://doi.org/10.1051/matecconf/201815702051

[14]	DURAND, A., MEHEL, A., MURZYN, F., PUECH, S., LARRARTE, F. Numerical study of particle dispersion 
emitted from train brakes in underground station. In: 23rd Transport and Air Pollution Conference: proceedings. 
2019.

[15]	MASTRONE, M. N., CONCLI, F. Numerical modeling of fluid’s aeration: analysis of the power losses and 
lubricant distribution in gearboxes. Journal of Applied and Computational Mechanics [online]. 2023, 9, p. 83-94. 
eISSN 2383-4536. Available from: https://doi.org/10.22055/JACM.2022.40666.3625

[16]	VOLOV, V. T., BONDARENKO, A. A., OVCHINNIKOV, D. V., ATAPIN, V. V., KOU, L. Optimization of lubricant 
concumtion in the wheel/rail friction system. Acta Polytechnica Hungarica [online]. 2022, 19(3), p. 21-36. ISSN 
1785-8860, eISSN 2064-2687. Available from: https://doi.org/10.12700/APH.19.3.2022.3.3

[17]	GERLICI, J., FOMINA, Y., KRAVCHENKO, K. The dependence of the aerodynamic drag on the rolling stock 
motion speed. Transportation Research Procedia [online]. 2021, 55, p. 723-730. ISSN 2352-1465, eISSN 2352-
1457. Available from: https://doi.org/10.1016/j.trpro.2021.07.174

[18]	YEVTUSHENKO, A., KUCIEJ, M., TOPCZEWSKA, K. Effect of the temporal profile of the friction power on 
temperature of a pad-disc brake system. Journal of Theoretical and Applied Mechanics [online]. 2019, 57(2), p. 
461-473. ISSN 1429-2955, eISSN 2543-6309. Available from: https://doi.org/10.15632/jtam-pl/105465

[19]	TOPCZEWSKA, K., SCHLATTMANN, J., ABDULLAH, O. I. Temperature and thermal stresses distributions in 
a dry friction clutch. Journal of Theoretical and Applied Mechanics [online]. 2020, 58(2), p. 351-360. ISSN 1429-
2955, eISSN 2543-6309. Available from: https://doi.org/10.15632/jtam-pl/116593

[20]	YEVTUSHENKO, A., TOPCZEWSKA, T., KUCIEJ, M. Analytical determination of the brake temperature mode 
during repetitive short-term braking. Materials [online]. 2021, 14(8), 1912. eISSN 1996-1944. Available from: 
https://doi.org/10.3390/ma14081912



©  2 0 2 3  U N I V E R S I T Y  O F  Z I L I N A  	 C O M M U N I C A T I O N S  2 5  ( 3 )  B 2 0 1 - B 2 0 8

O R I G I N A L  R E S E A R C H  A R T I C L E 	 Mechanica l  Engineer ing in  T ranspor t 	  B201

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 
which does not comply with these terms.

DETERMINING BASIC GEOMETRIC PARAMETERS  
OF THE APRON CONVEYOR DRIVE
Baurzhan G. Moldabayev, Alexander V. Rozhkov*, Oyum T. Balabayev

Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan

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

Baurzhan G. Moldabayev  0000-0002-2102-1834, 	 Alexander V. Rozhkov  0000-0001-9408-9461,  
Oyum T. Balabayev  0000-0001-6212-9350	

Resume
The article provides an analysis of the classical design of the apron conveyor, 
which revealed the significant disadvantages. The study is devoted to the 
improvement of the plate conveyor design, which would provide an increase 
in the speed and performance of the conveyor, and allow to create conveyors 
of any required length and installation angle.
As a result of the research work, the following are determined: dependencies 
of the value of the specific traction force of the drive on the power of the 
engine and the value of its relative pole division; dependence of the active 
area of the linear asynchronous motors [LAM] on its power and conveyor 
speed; dependence of the distance between the intermediate drives on the 
power of the drive and the angle of installation of the conveyor.
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carrier plate, allowing the conveyor to be installed 
at 35-40 ° inclinations. The plate conveyor makes it 
possible to transport large chunks of mountain mass, as 
the load moves together with the carrier cloth, so there 
is no impact of the load on stationary rollers, as in belt 
conveyors.

At the same time, the classical design of the 
plate conveyor has certain disadvantages - significant 
dynamic loads in the traction unit and the maximum 
length of the conveyor.

Significant dynamic loads that limit the speed of the 
traction and load-bearing organ of the plate conveyor 
are caused by the physical processes that occur when the 
traction chain of the drive sprocket is curved.

The drive sprocket circumference with the traction 
chain is shown in Figure 3.

Since the sprocket rotates at an angular speed ω, 
the start and end of the link of the traction chain move 
at a speed:

v Re e~= ,	 (1)

where: ω - the speed at which the asterisk rotates; 
Re - start and end radius of the chain link.

1	 Introduction

Increasing the efficiency of the process of open-
source mining is the use of conveyor transport. One of 
the types of conveyors used is a plate conveyor [1].

Figure 1 shows the general appearance of the plate 
conveyor.

The diagram of the classical plate conveyor is shown 
in Figure 2.

The carrier belt of the conveyor consists of separate 
plates connected to chains that are driven by drive 
sprockets.

In open-pit mining conveyor applications, the 
maximum possible conveyor angle and the possibility of 
transporting a lump rock mass are important.

Conveyor transport is the best positioned at the 
angle of natural derailment of the quarry, which is 
30-40 °. The classical design of the plate conveyor allows 
its installation at a maximum angle of 25 °. At large 
installation angles, the load is sliding over the carrier 
surface under the action of its own weight. The use of 
partitions makes it possible to hold the load on the load-
bearing sheet.

Load sliding dividers are welded to the conveyor 
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Figure 1 Apron conveyor

1- unloading funnel; 2 - drive sprocket; 3 - load-carrying belt; 4 - traction chains; 5 - bed; 6 - loading funnel;  
7 - sprocket; 8 - tension device

Figure 2 Structural design of a traditional apron conveyor

Figure 3 The drive sprocket chain bending diagram
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motors in the conveyor transport drives, which makes it 
possible to provide a significant length of the conveyor 
line and lifting height [12].

The development of a special design of an apron 
conveyor that allows transporting cargo of a necessary 
height at the shortest length, while ensuring minimal 
costs, is a task of current interest.

Disadvantages of the plate conveyors can be 
eliminated by using intermediate drives with LAM.

In this way, the research is needed to determine the 
design parameters of intermediate conveyor drives with 
the LAM.

2	 Problem statement

The aim of the study is to establish the basic 
geometric parameters of intermediate drives of plate 
conveyor with LAM. To achieve this objective, it is 
necessary to:
1.	 Set the value of the specific traction force of the 

drive the dependence on the power of the engine and 
the value of its relative pole pitch.

2.	 Set the area of the active part of a linear 
asynchronous motor the dependence on its power 
and conveyor speed.

3.	 Sett the distance between the intermediate drives 
the dependence on the drive power and the angle of 
setting of the conveyor.

3	 An apron conveyor with linear drives

The structural design of an apron conveyor with 
a system of several drives with linear asynchronous 
motors is shown in Figure 4.

The apron conveyor operates as follows:
•	 plates 2 are interconnected through the swivel 

assembly of plates 3;
•	 interconnection of plates 2 allows performing the 

functions of a traction-bearing body of the apron 
conveyor;

•	 the traction force is transmitted to the traction-
bearing plates 2 through the developed  rotors 
of 8 linear motors, which are set in motion from 
interaction with the stators 9 of linear motors;

•	 rotors 8 of linear motors have a developed (linear) 
view and are fixed to axis 4 of travel rollers with 
flange 6;

•	 stators 9 of linear motors also have a developed 
(linear) view and are fixed to frame 1 of the conveyor;

•	 the number and the distribution step of linear 
motors (rotors 8 and stators 9) are determined by 
calculation depending on the operating conditions.
The developed apron conveyor with linear motors 

allows significant reducing dynamic loads and increasing 
the length of one conveyor, due to the absence of traction 
chain sprockets.

If the drive sprocket is at rest, the middle of the link 
of the traction chain te is at a distance  Rm < Re from the 
drive sprocket axis (Figure 3).

When the drive sprocket is rotated, the link of 
the traction chain is subjected to elastic deformation, 
leading the center of the link of the traction chain to a 
distance from the axis of the drive sprocket Re.

This process causes additional loads on the traction 
unit, depending on the speed of rotation of the drive 
sprocket and the speed of the conveyor. Numerous 
experimental studies have shown that the maximum 
speed of these conveyors is 1.2 m/s. The tension at any 
point of the traction body of the plate conveyor can be 
determined by:

S S LAe S= + ,	 (2)

where: ,S Se s  - are the tension at the beginning and end 
of traction organ section, respectively; A - a coefficient 
depending on the linear load on the traction organ, the 
drag of the traction unit and the installation angle of 
the conveyor; L -length of the plot. At the same time, 
the force in the traction organ is limited by its strength 
ratio:

S Se1 6 @ ,	 (3)

where: [S]- permissible traction tension.
From Equation (3) and Equation (4) follows:

L
S
A
Se

=
-6 @

.	 (4)

The single-drive conveyor is thus limited in length.
Research of the possibility of using the conveyor 

transport in difficult conditions of deep quarries shows 
a fairly high efficiency of these solutions [2]. The 
continuous technology of the conveyor process can be 
improved by using inclined conveyors [3]. 

Conveyor lifts can be placed both on the side of the 
quarry and in inclined shafts [4].

Scientific research has been carried out on many 
issues of improving the technology of mining, dedicated to 
improving the safety and intensity of mining operations, 
which is ensured by the use of the conveyor transport 
[5-8]. Cyclic-flow technology, along with the conveyor 
transport, involves the use of vehicles to deliver rock 
mass to the transfer point to the conveyor [9-10].

Various design solutions for conveyor lifts are being 
offered. For example, it is proposed to use a conveyor 
lift made of composite elastomer and diaphragm plates 
of the carrier body, which allows implementing a large 
angle of inclination and a significant lifting height of the 
transported material. An increase in the possible angle 
of installation of the conveyor, in some cases, is achieved 
by using the method of backing up the transported 
cargo, by using transverse dividing plates in the design 
of the carrier body of the conveyor [11]. In addition, 
there are known cases of using of linear induction 
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x
d
x=d ,	 (6)

where: δ -is the gap between inductor and secondary 
element LAM,
τ -is the pole pitch LAM calculated according to the 
dependence [m]:

,
s

v
f
m

2 1
1x=
-^ h

,	 (7)

where: v1  - is the secondary element speed (conveyor 
speed) [m/s]; 
s - is the slip amount;
f - is the alternate current frequency [1/s];
δ - is engine air gap [m].

Values of the specific traction force for various 
engine powers and the relative value of the pole pitch 
calculated by Equation (5), are shown in Figure 5.

4	 Determining the specific traction forces  
of the apron conveyor intermediate drive 

A specific traction force can be determined according 
to the following dependence [13-14]:

,f
A

Nm
1

4
.sp force

x

0
2

2 2

2

r b f

n fx
=

+ +

d -

^ h7 6A @ ,	 (5)

where: 0n  - is magnetic permeability in vacuum [H/m];
A - is the linear current load [A];
xb  - is the dimensionless coefficient accounting for the 

magnetic conductor steel saturation;
f  - is the electromagnetic slip;
xd  - is the relative pole pitch of the linear asynchronous 
motor (LAM).

The relative pole pitch is determined by the 
expression:

a)

b)

c) 

Figure 4 Structural design of an apron conveyor with a system of several drives with linear asynchronous motors: 
a) The side view of the conveyor; b) A-A conveyor section; c) B-B conveyor section;1-frame, 2 - base, 3 - plate swivel 

assembly, 4 - axle, 5 - travel rollers, 6 - travel flanged rollers, 7 - travel roller guides,  
8 - linear motor rotors, 9 - linear motor stators
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where f .sp force  - is the specific traction force of LAM, 
[Nm-2].

The areas of the secondary element active part 
dependences on the conveyor speed, with the drive 
power of 50, 100 and 200 kW, are presented in Figure 6.

The distance between the drives of the conveyor is 
determined from the ratio of the equality of the drive  
traction force to resistance of the traction-carrying body 
movement:

F = Ww, [N].	 (11)

Substituting Equation (8) and Equation (9) into 
Equation (11), one obtains the expression for calculating 
the distance between the drives:

, .
cos

sin

L

v
q q w

q q

N g m,k j

j

w conv k

w conv k

b

b

=
+ +

+ +

^

^

h

h
>

6
H

@ 	 (12)

The dependences of the distance between the drives 
on the speed and the angle of setting the conveyor, 
calculated by Equation (12) for different performance 
and power, are shown in Figures 7-9.

A specific example of determining the geometric 
parameters of the LAM and the distance between the 
drives is considered next.

According to the dependences shown in Figures 3 
and 4, at the speed v = 4 m/s, the load per unit length  
qw = 200 kg/m, the conveyor performance will be: 

. * * /t hQ q v3 6 2880w= = 	 (13)

With the angle of setting b  = 35 degrees and the 
drive power N = 200 kW, the LAM active part area will 
be S = 2.5 m2, the distance between the drives L= 20 m.

The obtained geometric parameters with a sufficient 
conveyor performance can well be implemented in the 
actual design of the conveyor.

5	 Determining the basic geometric parameters 
of the apron conveyor intermedicate linear 
drive

Using the dependences of the specific traction force, 
one next determines the geometric dimensions of a 
linear asynchronous motor for a steeply inclined apron 
conveyor.

Resistance to the cargo branch of the apron conveyor 
movement is determined by the formula:

,

,

cos sinW q q w q q gL

N

w w conv w convb b= + + +^ ^h h

6
6

@
@

	 (8)

where qw, qconv - are the load per unit length and the 
mass per unit length of the tension-skidding body, 
respectively, [kg/m];
w - is specific resistance to the tension-skidding body 
movement of the apron conveyor, w = 0.0025;
b  - is the angle of the conveyor mounting [rad];
L - is the conveyor section length [m].

Taking the values of the relative pole pitch equal to 
xd = 200, with the power values of the traction motors  
N = 50, 100, 200 kW, one obtains, according to the 
graphs (Figure 5), the values of specific traction forces 
that are respectively equal to 0.00014, 0.00017 and 
0.00020 Nm-2.

The drive pull force is determined by the ratio:

,T v
N

N,i j
j

i= 6 @ ,	 (9)

where: Ni - is the i- th value of the drive power LAM 
[kW];
v j  - is the j-th value of the conveyor speed [m/s].

The required area of the secondary element active 
part is determined by the expression:

, ,S
f
T

m,
.

,
i j

sp force

i j 2= 6 @ 	 (10)

Figure 5 Specific traction forces of a linear intermediate drive
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Figure 6 Intermediate drive active part areas

Figure 7 The distance between the intermediate drives dependence on the conveyor speed   
and the angle of setting for Q = 1000 t/h, N = 50 kW

Figure 8 The distance between the intermediate drives dependence on the conveyor speed  
and the angle of setting for Q = 1500 t/h, N = 100 kW
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LAM from the power of the drive and the angle of 
installation of the conveyor is determined.

•	 Within the range of change in conveyor performance 
from 1000 to 2000 t/h, average conveyor speed 4 
m/s and drive power from 100 to 200 kW, the drive 
distance is between 15 and 50 m, which is quite 
feasible when designing a plate conveyor with 
intermediate drives based on the LAM, for specific 
operating conditions.

•	 Studies have shown that the use of intermediate-
drive plate conveyors based on the LAM is very 
promising for increasing the efficiency of transport 
processes in open-pit mining.
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Thus, the use of the LAM in intermediate drives 
of steeply inclined apron conveyors is quite achievable.

6	 Conclusions

As a result of the study:
•	 The dependence of the value of the specific traction 

force of the intermediate drive of the plate conveyor 
with the LAM on the power of the engine and the 
value of the relative pole division thereof have been 
determined.

•	 At the value of the relative pole division τ = 200 
and the change in engine power from 20 to 200 kW, 
the specific traction forces of the intermediate drive 
have values from 13*10-5 N m-2 to 25*10 N m-2, 
which is acceptable for the geometrical parameters 
of the secondary LAM element.

•	 The area of the active part of the LAM is determined 
by its power and the speed of a conveyor. Within the 
range of changing the conveyor speed from 3 to 5 
m/s and the drive power from 10 to 200 kW required 
by the operating conditions of conveyor transport in 
open mining, the area of the active part of the LAM 
has values from 2 to 3.2 m2, which shows that it is 
possible to design the LAM with these parameters.

•	 The dependence of the distance between the 
intermediate drives of a plate conveyor with the 

Figure 9 The distance between the intermediate drives dependence on the conveyor speed  
and the angle of setting for Q = 2000 t/h, N = 200 kW
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Resume
This paper deals with the noise level of power transformers operating at 
a middle frequency from 800 Hz to 2000 Hz. The factors that influence 
the noise produced by power transformers are size, design and operating 
conditions. The research shows that the noise level of power transformers 
can vary widely depending on these factors. The paper discusses an 
overview of different types of power transformers core and their impact on 
the transformer’s noise performance. This paper describes the design of 
a middle-frequency power transformer, its material composition and the 
design of the magnetic circuit and windings, operating in the frequency 
range 800 to 2000 Hz, with a capacity of 200 kVA, air-cooled, to be fed from 
a suitable frequency converter, characterized by reduced noise. The proposed 
solution allows implementation of galvanically isolated DC-DC converters 
for auxiliary traction drives and other DC-DC converters.
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frequencies, while the isolation transformer in question 
must also operate at a  higher frequency than the 
middle-frequency power transformer (MfT). If for most 
converters of smaller power ratings, the switching 
frequencies are from 5 to 20 kHz, but in the case of 
converters with a  power rating of hundreds of kVA 
the switching frequencies with regard to losses in 
the semiconductor switches are up to about 1 kHz. 
For these switching frequencies the magnetic circuit 
material, the winding and its insulation system must  
be designed.

Among the available materials, magnetically soft 
amorphous metal materials (AMMs), nanocrystalline 
materials (NCMs) or ferrites can be used for the MfTs 
in question. The use of ferrite cores for this power class 
of MfTs is not relevant due to, among other things, 
the size and weight of such MfTs. Depending on what 
is commercially available on the market, depending 
on the shape of the cores, toroidal or split (cut, “2U” 
shaped and glued on the side edges) cores of both AMM 
and NCM can be used. Toroidal cores of AMM or NCM 
are available in a  much wider range, but their use is 
technologically almost impossible for MfTs of hundreds 
of kVA, due to the manufacturability of the windings. 
Only the split cores can be considered, of which the 

1	 Introduction 

Power transformers can produce several types of 
noise, including magnetostriction noise, stray magnetic 
field noise and electrical noise. The level of noise 
produced by a  transformer depends on several factors, 
such as the design of the transformer, the quality of the 
materials used and the operating conditions.

At a frequency of 1 kHz, the noise level of a power 
transformer can vary widely, depending on its size 
and design. In general, larger transformers tend to 
produce more noise than smaller ones, due to their 
greater physical size and the larger magnetic fields they 
generate.

The noise level of a power transformer is typically 
expressed in decibels (dB) or in terms of sound pressure 
level (SPL), measured in decibels relative to a reference 
sound pressure level. The noise level of a typical power 
transformer ranges from around 20 dB SPL to 70 dB 
SPL, depending on the transformer’s size, design and 
operating conditions.

The immediate component of galvanically isolated 
DC-DC converters of higher voltage and power are 
isolation transformers. Due to the required size and 
weight of the converters, these are switched at higher 
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Considering the high power, application, losses of power 
semiconductor elements, a  switching frequency of 900 
Hz was selected for this purpose, it was necessary to 
design a power middle-frequency isolation transformer. 
During the tests of the prototype isolation transformer, 
a  high level of noise was observed at this operating 
frequency. Therefore, the source of noise and possible 
solution was investigated, which is described in this 
paper.

2	 Design of power transformer with frequency 
900 Hz

The objective was to design a  transformer with 
a  target power of up to 200 kVA, with an operating 
frequency of 900 (1000 Hz), with a voltage ratio of 2000 
V/890 V, with forced air cooling. According to the design 
and the elaborated design documentation, a  prototype 
transformer type T1O-200-2000/893 was manufactured 
with the following parameters: 
•	 Rated power 			  200 kVA
•	 Primary voltage (rms value) 	 2000 V (4000 Vmax) 
•	 Secondary voltage (rms value) 	 893 V
•	 Frequency 			   900 Hz
•	 Test voltage (N1 )  N2) 	 9.5kV; 50 Hz; 60 s

The basis of the prototype transformer was a  core 

NCM ones are preferable, but they are only available 
in a  narrower range, of limited dimensions and their 
main drawback is their considerably high price, which 
predisposes them only for higher frequencies. The AMM 
cores are already available in larger sizes and weights, 
at an acceptable price, but their main drawback is the 
splitting section, which is a  source of excessive noise 
resulting from electromagnetic forces generated in the 
core and manifested by mechanical vibrations with 
consequent significant noise. The source of the noise 
is the magnetostrictive forces originating in the large 
magnetostriction coefficient, which is characteristic for 
the AMM tapes. In specific tests, it has been shown 
that the use of these cores in MfTs has resulted in noise 
levels such that their use has proved to be unacceptable, 
despite the fact that the manufacturer declares their use 
also in the middle frequency transformers.

EVPU a.s. has been developing and manufacturing 
static semiconductor traction converters for more than a 
decade and part of the equipment of traction vehicles is 
also the need to design and develop smoothing chokes for 
traction motors or traction intermediate circuit. Several 
types of middle frequency power transformer and chokes 
been designed for traction converters [1-5]. 

In the design of a power isolating traction converter 
for supplying vehicle’s auxiliary drives with a power 200 
kVA, the care must be taken on several design issues. 

Key: SU standardized split tape core, sheet thickness 0.1 mm (material: C5 korno)
AMCC AMM cut core (material: Metglas Alloy 2605SA1)

VAC NCM cut core (material: Vitroperm 500)
Steplap stacked core, transformer sheet thickness 0.3 mm

Toroid toroid core, transformer sheet thickness 0.3 mm
DDGAP bent core, transformer sheet thickness 0.1 mm 
DUO bent core, transformer sheet thickness 0.15 mm

Figure 1 Comparison of measured noise vs. flux density for different types of magnetic circuit  
at an operating frequency of 900 Hz
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A number of measurements and experiments have 
been devoted to identifying the reasons for existence and 
elimination of noise [6-8]. In Figure 1, a comparison of 
the noise of the selected magnetic circuits can be seen as 
a  function of the flux density at a  frequency of 900 Hz 
and when supplied with a voltage with a square-shaped 
waveform. It should be noted here that this was not an 
exact noise measurement in a noiseless chamber, but in 

made from the amorphous metal materials type 
UMCCC-2553. The transformer design is a  shell type 
with 6 pieces (2xC) of core. During measurements on 
the prototype transformer, a very negative phenomenon 
was found - noise, the level of which exceeded the limit 
of 80 dB (limit value of traction equipment) already at 
an induction of approx. 0.45 T, at the nominal operating 
point it was approx. 100÷104 dB. 

Figure 2 Comparison of measured noise for standard split core at frequencies 400 and 900 Hz

Figure 3 Comparison of measured specific iron losses from flux density for different  
types of cores (core design and material)
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with a thickness of 0.1 mm.
The above shortcomings were eliminated by a new 

way of designing the magnetic circuit and windings 
of the MfT based on the requirement to suppress 
magnetostriction in the core sheet metal bundle of the 
magnetic circuit and thus minimize the noise caused 
by this phenomenon, as much as possible. The essence 
of the solution is that for the cores of the MfT magnetic 
circuit, an electrical sheet of 0.1 thickness, or thinner, 
with a  smaller coefficient of magnetostriction, is used. 
This sheet is cut in the longitudinal direction and bent 
by AEMcore technology into an “O” shape, with the 
individual sheets in contact to form a  distributed air 
gap, with the individual sheets in the bundle having 
the ability to dilate and thus compensate for the 
effect of the magnetostriction phenomenon. The actual 
joining of the plates may be in the coupling or in the 
column, whichever is more convenient from the point 
of view of assembly. The number of individual cores of 
the magnetic circuit also depends on the power of the 
transformer. The method and design of the individual 
cores and their assembly into a complete magnetic circuit 
and the requirement to design at least one winding as 
a high-voltage winding make it necessary to design the 
transformer as a core transformer, with two concentric 
coils of individual windings. Losses arising in the 
individual cores of the magnetic circuit are dissipated 
by forced air cooling, the cooling channels being formed 
by insulating spacers between the individual cores. 
Likewise, losses arising in the windings are dissipated 
from the surfaces of the individual windings, by means 
of channels formed therein by insulating wedges, also 

laboratory conditions with possible noise overlap from 
the external environment. The measured characteristics 
is further complemented by a  remark, the conclusion 
that the measured noise was about 3÷5 dB lower when 
supplied with a  sinusoidal voltage waveform. For full 
information, Figure 2 shows the measured noise for 
a  cut core composed of 0.1 mm thick transformer sheet 
at 900 and 400 Hz, for a frequency of 5 Hz the noise was 
unmeasurable under the given conditions with respect 
to the background i.e. less than 60 dB.

From these measurements it was concluded that 
the main cause of the noise is the operating frequency of 
900 Hz, which is not only clearly audible to the human 
ear, but the oscillation, the banging of the sheet metal 
in the air gap, is of such a magnitude that it results in 
a significant noise.

In addition to noise measurements, these 
measurements also identified specific core losses in the 
magnetic circuits, see Figure 3, where it can be seen why 
an AMM (type UMCCC) was chosen for the prototype 
implementation (Figure 4), which at this frequency of 
900 Hz is the second best after the NCM cores (VAC), 
but the VAC cores are not produced in the required size.

As mentioned above, different variants were 
analysed, either in shape, core design (2xC core, toroid, 
DDGAP) or material used (amorphous AMCC, UMCCC, 
nanocrystalline VITROPERM 500, VITROPERM 500F, 
0.3; 0.15; 0.1 mm sheet metal). Considering the noise, 
the chosen application, the losses, the manufacturing 
possibilities, etc., the folded core “step lap” design 
became the basis for the final design of the transformer 
and the material chosen was GT 100, i.e. sheet metal 

 
a)                                                                                           b)

Figure 4 Photography of isolation transformer T1O-200-2000/893: a) a prototype of the transformer with a built core made 
from AMM; b) a new design with a bent core made of 0.1 mm thick transformer sheet
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is the transformer core. The study examines the factors 
that influence the noise produced by the core of a power 
transformer and consequently the selection of a suitable 
core type and manufacturing technology. The design 
of a  middle-frequency power transformer, its material 
composition and the design of the magnetic circuit 
and winding, operating in the frequency 900 Hz, with 
a power 200 kVA, cooled by air, to be fed from a suitable 
frequency converter characterised by reduced noise, are 
described. Considering the noise, the chosen application, 
the losses, the manufacturing possibilities, etc., the 
folded core “step lap” design, became the basis for the 
final design of the transformer and the material chosen 
was GT 100, i.e. sheet metal with a thickness of 0.1 mm. 
The proposed solution allows implementation of the 
galvanically isolated DC-DC converters for auxiliary 
traction drives and other DC-DC converters. The findings 
of this paper can be used in the design and operation of 

filling the insulating barrier between the windings 
by means of cooling air. The nominal parameters of 
designed transformer are listed in Table 1, while the 
initial experimental verification of the operational 
properties is shown in Figure 5.

The title of the article states a frequency of 1 kHz, 
whereas the actual operating frequency of the tuned 
power circuit was 900 Hz in the final. The conclusions 
stated are also valid for a  frequency of 1000 Hz. The 
design of the transformer was done analytically based on 
the experience of the author’s team in the development 
of the Mf transformer series.

3	 Conclusion

This paper deals with the noise level of power 
transformers operating at 900 Hz, the source of which 

Table 1 Parameters of the designed transformer

Parameter Value

Rated power 200 kVA

Primary voltage (rms value) 2000 V (4000 Vmax)

Secondary voltage (rms value) 893 V

Frequency 900 Hz

Test voltage (N1 )  N2) 9.5kV; 50 Hz; 60 s

Insulation temperature class F

Cooling AF forced air, >5 m/s

Cooling AF forced air, >5 m/s

Load type S1 (permanent)

Operating ambient temperature -40 °C ÷ +60 °C

Vibration and shock according to EN 60373

primary winding resistance 0.01945 W

secondary winding resistance 0.00232 W

short-circuit voltage 9 %

The weight of the transformer 118 kg

Figure 5 Measured no load characteristics
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Resume
The comparative analysis of the two hybrid composites, obtained by the 
compocasting process, based on A356 and ZA-27 alloys and reinforced with 
10 wt. % SiC and 0, 1 and 3 wt. % graphite (Gr) is presented. Optimisation 
of their tribological behaviour was performed by the Taguchi method and 
the artificial neural network (ANN). Tribological tests were performed on 
a block-on-disk tribometer, at three sliding speeds, three normal loads and 
a sliding distance of 600 m, without lubrication. Results obtained by the 
ANOVA showed that the hybrid composites based on A356 alloy have the 
better wear resistance and that the composite reinforced with 10 wt. % SiC 
and 1 wt. % Gr has the lowest wear rate. The lowest coefficient of friction 
was obtained for a composite based on ZA-27 alloy reinforced with 10 wt. % 
SiC, at a normal load of 10 N and sliding speed of 1 m/s.
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are very interesting and promising materials. Hybrid 
composites are composites with two or more types or 
shapes of reinforcements.

Sardar et al. [2] have modelled the tribological 
characteristics of Al-Zn-Mg-Cu matrix composites with 
help of artificial neural network (ANN) and genetic 
algorithm (GA) methodology. They varied the amount 
of the Al2O3 particles (0  -  20 wt.  %), load (20 - 80 N), 
abrasive size (9 - 105 µm) and sliding speed (0.125 
- 1.50 m/s). The ANN and GA were used to reduce 
the wear rate, coefficient of friction and roughness 
of the abraded surface. The lowest wear rate and 
coefficient of friction were for 15 ± 2 wt. % of particles 
amount in the composite, while roughness was lower 
for particle amount in the range from 10 to 20 wt.  %. 
At confirmation of experiments, the error results were 
lower than, or equal to, 12 %, which indicates the good 

1 Introduction

Requirements of the modern society, from the aspect 
of the service life increase and reduction of mass and 
thus the construction prices, initiated development of 
the new composites based on light metals. Composite 
materials could be made with metal, ceramic or polymer 
matrix and contain two or more physically distinct and 
mechanically separable materials [1]. Out of all the 
metal matrix composites (MMCs), the largest share in 
the world production belongs to composite materials 
based on aluminium alloys – over 30  % of the total 
production of composite materials. This market share 
is primarily due to the large use of MMCs with an 
aluminium matrix in aerospace, automotive, electronics 
and military industries. With an annual growth rate 
of 6  –  7  %, composite materials with a  metal matrix 
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Ashebir et al. [9], reviewed the mechanical and 
metallurgical behaviour of hybrid reinforced aluminium 
metal matrix composites, various production methods, 
as well as the effect of various reinforcement ceramic 
particles and graphite (Gr) on the mechanical and 
metallurgical properties of MMCs. They pointed that 
the graphite, used as a  solid lubricant between the 
composite material and the counter-body significantly 
lowered the composite wear, without the requirement of 
lubrication.

The microstructural, mechanical and tribological 
behaviour of aluminium-silicon A356 alloy and zinc-
aluminium ZA-27 alloy hybrid metal matrix composites, 
is presented in [10-14]. Many authors have found that 
optimisation methods, such as Taguchi, GA, particle 
swarm optimisation (PSO) and others, can be successfully 
used when optimising the production parameters [15-
16], processing or composition of composites [17-20], 
but that the better results are obtained by training or 
using the ANN. In this paper, the tribological behaviour 
of composites with the addition of graphite as a second 
reinforcement is optimised with the use of the Taguchi 
method and ANN. The matrices used for production of 
hybrid composites were A356 and ZA-27 alloys.

2	 Experimental procedures

2.1	 Materials and manufacturing

Two different matrices were used in production 
of the composites: the A356 alloy and ZA-27 alloy, 
reinforced with 10 wt.  % SiC, the average size of 40 
µm. Graphite (Gr) was also added to the composites. 
The average Gr particles size was 35 μm, while the 
amount of Gr particles varied and was 1 and 3 wt. %. 
Hybrid composites were obtained by applying the 
compocasting process. A  detailed description of the 
process of obtaining the hybrid composites with the 
A356 base can be found in [21] and for the composites 
with the ZA-27 base in [18]. Structures of investigated 
composites (A356+10SiC and ZA-27+10SiC) and hybrid 
composites (A356+10SiC+1Gr, A356+10SiC+3Gr, 
ZA-27+10SiC+1Gr, ZA-27+10SiC+3Gr) are shown in 
Figure 1. It can be noticed that the SiC particles 
distribution is favourable and that the area of the matrix 
without particles is reduced. The soft Gr particles 
did not retain their average size during the composite 
production process. They were eroded and crushed in 
the process of preparation, so their final size was much 
smaller than the starting one.

Before examining the tribological characteristics, 
the hardness of the obtained composites was measured. 
The hardness of the tested materials was measured 
according to Vickers method (load of 10 kg) and the 
measurements were repeated 3 times and the mean 
values are presented in Table 1.

It was observed that the addition of a larger amount 

applicability of the developed model. It has been shown 
that the simultaneous use of ANN and GA leads to 
reliable results, which can be obtained in a  relatively 
short period.

Nwobi-Okoye et al. [3] performed modelling and 
multi-objective optimisation of age hardening process 
parameters of composites based on A356 alloy, using 
the ANN and adaptive neuro-fuzzy inference system 
(ANFIS). By data analysis, it was concluded that the 
ANN with coarse experimental data points for learning 
is more effective than the ANFIS in predicting the 
process outputs. Ekka et al. [4] applied the regression 
analysis and the ANN method to predict the wear 
rate and coefficient of friction of hybrid composites. 
They came to a  similar conclusion by analysing the 
experimental data – it was found that the ANN is more 
efficient in predicting the wear rate than the regression 
analysis.

Güler et al. [5, 6], considered the effect of 
content of the nano graphite particles on the wear 
behaviour of ZA27 based hybrid composites and nano 
composite bearing materials with enhanced corrosion 
properties. The lowest wear loss was obtained for 
the hybrid nanocomposites with content of 4 vol.  % 
of graphite and 4 vol.  % of alumina. The abrasion 
was the dominant wear mechanism in all the hybrid 
nanocomposites except for the mentioned one, where 
the adhesion was the dominant wear mechanism. 
For the nanocomposites obtained by mechanical 
milling, followed by hot pressing, authors reported 
that an increase of the milling duration improved the 
corrosion resistance of the nanocomposite bearing 
materials.

Celebi et al. [7], studied the effect of the nanoparticle 
content on the microstructure and mechanical properties 
of the ZA27 based hybrid composites produced by the 
powder metallurgy. Due to the lubricating properties of 
Gr, the negative effect of the mechanical-milling process 
caused the composite powder size to increase with cold-
welding and to take a  flaky shape. As the n-Gr ratio 
increased, cold-welding and agglomeration of additives 
during the mechanical milling increased the amount of 
porosity, while the tensile strength and hardness values 
of (hybrid nano composite materials) HNMs decreased 
as the n-Gr ratio increased, an increase was achieved 
with the increase in the n-Al2O3 ratio.

Feng, Wang and Wang [8], analysed the influence 
of graphite morphology on hyperthermal friction and 
wear behaviours of aluminium alloys with high silicon 
content. The volumetric wear loss results denote that 
(Al-27Si)-5FG (fake graphite) composites possess the 
superior wear resistance with respect to the Al-27Si and 
(Al-27Si)-5PG (particle graphite) composites for all the 
test temperatures. Due to the weak bonding of graphite 
particles, (Al-27Si)-5PG has the biggest volume wear. 
When the temperature rises to 400 °C, coefficient of 
friction of all the samples had a big fluctuations because 
of aluminium matrix softening and vibrations.
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distance. All the tribological tests were repeated 3 times 
and mean values are shown in the wear rate results.

2.3	 Experimental design

The modern approach to experiments is closely 
connected with the use of the experiments’ design. 
Experimental planning is a powerful tool for experimental 
statistical research of complex systems. Its application 
provides a  practical and efficient way of varying the 
influential or input factors at different levels, contributing 
to an objective understanding of the researched system/
process with help of statistics. The experimental design 
methodology is a  systematic way to plan, perform 
and interpret the results of experiments, to obtain as 
much information as possible, while performing as few 
experiments as possible [22].

Realisation of the experimental test in this research 
was performed according to the defined plan, which 
consisted of selected factors and their levels given in 
Table 2. The sliding distance for all the tests was kept 

of graphite (3 wt.%) leads to a decrease in hardness for 
both hybrid composites. It is evident that the measured 
hardness values are correlated with the wear of the 
composite.

2.2	 Wear and friction tests

The wear and friction tests of hybrid composites 
with different matrices were performed in dry sliding 
conditions, on a tribometer with the block-on-disc contact 
geometry. The material of the disc was a  MANCOVA 
steel of hardness of 62-64 HMRC and a  diameter 
of 35 mm and thickness of 6.35 mm, while the block 
materials were made of tested hybrid composites. The 
geometry of the contact pairs was in accordance with the 
standard ASTM G77. Values of the coefficient of friction 
(COF) were monitored during the test and through the 
data acquisition system stored in the PC. The wear rate 
used in the further analysis was obtained by calculations 
based on the wear scar width, which was measured on 
a universal measuring microscope, after 600 m of sliding 

  
Figure 1 Structures of the tested composites: (a) A356+10SiC, (b) A356+10SiC+1Gr, (c) A356+10SiC+3Gr,  

(d) ZA-27+10SiC, (e) ZA-27+10SiC+1Gr and (f) ZA-27+10SiC+3Gr

Table 1. Hardness of the tested composites

Test 
no. Material HV

1 A356+10 wt.%SiC   68

2 A356+10 wt.% SiC+1 wt.% Gr   60

3 A356+10 wt.% SiC+3 wt.% Gr   46

4 ZA-27+10 wt.% SiC 125

5 ZA-27+10 wt.% SiC+1 wt.% Gr 127

6 ZA-27+10 wt.% SiC + 3 wt.% Gr 114
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3	 Results and discussion

3.1	 Wear rate and coefficient of friction

Depending on the purpose of the output, the 
appropriate characteristics was chosen. However, 
regardless of the selected output category, the higher S/N 
ratio corresponds to the better-quality characteristics 
and, more precisely, to the smaller variance of the 
output characteristics (response) around the desired 
(target) value. The arithmetic mean of the S/N ratio 
was calculated for each level of the considered factors in 
comparison to the wear rate (Table 4).

Based on the results of the S/N ratios (Table 4 
and Figures 2 and 3), it can be determined which of 
the considered factors has the greatest influence on 
the wear rate. In addition, an optimal combination of 

constant at 600 m. The varied factors were different 
composite matrices, amount of composite reinforcements, 
normal load and sliding speed.

Based on the defined factors and the adopted levels, 
the Taguchi orthogonal array L54 was obtained with 
Minitab 16. The experimental results are shown in 
Table 3, as well as the values of the S/N (signal-to-noise) 
ratios obtained by the data analysis. In the Taguchi 
method, the transformation of experimental results into 
the S/N relationships is mandatory. There are three 
categories of the S/N relationships: “smaller-is-better”, 
“larger-is-better” and “nominal-is-best”. In this case, 
the quality characteristic S/N ratio “smaller-is-better” 
was selected for the analysis of the composite wear rate 
[14]. Statistical analysis of variance is used to consider 
statistically worthy parameters so that the optimal 
combination of parameters can be predicted.

