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Resume
The long-term relationships between the N95 (“Natural 95”) gasoline prices 
and economic factors, such as Brent crude oil prices, diesel fuel prices, and 
the CZK/USD exchange rate from 2014 to 2024, was investigated within 
this research. The Engle-Granger cointegration test was used to identify 
any stable long-term connections between these variables. Despite the 
comprehensive tests, facilitated by the Matlab software, no evidence of 
cointegration was consistently found, indicating that these economic factors 
do not significantly influence N95 gasoline prices over the long term. The 
findings suggest that, while the short-term fluctuations in these economic 
indicators may temporarily impact gasoline prices, they are not reliable 
predictors of the long-term trends.
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to assess the relationship between the Natural 95 prices 
and diesel fuel in the Czech Republic from 2014 to 2024 
against selected indicators, including the time shift.

1.1	 Literature review

Investigating the relationship between the price of 
crude oil and fuel in Brazil, Gerrio et al. 2024 analysed 
the development of WTI oil by using statistical tools, 
such as nonlinear models of the self-exciting threshold 
autoregressive (SETAR) and logistic smooth transition 
autoregressive (LSTAR) [1]. 

Arun 2017 dealt with the sensitivity of fuel prices 
and their changes depending on oil prices. He tracked 
the development of fuel prices in India depending on the 
oil prices [2].

Ozdurak and Veysel 2020 investigated the relations 
between financial derivatives with crude oil prices. They 
were looking for intraday volatility interactions between 
crude oil futures and energy exchange traded funds. 
They did not identify the relationship where the spot 
market and the futures market would be affected. They 

1	 Introduction

Fuel prices have a significant impact on the 
development of both the global economy and national 
economies. Fuels price affects the level of logistics 
costs and thus enters all the market prices. In this 
way, it significantly affects the inflation rate and 
the development of GDP. The ability to estimate the 
development of fuel prices increases the competitiveness 
of both the state and the economy. 

In economies with a market mechanism, fuel prices 
are to a certain extent dependent on the level of 
competition between gas station networks and also 
on the level of fuel taxation in individual economies. 
However, other factors, such as the geopolitical situation 
in the world, the OPEC cartel, and others, can also play 
a significant role. 

The author’s teams in China have been searching 
for factors affecting fuel prices for a long time. Research 
on this topic in the environment of European economies 
is not as widespread. With this article, the authors want 
to increase the level of knowledge in this issue for the 
market in the Czech Republic. Therefore, it was chosen 

https://orcid.org/0000-0002-2982-0438
https://orcid.org/0000-0001-8146-6248
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China, in the observed period between 2006 and 2013. 
They found a strong dependence and confirmed that fuel 
prices rise faster when oil prices rise than they fall when 
oil prices fall. They also found a stronger effect on diesel 
prices than on gasoline prices. They also demonstrated 
that the Chinese government’s interventions in oil 
prices during their longer-term growth led to significant 
market asymmetry [9].

Szomolanyi et al. 2022 based on the assumption 
from the results of many researches, i.e., that fuel 
prices rise faster than they subsequently fall. In their 
work, they analyse weekly US fuel prices and their 
response to oil prices. For their research, they used 
an empirical approach based on the linear exponential 
adjustment costs formulation. They found that US 
retail gasoline and diesel prices react asymmetrically 
to changes in WTI crude oil spot prices. However, they 
could not estimate statistically significant coefficients 
of specification with the input price c representing the 
WTI crude oil price time series and with the output price 
representing the time series of the gasoline and diesel 
price at the time [10].

Adrangi et al. 2001 used the VAR methodology and 
bivariate GARCH model in finding the relationship 
between the prices of crude oil (Alaska North Slope 
crude oil) and diesel prices in California. They confirmed 
a strong relationship between these prices [11].

Manera and Grasso 2005, carried out an econometric 
study of the sensitivity of gasoline price changes to oil 
price changes. They used a multi-model investigation in 
which they followed the development of monthly prices 
in France, Germany, Italy, Spain, and the UK between 
1985 - 2003. They also worked with different time lags 
of reactions in the models. Their results demonstrated a 
long-term asymmetry of gasoline prices with oil prices 
for all the examined countries, in the given period [12].

Cheng 2024 examined the lag in price increases 
for selected energy market commodities. He created an 
updated time-delay function. He claimed that most of the 
impact of change occurs in the first 6 months. According 
to his results in the first 3 months, there is 50% of the 
effect of oil price change. Therefore, in this initial phase 
there are the most significant price changes [13].

2	 Methods 

2.1	 Research questions 

The authors asked four main research questions, 
which are:

Research Question 1 (RQ1). Is the price of gasoline 
“Natural 95” (N95) affected by the price of Brent crude 
oil, the price of diesel fuel and the CZK/USD exchange 
rate?

Research question 2 (RQ2). Is the price of N95 
affected by the price of Brent crude oil and the CZK/USD 
exchange rate?

believe that causality is more likely to be bidirectional 
from the futures market to the spot markets for crude 
oil [3].

Choi et al. 2015 used the Granger causality to 
test the effect of crude oil spot prices on the crack 
spread futures market. They identified three periods 
(precrisis, crisis, and postcrisis periods). They found the 
unidirectional relationship between the precrisis and 
crisis periods from the crude oil spot market to crack 
spread futures. An interesting thing is that they found 
reverse relationships during the post-crisis period [4].

Arouri et al. 2011 also dealt with the difference 
between the price of oil and the price of fuel. They 
identified differences between price developments. They 
then explained these differences with current risks 
for the oil industry, as this will subsequently affect 
International portfolio management, which strongly 
reacts to developments on the level of return and 
volatility spillovers between world oil prices and GCC 
stock markets [5].

Borenstein and Kellogg 2014 investigated whether 
the fuel prices in the American Midwest change with the 
development of oil prices. They concluded that during 
the period under review, the decrease in crude oil prices 
in the Midwest market did not lead to a decrease in fuel 
prices. One of the reasons, they cited, is that the fuel is 
also imported into the Midwest from the Gulf of Mexico 
region, where crude oil prices were higher during the 
period under review [6].

An analysis of the types of demand and supply 
shocks that affect the oil prices was carried out by Li and 
Zhao 2011. Their structural vector autoregression model 
is based on the generalised supply and demand analysis 
of crude oil price fluctuation and performance the 
structural decomposition of price shocks with impulse 
response analysis of those factors. They found these 
kinds of structural shocks. First, the supply side shocks 
(the exogenous geopolitical shocks and other oil supply 
shocks) are the first group. The second group are the 
demand side shocks (the aggregate demand shock and 
the other oil market demand shock). This second group 
has a very strong effect on prices of oil. The next shocks 
are from the impact of the liquidity of the US dollar [7].