Table 2 Levels for various control factors

Control factor Units Level I Level II Level III

(A) Material - A356+10SiC ZA-27+SiC -

(B) Gr amount wt.% 0 1 3

(C) Normal load N 10 20 30

(D) Sliding speed m/s 0.25 0.50 1.0

Table 3 Experimental design using L54 orthogonal array and wear and friction test results

Test 
no. A B C D

Wear rate 
× 10–3, mm3/m

S/N ratio for 
wear rate COF S/N ratio for 

COF

1 A356+10SiC 0 10 0.25 0.367 8.7067 0.703 3.06089

2 A356+10SiC 0 20 0.25 1.548 -3.7954 0.690 3.22302

3 A356+10SiC 0 30 0.25 1.846 -5.3246 0.650 3.74173

4 A356+10SiC 0 10 0.50 0.687 3.2609 0.689 3.23562

5 A356+10SiC 0 20 0.50 1.768 -4.9496 0.655 3.67517

6 A356+10SiC 0 30 0.50 2.119 -6.5226 0.621 4.13817

7 A356+10SiC 0 10 1.00 0.869 1.2196 0.640 3.87640

8 A356+10SiC 0 20 1.00 2.144 -6.6245 0.623 4.11024

9 A356+10SiC 0 30 1.00 2.310 -7.2722 0.579 4.74643

10 A356+10SiC 1 10 0.25 0.135 17.3933 0.724 2.80523

11 A356+10SiC 1 20 0.25 0.696 3.1478 0.710 2.97483

12 A356+10SiC 1 30 0.25 1.687 -4.5423 0.680 3.34982

13 A356+10SiC 1 10 0.50 0.197 14.1107 0.694 3.17281

14 A356+10SiC 1 20 0.50 0.909 0.8287 0.677 3.38823

15 A356+10SiC 1 30 0.50 1.833 -5.2632 0.660 3.60912

16 A356+10SiC 1 10 1.00 0.282 10.9950 0.657 3.64869

17 A356+10SiC 1 20 1.00 1.253 -1.9590 0.652 3.71505

18 A356+10SiC 1 30 1.00 2.085 -6.3821 0.646 3.79535

19 A356+10SiC 3 10 0.25 0.173 15.2391 0.733 2.69792

20 A356+10SiC 3 20 0.25 1.372 -2.7471 0.743 2.58022

21 A356+10SiC 3 30 0.25 2.306 -7.2572 0.824 1.68146

22 A356+10SiC 3 10 0.50 0.244 12.2522 0.712 2.95040

23 A356+10SiC 3 20 0.50 1.580 -3.9731 0.717 2.88962

24 A356+10SiC 3 30 0.50 2.532 -8.0693 0.771 2.25891
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higher friction than the composites based on ZA-27 alloy. 
This is most probably because the SiC reinforcements 
protruded more to the surface of the A356 alloy thus 
protecting the matrix and inducing the higher friction 
[10]. As expected, the higher load and speed induced 
higher wear rates, while load and speed had a low impact 
on the COF values.

factors can be determined to achieve the minimal wear 
of hybrid composites. Based on Table 4 and according 
to the ranking of factors, it was determined that the 
greatest influence has the normal load, followed by 
other factors in this order: Gr amount, sliding speed and 
material. Main effects plots (Figures 2a and 3a) show 
that composites based on A356 alloy had lower wear and 

Table 3 (continued) Experimental design using L54 orthogonal array and wear and friction test results

Test 
no. A B C D

Wear rate 
× 10–3, mm3/m

S/N ratio for 
wear rate COF S/N ratio for 

COF

25 A356+10SiC 3 10 1.00 0.346 9.2185 0.690 3.22302

26 A356+10SiC 3 20 1.00 1.894 -5.5476 0.708 2.99933

27 A356+10SiC 3 30 1.00 2.952 -9.4023 0.750 2.49877

28 ZA-27+10SiC 0 10 0.25 0.512 5.8146 0.486 6.26549

29 ZA-27+10SiC 0 20 0.25 2.237 -6.9933 0.513 5.79088

30 ZA-27+10SiC 0 30 0.25 2.441 -7.7514 0.538 5.38758

31 ZA-27+10SiC 0 10 0.50 0.531 5.4981 0.513 5.80104

32 ZA-27+10SiC 0 20 0.50 2.288 -7.1891 0.532 5.47524

33 ZA-27+10SiC 0 30 0.50 2.606 -8.3195 0.553 5.13765

34 ZA-27+10SiC 0 10 1.00 0.592 4.5536 0.527 5.56214

35 ZA-27+10SiC 0 20 1.00 2.402 -7.6115 0.552 5.16279

36 ZA-27+10SiC 0 30 1.00 2.703 -8.6369 0.583 4.68514

37 ZA-27+10SiC 1 10 0.25 0.365 8.7541 0.483 6.31926

38 ZA-27+10SiC 1 20 0.25 2.002 -6.0293 0.497 6.07462

39 ZA-27+10SiC 1 30 0.25 2.258 -7.0745 0.517 5.73187

40 ZA-27+10SiC 1 10 0.50 0.422 7.4938 0.497 6.07112

41 ZA-27+10SiC 1 20 0.50 2.206 -6.8721 0.505 5.94106

42 ZA-27+10SiC 1 30 0.50 2.339 -7.3806 0.530 5.51940

43 ZA-27+10SiC 1 10 1.00 0.512 5.8146 0.511 5.83328

44 ZA-27+10SiC 1 20 1.00 2.245 -7.0243 0.535 5.43942

45 ZA-27+10SiC 1 30 1.00 2.401 -7.6078 0.540 5.34891

46 ZA-27+10SiC 3 10 0.25 0.252 11.9720 0.500 6.01713

47 ZA-27+10SiC 3 20 0.25 2.033 -6.1627 0.516 5.74869

48 ZA-27+10SiC 3 30 0.25 2.231 -6.9700 0.532 5.48013

49 ZA-27+10SiC 3 10 0.50 0.384 8.3134 0.516 5.75206

50 ZA-27+10SiC 3 20 0.50 2.051 -6.2393 0.532 5.48013

51 ZA-27+10SiC 3 30 0.50 2.288 -7.1891 0.547 5.24184

52 ZA-27+10SiC 3 10 1.00 0.451 6.9165 0.539 5.36500

53 ZA-27+10SiC 3 20 1.00 2.091 -6.4071 0.556 5.09694

54 ZA-27+10SiC 3 30 1.00 2.358 -7.4509 0.568 4.91762

Table 4 Response table for signal-to-noise ratios for wear rate and COF

Level
Wear rate COF

Material Gr amount, % Normal 
load, N

Sliding 
speed, m/s Material Gr amount, % Normal 

load, N
Sliding speed, 

m/s

1 0.2496 -2.8854 8.7515 0.3544 3.261 4.615 4.537 4.385

2 -2.3622 0.4668 -4.7860 -1.1228 5.579 4.597 4.431 4.430

3 -0.7502 -7.1343 -2.4005 4.049 4.293 4.446

Delta 2.6118 3.3522 15.8857 2.7549 2.319 0.566 0.244 0.061

Rank 4 2 1 3 1 2 3 4
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Following the results obtained by the ANOVA 
analysis, a  large influence of normal load on the wear 
rate of hybrid composites of 84.53 % was observed in the 
last column of Table 5. It was followed by the influence of 
the graphite amount (3.31 %), the influence of the matrix 
material of the composite (2.94  %) and the influence 
of the sliding speed (2.19  %), while the influence of 
interactions was less than 3 %. Observing the results of 
ANOVA analysis for the COF (Table 6), a large influence 
of the composite matrix of 82.89 % is observed, followed 
by the influence of the Gr amount of 4.26 %, while the 
influence of the normal load and sliding speed is less 
than 1 %. Influence of factor interactions on the COF of 
3.17 % and 4.50 % corresponds to material × Gr amount 
and material × sliding speed, respectively.

Figure 4 shows the contour plots of the influencing 
factors on the wear rate (wear maps). Based on the 
diagram, minimal wear was achieved by tracking the 
lighter colours. By adjusting the factors to certain values, 
it is possible to achieve the target value of the wear rate.

The wear rate increases with the load increase, 
while the addition of Gr particles up to 1.5 wt.  % 
decreases the wear. Further adding of the Gr particles, 
above 1.5 wt.  %, starts to increase the wear rate. The 
effect of the reinforcement in the composite is prominent 
at the higher applied load of around 25 N. It was noticed 
that the small amount of Gr particles, up to around 
0.5 wt. %, at the lowest load, does not affect improving 

The optimal combination of factors for achieving 
the minimum wear rate is A1-B2-C1-D1, i.e. using 
the composites based on aluminium alloy, A356/10 
wt.  % SiC with reinforcement content of 1 wt.  % Gr, 
at a normal load of 10 N and sliding speed of 0.25 m/s. 
For the minimum COF, the optimal combination of 
factors is A2-B1-C1-D3, i.e. using the composites based 
on zinc alloy, ZA-27/10 wt.  % SiC, with reinforcement 
content of 0 wt.  % Gr, at a  normal load of 10 N and 
sliding speed of 1 m/s. Figures 2b and 3b show graphs of 
factor interactions, according to which the existence of 
influence of interactions between individual factors on 
the wear rate is observed.

A  more precise determination of the influence of 
factors and their interactions on the wear rate and COF 
of composites was performed using analysis of variance 
(ANOVA). With help of the ANOVA analysis, the values 
of members, which define the statistically significant 
members that represent input variables (factors), whose 
change affects the change of the output variable (wear 
rate), are obtained. The ANOVA analysis was applied at 
the significance level of 5 % (i.e. 95 % confidence level). 
The level of significance was defined by the p-value, 
which indicates the member’s influence on the wear rate. 
If the calculated p-value is less than 0.05 that member 
affects wear, while members with a p-value greater than 
0.10 should be omitted from further analysis because 
that indicates that they do not affect the output.

 
Figure 2 The S/N ratio for the wear rate: (a) main effects plot and (b) interaction plot

 
Figure 3 The S/N ratio for the coefficient of friction: (a) main effects plot and (b) interaction plot
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Table 5 Analysis of variance for the S/N ratios for wear rate

Source DF Seq SS Adj SS Adj MS F-value p-value Pr, %
Material 1 92.09 92.09 92.09 66.74 0.000 2.94
Gr amount 2 103.67 103.67 51.83 37.56 0.000 3.31
Normal load 2 2646.81 2646.81 1323.40 959.05 0.000 84.53
Sliding speed 2 68.43 68.43 34.21 24.79 0.000 2.19
Material × Gr amount 2 51.40 51.40 25.70 18.62 0.000 1.64
Material × normal load 2 20.78 20.78 10.39 7.53 0.002 0.66
Material × sliding speed 2 15.42 15.42 7.71 5.59 0.009 0.49
Gr amount × normal load 4 71.91 71.91 17.98 13.03 0.000 2.30
Gr amount × sliding speed 4 0.46 0.46 0.12 0.08 0.987 0.01
Normal load × sliding speed 4 21.42 21.42 5.36 3.88 0.012 0.68
Residual error 28 38.64 38.64 1.38 1.23
Total 53 3131.03 100.00
S = 1.175, R2 = 98.8 %, R2 (adj) = 97.7 %

Table 6 Analysis of variance for the S/N ratios for COF

Source DF Seq SS Adj SS Adj MS F-value p-value Pr, %
Material 1 72.5696 72.5696 72.5696 1151.29 0.000 82.89
Gr amount 2 3.7274 3.7274 1.8637 29.57 0.000 4.26
Normal load 2 0.5381 0.5381 0.2691 4.27 0.024 0.61
Sliding speed 2 0.0357 0.0357 0.0179 0.28 0.755 0.04
Material × Gr amount 2 2.7760 2.7760 1.3880 22.02 0.000 3.17
Material × normal load 2 1.2452 1.2452 0.6226 9.88 0.001 1.42
Material × sliding speed 2 3.9399 3.9399 1.9700 31.25 0.000 4.50
Gr amount × normal load 4 0.8471 0.8471 0.2118 3.36 0.023 0.97
Gr amount × sliding speed 4 0.0624 0.0624 0.0156 0.25 0.909 0.07
Normal load × sliding speed 4 0.0440 0.0440 0.0110 0.17 0.950 0.05
Residual error 28 1.7649 1.7649 0.0630 2.02
Total 53 87.5504 100.00
S = 0.2511, R2 = 98.0 %, R2 (adj) = 96.2 %

 
Figure 4 Diagram of the wear rate dependence on: (a) normal load and reinforcement content,  

(b) normal load and sliding speed and (c) reinforcement content and sliding speed
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After the network training, in addition to the 
predicted data, the regression diagrams for training, 
validation, testing and the total regression coefficient 
were obtained (Figure 6). When developing each network, 
the total regression coefficient tends to be as close to 1 
as possible. After training the network with the 4-5-2 
architecture, the regression coefficient of 0.99456 was 
obtained, which shows a very good correlation with the 
experimental data. From Figure 6, it can be observed 
that the majority of the input data to the neural network 
were used for training (as much as 60 %), while 20 % was 
used for validation and 20 % for testing the developed 
neural network.

3.3	 Wear mechanisms

The worn surfaces of the blocks were imaged on 
an SEM microscope and representative wear scars are 
shown in Figure 7. The EDS analysis of the chemical 
composition of individual samples was performed, as 
well. Before analysing the samples, they were cleaned 
and degreased with petrol in the ultrasonic bath. 
Such a  sample preparation was performed to prevent 
contamination of the microscope, as well as to obtain 
a realistic picture of the condition of the worn surfaces. 
Appearances of all the composite samples worn surfaces 
were similar, regardless of the normal load and sliding 
speed. From Figure 7 one can see that the main wear 
mechanism was the adhesive wear [12]. Adhesive wear 
pits of irregular shape and uneven depth are visible 
on the worn surface of the blocks, together with the 
protruded SiC particles and transferred disc (counter-
body) material. Regarding the counter-body sliding 
direction, it can be noticed that the transfer of the 
material occurs mainly in the first half of the wear scar 
and the adhesive wear pits appear mainly in the second 
half of the wear scar.

The SEM images and EDS analysis of the 
composites’ samples show the presence of iron (Fe), 
oxygen (O), silicon (Si) and carbon (C), Figure 8. The 

the wear resistance. The influence of the Gr particles 
amount on the composite wear, regarding the sliding 
speed, is manifested at higher sliding speeds.

3.2	 The ANN prediction

The principle of solving problems using neural 
networks is similar to that of the human brain. Like the 
human brain, neural networks are made up of simple 
interconnected units called nodes or neurons. Neural 
networks are not programmed, but they learn from 
experience through the recognition of patterns and the 
interrelationship between data, so it is not important for 
them to know the theory behind the phenomenon. The 
data, based on which the network is trained, come to the 
input layer, then they are transferred to the hidden layer 
and, finally, the predicted data is obtained via the output 
layer [2,19]. The number of input parameters means the 
number of neurons in the input layer, the number of 
output parameters means how many neurons there are 
in the output layer, while the number of neurons in the 
hidden layer is not precisely defined and depends on the 
experience of a person who is modelling the network.

In the used ANN, the signals were transmitted 
from the input to the output, with feed-forward back 
propagation neural network. The Levenberg-Marquardt 
network training function was used in the formation and 
training of the network because it is recommended due to 
its accuracy and speed. In the hidden layer, the neurons 
work based on the Log-Sigmoid transfer function (logsig) 
and in the output layer - based on the Linear Transfer 
Function (purelin). In the input layer, some parameters 
are varied. In this case, there are four parameters: 
material, amount of graphite, normal load and sliding 
speed. Results of the experiment, i.e. the wear rate and 
COF are in the output layer. Several networks, with 
different numbers of neurons  in the hidden layer (5, 10 
and 15), were trained, but the network with 5 neurons in 
the hidden layer proved to be the best. The used network 
scheme was with the 4-5-2 architecture (Figure 5).

Figure 5 The ANN architecture
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4	 Conclusions

The Taguchi design and ANN can be successfully 
used to analyse the parameters influencing the wear 
rate and coefficient of friction of the tested hybrid 
composites. Application of the Taguchi method reduces 
the number of conducted experiments and the time 
of their realisation, as well as the costs. The ANOVA 

presence of Fe (Spectrum 2) indicates that the surface 
layer of the steel disc was also worn and that transfer 
of counter-body material occurred. The wear of the steel 
disc is mainly caused by the presence of the protruded 
SiC hard particles (Spectrum 3). The oxidized worn iron 
particles and matrix material formed a  mechanically 
mixed layer (MML) [23-24], which was confirmed by the 
EDS analysis (Spectrum 1).

Figure 6 Regression coefficients of the trained network

 
Figure 7 The SEM image of the worn surfaces for a normal load of 10 N and sliding speed of 0.25 m/s:  

(a) A356+10SiC+1Gr and (b) ZA-27+10SiC+1Gr  
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the values of the influential parameters that give the 
minimum values. An artificial neural network is used 
to verify the obtained results. Matching the results, 
using the Taguchi method and the ANN, confirmed the 

analysis of influential parameters very precisely shows 
the influence of individual parameters. Based on the 
obtained results, it is possible to predict the wear 
rate and coefficient of friction, as well as to determine 

Figure 8 The EDS analysis of hybrid composite A356+10SiC+1Gr at the normal  
load of 10 N and the sliding speed of 0.25 m/s
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in the composite with 3 wt.% Gr, where the coefficient of 
friction has the highest values.
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justification of the application of these methods.
Based on the obtained results, it can be concluded 

that both hybrid composites have better characteristics 
than the corresponding matrix alloys. For the given test 
conditions, the wear of hybrid composites based on A356 
alloy is lower than the wear of hybrid composites based 
on ZA-27 alloy, while for the coefficient of friction, it 
is the opposite. The dominant mechanism is adhesive 
wear, which is manifested through delamination and 
transfer of materials between the contact surfaces. 
Formation of the MML layers was observed in both types 
of composites (with aluminium alloy matrix and zinc 
alloy matrix).

The normal load has the highest influence on wear, 
followed by the amount of graphite, the matrix material 
and the sliding speed, while the matrix material is the 
most influential factor on friction. The lowest wear rate 
was obtained for the composite based on A356 alloy, 
reinforced with 10 wt. % SiC and 1 wt. % Gr, at a normal 
load of 10 N and a sliding speed of 0.25 m/s. The lowest 
coefficient of friction was obtained for the composite 
based on ZA-27 alloy, reinforced only with 10 wt. % SiC, 
at a normal load of 10 N and a sliding speed of 1 m/s.

By examining the hardness of the produced 
composites for tribological tests, uniform results were 
obtained, which unequivocally confirms the good 
distribution of particles, as well as justification of 
application of this process for obtaining the composite 
materials. By adding the graphite, the coefficient of 
friction of the tested materials increased. The main 
reasons for that increase are the type of contact 
geometry, as well as a  large drop in hardness of the 
tested material. A large decrease in hardness is evident 
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Resume
This work is dedicated to the problem of optimizing the shape of columns 
modelling bridge span subjected to the selected specific load case. Based 
on Hamilton's principle, motion equations and boundary conditions were 
defined. Taking into account the static criterion of loss of stability and the 
condition of constant volume of systems, the values of geometric parameters 
of the analyzed column were determined at which the maximum critical load 
value was obtained. The simulated annealing algorithm was used to find the 
maximum critical force being a function of many variables. Within the kinetic 
criterion of loss of stability, the range of changes in the natural frequency 
of optimized columns as a function of external load was determined. Based 
on the obtained results it was concluded that it is possible to control the 
dynamic properties while improving the stability of the system.
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Changing the shape of the structural elements can affect 
not only the strength, but it can also reduce the weight 
of the structure and thus lower the costs. Including 
nonlinearities in the models increases the quality of 
mapping the actual behaviour of the system - it enables 
a  more accurate study of the behaviour of the system 
during operation. The role of stability and vibrations 
of slender systems has received increased attention in 
recent years, across a  number of disciplines. Physical 
models, similar to those analyzed in this paper, are 
commonly found in constructions (bridge spans) [18-23] 
or in the mining industry (support structures).

A  new approach to the stability studies of non-
prismatic Bernoulli-Euler columns loaded axially was 
proposed in [16]. The described method of rigid elements 
consists of dividing a column into n segments, then each 
of them is additionally divided into k members. Each of 
the segments from the first division can be replaced with 
a rigid, multi-segment joint element (two rigid segments 
connected by a  joint and springs: translational and 
rotating). The research considered double symmetrical 
columns with a  cross-section that change continuously 
and stepwise (multi-segment system). 

1	 Introduction 

The issue of stability and free vibrations plays 
a  significant role in the design and exploitation of 
mechanical devices and civil engineering structures. 
With proper system operation, correctly conducted static 
and dynamic analyzes guarantee that the machine or 
structure will not be damaged at stresses much lower 
than the allowable one. Currently, scientists’ research 
is focused on increasing the strength of structures and 
the possibility of controlling their dynamic properties. 
Among the factors that are analyzed in the context of 
improving the properties of slender systems - devices or 
their parts are, among others:
•	 the possibility of using elastic or piezoceramic 

elements, supporting the systems with elastic 
foundations with different characteristics [1-6] or 
using oscillators [7];

•	 analysis of nonlinearities in the system: geometric 
[7-11], material (physical) [8, 12-14], resulting from 
friction [8];

•	 optimization of the shape of the system [15-17].
The last two factors are of a particular importance. 

https://orcid.org/0000-0002-7475-7925
https://orcid.org/0000-0002-8505-3157
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2	 Physical model of the system

Figure 1 presents a physical model of the considered 
column in the construction variant of loading heads 1  
and load taking heads 2 with a circular outline (constant 
curvature). Under the follower load, with the force 
directed towards the positive pole (case of specific load), 
the direction of the loading force goes through the fixed 
point O - the centre of the loading and load taking head. 
The parts of the load taking heads are infinitely rigid. 
The columns 3 are rigidly fixed on one side (x1 = 0) and 
they are connected at the free end (xn = l) with the load 
taking head 2. Reduced mass of elements, being a part of 
the load taking head was taken into account in the field 
with the point mass m. 

The method of issue description adopted in this 
paper consists in the division of a  column (Figure 1b) 
into smaller segments (with indexes I  = 1..n)  with 
a  circular cross-section, mass per unit length (rAi) 
and flexural rigidity (EJi), described by length l and 
diameter d, as well as the transverse displacement 
Wi(xi,t).  The optimization of the shape is limited to 
selection of diameters of particular segments of the 
systems at which the maximum critical load value is 
obtained. This assumption causes that the maximum 
value of critical force, which is a  function of many 
variables (diameters and lengths of particular column 
segments) is searched for:

, , , ,P f d d d n
L

max n1 2 f= a k .	 (1)

The problem of stability was also dealt with by 
Li [24-25]. In his works, he analyzed columns with 
a  stepped and continuous change of the cross-section 
along the axis. The research covered the impact of 
various load cases (conservative or tracking), system 
geometry and mounting methods, including support 
by rotational and translational springs, on the value of 
the critical load. The transfer matrix method and the 
finite element method were used to solve the boundary 
problems presented in the works.

An explicit equation for the buckling load value 
of the non-prismatic columns with non-uniform 
distribution of longitudinal forces was developed in [26]. 
Taking into account the Euler dependence on the critical 
load, the authors presented a series of graphs specifying 
the value of the correction factor taking into account the 
type of convergence, the size of the cross-section and the 
method of loading the structure. The maximum recorded 
error, resulting from the comparison of the proposed 
method and analytical calculations, did not exceed 7 %.

This article deals with the issue of stability and 
free vibrations of a  geometrically nonlinear column 
with a  nonprismatic element, modelling the bridge 
support structure. The analysis covered the change of 
the bifurcation load (only the loss of the rectilinear form 
of the static equilibrium was examined) and the change 
of the natural frequency. The shape of the bar with 
a variable cross-section was optimized using a modified 
simulated annealing algorithm. The theoretical and 
numerical studies were experimentally verified.

Figure 1 Physical model of the column a) under follower force directed  
towards positive pole, b) division into segments
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•	 energy of the force P horizontal component:
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Known a priori, the geometrical boundary conditions 
of the considered problem, are:
•	 at the attachment point (x1 = 0):

,
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•	 continuity conditions
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After application of geometrical dependencies 
between the elements of the head taking the load, 
with the follower force directed towards the pole, the 
following was obtained:

,
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Considering the Hamilton’s principle in Equation 
(3), after a priori application of the relevant boundary 
conditions in Equations (9)-(11) and after algebraic 
transformations, it was obtained:
•	 differential equations of motion of the considered 

system: 
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•	 natural continuity conditions:
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The value of the critical force Pkr of the optimized 
columns was related to the constant along the length 
L of the flexural rigidity (EJ)pr of comparison columns: 

.
EJ
P L

oc
kr

pr

2

m =
^ h

	 (2)

In the solution of the subject issue, the constant total 
length L, the constant total volume V, constant value of 
the longitudinal elasticity E, as well as optimized and 
relevant comparison (prismatic) columns, are assumed.

In this section, exemplary designations of the 
considered columns have been implemented:
•	 DO(R*) - optimized column subjected to the follower 

force load, directed towards the positive pole with 
a stepwise variable flexural rigidity, with the 
parameter of the loading and load taking head R*;

•	 DP(R*) - the column with a constant at the length 
of the flexural rigidity system (EJ)pr (comparative) 
subjected to load with tracking force directed 
towards the positive pole, with the parameter of the 
loading head R*.

3	 Equations of the boundary problem

Determination of motion equations and boundary 
conditions of the considered systems was conducted 
under the Hamilton’s principle (the principle of least 
action):

T V dt 0
t

t
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d - =p
p=

e o|# ,	 (3)

Where T means kinetic energy, V - potential energy, 
t - time, d  - operator of variations.

The kinetic energy T of the considered columns is 
the sum of the kinetic energy of the column and kinectic 
energy of the body of mass m (transverse inertia):
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where Ai - is the cross-sectional area of the i-th segment 
of the optimized column.

The components of the potential energy were defined 
as follows:
•	 flexural elastic energy:
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•	 energy of the force P vertical component:
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,y l y 0II II
1 1|=g g g+ +^ ^h h 	 (24)

.y l y 0III III
1 1|=g g g+ +^ ^h h 	 (25)

Taking into account the Equations (18), (19) and 
(22) - (24) in Equation (16), the following displacement 
equations were obtained:

, .y x k y x i n0 1i
IV

i i i
II

i
2 f+ = =^ ^h h 	 (26)

The general solutions of Equation (26) were 
described by the function:

,
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^ ^ ^h h h
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where Dik are integration constants ( l  =1, …, 4).

Based on the solutions of Equation (27) of 
displacement equations and relevant boundary 
conditions in Equations (19)-(25), a system of equations 
was obtained, which in the matrix form, was recorded 
as follows:

G 0sK= 	 (28)

where: D D D D D D D D T
n n nn11 11 11 11 1 2 3 4fK= 6 @  

and Gs means the square matrix of a degree dependent 
on the number of n segments of considered columns.

Thus, the following is obtained:
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The matrix coefficient Fn was recorded as:
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•	 natural boundary conditions at the free end of the 
systems (xn = l):

•	
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where:  / , /k P EJ EJ EJn n
2

1 1|= =g g g+ +^ ^ ^h h h .

4	 Solution of the boundary problem - energetic 
method

Conducting research on optimization requires 
knowledge of the critical load values of the considered 
columns, with the adopted criterion of constant volume. 
To determine the critical load parameter, it is sufficient 
to apply the static stability criterion (energetic method). 
Condition for the existence of a minimum total potential 
energy was recorded in the following form:

.V 0
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2 =p
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| 	 (16)

Potential energy of the system (see Equations 
(5)-(7)), after previous separation of variables of the 
function Wi(xi,t), in relation to spatial xi  and time t 
coordinates:

, ,cosW x t y x ti i i i ~=^ ^ ^h h h 	 (17)

has the following form:

.

V
EJ

y x

y l

dx

P y x dx PR

2

2 2

i

i

n

i
II

i

l

i
I

i

i
I

i

l

i
i

n

1

3

1 0

2

2

01

2

= -

- +

p
p= =

=

^

^

^

^h

h
h

h6
6

6@
@

@
| |

|

#

#
	 (18)

The boundary conditions in Equations (9)-(11), (13)-
(15) after applying Equation (17) are as follows:

,y y0 00I1 1= =^ ^h h 	 (19)

,y l Ry ln n
I=^ ^h h 	 (20)

,y l R y l1 0n
III

n
II- =^ ^h h 	 (21)

,y l y 01=g g+^ ^h h 	 (22)

,y l y 0I I
1=g g+^ ^h h 	 (23)
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After applying Equation (34) to relevant boundary 
conditions, the following system of equations was 
obtained:

.G col C C C C C C C C 0D n n n n11 21 31 41 1 2 3 4f =" , 	(36)

The determinant of the matrix of coefficients GD 
equalized to zero is a transcendental equation on the 
neutral vibrations frequency w (within the range of loss 
of the rectilinear form of the static equilibrium) of the 
considered systems, that is:

.G col C C C C C C C C 0D n n n n11 21 31 41 1 2 3 4f =" , 	(37)

6 	 Simulated annealing 
	
The method of simulated annealing consists in 

a heuristic algorithm belonging to the class of non-

The transcendental equation for the critical load 
value is as follows:

.detG 0s= 	 (32)

5	 Solution of the boundary issue - vibration 
method
	
Based on the solution of the boundary issue with 

the kinetic criterion of stability, the range of changes 
in natural vibrations frequency w as a function of 
the external load P of the considered columns was 
determined. For this purpose, Equations of motion (12) 
are taken into account, which, after separating the 
variables with respect to spatial coordinates xi and time 
t (see the Equation (17)), are in the following form:

, .y x k y x y x i n0 1i
IV

i i i
II

i i i i
2 2 fX+ - = =^ ^ ^h h h 	 (33)

The results of Equations (33) are:

,

cosh cos

sinh sin

y x

C x C x

C x C xi i

i i i i i i

i i i i i i

3 4

1 2a b

a b

= + +

+ +

^

^

^

^

^h

h

h

h

h
	 (34)

where C il  are integration constants ( l  =1,…,4) and:

Figure 2 A block diagram of the modified method of simulated annealing
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7	 Modified method of simulated annealing 
	
In the method of simulated annealing, apart 

from the change of the value of parameters Q and 
M, an additional modification of the performance of 
the function S(YB) was assumed, which generates a 
neighbourhood result (neighbourhood function). In the 
considered case, the performance of the neighbourhood 
function was changed along with the change of the 
“temperature” parameter (Figure 3).

The applied method of selection of a new shape 
consists in the “transfer” of a certain part of volume, 
described by the coefficient Dv, from a randomly selected 
segment (with the index i) to another segment of 
the column (with the index j), selected also in a 
random manner (Figure 3b). This is done by changing 
the diameters of selected segments (di, dj) into new 
diameters (di’, dj’). The lengths of segments l remain 
unchanged. Thanks to application of such a solution, 
the fixed column volume criterion, adopted in this paper, 
has been met. New diameters of segments are calculated 
from the equations:

, ,d v d d d vd1i i j j iT T= - = +l l^ h 	 (40)

where: i, j !  (0..n) - indices of the segments subjected to 
modifications,  Tv !  (0..1) - volume change coefficient.

The maximum allowable difference between indices 
of segments i j- , the diameters of which (di, dj) are 
changed and the volume change factor Dv (Dv = f(Q)), 
defining what part of the volume of a given segment 
(with the index i) will be transferred to another segment 
(with the index j), are also changed. The segment whose 
volume is increased (diameter dj’) is any segment of 
the column selected in a random manner. The segment 
described by the parameter of the diameter di’, the 
volume of which is reduced, is also selected in a random 
manner, however, in this case some restrictions are 
imposed on the selection. 

deterministic algorithms. This method is a modification 
of the “hill climbing algorithm”. The performance of the 
algorithm requires defining four parameters: the initial 
representation of the result, the generator of random 
changes in the results (neighbourhood function), the 
evaluation function (cost) and the annealing schedule. 
The additional parameter Q called “temperature” is not 
directly related to variables subjected to optimization, 
but it only controls the performance of the algorithm. 
The value of the parameter Q affects only the probability 
of passing from one point in the search space to another 
and is selected in a manner depending on a given 
optimization issue. 

Figure 2 presents a block diagram of the applied 
method of simulated annealing. In the considered 
method, a new solution YN selected by modifying the 
current result YB, is always accepted when an increase 
is obtained in the value of the function of the result 
evaluation defined by Equation (1). Otherwise, the 
acceptance occurs with a certain probability equal to:

,expp
f

a
T
H= -c m 	 (38)

 
where: Df  is the difference of the value of the evaluation 
function defined by the Equation (1) and:

.d d d d d n
L

n n n1 2 2 1fW= - -9 C 	 (39)

The core of the algorithm is the procedure called 
Metropolis, which was used for simulation of the 
annealing process under a given “temperature”Q. In the 
Metropolis procedure, a number of iterations defined by 
the parameter M was performed at the same value of 
the parameter Q. Then, the “temperature” was reduced 
according to the adopted “annealing schedule”, which 
was described by the dependency Q = f(z) (see Figure 3a). 
The number of Mmax iterations in subsequent initiation 
of the Metropolis procedure was increased by a certain 
value D M.

Figure 3 a) change of the “temperature” parameter, b) modification of the neighbourhood function
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7.1	 Function of changing the “temperature” 
parameter
	
A significant problem in the simulated annealing is 

the appropriate selection of the method of lowering the 
parameter Q. Too rapid lowering of the “temperature” 
has a negative effect on the accuracy of the algorithm, 
too slow - increases the calculation time. The parameter 
Q is used in determining the probability of acceptance 
(see Equation (34)) of the worse solution. This probability 
depends on the difference in the evaluation function 
Df, as well. The application of variable parameters 
of neighbourhood generation and the change in the 
number of segments n of the system causes that the 
mean value D f decreases with each implementation of 
Metropolis. In the analyzed cases, the mean value Df 
had almost exactly double in each successive Metropolis. 
The described change should be taken into account in 
the “annealing schedule”. For the statement (-Df /Q) in 
Equation (34) to behave as expected, the value of the 
parameter Q should be reduced accordingly in each 
iteration z.

8 	 The results of numerical calculations  
and experimental research 
		
This section presents the results of numerical 

calculations with the use of a static and kinetic 
stability criterion. In the considered case of a specific 
load, appropriate results of theoretical research were 
presented, with selected geometrical parameter of the 
load taking heads, that is Ro

*. 
	 Based on the energy method, the scope of 

critical load changes of optimized columns and their 
shape was determined, with the assumed criteria of 
the fixed volume of the systems. The scope of changes 
in the natural vibrations in the external load function 
and the form of vibrations were obtained by solving 
the boundary conditions, using the vibration method. 
Additional experimental research was carried out with 
regard to the value of natural vibrations frequency. 

8.1	 Results of numerical calculations - static 
stability criterion 

Taking into consideration the transcendental 
equation for the value of critical value (see the Equation 
(32)), numerical calculations were carried out to 
determine the maximum value of the critical force 
Pkr of columns, in the considered cases of natural 
load. Numerical calculations were carried dividing the 
column into n = 128 segments. The introduction of the 
division of columns into a larger amount of segments 
did not significantly affect the obtained result and 

At the initial stage of optimization, selection of 
this segment can be completely random. However, at 
the final stage, it is possible to select only one of the 
two segments adjacent to the element whose volume is 
increased (i = j ± 1). The maximum difference of indices 
of modified segments, defined as the product of the 
number of segments n and the coefficient Y (Y = f(Q)), 
where Y=1...0. Taking into account the second variable 
parameter, the volume change coefficient Dv, a certain 
set value of Dv0 was assumed at the beginning of the 
calculation. Those values were decreased together with 
the decrease of the parameter, until the minimum value 
Dvmin, defined at the beginning, was reached at Qmin 
(Figure 3). The application of such a solution significantly 
accelerated the optimization process, especially at the 
beginning of the calculation. The parameters Dv, Y, 
similar to Q and M were modified after each time the 
Metropolis procedure was carried out.  As a result of the 
described modification, the neighbourhood function was 
recorded as:

, ,S v YN B TW W= ^ h .	 (41)

Another implemented modification of the algorithm 
of simulated annealing is a change of the number of 
segments n constituting a part of a slender system, 
made together with the change in the value of the 
mentioned parameters, that is:

n 2z 1= + .	 (42)

Each segment of the column is divided into two 
segments with lengths equal to half of the length of 
the divided segment. The diameters of both segments 
are equal to the diameter of the divided segment. 
In the considered cases of column loads, the system 
was originally divided into two segments (z = 0). The 
number of segments n into which the slender system 
was divided, was changed in geometrical progression 
with a quotient equal to 2 to nmax value (maximum 
number of segments). The division was carried out 
after each Metropolis step loop until the length of the 
segment l was greater or equal to the minimum length  
lmin:

.l n
L

min
max

= 	 (43)

Implementation of the above-mentioned 
modifications to the algorithm of simulated annealing 
results in a significant acceleration of the shape 
optimization process. Thanks to the initial division into 
a small number of segments, it is possible to quickly 
determine the “coarse” shape of the columns. At the 
final stage of calculations, when the length of segments 
is short, small changes in shape result in smoothing the 
shape of the systems.
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optimized column with the changed   flexural rigidity is 
presented in Figure 5, where:

%100O
ocDP R j

ocD R jocDO R j P

o

ood
m

m m
=

-
)

) )_

_

_i

i

i

	 (44)

Considering the division of columns into n - 128 
segments, the critical load increase by at most 40.64 % 
was obtained. 

Figure 6 shows the shapes of models of optimized 
columns (optimum diameter distribution), with selected 
geometrical parameters of loading and load taking 
heads. The physical models of considered columns (see 
Figure 1) were built from segments which have been 
described by a fixed diameter di  and fixed length l. 

As a result of numerical calculations of the 
optimization issue, “stepped” shapes of the systems 
were obtained. Due to a significant number of segments, 
in relation to the total length L of columns, the actual 
shapes were approximated by polynominals of a relevant 
degree (with the highest possible correlation coefficient 
and the lowest standard deviation, in relation to the 
actual shapes) and they were drawn as smooth. Taking 
into account the assumed criterion for the constant 
volume of systems, the outline of prismatic (comparative) 
columns are marked with the dashed lines. For each of 
the presented shapes, values of the critical force, the 

it extended the time of numerical calculations. The 
obtained increase in the critical load with division into 
128 and 256 segments differed by at most 0.18 %. The 
value of critical load of optimized system DO(Ro

*  j) and 
the parameters of load taking heads were related to the 
total constant length L of the system and the constant 
flexural rigidity (EJ)p of prismatic (comparative) column 
DP(Ro

*  j).
Figure 4 shows the scope of changes in the critical 

parameters of the column load as a function of changes 
in the parameters of load taking heads. The results of 
numerical calculations were presented in the case of the 
systems with an optimized shape DO(Ro

*  j) (solid lines) 
and corresponding columns DP(Ro

*   j) (dashed lines) 
with a constant along the length of the flexural rigidity 
system. 

At the considered values of the radius R of the 
loading head, each of the critical load change curves was 
characterized by occurrence of the maximum value of 
the critical load parameter loc. In the case of comparative 
columns with fixed flexural rigidity (EJ)p the extreme 
value is determined at parameters Ro

*  = 0.5. The range 
of the value of radius R of the loading head, changing 
from zero to the length of the column ,L R 0 1o !

)^ h  
was taken into account in the calculation. If Ro

*  = 0, 
then the Euler’s load case is obtained.

The percentage increase in the critical load do of the 

Figure 4 Change of the critical load parameter ocm  as a function of the parameter  
value Ro

*  of columns DO(Ro
*  j), DP(Ro

*  j)

Figure 5 The percentage increase in the critical load od as a function of the parameter  
value Ro

*  of columns DO(Ro
*  j)
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out with regard to the value of natural vibrations 
frequency w of a column DO(Ro

*  j). Taking into account 
the variable flexural rigidity of optimized columns, it has 
been limited to determination of the nature of changes 
in the first two basic natural vibrations frequencies 
in a  dimensionless form ,o o1 2X X^ h , as a  function of 
a dimensionless load parameter lo, with selected values 
Ro

*, Dr of heads performing the specific load cases, which 
are discussed. The following is assumed:

,
EJ
PL

o
p

2

m =
^ h

	 (45)

,
A

EJ

L
o

p

p
2 4t ~

X =
^

^

h

h
	 (46)

where: A - cross-section area of the comparative column
(rA)p - specific mass per unit length of the 
comparative column.

corresponding optimized and prismatic column, as well 
as the percentage increase of the critical load parameter, 
were given. It has been limited to the selected values of 
the parameter Ro

*  of the loading and load taking head. 
In a specific case Ro

* = 0  (Figure 6a), a characteristic 
feature for all the presented shapes is the presence of 
narrowings in the cross-section along the length of the 
columns. The location of the points described by the 
minimum value of the diameter depends on the value of 
geometric parameters of heads that are involved in the 
specific load case discussed.