Choi et al. 2021 investigated the long-term and 
short-term dependencies between the price of crude 
oil and the price of fuels in the cities of Shenzhen, 
Hong Kong and Macao. They used an asymmetric error 
correction model (AECM). They found a long-term 
relationship between the fuel and crude oil prices in all 
three cities. For Hong Kong and Macao, they also found 
that fuel prices are rising faster than they are falling. 
For this reason, they hypothesised that the fuel market 
in these cities does not have a very strong competitive 
environment. For the city of Macao, the difference 
between the increase rate and the decrease of prices was 
not demonstrated [8]. 

The same method was used by Yufeng et al. 2017, 
who analysed monthly crude oil and fuel prices in 
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ensure transparency and reproducibility. In summary, 
kurzy.cz provides reliable, granular and long-term 
economic data for the Czech context. Rigorous data 
validation and preprocessing steps address concerns 
about data credibility and ensure the robustness of the 
analysis. Authors are happy to provide additional details 
or documentation upon request.

To investigate the four research questions, the 
Engle-Granger test was used. The Engle-Granger test 
is a method used to test for cointegration between two 
or more time series. It is a two-step procedure that 
involves two steps: the first of which is to estimate the 
cointegrating regression, and the second is to test the 
residuals for stationarity.

The Engle-Granger test, which was first proposed 
by Robert F. Engle and Clive W.J. Granger in 1987, is 
a statistical method that can be employed to test for 
cointegration between two or more time series. The 
term ”cointegration” is used to describe a situation 
in which a linear combination of nonstationary series 
yields a stationary series. This indicates a stable long-
term relationship between variables [14]. One possible 
approach to the two-step Engle-Granger procedure is to 
first estimate the long-term relationship using ordinary 
least squares (OLS) and then apply the augmented 
Dickey-Fuller (ADF) test to the residuals to determine 
their stationarity [15-16].

One of the primary applications of the Engle-Granger 
test is in the field of econometrics and financial studies, 
particularly for modelling the relationships between 
economic variables over time. For example, researchers 
often use the test to examine long-term relationships 
between the stock prices and economic indicators, which 
can inform investment decision making [17]. Despite 
its limitations, including its applicability mainly to 
systems of two variables [18], this test is popular among 
economists due to its simplicity and efficiency.

The Engle-Granger test has been the subject of 
both praise and criticism in numerous studies. While 
some researchers have found the test to be effective 
in identifying cointegration, others have identified 
potential issues related to the dependence of the test on 
estimated residuals [19]. 

The Engle-Granger test is particularly suitable for 
systems involving two variables due to its simplicity and 
efficiency, making it a popular choice among economists. 
This method is effective in identifying cointegration, 
indicating a long-term equilibrium relationship between 
time-series data. The straightforward application of the 
test involves estimating residuals from a regression model 
and checking for their stationarity, thus determining if 
the variables move together over time. Despite some 
criticisms regarding its dependence on estimated 
residuals, the Engle-Granger test remains a valuable 
tool for initial cointegration analysis, especially when 
dealing with smaller datasets or when computational 
resources are limited. Its implementation in software 
like Matlab further enhances its accessibility and ease 

Research question 3 (RQ3). Is the price of N95 
affected by the price of Brent crude oil and the price of 
diesel?

Research question 4 (RQ4). Is the price of N95 
affected by the price of Brent crude oil? 

The authors’ interest in RQ 4 was the influence of 
the time shift and its results. 

2.2	 Data and tests 

Data used for analysis were mainly extracted from 
the  website kurzy.cz. It was necessary to recalculate 
them for months of the year. Collecting data over 
a 10-year period from 2014 to 2024 proved to be 
a complex and time-consuming task. The primary 
challenge was ensuring the consistency and reliability 
of data throughout such an extended timeframe, as 
data reporting standards and availability can vary 
significantly over the years. Additionally, the economic 
landscape during this period included numerous market 
events and fluctuations, such as oil price shocks and 
changes in currency exchange rates, which added layers 
of complexity to the data collection process. Those factors 
required meticulous attention to detail and rigorous 
validation to ensure that the data accurately reflected 
the economic conditions relevant to N95 gasoline prices. 
Furthermore, the integration of diverse datasets, 
including those for Brent crude oil prices, diesel fuel 
prices, and exchange rates, required a comprehensive 
approach to manage inherent volatility and potential 
discrepancies in the data sources. In general, the process 
was not only labour-intensive, but required significant 
expertise in data analysis tools like Matlab, as well, to 
handle and analyse large volumes of data effectively.

The kurzy.cz database is not an international 
database like Eurostat or OECD, it is a widely 
recognised Czech financial portal that aggregates data 
directly from authoritative institutions such as the 
Czech National Bank (CNB) and the major commercial 
banks. This ensures the accuracy and reliability of the 
information provided. The comprehensive historical 
coverage of the platform was essential for the ten-year 
analysis (2014-2024), and its open data policy allows 
transparent and reproducible research. To ensure the 
data reliability and consistency, authors cross-validated 
a sample of kurzy.cz data points with official CNB 
records and, where possible, with Eurostat. Authors 
also conducted completeness checks to identify missing 
or inconsistent records. Any gaps in the data were 
addressed using standard imputation methods (such 
as linear interpolation for time-series data), following 
best practices in economic research. The data handling 
procedures included programmatic extraction from kurzy.
cz’s API, systematic data cleaning, outlier detection, and 
thorough documentation of all preprocessing steps. 
Those procedures, along with the availability of the 
scripts and documentation as supplementary materials, 
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as they can sometimes yield different conclusions. 
While Johansen is preferred for systems with several 
variables and potential co-integrating relationships, 
Engle-Granger remains valuable for its simplicity and 
robustness, especially in bivariate settings or when 
model assumptions are in doubt. Ultimately, careful 
model specification and diagnostic checking are crucial 
regardless of the chosen method [20].

3	 Results 

The authors obtained the main results by using 
Matlab software. Figure 1 shows the time series of all 
four variables (their prices), such as Brent crude oil, 
diesel, CZK/USD exchange rate and gasoline ‘natural 
95’. The horizontal axis shows the months and the 
vertical axis shows the values of the variables in CZK. 
This chart was generated in Matlab.

The first three research questions led to the creation 
of hypothesis, which is given as follows:

Null hypothesis: There is no cointegration between 
the time series.

After running all tests, authors got results as can be 
seen in Tables 1, 2 and 3.

The research question No 4 was answered using the 
Engle Grenger test in Matlab software. Table 4 shows 
the results of the Engle-Granger test used for analysis.  

The authors included lagged (time shift)  values 
(1-3 months) in their analysis for RQ1-RQ3 to better 
assess whether cointegration is truly absent or if it 

of use, allowing researchers to quickly assess potential 
long-term relationships between economic variables.