8.2	 Results of numerical calculations - free 
vibrations

Taking into account the solution of the boundary 
issue, which has been obtained based on the kinetic 
stability criterion, numerical calculations were carried 

Figure 6 The shape of the optimized column DO(Ro
*  j) with the variable parameter value Ro

* j of the loading  
and load taking head: a) Ro

* = 0, b) Ro
* = 0.1, c) Ro

* = 0.2, d) Ro
*  = 0.3, e) Ro

*  = 0.4, f) Ro
*  = 0.5, 

g) Ro
*  = 0.6, h) Ro

*  = 0.7, i) Ro
*  = 0.8, j) Ro

*  = 0.9, k) Ro
*  = 1.0



S H A P E  O P T I M I Z A T I O N  O F  A   C O L U M N  M O D E L L I N G  T H E  B R I D G E  S P A N  U N D E R  A   S P E C I F I C  L O A D . . . 	 B237

V O L U M E  2 5 	 C O M M U N I C A T I O N S    3 / 2 0 2 3

are identical as in the case of application of the 
static criterion. Depending on the value of geometric 
parameters of the loading and load taking head, the 
presented courses of the basic frequency of natural 
vibrations Wo1, in the plane lo - Wo (Figure 9) have 
a negative, positive or zero inclination.

Figure 10 shows the forms of vibrations (M1, M2, 
M3) corresponding to the first three natural vibrations 
frequencies (parameters: Wo1, Wo2, Wo3) of the considered 
column. The forms of vibrations were determined with 
the normalization condition, assuming the value of 
the integrated constant of the motion equation result - 
normalization as to the constant, that is:

C 1ln = 	 (48)

Taking into account Equation (48) in the dependence 
in Equation (36), after the prior rejecting of one of the 
geometric boundary conditions, a heterogenous system 

The results of numerical calculations of changes 
in eigenvalues of the column DO(Ro

*   j) are presented 
in Figures 7 and 8. In case of Ro

*  = 0 (the curves 1 - 
Figure 7), the scope of changes in the natural vibrations 
frequency corresponds to the model of the column in 
which the Euler load case was implemented.

The scope of changes of the basic natural vibrations 
frequency of columns DO(Ro

*   j) and DP(Ro
*   j), with 

selected parameters of heads Ro
* is shown in Figure 9. 

In the calculations, the zero value of the point mass m at 
the free end of the column was assumed, where:

,m
A
m
L

o

pt
=
^ h

	 (47)
	

The value of the critical load of the discussed 
columns, in case of certain geometrical parameters of 
loading heads, were achieved with the parameter Wo1= 
0. The values of the critical load parameter, which 
were obtained based on the kinetic stability criterion, 

Figure 7 Curves on the plane load parameter lo - parameter of natural vibrations  
frequency lo (system DO(Ro

*  j))

Figure 8 Curves on the plane load parameter lo - parameter of natural vibrations  
frequency lo (system DO(Ro

*  j))
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Figure 9 Curves on the plane load parameter lo - basic frequency of natural vibrations parameter lo1  
of the optimized column DO(Ro

*  j) and the comparative column DP(Ro
*  j))

Figure 10 The forms of vibrations of the column DO(Ro
*0.5)

Figure 11 Divergence and divergence-pseudo-flattery scope of columns DO(Ro
*  j), DP(Ro

* j)
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. , ,ma b i n0 001 1 f$ + =6 @ .	 (49)

Geometric inequality constraint in Equation 
(49) of the optimized column is justified due to the 
buckling plane of the system assumed in the numerical 
calculations and experimental systems, described with 
the minimum moment of inertia with respect to the 
neutral axis in the bending plane. 

An experimental study was carried out at the 
stand, which was designed and constructed in the 
Department of Mechanics and Machine Design of the 
Czestochowa University of Technology. The stand 
(Figure 12) is composed of a support frame (1) to which 
the head (2) is attached. The element of the head (2) 
consists of a  screw system by means of which the 
force loading the analyzed column (5) was generated 
with the use of a  dynamometer (3) and a  plate (4). 
Supports were attached to plates 8(1) and 8(2), which 
were implementing the required boundary conditions 
of the column. With four ball bearings (6), used at the 
pivots of the plate (4), a  rectilinear shift was ensured 
in the guides (7). The guides (7) were attached to plate 
8(1). The loading head (9), which was implementing 
the required boundary conditions at the free end of the 
analyzed system, was attached to the plate (4). The 
conditions of rigid bracing of the column is ensured by 
the element (1), which was attached to plate 8(2) with 
the housing (11). The head taking the load (12) was 
attached to the analyzed column with the use of block 
(13). It is assumed that the components:
•	 of the loading head (6),
•	 of the head taking the load to the column (12), (13),

are infinitely rigid. It is justified due to construction 
purposes. Figure 12 also presents the diagram of 
the measurement system. The measurement system 
consists of a  modal hammer (15) (Brüel&Kjaer type 
8200 + 2646), a  laser vibrometer (14) (VH - 1000 - D 
made by OMETRON), an analyzer (17) (Brüel&Kjaer 
type 3560C) and a  computer (18) with the software 
PULSE (version 7.0). The modal hammer is connected to 
the analyzer only when the experimental modal analysis 
is performed. 

As a  part of numerical calculations, with a  static 
stability criterion, the shape of the optimized column 
was determined. Taking into account the rigid elements 
in Equations (12), (13) of the load taking head (see 
Figure 12) in the mathematical model of the system, 
the boundary conditions (11) and (15) at the free end of 
the column (xn = l) are modified. Thus, the following is 
obtained:

of equations with (n-1) unknowns Cki  (i=1,...,n, k =1,...,4) 
was obtained. Based on the result of the system of 
equations, the remaining integration constants Cki were 
determined. The forms of vibrations of the columns, with 
the natural vibrations frequency parameters WoV (V = 1, 
2,…) were described with relations in Equation (34).
The scope of changes in the forms of natural vibrations 
is presented (Figure 10) as a  function of external load 
regarding the selected geometry of the loading and load 
taking head (Ro

*  = 0.5).
In a  general case (MV), the form of vibrations 

corresponding to V- of this frequency of natural vibrations 
(V = 1, 2,…) has (V-1) nodes.

Based on numerical calculations, a  change in 
the forms of vibrations ((M1), (M2)) was observed on 
the curves of the first and second natural vibrations 
frequency. In the case of the comparative column  
DO(Ro

* j), this phenomenon was confirmed by 
experimental studies using the modal analysis.

The obtained nature of changes in eigenvalues (see 
Figure 7 to 9) and the scope of changes of the forms of 
natural vibrations along the curve lo=f(Wo) (see Figure 
10), allows to include the optimized and comparative 
columns, subjected to a specific load, to one of two types 
of systems: divergent ((dWo1/dlo)|lo=0<0) or divergent - 
pseudo-flattery ((dWo1/dlo)|lo=0>0). Figure 11 presents 
the scope of changes in the value of the parameter Ro

*  of 
the head taking the load with the force directed towards 
the pole, where the optimized column DO(Ro

*  j) and the 
comparative column DP(Ro

*  j) are included to one of two 
above-mentioned types of systems.	

8.3	 Experimental studies
	
This section of the paper presents the results of 

experimental studies and numerical calculations of the 
optimized system with the selected geometry of the head 
taking the load with follower force directed towards the 
positive pole DO(Ro

*   j). The physcial and geometric 
parameters of the analyzed column are given in Table 1.

A rectangular cross-section of the analyzed column 
of dimensions a and b, was assumed for the calculations 
and experimental studies. Taking into account the 
criterion of the constant volume of the system; the 
width of the cross-section a was assumed (ai - decision 
variables of the optimization process) with its fixed 
thickness b. In the applied modified method of simulated 
annealing, an additional condition was included in the 
following form:

Table 1 Geometric and physical parameters of the column DO(Ro
*  j) 

E
[Pa]

t

[kg/m3]
L

[m]
b

[m]
R

[m]
l0

[m]
m

[m]

7.5*1010 2790 0.6 0.008 0.059 0.051 0.39
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boundary issue, with the use of modified boundary 
conditions in Equation (50) is shown in Figure 14. The 
dashed line presents an outline of a relevant comparative 
column DP(Ro

* 0.0125). In the case of the optimized 
shape of the system obtained, the critical load increase 
by 24.3 % was achieved. The structural solutions of the 
research stand presented in Figure 12 are also shown in 
the picture (Figure 13b). In the pictures (Figures 13a and 
13c) the shape of the examined column and the design 
solution of the load taking head are presented, as well.
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	 (50)

where l0 - total length of rigid elements in Equation (12) 
and Equation (13) - see Figure 12.

The shape of the optimized column DO(Ro
* 0.0125) 

(solid lines), obtained based on the solution of the 

Figure 12 The stand for testing the natural vibrations  
of columns located in a vertical position

	

Figure 13 a) shape of the examined column b) stand for examining vibrations  
of the slender systems with a mounted column, c) load taking head
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Figure 14 presents also a non-deformed form of the 
examined system. Ten nodes, in which the measurements, 
were made were distinguished within the research 
object constructed with the use of PULSE 7.0 software. 
The forcing is realized by hitting the successive points 
(n) of the examined column with a modal hammer and 
simultaneously the velocity of displacement of the node 

Taking into account the obtained shape of the 
optimized column (Figure 14), experimental research 
was carried out with regard to changes in the frequency 
of natural vibrations and the form of natural vibrations 
of the considered system. For this purpose, experimental 
modal analysis was performed using the professional 
equipment and software. 

            

   
Figure 14 Shapes of columns: DO(Ro

* 0.0125), DP(Ro
* 0.0125). Model of the optimized column developed  

for the experimental modal analysis (the system DO(Ro
* 0.0125 ))

Figure 15 Curves on the plane load P - natural vibrations  
frequency f (the system DO(Ro

* 0.0125)

Figure 16 The forms of vibrations of the column DO(Ro
*  0.0125) obtained based  

on the numerical calculations and experimental studies
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is obtained. The obtained shapes of optimized columns 
are characterized by the occurrence of the cross-section 
narrowing points along the length of the columns. The 
location of these points depends on the value of the 
geometrical parameters of the heads carrying the load. 
Based on the results of numerical calculations, it should 
be stated that the simulated annealing algorithm is an 
effective method of searching for the extreme of functions 
of many variables and can be used to optimize the shape 
of slender systems. Modifications proposed in the work, 
the adopted calculation method (modified algorithm of 
simulated annealing), were aimed at accelerating the 
process of searching for the optimal solution.

In the field of dynamics of systems (vibration 
method), based on the Hamilton’s principle and total 
mechanical energy of systems, the corresponding 
equations for motion equations and boundary conditions 
were derived within the scope of loss of the rectilinear 
form of equilibrium. Solving the boundary problem 
enabled numerical calculations to determine the 
range of changes in the frequency of vibrations as a 
function of the load of optimized columns. Diagrams of 
eigenvalues on the plane were obtained: load parameter 
om - eigenfrequency parameter oX  and eigen vibration 

forms. It has been shown that the critical load values 
obtained based on the kinetic stability criterion are the 
same when applying the static criterion. The correctness 
of the adopted mathematical model of the system was 
confirmed by presenting the results of experimental 
research. Discussing the impact of external load and 
geometrical parameters of the heads: forcing and taking 
over the load on the nature of changes in the frequency 
of natural vibrations, including the corresponding forms 
of vibrations, the considered systems were classified as 
divergent or divergent pseudoflatter type systems.
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(A) of the column is measured with the use of a  laser 
vibrometer. The signal from the modal hammer and 
laser vibrometer is sent to the analyzer and then to the 
computer using the ME’scopeVES 4.0 software from 
Vibrat Technology; the values of natural vibrations 
frequencies and the forms of natural vibrations of 
the optimized system were obtained. The results of 
numerical calculations (solid lines - the system DO(Ro

* 
0.0125)) and experimental studies (points), regarding 
the changes in the frequencies of natural vibrations, are 
presented in Figure 15.

The dashed lines show the course of changes in the 
eigenvalues of the comparative column DP(Ro

* 0.0125). 
The scope of changes of the first three frequencies of 
natural vibrations f, as a  function of external load 
P was given. Comparing the results of numerical 
calculations and experimental studies of the column 
DO(Ro

* 0.0125), a  good consistency of the results was 
found. The maximum relative error with the basic 
natural vibrations frequency, between the experimental 
results f e and the frequencies obtained in theory f t, was 
7.24 %.

The forms of the transverse natural vibrations of the 
column (M1, M2, M3), obtained during the experiments 
and thanks to numerical calculations, are shown in 
Figure 16. The relevant results were shown with the 
external load value P =1640 [N] and the geometric and 
physical parameters of the system from Table 1. 

9	 Conclusions
		
In this work, the issues of stability and natural 

vibrations of slender elastic systems modelling the 
bridge span subjected to the follower force directed to 
the positive pole were analyzed and examined. Based on 
the principle of minimum potential energy, displacement 
equations and boundary conditions were determined. 
Considering the variable flexural stiffness of the 
systems, the leap equation was derived for the critical 
load value - the objective function of the optimization 
problem. The simulated annealing algorithm was 
used in the considerations. The values of the critical 
load parameter of columns, optimized for the adopted 
criterion of constant volume of systems, were obtained. 
An increase in the critical load of optimized columns of 
40.64 % was obtained. It was found that there are such 
values of the head carrying the load parameters, at 
which the maximum value of the critical load parameter 
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Resume
A method of purification and utilization of internal combustion engine 
exhaust gases, due to the ultrasound impact on gases in a special storage 
tank, has been proposed. Large soot particles of gases due to coagulation 
are deposited on the bottom of the device and disposed of. The hypothesis of 
analogy of the gas concentration law and the ratio of soot particles during 
coagulation has been proven. The soot coagulation coefficient has been 
determined theoretically and experimentally. An experimental bench has 
been developed. The technique of assessing coagulation processes by the 
degree of gas transparency before and after exposure to ultrasound has been 
developed and used, as well as the technique of calculating equipment and 
options for designing the devices for ultrasonic purification of exhaust gases.
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harmful components in the gaseous state, but they are 
ineffective against soot emissions from engine exhaust 
gases [4-5].

The method is known of cleaning gases of industrial 
enterprises by coagulation due to ultrasonic impact on 
the environment aimed at reducing the content of fine 
soot particles in gases and allowing it to be disposed 
of. In [6], based on the studies of Dong, Lipkens and 
Cameron, it was concluded that orthokinetic collisions 
prevail at low frequencies for intermediate size ratios, 
while the acoustic trace effect is more significant at 
higher frequencies for all the particles. Ran et al. 
[7] developed the ultrasonic scrubber, a  device which 
combines an ultrasonic standing wave field and a water 
spray to eliminate particles from a  gas flow. This 
device, which is essentially a  wet scrubber enhanced 
by ultrasound, was shown to significantly improve 
the scavenging of micron-scale particles compared 
to the use of a  water spray alone. The works [8-9] 
present the results of studies aimed at improving the 

1	 Introduction

Extreme gas contamination of the air basin, 
especially in large cities, is one of the urgent 
environmental problems. Motor transport is one of 
the main sources of contamination. Exhaust gases 
are emitted into the atmosphere and pollute it with 
carbon monoxide, nitrogen oxides, hydrocarbons, sulfur 
oxides, soot, carcinogens and other toxic components. 
Traffic blocks, associated with repair operations on 
the roads, contribute to the increased emission of 
harmful exhaust gases of internal combustion engines 
of transport equipment. This leads to increasing the 
incidence of cardiovascular and pulmonary diseases in 
the population [1-3]. 

Among the main methods of cleaning gases from 
technical pollution existing in industry, the absorption 
method, thermal afterburning and the thermo-catalytic 
method that is characterized by high costs, are the 
most widely used. These methods are effective against 
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on the time of solid particles settling in the storage 
tank of the device for ultrasonic purification and 
utilization of internal combustion engines of city 
buses exhaust gases;

•	 for the first time, the dependence is obtained of the 
rate of changing the coagulation coefficient of solid 
particles on the time of their settling in the storage 
tank of the device for ultrasonic purification and 
utilization of internal combustion engine exhaust 
gases.
Practical usefulness consists in developing a method 

of calculating a storage device for ultrasonic purification 
and utilization of exhaust gases.

2	 Materials and methods

Using the increased coagulation of soot particles of 
the exhaust gases due to the action of ultrasound on them, 
especially in the zone of the formed ultrasonic standing 
waves has been proposed. At this, the orthokinetic 
coagulation is supplemented by hydrodynamic 
coagulation, which leads to acceleration of the collision 
and adhesion of gas particles [11-12].

The solid particles, enlarged in the course of the 
coagulation process, mainly soot, settle at the bottom 
of the device at the intended collection point with its 
subsequent extraction and disposal.

The following device is proposed for ultrasonic 
cleaning and disposal of exhaust gases (Figure 1) [3].

The device works as follows. Exhaust gas enters the 
storage tank through the inlet pipe. From the ultrasonic 
transducer, located at the top, a direct wave arises that 
is reflected from the reflector of sound waves located 
on the container tray. During reflection, the direct and 
reflected waves move towards each other and, under the 
certain conditions, a  standing wave is formed. When 
a standing wave occurs, the efficiency of the coagulation 
process increases due to increasing the amplitude of the 
resulting wave oscillations [11, 13].

The exhaust gases are made up of different size 
particles. Depending on their size and oscillation 

efficiency of gas cleaning equipment based on Venturi 
pipes using the high-intensity ultrasound. It has been 
experimentally established that ultrasonic exposure 
provides an increase in the efficiency of the scrubber 
for ash particle diameters in the range of 2-90 microns 
over 96 %, especially in the area of diameters less than 
5 microns. The efficiency of capturing ash particles 
in a  scrubber with a  size of 2 microns, at a  sound 
pressure level of 150 dB, is about 99 %. This significantly 
exceeds the degree of gas purification without the use 
of ultrasonic coagulation (no more than 75 %). In study 
[10], a  modified model for acoustic agglomeration of 
aerosol particles has been studied. 

The hypothesis of the presented study is the 
assumption of intensifying coagulation of soot particles 
in the storage tank under the action of ultrasound for 
their subsequent disposal.

The aim of the study is to establish theoretical and 
experimental dependences that describe the process of 
purification and utilization of exhaust gases from an 
internal combustion engine.

To achieve the aim, the following tasks have been 
solved:
•	 a  mathematical model of the process of internal 

combustion engine exhaust gases utilization has 
been developed and studied;

•	 an experimental equipment has been developed and 
it confirmed the results obtained analytically;

•	 a design has been proposed as well as the method 
of calculating the system for utilization of internal 
combustion engine exhaust gases.
The scientific novelty of the study consists in the 

following:
•	 the possibility of using ultrasonic mufflers with 

a  capacitive chamber for the disposal of exhaust 
gases from internal combustion engines of city 
buses has been confirmed;

•	 the dependences were been obtained of changing 
the light transmission and light absorbing ability 
of the exhaust gas on the time of solid particles 
settling under the action of ultrasound and without 
it, as well as the coagulation coefficient dependence 

Figure 1 The device for ultrasound purification and utilization of ICE exhaust gases
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In this work an assumption has been made about the 
qualitative similarity of the gas concentration model 
and the coagulation process, that is, by analogy with the 
kinetic equation [15]:

n n e bt
0= - ,	 (3)

where n and n0 are the number concentrations of the 
airborne particles, current and at the initial moment, 
respectively, pcs/m3; b is the concentration coefficient; t 
is the time, s, it will be fair that:

m m e kt
0= - ,	 (4)

where m and m0 are respectively the current and the 
initial gas mass;
k is the coagulation coefficient;
t is the time, s.

The value of the coagulation coefficient is to be 
experimentally determined.

It is proposed to determine the coagulation 
coefficient by the degree of gas transparency i\  before 
and after exposure to ultrasound [16]. 

E
E

i
init

i\ = ,	 (5)

where Ei is the illumination at present and after the 
ultrasound impact, lx;
Einit is the initial illumination, lx.

To carry out experiments according to the scheme 
(Figure 2), an experimental setup for ultrasonic cleaning 
of exhaust gases was developed (Figure 3) [3].

frequency, the particles are dragged by the sound 
vibrations to varying degrees, which leads to increasing 
the frequency of their collisions and intensifying the 
coagulation processes.

The degree of the particle participation in sound 
vibrations, in the case of a  standing sound wave, is 
described by the ratio [13]:

/U
U

r f4 9

1

1
/g

p

2 2 1 2
rt h

=
+^ h7 A ,	 (1)

where Up, Ug are respectively the amplitudes of the 
particle and gas oscillations, m;
t  is the particle density, kg/m3;
r is the particle radius, m;
f is the gas oscillations frequency under the action of 
ultrasound, Hz;
h  is the dynamic viscosity, Pa∙s.

The analysis of Equation (1) has shown that 
basically the degree of participation of particles in sound 
vibrations and consequently coagulation, is determined 
by the value: 

Z
r f2

h
t

= ,	 (2)
 

where Z is the gas particle drag coefficient [13].
The coagulation process is quantitatively described 

by the coagulation coefficient k  [13]. In work [14], an 
attempt was made to determine its value and patterns 
of change by integrating the equation of motion of gas 
particles. The resulting dependence is very difficult to 
apply and gives significant discrepancies with practice. 

1 - body; 2 - emitter of ultrasonic waves; 3 - generator of 
ultrasonic vibrations; 4 - outlet pipe; 5 - valve; 6 - light 
source; 7 - reflector of ultrasonic waves; 8 - inlet pipe;  

9 - luxmeter
Figure 2 A scheme of the experimental setup for ultrasound 

purification and utilization of exhaust gases
Figure 3 Experimental setup for ultrasound purification 

and utilization of ICE exhaust gases
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m m m e m e1c
kt kt

0 0 0= - = -- -^ h ,	 (6)

where mc is the soot mass, kg;
m0 is the gas initial mass, kg.

Based on the gas transparency coefficient from 
Equation (5), the light flux absorption coefficient ib  is 
equal:

1i ib a= - ,	 (7)

where ia  is the gas transparency coefficient in the i-th 
interval of time.

Assuming that n and n0 the number concentrations 
of gas particles, respectively current and at the initial 
moment, are proportional to the degree of absorption of 
the light flux β, the coagulation coefficient is equal:

ln
k ti

i

i

1b
b

=-
- ,	 (8)

where i = 1…10; 
    t is the time interval between taking the readings, s. 
t = 60 s.

From Equation (4) the coagulation coefficient is 
determined as:

ln
k t

m
m

1 c

0=-
-a k

.	 (9)

Based on the hypothesis of a close correlation 
between coagulation and the degree of gas transparency, 
Equations (8) and (9) have been equated and the 

The material of the case is polyethylene 
terephthalate. It has good strength characteristics and 
transparency. A valve is installed on the outlet pipe, 
which is closed after the setup is filled with exhaust gas. 
Under the action of ultrasonic waves, generated by the 
ultrasonic emitter, the processes of coagulation of soot 
particles are intensified in the exhaust gas, as a result 
of which the soot particles become larger in size and 
mass and settle on the surface of the ultrasonic wave  
reflector.

The purified exhaust gas exits to the atmosphere 
through the exhaust pipe after opening the valve. To 
measure the illumination indicators, a light source and 
a device for measuring illumination have been fixed on 
the side surfaces opposite to each other.

At the preparatory stage, the assembled device, 
equipped with an ultrasonic emitter with the radiation 
frequency of 28 kHz and the power of 60 W, has been 
connected to the diesel engine of the experimental 
bench for studying the exhaust gas isolation. The bench 
has been assembled in the laboratory of the Transport 
Engineering and Logistics Systems Department of 
Karaganda Technical University (Figure 4).

A  device for measuring illumination and a  light 
source have been fixed on the opposite sides. The 
entire structure has been placed in a  light-tight box to 
eliminate the effect of changing the ambient light on the 
results.

Having made the assumption that the average 
concentration of gas and soot particles is directly 
proportional to their masses, from Equation (4) was 
obtained:

Figure 4 Experimental setup connection
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point within 10 minutes. At the second stage of the 
experiment, the device was also filled with exhaust 
gas until the measured illumination decreased to 60 
lx, the ultrasonic equipment was turned on and the 
illumination was measured at the frequency of 1 minute 
in the interval of ± 5 seconds, from the control point, 
within 10 minutes.

Figure 5 shows the reflector of ultrasonic waves after 
the operation of the experimental setup for ultrasonic 
purification of exhaust gases.

The results of the two stages of the experiment are 
presented in Tables 1 and 2. 

Comparison of the obtained experimental 
illumination data to the theoretical ones shows that the 
nature of changing the theoretical and experimental 
illumination dependences on time without exposure 
to ultrasound and with exposure to ultrasound have 
sufficient convergence of the obtained experimental 
data with the theoretical ones. Figure 6 shows the 
theoretical and experimental graphs of the illumination 
E dependence on time t without the ultrasound action 
and under the ultrasound action.

At this, the error in the average values of the 
experimental data in comparison to the theoretical 
ones makes 16.9 % without exposure to ultrasound and 
14.23 % under the ultrasound action.

The experimental data obtained made it possible 
to use them for determining the indicators of changes 
in illumination, the degree of transparency, the degree 
of absorption, the coagulation coefficient and to draw 
a  conclusion about the effectiveness of the ultrasonic 
coagulation processes.

Table 3 presents the results of calculations of the 
coagulation coefficient.

As a result of ultrasonic intensification of coagulation 

dependences obtained that are needed to justify the 
experimental method [11]:

ln ln

t
m
m

t

1 c

i

i

0 1b
b

-
-

=-
-

a k
.	 (10)
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Thus, knowing the value of m0 that can be 
determined from the volume of the container and the 
density of the gas, determine the value of mc, it is 
necessary to establish experimentally the ratio 

i

i

1b
b
-

 
through the corresponding indicators of illumination. An 
experimental study has been carried out to confirm the 
relationship between the degree of transparency and the 
coagulation coefficient.

3	 Results

At the first stage of the experiment, the device was 
filled with exhaust gas in the engine start mode until 
the measured illumination decreased from 140 to 60 
lx. Then, without turning on the ultrasonic equipment, 
the illumination was measured with the frequency of 1 
minute in the interval of ± 5 seconds from the control 

Figure 5 Ultrasonic wave reflector after operation of the experimental setup
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Table 1 Illumination values E, lx, without the ultrasound action

No.
Sampling time, s

60 120 180 240 300 360 420 480 540 600
1 62 69 74 77 77 81 81 85 87 83
2 60 73 70 75 80 79 81 84 83 84
3 65 73 75 77 76 78 76 81 84 85
4 68 69 70 77 79 78 81 80 80 84
5 70 72 71 76 73 80 84 82 79 85
6 66 76 75 75 79 78 78 82 88 88
7 64 69 74 74 75 81 77 81 83 85
8 69 67 72 75 75 79 82 82 82 87
9 68 68 74 73 74 78 79 81 88 84
10 64 70 73 74 80 78 79 82 81 82
11 66 69 71 79 75 78 80 86 85 83

E 65.64 70.45 72.64 75.64 76.64 78.91 79.82 82.36 83.64 84.55

Table 2 Illumination values E, lx, s under the ultrasound action

No.

Sampling time, s

60 120 180 240 300 360 420 480 540 600

1 81 86 94 100 107 111 115 115 116 119

2 83 93 95 101 104 108 112 115 115 119

3 75 89 99 100 106 106 110 114 117 119

4 79 89 95 103 104 110 112 117 117 118

5 76 92 92 100 103 109 110 116 118 117

6 79 92 92 101 105 106 113 116 120 121

7 78 95 96 98 106 108 113 114 119 117

8 83 84 97 100 108 107 111 113 120 121

9 79 90 96 99 103 107 113 117 118 123

10 81 91 96 102 106 113 113 116 121 124

11 86 88 94 104 105 113 116 118 117 118

E 80.00 89.91 95.09 100.73 105.18 108.91 112.55 115.55 118.00 119.64

        Etheor with u. a.      Eexp with u. a.      Etheor without u. a.       Eexp. without u. a.

Figure 6 Theoretical and experimental dependences of illumination E on time t without and with the ultrasound action
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Table 3 The results of calculating the coagulation coefficient 

Seconds

Illumination indicator, 
E, lx Transparence degree, 

Light flux absorption 
degree, β Coagulation coefficient, k

Without 
ultrasound

With 
ultrasound

Without 
ultrasound

With 
ultrasound

Without 
ultrasound

With 
ultrasound

Without 
ultrasound

With 
ultrasound

0 60.00 60.00 0.429 0.429 0.571 0.571

60 65.64 80.00 0.469 0.571 0.531 0.429 0.0012 0.0048

120 70.45 89.91 0.503 0.642 0.497 0.358 0.0011 0.0030

180 72.64 95.09 0.519 0.679 0.481 0.321 0.0005 0.0018

240 75.64 100.73 0.540 0.719 0.460 0.281 0.0008 0.0022

300 76.64 105.18 0.547 0.751 0.453 0.249 0.0003 0.0020

360 78.91 108.91 0.564 0.778 0.436 0.222 0.0006 0.0019

420 79.82 112.55 0.570 0.804 0.430 0.196 0.0002 0.0021

480 82.36 115.55 0.588 0.825 0.412 0.175 0.0007 0.0019

540 83.64 118.00 0.597 0.843 0.403 0.157 0.0004 0.0018

600 84.55 119.64 0.604 0.855 0.396 0.145 0.0003 0.0013

Figure 7 The transparency degree α and absorption degree β dependence on settling time t

 without ultrasound               with ultrasound

Figure 8 The coagulation coefficient k dependence on settling time t
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Figure 9 shows the dependencies k(t) built based on 
the experimental data and the data calculated using the 
cubic regression Equation (13).

Since the obtained dependence in Equation (13) has 
a significant coefficient of determination, differentiation 
of the function is possible. Then, the rate of changing 
the coagulation coefficient for processes with ultrasonic 
action would obey the following dependence:

. .

. .

k t t0 0000036 0 0025988

0 4562322 10

2

4$

= - + -

- -

l ^

h
.	 (14)

Figure 10 shows the dependence of the coagulation 
coefficient changing rate on time.

Decreasing the coagulation rate is explained by 
decreasing the concentration of soot particles in the gas, 
that is, its purification to a some extent.

The work proposes several constructive options for 
using the effect of ultrasonic purification and utilization 

processes, the initial values of the rate of changing the 
degree of transparency, coagulation coefficient with 
the ultrasonic exposure are 3 times higher than those 
without the ultrasonic exposure.

Based on the calculation results, graphs of the degree 
of transparency and the degree of absorption (Figure 7), 
the coagulation coefficient (Figure 8) dependence on the 
settling time have been plotted.

The presented graphic dependencies clearly show 
a high efficiency of ultrasonic coagulation of exhaust gas 
particles.

In the work, an approximation was made of the 
coagulation coefficient values in time t, according to the 
results of which it has been proposed to use the following 
cubic regression equation for the coagulation process 
using ultrasound:

. .

. . .

k t t

t

0 0000012 0 0012994

0 4562322 69 30 10

3 2

4$

= - + -

- + -

^

h
	 (13)

 With ultrasound (experimental data)

 With ultrasound (cubic regression)

Figure 9 Changing the coagulation coefficient k with the time t under ultrasound action

Figure 10 The coagulation coefficient changing rate k' dependence  on time t
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versions: with generation of ultrasonic waves in the 
direction of the gas flow and against the direction of its 
movement.

Figure 13 shows a device for ultrasonic cleaning of 
exhaust gases with exposure to ultrasound at different 
angles.

One more device for cleaning exhaust gases of a 

of internal combustion engine exhaust gases.
Figure 11 shows the scheme of operation of the 

ultrasonic device for cleaning the exhaust gases of a flow 
type with the transverse action of ultrasound. 

Figure 12 shows the schemes of operation of an 
ultrasonic device for cleaning the exhaust gases of a flow 
type with the longitudinal action of ultrasound in two 

1 - inlet pipe; 2 - muffler body; 3 - emitter of ultrasonic waves; 4 - outlet pipe; 
5 - place of collecting and extracting soot particles; 6 - zone of standing waves; 

7 - reflector of ultrasonic waves 

Figure 11 The scheme of operation of the ultrasonic muffler the transverse action of ultrasound

1 - inlet pipe; 2 - muffler body; 3 - outlet pipe; 4 - reflector of ultrasonic waves; 
5 - place of collecting and extracting soot particles; 6 - zone of standing waves; 

7 - emitter of ultrasonic waves

Figure 12 Schemes of operation of the ultrasonic muffler with the longitudinal action of ultrasound:  
a) in the direction of the gas flow; b) against the direction of the gas movement

1 - inlet pipe; 2 - outlet pipe; 3 - body; 4 - coagulation chamber; 5 - coagulation chamber; 6 - emitter of ultrasonic vibrations; 
7 - transducer of ultrasonic vibrations; 8 - upper reflectors; 9 - lower reflectors; 10 - holes for removal of particles; 11, 12 - 

storage tanks for collecting particles; 13 - holes with a plug; 14 - filtration grids 

Figure 13 A device for ultrasonic purification of exhaust gases
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1 - inlet pipe; 2 - body; 3 - ultrasonic emitter; 4 - bladed propeller; 5 - rack; 6 - rotation mechanism; 7 - rotating contact 
device; 8 - outlet pipe; 9 - place for collecting and extracting soot particles

Figure 14 A device for purification of exhaust gases with a dynamic system of ultrasonic action

1 - storage tank; 2 - inlet pipe; 3 - ultrasonic generator; 4 - bypass valve; 5 - outlet pipe; 
6 - reflector of sound waves; 7 - tray

Figure 15 The accumulative ultrasonic device for cleaning exhaust gases with  
the vertical arrangement of ultrasonic equipment

1 - inlet pipe; 2 - body; 3 - ultrasonic emitter;
4 - sound-reflecting partition; 5 - outlet pipe; 6 - zone of standing waves; 

7 - coagulation chambers; 8 - tray

Figure 16 The combined type device for purification of exhaust gases with the horizontal  
arrangement of ultrasonic equipment
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where v is the sound propagation velocity, v = 300 m/s;
 f is the oscillation frequency, Hz.

For ultrasonic equipment with the ultrasonic waves 
radiation frequency of 28 kHz:

. mm28000
300 10 7m= = .	 (16)

Thus, the distance between the emitter and the 
reflector is to be determined by the formula:

L i2 $
m= ,	 (17)

where i = 1, 2, 3…

2.	 For t  = 1900 kg/m3; f = 28000 Hz; h  = 0.00017 
from Equation (2) the drag coefficient Z can be 
determined, which should have values from 0.54 to 
3.51 [13], the range of the particle radii that are most 
efficiently affected by the ultrasonic equipment:

r
f
Z
t
h

= ,	 (18)

. . . .r m m1900 28000
0 54 0 00017 1 31 10 1 310

6

$
$

$ n= = =- ;	 (19)

. .. , .r m m1900 28000
0 00017 3 103 51 3 4 3 340

6

$
$

$ n= = =- 	 (20)

In this case, the degree of participation of particles 

with the size of 1.31 μm and 3.34 μm in the sound 

vibrations of a standing ultrasonic wave U
U
g

p  will be 

equal to 0.8 and 0.2, respectively.
The results of the calculation indicate that the 

conditions for occurrence of the ultrasonic coagulation 
are met and indicate the highly efficient coagulation 
processes of fine particles of exhaust gases with the 
radius of 1.31 to 3.34 μm.

flow type, with a dynamic system of ultrasonic action, is 
shown in Figure 14. Here, a bladed propeller serves as 
an emitter of ultrasonic waves.

The accumulative ultrasonic device for cleaning 
the exhaust gases, with the vertical arrangement of 
ultrasonic equipment, is shown in Figure 15.

The device shown in Figure 16, with the horizontal 
arrangement of ultrasonic equipment, can be used in 
both flow and storage modes, i.e. it is combined.

All of the above devices make it possible not only to 
clean exhaust gases but also to utilize the soot particles 
enlarged and settled as a result of ultrasonic exposure.

Figure 17 shows the recommended scheme of 
mounting the equipment for ultrasonic purification and 
utilization of vehicle exhaust gases [3].

4	 Example of the calculation technique

The method of calculating the ultrasonic equipment 
includes:
1)	 determining the distance between the emitter 

and the ultrasound reflector for the formation of 
standing waves, at which the coagulation process 
occurs most efficiently;

2) 	 checking the compliance with coagulation conditions;
3) 	 calculating the required time of exposure to exhaust 

gases, for a given degree of purification, to determine 
the required volume of the storage tank.

1.	 For formation of the standing waves, it is necessary 
that the distance between the emitter and the 
reflector of ultrasonic waves be a multiple of half 
the wavelength. The ultrasonic wave length is 
determined by the formula: 

f
vm= ,	 (15)

1 - engine; 2 - resonator; 3 - inlet valve; 4 - exhaust valve; 5 - silencer; 
6 - ultrasonic cleaning device 

Figure 17 The recommended scheme of mounting the equipment for ultrasonic purification  
and utilization of exhaust gases
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and obtained Equation (14) of the coagulation coefficient 
changing:

. .

. .

k t t

t

0 0000012 0 0012994

0 4562322 69 3 10

3 2

4$

= - + -

- + -

^

h
	 (22)

The s value characterizes the share of settled solid 
particles and will determine the degree of the exhaust 
gas purification: 

s n1= - 	 (23)

exps n kt1 0= - -^ h 	 (24)

It is assumed that at the initial time t = 0 all the 
soot particles are in suspension, i.e. if n = 1, then s = 0.

3.	 To determine the volume of the storage tank that is 
required for the most efficient operation of ultrasonic 
cleaning and disposal equipment, it is necessary to 
determine the rational time of ultrasonic exposure 
to the exhaust gas. The volume of the storage tank 
is determined by the calculation method described 
in literature [17].
Here is the entire volume of soot present in the 

tank, both in suspension and settled on the bottom 
of the device as a result of coagulation, accepted as a 
unit and then it is determined what part of the solid 
particles is settled, using Equation (3) of the calculated 
concentrations of suspended solid particles of the gas 
dependence [15]:

expn n kt0= -^ h 	 (21)

Table 4 Calculating the degree of the exhaust gases purification s depending on the time of the ultrasound action

t k n0 n s

0 0.00693 1.00 1 0

60 0.004634 1.00 0.76 0.24

120 0.003119 0.76 0.52 0.48

180 0.002228 0.52 0.35 0.65

240 0.001806 0.35 0.23 0.77

300 0.001698 0.23 0.14 0.86

360 0.001747 0.14 0.07 0.93

420 0.001799 0.07 0.03 0.97

480 0.001698 0.03 0.02 0.98

540 0.001288 0.02 0.01 0.99

600 0.000414 0.01 0.01 0.99

Figure 18 The graphs of the n(t) and s(t) dependences
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the content of soot particles in suspension;
•	 an experimental ultrasonic accumulative device 

has been developed that allows measuring the 
light transmission of the volume of gas in the 
device, according to the illumination parameter E 
and based on the data obtained, determining the 
change in the concentration of soot particles in 
suspension, the coagulation coefficient over time 
without exposure to ultrasound and with exposure 
to ultrasound;

•	 experiments have been carried out on the developed 
experimental equipment and the results obtained 
have been analytically confirmed. At this, the error 
in the average values of the experimental data in 
comparison with the theoretical ones has made 
16.9 % without exposure to ultrasound and 14.2 % 
under the ultrasound action;

•	 alternate options of using the effect of ultrasonic 
cleaning of internal combustion engine exhaust 
gases of transport equipment have been proposed 
that determine the trends for the further scientific 
research;

•	 a method of calculating the capacitive equipment has 
been developed that makes it possible to determine 
the main design parameters of ultrasonic cleaning 
systems for exhaust gases of internal combustion 
engines and the terms of reference for designing an 
ultrasonic cleaning system for exhaust gases from 
internal combustion engines of city buses.
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The calculation of the degree of the exhaust gases 
purification depending on the time of ultrasonic exposure 
is presented in Table 4.

The graphs of the n(t) and s(t) dependencies are 
presented in Figure 18.

According to the graph of the exhaust gases degree 
of purification dependence on time, it is possible to 
determine the required time of exposure to ultrasound 
for a  given degree of purification. For example, for 
the 80 % degree of purification, the required time of 
ultrasonic exposure will be t = 260 s.

5	 Conclusions

In the course of studying the operation of devices for 
ultrasonic purification and utilization of exhaust gases, 
there has been made the following work and draw the 
following conclusions:	      
•	 analyzing the cleaning methods and composition of 

the exhaust gases of internal combustion engines 
substantiates the need for their disposal due to the 
ultrasonic action;

•	 the physical essence of the process of exhaust 
gases coagulation under the action of ultrasound 
is described, the understanding of which is needed 
for development of a  mathematical model of the 
process of exhaust gases utilization. A mathematical 
model of the process of exhaust gases of internal 
combustion engine utilization, based on the formula 
of the molecular-kinetic theory of gases, has been 
developed and studied. The obtained dependence 
that takes into account the number concentrations 
of gas and soot particles, which vary depending on 
the time and the coagulation coefficient, makes it 
possible to determine the amount of soot settled and 
to determine the efficiency of cleaning exhaust gases 
with an ultrasonic device;

•	 based on the proposed hypothesis of a  close 
relationship between the content of soot particles 
in suspension and the light transmission capacity of 
a certain volume of gas, the concept of illumination 
has been introduced as a  parameter for assessing 
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Resume
The design of a bicycle frame in Creo Parametric and the following simulation 
comparison of three frame materials - steel, aluminium and carbon, using 
the software from Marc Mentat, are the main subjects of this article. In 
this article, the authors explain how to model a bicycle frame in three 
dimensions and contrast it with frames made of the other two materials. The 
simulation's findings demonstrate how various elements, such as load, affect 
a steel, aluminium and carbon frame's behaviour in specific circumstances 
and under identical settings. Engineers may choose the best material and 
optimize the geometry and topology of the frame, based on the findings of the 
simulation, to get the best outcomes in terms of the stiffness requirements 
and rider comfort.
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including the forks, seat, wheels, brakes and derailleurs, 
are held and supported by the frame, [4].

In addition, the frame also determines the geometry 
and size of the bike, which affect its rideability and 
rider comfort. Depending on the type of a bike, different 
materials are used to make frames, such as steel, 
aluminium, carbon, titanium and more. Each material 
has its own properties that affect the weight, strength 
and price of the frames. The right frame can improve the 
bike’s rideability and provide the rider with a comfortable 
ride. Therefore, it is important to consider the frame and 
its characteristics when choosing a bike and match it to 
the rider’s needs and intended use, [5].

Bicycle frames can be made of different materials 
and in different designs, differing in the shape and 
geometry of the tubes and the way they are connected. 
The most common frame designs include:
•	 Classic diamond frame

The classic diamond frame is shaped like a diamond 
and is the most common frame construction for road, 
mountain and city bikes. The frame consists of an upper 
and lower frame beam, a centre frame and a rear frame. 

1	 Main objectives

The modern bike frame design is incredibly 
inventive and dynamic. For different types of bikes and 
riders, manufacturers are trying to develop the best and 
most efficient solutions. The design of the bicycle frame 
structure and the subsequent simulation to find out the 
best material to be used for the structure are the main 
topics of this study, Figure 1 [1-2].

2	 Introduction

One of the most important components of a  bike’s 
design is the frame. The frame must be rigid and robust 
enough to support the rider’s load and demands of the 
road while remaining light and comfortable enough to 
prevent riders’ fatigue and enable a  pleasurable ride. 
The frame must also be both aesthetically pleasing and 
ergonomic, as well [3].

A  bicycle’s frame is crucial to both its creation 
and operation. All the other components of the bike, 

https://orcid.org/0000-0002-8118-6681
https://orcid.org/0000-0001-7475-3724
https://orcid.org/0000-0001-5232-7601
https://orcid.org/0000-0001-6583-8128
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is also paid to sustainability and the environmental 
aspect of the production of bicycle frames, which strive 
to be made from recyclable materials and to minimize 
the negative impact on the environment, [9].

3	 Bicycle frame design

Many conditions must be satisfied to generate 
a  model of the bicycle frame structure. These 
prerequisites consist of:
1.	 Material knowledge - Understanding the materials 

that can be utilized to build a bicycle frame structure 
is crucial. The most widely utilized materials 
nowadays are carbon fibre, aluminium and steel.

2.	 Construction knowledge - Understanding how 
a bicycle frame is built is necessary when designing 
a  frame. The head, down tube, top tube, seat 
tube and the rear triangle are just a  few of the 
components that make up the frame. To create 
a proper model, one must be aware of the shapes and 
their interactions.

This construction allows for an even distribution of the 
rider’s weight and increases stability.
•	 Transitional frame

To make it simpler to hop on and off the bike, this 
sort of frame has a  diamond shape with a  noticeable 
transition at the front. These frames are frequently 
found on hybrid or urban bicycles.
•	 Frame with a sloping top

The top tube of this kind of bike frame slopes and it 
is rather stiff while riding. Most road bikes use it.
•	 Time trial period

This kind of frame features a noticeably longer top 
tube and a narrower angle between the frame and fork 
since it is intended for time-trial racing, [6-7].

There is currently a  lot of focus on use of the new 
materials, such as super lightweight and extra strong 
polymers, which have the potential to improve the 
strength and weight of bicycle frames. In addition, 
frame manufacturing technology continues to improve, 
allowing the use of new tube forming and material 
joining technologies, [8].

The last but not the least, nowadays a lot of attention 

Figure 1 Algorithm of the article
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are joined on one side by a head tube (1) and on the other 
by a  vertical tube, are the primary components of the 
bicycle frame (4).

The bicycle frame’s primary components are the 
bottom tube (3) and the top tube (2). Both the upper 
tube and the lower tube connect the upper and lower 
portions of the back construction (5), respectively. The 
top tube often serves as the frame’s foundation line and 
is angled slightly, which changes the geometry of the 
bicycle. The bottom tube is often stronger and serves as 
the framework for strengthening the entire frame.

To comply with the requirement that each tube 
has a  wall thickness of 2 mm, the bottom tube of 
the proposed structure will be the same as the rest 
of the frame in our design. We next compared the 
similar frame design for three alternative materials. 
The portion of the frame that holds the back wheel in 
place is called the rear structure. Its primary job is to 
give the bicycle frame stiffness and stability. Although 
the rear frames are typically built of steel or aluminium, 
some high-performance versions may incorporate 
carbon rear structures. The component that joins the 
downtube is called the downtube. Its main function is 
to support the frame triangle and ensure the stability  
of the frame.

3.1	 Steel frame

The individual parts of the bicycle steel frame are 
connected by welding. A  welding method called TIG 
(Tungsten Inert Gas) welding, which is also known as 
GTAW (Gas Tungsten Arc Welding), is often used to 
weld the steel frame of a bicycle. The TIG welding is 
often the preferred welding method for the steel bicycle 

3.	 Using a CAD application - A suitable CAD program 
that supports the development of the 3D models is 
required to generate a  model of the bicycle frame 
structure. The market is filled with CAD software, 
including Creo Parametric, SolidWorks, Autodesk 
Inventor and others.

4.	 Simulation - It is crucial to validate the model of the 
bicycle frame construction using simulation after it 
has been built. One can use simulation to make sure 
that the frame is sturdy and load-resistant enough. 
The design can be changed if necessary to better 
meet the specifications.

5.	 Fabrication - The frame itself needs to be constructed 
after the design has been confirmed and blueprints 
have been created. For fabrication, a  variety of 
processes are employed, including welding, pressing 
and carbon fibre winding.
The successful development of a  bicycle frame 

design model that will be suitably sturdy and load-
resistant, depends on the fulfilment of these parameters, 
as a whole, [10-12].

For creation of the bicycle frame, there are the 
predetermined conditions for the shape of the individual 
parts of the bicycle frame:
•	 The head tube and the vertical tube must have 

a circular cross-section,
•	 The top tube shall have a rectangular cross-section,
•	 The bottom tube must have a square cross-section,
•	 The rear part of the frame, which consists of the two 

parts, must have a rectangular cross-section,
•	 The wall thickness of the parts in question must be 

2 millimetres,
A  bicycle frame is made up of several components 

that work together to make its overall structure (see 
Figure 2). The top tube (2) and bottom tube (3), which 

Figure 2 Bicycle frame design in Creo parametric
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3.2	 Aluminium frame

Just as welding is used on a steel bicycle frame, 
welding is also used on an aluminium frame. A welding 
method called MIG (Metal Inert Gas) welding, which is 
also known as GMAW (Gas Metal Arc Welding), is often 
used to weld an aluminium bicycle frame. This welding 
method is widely used in the production of aluminium 
bicycle frames.

The MIG welding uses welding wire that contains 
the welding material and is inserted into the welding 
rods. This wire is fed with an electric arc, which melts 
the welding material and fuses it to the aluminium 

frames because it provides higher welding quality and 
greater accuracy.

The TIG welding uses a special welding rod or wire 
that is made of a steel-like material. In the welding 
process, an electric arc heats the welding rod while a 
shielding gas (often argon) is used to protect the molten 
metal from reacting with the surrounding air.

The TIG welding allows thin and precise joints to 
be welded, which is ideal for steel bicycle frames. Steel 
is a strong and durable material and is therefore a 
popular material for bicycle frames, especially in the 
manufacture of the high-quality mountain and road 
bikes, [13].

Figure 3 Results of the displacement of the steel frame of the bicycle in the X-axis

Figure 4 Results of the displacement of the steel frame of the bicycle in the Z-axis
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3.3	 Carbon frame

Manufacturing a carbon bike frame is a process that 
involves several steps. Here is the usual procedure for 
making a carbon bicycle frame: 
1.	 Design and modelling: the manufacturing process 

starts with creation of a  frame design in the 
CAD (Computer-Aided Design) software. Designers 
create a virtual model of the frame that includes the 
geometry and details of the design. (Frame design is 
the same as for steel and aluminium).

2.	 Mould making: Based on the virtual model, a mould 

of the frame. A shielding gas (often argon) is used to 
protect the molten metal.

Aluminium is a lightweight metal with high thermal 
conductivity and, therefore, higher currents and special 
techniques must be used to overcome heat dissipation 
when welding aluminium frames. The MIG welding is 
a suitable method for aluminium frames as it provides 
good joint strength and allows accurate welding.

In addition to the MIG welding, a welding method 
called TIG welding (GTAW) can also be used in production 
of the aluminium bicycle frames, which provides even 
higher welding quality and precision, [14].

Figure 5 Results of the displacement of the aluminium frame of the bicycle in the X-axis

Figure 6 Results of the displacement of the aluminium frame of the bicycle in the Z-axis



B264 	 P O M P Á Š  e t  a l .

C O M M U N I C A T I O N S    3 / 2 0 2 3 	 V O L U M E  2 5

layered structure. The shape and positioning of 
the sheets create the desired frame shapes and 
geometry.

6.	 Curing and heat treatment: The mould with the 
embedded carbon sheets is subjected to heat and 
pressure. The heat helps to cure the resin and form 
strong bonds between the fibres. The heat treatment 
can take place in special ovens or autoclaves that 
provide a controlled environment.

7.	 Demoulding and finishing: After curing, the 
frame is dismantled from the mould. This is 
followed by finishing, which includes removal 
of excess materials, sanding and any surface  
finishing, [11].

is created that will be used in the production of 
the carbon frame. This mould is often made of 
aluminium or other hard material and plays a key 
role in creating the shape of the frame.

3.	 Preparation of carbon plates: the layers of carbon 
plates are ready for insertion into the mould. These 
sheets are made of resin impregnated with carbon 
fibre. The sheets are cut and shaped to fit the mould 
and to maintain the required properties and lay-up.

4.	 Impregnation. This process can be carried out in 
different ways, such as manual impregnation or the 
use of vacuum and pressure.

5.	 Inserting into the mould: the impregnated carbon 
plates are inserted into the mould in the required 

Figure 7 Results of the displacement of the carbon frame of the bicycle in the X-axis

Figure 8 Results of the displacement of the carbon frame of the bicycle in the Z-axis
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A steel frame bicycle is a particular kind of bicycle 
with a frame predominantly made of steel tubing. Steel 
has long been a favourite material for bicycle frames 
because of its strength, longevity and smooth riding.

The following are some salient features and benefits 
of bicycles with steel frames.

Steel is a solid material for bicycle frames because 
of its high strength-to-weight ratio and reputation for 
strength. Steel frames are appropriate for touring, 
commuting and off-road cycling because they can resist 
challenging riding conditions, high loads and challenging 
terrain, [15].

Undoubtedly, aluminium is the most popular 
material for bicycle frames. It can be found on a variety 
of bicycles. Not to mention that it offers a  very nice 
weight/stiffness ratio and a fair price/performance ratio.

Currently, it is primarily utilized on less expensive 
bikes. Since aluminium is less rigid than steel, it 
requires thicker walls and greater diameter. Despite 
having relatively thicker tubes, aluminium frames are 
nonetheless lighter than the steel frames. Yet, there are 
disadvantages of using aluminium for bicycle frames. 
The material does not dampen vibrations as effectively 
as other materials. Aluminium can also break over time 
and is significantly less robust owing to material fatigue.

Do not have to worry, it takes many years and some 
hard driving to fatigue the material and a strong impact 
to break it, [15].

The majority of more expensive and professional 
frames are made with this material. Carbon sheets 
are bonded together to create carbon frames using an 
adhesive substance like resin. Because of this, carbon 
fibre frames are utilized in the most serious contests, 
including:

3.4 	Fibre layers

The layers are each 0.5 mm thick. To achieve the 
2-mm thickness requirement for the frame tubes, we 
must fasten four layers of the carbon fibre on top of 
one another. The illustration shows the layers to be 
horizontally aligned and at a 0° angle, which is known 
as overlap.

4	 Result of analysis

In Table 1 one can see the values of the displacement 
results in the X and Z  axis direction for each bicycle 
frame.

From Figures 3-9 one can see the values 
displacements for all the three-materials frame bicycle 
that are written in Table 1.

According to testing, the steel frame is more rigid 
than the aluminium and carbon frames. This indicates 
that the steel frame is flexible and has less X and Z axis 
movement. The bike’s handling depends on X and Z axis 
shifts since they have an impact on the bike’s stability 
and handling. 

A carbon frame, on the other hand, is less expensive 
than other frames. A carbon frame will therefore have 
more X and Z axis shifts, which may compromise its 
handling and stability. A carbon frame does, however, 
have some benefits. Compared to a steel frame, it is 
significantly lighter and more corrosion resistant. This 
indicates that a carbon frame will last longer and be 
more durable. At the bottom of tube 4 in Figure 2, a force 
of 1.5 kN is applied and at an angle of 7 ° as a foot sweep 
on the bicycle pedal.

Figure 9 Arranged layers of carbon fibre

Table 1 Displacement values of material frames

Steel frame Aluminium frame Carbon frame

Displacement X [mm] 0.02 0.07 0.23

Displacement Z [mm] 0.05 0.15 0.36
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bicycle frame served as the basis for simulation. 
Comparisons were made between the outcomes of 
a specific construction made of three distinct materials. 
In more detail, it is a  frame with steel, aluminium 
and carbon fibre reinforcements. We applied the same 
boundary conditions and force to the bicycle frame for 
each of these models according to the methods described 
in [19-21]. We examined these bicycle constructions 
using simulation software developed by Marc.

Overall, in this paper is shown that the correct 
choice of material, for a given design and simulation, can 
lead to a  significant improvement in the performance 
of a  bicycle frame and provide the rider with a  more 
comfortable and efficient ride.

Currently, experts are trying to create a  carbon 
frame and get to the parameters of a steel frame using 
the topological optimization.
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•	 Tour de France,
•	 UCI downhill world cup,
•	 World enduro series (EWS).

Carbon has the added benefit of making such bikes 
look considerably nicer. Shapes that are generally 
impractical with other materials can be made by 
designers. Because of this, designers can use their 
imagination to produce not unique designs but the 
stiffer frames, as well.

On a carbon frame, there are also no welds, leaving 
all the lines incredibly sleek, [15].

5	 Conclusions

The structural design of the bicycle frame, by the 
established criteria, is developed in this paper. The 
shape of a  bicycle frame is extremely challenging in 
terms of structural design, which requires attention to 
several details during the construction or modelling. 
The frame design is crucial to the rest of the bicycle 
manufacturing process, as it will determine how the 
final product will function as a whole. For the bike to be 
enjoyable and efficient to ride, its design and dimensions 
should be tailored to riders and their preferences. The 
last but not the least, the frame should be visually 
appealing and have an intriguing design to catch the 
rider’s eye. Creo Parametric was used to develop the 
structure of this bicycle frame according to the best 
practise described in [16-18].

The design of a  bicycle frame can be effectively 
simulated using the simulation software. A  particular 
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Resume
This paper discusses the issue related to the switching regulators operated 
at high switching frequencies, where it is necessary to eliminate the 
influence of parasitic components of the converter's main circuit. In more 
detail it deals with the node-ringing phenomena, which is typical for 
synchronous buck converters. The existence of the parasitic inductances 
arising from the printed circuit board conductive paths, induce voltages, 
which are several times higher than nominal input voltage, thus it increases 
the risk of damage of the power transistors. Therefore, optimization of the 
circuit is required to reduce the voltage spikes and therefore improve safety 
margin related to nominal operation. In this paper, node-ringing phenomena 
is introduced, while the optimization methodologies for its reduction are 
described and verified by experimental analysis.
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power semiconductor structures, with their properties, 
are more suitable to achieve the desired results [4-5]. 

Just as modern technologies provide benefits, the 
use of modern devices also brings certain risk and 
pitfalls. As was mentioned, power - supply efficiency 
becomes increasingly important, meeting the high power 
densities means increasing the switching speed, so the 
negative trade-offs, like the electromagnetic interference, 
may occur (Figure 2). Here it is very sensitive issue, 
which is directly connected to practical design of any 
power converter, i.e. the printed circuit board (PCB) 
design represents the design challenge to prevent any 
unwanted phenomenon. In connection to requirements 
defined for modern power supplies, the high switching 
frequencies are required for their operation. One of 
the negative consequences when dealing with the PCB 
design and high frequency operation is generation of 
so-called node-ringing. Parasitic elements of the PCB 
or device package are responsible for transistor voltage 
node ringing, which should be optimized to prevent 
from damage of the component. The effects of these 
parasites are unexpectedly large and it often happens 
that a  circuit, even if designed without problems, may 

1	 Introduction 

Current situation in the field of power electronic 
systems records massive expansion concerning 
breaking the usual trends. Here we are talking about 
development of the power semiconductor devices, 
while significant results are being achieved in terms of 
performance improvements, as well. The silicon carbide 
(SiC) is currently leading technology for high-voltage 
applications, such as electric vehicles, power supplies, 
motor control circuits and inverters for renewables. 
This technology offers several advantages over the 
standard silicon-based power semiconductor devices 
(IGBT, MOSFETs), which have been used for a  long 
time as the main solution, due to their cost-effectiveness 
(Figure 1). Due to increasing demands on power density 
and efficiency of the power systems, the advent of new 
technological solutions represents a  natural process of 
modernization of all the conventional, as well as specific 
performance electronic systems [1-3]. 

Designers of new, more demanding applications 
such automotive electrical systems and electric vehicles 
concluded that the new SiC and GaN technologies of 
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That is related to efficiency maximization, so the buck 
regulators are of interest when dealing with the power 
loss minimization. The high output current applications 
are specific, since the modular converters operated 
in parallel are utilized to reduce the thermal stress 
of power components. To be able to provide reliable 
and safe operation, the minimization of any negative 
phenomena is a must, while the node-ringing represents 
a  major issue, which must be eliminated for buck 
regulators operating in a modular system.  

Figure 3 shows the principal schematics of 
synchronous buck converter including the parasitic 
components of the main circuit. Those are inductances 
of wirings of PCB and capacitances, which are parasitic 
components of power transistor itself. The presence 
and the effect of these parasites is the matter of this 
research, more precisely the way how to reduce their 
impact is the main issue. During the converter operation, 
they are responsible for unwanted oscillations of voltage 
and current waveforms and the result is overvoltage and 
overcurrent spikes generation, which negatively affect 

not operate properly, depending on the layout, due 
to insufficient attention being paid to these parasitic 
components [6-7].

In this paper, the focus is given on analysis of 
the node-ringing origin and its consequence regarding 
the power loss generation. The study is performed 
with synchronous buck converter, whose application is 
redundant power supply system. Initial analysis of the 
node-ringing is consequently modeled using verified 
circuit simulation model, while several methods how 
to the reduce node-ringing phenomenon are being 
described, as well. 

2	 Reasons of the node ringing generation

2.1	 Main circuit desctiption regarding the node 
ringing generation

Increasing number of industrial applications, 
require low output voltage/high current converters. 

Figure 1 Comparison of the electrical and operational properties of Si, SiC  
and GaN technologies of power semiconductor devices

Maximize SiC MOSFET current 
and voltage utilization
- Sensing and controls
- DC laminated bus
- DC link capacitors

Optimize thermal management 
system ased on loss analysis
- Heat sink / cold plate design
- Conduction losses
- Switching losses

Optimal switching frequency
↑ Power module
↑ EMI
↑ CM & DM 
↑ Gate drive design

High power 
density

High 
Temperature

High        
efficiency       

Figure 2 Diagram representing key demands on the switched mode power supplies
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consisting of the COSS of the low-side MOSFET) [8]. It 
must be noticed here that the overvoltage spike caused 
by node ringing can achieve multiples of the nominal 
blocking voltage of the transistor, thus possibly leading 
to its destruction. The amount of this spike directly 
depends on the value of parasitic inductances of wirings 
and the reverse recovery of used power semiconductor 
component [9]. 

Secondarily, the node-ringing effect affects the 
operational efficiency of the converter itself, therefore 
it is worth to deal with the elimination or reduction of 
the causes that are responsible for the generation of this 
undesirable phenomenon. 

3	 Physical prototype of analyzed synchronous 
buck regulator 

Analyzed converter topology is synchronous buck 
rectifier with interleaved topology. Figure 5 shows the 
physical prototype of one synchronous buck module, 

the electromagnetic interference of the power system.
Figure 4 shows time waveforms of converter shown 

on Figure 3, introducing node-ringing effect, what is 
seen at the waveform of bottom power switch drain-
source voltage. 

The principal operation of the synchronous buck 
converter, operated in continuous conduction mode 
(CCM), considering nominal conditions, is based 
on the alternative high-side MOSFET and low-side 
MOSFET conduction of inductor current during each 
switching cycle. Cycle initialization is characterized by 
the green interval when low-side transistor is turned 
and is carrying the inductor current. After that, the 
LS MOSFET is turned off and the inductor current is 
freewheeling through the body diode of the low-side 
MOSFET. After a  short dead time, the HS MOSFET 
switches on, starting the next conduction interval of 
inductor current. As the body diode undergoes reverse 
recovery, the voltage on SW begins to rise and the 
ringing waveform results from the interaction of parasitic 
inductances and the switch node capacitance (primarily 

Figure 3 Principle schematic of synchronous buck converter  
including the parasitic components

Figure 4 Time waveforms of synchronous buck converter indicating  
the node-ringing voltage
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indicates, that the optimization should be performed 
here, as well. The value of the voltage spike, generated 
on the low-side transistor, is twice the value of the input 
voltage, i.e. 72 V. In the next part of this paper, two 
alternatives for optimization are being analyzed, while 
efficiency of the converter and drain-source voltage peak 
reduction are the main variables, which are evaluated.

4	 Simulation analysis of the node ringing 
reduction

For the purposes of evaluation, which procedure 
represents effective solution for the node ringing 
reduction, it was decided to design the verified 
simulation model with high level of accuracy [10-12]. 
For this purpose, the development of the PSpice circuit 
was performed utilizing highly accurate models of power 
transistors (ST microelectronics - STL135N8F7AG), 
which are equipped within physical prototype, as well. 
The simulation model of the main power circuit is shown 
in Figure 7. Main circuit contains parasitic components 
as well, which are responsible for the node ringing 
generation (stray inductances).

From initial simulation result (Figure 8) it is seen 
that the voltage spike, generated during the transistor 
switching, is reaching twice the voltage of the DC supply 

while when it serves for the modular PSU design it 
contains two. The phase delay between switching of 
those modules is 180° to reduce the output voltage 
and current ripple. The modular PSU is designed for 
supplying the high-power ASIC microchips or high 
power MCU’s where the low voltage and high currents 
are requested. The modules are constructed on the 
6-layer FR4 printed circuit board, where the thickness 
of internal copper layers is 105 µm and external layers 
are plated to thickness of 130 µm. The bottom side of 
PCB is equipped by aluminum heatsink for cooling the 
power transistors.

Basic parameters for one module:
•	 Nominal input voltage: 36 V
•	 Output voltage: 12-22 V
•	 Maximal output current per module: 35 A
•	 Maximal output power per module: 600 W
•	 Maximal eficiency of module: 98.8 %
•	 Power transistors: 027N10N6 (Infineon)

The complete PSU contains 3 channels (6 power 
modules) where the maximal output power of one 
channel is 1200 W and then the maximal output power 
of whole PSU is 3600 W. As described earlier, the node 
ringing is one of the problematic issues, which needs 
to be optimized in buck synchronous regulators. For 
designed physical sample, measurement of the drain-
source voltage of the low-side transistor (Figure 6) 

Figure 5 Module of power converter

Figure 6 Drain to source voltage waveform (top) for nominal power of synchronous  
buck regulator module from Figure 5
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Figure 7 Simulation model of the considered synchronous buck regulator for the node ringing reduction analysis

Figure 8 Simulation result for the drain to source voltage waveform for nominal power  
of synchronous buck regulator module from Figure 7

Figure 9 Simulation model of the considered synchronous buck regulator with snubbers  
for the node ringing reduction analysis
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The simulation experiments for the first method 
have been realized using schematics shown in Figure 8, 
while for the second method schematics from Figure 9 
was used.

As was initially mentioned, two variables are under 
investigation, i.e. efficiency within the whole power 
range and drain - source voltage peak caused by 
the node ringing. Figure 10 shows dependency of the 
efficiency on output power, while the non-optimized 
converter is compared to applied methods for the node-
ringing reduction. It is seen from the results, that the 
highest efficiency is achieved for the non-optimized 
solution. The lowest value of the efficiency within whole 
power range states for the RCD snubber method, what 
reflects increased energy dissipation due to RCD snubber 
functionality, i.e., it dissipates the energy originating 
from the node ringing overvoltage. If slowing the low-
side transistor turn on the process, higher efficiency is 
obtained, while for 100 % POUT, the value is 95.24 % what 
is 1.38 % lower compared to non-optimized solutions 
and 0.73 % higher compared to the RCD snubber  
result. 

voltage. Comparing this result to the measurement 
(Figure 6), it can be deduced that the result is verified 
and similar, so the optimization procedure would give the 
adequate results and information for the optimization 
needs. We have analyzed two methodologies for the node 
ringing reduction:
•	 Slowing the turn-on of the low-side transistor (25 % 

slow down compared to non-optimized)
•	 Using the snubber circuits (for studied case: R = 4.7 

Ω, C = 33 nF, D = MBRS340T3 Schottky)
According to the first method, reduction of the 

transistor switching speed may reflect within the 
increase of the total switching losses of the device, 
because the transition within the linear region of the 
volt-amp characteristics is lasting longer. Therefore, the 
optimal compromise between the reduction of ringing 
voltage and increase of switching loss must be met. 
Regarding the second method, it is expected that the 
power losses of the converter would increase due to 
fact, that the RCD snubber represents passive snubber 
circuit dissipating the energy coming from the node-
ringing oscillations. 

Figure 10 Efficiency dependency on the output power of the studied converter  
for the non-optimized sollution and two investigated approaches

Figure 11 Voltage spike value for individual study cases
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issue is electromagnetic emissions (EMI) optimization 
as well. The evaluation of the optimization methodology 
influence was provided through the verified circuit 
simulation model. We investigated the RCD snubber 
application and methodology, which is characterized 
by the turn-on slowdown of low-side transistor. The 
achieved results evaluated the efficiency performance for 
individual study cases and the amount of voltage spike 
reduction. From the results is seen that the turn-on 
slowdown improves voltage spike reduction by 45 % 
compared to the non-optimized solution. On the other 
hand, it was negatively reflected in the reduction of 
efficiency by almost 1.4 % compared to the non-optimized 
solution. As a  conclusion it must be deduced that the 
node-ringing phenomena is unwanted as it harms the 
performance of the converter, from the EMI point of 
view, as from the safe and stable operation.
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Figure 11 is showing evaluation of the results 
related to the drain-source peak voltage for the low side 
transistor of synchronous buck converter. The nominal 
input voltage is 36 V, while from the results it is seen 
that the non-optimized solution reached twice the value 
of input voltage. Considering the RCD snubber, the 
reduction of the voltage spike by 34 % was achieved, 
while for the turn-on delay method, reduction reached 
45 %. The time waveforms comparison of these results is 
shown in Figure 12.

5	 Conclusion

In this paper, the verification of methodologies for 
the node-ringing reduction has been the main focus of 
interests. Initially, discussion, related to the current 
progress within the power semiconductor technology 
development, was provided; followed by the description 
of the synchronous buck converter, the phenomena of 
node-ringing generation were introduced, as well. It 
was presented that this issue is dangerous considering 
the overvoltage damage of the power transistor used 
within the main circuit. Optimization for reduction is 
therefore required, while several methodologies are 
already available. Instead of the printed circuit board 
layout optimization, there are also other methodologies, 
which are based on the circuit modification. Here two 
alternatives have been verified. Once the prototype of 
the power converter was presented, the node-ringing 
voltage was measured as well to see the amount of 
overvoltage generation. The voltage spike reached twice 
the value of the input voltage of the converter. This result 
shows, how important it is to prevent from overvoltage 
damage, when the node-ringing is present. Another 

Figure 12 Time waveform of node-ringing voltage for studied converter  
and optimization methodologies
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Resume
This article deals the implementation of a SiC MOSFETs in a three-phase 
inverter module, intended for use in auxiliary converters for powering 
electrical appliances of railway wagons. The basic properties of the SiC 
semiconductor elements and their differences, compared to IGBT modules, 
are summarized here. The given block diagram describes the individual 
blocks of the inverter module and their interconnection. Finally, a measuring 
setup for measuring the efficiency of inverters is presented. The measured 
efficiency values of the proposed SiC inverter and the original solution with 
IGBT modules are compared in the given graphs.
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drawn to semiconductor structures with a  wide band 
gap (WBG). These are mainly semiconductor elements 
(diodes and transistors) based on silicon carbide (SiC) and 
gallium nitride (GaN). One of the main characteristics of 
GaN and SiC semiconductors is the high mobility of 
electrons (therefore, such transistors are often referred 
to by the abbreviation HEMT - High Electron Mobility 
Transistor). Thanks to this, it is possible to achieve 
significantly lower switching losses when using these 
elements in semiconductor converters, which allows 
a significant increase in switching frequency compared 
to converters using conventional silicon (Si) - based 
semiconductor elements. 

According to research work comparing individual 
losses in WBG semiconductors with Si-based 
components, the SiC elements, depending on the 
switching frequency, can achieve 70 % lower losses 
compared to Si elements and GaN-based elements 
additional 70 % lower losses compared to SiC elements. 
At the same temperature on the chip, it is possible to 
achieve 1.6 times higher output current or 4.6 times 
higher switching frequency when using the SiC modules 
compared to Si IGBTs. The reduction of switching losses 
by applying the GaN-based semiconductor elements 
makes it possible to achieve a  substantial increase in 
the overall efficiency of the power converter, and thus 
a subsequent reduction in electricity consumption. The 

1	 Introduction

In railway applications, voltage source inverters 
are widely used in various AC power systems. Inverters 
of the megawatt power are used for powering and 
controlling the traction motors. In the auxiliary 
converters, inverters with a  power in tens of kW are 
used to generate an AC network with a fixed or variable 
frequency for powering auxiliary drives of locomotives or 
electrical appliances and systems of heating, ventilation 
and air conditioning (HVAC) of wagons.

Currently, the emphasis in railway transport is on 
reducing power losses. This results in increasing the 
efficiency of such devices. Thanks to this, it is possible 
to achieve a significant savings in the energy consumed 
during the mass deployment of such modern devices in 
operation. The effect of this is not only the improvement 
of economic parameters, but a  significant contribution 
in the field of ecology, as well. The application of 
new materials and technologies in the field of power 
electronics also makes it possible to increase the power 
density of converters. This means that it is possible to 
reduce the overall dimensions and weight of the devices 
when using such modern components. One of the key 
areas of research, related to the field of power converters, 
is research in the field of semiconductor materials and 
related technologies. In recent years, attention has been 
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used in the power circuit of the inverter. Each half-
bridge is connected by a low-inductive busbar to the DC 
bus capacitors. To further reduce the resulting parasitic 
inductance, a local capacitive snubber was used on each 
SiC half-bridge. Schematic diagram of the inverter 
power circuit is shown in Figure 1.

When designing the converters based on SiC 
transistors, it is necessary to take into account the 
following differences compared to the IGBT elements: 
•	 The gate voltage of SiC is usually higher, (18 V to 

20 V).
•	 The negative voltage for turning off the SiC must 

not be too large (it is typically 0 to -5 V), because it 
causes the degradation in long-term operation.

•	 The threshold voltage Vgs is usually lower in SiC 
(2.2-5.6 V). This increases the demands on the 
design (resistance to disturbances and influence of 
the du/dt of the collector voltage on the excitation).

•	 SiC behaves like a  resistor, when increasing the 
current through SiC, the voltage drop on it increases 
linearly, unlike the IGBT.

•	 SiC has a  very low short-circuit resistance and 
withstands high current only for a very short time, 
unlike the IGBT element, which usually withstands 
a  short circuit for 10µs. However, turning it off 
too quickly will cause an overvoltage to enter the 
element. Therefore, it is desirable to minimize the 
parasitic inductance of the SiC components as well 
as the capacitors connected to the supply terminals 
of the element.

•	 The SiC MOSFETs achieves high du/dt slopes, which 
cause higher interference and the corresponding 
driver must have sufficient resistance, typically 100 
kV/µs is required as a minimum. 
For these reasons, it is necessary to pay great 

attention to design of the power circuits and SiC 
MOSFETs gate drivers [4].

To ensure a  pure sinusoidal voltage with low 
harmonic distortion, a sinusoidal LC filter is connected 
to the output of the inverter. The phase currents of the 
inverter are measured by hall sensors. A  sensor with 
galvanic separation is used to measure the DC bus 

possibility of applying a  significantly higher switching 
frequency in the converter allows the use of magnetic 
components (high-frequency transformers and chokes) 
with smaller dimensions and weight. This fact, together 
with reduced requirements for cooling SiC-based 
semiconductor elements due to lower switching losses, 
leads to a  reduction in the dimensions and weight of 
such power converters [1-2]. The report [3] provides 
an estimate of the energy savings’ potential in various 
application areas when using WBG elements; it shows 
the expected technological readiness of various devices 
and outlines preliminary ways of possible regulations 
that would speed up the market entry of applications 
based on WBG elements.

2	 Implementation of an SiC MOSFETs into 
a three-phase inverter module.

A  three-phase inverter module with a  maximal 
output power of 52 kW was chosen for implementation 
of the SiC MOSFETs. The expected use of this inverter 
module is in auxiliary converters of railway wagons. 
The inverter ensures the conversion of the 680V DC bus 
voltage into the output three-phase voltage for powering 
the appliances and the HVAC system of the wagon.

The SiC MOSFETs are manufactured in a wide range 
of rated currents, with the most common voltage levels 
being 1200 V and 1700 V. In some cases, manufacturers 
of SiC elements strive for case compatibility with 
Si IGBTs to allow a  direct replacement. For higher 
operating frequencies, cases with eliminated parasitic 
inductances are preferable due to the limitation of 
switching overvoltage. 

Due to minimal structural modifications, the SiC 
MOSFETs in 62 mm cases, dimensionally compatible 
with the original IGBT modules FF200R12KT4, were 
used in the inverter. The SiC modules CAS300M12BM2 
from the manufacturer Wolfspeed were chosen, which 
contain the two SiC MOSFETs in a half-bridge topology. 
The basic parameters of this module are: VDS = 1.2 kV, 
RDS(on) = 5 mΩ. ID90°C = 285 A. Three such modules were 
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uCE0 when the current flows in the switched on state. 
The average value of the conduction losses of the IGBT 
transistor can be expressed from the equivalent circuit 
as follows:

P u I r Icond IGBT CEO CAV C Crms
2= + ,	 (1)

where uCE0 is on state zero current collector-emitter 
voltage and rC is the collector emitter on-state resistance. 
ICAV and ICrms are the average and RMS values of 
transistor collector current, respectively. 

The conduction losses of the anti-parallel 
freewheeling diode can be expressed similarly.

P u I r Icond AV rmsD D D D D
2

0= + .	 (2)

The conduction losses of the SiC MOSFET transistor 
can be easily calculated as the on-state resistance RDson 
losses when the current IDSrms flows.

P IRcond D D rmsMOSFET Son S
2= .	 (3)

The switching losses of the transistor and the diode 
can be expressed using the switching energy curves  
Eon = f(IC), Eoff = f(IC), Erec = f(IF), from the datasets of 

voltage. Analog signals from the sensors are processed 
by the control circuit, which, based on the implemented 
control software in the digital signal processor, generates 
the PWM (pulsed width modulation) control signals for 
the gate drivers. The control circuit includes overcurrent 
and overvoltage protection, ensures communication with 
the superior system via the CAN bus, enables advanced 
diagnostics and parameter setting via USB.

The gate drivers ensure the generation of gate 
voltages suitable for SiC MOSFETs based on the PWM 
signals from the control circuit. In addition, they provide 
the short-circuit protection by immediately closing the 
transistors, when a  short circuit occurs. The block 
diagram of the inverter including the sine filter is shown 
in Figure 2.

3	 Analysis of power losses of IGBT and SiC 
MOSFET modules

Losses in power semiconductor components are 
divided into conduction losses Pcond and switching losses 
Psw. 

Conduction losses arise as a  result of the voltage 
drop on the equivalent resistance of the transistor and 
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Figure 3 Distribution of IGBT and SiC MOSFET module power losses when the inverter  
is loaded with a power of 52 kVA and a switching frequency is 15kHz
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inverter was loaded by RL load with a power of 52 kVA.
The requirements for the quality of the output 

voltage (low content of harmonics and low distortion 
of the sine voltage) are reflected in the fact that in 
most projects a  sine filter must be used at the output 
of the inverter. Therefore, this configuration was used 
during the measurement, as well. The efficiency of the 
inverter itself and the efficiency of the inverter including 
the sine filter were measured. The measured values 
of the efficiency of the IGBT inverter as a  function of 
the switching frequency, for the inverter excluding 
and including the sine filter, are shown on the left of 
Figure 5. To verify the suitability of the designed cooling 
system, the most important is the measurement of losses 
and efficiency at a maximum load of 52 kVA. At the same 
time as measuring the efficiency, the temperatures of 
the heatsink and other key components of the inverter 
were monitored. To compare the efficiency of the SiC 
and IGBT inverters, the efficiency of the SiC inverter 
was measured at the same 52 kVA load. The measured 
efficiency values of the SiC inverter are shown on the 
right graph of Figure 5.

The low switching losses of SiC MOSFETs allow 
higher switching frequencies to be achieved. Therefore, 
the efficiency measurement was performed for a much 
wider switching frequency range, up to 60 kHz.