The Engle-Granger two-step method is a classic 
approach to testing cointegration between non-stationary 
time series. It first estimates a long-term equilibrium 
relationship using ordinary least squares and then 
checks whether the residuals are stationary. Its main 
strengths are simplicity and ease of implementation. 
However, it has notable limitations: it can only detect 
a single co-integrating relationship and is sensitive to 
errors in the first regression step, which can bias results. 
Furthermore, the critical values of the method depend 
on the number of variables, which complicates inference 
in larger systems [20]. The Johansen test addresses 
many of these issues by using a vector autoregressive 
(VAR) framework to test multiple co-integrating 
vectors simultaneously. This makes it more suitable for 
multivariate systems and is generally more powerful 
when the model is correctly specified. However, the 
Johansen method is computationally more complex and 
sensitive to model misspecification, such as incorrect lag 
length or the presence of structural breaks. In some cases, 
it may detect spurious cointegration if the underlying 
assumptions are violated [21]. Other alternatives 
include the Phillips-Ouliaris test, which improves upon 
Engle-Granger by better accounting for uncertainty 
in residual estimation, and Bayesian methods that 
allow for more flexible modelling, especially in the 
presence of structural breaks or uncertain cointegration 
ranks [18]. In practice, researchers often use Engle-
Granger and Johansen tests to cross-check results, 

Figure 1 The time series plot 

Table 1 Results of the Engle-Granger test, RQ1

Null Rejected P-Value Test Statistic Critical Value

false 0.23086 -3.4493 -3.8799
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4.1 Results of research question 1 

Objective: To assess whether the price of N95 
gasoline is influenced by the price of Brent crude oil, 
diesel fuel, and the CZK/USD exchange rate.

Implications: The test results did not find evidence 
of cointegration, as the null hypothesis was not rejected 
(p-value = 0.23086).

Significance: This implies that, collectively, 
these three factors do not exhibit a stable 
long-term relationship with the prices of N95  
gasoline.

Consequences: Policymakers and market analysts 
may consider that changes in these factors, when 
combined, do not predict long-term trends in N95 
gasoline prices. This suggests that other variables or 
combinations may be more relevant to understand and 
forecast gasoline price movements.

only manifests with a time delay. For all three Research 
questions (RQ - 1 -3), the authors used the Engle-
Granger cointegration test with shifts of 1, 2 and 3 
months. The results are shown in Table 5. Only one 
time lag, for RQ 2, time lag -3 months has results as the 
slide cointegration, and all other results confirmed no 
cointegration. 

4	 Results description 

The Engle-Granger cointegration tests conducted in 
the attached file provide insight into the relationships 
between the price of N95 gasoline and various economic 
factors, specifically Brent crude oil prices, diesel fuel 
prices, and the CZK/USD exchange rate. The following 
are the most significant implications of the test results 
for each research question.

Table 2 The results of the Engle-Granger test, RQ2
Null Rejected P-Value Test Statistic Critical Value

false 0.27212 -4.3551 -3.5034

Table 3 The results of the Engle-Granger test, RQ3
Null Rejected P-value Test Statistic Critical Value

false 0.10818 -3.4676 -3.5034

Table 4 The results of the Engle-Granger test, RQ4
Shift in months P - value Null Rejected

0 0.0039119 True
1 0.001 True
2 0.001 True
3 0.0053748 True
4 0.060452 False
5 0.15605 False
6 0.22785 False
7 0.36603 False
8 0.49718 False
9 0.50359 False

Table 5 The results of the Engle-Granger test for RQ1, RQ2, RQ3 with time lag (-1,-2,-3)
RQ 1

Null Rejected P-Value Test Statistic Critical Value
false (t -1) 0.0641 -5.5741 -4.1905
false (t -2) 0.0884 -4.869 -4.1913
false (t -3) 0.0721 -4.0333 -4.1920

RQ 2
Null Rejected P-Value Test Statistic Critical Value

false (t -1) 0.0915 -5.0714 -3.8125
false (t -2) 0.0534 -4.8450 -3.8131
true (t -3) 0.0488 -4.1091 -3.8137

RQ 3
Null Rejected P-Value Test Statistic Critical Value

false (t -1) 0.0715 -5.5359 -3.8125
false (t -2) 0.0832 -4.8725 -3.8131
false (t -3) 0.1322 -4.1156 -3.8137
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crude oil gradually and this change is statistically 
demonstrable in the first 3 months.

Consequences: These results mean that changes in 
crude oil prices do not have a one-off effect on fuel prices, 
but are gradual. The change will be felt by auto users 
in the first few months. From the industry perspective, 
this is a relatively short period, and therefore it can 
be expected that the change will affect mainly the 
first stages of production, which will gradually absorb 
the price change into their prices. It suggests that 
fluctuations in Brent crude oil prices have almost no 
effect in long-term relationship with N95 gasoline prices.

4.5	 Detailed breakdown of results 

The research analysed three specific research 
questions:
1. 	 Impact of Brent crude oil, diesel fuel, and the 

CZK/USD exchange rate on N95 price: The Engle-
Granger test revealed no evidence of cointegration, 
indicating that the price of N95 gasoline does not 
exhibit a long-term dependency on the combined 
influence of Brent crude oil, diesel fuel, and the CZK/
USD exchange rate. This implies that, although the 
short-term fluctuations in these economic variables 
may cause temporary price changes in N95 gasoline, 
there is no persistent and stable relationship 
between them.

2. 	 Influence of Brent crude oil and the CZK/USD 
exchange rate on the N95 price: The analysis again 
did not produce cointegration, indicating that the 
price of N95 gasoline is not significantly influenced 
by the simultaneous variations in Brent crude oil 
and the CZK/USD exchange rate. This suggests that 
the relationship between these factors and the price 
of N95 gasoline is largely independent and short-
lived.

3. 	 Relationship between the Brent crude oil and 
diesel fuel prices and N95 price: The third research 
question, investigating the joint influence of Brent 
crude oil and diesel fuel prices on the price of N95 
gasoline, also did not result in cointegration. This 
finding confirms that the price of N95 gasoline is not 
significantly influenced by long-term changes in the 
prices of these energy commodities.

4. 	 Relationship between the Brent crude oil and the 
price of N95 with time changes: The fourth research 
question, investigating the influence of Brent crude 
oil on the price of N95 with monthly shifts, divides 
the results into two groups. For a short-term period 
(3 months and less) there was cointegration and 
for a longer-term period (4 months and more) 
there was no cointegration. This finding confirms 
that the price of N95 gradually reacts on crude oil 
changes in the first quatter. These results confirm 
the conclusions of Cheng [13], although a different 
approach was used for the test. 

4.2	 Results of research question 2

Objective: Determine if the price of N95 gasoline is 
affected by the price of Brent crude oil and the CZK/USD 
exchange rate.

Implications: The test results did not show evidence 
of cointegration, and the null hypothesis was not rejected 
(p-value = 0.27212).

Significance: This finding indicates that there is no 
significant long-term relationship between N95 gasoline 
prices and the combination of Brent crude oil prices and 
the CZK/USD exchange rate.

Consequences: This relationship cannot be crucial for 
stakeholders, such as energy traders and policymakers, 
who need to consider these factors in their strategic 
planning and forecasting. It suggests that fluctuations 
in Brent crude oil prices and exchange rates are unlikely 
to have a lasting impact on N95 gasoline prices, making 
them key indicators for market analysis.

4.3	 Results of research question 3

Objective: To evaluate whether the price of N95 
gasoline is influenced by the price of Brent crude oil and 
the price of diesel.

Implications: The test results did not find evidence 
of cointegration, as the null hypothesis was not rejected 
(p-value = 0.10818).

Significance: This suggests that the combination of 
Brent crude oil prices and diesel prices does not exhibit 
a stable long-term relationship with the prices of N95 
gasoline.

Consequences: This outcome indicates that these 
two factors, when considered together, may not be 
reliable predictors of long-term trends in N95 gasoline 
prices. Stakeholders might need to explore other 
variables or combinations to better understand and 
anticipate changes in gasoline prices.

4.4	 Results of research question 4

Objective: Determine if the price of N95 gasoline is 
affected by the price of Brent crude oil with some time 
shift.

Implications: The test results divide the time shifts 
into two groups. The first group is for time shifts 0,1,2 
and 3 months. The second group is for time shifts 
of 4 months and more. For time shifts in the first 
group, there is evidence of cointegration, with the null 
hypothesis being rejected (p-value = 0.0039119, 0.001, 
0.001 and 0.0053748). For the time shifts in the second 
group, there is no evidence of cointegration, and the 
null hypothesis can not be rejected (p-value = 0.060452, 
0.15605, 0.22785, 0.36603, 0.49718, 0.50359).

Significance: This finding indicates that the N95 
gasoline prices absorb the change in the price of Brent 
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dependency, short-term price fluctuations in 
Brent crude oil, diesel fuel, and the CZK/USD 
exchange rate can still affect the short-term price 
of N95 gasoline. These factors might influence 
the transportation costs, raw material prices, and 
overall manufacturing costs, which can temporarily 
affect the price of N95 gasoline.

• 	 Other Factors Can Influence Prices: The price of 
N95 gasoline is likely to be determined by a wide 
range of factors beyond those examined in this 
study. Factors, such as global demand, pandemic 
situations, government policies, and manufacturing 
capacity, play a crucial role in the shape of the price.

• 	 More research is needed: The study provides 
valuable information, but it is just a starting point. 
Future research should investigate the influence of 
other potential factors on the price of N95 gasoline, 
including the role of government subsidies, supply 
chain disruptions, and consumer behaviour.

5	 Conclusion 

The findings of the research report highlight the 
complexity of the factors that influence the price of N95 
gasoline. Although the absence of cointegration with 
Brent crude oil, diesel fuel and the CZK/USD exchange 
rate suggests a limited direct impact, it is important 
to remember that other economic factors and market 
dynamics can still influence prices. Further research is 
crucial to understand the intricate interplay of factors 
that ultimately shape the price of this essential item.
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4.6	 Consequences of the findings

The absence of cointegration between the price of 
N95 gasoline and the examined economic factors has 
several key consequences:
• 	 Limited Influence of Economic Factors on N95 

Prices: The findings suggest that the price of N95 
gasoline is largely determined by other factors, such 
as supply and demand dynamics, manufacturing 
costs, and government regulations, rather than 
the fluctuations in Brent crude oil, diesel fuel, and 
the CZK/USD exchange rate. This implies that the 
price of N95 gasoline is relatively insulated from the 
volatility of these economic indicators.

• 	 Independent Price Dynamics: The results suggest 
that the price of N95 gasoline follows its own 
independent trajectory, largely uninfluenced by the 
long-term movements of Brent crude oil, diesel fuel, 
and the CZK/USD exchange rate. This implies that 
market forces specific to the demand and supply of 
N95 gasoline play a more significant role in shaping 
its price.

• 	 Uncertainty in Predicting N95 Prices: The lack of 
cointegration between the price of N95 gasoline and 
the economic factors examined makes it challenging 
to predict future price movements using these 
indicators. The price of N95 gasoline is likely 
influenced by a complex interplay of factors, making 
accurate forecasting difficult.

• 	 Gradual Impact of Changes: Time shifts have shown 
that changes in N95 prices are short-term, so there 
is only a small chance that policymakers will be 
able to respond effectively. On the other hand, the 
impacts are unlikely to be long-term, so there is less 
risk of market jitters.

4.7	 Future prediction and recommendations

Although the study provides information on the 
lack of cointegration between the price of N95 gasoline 
and the economic indicators examined, it does not 
negate the importance of these factors. It is essential to 
acknowledge that:
• 	 Short-Term Fluctuations are Still Relevant: 

Although the study indicates a lack of long-term 
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Resume
The research presented in this article was concerned with the efficiency of 
ultrasonic cleaning of vehicle radiators based on the cavitation phenomenon. 
A technique has been developed that takes into account the effect of the 
ultrasonic vibration amplitude and the time of exposure on the process of 
removing contaminants. The results of experimental studies are presented 
that confirm that increasing the exposure time contributes to increasing the 
washed scale mass and decreasing the time of liquid outflow. The developed 
regression model describes well the changes in the mass of washed scale, 
which is confirmed by a high coefficient of determination and correlation. 
The obtained results allow for optimizing the parameters of the ultrasonic 
cleaning process, increasing its efficiency and reducing the risk of damage 
to the structural elements of the radiator.
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the design of the radiator and reduce their overall 
performance [1]. Studies carried out by Habeeb et al. 
also confirm that chemical compounds have a negative 
impact on aluminum radiators and lead to increased 
corrosion [2].

In addition, some reagents are difficult to completely 
remove from the system after the cleaning, which 
affects the durability of radiator materials. The use 
of aggressive chemicals requires careful handling and 
special disposal procedures, which increases the cleaning 
costs and creates potential risks for the environment. In 
this regard, the use of ultrasonic cavitation for cleaning 
radiator tubes is an optimal method.

Ultrasonic exposure is an effective cleaning method 
due to the phenomenon of cavitation. Bubbles that arise 
in the liquid under ultrasonic exposure collapse and 
generate hydrodynamic forces, reaching temperatures of 
up to 10,000 °C. This allows for the effective removal of 
scale and dirt from radiator tubes. A study carried out 
by Yamashita et al. shows that cavitation effects provide 
a multiple increase in the cleaning coefficient [3].