Efficiency at low frequency is decreased due 
increased losses in magnetic core of sinus filter choke. 
Higher sine choke losses and increased current ripple of 
phase current increase the RMS value of phase current 
and, as a  consequence, losses of inverter are higher. 
Efficiency increases monotonically up to a certain value 
of the switching frequency (around 13-15 kHz in case of 
SiC inverter). Thanks to the inductance of the sine filter 
and the inductance of the load, the ripple of the current 
and thus its RMS value decrease as the switching 
frequency increases. A  decrease in the RMS value of 
the current causes a decrease in SiC element losses and 

power semiconductor modules.

P E E fSW T onT off T SW$= +^ h ,	 (4)

P E fSW D rec SW$= .	 (5)

The reverse recovery energy Erec of the SiC MOSFET 
body diode is very small, so it can be neglected. 

Based on the above equations and data from the 
datasheets, the loss components for the IGBT module 
FF200R12KT4 and SiC MOSFET CAS300M12BM2 
were calculated. Losses were calculated for a  three-
phase bridge at a  nominal load of 52kVA at a  power 
factor of 0.8 and for a  switching frequency of 15 kHz. 
This is the maximum theoretical value of the switching 
frequency for the IGBT module to avoid the thermal 
overload of the chip at the given heat sink temperature 
resistance of 0.04 K/W. Individual loss components for 
IGBT and SiC MOSFET are graphically compared in 
Figure 3. Power loss values are shown for one half-bridge 
module. It can be seen from the graph that the total 
losses of the SiC module are one third compared to the 
IGBT module [5-8].

4	 Efficiency measurement

To compare the achieved efficiencies of the new 
inverter to the SiC MOSFETs and the old IGBT inverter, 
a  series of measurements was performed. The block 
diagram of the experimental setup is in Figure 4. The 
inverter module was placed in a  test stand ensuring 
forced cooling and powered by a  nominal voltage of 
680V from a DC power supply. A sine filter, consisting of 
0.325mH chokes and 40uF filter capacitors connected to 
Y, was included at the output of the inverter. The output 
voltage of the inverter was 3 x 400 V AC 50 Hz. Input 
DC and output filtered AC voltages and currents were 
measured by a  YOKOGAWA WT3000 power analyzer. 
The resulting efficiency is calculated from the measured 
values directly by this analyzer. The output of the 
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converters. During the design, it is possible to choose 
how high the switching frequency will be set and 
what will be prioritized during the design. Setting the 
frequency at which:
•	 the maximum power conversion efficiency is achieved
•	 the same efficiency as the original IGBT solution 

is achieved and thus the magnetic circuits are 
maximally reduced

•	 a  compromise is reached between improving the 
efficiency and reducing the magnetic circuits.
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thus an increase in the efficiency of the inverter itself. 
As the current ripple decreases, the losses of the sine 
filter also decrease. When the switching frequency was 
further increased, the efficiency began to decrease due 
to the increasing switching losses of the SiC MOSFETs, 
which became dominant. The highest efficiency of the 
SiC inverter itself, 99.15 %, was observed at a switching 
frequency of 15  kHz. The highest efficiency of the SiC 
inverter including the sine filter was 97.76 % at an 
applied switching frequency of 12  kHz. A  comparison 
of SiC and IGBT inverter efficiency best illustrates the 
benefit of SiC semiconductor elements. If the highest 
measured efficiencies of the SiC and IGBT versions 
of the inverter are compared, then in the case of the 
inverter itself there was an improvement in efficiency by 
2.047 % in favor of the SiC elements. In a comprehensive 
comparison of the efficiency of inverters including sine 
filters, it can be seen that there was an improvement in 
efficiency by 1.87 %.

5	 Conclusion

The performed measurements confirm the 
contribution of the SiC semiconductor elements. At the 
inverter output power of 52 kVA, using the SiC elements 
would save approximately 1 kW of power losses. This 
benefit can be practically used in the design of power 

Figure 5 The efficiency of the IGBT inverter (left) and SiC (right) as a function of the switching frequency
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Resume
The work presented here aims at investigating the feasibility of iron-based 
Fe-SMA (shape memory alloy) reinforcement as an alternative to conventional 
steel reinforcement. The conventional steel reinforcement shows large 
plastic strain, low resistance to corrosion, low resistance to fatigue and also 
inadequate recentering capability. As a result, advanced materials available 
in the form of superelastic (SE) shape memory alloy (SMA) are fabricated to 
form structural reinforcements. This FE-SMA mitigates the problem of long-
lasting deflection by using its reversible stress-strain capability. This iron-
based Fe-SMA may be stimulated between the temperatures of 90 to 150°C, 
with which it is possible to strengthen the reinforced concrete (RC) beams 
without any crucial damage. The stress-strain behavior in tension, corrosion 
resistivity, pull-out tests of Fe-SMA reinforcement and flexural strength of 
RC beam were evaluated experimentally. The FE-SMA exhibits recovery 
stresses of 250-300 MPa subjected to a temperature of 160°C. A comparison 
of load-carrying capacity of iron-based Fe-SMA reinforcement is also shown.
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The first group of it comprise Fe-Pt, Fe-Pd and Fe-Ni-Co, 
exhibiting the same features as Ni-Ti, thermoelastic 
martensitic transformations with a  precise thermo 
hysteresis. The second group comprises alloys of Fe-Ni-C 
and Fe-Mn-Si, showing extensive thermal hysteresis in 
transformation.

Effectiveness of equiatomic and near-equiatomic 
titanium-nickel alloys and compositions showing 
shape memory and superelastic behavior are described 
by Duerig and Pelton [3]. SMA reinforcements and 
composites are mostly employed as self-restoration of 
structural members in various applications [4-9]. Janke 
et al. [10] emphasized the behavior of SMAs in terms 
of super elasticity, martensite damping and variable 
stiffness to be used as highly non-linear material. Song 
et al. [11] explored a review of use of the SMA for active-
passive and semi-active controls of reinforced cement 
concrete RCC structures. Alam et al. [12] predicted 
analytically the seismic response of superelastic SMA 

1	 Introduction

In recent years; researchers are focusing to employ 
the smart materials technology in composite structures. 
SMA characteristics and behavior of Fe-30Mn-1Si alloy 
as a  single crystal were put forth by Sato et al. [1]. 
Reinforced cement concrete is one of the areas where 
SMA materials can be used. In reinforced concrete 
structures, we use conventional steel as reinforcement, 
which has its own deficiency in terms of structural 
response. This deficiency can be overcome by Shape 
Memory Alloy (SMA) bars. The SMA is an alloy, which 
has a property to regains its unique shape and size upon 
the removal of stress or by application of a temperature 
field [2]. The four basic types of SMA are: (a) copper-
zinc (b) aluminum-nickel (c) copper-aluminum-nickel 
and (d) nickel-titanium (NiTi) alloys. These may also be 
fabricated by casting zinc, iron, copper and gold.

There exist two main groups of iron-based SMA’s. 

https://orcid.org/0000-0001-9988-9353
https://orcid.org/0000-0002-6141-8924
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effective in controlling structural response [42]. Bendine 
and Wankhade [43] employed finite element modeling to 
study characteristics of actuated piezolaminated smart 
beams. Hence, dynamic excitations of actuated beams 
and plates can also be controlled by use of such smart 
materials [44]. Fatigue properties of Fe-28Mn-6Si-5Cr-
0.5Nbc alloy are examined for its utility in structural 
applications [45]. Furthermore, the genetic algorithm is 
developed to find optimal locations of active materials in 
the composites [46-47]. Actuation and sensing behavior 
of smart composites have been demonstrated to study 
control response of beams and plates [48-49].

Based on the above scenario, we performed 
experimental work to investigate the performance 
analysis of conventional steel and Fe-SMA rebar, 
stress-strain behavior in tension, corrosion resistivity 
and pull-out responses of the Fe-SMA reinforcement 
in comparison to the conventional reinforcement. An 
experimental research work is proposed utilizing the 
Fe-SMA as reinforcement in reinforced concrete (RC) 
beam to compare the flexural strength with conventional 
steel reinforcement in RC beam and results are validated 
using ANSYS 16. Coarse and fine aggregates in RC 
beam are used conforming to IS 383: 1970 standard 
specification [50]. Further for test on reinforcement bars 
IS 11309: 1985 standard is followed to conduct pull-out 
test [51]. A  comparison of load-carrying capacity of 
Fe-SMA reinforcement using ANSYS 16 is carried out 
to obtain more durable reinforcement having longer 
lifetime than that of conventional reinforcement. The 
comparative study between the costs of various types 
of reinforcing bars used for construction purposes is 
carried to obtain cheaper alloys as an alternative to 
expensive NiTi alloys.

2	 Phenomenon of iron-based shape 
memory alloy (Fe-SMA)

Basically, the SMAs exhibit the complaisant 
tendency of memorizing their shape after being 
deflected, either quickly upon stress removal or under 
thermal effect. 

The SMAs comprise more than one crystal structure 
like other alloys and to be termed as polymorphism. 
Temperature and external loading both govern the 
preponderating nature of crystal structure in such 
polycrystalline metals and alloys. 

The tendency of SMAs to be active and stronger 
in the austenite phase and in the martensite phase, 
i.e. at lower temperatures it is feeble, can be employed 
effectively in RC members. The transition temperature 
of SMAs varies from, about -50 °C to 166 °C, depending 
upon their compositions. It shows a  simplified two-
dimensional representation of the material’s crystalline 
arrangement.

Phase transformation in SMA occurs at four 
characteristic temperatures as (1) the austenite 

in RCC structural components. It became necessary to 
model the SMA reinforcements properly to evaluate the 
structural response in tension and compression [13-16]. 
Hence, the passive smart self-repairing concrete beams 
by incorporating SMA wires and fibers are also found to 
be fabricated [17]. Mathematical models are developed 
to examine accurate strain-temperature behavior of 
SMA actuators [18]. Both experimental investigation 
and finite element modeling is an effective approach 
to examine the SMA rebar characteristics [19-20]. 
Nehdi et al. [21] focused on casting corrosion-resistant 
RCC beam-column with required energy dissipation 
(seismic) through SMA FRP fiber reinforced polymer 
hybrid beam-column joint and FRP ties. Experimental 
results showed that over strength factor of the SMA-RC 
frame was analogous to that of the steel RC frame with 
a difference of 8 %. SMA frame has ductility at least 16 % 
less compared to that of steel RC frames whereas for 
steel-SMA frames it ranges from 8 to 18 % less from that 
of steel RC frames. Properties and application of iron 
based SMA alloys are given in literature [22].

Speicher et al. [23] investigated the response of 
beam-to-column connection frame in NiTi-SMA. 
These SMA alloys are also effective in controlling the 
response of structure in seismic excitations [24]. Paul 
and Saha [25] found out the load-carrying capacity 
of RC bridge longitudinal girder having the T-beam 
by providing SMA bars in place of conventional steel 
reinforcement. Abdulridha et al. [26] examined the 
influence of various loads on the NiTi SMA reinforced 
beam in comparison to conventional steel reinforcement. 
Experimental examination on performance of the RC 
structural members, having hybrid SMA and FRP 
bars as reinforcement, subjected to seismic loading, is 
found to be useful [27-28]. Choi et al. [29] examined the 
influence of using the welded SMA rings on a  column 
to reduce development of micro cracks. Results show 
that composite reinforcement bars, fabricated from 
SMA alloys, are more effective in controlling the seismic 
behavior of structures [30]. A similar type of work has 
also been put forth by employing pizolaminated beams 
and plates for structural control [31-34]. Mechanical 
properties are studied to investigate the load recovery in 
the SMA hybrid components [35-36]. Cladera et al. [37] 
stated a state of the art for characteristics and employed 
the iron-based SMA to study properties including 
recovery stress, weldability, resistance to corrosion and 
workability of iron-based SMA. 

Czaderski et al. [38] opened up the feasibility 
of iron-based SMA strips for strengthening the 
prestressed concrete structures. Sepulveda et al. [39] 
experimentally verified a  prototype of a  partially 
restrained connection using the copper-based SMA. 
Malagisi et al. [40] modeled smart concrete beams 
with actuating SMA. In the pre-stressed concrete SMA 
reinforcements have more advantages due to their 
stress recovery property [41]. Some smart composites 
manufactured with pizolaminated structures are also 
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The super elastic effect (SE) may be termed as 
the restoration of large strain by virtue of the stress-
induced martensitic phase transformations under 
definite temperature. The SMA remains in its austenite 
phase at a temperature above Af. After the application 
of higher stress to the material in the austenite phase, 
the SMA mold into the detwinned martensite. A partial 
shape recovery can be seen if the temperature remains 
in between Af and As. In addition, the martensitic 
transformations may not be brought about by applied 
stress if the temperature was above the critical 
temperature (Md), as the material may get stabilized in 
the austenite phase only.

2.2	 Advantages of Fe-SMA over conventional 
reinforcement

The Fe-SMA exhibits an immense temperature 
transformation hysteresis with a higher elastic stiffness. 
In addition, as compared to the conventional steel 
reinforcement their corrosion resistance and weld ability 
are superior.. The shape memory alloys are benefited 
from the potency of recentering and recovering more 
than 80 % of the induced strains; high modulus of 
elasticity; similar behavior in tension and compression. 
It is again used for making machined components 
such as bolts; high resistance against corrosion and 
with high resistance against fatigue as compared to 

start temperature As, where the material starts to 
transform from twinned martensite to austenite, (2) 
austenite finish temperature Af, where the material 
is completely transformed to austenite, (3) martensite 
start temperature Ms, where austenite begins to 
transform into twinned martensite, (4) martensite finish 
temperature Mf, where the transformation to martensite 
is completed. Figure 1 depicts these transformation 
phases as temperatures increase with applied stress.

2.1 The martensitic transformation

Shape Memory Effect (SME)

The shape memory effect is the capability of SMA 
material to achieve its pre-deformed shape after being 
deformed by means of a  thermal effect. Below the 
Mf temperature, the SMA remains in the twinned 
martensite phase. After the application of loading above 
the critical level, the material transforms to a detwinned 
martensite phase to maintain this phase even after the 
stress removal. Above the Af temperature, if the SMA 
material is heated, it re-achieves its original shape/
size. Hence, warming the material above Af results in 
the gaining of the austenite phase and thus a complete 
shape recovery. By the consequent cooling, the SMA 
transforms to the initial twinned martensite phase 
without any enduring deformation.

Figure 1 Different phases of shape memory alloys
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stated. This gradation helps to verify the strength 
of bars under different tests. Hence, the tensile 
test, bend test and salt spray test were performed 
on TOR steel, mild steel and Fe-SMA reinforcing 
bars respectively as shown in Figures 2(a)-2(c),  
respectively.

3.2 Test on RC beams and cubes

A Material and mixes
Concrete

The concrete is formed with different 
ingredients and materials. The admixture used was 
MasterRheobuild-1124 superplasticizer, 2 % by mass 
of cementitious material as per IS 9103:1999 standard 
[53]. The specific gravity of the admixture was found to 
be 1.145. Reinforcements used for beam specifications 
were based on IS 1786: 2008 standard specifications 
required for concrete [54]. The mix proportion used was 
1:2:2.87 with a water-cement ratio used was 0.35 as per 
IS 10262:2009 standard [55]. ASTM B117: 2011 standard 
guidelines are employed for different test conditions and 
method [56]. The raw material, consisting of Ordinary 
Portland cement of 53 grade, conforming to Indian 
Standard IS 12269:2013, was used throughout the 
experimental program [57]. The minimum fineness 
was 225m2/kg. The standard consistency was 30.5 %, 
whereas the initial and final setting times were 30 
min and 600 min, respectively. The specific gravity of 
cement was 3.14 and its compressive strength after 28 
days was 53 MPa. The coarse aggregate-I (CA-I) and 
coarse aggregate-II (CA-II) of maximum size 10 mm 
and 20 mm, respectively, were used.. The bulk density 
of CA-I and CA-II was 1.5gm/cm3 and 1.589 gm/cm3, 
respectively. The specific gravity of CA-I and CA-II was 
found to be 2.8 and 2.82, respectively. The crushed sand 
and natural sand conforming to zone-II is used with 
bulk density of 1.712 gm/cm3.. The specific gravity of 
crushed sand was found to be 2.76. The cement content  
was 384 kg/m3.. 

conventional reinforcement. After considering all the 
options, shape memory alloys can be considered as 
an alternative reinforcement over the conventional 
one, by finding optimum benefits, while neglecting the 
maximum possible deficiencies of the same.

The primary aim of the present study is to investigate 
the performance of fabricated Fe-SMA reinforcing 
bars over conventional reinforcing bars along with 
comparison of the RC beams with and without Fe-SMA 
reinforcement, both experimentally and analytically 
using ANSYS. Based on the presented literature review, 
the following objectives have been drawn:

3	 Experimental study

The experimental study is designed to facilitate the 
investigation on the feasibility of Fe-SMA reinforcing 
bars in RC structures in terms of tensile strength, 
corrosion resistivity, load-carrying capacity and pull-out 
resistance. Fe-SMA reinforcing bars were fabricated 
with optimum gradation [Iron (Fe)-72 %, Manganese 
(Mn)-6.57 %, Silicon (Si)-0.21 %, Chromium (Cr)-15.82 %, 
Nickel (Ni)-4.08 %)] of 10mm diameter, on which chemical 
test was carried out as per IS 9879:1998 to achieve 
desired optimum gradation [52]. IS 9103: 1999 standard 
is also used for concrete admixtures-specifications [53]. 
Tensile test, bend test and corrosion test were carried 
out on mild steel, TOR steel and Fe-SMA reinforcing 
bars and shown in further sections.  Flexural test under 
the three-point bending test condition was performed 
on RC beams with conventional reinforcement, Fe-SMA 
reinforcement and combination of conventional and 
Fe-SMA reinforcement. Pull-out test on concrete with 
mild steel, TOR steel and Fe-SMA reinforcing bars was 
performed to achieve greater bond strength.

3.1	 Test on reinforcing bars

The Fe-SMA reinforcement was fabricated from 
Iron, Manganese, Silicon, Chromium and Nickel as 

                         (a)                                                        (b) 				    (c)
Figure 2 (a) Tensile test; (b) Bend test; (c) Salt spray test

http://www.astmb117.com/
http://www.astmb117.com/
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bending test are obtained for three combinations. 
a)	 Conventional reinforcement of 2Ø10 mm at the top 

and 2Ø 10 mm at the bottom,
b)	 Fe-SMA reinforcement 2Ø 10 mm at the top and 2Ø 

10 mm at the bottom,
c)	 Combination of conventional reinforcement Ø10 mm 

at the top, Ø10 mm at the bottom and Fe-SMA 
reinforcement Ø10 mm at the top with Ø10 mm at 
the bottom.
The thickness of the layer cover was 25 mm. The 

axial distance of the stirrup was 100 mm. The load 
applied was up to 100 kN, as per IS 516:2021 standard 
[58], flexural test using a three-point bending test setup 
was carried out as shown in Figure 3.

The test specimen for pull-out test was basically 

Reinforcement 

A  bilinear stress-strain curve has been used for 
the steel behavior. The values of elastic modulus and 
Poisson’s ratio of steel are 200 GPa and 0.3, respectively. 
The steel is assumed to have a yield strength of 500 MPa. 
The Fe-SMA reinforcement with optimum gradation is 
used. Table 1 shows the mix design used in this study.

B 	 Experimental setup for the three-point 
bending test 

The RC beams were cast with the dimension of 
150mm x150mm x700mm. Results from the three-point 

Table 1 Final Batch weight in kg/m3 of concrete and material and mechanical property of Fe-SMA

Cement
(kg/m3)

PFA
(kg/m3)

CA-II
(kg/m3)

CA-I
(kg/m3)

CFA
(kg/m3)

Water
(kg/m3)

Admixture
(kg/m3)

Total
(kg/m3)

384 96 613 408 755 220 6.24 2482

Reinforcement Material and mechanical property Range

Fe-SMA

Elastic Modulus (GPa) 75-165

Yield Stress (MPa) 400-550

Failure Strain (%) 40

Optimum Prestrain (%) 2-4

Activation Temperature (0C) 160-500

Recovery Stress (MPa) 130-580

(a)

(b)
Figure 3 Flexural test (a) Loading and reinforcement details (b) setup
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beam was modeled. Thus, Figure 5 shows arrangement 
of reinforcement in the beam. Results from the four-point 
bending test are obtained for three combinations same 
used in the experimental program, (a) conventional 
reinforcement of 2Ø10 mm at the top and 2Ø 10 mm at 
the bottom, (b) Fe-SMA reinforcement 2Ø 10mm at the 
top and 2Ø 10 mm at the bottom and (c) combination of 
conventional reinforcement Ø10 mm at the top, Ø10 mm 
at the bottom and Fe-SMA reinforcement Ø10 mm at 
the top with Ø10 mm at the bottom. Table 2 summaries 
the material types and element types of the model in 
ANSYS 16.

4.2	 Mesh, loading and support condition 

The RC beam, with and without Fe-SMA 
reinforcement, model with a  particular mesh sizing 
is calculated in such a way that the better results are 

a concrete cube of 150 mm x 150 mm x 150 mm dimension 
with a bar embedded coaxially. The upper end of the bar 
under test was projected up to the length of 500 mm. 
Double nuts were fitted in it above the 400 mm high 
spring-return central-hold jack, as shown in Figure 
4. Therefore, the ultimate pullout force is directly 
proportional to the compressive strength.

4	 Analytical study

4.1	 Finite element modeling

The static analysis is performed on a  concrete 
beam modeled with dimensions 150 mm x 150 mm x 
700 mm. The beam is reinforced with conventional 
reinforcement as well as with Fe-SMA reinforcement for 
undergoing flexural test under the four-point bending 
test conditions. To reduce the time for analysis, half RC 

Figure 4 Pull-out test (a) Specimen details (b) setup

Table 2 Material types and element types of the finite element model

Material types ANSYS elements

Concrete Solid 65

Steel support Solid 45

Steel reinforcement (main r/f and stirrups) Link 8

Fe-SMA reinforcing bars Link1

Figure 5 FE model in ANSYS for RC beam reinforced with a combination of conventional  
reinforcement and Fe-SMA reinforcing bars under the four-point bending test condition
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5.1	 Chemical test on Fe-SMA reinforcing bars

The chemical test is carried out on Fe-SMA 
reinforcing bars and results are provided further. The 
main elements of Fe-SMA bars are iron, manganese, 
silicon, chromium and nickel. The addition of manganese 
at 6.57 % and silicon with 0.21 % allows the shape 
memory effect to occur. The addition of chromium with 
15.82 % and nickel with 4.08 % improves its corrosion 
resistance and improves effectiveness in restraining.

5.2	 Tensile test on reinforcing bars

A  tensile test is carried on mild steel, TOR steel 
and Fe-SMA reinforcing bars as per ASTM A370 [59]. 
Table 3 shows results related to the tensile test on 
reinforcing bars. Stress-strain graphs for mild steel, 
TOR steel and Fe-SMA reinforcing bars, Figures 7 
(a), (b) and (c), reveal many properties like 0.2 % proof 
stress and ultimate tensile strength, including data to 
establish the modulus of elasticity of mild steel, TOR 
steel and Fe-SMA, respectively. Figure 7 (c) shows flag 
shaped curve, which indicates at the loading stage, 
SMA takes a large level of strain as the stress remains 
fairly constant and then at unloading the SMA recovers 
strain at a lower stress stage. Figures 8 (a), (b) and (c) 
show the cup and cone fracture of TOR steel, mild steel 
and Fe-SMA reinforcing bars after the tensile test, 
respectively. Table 3 shows 0.2 % proof stress for mild 
steel, TOR steel and Fe-SMA are 681 MPa, 504 MPa, 868 
MPa, respectively. This indicates that there is a  22 % 
and 42 % precedent beginning of nonlinear deformation 
of Fe-SMA as compared to mild steel and TOR steel, 
respectively. 

The ultimate tensile strength of steel, mild steel 
and Fe-SMA are 743 MPa, 621 MPa and 1037 MPa, 
respectively. This indicates that Fe-SMA has 40 % 
and 29 % maximum capacity to withstand while being 
stretched or pulled before breaking as compared to 
mild steel and TOR steel respectively. The modulus of 

obtained from the elements. The inherent assumption 
is that there is full displacement compatibility between 
the reinforcement and the concrete and that no bond 
slippage occurs. Figure 6 represents the model of 
the beam under consideration with its meshing in 
ANSYS. Proper mesh and elements are demonstrated 
for convergence criteria. At first, the beam is modeled 
with normal reinforcement and solved to get the results. 
In the next step, the same beam is modeled with 
Fe-SMA reinforcement for comparison. Only half of the 
beam is shown here with the FE mesh in the enlarged 
view. Displacement boundary conditions are needed 
to constrain the model to get a  unique solution. The 
support was modeled as roller support at one end and 
the other end as a hinged support. Loading is applied as 
per the four-point bending test for flexure. 

5	 Results and discussion

This paper focuses on feasibility of the Fe-SMA 
reinforcing bars as an alternative to conventional 
reinforcement in structural engineering. Fabricated 
Fe-SMA reinforcing bars were used for experimentation. 
Tensile test, bend test and corrosion test were carried 
out on mild steel, TOR steel and Fe-SMA reinforcing 
bars to achieve mechanical and corrosion properties. 
The pull-out test on concrete with mild steel, TOR steel 
and Fe-SMA reinforcing bars was also performed to 
check the bond strength. Flexural test under three-point 
bending test condition was performed on RC beams 
with conventional reinforcement, Fe-SMA reinforcement 
and a  combination of conventional reinforcement both 
experimentally and then analytically in ANSYS 16. 
The results are compared for conventional and Fe-SMA 
reinforcement with respect to the flexural strength 
of the beam. To interpret a  comparison between the 
conventional reinforcement and Fe-SMA reinforcement, 
with respect to the stress, deformation and fatigue 
properties of reinforcing bars were evaluated, as well. 
Based on this scenario, results are presented.

Figure 6 Mesh for static analysis under the four-point bending test of RC beam reinforced with and without Fe-SMA 
reinforcement
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Table 3 Tensile test on reinforcing bars

Specimen Dia. (mm) Maximum Load 
(kN)

0.2 % proof stress 
(MPa)

U.T.S (MPa) Modulus (GPa)

TOR steel 10 45.81 504 621 187

Mild steel 10 58.09 681 743 200

Fe-SMA 10 81.09 868 1037 208

	 	
	 (a)	 (b)

(c)
Figure 7 Stress-Strain curves for (a) mild steel (b) TOR steel (c) FE-SMA

  

Figure 8 Specimen after the tensile test (a)mild steel (b) TOR steel (b) Fe-SMA
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compared. Table 6 shows the results of the corrosion test 
mild steel, TOR steel and Fe-SMA respectively. Figure 
10 shows specimens before and after the test. Table 
5 shows that in the salt solution of 5 % (in weight) of 
NaCl, (more than seawater, which is only 1.8 % to max 
3 %) maintained at 35 ºC with pH ranges from 6.5 to 
7.2 for 24 h, red pitting was observed on the mild and 
TOR steel, whereas for the Fe-SMA reinforcing bars 
slightly red pitting was observed at the cutting edge. 
These results indicate that the Fe-SMA reinforcing 
bars are more corrosive resistant than the mild  
and TOR steels.

5.5	 Pull-out test

The pull-out test is carried out on reinforcing 
concrete embedded with mild steel, TOR steel and 
Fe-SMA reinforcing bars to verify the maximum load 
and bond strength.  Figure 11 shows specimens after 
the pull-out test. Table 6 shows the maximum load of 
22.6 kN, 22.8 kN and 15.1 kN acted on a cube reinforced 
with mild steel, TOR steel and Fe-SMA reinforcing bars 
respectively. Similarly, bond strengths were observed 
as 0.72 N/mm2, 0.73 N/mm2, 0.48 N/mm2, for cubes 
reinforced with mild steel, TOR steel and Fe-SMA 
reinforcing bars, respectively. This indicates that the 
maximum load and bond strength of a  cube embedded 
with Fe-SMA reinforcing bars is 34 % smaller than mild 
and TOR steel. Thus, the bond strength is proportional 
to the contact surface of the steel to the concrete. 
A deformed reinforcing bar adheres better than a plain 
one because it has a  greater bearing surface. The 
rougher the surface of the steel, the better it adheres to 
concrete. Thus, steel with a  light, firm layer of rust is 

elasticity for mild steel, TOR steel and Fe-SMA are 200 
GPa, 187 GPa and 208 GPa respectively. This indicates 
that Fe-SMA is for 4 % and 10 % stiffer material, as 
compared to mild steel and TOR steel, respectively. 

5.3	 Bend test on reinforcing bars

The bend test was a  simple and inexpensive 
qualitative test that can be used to evaluate both the 
ductility and soundness of a  material. The bend test 
is carried out on mild steel, TOR steel and Fe-SMA 
reinforcing bars to suggest the suitability for concrete 
structures. Figure 9 shows the results of the bend test 
on mild steel, TOR steel and Fe-SMA, respectively. The 
results of this test show satisfactory remarks, which 
indicates that none of the material failed under pressure 
as no fracture occurred on mild steel, TOR steel and 
Fe-SMA. It is observed that during the test there no 
crack has developed in TOR steel, mild steel nor the 
Fe-SMA reinforcement, after undergoing a  180 ° bend. 
Hence, those reinforcement bars can be effectively used 
with concrete as a ductile material further loaded with 
bending forces. However, when those reinforcements 
are used in concrete, cracks, which are measurable, get 
developed in concrete, while with use of the Fe-SMA, 
these cracks in concrete get diminished and recovered 
due to the self-healing properties. Table 4 shows the 
bend test results and their remarks. 

5.4	 Corrosion test on reinforcing bars

Corrosion test was carried out on mild steel, TOR 
steel and Fe-SMA reinforcing bars and the results were 

Table 4 Bend test of reinforcing bars

Specimen Diameter (mm) Bend Remark

Mild steel 10 4D Satisfactory

TOR steel 10 4D Satisfactory

Fe-SMA 10 4D Satisfactory

Table 5 Corrosion test of reinforcing bars

Specimen Dia. (mm) Period (h) Observation

Mild steel 10 24 Red pitting observed

TOR steel 10 24 Red pitting observed

Fe-SMA 10 24 Slightly red pitting at cutting edge

Table 6 Pull-out test

Case Material Diameter of bar (mm) Maximum Load 
(kN)

Bond strength (N/mm2)

1 RC cube with mild steel 10 22.6 0.72

2 RC cube with TOR steel 10 22.8 0.73

3 RC cube with Fe-SMA 10 15.1 0.48
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                               (a)                                                        (b)                                                        (c)

Figure 9 Specimens after bend test (a) mild steel (b) TOR steel (c) Fe-SMA

  
                                    (a)                                                    (b)                                                         (c)

Figure 10 Reinforcing bars sample before and after corrosion test (a) mild steel (b) TOR steel (c) Fe-SMA

Table 7 Comparison of Flexural Strengths for RC beams reinforced with Conventional and FE-SMA

Case Reinforced concrete beam Beam size (mm) Maximum 
Load (kN)

Flexural strength (MPa)

Experimental 
results

Analytical 
results

1 Conventional reinforcement
#2-10 mm Ø (top) 
#2-10 mm Ø (bottom)

150 x 150 x 700 71.48 12.65 12.43

2 Fe-SMA reinforcement
#2-10 mm Ø (top) 
#2-10 mm Ø (bottom)

150 x 150 x 700 88.81 16.08 15.89

3 Conventional reinforcement
#1-10 mm Ø (top) 
#1-10 mm Ø (bottom)
Fe-SMA reinforcement
#1-10 mm Ø (top) 
#1-10 mm Ø (bottom)

150 x 150 x 700 73.28 13.04 12.94
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severe conditions for longer period, as compared to 
conventional reinforcement.

5.7	 Total deformation of RC beam

Total deformation is carried out on RC beams with 
and without Fe-SMA reinforcement, both experimentally 
and analytically. Figure 13 (a) shows the crack closure 
of the RC beam with Fe-SMA reinforcement at the 
maximum deflection is 0.53 mm and after the unloading 
it is 0.13 mm. Even if there was a  marginal increase 
in total deformation of the RC beam with Fe-SMA 
reinforcement, it shows strain recovery of 75 %. This 
results in crack vanishing in the RC beam with Fe-SMA 
reinforcement, as shown in Figure 13 (b). Figures 14 
(a), (b) and (c) represent the total deformation on the 
RC beams with and without the Fe-SMA reinforcement. 
Analytical results show that the total deformation 
of Fe-SMA reinforcement is 0.04897 mm, which 
is marginally higher than that of the conventional 
reinforcement and a  combination of conventional and 
Fe-SMA reinforcements, which is observed to be 0.03879.

5.8	 Load-strain response and recovery stress

Further, for measuring the recovery strain of the 

superior to clean steel; however, steel with loose or scaly 
rust is inferior.

5.6	 Flexural test on the RC beams

Flexural test under the four-point bending test 
condition is carried out on RC beams experimentally 
to compare the flexural strength of RC beams with and 
without Fe-SMA reinforcement and the same results 
are validated using ANSYS 16. Table 7 shows the 
experimental and analytical results of RC beams with 
and without Fe-SMA reinforcement. Figures 12 (a), (b) 
and (c) show the flexural strength acting on RC beam 
with and without Fe-SMA reinforcement obtained from 
analytical results using ANSYS. 

Table 7 shows that experimental results for the 
flexural strength of RC beams, with and without Fe-SMA 
reinforcement, are in good agreement with the analytical 
results for the flexural strength of RC beams with and 
without Fe-SMA reinforcement. The flexural strength of 
the RC beam reinforced with Fe-SMA and a combination 
of Fe-SMA and conventional reinforcement is observed to 
be 16.08 MPa and 13.04 MPa is 22 % greater than the RC 
beam reinforced with conventional reinforcement. There 
is a  marginal increase of 3 % in the flexural strength 
of the combination of conventional reinforcement and 
Fe-SMA. This proves that Fe-SMA can withstand in 

  
(a)                                                          (b)                                                        (c)

Figure 11 Pull-out test (a) mild steel (b) TOR steel (c) Fe-SMA

                                  (a)                                                      (b)                                                           (c) 

Figure 12 Flexural strength on RC beam (a) conventional reinforcement (b) Fe-SMA reinforcing bars  
(c) combination of conventional reinforcement and Fe-SMA reinforcement
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(a)                                                                                 (b)

Figure 13 Crack behavior of RC beam with Fe-SMA reinforcement (a) at maximum deflection (b) recentering of RC beam 
with Fe-SMA reinforcement after unloading

(a)                                                       (b)                                                    (c)

Figure 14 Total Deformation on RC beams (a) conventional reinforcement (b) Fe-SMA reinforcing bars (c) combination of 
conventional reinforcement and Fe-SMA reinforcement

Figure 15 Load-strain response of the Fe-SMA reinforcement
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pull-out test on concrete with TOR steel, mild steel 
and Fe-SMA reinforcing bars was performedto check 
the bond strength. The Flexural test, under the four-
point bending test conditions, was performed on RC 
beams with conventional reinforcement, Fe-SMA 
reinforcement and a  combination of conventional 
reinforcement, both experimentally and analytically 
in ANSYS 16, to evaluate the comparison between 
the conventional and Fe-SMA reinforcement, with 
respect to its flexural strength and too interpret the 
comparison between the conventional  and Fe-SMA 
reinforcement, with respect to the stress, deformation 
developed in beams and fatigue properties of reinforcing. 
The conclusions from the above study have been drawn  
as follows: 

Chemical test results reveal that corrosion resistance 
of the Fe-SMA reinforcing bars was enhanced due to the 
addition of silicon along with manganese and chromium 
in iron. The tensile strength of Fe-SMA reinforcing bars 
is greater than those of both mild and TOR steels, which 
shows that the Fe-SMA reinforcing bars would sustain 
severe loads for a  longer time than the conventional 
reinforcing bars. There is no crack observed on TOR 
steel, mild steel and Fe-SMA reinforcing bars after 
a 180 ° bend which reveals that they are satisfactory to 
be used as reinforcements. The corrosion test results 
reveal that the Fe-SMA reinforcing bar is more corrosion 
resistant than the conventional reinforcement, as there 
was slightly red pitting observed at the cutting edge. 
The bond strength of Fe-SMA reinforcing bar is smaller 
than that of the TOR steel and mild steel. Therefore, 
the deformed Fe-SMA reinforcing bars should be used 
instead of plain Fe-SMA reinforcing bars, to achieve 
better bond strength. Flexural strength result reveals 
that the RC beam reinforced with Fe-SMA reinforcing 
bars can withstand in severe conditions and has 
a  greater load-carrying capacity than the conventional 
reinforcing bars. There is a good agreement between the 
experimental and analytical results. Total deformation 

reinforcement, the strain gauges were attached to 
Fe-SMA reinforcing bars at the mid-span. Those bars are 
longitudinal reinforcing bars provided into the concrete 
beam. Hence, Figure 15 shows the load versus strain 
response of the Fe-SMA reinforcement. Again, it can 
be stated that the Fe-SMA reinforcing bar has a  lower 
modulus of elasticity as compared to the conventional 
reinforcement. When the flexural cracks occur, high 
strains are developed at the mid-span of the beam. 
The yield point of both the Fe-SMA and conventional 
reinforcement differs.

Now, it is obvious that at the higher activation 
temperatures recovery stress shows larger values. After 
heating the Fe-SMA at temperatures in the range of 150 
- 450 °C, the recovery stress increased from 320 MPa to 
450 MPa, as indicated in Figure 16. We generally do not 
require higher activation temperatures for concrete 
structures to maintain proper bonds between the concrete 
and Fe-SMA. This property of recovery stress is of a great 
interest for such adaptive Fe-SMA reinforcements in 
terms of diminishing the crack propagation in concrete 
members. We used this phenomenon of SM alloy 
reinforcements for actively monitoring the self-recovery 
of the beam. After increasing the cycle-fatigue load these 
activated Fe-SMAs revealed an insignificant decrease in 
stiffness. Perhaps, a decrease in recovery stress occurs 
with an increase in cyclic loads. The reversible phase 
transformation-induced deformations are observed at 
this stage.. 

6	 Conclusions

In the present research, the feasibility of the 
Fe-SMA reinforcing bars, to be used as an alternative 
to conventional reinforcement in structural engineering, 
was considered. Tensile test, bend test and corrosion test 
were carried out on TOR steel, mild steel and Fe-SMA 
reinforcing bars and test results were compared. The 

Figure 16 Recovery stress with respect to an activation temperature

https://www.sciencedirect.com/science/article/pii/S0950061822003191#f0015
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of an RC beam with Fe-SMA reinforcement full 
replacement is marginally higher than the conventional 
RC beam, however, it has the capability of recentering, 
crack vanishing and recovering due to the chemical 
composition of the Fe-SMA reinforcing bars. The service 
life of the Fe-SMA reinforcement is far longer than that 
of the conventional reinforcement. It is demonstrated 
that the conventional reinforcement in RC beam can be 
replaced by 50 % or 100 % by super elastic iron-based 
shape memory alloy, very effectively in terms of strength 
and life of the material. The Fe-SMA is a cost-effective 
alternative to NiTi-based alloys.
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Resume
The mechanical, microstructural and statical interpretation of the Alkali 
Activated Concrete (AAC), prepared using fly ash with crushed granulated 
corex slag as the binder ingredient, are examined in this work. Here, cast 
in-situ alkali-activated concrete strengths and substitute slag concentrations 
of 0-50 % by fly-ash weight were undertaken to determine a workable 
manufacturing process and were all considered for up to 28 days. Moreover, 
in microstructural research, C-A-S-H gel is produced by adding Ground 
Granulated Corex Slag (GGCS) to the binder-generated structural changes 
in the in-situ alkali-activated concrete. As a result, this research obtained 
perfect mixture fractions by synthesizing 25 % GGCS with 0.4 % of the 
liquid-to-binder ratio, in addition, a unified desirability of 80 % was attained.
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Making environmentally friendly concrete requires 
using alternative resources [4]. Geopolymer concrete is 
made by mixing aggregates and residual material with 
cementing gel geopolymer [5]. Alkali-activated binders 
generate up to 80 % less CO2 than the Portland cement. 
[6].