In previous studies [4-5], the theoretical and 
experimental foundations of the use of ultrasound 

1	 Introduction 

Present day vehicle engine cooling systems play the 
key role in maintaining the efficient and safe operation 
of a vehicle. Being the main element of such systems, 
radiators are subject to significant operational loads, 
which leads to the accumulation of various types of 
contaminants on the inner surfaces of the tubes. Scale, 
rust, oil and organic deposits prevent the normal heat 
exchange and can significantly reduce the efficiency 
of cooling. This in turn leads to engine overheating, 
increased fuel consumption and decreasing the service 
life of the cooling system. Therefore, the problem of 
cleaning radiators and maintaining them in optimal 
condition is relevant to ensure reliable operation of 
vehicles. 

Traditional methods of cleaning radiators, such as 
mechanical and chemical cleaning, have a number of 
disadvantages. Mechanical cleaning damages the inner 
surfaces of the tubes, especially in narrow and hard-to-
reach places. Chemical reagents in turn cause metal 
corrosion. For example, studies carried out by Said et 
al. prove that standard chemical methods compromise 
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•	 further development of an effective method of 
ultrasonic cleaning of radiators, ensuring the 
removal of dirt and scale without risk of damaging 
structural elements;

•	 reducing maintenance costs and extending the 
service life of radiators;

•	 the possibility of industrial application of the 
proposed technology for servicing vehicle radiators;

•	 improving the environmental safety of the technology 
of cleaning radiator tubes by eliminating aggressive 
chemicals.

2	 Materials and methods

The results of studies by a number of well-known 
scientists in the field of ultrasonic cavitation cover the 
period of 1934-2020 (Figure 1) and contribute to more 
detailed understanding of the cavitation mechanism and 
establishment of the factors affecting the efficiency of 
cleaning (Table 1).

The analysis of the results of studies by scientists 
in this area made it possible to establish the key 
parameters that affect the cavitation process (Table 2).

Among the parameters considered, and according to 
the technical characteristics of the ultrasonic equipment 
operating at one frequency and power, as well as 
the conditions of the experimental studies, the most 
adjustable and fixed parameters that directly affect the 
cleaning result are the duration of ultrasound exposure 
and the amplitude of ultrasonic vibrations.

Despite the significant studies conducted in the 
previous works [4-5, 21-24] on ultrasonic cleaning of 
radiator tubes, the experimental technique had certain 
limitations that did not allow for complete determination 
of the optimal parameters of the cleaning process. 
In particular, insufficient attention was paid to the 
effect of such parameters as the cumulative effect of 

for cleaning vehicle radiators were established, which 
confirmed its effectiveness due to cavitation processes. 
However, in those studies the effect of the key parameters 
of ultrasonic action on the cleaning efficiency indicators 
was not considered, in particular characteristics of 
the ultrasound effect on the mass of scale washed out. 
In this regard, the hypothesis of the study was the 
probability of increasing the mass of scale washed out 
of the radiator tubes due to changing the amplitude 
indicators and increasing the accumulated time of 
exposure to ultrasonic vibrations.

The goal of the study was to establish dependences 
that describe changing the mass of washed scale from 
the amplitude and accumulated time of exposure to 
ultrasonic vibrations.

To achieve the goal of the study, the following tasks 
were solved:
•	 analyzing the existing studies and establishing the 

degree of the parameters effect on the cavitation 
and cleaning processes;

•	 using the similarity theory and dimensional 
analysis, additional similarity criteria were obtained 
that allowed evaluating the cleaning efficiency;

•	 the design of the developed experimental bench for 
cleaning radiator tubes was improved;

•	 experimental studies were carried out on the stand;
•	 the obtained results were analyzed;
•	 a regression equation was obtained that described 

changing the mass of washed scale depending on 
the exposure time and the amplitude of ultrasonic 
vibrations;

•	 the optimal amplitude values were determined 
according to the obtained similarity criterion.
The scientific novelty lies in obtaining dependencies 

that allow studying the pattern and the efficiency of the 
ultrasonic cavitation process.

The practical significance of the study consists of 
the following:

Figure 1 The timeline of research in the field of ultrasonic cavitation
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amplitude of ultrasonic vibrations, in turn, determines 
the level of energy transferred to the bubbles and 
directly affects the intensity of their collapse, the release 
of energy in the form of microjets and shock waves, 
which increases their destructive effect on deposits. 
These parameters have the key impact on the main 
indicator of cleaning efficiency: the mass of removed 
contaminants. Optimization of these parameters can 
significantly increase the efficiency of the process, while 

the time of ultrasound exposure and the amplitude of 
ultrasonic vibrations on the cleaning efficiency, which 
limited the understanding of their role in increasing 
the effectiveness of the cleaning process and preventing 
damage to the cleaned surface.

The time of ultrasound exposure is critically 
important, since increasing its duration contributes to 
a longer effect of cavitation bubbles on contaminants, 
which improves the removal of stubborn deposits. The 

Table 1 Results of the scientists’ studies  the area of ultrasonic cavitation

Researchers Research area Main results

Frenzel and Schultes Low pressure high 
intensity ultrasound 
cavitation

It has been established that ultrasonic cavitation creates local zones with high 
temperatures and pressures, which improves cleaning due to microexplosions 
and mechanical action [6].

Suslick and Brewer Chemical effects of 
cavitation

It has been found that the collapse of bubbles forms radicals (hydroxide and 
hydrogen), which destroy organic contaminants. The study is important for 
environmental cleaning technologies [7].

Blake and Maclure Effect of pressure 
and fluid 
composition

The optimum pressure for cavitation is 1.5-2 bar. Carbon dioxide and oxygen 
enhance bubble stability and improve cleaning efficiency [8].

Lewis and Warren Viscosity and 
chamber geometry

Using low-viscosity liquids and an optimized chamber improves cavitation and 
bubble collapse [9].

Suslick Effect of ultrasound 
frequency

It has been shown that low frequencies (20-40 kHz) contribute to the formation 
of large bubbles, which increase the intensity of cleaning due to powerful 
collapse [10].

Verayasuriya Effect of 
temperature on 
cavitation

It has been established that at the temperature of 30-60 °C, cleaning efficiency 
increases due to a decrease in the viscosity and density of the liquid. Adding 
gases also enhances the effect [11].

Hoffmann Chemical additives 
to enhance 
cavitation

Adding hydrogen peroxide increases the formation of hydroxide radicals, which 
improves the destruction of organic contaminants [12].

Meyerand Ryan Duration of 
ultrasonic action

Short sessions (about 10 minutes) are quite effective for cleaning, while longer 
sessions increase the risk of damaging materials [13].

Mason, Cobley, Graves 
and Morgan 

Mechanical impact 
of cavitation on 
metal

Under certain conditions, cavitation can cause erosion of metal surfaces, which 
is important to consider when developing cavitation systems [14].

Rodriguez Cavitation for water 
disinfection

A study showed that ultrasonic cavitation can effectively destroy bacteria and 
viruses in water without the use of chemicals, which opens up new possibilities 
for water purification [15].

Yoshimura, Tanaka 
and Yoshinaga

Effect of ultrasound 
power

Increasing the ultrasound power to 500 W improves the cleaning of metal parts 
from rust and oils without aggressive chemicals [16].

Table 2 Key parameters that affect the process of cleaning the radiator tubes with ultrasound

Parameter Description

Ultrasound frequency Low frequencies for removing dense dirt (scale, rust); high frequencies for delicate cleaning.

Amplitude of ultrasonic 
vibrations High amplitude for dense dirt, but exceeding the value can damage the radiator tubes [17].

Power High power increases the intensity of bubble collapse, which enhances cleaning; low power is 
suitable for delicate cleaning [18].

Duration of exposure Long exposure allows removing stubborn dirt; short exposure is suitable for delicate cleaning, 
reducing the risk of tube wear.

Homogeneity of wave 
distribution

Uniform distribution of waves ensures effective cleaning of the entire surface, including hard-to-
reach areas [19].

Temperature of ultrasonic 
transducer

Optimum temperature stabilizes the ultrasonic effect and increases the efficiency of cavitation, 
extending the service life of the equipment [20].
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themselves by means of a mutual relationship, as a 
result of which a single criterion was obtained.

k
r g
m t

A/3 2

$
t

= 	 (3)

The physical meaning and significance of the 
obtained criterion is as follows. The obtained criterion 
reflects the balance between the time, geometric and 
energy characteristics of the ultrasonic cleaning process, 
indicating the efficiency of interaction of the system 
parameters. If the value of k > 1, that indicates that 
more time is required to remove contaminants, or the 
mass of contaminants is large relative to the geometry 
and energy characteristics of the system. This means 
that the system is not efficient enough, and optimization 
of such parameters as the ultrasound amplitude or 
the exposure time, is required. If k < 1, this indicates 
predominance of the effect of energy parameters, 
indicating high cleaning efficiency with relatively low 
time costs.

If k = 1, this indicates the balance of the system 
between the time, geometric and energy characteristics 
of the ultrasonic cleaning process. This means that 
the system operates with the optimal efficiency, where 
time and energy costs are in balance, and each of the 
parameters makes an equal contribution to the cleaning 
process. However, to confirm the optimality of the 
parameters by this criterion, experimental studies are 
required. 

Thus, the application of the similarity theory method 
was justified for such complex processes as cavitation, 
since a complete mathematical analysis of the behavior 

minimizing the risk of damage to the cleaned surface. 
The absence of a detailed study of these factors limits 
the ability to fine-tune ultrasonic cleaning for different 
types of contaminants in radiator tubes.

In the previous studies, using the similarity theory 
and dimensional analysis methods, the criteria were 
determined by which the efficiency of tube cleaning by 
ultrasonic cavitation was assessed. However, the criteria 
obtained did not take into account the parameters of the 
mass of scale removed and the amplitude of ultrasonic 
waves. Therefore, the additional calculations of the 
similarity criteria were performed, taking into account 
the parameters of time, ultrasound amplitude and the 
mass of scale removed. According to the method of 
determining the similarity criteria, an equation was 
drawn up for the mass of scale removed dependence on 
the remaining parameters:

, , , , ,m f r g A m tt= ^ h .	 (1)

From here follows the equation:

, , , , ,r g A m t 0{ t =^ h .	 (2)

Then all the variables were transformed according 
to their dimensions in relation to three basic units of 
measurement: length L, mass M and time T (Table 3). 

A detailed methodology of calculating the criteria 
is presented in the previous studies [5]. Based on this 
methodology, the calculation of similarity criteria was 
performed. The calculation results are shown in Table 4.

Then, the obtained criteria were transformed among 

Table 3 Dimension formulas for the main values of variables

No. Variable Designation Unit Dimension formula

1 Tube radius r m L

2 Tube length l m L

3 Liquid density t kg/m3 ML-3

4 Gravity acceleration g m/s2 LT-2

5 Ultrasound exposure time t s T

6 Ultrasound amplitude A m L

7 Mass of scale washed out m kg M

Table 4 Results of calculating the criteria 
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the amplitude characteristics of the oscillations, and a 
circulation system supplied liquid through the radiator. 
The liquid temperature was maintained at 50 °C.

At the first stage, the radiator was filled with 
a liquid, and the initial parameters were recorded, 
including the mass and density of the liquid, as well as 
the time it took to flow through the radiator. Then, the 
ultrasonic emitter was turned on, and the initial value of 
the ultrasonic wave amplitude was recorded.

At the second stage of the experiment, the ultrasonic 
emitter was turned on, the effect of which was carried 
out over a specified time interval of 600 seconds. At 
the end of this time interval, the key parameters were 
measured: the time of liquid flow through the radiator, 
the mass of the liquid, the density of the liquid, the mass 
of the washed-out scale (calculated as the difference in 
the mass of the sediment before and after the effect). The 
procedure for ultrasound exposure and measurements 
was repeated three times with accumulation of the 
cleaning effect.

3	 Results

The results of experiments are presented in Table 5.
The obtained experimental results indicate a 

gradual increase in the efficiency of radiator cleaning 
with each cycle of ultrasound exposure. 

This approach allowed objective evaluating of the 
efficiency of ultrasound exposure, linking its parameters 
with the quality characteristics of the purified liquid and 

of cavitation bubbles is difficult due to the many factors 
affecting the process. Thanks to the criterion obtained, 
not only the cleaning process is described but the 
conditions for effective removal of contaminants, as well. 
The proposed criterion for the effectiveness of ultrasonic 
radiator cleaning can be applied to all the other types 
of radiators, such as, radiators of aviation and marine 
engines, heating and air conditioning systems, as well 
as the heat exchangers used in nuclear energy. All those 
systems are subject to contamination during operation, 
and the use of ultrasonic cavitation for their cleaning can 
significantly improve efficiency and extend service life 
without the risk of damaging the structural elements. 
At the same time, it is necessary to consider the specifics 
of each type of radiator, including parameters such as 
tube material, operating environment, and the level of 
contamination.

Then, experimental studies were carried out to 
determine the mass of washed scale depending on 
changing the time and amplitude parameters. The study 
was conducted on a more advanced experimental bench 
(Figure 2). 