Despite having existed since the nineteenth century 
[7] and possessing several advantageous qualities, 
the geopolymer system is not as frequently utilized 
in producing concrete as OPC. Cons of the two-part 
geopolymer binders have limited their usage in concrete 
production [8]. Though the technical features of the 
concrete made with this binder are improved, it may 
provide extra environmental advantages, as well [9]. 
It was found that increased ratio of calcium fly ash 
in concrete provides a  compressive strength of 65 
MPa without the use of high-temperature curing [10]. 
The activator, on the other hand, was still fluid, [11]. 
Creation of an one-part geopolymer mix has been 
attempted. Their research focused on creating one-part 
binders suitable from an economic and environmental 
standpoint, [12].

Burning coal in thermal power plant boilers produces 
a  waste product known as fly ash. Fly ash is mainly 

1	 Introduction

Concrete use is expanding quickly due to the rising 
industrialization and housing need. The majority of 
infrastructure is presently built with concrete. Ordinary 
Portland Cement (OPC) is a vital element when making 
conventional concrete. The only additional material 
used more frequently than concrete on Earth is water 
[1]. One of the workable solutions for lowering the CO2 
emissions has been suggested as creation of the low-
carbon replacement binders [2]. An OPC binder can 
be replaced with geopolymer, a green substance that is 
ecologically friendly and devoid of cement. In an alkaline 
environment, the silica-alumina pebbles undergo a rapid 
chemical reaction that results in a 3D polymer sequence 
with a ring structure containing Si-O-Al-O links [3].

On the other hand, the OPC is not necessary when 
using alkali-activated concrete. The binder was produced 
when an aluminosilicate material was subjected to 
strong alkaline solutions. It is clear that throughout 
the manufacturing of OPC, enormous volumes of 
CO2 were released into the atmosphere in addition 
to depleting natural resources. It is necessary to use 
a green substitute material to counteract these impacts. 
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choosing the right proportions of concrete components 
from the literature [26-27], it is possible to create alkali-
activated concretes with the requisite strength. Based 
on its compressive strength, concrete’s flexural and split 
tensile strengths may be estimated using the codified 
equations [28].

To examine the effects, connections and 
interconnections among dependent variables 
(responses) and independent elements, the Response 
Surface Methodology (RSM) links the output outcome 
to independent variables [29]. The response surface 
approach has been used to build models and enhance 
mixes in various academic fields. Several sectors started 
using statistical design approaches in the 1930s due 
to Box and Wilson’s creation of the response surface 
procedure in 1951 [9]. The response surface approach 
is commonly applied in producing conventional OPC 
and geopolymers to imitate and enhance experimental 
findings [30]. 

Davidovits [12], initially utilized RSM to predict the 
compressive strength of a mixed paper concrete in terms 
of optimizing the model. The research was backed by 
several scientists [31] [32-33]. In their recent work [34], 
hybrid design systems for roller-compacted concrete were 
created using the RSM approach. They improved the 
performance of roller-compacted rubber concrete (RCR) 
mixes and reduced water absorption. By predicting 
their mechanical and post-cracking behaviour, [35] 
built and refined engineered geopolymer composites 
and effectively increased the compressive strength and 
ductility of the necessary cementitious composites.

In recent research, anhydrous GCS raw materials 
were converted into one-part alkali-activated binders. 
However, few researchers have used the RSM approach 
to develop and predict the behaviour of one-part 
geopolymer binders manufactured from anhydrous corex 
slag and supplemented with low calcium fly ash [36]. In 
the current study, alkali-activated concrete was made 
and allowed to cure at room temperature and in an 
oven. It could also be cast in place. The strength and 
microstructures of cast in-situ alkali-activated concrete 
were investigated at various Ground Copper Slag (GCS) 
levels while utilizing the conventional sodium silicate 
and sodium hydroxide combination. In one section, RSM 
was used to conduct optimization research on fly ash and 
GCS parameters to produce the most resilient alkali-
activated concrete.

2	 Materials and methods

2.1	 Materials

2.1.1 Flyash

Fly ash was the main source of aluminosilicates 
employed in this experiment’s geopolymer binder (ASTM 
Class F). Ninety-five percent of the fly ash used in this 

composed of alumina with silica, with small amounts 
of iron oxide, lime and magnesia added for balance. 
Massive volumes of fly ash are produced due to fast 
industrialization, as it accumulates over time and poses 
a risk to the environment. Alumina and silica-carrying 
components are required for geopolymer reactions and 
fly ash has attracted the attention of researchers as 
a relevant resource for geopolymer product development 
[13]. Fly ash is utilized to create geopolymers to 
reduce the fly ash’s steadily growing environmental 
effect and protect naturally occurring aluminosilicate 
minerals [14]. It also offers the advantages of being 
workable, accessible, mechanically sound and improving 
end product durability [15]. Fly ash and alkali mix 
during polymerization create a  cementitious substance 
comprised of alumina-silicate-hydrate (A-S- H) gel [16]. 
Poor fly ash reactivity has shown to be challenging since 
it results in a sluggish setting and strength properties. 
Before the final cemented structure is formed, fly 
ash is typically only partially broken down [17-18]. 
Granulated Blast Furnace Slag (GBFS), for example, 
has been utilized to improve the reactivity of geopolymer 
precursors, according to [19]. The main constituents of 
GBFS, which is granular and glassy, include oxides like 
SiO2, CaO, Al2O3 and MgO. It is created by rapidly 
cooling molten blast furnace (BF) slag, a  by-product 
of iron manufacturing, often by submersion in water, 
followed by crushing to improve reactivity. The process 
causes the Ca in the slag to hydrate, forming C-S-H 
gel, a cementitious phase that enhances the setting and 
strength features [20].

Ordinary Portland cement concrete (OPCC) and 
alkali-activated slag concrete (AASC) have benefits, 
including improved durability, high strength and 
minimal environmental effect. Hydrated sodium silicate 
gel, with crystalline hydrated calcium silicate gel (C-A-
S-H or C-S-H), are the primary reaction products of 
AASC (N-A-S- H). Due to its low CaO/SiO2 ratio and 
other microstructural changes, the C-S-H gel in AASC 
varies from that seen in Portland cement concrete [21]. 
Studies [22-23] have shown that the kind and nature 
of the starting material Ground Granulated Blast 
Furnace Slag (GGBFS), the quantity and composition 
of the alkaline activator solution, as well as the curing 
conditions, have a significant impact on the mechanical 
and toughness properties of AASC. Consequently, it is 
crucial to fully understand a  novel type of concrete’s 
mechanical performance and toughness characteristics 
before using it in a  building. To serve as a  reliable 
foundation material for AASC, GGBFS also needs 
sufficient amounts of calcium and silica with alumina 
species. When alkali hydroxide or alkali silicate are 
used as activators separately, rather than both, the 
strength is lower [24]. Multiple investigations have 
been conducted on the mechanical strength and 
robustness characteristics of AASC. It is not easy to 
find information on how to blend materials for AASC 
with the appropriate compressive strength [25]. By 
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2.1.4 Aggregates

The coarse aggregate is crushed rock granite, 
whereas the fine aggregate is local sand, Table 2. For 
fine and coarse aggregates, the specific gravity and bulk 
modulus, with void ratio, are 2.52, 1.54 g/cm3, 0.632 and 
2.47, 1.678 g/cm3, 0.456. A constant weight ratio of 0.7 
was used for coarse aggregate to total aggregate.

Figures 1 and 2 show the fly ash XRD pattern and 
the Corex slag XRD pattern for the method, respectively, 
with intensity on the Y-axis and 2i  on the X-axis. 

The chemical analysis of GGCS powder and fly ash 
was carried out using an Inductively coupled plasma 
optical emission spectrometer Loss on ignition (LOI) 
was measured by calculating the weight loss upon 
heating. Instrument used in the present study is Bruker 
AVANCE III 700 MHz NMR spectrometer equipped with 
a 5 mm triple resonance cryoprobe with Z-gradient. The 
phase assemblages of AAMs were generated using the 
simulated precursors with 80 wt % SiO2 + CaO + Al2O3 
as the primary contents, which play the most crucial role 
during the alkali-activation of aluminosilicate materials. 

Table 3 shows the mixed proportions of AASC 
concrete. Here, L/B denotes the liquid-to-binder ratio, 
M denotes moles and FA and CA are Fine and Coarse 
Aggregate. This table gives a  detailed explanation of 
mix designation, Fly ash, corex slag, NaOH and other 
parameters with their proportions.

2.1.5 Mixing, sample preparation and curing

To create the necessary molarity of sodium 
hydroxide solution, sodium hydroxide pellets are diluted 
with water. For example, 255 g of sodium hydroxide 
pellets are dissolving in water to create 1 kilogram of 
an 8 M sodium hydroxide solution. The concentration 
of the sodium hydroxide solution affects the mass of 

investigation, which had a relative density of 2.2 as well 
as a  mesh size of 45 microns, went through the sieve. 
Table 1 shows the chemical composition as established 
by chemical characterization.

2.1.2 Ground granulated Corex slag

This study utilized ground granulated Corex slag as 
a supplementary binder (GGCS). It is a by-product of the 
iron industry, which primarily consists of minerals with 
the chemical composition of calcium aluminosilicate. 
Owing to its strong reactivity with particular surface 
area, it was believed that using the GGCS as a fly ash 
replacement in one-part alkali-activated substances 
would improve their tensile qualities. Table 1 displays 
the chemical makeup of the GGCS oxide utilized in 
this study, with GGCS slag replacing fly ash at weight 
percentages of 0 %, 10 %, 20 %, 30 %, 40 % and 50 %, 
respectively.

2.1.3 Alkaline solution

Sodium Hydroxide (NaOH) with sodium silicate 
(Na2SiO3) solutions were mixed to produce the activator 
solution. The 97-98 % pure NaOH pellets and tap water 
were combined to create a  sodium hydroxide solution 
with the right concentration. A local commercial supplier 
provided sodium silicate solution in the ready-made 
form.

Composition of Sodium silicate: Color: colourless/
White liquid physical state; Density: 1.44 : 1.56 g/cm3, 
Mass percentage: 44:48 of total solids, respectively. The 
densities of sodium hydroxide and complete alkaline 
solutions were 1.15 and 1.5 g/cm3, respectively. This 
investigation used a  single alkaline solution with 
a constant NaOH concentration of 8M.

Figure 1 Fly ash XRD Pattern Figure 2 Corex slag XRD Pattern
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then heated to 25!2 oC 24 hours before usage. The 
activators’ dosages are listed as a  percentage of the 
binder, varying NaOH to (0.35, 0.40 and 0.45). A drum 
mixer with a saturated dry surface condition thoroughly 
mixed coarse and fine materials with a  binder during 
dry Mixing. The alkaline liquid was adequately mixed 
and diluted with water. The two components were then 
blended for 5 minutes at a  temperature of 27!2 oC 
after combining the dry mixture and liquid combination. 
Preparing the alkaline solution 24 hours in advance 
was the major challenge with the Mixing procedure. 
This issue limits the use of fly ash-based geo-polymer 

sodium hydroxide pellets in the liquid. An amount of 
39 g of sodium hydroxide pellets is needed to make 
a  1 M sodium hydroxide solution kilogram. After that, 
the sodium hydroxide and sodium silicate solutions are 
blended. The moisture content of the sodium silicate 
solution is disregarded, while creating sodium hydroxide 
solution or calculating sodium hydroxide concentration. 
One day prior to casting, the sodium silicate with 
sodium hydroxide solutions are adequately combined to 
achieve ideal solution mixing.

NaOH and Na2SiO3 solutions were thoroughly 
combined in this study’s alkaline solution, Na2SiO3, 

Table 1 Fly ash and GGCS Oxide Compositions

Oxide Fly ash (Wt. %) GGCS (Wt. %)

 Calcium oxide, CaO 3.62 35.79

Silicon oxide, SiO2 56.38 34.58

Aluminium oxide, Al2O3 23.30 17.28

Iron oxide, Fe2O3 15.92 0.92

Magnesium oxide, MgO 0.34 8.05

Potassium oxide, K2O - -

Loss of ignition, LOI 0.79 0.97

Table 2 Basic Properties Coarse and Fine Aggregates

Basic Property Fine Aggregate Coarse Aggregate

Specific Gravity 2.54 2.78

Water absorption 2 % 0.6 %

Fineness modulus 2.62 7.28

Bulk density 1.39 1.48

Table 3 Mix Proportions of AASC concrete

Mix designation Fly ash (kg/
m3)

Corex slag 
(kg/m3) L/B ratio NaOH (kg/

m3)
Na2SiO3 
(kg/m3) M

FA
(kg/m3)

CA
(kg/m3)

SiO2/ 
Al2O3

A1F100S0 444.45 0 0.35 44.45 111.1 8 540 1260 2.42

A1F90S10 400.00 44.44 0.35 44.45 111.1 8 540 1260 2.38

A1F80S20 355.56 88.89 0.35 44.45 111.1 8 540 1260 2.35

A1F70S30 311.11 133.33 0.35 44.45 111.1 8 540 1260 2.30

A1F60S40 266.69 177.76 0.35 44.45 111.1 8 540 1260 2.30

A1F50S50 222.22 222.22 0.35 44.45 111.1 8 540 1260 2.25

A2F100S0 428.50 0 0.40 49 122.5 8 540 1260 2.42

A2F90S10 385.65 42.85 0.40 49 122.5 8 540 1260 2.38

A2F80S20 342.8 85.70 0.40 49 122.5 8 540 1260 2.35

A2F70S30 299.95 128.55 0.40 49 122.5 8 540 1260 2.30

A2F60S40 257.10 171.40 0.40 49 122.5 8 540 1260 2.30

A2F50S50 214.25 214.25 0.40 49 122.5 8 540 1260 2.25

A3F100S0 413.80 0 0.45 53 133 8 540 1260 2.42

A3F90S10 372.42 41.38 0.45 53 133 8 540 1260 2.38

A3F80S20 331.04 82.76 0.45 53 133 8 540 1260 2.35

A3F70S30 289.66 124.14 0.45 53 133 8 540 1260 2.30

A3F60S40 248.28 165.52 0.45 53 133 8 540 1260 2.30

A3F50S50 206.90 206.90 0.45 53 133 8 540 1260 2.25
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Design expert software was used for the experimental 
design. The cast in-situ alkali-activated concrete mix 
design formulas were randomly chosen for the two 
independent variables using a  face-centered central 
composite design (FCCD). Flyash percentages ranging 
from 0 to 100 % and GGCS percentages ranging from 
10 to 50 % by weight of the flyash were the design 
parameters examined. The results of this experiment 
included increases in compression strength, split tensile 
strength, flexural strength and overall weight decrease. 
For each response, the computer-generated five randomly 
duplicated combinations totaling thirty. The software 
uses the five duplications to compare the experiment’s 
accuracy to any possible defects.

2.2.3 Field emission scanning electron microscopy

On a  field emission scanning electron microscope 
equipped with EDAX (ULTRA plus, Carl Zeiss), the 
interfacial transition zone of concrete examples (20 mm 
in length, 20 mm in width and 25 mm in height) was 
investigated. Before testing, the samples’ surfaces were 
coated with Au/Pd to make them conductive. Unreacted 
nanoparticles and cracks, including bonding among 
the aggregate and then paste, were all studied in the 
microstructures. Variations in elemental composition 
were mapped using EDAX from one location to the next.

3	 Results and discussion

3.1	 Compressive strength

The AAC compressive strength is determined by 
various parameters, including the binder content, 
alkaline content and aggregate used in the mix. Several 
trial mixes were created and tested. Two mixes were 
chosen based on the outcomes of the experiments. 
Figures 3-5 display the compressive strength of AAC at 
various ages (28 and 56 days) and the liquid-to-binder 
ratio (0.35, 0.40 and 0.45). With an increase in GGCS 
concentration in the mix, the compressive strength 
of both ambient and oven-cured AAC was increased. 
The presence of calcium was crucial in achieving AAC 
strength, which was further improved by producing 
C-A-S-H gels. After 28 days, ambient and oven-cured 
F70S30 samples have compressive strengths of 50.55 
MPa and 53.77 MPa, correspondingly.

3.2	 XRD analysis

The XRD is an important method used for cement 
concrete samples’ quantitative and qualitative analysis. 
Here, pan analytical equipment is utilized. By using the 
XRD test results, a  graph between the angle at which 
the wave was diffracted and intensity of X-Ray was 

concrete and makes precast concretes a  better fit. The 
issue of temperature increase during the production of 
alkaline solutions is another.

After mixing, the cement was poured into concrete 
molds measuring 150 mm x 150 mm x 150 mm, vibrating 
for 45 seconds and then allowed to dry for 24 hours. 
Twenty-four hours after the casting, the samples were 
de-molded and dried in ambient and oven settings. 
Until the testing age was attained, specimens were 
ambiently cured at room temperature (25 °C and 75 % 
relative humidity) (28 and 56 Days). However, for 
oven curing, the de-molded samples were held in the 
oven at a temperature of (60 °C for 24 hours) but then 
left at room temperature until the age of testing. For 
outdoor cured specimens, humidity and temperature 
management are not necessary. At 28 and 56 days old, 
AAC samples underwent compressive strength testing.

2.2	 Methods

The resultant mix proportions, indicated in Table 
2, were created to create a  total of 12 concrete mixes 
so that the parameters chosen for this investigation 
covered all of the mix design’s limitations. Because of 
that, the study’s changeable parameters include the 
ratio of alkaline solution to binder, curing and GGCS.

2.2.1 Mechanical strength tests

To examine the mechanical features of AAC, three 
cubes (150 x 150 x 150 mm) and three cylinders (100 mm 
diameter x 200 mm height), with three prisms (500 x 
100 x 100 mm), were cast for each mix then evaluated 
for compressive, split tensile and flexural strength after 
28 and 56 days of curing. Compressive including flexural 
strength testing was conducted by IS 516:1959 [8] (or 
ASTM C78), whilst split tensile tests were carried out 
by IS 5816: 1999 [9], (or ASTM C496). The AAC’s flexure 
strength is evaluated using the three-point loading test.

2.2.2 Creation of statistical models utilizing the 
response surface approach

This research examined the combined impact of 
flyash and GGCS on behavior of the cast-in-situ alkali-
activated concrete to establish a  connection between 
input factors and output responses. The most potent 
combinations are discovered through the numerical 
optimization, which also decreases water absorption. 
The response surface analysis used a unique sequence 
of predictors to demonstrate statistical correlations 
among results with independent variables. Given that 
it can be employed when there are two independent 
variables, the central composite model was the most 
extensively applied with a  reliable model [31, 37-41]. 
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done to determine how strong AAC is after 28 and 
56 days. The liquid-to-binder concentration, alkaline 
activator solution molarity and curing regime have the 
most considerable effects on the compressive strength 
of AAC. After 28 days of healing, oven-cured samples 
have an advanced compressive strength with respect to 
the ambient-cured ones. The strength of the oven-cured 
sample is roughly two times that of the ambient-cured 
specimen after 28 and 56 days of curing.

The early strength was quite active after seven 
days, while the later strength gain was reduced. The 
initial curing temperature influences the polymerization 
process. The amount of heating is crucial in increasing the 
strength of AAC, regardless of the concrete composition. 
Strength improvements happen more quickly at an 
early age than they do later. It was seen with both types 
of curing. However, oven-cured AAC exhibits a  better 
growth in strength than the ambient curing. The early 
rate of strength progress within 28 days is substantial, 
but the strength gain was not as noticeable later as it is 
in typical concrete. The 28-day compressive strength to 
56-day compressive strength ratio illustrates this. This 
ratio varied for samples that were ambiently cured from 
1.04 to 1.35. In an oven-cured sample, the compressive 
strength ratio at 28 days to the compressive strength 
at 56 days ranged from 1.06 to 1.32. It unequivocally 
demonstrates that, compared to regular concrete, which 
has a  ratio of 1.50, acquiring compressive strength 
beyond 28 days is extremely slow.

Additionally, a  2-dimensional plot was used to 
graphically illustrate the contour plot of the developed 
model, as seen in Figure 6. All the contour lines 
represented the optimal interaction between the GGCS 
and the curing regime. The independent variables in the 
model demonstrate complete synergy with one another. 
In the contour plot, the yellowish and greenish regions 
denote a  fantastic combination that results in the best 
strength values. According to the three-dimensional 
surface diagram in Figure 6 the ambient cured, alkali-
activated mixes’ compressive strength was raised and 
the setting time was shortened by adding GGCS to 
the mixtures. The presence of GGCS in the binder has 
a  massive impact on the setting time of the pastes, 
causing them to harden more quickly since the model 
includes significant quantities of calcium oxide.

3.5 	Split tensile strength

Figures 7-10 display the ambient, as well as the 
oven-cured specimens at the ages of 28 and 56 days. 
For Mix F90S10 - F50S50, the split tensile strength of 
AAC after 28 days was in the range of 2.25-4.80 MPa for 
ambient and oven curing, individually. It demonstrates 
that simple curing of the AAC specimens outside at 
average temperature is sufficient to achieve split tensile 
strength. It is owing to the geopolymer gel’s tight 
connection with the aggregate particle. The split tensile 

determined. The XRD test was conducted on samples on 
the 28-th day. Figures 15-18 show XRD for AAC samples 
cured at ambient and oven conditions for 28 days for the 
mix F70S30. The diffractometer having a  wavelength 

. A1 54|= c  at the scan step time [s] = 72.97. Scan Axis 
is 20 ~- , start position, end position, step size, scan 
step time for 2i  is 10.0126, 99.9856, 0.0130, 72.9710 and 
scan type is continuous. 

Some dissolvable minerals, such as quartz and 
mullite, have survived in all products, as evidenced by 
face-cantered XRD patterns. The peak (between 26° 
and 30°) in the fly ash and GGCS-based AAC XRD 
patterns indicates that the geopolymer material has 
semi-crystalline and amorphous structures. The peak 
(between 26° and 30°) in the reaction products with 
relatively lower intensities indicates that the alkali-
activated material has an almost completely amorphous 
structure.?? It was discovered that the alkali activators 
in both regimes have a  diffuse hump between 26° and 
30°. When partial replacement of fly ash with GGCS 
(20 % and 30 %) in ambient conditions was compared 
to the patterns of both grades, no significant change in 
AAC was detected.

3.3	 Effect of curing on compressive strength

This study examined the AAC’s compressive strength 
in relation to the impacts of ambient plus oven curing. 
Oven-cured samples get a greater compressive strength 
than ambient-cured samples. The strength gain is 
more significant since the polymerization procedure 
is frequently accelerated at a  temperature greater 
than ambient. When it comes to casting in place, it 
is critical to cure at room temperature. High strength 
gains for F70S30, when exposed to ambient curing, 
is around 50.55 MPa, whereas the strength gains for 
F70S30, when exposed to oven curing, is around 53.35 
MPa for 8M. With the addition of GGCS, ambient 
curing yielded satisfactory results without needing oven 
curing. As a result, oven curing can be avoided if AAC 
is manufactured with GGCS instead of fly ash. There 
was a  quick rise in compressive strength up to 7 days 
after increasing the GGCS concentration in the mix and 
changing the liquid-to-binder ratio and the strength 
continued to improve up to 28 days. A  blend with 
a 30 % GGCS content in the overall binder composition 
provides more strength than a  mix with a 50 % GGCS 
content. The addition of calcium causes the strength 
of fly ash and GGCS-based AAC to increase. Including 
soluble calcium increases compressive strength, which 
speeds up the hardening process.

3.4	 Effect of age on the strength of concrete

The connection between 7-day strength with 28-day 
strength is crucial for AAC. The study is also being 
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and oven curing using the experimentally obtained 
compressive and splitting tensile strength values of fly 
ash and GGCS-based concrete, as shown in Equations 
(1) and (2), respectively. The connection between the 
compressive and tensile strengths in conventional 
concrete is 0.7 * fck, but this value is lower when 
compared to traditional concrete.

strength of AAC samples treated under atmospheric 
temperatures rose to a  satisfactory level with the 
calculation of GGCS for fly ash to the combination 
[22]. The material’s tensile strength grew as the GGCS 
content did. Speculate that the rise in AAC strength is 
due to the continual creation of N-A-S-H and C-A-S-H 
gels. An empirical equation was established for ambient 

Figure 3 Compressive strength results of L/B = 0.35

Figure 4 Compressive strength results of L/B = 0.40 

Figure 5 Compressive strength results of L/B = 0.45
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strength. The contribution of strength is due to this gel 
formation. Equations (3) and (4) show the relationship 
between the compressive and flexural strengths

. *Fsplit fck ambient curing0 412= - 	 (3)

. *Fsplit fck Oven curing0 437= - .	 (4)

The two-dimensional contour plots, presented in 
Figures 10 and 14, provide for precise observation of the 
change in splitting tensile with flexural strength across 
the mixes in the three-dimensional surface diagram 
(a). A yellowish area in Figures 10 and 14 represented 
the required variable combination. It demonstrates an 
excellent working relationship between the fly-ash and 
GGCS. The impact of the two factors (GGCS and other 
materials) on the split tensile strength with flexural 
strength after 28 days of ambient healing is depicted in 
a 3D dimensional diagram in Figures 10 and 14.

. *Fsplit fck ambient curing0 338= - 	 (1)

. *Fsplit fck curingOven0 4178= - 	 (2)

The splitting tensile strength is fsplit, while the 
Characteristic strength is fck.

3.6	 Flexural strength

The flexural strength of the oven-cured specimens is 
superior to ambient-cured samples because of the quick 
polymerization process, as demonstrated in Figures 11 
to 13. The flexural strength of ambient-cured AAC was 
4.1 MPa, while that of oven-cured samples was 4.5 MPa. 
The flexural strength of AAC is increased as the GGCS 
content is improved. The GGCS component is essential 
for creating the C-A-S-H gel in the mix, increasing AAC 

 

Figure 6 2-D and 3-D response surface diagram for compressive strength
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Figure 7 Split tensile strength 0.35 liquid to binder ratio

Figure 8 Split tensile strength 0.40 liquid to binder ratio

Figure 9 Split tensile strength 0.45 liquid to binder ratio
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Figure 10 2-D and 3-D Response surface diagram for split tensile strength

Figure 11 Flexural strength results of L/B = 0.35
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to develop. It helped the AAC materials to become more 
homogeneous, which was advantageous.

3.8	 Interpretation of the test results using 
statistics

Each of the existing models has undergone 
statistical analysis and validation. To determine the 
relevance of experimental factors, the analysis was 
done at a  level of 5 %. Flexural strength, splitting 
tensile strength and compressive strength were the 
dependent variables in this experiment. In addition, 
the independent parameters Flyash, GGCS, liquid-to-
binder ratio and curing regime were used. The resulting 
p-values in Tables 4-6 demonstrate that each factor was 
significant at a 95 % level and was regarded as a critical 
factor in the test’s outcome.

The regression coefficient (R2) value was utilized 

3.7	 SEM analysis

Using backscattered electron imaging, the AAC 
samples were analyzed. The fracture surfaces of 
materials, made using sodium silicate with sodium 
hydroxide solutions and cured in ambient as well as in 
an oven, respectively, are shown in Figures 19-22. The 
materials are heterogeneous and contain a  significant 
amount of unreacted fly ash, as shown by the micrographs. 
A  notable change in how the matrix-forming phases 
looked was seen for various curing regimes. The fly ash 
spheres were embedded in a  glass-like matrix in the 
sample of ambiently cured silicate, while in the sample 
of oven-cured silicate, a  composite matrix, made up of 
some glass-like and other more crystalline areas, had 
formed. Using micrographs of the fly ash activated in 
[4] to compare these pictures demonstrates that in this 
study, prolonged room-temperature procuring caused 
many fly ash dissolution and a continuous matrix phase 

Figure 12 Flexural strength results of L/B = 0.40

Figure 13 Flexural strength results of L/B = 0.45
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Figure 14 2-D and 3-D response surface diagram for flexural strength

Figure 15 XRD Mix F70S30 0.35 L/B Ambient
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Figure 16 XRD Mix F70S30 0.45 L/B Ambient

Figure 17 XRD Mix F70S30 0.35 L/B Oven

Figure 18 XRD Mix F70S30 0.45 L/B Oven
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show how the anticipated response model predicted 
the outcomes. The seamless fit of the data points to 
a  straight line demonstrates a  good correspondence 
between experimental findings and predictions made by 
the models in use. Since the cast in-situ alkali-activated 
concrete has various strengths, the existing response 
models were relevant and adequate in determining 
those strengths. However, an ANOVA approach may be 
used to predict the compressive strength of the cast-in-
situ concrete, as demonstrated in Equation (1). Each 
response model was quadratic. Through the variance 
analysis, relationships and influences between variables 
and responses were established. These relationships are 
shown in Equation (8).

. .

. . . .

. . . .

. . . .

.

Compressive strength A

B C D AB

AC AD BC BD

CD A B C

D

34 00 2 67

0 6667 0 1667 12 82 0 25

0 125 0 75 0 125 0 5

0 375 0 1458 2 0 3542 2 0 0208 2

0 6458 2

= + -

- + + + -

- + + + -

- + - + +

+

	 (5)

. . .

. . . .

. . . .

. . . .

Split tensil strength A B

C D AB AC

AD BC BD CD

A B C D

2 74 0 14 0 015

0 0841 1 17 0 1888 0 1201

0 0049 0 1649 0 151 0 1013

0 0121 2 0 0746 2 0 0346 2 0 0367 2

= + + +

+ + + - +

+ + - + +

+ + + -

	(6)

to evaluate the model’s quality as can be shown in 
Tables 4-6, the models for compressive strength and 
split tensile strength. Flexural strength has high R2 
values of 0.9947, 0.9925 and 0.9949, respectively, 
indicating excellent agreement between the projected 
and experimental data.

It is also important to note that there is less than 
0.1 difference between the anticipated and adjusted R2 
values, indicating agreement. As shown in Table 7, all 
of the models had enough precision values greater than 
4, suggesting that they might be utilized to explore the 
solution space. The lack of fit can also be used to judge 
a model’s quality; a lower value for the lack of fit implies 
a model that is worthier. Interestingly, all models’ lack 
of fit P- values were significant, as shown in Tables 4-6, 
indicating high fitness for all the model answers.

To evaluate the data distribution and ensure that 
it is suitable, a  standard probability plot is a  form of 
a graph that is utilized [35, 42]. Figure 23 illustrates the 
normal distribution of the data for all residual responses 
by the virtually straight-line-like distribution of the 
points for all dependent variables. The competency and 
suitability of the modelling techniques were graphically 
evaluated by plotting the projected vs actual outcomes. 
The projected vs. actual results plot in Figure 23 

Figure 19 SEM Mix F70S30 0.35 L/B Oven

Figure 20 SEM Mix F70S30 0.35 L/B AMB

Figure 21 SEM Mix F70S30 0.45 L/B Oven

Figure 22 SEM Mix F70S30 0.45 L/B AMB
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utilized to establish the proper GGCS and liquid-
to-binder ratio. Establishing desirable values for 
independent variables is the aim of optimization 
research to reach the optimization objectives. The 
RSM approach, which identifies the desired result’s 
relevance purpose, was used to boost the replies that 
were affected by the numerous elements [32, 41]. The 
outcomes of numerical optimization solutions, based 
on the optimization objective, are shown in Table 8. 
The design expert program produced the ideal mixture 
fractions by combining 25 % of GGCS with 0.4 % of the 

. . .

. . . .

. . . .

. . . . .

Flexural strenght A B

C D AB AC

AD BC BD CD

A B C D

4 65 0 2362 0 2054

0 1954 1 69 0 0056 0 0731

0 1381 0 0319 0 0031 0 0994

0 0047 2 0 0266 2 0 0128 2 0 1984 2

= + + -

- + + + -

- - - + +

+ - - +

	(7)

3.9	 Optimization and validation study

To improve the strengths of the proposed concrete 
mixes, quantitative multi-objective optimization was 

Table 4 Compressive strength

Factor SS DF M.S F-Value P-Value Remark

Model 4168.80 14 297.77 201.50 < 0.0001 Significant

A-Flyash 170.67 1 170.67 115.49 < 0.0001

B-GGCS 10.67 1 10.67 7.22 0.0169

C-L/B 0.6667 1 0.6667 0.4511 0.5120

D-Curing 3952.67 1 3952.67 2674.74 < 0.0001

AB 1.0000 1 1.0000 0.6767 0.4236

AC 0.2500 1 0.2500 0.1692 0.6867

AD 9.00 1 9.00 6.09 0.0261

BC 0.2500 1 0.2500 0.1692 0.6867

BD 4.00 1 4.00 2.71 0.1207

CD 2.25 1 2.25 1.52 0.2362

A2 0.5833 1 0.5833 0.3947 0.5393

B2 3.44 1 3.44 2.33 0.1479

C2 0.0119 1 0.0119 0.0081 0.9297

D2 11.44 1 11.44 7.74 0.0139

Residual 22.17 15 1.48

Lack of Fit 20.17 10 2.02 5.04 0.0441 Significant

Table 5 Split tensile strength

Factor SS DF M.S F-Value P-Value Remark

Model 34.82 14 2.49 138.09 < 0.0001 significant

A-fly ash 0.4279 1 0.4279 23.76 0.0002

B-corex slag 0.0049 1 0.0049 0.2741 0.6088

C-l/b r 0.1544 1 0.1544 8.57 0.0110

D-curing 29.69 1 29.69 1648.57 < 0.0001

AB 0.4960 1 0.4960 27.54 0.0001

AC 0.2006 1 0.2006 11.13 0.0049

AD 0.0003 1 0.0003 0.0188 0.8928

BC 0.3785 1 0.3785 21.01 0.0004

BD 0.3133 1 0.3133 17.39 0.0009

CD 0.1428 1 0.1428 7.93 0.0137

A² 0.0040 1 0.0040 0.2211 0.6454

B² 0.1515 1 0.1515 8.41 0.0116

C² 0.0326 1 0.0326 1.81 0.2000

D² 0.0366 1 0.0366 2.03 0.1760

Residual 0.2522 14 0.0180

Lack of Fit 0.2429 9 0.0270 14.54 0.0044 significant
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was assessed and reported as a percentage, as seen in 
Table 9.

The optimization benchmark for the proposed 
methodology is displayed in Table 8. Table 8 displays the 
factors and responses for various attributes: the target, 
minimum and maximum value.

The average probability curve of the developed 
models is displayed in Figure 23. The normal percentage 
probability is shown on the Y-axis, while the X-axis 

liquid-to-binder ratio. Improved responses with an 80 % 
united desirability were attained. the second series of 
experiments were conducted utilizing the ideal mixture 
proportions with two other distinct mixes to assess the 
optimized combination percentage within the design 
mixes, the applicability of the results obtained and the 
overall response modelling. Table 9 provides an overview 
of the optimization criteria. Using Equation (4), the 
difference between experimental and anticipated values 

Table 6 Flexural Strength

Factor SS DF M.S F-Value P-Value Remark

Model 73.96 14 5.28 207.06 < 0.0001 Significant

A-fly ash 1.34 1 1.34 52.51 < 0.0001

B-corex slag 1.01 1 1.01 39.70 < 0.0001

C-l/b r 0.9165 1 0.9165 35.92 < 0.0001

D-curing 68.92 1 68.92 2701.46 < 0.0001

AB 0.0005 1 0.0005 0.0198 0.8898

AC 0.0856 1 0.0856 3.35 0.0870

AD 0.3053 1 0.3053 11.97 0.0035

BC 0.0163 1 0.0163 0.6372 0.4372

BD 0.0002 1 0.0002 0.0061 0.9387

CD 0.1580 1 0.1580 6.19 0.0251

A² 0.0006 1 0.0006 0.0236 0.8799

B² 0.0194 1 0.0194 0.7586 0.3975

C² 0.0045 1 0.0045 0.1765 0.6804

D² 1.08 1 1.08 42.34 < 0.0001

Residual 0.3827 15 0.0255

Lack of Fit 0.3577 10 0.0358 7.15 0.0212 significant

Table 7 Qualities that make a response model valid

Response Compressive strength (MPa) Split tensile strength (MPa) Flexural strength (MPa)

Standard deviation 1.22 0.1342 0.1597

Mean 34.37 2.83 4.78

Coefficient of variation   
(CV %) 3.54 4.74 3.34

R2 0.9947 0.9928 0.9949

Predicted R2 0.9716 0.9538 0.9718

Adjusted R2 0.9898 0.9856 0.9900

Adequate precision 59.71 48.34 60.016

Table 8 Optimization benchmark

Factor and Responses Target Minimum value Maximum Value

Flyash In range 50 100

GGCS In range 0 50

L/B ratio In range 0.35 0.45

Curing Type 28 60

Compressive Strength Maximize 12 62

Split tensile strength Maximize 1 4.81

Flexural Strength Maximize 2.25 8.61
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reactive alumina and silica polymerization.
The quadratic nature of all the response models 

suggests a  strong correlation between the factors and 
the replies.

The RSM optimization study’s findings reveal that 
adding 25 % GGCS and a  0.40 liquid-to-binder ratio 
to the total weight of the critical materials led to the 
optimum strengths.

The experimental data and the predictions showed 
a  strong correlation. The results of the validation were 
quite similar to the measured data.
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displays the externally studentized residuals.
The derived models’ projected vs the actual plot is 

displayed in Figure 24. The actual values are shown on 
the X-axis and the predicted values for our proposed 
approach are shown on the Y-axis.

% %Error 100Experimental value

Experimental value predicted value
)=

-
^ h .	 (8)

4	 Conclusions

This work has intended to characterize and improve 
the cast-in-situ alkali-activated concrete using the 
response surface approach. The scientific results of this 
investigation allow for the following deductions:

Since the strength gains of 24.5 % and 18.6 % were 
attained at 28 and 56 days, respectively, the strength gain 
of the cast-in-situ alkali-activated concrete was identical 
to that of the regular Portland cement. Strength growth 
is significantly increased when the GGCS replaces 
fly ash to a  greater extent. However, as shown by the 
microstructural investigation, adding GGCS to the 
binder induces structural aluminosilicate changes in the 
in-situ alkali-activated concrete that has been created. 
The alterations were connected to the source materials’ 

Table 9 Model verification

Responses Liquid Binder 
ratio GGCS Predicted 

Outcomes
Experimental 

outcome Error (%)

Compressive strength

0.35 50 49.15 51.95 5.39

0.40 30 58.26 60.44 3.61

0.45 10 50.18 52.56 4.53

Split tensile strength

0.35 50 3.51 3.68 4.62

0.40 30 4.76 4.91 3.05

0.45 10 2.78 2.96 6.08

Flexural strength

0.35 50 3.38 3.6 6.11

0.40 30 4.43 4.7 5.74

0.45 10 3.85 4 3.75
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Resume
Both the current cellular network and the planned 5G mobile network need 
to meet high dependability standards, very low latency requirements, larger 
capacity, better security and fast user communication. In order to support 
multiple independent tenants on the same physical infrastructure, mobile 
carriers are working towards end-to-end network resource allocation in 5G 
networks. Future communication networks will require data-driven decision 
making due to the increase in traffic and the accelerated performance of 5G 
networks. With the use of in-network deep learning and prediction, a "deep 
slice" model was built in this study to control network load efficiency and 
network availability. Even in the event of a network outage, the suggested 
model is capable of making wise selections and choosing the best network 
slice.
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range of applications, from ubiquitous internet access 
to driverless cars, will be made possible by them. 
The present COVID-19 pandemic age appears to have 
confirmed the value and significance of communication 
networks and related services [2]. 

With the advent of Beyond 5G systems, which offer 
cutting-edge services like holographic communications, 
Virtual Reality (VR), this function is anticipated to 
become even more important for implementation 
of a  future digital society. An “IoT communication 
environment” may be realized by offering a  quicker 
“mobile communication environment,” when the 
capacity and speed of data transmission and reception 
across the wired and wireless networks is equal. Such 
an ecosystem can deliver realistic media content 
in 4K, VR and 8K, while also ensuring low power 
consumption in Internet of Things devices and service 
reliability even in settings with many connected devices, 
thanks to cutting-edge technology like AR, VR, drones  
and smartphones [3].

The ITU-R divided the three main 5G mobile 
network services into three categories: ultrahigh speed 
and big capacity (Enhanced Mobile Broadband (eMBB), 

1	 Introduction

The International Telecommunication Union (ITU) 
published a  paper in February 2017 that outlined 
important requirements, including baseline standards 
for the technical performance for IMT-2020 for 5G mobile 
communication technology. The minimum bandwidth 
need for next-generation services is 1 GHz, the maximum 
data transfer rate is 20 Gbps and the smallest latency 
time is 1 ms. These are the basic needs for a variety of 
5G services as well as the technological requirements 
to achieve the three main goals of 5G: ultra-fast, super-
connection and ultra-low latency. Compared to 4G 
mobile communication, 5G mobile communication is 
more innovatively improved in terms of speed, employing 
protocol and network setups [1]. 

Twenty times quicker than current long-term 
evolution (LTE), the 5G wireless network is designed as 
a soft defined network (SDN), while the 5G core network 
has been switched from a centralized to a decentralized 
kind to reduce traffic transmission latency. Development 
of ubiquitous, digital services with anytime, everywhere 
connection will rely heavily on 5G networks. A  wide 
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Trusted Execution Environment (TEE) and Network 
Softwarization. Security management with Security 
Service Level Agreements (SSLAs) and liability 
management are the key aspects of INSPIRE-5Gplus1 
platform. [7].

Suomalainen et al. proposed the most significant 
issue that arises from the direct use of ML ideas in the 
5G network infrastructure, which is weakened network 
security. In addition to providing potential vulnerabilities 
and attack pathways against the availability and 
integrity of 5G services, ML enables user surveillance 
and privacy violation assaults that were previously 
unattainable with conventional adversarial tactics. This 
work’s primary goal was to promote further study into 
the secure application of ML methods in 5G and other 
future wireless networks [8].

Waziri et al. proposed an enhanced reference 
monitor algorithm for the Software Defined Networking 
(SDN) controller for 5G security. Over 50 billion 
connections are anticipated, which the present 4G 
network cannot support. While ubiquitous mobile 
broadband is the primary goal of 4G networks, 5G 
technological characteristics will need to significantly 
improve. Software’s adaptability is essential for fulfilling 
unanticipated future service requirements. In this 
context, Software Defined Networking (SDN) has lately 
gained traction in the networking sector, albeit a precise 
standard on how to assess security risks on SDN for 5G 
has not yet been implemented. To implement the access 
control policy, this paper suggests using the 5-ENSURE 
architecture to integrate Reference Monitor (RM) with 
SDN controllers. The Study will also isolate and handle 
malicious packets in a distributed manner among nodes 
rather than only permitting or denying access based on 
access policy [9].

More than 50 billion connections are anticipated as 
a result, more than 4G can manage at this time. While 
ubiquitous mobile broadband is the primary focus of 4G 
networks, 5G technology requirements must significantly 
outpace those. To accommodate the unanticipated future 
service need, software flexibility is essential. In this 
context, Software Defined Networking (SDN) has just 
recently gained traction in the networking sector and 
a clear standard has not yet been set on how to assess 
the security risks on SDN for 5G. This study suggests 
using the 5-ENSURE architecture and combining 
Reference Monitor (RM) with SDN controllers to apply 
access control policies. [10].

Sciancalepore et al. proposed the development of 
three crucial network slicing building elements that 
are in charge of (i) traffic analysis and prediction 
per network slice, (ii) admission control choices for 
network slice requests and (iii) adaptive load forecast 
correction based on measured deviations. These findings 
demonstrate a  trade-off between cautious forecasting 
setups and more aggressive ones, as well as extremely 
significant potential advantages in terms of system 
usage [11].

Ultra-Reliable Low Latency Communications (uRLLC) 
and Massive Machine-Type Communications (mMTC)), 
depending on the needs of each service in terms of 
bandwidth, speed and latency. The technology aspires 
to deliver up to 20 times the speed, 10 times the 
number of connections to IoT devices and 10 times the 
number of low-latency services, compared to 4G mobile 
communication technology. In addition to undertaking 
an examination of LTE security threats, the European 
Union Agency for Cyber security (ENISA) divided 5G 
network threat types into seven categories. It then 
used the CIA criteria to examine them as a  threat 
landscape. Through the use of the 5G threat surface, 
5G America in the USA classified the possible security  
risks [4].

The biggest challenge for 5G is the sheer volume of 
networked devices, including vital infrastructure that 
must be utilized in a  brand-new IoT paradigm with 
unequal resources. To achieve the desired functionality, 
challenges must be overcome, including protection 
against DoS attacks on end-user devices, protection 
against DoS attacks on radio interfaces, devices and 
networks, distributed control systems that require 
coordination to prevent Signal storms and protection 
against DoS attacks on infrastructure. Additionally, 
similar issues are highlighted by Next Generation 
Mobile Networks (NGMN) [5].

The remaining portions of this article are structured 
as follows: The existing work is presented in Section 
2. Section 3 present the proposed deep slicing in 5G 
wireless networks. The result analysis is presented in 
the section 4. Section 5 concludes the work.

2	 Literature survey

Park et al. proposed the potential security 
risks that could exist in the 5G NSA network, they 
were examined, validated on the live network and 
recommendations for security improvements were made. 
In addition, authors examined the necessity for the new 
security strategies rather than conventional security 
methods and associated research and demonstrated 
the persistent weaknesses in the current mobile 
network system. 5G mobile communication network 
backgrounds and historical data collected to match 
with current situation to detect the threats in real-
world mobile networks in service. Before releasing the 
new services, it is vital to assess the potential security 
risks they may pose as well as appropriate mitigation  
strategies. [6].

Ortiz et al.  developed INSPIRE-5Gplus1 project, 
which is creating a  smart, reliable and responsible 
5G security platform. This platform utilizes cutting-
edge methods for closed-loop and end-to-end security 
management in 5G and Beyond 5G networks, 
including Distributed Ledger Technologies (DLT), 
Machine Learning (ML), Artificial Intelligence (AI), 
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preprocessing. After a parameter has been normalized, 
apply statistical characteristics. Apply CNN network for 
categorization at the end.

3.1	 Block diagram

Efficient resource utilization in 5G networks can 
improve the quality of the service in terms of connectivity, 
speed and quality etc. Frequency slicing can improve the 
resources’ utilization in networks. The proposed block 
diagram for resources’ utilization using slicing with CNN 
is shown in Figure 1. Initially, the network parameters 
are extracted to perform the resource utilization process. 
All the collected parameters are normalized using min 
max level to perform highly accurate feature extraction 
process. Statistical features are extracted to feed the 
CNN for training and classification further.

3.2	 Preprocessing

3.2.1 Fog computing

Fog nodes in 5G are situated at the radio access 
network’s edge (RANs). Researchers from Cisco 
characterized fog computing as “a platform that provides 
compute, communication and data storage capabilities 
between end devices and standard cloud computing 

Feng et al. proposed a wireless network virtualization 
paradigm including the data plane, cognitive plane and 
control plane as its three components. To support the 
suggested concept, a  unique control signaling method 
has been developed, as well. A  hierarchical control 
method, based on the cell-clustering, has been employed 
with dynamically optimized resource consumption from 
the standpoint of network virtualization. To show how 
the schemes operate under the suggested paradigm to 
enhance resource efficiency and the user experience, two 
cases of application have been examined [12].

The main objectives of the proposed methods are
•	 Create a  productive technique to improve the 

system’s overall effectiveness in terms of system 
throughput and energy efficiency.

•	 The interference in 5G networks and IoT systems is 
reduced or eliminated.

3	 Proposed method

The risks and security issues the 5G ecosystem faces 
are largely the same as those that 4G/LTE users are now 
dealing with. To achieve the service level agreements for 
a variety of applications and services, 5G networks will 
also have unique requirements on throughput, latency 
and security, especially with a diversified ecosystem for 
the IoT devices [13]. Utilize the 5G network to obtain 
network parameter, employing the FoG computing for 

Figure 1 Block diagram of the proposed method
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Kurtosis: Kurtosis is a  statistical metric used to 
assess how “tailed” a  real-valued random variable’s 
probability distribution, given by:
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where μ4 is the fourth central moment and σ is the 
standard deviation. K denotes the kurtosis. 

Skewness: In probability theory and statistics, 
skewness is a  measure of the asymmetry of the 
probability distribution of a real-valued random variable 
in regard to its mean. 

The skewness of a  random variable X is the third 
standardized moment 3nu  defined as:
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where μ represents the mean, σ represents the standard 
deviation, E represents the expectation operator, 
μ3 is the third central moment and κt is the t-th  
cumulants. 

 
3.5	 CNN

Three factors make the CNN’s structure: dataset 
quantity, quality and type. The many receptive layers 
can process elements of the input layer. These networks 
may be set up such that an output picture with a high 
resolution may be produced by creating an overlap 
of the input region. Convolutional neural networks 
(CNNs) are used for feature detection. Following feature 
extraction, a  classifier is created using all the fully 
linked layers. Convolutional layers and pooling layers 
couple less frequently since a  fully linked CNN is 
not required. It is regarded as CNN’s beating centre 
[17]. Convolution is used when the two mathematical 
functions are combined, with the outcome also being 
a  function. By moving the filter, convolution is carried 
out over the input. The result of matrix multiplication 
for each place is added to the feature map, as a  total 
[18]. The input picture for this layer is s*s*p, where s is 
the image’s height and width and p is a  channel with 
many filters, each of which is t*t*q in size. The picture 
dimension is lower than t and q can be the same as  
channel s [19].

Pooling Layer: between the CNN and the 
convolution layer, there is an inclusion of a  pooling 
layer. The major objective of this layer is to reduce the 
dimensionality to get minimal computation and fewer 
parameters. Max pooling is the most significant pooling. 
It is employed to select the highest value available in 
each window [20-23].

Fully Connected Layer: The Fully Connected 

platforms.” Although many issues have been solved 
by integrating cloud computing and end devices, the 
concentration of resources in cloud computing creates 
a  significant disconnect between the IoT devices and 
the cloud [13-14]. The resulting massive communication 
latency and computing overhead will surely rise.

3.3	 Parameter normalization

Data must be standardized in order to get the 
best results while learning the deep learning network 
parameters. The subsequent equation is applied to each 
feature in this work’s data normalization, using the 
min-Max method [15]. The general equation, used to 
perform the normalization process is given as:

normalization y y
y y
max min

min
= -

- ,	 (1)

where y defines the data to be normalized, ymin is the 
value of minimum, ymax is the value of maximum.

3.4	 Statistical features

Network characteristics gathered include the 
protocol’s packet size, the number of packets per flow, 
different payload patterns, the size of the payload and 
the protocol’s request time distribution [16]. Initial raw 
packet captures are transformed to network flows for 
simpler analysis in order to identify the characteristics 
from these profiles. The first packet defines the forward 
(source to destination) and backward (destination 
to source) directions for bidirectional flows created 
with CICFlowMeter. Therefore, they are estimated 
independently both for forward and backward directions, 
using the 83 statistical data acquired from the flows, 
such as time, number of packets, number of bytes and 
packet length.

3.4.1 Arithmetic features

Standard Deviation: The standard deviation in 
statistics is a metric for the variation of the distribution 
of a  collection of data. The formula for the sample 
standard deviation is:

N x x1
1

ii

N

1

2v= - -
= r^ h| ,	 (2)

where xn are the observed values, xr is the mean value, 
N is the number of observations.

Mean: By adding up all of the numerical values of 
the observations and dividing the result by the total 
number of observations, the mean of a  set of observed 
data can be calculated. It is given in Equation (3). 

x n x n
x x x1
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a  CoMP-enabled RAN) into many virtual networks 
is the definition of the idea of CoMP-enabled RAN 
slicing. The systematic diagram of RAN Slicing is shown  
in Figure 3.

4	 Results and discussions

4.1	 Dataset

uses the deep learning to achieve effective and 
dependable network slicing in 5G networks. It contains 
the day and time of each linking, which may also assist 
the network forecast of the amount of connections 
at any particular moment in the future and it would 
be knowledgeable of which networking slices will 
be obligatory or demanded by those links, based on 
information gathered from the previous data.

4.2	 False positive rate

The percentage of negative test results that 
regardless result in positive test results is known as 
the false positive rate; it is the conditional probability 
of a  positive test result given the absence of a  specific 
event. The significance level is matched by the false 
positive rate. One less than the false positive rate is the 
test’s specificity.

Layer, which classifies input pictures as a last layer after 
convolutional and pooling, is used. Having neurons that 
are linked to the preceding layer performs activation 
activities in a layer that is completely connected. It will 
also offer information security to identify and categorize 
bad code in addition to malware detection. Figure 2 
depicts the structure of CNN.

3.6	 RAN slicing

Slicing the radio access network (RAN) is a  key 
idea for effectively distributing the current network 
infrastructure across several vertical applications. 
Running numerous logical or virtual networks 
as distinct business activities on a  single RAN is 
characterized as RAN slicing. Every network slice is 
a  separate logical network that has been designed 
to meet the quality-of-service (QoS) requirements of 
a certain application. Additionally, various sophisticated 
radio access technologies (RATs), including massive 
MIMO, coordinated multi-point (CoMP) transmission 
and full-duplex need to be investigated in order to 
meet the hard connectivity requirements. One of the 
most important RATs that satisfies the rigid reliability 
criterion for tactile applications is coMP transmission, 
which generates spatial variety with redundant 
communication channels. The division of a RAN using 
the CoMP transmission mechanism (referred to as 

Figure 2 Architecture of CNN

Figure 3 Systematic diagram of RAN Slicing
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Throughput: It is a gauge of how quickly a node can 
send data across a  network. Throughput, then, is the 
typical rate of successfully delivering messages through 
a communication connection.

Packet Delivery Ratio: the proportion of packets 
successfully received by the destination node to those 
successfully sent by the source node. The packet delivery 
ratio is given as:

Packet Delivery Ratio Total number of packets send

Total number of packets received
= .	 (8)

Highlights of the DeepSlice simulation model’s 

4.3	 Positive predictive value

The positive and negative predictive values are the 
proportions of occurrences in statistical and screening 
procedures that are really positive and genuinely 
negative findings (PPV and NPV, respectively). The 
effectiveness of a  diagnostic test or other statistical 
metric is described by the PPV and NPV. The correctness 
of such a statistic can be inferred from a high result. As 
opposed to true positive and true negative rates, which 
are inherent to the test, the PPV and NPV also depend 
on the prevalence of the test. The equations for PPV and 
NPV are given in Equations (6) and (7), respectively.

. .
.

PPV
No of TP No F

No of TP
P

=
+

,	 (6)

Table 1 Highlights of DeepSlice’s simulation model’s features

Input type Packet Loss Rate Packet Delay Budget (ms) Normalized Duration (s)

Smart phone 10-2 60 257

IoT devices 10-2 50 54

Smart transportation 10-6 10 52

AR / VR / Gaming 10-3 50 534

Smart City / Home 10-2 10 100

Unknown Device Type 10-6 10 60

Figure 4 Performance of utilization without delay

Figure 5 Performance of utilization with delay
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without delay. Figure 5 depicts the performance of 
utilization with delay. Figure 6 displays the performance 
of load balancing with delay. Figure 7 depicts the effect 
of network utility on total bandwidth at a 10 ms delay 
bound. The impact of slice user density on the overall 
network utility is seen in Figure 8.

characteristics are listed in Table 1. As expected, each 
of these inbound requests is routed to one or more of 
the network slices. The first responders in an emergency 
may use smartphones to make phone calls, access the 
internet and send the text messages, all at once.

Figure 4 shows the performance of utilization 

Figure 6 Performance of load balancing with delay

Figure 7 Impact of the total bandwidth on the total utility of the network  
at 10 ms delay bound

Figure 8 Effect of the slice user density on the total utility of the network
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other previous works, the CNN-based RAN slicing 
approach used in this work delivers the high efficiency 
and secure data of the 5G network.
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5	 Conclusions

To support the connecting of IoT devices, the 
5G network adopted a  software-defined architecture, 
bringing technological advantages. In this work, the 
5G parameters from the 5G network were obtained and 
preprocessed using the Fog computing methodologies. 
Then the preprocessing parameter are normalized. 
Then, the feature is extracted using the statistical 
features, like standard deviation, mean, kurtosis, 
skewness from the normalized parameter. Finally, the 
CNN is trained by using extracted arithmetic features 
to perform highly accurate packet slicing process. While 
the 5G Security is a  step forward, the vulnerabilities 
associated with interconnecting with the older networks 
against a  considerably higher volume of data and 
applications continue to increase. When compared to 
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Resume
Results of the study of the roughness and friction properties of the road 
surface of urban streets influence on the traffic safety are presented in this 
article. As a result of this study, an empirical dependence was obtained, 
reflecting the relationship between the traffic speed and a load factor under 
different traffic conditions; the relationship between the flow density and 
street capacity was also determined. The maximum permissible value of the 
friction coefficient for experimental streets is 0.4, and 50 % of the object of 
study meets the requirements of operation; 50 % does not. From the proposed 
graph of the relative dependence of pavement roughness and safety factor, 
it follows that the most dangerous are the streets, the pavement roughness 
of which is in unsatisfactory condition. To effectively solve the problem of 
destruction of the road surfaces, it is first of all necessary to eliminate the 
cause of the damage that occurs, not just its consequences.

Article info
Received 4 January 2023
Accepted 15 May 2023
Online 31 May 2023

Keywords: 
pavement roughness
road surface conditions
traffic flow
traffic safety
traffic speed
urban streets

Available online: https://doi.org/10.26552/com.C.2023.051
ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

The scope and volume of research devoted to the 
topic vary over a very wide range. The largest number 
of research works have been carried out in the field of 
influence of the roughness and friction properties of the 
road surface, as well as the road conditions, on the traffic 
safety. In other areas, the amount of research work is 
negligible.

The aim of this research was to study the impact 
of the roughness and friction properties of the road 
surface of urban streets on the traffic safety. To achieve 
this goal, it is necessary to solve the following research 
tasks: analysis of the studies performed on the topic; 
analysis of the current state of transport and operational 
indicators of the road surface for the traffic safety 
of urban main streets; study of the impact of road 
surface roughness on the traffic safety; study of the 
impact of friction properties of the road surface on 
the traffic safety. The object of research is the central 
streets of the cities of Tashkent (Buyuk Ipak Yuli St., 
Fargona Yuli St. and Izzat St.) and Chirchik (Alisher 
Navoi Ave., Amir Temur Ave. and Soglom Avlod St.). 
The subject of the study is the road surface of urban  
streets.

1	 Introduction

At present, on urban streets, the intensity of vehicle 
traffic is increasing, while the transport and operational 
performance of roads are at a low level, which creates 
unfavorable traffic conditions and undoubtedly affects 
the traffic safety. 

The roughness of the road surface is one of the main 
indicators characterizing the convenience of driving on 
the road and having a decisive influence on the speed 
of vehicles and the transport function of the road as a 
whole. This is a vibrational effect that is detrimental 
to both the car and the driver [1]. In addition, the 
working conditions of the driver become more difficult 
due to the fact that he has to constantly monitor the 
condition of the road, the presence of potholes and 
cracks on the road, slow down and increase speed and 
adapt to the state of transport, which often changes the 
trajectory of movement. Such situations force the driver 
to focus on maneuvers and not on other components 
that are important in terms of, and traffic safety. Under 
such conditions, an increase in number of accidents is 
inevitable [2].

https://orcid.org/0000-0003-2075-454X
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The work of Eshkabilov and Yunusov [7] 
presents experimental studies based on the road 
profile measurements using accelerometers and the 
international roughness index (IRI) assessment tools 
and practical recommendations regarding the processing 
of measured acceleration data, from the point of view of a 
digital filter plan and the transformation of vertical data 
accelerations into displacement data. The capabilities 
of various applications used to measure the roughness 
of the road surface using smartphones, as well as the 
possibilities, advantages and disadvantages of creating 
a road database in the conditions of Uzbekistan, were 
studied in the work of Urokov and Soataliev [8].

The issues of assessing the conditions for the 
occurrence of a dangerous traffic situation due to a 
decrease in the traffic safety on uneven road surfaces 
were considered by Filippov, Smirnova, and Kiyashko 
[9]. It is proposed to introduce a partial accident rate 
that takes into account the roughness of the coatings 
into the methodology of the accident rate.

The factors that determine the force of friction 
(adhesion) in the contact of automobile tires with the 
pavement of the roadway are considered in the works 
of Nemchinov [10]. The role of the surface roughness of 
road surfaces in formation of the friction force is noted. 
An assessment is given to devices for assessing the 
adhesion qualities of the road surfaces.

Changes in the value of the adhesion coefficient 
under the influence of various factors are considered 
in the works of Evtyukov and Evtyukov [11]. The 
dependence of the adhesion coefficient on the state of 
the type of road surface and on the speed of the car for 
surfaces with different roughness is presented in detail. 
The indicators of reliability of the contact of a car tire 
with the road surface are presented, as well.

Specifically, Uzbekistan researchers had been 
working on evaluation of the impact of uneven road 
surfaces on traffic safety and development of the 
network of urban roads and streets by using experience 
of researchers from other countries in urban street 
management systems [12-13]. The Canadian scientists 

2	 Literature review

The highway safety is a major priority for the public 
and for transportation agencies [3]. The studies of Lee, 
Abdel-Aty, and Nyame-Baafi [4] developed four different 
safety performance functions to evaluate the impact 
of road roughness, as measured by the International 
Roughness Index (IRI), on crashes using interstate 
highway data from five US states representing different 
geographic and weather regions: Arizona, Colorado. , 
Florida, Maryland and Michigan. The modeling results 
identify many significant variables, including the traffic 
volume and proportion of trucks, through lane count, 
shoulder type, median width, high-occupancy vehicle 
(HOV) lane operation and HOV lane count, speed limit, 
area type and IRI-related factors. The results indicate 
that increased IRI contributes to large numbers of total 
crashes.

The condition assessment of pavement has 
a  predominant role in delivering safety and comfort 
to users. Roughness is considered the most important 
characteristics as it affects the road safety and vehicle 
operating costs. Authorities spend a significant quantity 
of resources on using conventional methods for measuring 
roughness. Many studies are performed to estimate 
roughness by deploying smartphone sensors. However, 
no consideration is given to influence of the speed of the 
host vehicle in roughness evaluation using smartphones. 
Results of the smartphone-based pavement roughness 
estimation experiment showed a high correlation value 
of 0.73 and proved the accuracy of the method [5].

The influence of the road surfaces’ roughness on 
the conditions for the movement of mixed flows was 
studied by Azizov [6]. According to the results of the 
author’s research, the assessment of the roughness 
of the pavement, along the track of the car and along 
the edge of the carriageway shows that in all the cases 
the roughness of the pavement is worse at the edge of 
the carriageway than in the middle part; vibrations 
of tractor trailers increase with deterioration of the 
pavement (Figure 1).

Figure 1 Lateral vibrations of the tractor train depending on the condition of the coating:  
1 - tractor trains consisting of 1 trailer; 2 - tractor trains consisting of 3 trailers;  

3 - tractor trains consisting of 5 trailers
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be caused by: low quality of work; insufficient or incorrect 
consideration of hydrogeological conditions; and the 
use of low-quality materials. Of great importance in 
ensuring the stability of road pavement is the timely 
repair of destroyed sections of the road surface. The 
appearance of residual (irreversible) deformations that 
are not eliminated in a timely manner leads to significant 
damage, both under the influence of vehicle traffic and 
under the influence of weather and climatic factors. The 
loss of pavement roughness is caused by the continuous 
impact of car wheels and natural and climatic factors. 
The loss of roughness is greatly influenced by errors 
made in the design, construction and maintenance of 
pavements [25].

Currently, on the streets of the cities of Uzbekistan, 
the intensity of vehicle traffic is increasing and the 
transport and operational indicators of roads are at 
a  low level. This creates unfavorable conditions for the 
movement of vehicles and undoubtedly affects the traffic 
safety. Additionally, a  huge variety of road defects can 
cause serious accidents. Basically, such defects include 
pitting, rutting, breaks, potholes, waves, chipping, 
peeling, a  network of cracks, transverse cracks, etc. 

[14-19] have had valuable results on their explorations 
that are associated with analysis of influences on 
as-built pavement roughness in asphalt overlays at 
long-term pavement performance test sites, as well as 
determining the road surface and weather conditions 
that have a significant impact on the traffic stream 
characteristics. On the other hand, effects of vehicular 
speed on assessment of the pavement road roughness 
have been studied by other researchers [20-24]. As a 
result, the topic continues to be authentic by influencing 
its effect on other case studies.

Based on the review of previous studies, it was 
determined that the scope and volume of research works 
devoted to the “study of the impact of roughness and 
friction properties of road surfaces of urban streets on 
traffic safety” vary widely.

3	 Methodology

The road surface is the uppermost part of the 
pavement, which is directly affected by the wheels of 
cars and weather and climatic factors. Destruction can 

 
Figure 2 Various defects on the pavement of the object of study: a) transverse cracks on PK 6+00 Amir Temur Ave., Chirchik; 
b) a grid of cracks at PK 8+50 Soglom Avlod St., Chirchik; c) peeling at PK 46+50 Amir Temur Ave., Chirchik; d) chipping 
at PK 59+00 Fargona Yuli St., Tashkent; e) potholes at PK 3+25 Amir Temur Ave., Chirchik; f) pitting at PK 3+25 Izzat St., 

Tashkent
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defects in the pavement, including potholes and pitting 
and their distribution occupies a considerable area. So, 
the most common type of defect, in terms of the area 
of the road surface, is a  network of cracks, which was 
formed during the further development of individual 
cracks over time. In addition, the further development 
of the network of cracks can lead to more serious types 
of defects, such as potholes, chipping, breaks, peeling, 
pitting, etc. This condition of the road surface affects 
the modes of movement of vehicles, their speed and 
trajectory and may even cause accidents.

4	 Results and discussion

4.1	 Study of the impact of roughness of the road 
surface of urban streets on the traffic safety

The roughness of the road surface is one of the main 
indicators characterizing the convenience of driving on 
a highway and having a decisive influence on the speed 
and safety of traffic [25]. During the maintenance of 
roads, the roughness of the road surface deteriorates 
due to its damage and deformation under the influence 
of traffic loads and weather conditions.

The effect of pavement roughness on the transport 
and operational qualities of roads has been studied 
to a  much greater extent than its effect on the traffic 
safety. Uneven road surfaces can cause the driver to 
lose control of the vehicle. At the same time, accidents, 
such as a collision of cars in a traffic stream, occur, as 
a  rule, when braking in front of a  car due to its entry 
into an uneven area. The same accidents occur when 

Asphalt and concrete pavements are very convenient 
for vehicle traffic. Despite its good technological and 
operational properties, such a  coating is sensitive to 
changes in temperature and humidity: the binder 
material contained in the coating becomes obsolete 
over time and the strength and deformation properties 
change [26].

To analyze the current state of the object of study, 
which identified the streets of the cities of Tashkent 
(Buyuk Ipak Yuli St., Fargona Yuli St. and Izzat St.) 
and Chirchik (Alisher Navoi Ave., Amir Temur Ave. and 
Soglom Avlod St.), visual inspections and measurement 
work were carried out, and photographs of various 
pavement defects were taken (Figure 2):

A  visual assessment of the condition of the road 
surface allows obtaining data on its condition, identifying 
places that are subject to assessment of the strength of 
the pavement and determining the amount of damage 
necessary for planning repairs and maintenance [27].

The destruction of asphalt concrete pavements 
occurs as a result of the complex impact of such factors 
as: miscalculations in the design of a highway, the use 
of outdated technologies and low-quality materials in 
the construction of a  road, violations of technologies 
and rules for the road construction, adverse weather 
conditions and an increase in traffic loads.

In the process of data collection, lists of defects of 
the object of study were compiled and experimental sites 
were identified for conducting the planned experiments 
of the study. Below is a  unified form of statements of 
defects of the object of study (Table 1):

From Table 1, it can be seen that on almost all the 
streets of the object of study, there are many different 

Table 1 Unified form of statements of defects of the object of study

Object of 
study

Road surface defects

Transverse 
cracks (m2)

Grid of 
cracks 
(m2)

Peeling 
(m2)

Chipping 
(m2)

Waves 
(m2)

Potholes 
(m2)

Pitting 
(m2)

Total 
pavement 
area with 

defects (m2)

Total 
pavement 
area (m2)

Percentage 
of defect 
area (%)

Buyuk Ipak 
Yuli St., 

Tashkent
43 8149 1821 2848 820 498 50 14229 102900 13.8

Fargona 
Yuli St., 

Tashkent
63 7103 12760 5916 498 648 1400 28388 142800 19.9

Izzat St., 
Tashkent

28 1480 1858 875 0 883 1750 6874 24500 28

Alisher 
Navoi Ave., 

Chirchik
134 1310 3721 0 0 0 0 5165 117600 4.4

Amir Temur 
Ave., 

Chirchik
51 7305 2535 820 500 700 150 12061 62300 19.4

Soglom 
Avlod St., 
Chirchik

26 3070 940 3720 0 590 0 8346 32200 25.9
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the density of the road network; the level of traffic 
organization; visibility conditions, etc.

Development of engineering measures for 
organization of traffic is possible only if there is 
information characterizing the traffic flows in which the 
movement occurs. Based on the traffic research and the 
practice of its organization, numerous meters have been 
developed that characterize the movement of the traffic 
flow. The primary indicators include the total intensity 
and composition of the traffic flow over a relatively long 
period of time.

The intensity of traffic and the composition of the 
traffic flow of the object of study are shown in Figures 
4-5.

Based on observations of the composition of the 
traffic flow on the experimental streets, a  tendency for 
a  high proportion of cars has been established. Figure 
5 shows the composition of the traffic flow in the form 
of a cyclogram, reflecting the ratio of cars by type to the 
total number.

Roughness has a great influence on the traffic 
speed. The influence of roughness on the maximum 

a car enters the oncoming lane to avoid bumps in its own 
lane. The condition of the pavement of the carriageway 
of roads in terms of longitudinal roughness is assessed 
by comparing the actual roughness indicators with the 
minimum allowable ones. The road surface satisfies the 
required operating conditions for roughness if the value 
of the actual roughness index is less than the minimum 
allowable value or equal to this value [28]. 

To study the effect of the road surface roughness on 
the traffic safety, the surface roughness was measured 
on all the experimental sections of streets with a three-
meter rail (Table 2) and its condition was assessed 
according to the regulatory requirements of IKN 05-2011 
and MSHN 25-2005 [27, 29]. Technical specifications of 
the instrument in pavement roughness measurements 
are shown in Figure 3.

It is known that the main indicator that determines 
the target function of roads and urban streets is the 
speed of movement. This indicator is influenced by many 
factors, some of which are: the intensity and composition 
of the traffic flow; the width of the carriageway and 
the number of lanes in each direction; the flux density; 

Table 2 Evaluation of pavement roughness in experimental streets

Street name

Number of gaps under the rail (%)

Roughness conditionless than 
3 mm 3-5 mm

more 
than 
5 mm

the biggest

Alisher Navoi Ave., Chirchik (PK 29+00 - PK 34+00) 96 3 1 6 mm Excellent

Buyuk Ipak Yuli St., Tashkent (PK 3+00 - PK 8+00) 91 7 2 7 mm Good

Soglom Avlod St., Chirchik (PK 5+00 - PK 10+00) 82 13 5 9 mm Satisfactory

Amir Temur Ave., Chirchik (PK 45+00 - PK 50+00) 81 14 5 10 mm Satisfactory

Fargona Yuli St., Tashkent (PK 54+00 - PK 59+00) 39 47 14 12 mm Unsatisfactory

Izzat St., Tashkent (PK 15+00 - PK 20+00) 41 44 15 13 mm Unsatisfactory

Figure 3 Technical specifications of the instrument in pavement roughness measurements:  
a) a three-meter rail and a wedge gauge; b) measurement site
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Figure 4 Traffic intensity at the object of study: 1 - Buyuk Ipak Yuli St. (Tashkent); 2 - Fargona Yuli St. (Tashkent);  
3 - Izzat St. (Tashkent); 4 - Alisher Navoi Ave. (Chirchik); 5 - Amir Temur Ave. (Chirchik); 6 - Soglom Avlod St. (Chirchik)

Figure 5 The composition of the traffic flow at the object of study: a) Buyuk Ipak Yuli St. (Tashkent);  
b) Fargona Yuli St. (Tashkent); c) Izzat St. (Tashkent); d) Alisher Navoi Ave. (Chirchik);  

e) Amir Temur Ave. (Chirchik); f) Soglom Avlod St. (Chirchik)
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The measured and evaluated state of roughness on 
the experimental streets indirectly affects the speed of 
movement and, therefore, the speed of movement along 
these streets, which have the same design speed, was 
also measured. The street section was chosen to measure 
the speed of cars with a  stopwatch; the measurement 
distance was 50 m and the number of vehicles was 120. 
The first step in the processing of observational data is 
the compilation of a  summary. To compile a  summary, 
all velocities obtained as a  result of observations are 
combined into numbers. The results of experimental 
measurements and estimates are given in Table 3.

When developing mathematical statistics, modal 
and cumulative speed curves along the experimental 
streets were constructed using field measurements of 
speed (Figure 7).	

With help of the cumulative curve, the values of 

speed is determined in the case of measuring roughness, 
by setting the PKRS (Device to Control Roughness and 
Adhesion) according to the formula of Vasilyev [30]:

/ . , /V S S km h7500 0 15max c c= + ,	 (1)

where: Sc - pavement roughness, cm/km.
When measuring the roughness with the pushmeter 

(tolchkomer), the maximum speed is determined by the 
formula of Sidenko [30]:

/ , /V S km h850max c= ,	 (2)

where: Sc - pavement roughness, cm/km.
According to Silyanov and Domke [25], as the 

roughness deteriorates, the speed of cars of all types 
decreases (Figure 6). 

Figure 6 Impact of pavement roughness on speed according to Silyanov and Domke: 1 - cars; 2 - trucks [25]

Table 3 Example of digits and summary of vehicle speeds

Pavement roughness condition
Speed value 15, 50, 85, 95 % security

Vm V15 V50 V85 V95

Excellent 67 51 57 68 70

Good 61 47 60 67 69

Satisfactorily 55 41 51 57 59

Unsatisfactorily 35 30 35 39 45

Figure 7 Modal and cumulative speed curves: 1 - Izzat St., Tashkent; 2 - Fargona Yuli St., Tashkent; 3 - Amir Temur Ave., 
Chirchik; 4 - Soglom Avlod St., Chirchik; 5 - Buyuk Ipak Yuli St., Tashkent; 6 - Alisher Navoi Ave., Chirchik
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that the street safety factor changes with the speed and 
roughness of the pavement (Table 4). 

Table 4 shows that when vehicles pass from the 
excellent condition to the unsatisfied condition, the 
safety index is Fs < 1, which means that the condition 
of the pavement is uneven. If the safety index is Fs = 1, 
it means that the condition of the pavement is uniform 
in this section. It would seem that by forcing drivers 
to slow down, uneven pavements should reduce the 
number of accidents. However, the analysis of the road 
traffic accidents often shows that they often focus on 
areas whose geometric characteristics and longitudinal 
profile are quite favorable, where after areas with even 
coverage there are areas with uneven coverage. 

4.2	 Study of the impact of the friction properties 
of the road surface of urban streets on traffic 
safety

The friction properties of the road surface are one 
of the important transport and operational indicators 
of highways and urban streets. It shows the reliability 
of the contact of a  car tire with the road surface 
and, in many cases, affects the traffic safety. The 
poor condition of the friction properties significantly 
worsens driving conditions, causing vibrations that are 
harmful to the driver and vehicles and significantly 
complicating the working conditions of drivers. With 
significant fluctuations, the tire can also be detached 
from the pavement surface, resulting in a complete loss 
of controllability and stability, which at high speed can 
lead to a  dangerous traffic situation and an accident. 
The condition of road surfaces in terms of friction is 
assessed by comparing the actual value of the coefficient 
of longitudinal adhesion with its minimum allowable 

the speeds corresponding to 15, 50, 85 and 95 % of 
the security are determined. The speed values of 15 % 
security show the speed of cars that are overtaken 
by the remaining 85 % of cars. These 15 % of cars are 
usually the source of accidents. Therefore, with artificial 
regulation of traffic, it is advisable to take this speed 
as the minimum allowable. The values of modal speed  
(Vm) occur often in the sample of spot speed in the given 
data [31].

Traffic hazards were assessed using a safety factor 
and the results were statistically analyzed. Safety 
coefficients are the ratios of the maximum speed of 
movement on the site to the maximum speed of entry of 
cars into this section:

/F V VS S en= ,	  (3)

where: Vs - the maximum speed of movement on the site, 
km/h; 
Ven - the maximum speed of entry into this section, km/h.

The safety factor method takes into account the 
movement of a single vehicle, which is a good measure 
for safety and typical for traffic conditions on roads with 
low intensity or hours of slowdown in traffic on busier 
roads. This does not prevent its use for all the types of 
roads since overtaking is practically excluded at high 
traffic intensity and the calculation for a  single car is 
directed towards a safety margin.

Sections with safety factors less than 0.8 are 
unacceptable in new road projects. In reconstruction and 
overhaul projects, safety factors are taken into account 
according to MSHN 25-2005 [29].

To assess the safety factors, sections were allocated 
at a distance of 100 meters from all experimental streets 
and the maximum speed of an individual car on these 
streets was determined using a stopwatch. It was found 

Table 4 Changes in safety factor depending on roughness condition

Roughness condition Safety factor values, FS

excellent 1

good 0.9 1

satisfactorily 0.75 0.8 1

unsatisfactorily 0.55 0.6 0.75 1

Figure 8 “Sand spot” method: 1 - a hill of sand before leveling;  
2 - sand after leveling
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contoured, the sand is removed from the depressions of 
macroroughness with a brush and the cleaned surface 
of the coating is lubricated with technical glycerin. 
Then, an impression is taken from the coating: a liquid 
dough is made from gypsum, quick-hardening cement, 
or other similar material and is distributed over the 
surface under study with a layer of 1.0-1.5 cm. After 5-7 
minutes, the impression is separated from the coatings 
and held for 10-15 minutes until it hardened. After 
that, the volume of friction property depressions is 
determined (numerically equal to the volume of friction 
property protrusions) using the “sand spot” method and 
the average height of the protrusions is calculated [28].

As a result of Nemchinov’s proposal of the 
dependence of the friction (adhesion) coefficient on the 
contact of automobile tires with the pavement of the 
roadway, it was found that on the wet pavements at 
low speeds, with an increase in friction properties, the 
adhesion coefficient decreases and with an increase in 
speed, it first stabilizes and then even increases with an 
increase in the average height of the protrusions up to 
5.5 mm (Figure 9) [33]. 

To study the effect of road surface friction properties 
on traffic safety, the pavement friction properties were 
measured at every 1000 m of all the experimental streets 
using the “sand spot” method and their condition was 
evaluated using the method proposed by Nemchinov and 
according to the regulatory requirements of IKN 05-2011 
and MSHN 25-2005 [27, 29]. The condition of the road 
surfaces in terms of friction is assessed by comparing the 
actual value of the coefficient of longitudinal adhesion 
with its minimum allowable value (Table 5).

value. The road surface meets the requirements for 
operation if the actual value of the friction coefficient 
is greater than or equal to the minimum allowable 
value. The minimum allowable friction coefficient 
is 0.3 when measured with a  tire without a  tread 
pattern and 0.4 when measured with a tire with a tread  
pattern [32].