The main element of the bench was a heater radiator 
with operational deposits. To create an ultrasonic effect, 
a transmitter with the operating frequency of 40 kHz 
and power of 50 W was mounted and fixed on one 
of the ends of the radiator (Figure 3, a). On the 
opposite side of the radiator, a detonation sensor was 
placed to record the amplitude of ultrasonic vibrations  
(Figure 3, b).  

An oscilloscope was used to monitor and to record 

Figure 2 Experimental bench for cleaning radiator tubes

                             a) ultrasonic emitter                                                                      b) knock sensor

Figure 3 Ultrasonic emitter and knock sensor placed on the radiator
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which leads to additional increasing the oscillations 
amplitude.

The graph also shows increasing of the liquid 
density with increasing the time of ultrasound exposure. 
This indicates that with each cycle of ultrasound 
exposure, the number of particles remaining in the 
liquid increases. This accumulation explains the gradual 
increasing of the density. When the density of a liquid 
increases, it means that the mass of liquid per unit 
volume also increases. The mass of the liquid has 
increased due to the inclusion of solid particles that were 
previously part of the contaminants. This indicates that 
ultrasound is successfully breaking down and dispersing 
contaminants.

According to the graph in Figure 5 the reduction 
in the time it takes for the liquid to flow through the 
radiator and the increase in the mass of scale washed 
out are interconnected and indicate the effectiveness 
of ultrasonic cleaning. When exposed to ultrasound, 
scale and deposits that previously partially blocked 
the passage of liquid through the radiator tubes are 
destroyed. Ultrasonic vibrations create cavitation 
bubbles that affect the contaminants, breaking them 
off and destroying them. With each cleaning cycle, these 
contaminants are gradually removed, which leads to 
increasing the diameter of the tubes and decreasing 
their hydraulic resistance. As a result, the flow of liquid 

the mass of contaminants removed from the radiator 
tubes.

Based on the obtained results of experimental 
studies, graphs of the parameters of ultrasound 
amplitude and liquid density dependence on the time of 
ultrasound exposure were constructed. 

The graph in Figure 4 shows the amplitude 
increasing with increasing the cumulative effect of the 
ultrasound exposure time. This is due to increasing 
the efficiency of energy transfer from the emitter to the 
medium. Ultrasonic waves are reflected from the tube 
walls and create multiple reflections. As a result, the 
waves add up, which leads to increasing the amplitude 
of pressure and vibration in the liquid.

Increasing the amplitude when ultrasound affects 
the liquid in radiator tubes is caused not only by a 
combination of resonance, interference and cavitation 
effects but by the geometry of the tubes and changes 
in the properties of the liquid under the effect of 
ultrasonic waves, as well. Narrow and long radiator 
tubes act as waveguides focusing ultrasonic energy. 
This focusing leads to the concentration of energy and 
increasing the amplitude of sound pressure in a limited  
space.

Ultrasound creates acoustic flows in the liquid (the 
liquid movement under the effect of sound waves). These 
flows increase turbulence and the movement of bubbles, 

Table 5 Results of experimental studies

Ultrasound action
Added time 

of exposure to 
ultrasound, s

Amplitude, m Outflow 
time, s

Liquid 
mass, g

Liquid 
density, g/m3

Mass of scale 
washed out, g

Before the 
ultrasound action - 2.01 12.54 44.55 0.990000 0.00

With ultrasound 
action, f = 40 kHz

600 2.1 12.09 44.56 0.990222 0.01

1200 2.26 11.39 44.6 0.991111 0.05

1800 2.29 11.03 44.79 0.995333 0.24

Figure 4 Changing the ultrasound amplitude and liquid density with increasing the ultrasound exposure time
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that the multivariate regression model describes well 
the dependence of the mass of washed scale on the 
exposure time and the amplitude of ultrasonic waves. 
This means that the model is reliable for describing the 
cleaning process within these limits.

The obtained value of the correlation coefficient (r = 
0.97) also indicates a strong linear relationship between 
the predicted model and the actual experimental values. 
This confirms that the model accurately describes 
changes in the scale mass with changes in time and 
amplitude. The approximation error shows that on 
average the regression model predictions deviate from 
the experimental data by 1.84%. This error rate is 
due to the small number of experimental runs, which 
limits the accuracy of the model. Therefore, to reduce 
the approximation error, it is necessary to increase the 
number of experimental runs.

Based on the obtained regression equation, the 
mass of washed scale was calculated (Table 6).

Then, a comparison was made between the 
experimental values and the calculated values from 
the regression equation for the mass of removed scale, 
taking into account the cumulative ultrasonic exposure 
time (Figure 6).

The graph in Figure 6 shows how accurately the 
regression model describes the process of ultrasonic 
radiator cleaning and how the experimental data 
compares to theoretical calculations.

Comparison to the regression equation shows that 
the calculated model matches the experimental data, 
with a small deviation. The deviation can be caused 
by the fact that experimental conditions, such as the 
heterogeneity of contaminants, or the dynamics of their 
removal, are not fully taken into account in the model.

The three-dimensional graph in Figure 7 also 
highlights the importance of the duration of ultrasound 
exposure: longer exposure allows removing not only the 
surface but the deeply embedded contaminants, as well. 
The increase in the mass of washed-out scale confirms 
that ultrasound successfully copes with the destruction 

through the radiator becomes freer, which reduces its 
flow time.

At the same time, the mass of scale washed out 
increases, since each new cycle of ultrasonic action 
removes both the surface and deep layers of deposits. 
Ultrasound destroys the structure of contaminants, 
converting them into a finely dispersed state, which 
is then washed out of the system. This process has a 
cumulative effect: the longer the exposure, the more 
contaminants are removed. As a result, the mass of scale 
washed out increases linearly, reflecting the progressive 
cleaning of the radiator.

Thus, the reduction in the liquid outflow time and the 
increase in the mass of washed-out scale complements 
each other, demonstrating the effectiveness of ultrasonic 
cleaning. These changes demonstrate that ultrasound 
not only improves permeability of liquid through the 
radiator but also actively removes contaminants, 
improving the overall performance of the system. 

Based on the results of experimental studies, a 
multivariate regression equation was compiled that 
described the change in the mass of washed-out scale 
from the time of ultrasound exposure and the amplitude 
of ultrasonic waves. 
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The use of this type of regression is due to the fact 
that the dependent variable (m) is determined by several 
independent experimental variables A and t. Unlike the 
one-dimensional regression that considers the effect 
of only one of the factors, multivariate regression 
more accurately reflects complex relationships between 
variables, which is especially important for analyzing 
processes where the result depends on the interaction of 
several parameters.