The “sand spot” method is a  set of equipment 
that includes a  measuring container of a  volume of 
at least 20 cm3, a  flat disk (stamp) of a  diameter 
of 10 cm for distributing sand, a  measuring ruler of 
a  length of at least 30 cm and a  sweeping brush. 
Measurements require clean, fine (particle size no 
more than 0.2-0.3 mm) natural sand in an air-dry state, 
gypsum or quick-hardening cement and water. When 
taking measurements, a certain volume of sand (20-50 
cm3) is poured onto the surface of the coating and, using 
a stamp, it is evenly distributed flush with the surface of 
the friction properties protrusions, giving the sand spot 
the shape of a circle, rectangle, or square (Figure 8) [28].

Then the diameter of the circle is measured in four 
mutually perpendicular directions (D1 - D2) and the 
arithmetic mean diameter is calculated, by which the 
average depth of the friction property depressions is 
determined:

/V D4av n
2T r= ,	 (4)

where: Vn - sand volume, cm3; 
D - average circle diameter, cm.

If it is necessary to determine the height 
of the protrusions, the surface occupied by sand is 

Figure 9 Dependence of the adhesion coefficient on the macroroughness of the road surface.  
Tire 6.45-13 R with a new tread pattern. ,d w{ {  - coefficient of longitudinal adhesion,  

on a dry and wet rough wear layer, respectively. Traffic speed, km/h: 1 - 40 km/h;  
2 - 60 km/h; 3 - 80 km/h [33]
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conditions on the experimental streets, the relationship 
between the flow density and street capacity was 
determined (Figure 11).

From any of the graphs shown in Figure 11, it 
can be clearly seen how the throughput of the street 
changes depending on the flow density and that with 
an increase in the flow density, the throughput of the 
street decreases. Additionally, on some streets (Izzat St., 
Tashkent; Soglom Avlod St., Chirchik), the indicators 
are low due to the fact that the geometric parameters 
and road conditions are in an inappropriate condition.

5	 Conclusions

Based on the review of previous studies, it was 
determined that the scope and volume of research works 
devoted to the «study of the impact of roughness and 
friction properties of road surfaces of urban streets on 
traffic safety» vary widely. It was determined that on 
almost all the streets of the object of study there are many 

The road surface meets the requirements for 
operation if the actual value of the friction coefficient 
is greater than or equal to the minimum allowable 
value. The maximum permissible value of the friction 
coefficient is 0.3 when measured by a  tire without 
a  tread pattern and 0.4 when measured by a  tire with 
a tread pattern [27].

The measured and estimated friction properties of 
the experimental streets indirectly affect the speed of 
movement and therefore, the speed of movement along 
these streets was also measured. This indicator is also 
influenced by the level of traffic congestion on the road. 
When processing the data, a graph was constructed of 
dependence of the speed of the traffic flow on the value 
of the load factor (Figure 10), from which it follows that 
in the interval .z0 0 2# # , the traffic flow moves at a 
speed of 55 to 70 km/h; in the interval . .z0 2 0 45# #  
- from 35 to 55 km/h,; in the interval . .z0 45 0 7# #  - 
from 20 to 45 km/h,; and in the interval . z0 7 1# #  
traffic speed is less than 20 km/h. 

According to results of the study of the traffic flow 

Table 5 Evaluation of pavement friction properties of experimental streets

Street name Measurement site , cmavT w{
The state of friction properties 
according to the requirements  

of operation

Buyuk Ipak Yuli St., Tashkent

PK 10+00 0.4 0.5 satisfies

PK 20+00 0.65 0.42 satisfies

PK 30+00 0.88 0.26 does not satisfy

PK 40+00 0.9 0.25 does not satisfy

PK 50+00 0.74 0.35 does not satisfy

PK 60+00 0.44 0.48 satisfies

Fargona Yuli St., Tashkent

PK 10+00 0.52 0.45 satisfies

PK 20+00 0.86 0.34 does not satisfy

PK 30+00 0.5 0.45 satisfies

PK 40+00 0.77 0.35 does not satisfy

PK 50+00 0.89 0.25 does not satisfy

PK 60+00 0.74 0.35 does not satisfy

Izzat St., Tashkent
PK 10+00 0.63 0.42 satisfies

PK 20+00 0.82 0.32 does not satisfy

Alisher Navoi Ave., Chirchik

PK 10+00 0.52 0.45 satisfies

PK 20+00 0.55 0.44 satisfies

PK 30+00 0.7 0.38 does not satisfy

PK 40+00 0.65 0.42 satisfies

PK 50+00 0.89 0.25 does not satisfy

PK 60+00 0.36 0.5 satisfies

PK 70+00 0.5 0.45 satisfies

Amir Temur Ave., Chirchik

PK 10+00 0.82 0.32 does not satisfy

PK 20+00 0.88 0.26 does not satisfy

PK 30+00 0.75 0.35 does not satisfy

PK 40+00 0.75 0.35 does not satisfy

PK 50+00 0.33 0.5 satisfies

Soglom Avlod St., Chirchik
PK 10+00 0.7 0.38 does not satisfy

PK 20+00 0.8 0.3 does not satisfy
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not. From the proposed graph of the relative dependence 
of the pavement roughness and a safety factor, it follows 
that the most dangerous (Fs < 0.6) are the Fargona Yuli 
and Izzat streets of the city of Tashkent, the pavement 
roughness of which is in unsatisfactory condition. 
The measured and estimated friction properties of 
the experimental streets indirectly affect the speed of 
movement and, therefore, the speed of movement along 
these streets was also measured. This indicator is also 
influenced by the level of traffic congestion on the road. 
From the proposed graph of the relationship between 
the flow density and a street capacity, it can be seen 
that as the flow density increases, the street capacity  
decreases.

different defects in the pavement, including potholes and 
pitting and their distribution occupies a considerable 
area. 

To study the influence of the roughness and friction 
properties of the road surface on the traffic safety, 
the relative dependence of pavement roughness and 
safety factor was proposed; an empirical dependence 
was obtained, reflecting the relationship between the 
traffic speed and a load factor, under different traffic 
conditions; and the relationship between the flow 
density and a street capacity was determined. The 
maximum permissible value of the friction coefficient 
for experimental streets is 0.4 and 50 % of the object of 
study meets the requirements of operation; 50 % does 

Figure 10 A graph of the relationship between the traffic speed and a load  
factor under different traffic conditions

Figure 11 A graph of the relationship between the flow density and a street capacity: 1 - Buyuk Ipak Yuli St. (Tashkent); 
2 - Fargona Yuli St. (Tashkent); 3 - Izzat St. (Tashkent); 4 - Alisher Navoi Ave. (Chirchik);  

5 - Amir Temur Ave. (Chirchik); 6 - Soglom Avlod St. (Chirchik)
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Resume
The article highlights the problem of occupational safety of a technological 
truck driver by improving the process of determining the level of occupational 
risk by studying the relationships between various external and internal 
hazards. A special algorithm is proposed, the main difference of which from 
the known ones is the procedure for analyzing and determining the causes 
of dangerous factors, for which it is proposed to use the “Decision-Making 
Trial and Evaluation” method (further - fuzzy Dematel). A cause-and-effect 
relationship has been established between dangerous factors that affect the 
work of a truck driver while driving a vehicle.
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39001:2012, ISO 45001:2018 and others, consists of several 
main steps: identification of hazards and dangerous 
factors (hereinafter - DF), determination of the damage 
level and occurrence probability of a dangerous event, 
establishment of causal consequential links between 
danger, DF and dangerous event, on the one hand and 
dangerous event and consequences, on the other. Next, 
the value of OR is directly assessed, which is the basis 
for justifying the protective and preventive measures. 
The last step is to check the OR assessment. Despite the 
fact that all the steps are quite important, and a mistake 
made at any stage can nullify the entire procedure, it 
is considered that the most difficult and responsible 
step is the first one: the identification of hazards and 
DF. Ignoring any hazard or DF can lead to catastrophic 
consequences that no one has expected. Therefore, in 
each specific case, there is a necessity to process fairly 
significant volumes of information: processing the letters 
of incapacity for work, accident materials investigation, 
results of sanitary and hygienic, ergonomic analyzes of 
the workplace, maps of working conditions, results of 
monitoring the performance of production operations, 
questionnaires, employees surveys to find out, not only 
the presence of the dangers themselves, but the causes 

1	 Introduction

With the industrialization spread in the world, the 
responsibility of employers for occupational safety has 
increased. This has led to necessity to introduce various 
legal acts both at the international [1] and national 
levels regarding occupational health and safety at work. 
In particular, the convention of the International Labor 
Organization (ILO) and the European Union (EU) 
89/391/EEC “Framework directive on health and safety 
at work” has been adopted at the international level, and 
at the national level - the corresponding legislation on 
labor protection and [2-5], which contains requirements 
for both employers and employees, the basis of which is 
the occupational risk assessment (hereinafter -OR). It is 
considered that its introduction allows to significantly 
increase the level of labor safety, due to elimination 
of industrial hazards that affect employees during the 
professional activities’ performance. The appropriate, 
high-quality assessment of occupational health and 
safety is a very important stage of the occupational 
safety and health management system.

The evaluation procedure of the assessing 
occupational risks, according to ISO 31000:2018, ISO 
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latter is the most appropriate, as it allows to assess 
reliably the level of the OR. However, a significant 
amount of statistical data is needed to determine the 
probability of the dangerous event occurrence. The issue 
raised in the case of road freight transportation (further 
- RFT) of hazardous substances that pose a significant 
threat to humans and the environment becomes 
especially relevant [9]. The author suggests that during 
the OR assessment, it is necessary to take into account 
the influence of the physical and chemical properties 
of the cargo being transported. However, the author, 
having disclosed in detail the consequences of such 
accidents and at the same time substantiating the need 
to take into account the type of cargo for the evaluation 
of the OR, does not indicate a specific procedure that 
would allow establishing the value of the OR. In the 
study [10], it is also suggested to pay attention to the 
type of cargo, the quality of the driver training and the 
influence of the environment, using the usual matrix 
system of the occupational risks evaluation. Moreover, 
they do not pay attention to the cumulative effect of the 
mentioned dangerous factors (PMs), but evaluate their 
impact separately from each other, which can lead to a 
significant error in the calculations of OR. In addition, 
no less important for reducing the level of professional 
risks is the construction of rational traffic routes, thanks 
to which a reduction in the distraction of the driver’s 
attention during transportation is achieved [11]. In 
another publication [12], the authors cited the results 
of the influence of a large number of participants in the 

- DFs, as well, which lead to and have an impact on 
the increase in the occurrence probability and severity 
of incidents, emergency situations, traffic accidents 
(hereinafter - TA), accidents or emergency situations 
(Figure 1). 

Also, it can be noted that this process is strongly 
influenced by the professional expert subjective 
opinion. A cohort of various cognitive biases (too 
much information, planning errors, optimism bias, 
fundamental attribution error, and others) quite often 
leads to incorrect evaluation decisions, calculations of 
the OR value [6-7] - neglect of obvious facts. At the same 
time, the processing of the entire set of the DFs would 
lead to a significant increase in the maps size for the 
OR assessment, the complexity of their understanding 
and reading, and most importantly, the selection of the 
most significant factors of incidents. Therefore, research 
aimed at improving this procedure, namely reducing the 
influence of the judgments subjectivity when calculating 
OR, is a rather urgent task [8].

2	 Analysis of relevant literature

Several different approaches are proposed 
for evaluating the OR in transportation processes: 
qualitative, semi-qualitative (when the occurrence 
probability of a dangerous event and the severity of 
the consequences are set by experts based on their own 
experience) and quantitative. Experts indicate that the 

Figure 1 Dangerous Factors’ threat
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The fuzzy Dematel method is superior to other 
multi-criteria management decision-making methods, 
such as “Interpretive structural modeling” (ISM) and 
“Analytic Hierarchy Process” (AHP) methods, as it 
allows to assess the overall degree of influence of various 
factors or problems effectively, to identify the cause-and-
effect groups and establish causal relationships [15-17]. 
The use of fuzziness in the fuzzy Dematel method allows 
to use imprecise information that is typical for ordinary 
human judgments. It includes four main stages [18-20].

Formation of data for analysis. To identify areas 
where the process improvement is possible, data relevant 
to the problem under consideration must be collected so 
that various quantitative and qualitative operations can 
be applied to refine the details.

Identification of received data. The information 
collected at the stage A is important for identifying 
the potential problems (PP) that prevent the normal 
operation of the technological (transportation) process 
under consideration. Based on the nature of the received 
information, the quantitative and qualitative data 
analysis is carried out. It is also possible to convert the 
qualitative (logistic statements) data into quantitative 
data and vice versa.

Analysis of relationships. The number of problems 
highlighted in this step can vary from a few units to very 
large values. It is believed that none of the problems 
exists by itself, without the connection to the others. In 
other words, each problem can drive others or depend on 
other problems. Therefore, it is important to analyze the 
interrelationships between problems.

Interpretation of the obtained results. At this stage, 
the results of the analysis carried out at the relationships 
analysis stage are interpreted.

The above four stages can be divided into several 
consecutive steps of the research (Figure 2), which will 
allow to obtain the appropriate result from the analysis 
of the impact of certain DFs on the efficiency of the 
technological (transportation) process.

At the first step, a group of experts-specialists in 
the relevant field is formed, who have theoretical and 
practical experience in the relevant field of activity to 
identify the DFs related to the professional activity of 
the driver and their consequences. Five experts were 
selected to carry out this procedure (Table 1).

At the second step, evaluation criteria are 
determined and the fuzzy linguistic scale is developed 
for expert evaluation. At this stage, various criteria 
and degrees of each problem’s relative importance are 
determined, and presented in the linguistic classification 
terms: very high impact, high impact, low impact, very 
low impact and no impact. Answers of experts were 
transformed into the fuzzy numbers using a fuzzy 
scale (Table 2). Triangular fuzzy numbers were used; 
the triangular fuzzy number zu  is defined as follows: 

, ,z l m u=u ^ h , where l, m and u are real numbers and  
l ≤ m ≤ u. 

transportation process and their possible incompetent 
actions, which lead to an increase in random factors 
and the resulting OR. To identify the transportation 
risks, the authors suggest using the SWOT analysis, 
which does not allow for the ranking of OR, but only 
indicates the presence of a number of strengths and 
weaknesses with the identification of threats that affect 
the RFT. The interesting solution for the occupational 
risks assessment was proposed by the authors in [13], 
to identify the OR that appears in the transport chain. 
At the same time, for each step, it was proposed to 
determine, instead of the severity of the consequences, 
the quality of the cargo transportation process. The 
result is the amount of OR when performing the RFT 
of the corresponding type of cargo. At the same time, 
having proposed a good idea, the authors subsequently 
followed the path of semi-quantitative analysis, which 
requires appropriate preparation for conducting such an 
analysis. Another unusual approach to the assessment 
of transport risks was shared by the authors in [14], 
where it is proposed to carry out a OR assessment by 
the Functional Resonance Analysis Method (FRAM 
method), which allows to consider the influence on the 
final result of four factors, which are set by the functions 
of time, control, availability of preconditions and a 
sufficient number of resources. On the one hand, this 
approach allows for more thorough determination of the 
occupational risks of failure to perform the transport 
work, and on the other hand, it forces a qualitative 
assessment of the function variability, which can 
introduce additional errors into the transport process 
risk assessment.

The conducted analysis indicates the need to develop 
or improve the process of DFs identification, which 
increase the probability of a dangerous event to reduce 
the procedure subjectivity for the management of OR in 
road freight transportation.

The purpose of this study was to improve identifying 
the to improve the process of identifying the dangerous 
factors that increase the probability of a dangerous event 
occurrence and the severity of its consequences to reduce 
the subjectivity of judgments during the managing 
professional risks procedure ine implementation of the 
road freight transportation.

3	 Materials and methods

For the above mentioned procedure it was planned 
to use the fuzzy Dematel method, which is based on 
paired comparison and decision-making tools based on 
the Graph theory [15-16], which would allow the causal 
relationships transformation in structural-visual models 
and together with verification of experts’ assessments of 
emissions according to the Grubbs criterion to identify 
and understand the most relevant interdependencies 
between various DFs that cause human harm.
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Without loss of generality ,z i n1 2k
u f= =u ^^ hh  was 

treated as a triangular fuzzy number , ,z 0 0 0=u ^ h , 
when it is required. 

In the fourth step, the normalized fuzzy matrix of 
direct connections is analyzed. Suppose that: 

The membership function zn u  is defined as follows:
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in all other cases0
z

# #

# #n =
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The third step involves the construction of a fuzzy 
normalized matrix of direct communication based on 
the results of expert judgments of the problem under 
consideration. Fuzzy matrices , , , ,z z z zp1 2 3 fu u u u  are formed. 
Triangular fuzzy numbers were generated according to 
the judgments of the experts who participated in the 
peer review. The initial direct matrix is the fuzzy matrix 
zku :

Figure 2 Algorithm of the fuzzy DEMATEL method

Table 1 Data from experts participating in research

Information Amount

Number of experts 5

Work experience in transport logistics positions from 10 to 14 years

Education of experts majored in transport technologies

Work experience more 10 years

Availability of an auditor’s certificate for the company’s quality and safety 
management systems Yes

Advanced training in risk assessment according to requirements ISO 45001 Yes

Table 2 Word phrases and corresponding fuzzy numbers [21]

Final equivalent Description A vague equivalent

Very high impact VH 0.75 1 1

High impact H 0.5 0.75 1

Low impact L 0.25 0.5 0.75

Very low impact VL 0 0.25 0.5

No influence NO 0 0 0.25
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Based on the results of the calculation carried out 
in step 7, a cause-and-effect diagram was built. Its 
feature is determination of the causal and consequential 
dangerous factors. As a result, r + c indicates the 
importance of criterion i in the system and r - c shows 
the effect of criterion i in the system. If r - c is positive, 
the effect of criterion i belongs to the group of reasons, 
and if r - c is negative, the effect of the criterion belongs 
to the group of “dependents”, which allows establishing 
the most important (causal) ones, according to which the 
risks are determined when performing the road freight 
transportation. 

4	 Research results

To assess the risks in implementation of the RFT, 
one can use the “Bowtie” model [24], which is the 
most widespread, as it allows to clearly establish, 
by visualizing, the cause-and-effect relationships. 
Moreover, with its help, it is quite simple to show the 
effect of DFs, which increase the probability of the 
dangerous event occurrence (Figure 3). The latter, in 
accordance with the requirements of the international 
standards of the ISO 9000, ISO 14000, ISO 39000, 
ISO 45000 series, include all the external and internal 
threats, challenges, inconsistencies that are identified 
during audits, analyzes by management, investigation of 
incidents, accidents during implementation RFT [11-12].

Thus, the analysis of various literary sources [25-
27], as well as familiarity with the main causes of 
traffic accidents, made it possible to establish the main 
dangers (Table 3) that lead to traffic accidents and 
represent any source with the possibility of causing 
injury and deterioration of driver health. 

Considering that the dangerous event occurrence is 
significantly influenced by various factors that increase 
its occurrence and the severity of its consequences, 
there is a necessity to build an appropriate register that 
would take into account at least several different groups 
of factors: human, organizational, social, technical, 
climatic, ergonomic ones. In each of the groups listed in 
Tables 4 and 5, specific dangerous factors that belong 
to one or another organization are considered. They are 
formed from working conditions, economic situation, 
technology and other components of organizational 
culture, which includes common/individual language/
knowledge, acceptable technical solutions, common 
values, views, explicit/implicit symbols, shared 
experience, social customs and social norms, “maps 
meanings” that make social life understandable for 
employees of a separate company. 
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A  linear transformation was used to transform 
the criteria scale into a  scale of comparable values, 
and a  normalized fuzzy matrix of direct relationships, 
obtained as a  result of expert evaluation, has the 
following form given in Equation (4):
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where k = 1, 2, 3, ..., p. 
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Similar to the conventional Dematel method, we 
assume that there is at least one value of i such that 

u rij
k
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n
k
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1 1

1
= =

| | . 

Xu  denotes the average value of the judgments of 
all the experts who participated in the evaluation of the 
technological process:

X p
x x xp1 2 f= + + +u u u u .	 (6)
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where X p
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ij
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1= =u
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.

The fifth step is to calculate the overall fuzzy matrix 
of connections Tu . It is known that lim XW

W H="3 , 
where H  is the zero matrix. In addition, it is known that 

.lim X X X X X1 1W
W2 1

$f+ + + + = -"3
-u u u u^ ^h h  

Both of these relations are proved in [22-23]. The last 
matrix is a general fuzzy matrix of connections Tu . 

The sixth step consists in calculating the general 
matrix of connections Tu . Significance and relative 
position vectors are calculated, as well.

In the seventh step, all the fuzzy numbers are 
converted to exact values. For this, the following variant 
of the CFCS method is used. Suppose there are triangular 
fuzzy numbers , , ;N l m uk k k k=u ^ h , , ,k n1 2 f= . Provided 
that ; ;max maxL l R u R Lk k T= = = -^ ^h h . That is, 
the usual value is calculated according to the following 
formula: 
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apply various mathematical approaches to process the 
results received from experts and check their estimates 
for emissions, the Grubbs’ criterion is used: 

G
S

X X
max

n=
- r

,	 (9)

where Xn is the proposed expert assessments, Xr  is the 
sample mean and S is the mean square deviation. 

Where it is necessary to calculate the mathematical 
expectation or the average value of the obtained results: 

X n X1
i

i

n

1

=
=

r | .	 (10)

It is also necessary to calculate the mean square 
deviation: 

s n X X1
1

i
i

n

1

2= - -
=

r^ h| .	 (11)

As it has been already mentioned, a necessary 
condition for a successful occupational risks assessment 
is identification of all the potential hazards and their 
DFs, which is the basis of the first step in the OR 
assessment - hazard identification. The main complexity 
of the mentioned process includes the processing of a 
significant amount of information, that is, determination 
of the influence of one or another factor based on the 
establishment of cause-and-effect relationships, which 
would be carried out using the DEMATEL method, the 
algorithm of actions according to which is described 
above. A group of experts (Table 1) separately from 
each other, conducted pairwise comparisons of the 
determined dangerous factors (Table 4 and 5) and filled 
in the corresponding matrix-diagram (Figure 4) with 
pre-established criteria (Table 2). Unfortunately, this 
process is significantly influenced by the subjective 
judgments of experts, which are reinforced by possible 
cognitive distortions. Therefore, there is a necessity to 

Figure 3 The OR management model in the presence of DF in the external  
and internal environment of an organization

Table 3 Register of dangers affecting the motor vehicle driver

Threat Dangerous 
event General DF Consequences of 

a dangerous event

Affecting the probability 
of the occurrence of a 

dangerous event

Affecting the degree of 
severity of the consequences 

of the occurrence of a 
dangerous event

A moving car Traffic accident

Organizational factors; 
the condition of the driver; 
technical condition of the 
car; climatic factor, social 

factor

The condition of the driver, 
the technical condition of 
the car, the condition of 

the water, operational and 
organizational factors

Serious injuries: broken 
bones, ruptured internal 

organs, skull fracture 
and brain contusion, etc.

Running car 
engine Fire Technical condition of the 

car, operational

Technical condition of the 
car, condition of the driver, 
operational, organizational 

factor

Serious injuries: burns 
and others

A working car 
engine in which 
fuel vapors have 

accumulated

Explosion Technical condition of the car

Technical condition of 
the car, water condition, 

operational, organizational 
factor

Severe injuries: broken 
bones, ruptured internal 

organs, skull fracture 
and brain contusion, 

burns, etc.
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With help of the following formulas, one checks for 

outliers the maximum and minimum results of expert 
assessments, provided that the indicator exceeds the 
critical value: 

Table 4 An example of a low-risk register - a moving truck (when carrying out an RFT) - part 1

A group of 
dangerous 

factors

Designation of 
the factor

Dangerous factor (DF)

Human A1 Distractions while driving - texting or talking on a cell phone

A2 Lack of system understanding skills and safe decision-making skills

A3 Aggressive behavior while driving a truck

A4 Negative physical state of health and psycho-physiological state of the driver

A5 Lack of regular and periodic training to improve professional skills

Technical A6 Non-compliance of the truck with the physical and chemical properties of the transported 
cargo

A7 Inconsistency of the carrying capacity of a vehicle with the amount of cargo being 
transported

A8 Operation of a technically defective truck and equipment

A9 Low-quality spare parts and untimely installation and replacement of units and assemblies 
according to the terms of maintenance and repair.

A10 Operation of the equipment after the warranty period of operation

A11 Untimely replacement of hydraulic fittings during maintenance

A12 Negligence in observing the technical condition of the truck’s passive safety systems 
(airbags, safety belts, impact-absorbing bumpers, etc.).

A13 Lack of appropriate equipment of the truck to perform the RFT

A14 Lack of high-quality supervision and technical inspection of the technical condition of the 
truck

Table 5 An example of a low-risk register - a moving truck (when carrying out an RFT) - part 2

A group of 
dangerous factors

Designation of 
the factor Dangerous factor (DF)

Organizational

A15 Lack of emergency equipment (fire extinguisher, etc.), first aid kits

A16 Exceeding the standard working time of a truck driver (driver fatigue)

A17 Overloading of a truck when carrying out the RFT

A18 The cabin is dirty, there are foreign objects in the driver‘s seat

A19 Lack of regular diagnostics and appropriate maintenance

Operating

A20 Inconsistency of tire pressure with the road conditions

A21 Unadjusted electronic driver assistance systems when driving a truck

A22 Lack of proper pre-race medical control of the driver‘s health

A23 Fog, rain, snow/night time - poor visibility of the road by the driver

Social

A24 Lack of financial support in a difficult situation

A25 Low wages

A26
Absence of monetary supplements for the difficulty of performing professional 
functions

A27 Overtime work schedule

Ergonomic

A28 Lack of ease of steering wheel adjustment

A29 Lack of sufficient and convenient visibility at the workplace

A30 Lack of adequate air conditioning/heating system
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indicator (μ), which was determined from the matrix 
of the overall impact. The threshold value is set by 
calculating the sum of the mean and standard deviation 
(μ + σ). At the same time, it is considered that all the 
DFs from each group will lead to a dangerous event 
and, in general, cause harm to human life or disruption 
of the performance of the transport task during the 
implementation of the road freight transportation. In 
addition, when compiling a matrix-diagram, experts are 
invited to take into account the possibility of controlling 
the value of each factor. Next, processing of the results 
of the conversion is carried out, which allows obtaining 
the prioritization of DFs (Table 6 and 7) and conducting 
a detailed analysis to determine their impact on a 
dangerous event. So, in the given example, the largest 
indicator (r + c) is recorded in the DF numbered A2, A3, 
A4, A11, A12, A14, A15, A16, A15, A17, A18, A20, A21, A22, A23, A25, 
A26, A27, A28, A29, A30 (Figure 5), while taking into account 
only those dangerous factors in which the difference  
(r - c) had positive values. 

Based on [26], the determined causal factors can 
be divided into decisive, that is, those that affect the 
probability of the dangerous event occurrence and 
secondary - those that have a less strong influence 

, , ; , , ,N l m u k n1 2k k k k f= =u ^ h . For this, used the 
condition that the level of influence, which is calculated 
as r - c, should be bigger than the average number of 
Scp. matrices of general influence. The basis of this 
transformation is the combination of r and c criteria 
into a single matrix by transforming the “positive” 
indicator of the value of each factor into a “positive” one. 
Additionally, an alternative approach for determining 
the significant dangerous factors is presented. Thus, the 
causal dangerous factors are determined by fulfilling 
the condition /r c 1i i (  or r c 0i i (- . The next 
step is to establish the significance of the causal 
dangerous factor. For this purpose,  it is proposed 
to determine the range for the indicator of the level 

where α is the level of significance, which is determined 
in accordance with the requirements [28]. 

In the case of non-fulfillment of the specified 
inequality, the results of evaluations will be considered 
as emissions that must be excluded. In addition, the 
experts who gave such an assessment are clarified 
to identify the reasons for e validity of their choices 
of points during the examination. Critical values of 
statistics are chosen based on the distribution law 
of a  random variable. Those values can be found for 
a normal distribution according to the requirements of 
[28]. In the case of suspicion of two outliers, Grubbs’ 
two-outlier statistic is used to evaluate the population 
of results. 

The dimensions of the matrix-diagram are 
determined by the number of the DFs that affect the 
activity of drivers when performing the road freight 
transportation. In this case, an appropriate number 
(thirty) of DFs was proposed during the implementation 
of the RFT, although this list is far from complete. Each 
expert analyzes the causal relationship between a pair 
of DFs. At the same time, the connection can be absent, 
weak or strong, which is encoded by the corresponding 
symbols. The subjectivity of experts’ judgments at 
this stage is reduced during the averaging of their 
results after steps 4, 5, when the general matrix of 
connections of the determined DFs is built. In this case, 
the judgment of experts is, as a rule, based on the OR 
control approach. In addition, to reduce the influence of 
subjectivity of judgments during the transformations of 
the values of the relationship between DFs established 
by experts, a threshold indicator (μ) at the level of 0.5 
was introduced, which makes it possible to filter out 
rather insignificant connections in which the experts 
were not sure [25]. It is worth noting that to reduce the 
subjectivity of experts’ judgments, when calculating the 
degree of importance and impact of the OR, the standard 
deviation σ was considered to determine the threshold 

Figure 4 An example of the matrix of pairwise comparisons, which is filled out by experts
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Table 6 Prioritization of DFs based on degree of importance (r + c) and level of influence (r - c) - part 1

DF

Calculated data Degree of 
importance

Level of 
influence Determination of 

the type of DF

Determining the 
significance of 

the impact of the 
causative DF

Definition of 
the DF used in 

risk calculations 
(if causal and 
significant)

r c r + c r - c

A1 28.44 28.73 57.17 -0.29 consequential not considered not used

A2 32.53 28.28 60.11 3.65 causal essential* used

A3 31.36 28.24 59.10 3.12 causal essential used

A4 26.69 29.24 55.93 -2,55 consequential not considered used

A5 28.02 28.39 56.41 -0.37 consequential not considered used

A6 28.02 29.79 57.81 -1.77 consequential not considered used

A7 29.26 28.10 57.36 1.16 causal not essential* used

A8 27.71 29.21 56.92 -1.50 consequential not considered used

A9 28.93 28.12 57.05 0.81 causal not essential used

A10 27.72 28.53 56.25 -0.81 consequential not considered used

A11 25.74 28.70 54.44 -2.96 consequential not considered used

A12 30.55 28.48 59.03 2.07 causal essential used

A13 27.77 28.93 56.70 -1.16 consequential not considered used

A14 32.26 28.61 60.87 3.65 causal essential used

Table 7 Prioritization of DFs based on degree of importance (r +c) and level of influence (r - c) - part 2

DF

Calculated data Degree of 
importance

Level of 
influence

Determination of the 
type of DF

Determining the 
significance of 

the impact of the 
causative DF

Definition of 
the DF used in 

risk calculations 
(if causal and 
significant)

r c r + c r - c

A15 31.14 29.31 60.45 1.83 causal essential* used

A16 30.58 29.16 59.74 1.42 causal essential used

A17 31.13 28.82 59.95 2.31 causal essential used

A18 31.23 28.40 59.63 2.83 causal essential used

A19 26.53 27.55 54.08 -1.02 consequential not considered not used

A20 28.60 27.94 56.54 0.66 causal not essential* not used

A21 27.08 27.82 54.90 -0.74 consequential not considered not used

A22 31.49 29.33 60.82 2.16 causal essential used

A23 30.61 29.20 59.81 1.41 causal essential used

A24 28.72 29.14 57.86 -0.42 consequential not considered not used

A25 26.00 27.86 53.86 -1.86 consequential not considered not used

A26 25.85 28.05 53.90 -2.20 consequential not considered not used

A27 30.09 28.51 58.60 1.58 causal essential used

A28 27.77 27.63 55.40 0.14 causal not essential not used

A29 26.18 27.87 54.05 -1.69 consequential not considered not used

A30 26.91 28.39 55.30 -1.48 consequential not considered not used

Note* causative case at r c 0(-  or /r c 1( ; * causative case at r c 0#-  or /r c 1# ; *essential .S 1 2cp(   
or .max maxr c r c r c0 2$ (- - -^ ^ ^h h h ; *not essential .S 1 2cp#  or . max r c r c0 2 0( (- -^ ^h h .
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there are also the consequential factors that affect the 
severity of the consequences, but they were not identified 
in this study.

In this study, it is assumed that for the further 
analysis of the occurrence assessment of a dangerous 
event, we select only dangerous factors that are the 
causes and form the corresponding impact on the 
dangerous event and the severity of consequences. 
Constructed prioritization of the dangerous factors, 
compatible with their ranking, makes it possible to 
obtain a map of connections from which it is clearly 
visible how the faults are related to each other and 
which of them are causal and which are consequential. 
If the first (causal) faults are eliminated, the second ones 
will disappear or at least weaken the influence, as well, 
however, experts still need to further analyze the results 
to identify possible inaccuracies.

The last step of the procedure is to clarify the 
cause-and-effect relationships between the hazard and 
the dangerous event and the consequences severity, 

of influence (ri - ci) from the principle “As low as 
reasonably practicable” (ALARP), that is, the residual 
level of risk should be reduced as much as it is 
practically possible. In this case, the following condition 
is provided: .max maxr c r c r c0 2i i$ (- - -^ ^ ^h h h

, i.e., the level of influence is limited up to 80 % of all the 
cases. As a result of the calculations, only 11 dangerous 
factors A2, A3, A12, A14, A15, A16, A17, A18, A22, A23, A27 would 
satisfy the given condition.

The obtained results would be divided into four 
zones in accordance with the recommendations [29] 
(Figure 6). The first zone includes the causal factors that 
affect the probability of the dangerous event occurrence, 
the calculation of which satisfied the above-mentioned 
condition - A2, A3, A12, A14, A15, A16, A17, A18, A22, A23, A27.

The second level includes consequential factors 
that have an impact on probability of a dangerous 
event occurrence, as well. The third level allows to 
establish the causal factors that affect the severity of the 
consequences, which include A12, A15. In the fourth zone, 

Figure 5 The connection map example between the measurements  
of DF (Sav average number of the matrix of general influence is 1.3)

Figure 6 Division of consequential DFs into influential ones in terms of probability  
and severity of consequences according to criteria
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factors or criteria; the second type is determination of 
the key factors based on cause-and-effect relationships 
and degrees of interrelationship between them; the 
third type is the weighting criteria determination 
by analyzing the relationships and levels of criteria 
influence. The last two types make it possible to 
transform the relationships between the factors into 
an understandable structural model of the system 
and divide them into a group of causes and a group 
of consequences [32]. For this, a threshold value, such 
as the mean of the total effect matrix, is set to filter 
out minor effects. Thanks to a detailed review of the 
Dematel methodology, there is an opportunity to reduce 
the influence of subjective judgments of experts through 
the uncertainty assessment in the decision-making 
process using the fuzzy sets to capture the relationships 
of mutual influence between quality attributes [33].

When determining the significant DFs, one should 
also pay attention to development of a dangerous event, 
evaluate the effectiveness of all the existing control 
measures, for example, design specifications, timeliness 
of providing medical assistance, and propose those 
that would significantly reduce the level of OR. This 
will make it possible to adjust the threshold indicator 
to avoid errors and reduce the subjectivity influence. 
It should be noted that most of the relevant DFs are 
interdependent, which also needs to be taken into 
account when establishing causal and consequential 
DFs. The higher the relationship weight is set, the better 
the score will be compared to others.

For example, certain limitations must be considered 
when interpreting the obtained results. First, the 

taking into account the established significant DFs. In 
particular, one can fill out the appropriate form (Table 
8), which allows to further evaluate the OR when 
implementing the road freight transportation.

5	 Discussion

The DFs’ identification process involves the cause 
and sources of risk determination, as well as events and 
situations that may have general results regarding the 
objectives and nature of the OR. Taken together, this is 
the foundation for justification of the effective preventive 
and protective measures. From this example, six main 
DFs have been identified, which have the greatest 
impact on both the probability of an incident occurring, 
as well as six DFs that affect the severity of the 
consequences, which allows for a more thorough study 
of these factors’ influence on the magnitude of the risk 
in the future. The specified DFs were determined based 
on determination of the cause-and-effect relationships, 
by evaluating pairwise comparisons to establish the 
most influential DFs on the occurrence probability of 
a dangerous event by degree of importance, and for 
the severity of consequences - by the level of influence, 
which are determined by transforming a vague set into 
a clear number by the affiliation degree, which occurs 
during the relevant calculations using the Dematel 
method. This conclusion is supported by the existing 
classic studies conducted using the fuzzy Dematel 
method [30-31], which can be classified into three types: 
the first type is relationships identification between 

Table 8 The form for determining the cause-and-effect relationship between a hazard, a dangerous event, DF and the 
consequences of an RFT

Danger DFs that affect the increase in the 
probability of a dangerous event occurring

Dangerous 
event

DFs that affect the increase 
in severity from the 

occurrence of a dangerous 
event

Consequences

Moving 
truck

A2. Lack of system understanding skills and 
safe decision-making skills by a driver on 

the road
A3. Aggressive behavior while driving a 

truck
A14. Lack of high-quality supervision 

and technical inspection of the technical 
condition of the truck

A16. Exceeding the standard working time 
of a truck driver (driver fatigue)

A17. Overloading of a truck when carrying 
out RFT

A18. The cabin is dirty, there are foreign 
objects in a driver’s seat

A22.  Lack of proper pre-race medical control 
of driver’s health

A23. Fog, rain, snow/nighttime - poor 
visibility

A27. Overtime work schedule

Traffic accident

A12. Negligence in observing 
the technical condition of 
the truck’s passive safety 
systems (airbags, safety 
belts, impact-absorbing 

bumpers, etc.).
A15. Lack of emergency 

equipment (fire 
extinguisher, etc.), first aid 

kits

Driver injuries 
(disability, death)
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or ri – ci ( 0 is fulfilled, followed by determination of the 
DF significance by limiting the exposure level indicator 
to a certain range, which is calculated based on the “As 
low as reasonably practicable” (ALARP) principle, i.e. 
the residual risk level should be reduced as much as it is 
practically possible.

It is proposed to reduce the subjectivity of experts’ 
judgments, regarding the influence of DFs on probability 
of a dangerous event occurrence, when calculating 
their degree of importance and impact using the fuzzy 
Dematel method to adjust the threshold indicator 
that excludes weak relationships during a pairwise 
comparison of DFs, by taking into account the standard 
deviation, which was determined from the general 
influence matrix, using the Grubbs test.

An improved bow tie model, which visualizes the 
cause-and-effect relationship between danger and a 
dangerous event in the implementation of freight road 
transportation, which provides for the risk assessment 
to take into account dangerous factors that increase 
the probability of an incident and the severity of the 
consequences of its occurrence.
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magnitude of established causal relationships cannot 
be established between variables. Yes, it cannot be 
ruled out that the frequent aggressive driving of the 
A3 can be reduced with appropriate controls or better 
professional training. Secondly, the threshold indicator 
is set without distinguishing groups of factors, although 
it can be considered that the human factor has the 
greatest influence on the road accident occurrence [34-
35]. In other words, in this study, DFs were assessed as 
a broad construct, and future studies could further focus 
on specific threats based on their occupational context.

6	 Conclusions

To carry out the process of hazards and DFs 
identification, it is proposed to provide an appropriate 
ranking of the latter to identify the most important 
(causal) ones, according to which the OR is determined 
during the implementation of the road freight 
transportation.

A register of the DFs has been developed, which 
include six typical groups: human, organizational, 
technical, operational, social, ergonomic, which increase 
the probability of a dangerous event occurring during 
the implementation of RFT.

Based on the cause-and-effect relationships, using 
the fuzzy Dematel method, using the Grubbs criterion, 
the most influential variables that affect the probability 
of a dangerous event and the severity of consequences 
are determined to assess the risk of a road accident.

It is suggested that the most influential dangerous 
factors are determined by comparing the indicator of 
the influence level of DFs (c) to the average number 
of the matrix of total impact (Scp), when the condition  
(ci ≥ Scp) is fulfilled, and if the condition that ri / ci ( 1 
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POSTPOINT 2023
Date and venue: October 2023, Žilina (SK)
Contact: martina.kovacikova@uniza.sk
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