The obtained value of the determination coefficient 
.R 0 982 =^ h  according to the regression equation shows 

Figure 5 Changing the liquid outflow time and the mass of scale washed  
out with increasing the ultrasound exposure time
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affecting contaminants, but the time and energy of 
exposure are not yet sufficient to completely remove 
stubborn deposits. In this zone, deposits are partially 
destroyed, but the rate of their removal is lower than in 
the yellow zone, where the process reaches maximum 
intensity. Thus, the purple area shows how cleaning 
gradually gains efficiency as the time and amplitude of 
ultrasound increases, moving towards the yellow zone, 
where the greatest results are achieved.

On the whole, the graph demonstrates that the 
proposed regression model can be used to predict 
cleaning results, but its accuracy depends on the specifics 

of various layers of deposits, and this is a key factor in 
increasing the efficiency of cleaning. 

The lilac area in the graph is located between the 
purple and yellow zones and represents intermediate 
values of the mass of removed scale. This zone shows 
that the cleaning process is already actively underway, 
and the mass of removed contaminants is increasing, 
although it has not yet reached maximum values. The 
lilac area corresponds to moderate values of ultrasound 
exposure time and average amplitude of ultrasonic 
vibrations. It demonstrates the transitional stage of 
cleaning, when ultrasonic cavitation is already effectively 

Table 6 The calculated mass of washed out scale based on the regression equation

Time
(s)

Amplitude
(m)

Mass based on the experimental results (g) Mass based on the regression equation (g)

0 2.01 0.00 0.0320

600 2.10 0.01 0.0092

1200 2.26 0.05 0.0480

1800 2.29 0.24 0.2360

Figure 6 Regression model for the process of radiator ultrasonic cleaning

Figure 7 The change in the mass of removed scale as a function of time and amplitude
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.
dA
d m 1 776 102

2
5$=- - ,	 (8)

by the time:

.
dt
d m 3 56 102

2
7$= - ,	 (9)

by the amplitude and the time:

.
dAdt
d m A0 000513
2

=- .	 (10)

According to the calculated Hessian determinant 
H = −2.63$10−7, it is negative (H < 0), which indicates 
a saddle point. This means that the function behaves 
in different directions. With increasing the time (t), 
the mass of washed-out scale (m) increases, and with 
increasing the amplitude (A), the mass (m) decreases. 
This means that an increase in time (t) always contributes 
to an increase in the mass of washed-out scale, and the 
amplitude value A should not go beyond the boundary 
values of its negative impact.

Therefore, to optimize the cleaning process, the 
amplitude A and the time t should be selected so as 
to take into account their combined effect, namely, to 
increase t so that the mass grows and to control A to 
avoid its excessive decrease.

Then, according to the established criterion k, 
which describes how efficiently the cleaning system 
uses its energy resources, the optimal amplitude values 
are determined, which must be adjusted for different 
degrees of contamination by the mass of washed out 
scale. 

k
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/ /3 2 3 2"
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where k = 1, since its value indicates the balance of the 
cleaning system between the time, geometric and energy 
characteristics of the ultrasonic cavitation process. This 
confirms that the time and energy costs are balanced, 
and each parameter makes an equal contribution to the 
cleaning efficiency. 

of the contaminants and the experimental conditions.
Then a mathematical analysis of the regression 

equation was carried out, which made it possible to 
determine how changes in the amplitude (A) and the 
time (t) affect the mass of washed scale (m). Partial 
derivatives of the equation were determined, which 
made it possible to establish the rate of change in mass 
m with changes in A and t:

Partial derivatives of the regression equation are 
as follows:
by the amplitude:

.

. . ,
dA
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t
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,	 (5)

by the time:

. .
dt
dm A t0 000513 356 10 0 0009867$=- + +- ,	 (6)

show that the amplitude reduces the mass of scale 
removed, especially at high values, and increasing the 
time always contributes to its growth.

Then, the critical points of the equations were 
determined, provided that 

dA
dm

0=  and 
dt
dm

0= . The 
solution of the two systems of equations is as follows:

. . . ,

. . . ,

A t

A t

1 776 10 0 000513 1 98 10 0

0 000513 3 56 10 0 000986 0

5 6

7

$ $

$

- - - =

- + + =

- -

-
) 	 (7)

and it allowed obtaining the critical values of the 
parameters A = 1.92, t = −0.07, at which the change in 
the mass of washed-out scale m in terms of the amplitude 
(A) and the time (t) stops. However, the time cannot be 
negative in the physical sense, so there is no extremum 
of the function, and in the region t > 0 the function m 
= f(A,t) monotonically increases with the time t. This is 
also confirmed by the second derivative of the equations, 
which describes the nature of the critical point:
by the amplitude:

Table 7 Results of calculating the amplitude optimal values

No. Scale mass, kg Time, s Radiator tube radius, 
m

Cooling liquid density, 
kg/m3

Optimal amplitude, 10-3 m

1 0.005

600 0.005 1070

2.56

2 0.01 5.12

3 0.015 7.68

4 0.02 10.24

5 0.025 12.79

6 0.03 15.35

7 0.035 17.91

8 0.04 20.47

9 0.045 23.03

10 0.05 25.59
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maintenance costs and increasing their service life. 
The practical significance of the results lies in the 
development of an ultrasonic cleaning technique that 
ensures the removal of contaminants without the risk of 
damaging the radiator structural elements, as well as in 
the possibility of its industrial application.

Future research in this field may focus on 
studying the effect of ultrasonic frequency on cleaning 
efficiency. Investigating different frequency ranges will 
help determine the optimal parameters for removing 
specific contaminants while minimizing potential 
destructive effects on radiator materials. Optimizing 
cavitation parameters is another important area, as the 
power of ultrasonic exposure and the characteristics 
of cavitation bubbles directly influence the cleaning 
quality. Computer modelling of these processes will help 
predict the conditions under which cavitation is most  
effective.

Additionally, it is important to consider the 
influence of radiator geometry on the propagation of 
ultrasonic waves. Research can focus on analyzing 
the shape of tubes and their ability to transmit 
ultrasonic vibrations, allowing the method to be adapted 
to radiators of various configurations. Another key 
aspect is the durability of radiators after the regular 
ultrasonic exposure. Studies should assess the long-term 
effects of ultrasonic vibrations on radiator materials 
and determine the economic efficiency of this method 
compared to traditional mechanical and chemical 
cleaning techniques. These future research directions 
would not only enhance the effectiveness of ultrasonic 
cleaning but would expand its applications, as well, 
making the radiator cleaning process safer, more cost-
effective, and more versatile.
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During the standard ultrasonic cleaning, the mass 
of the removed scale varies from 5 to 50 grams, which 
is determined by the degree of contamination of the 
tubes. Modern aluminum radiators are characterized 
by a standard tube radius in the range from 2 to 5 mm. 
The ultrasound exposure time in the experiments was 
600 seconds. The average density of the coolant used 
in radiators with antifreeze is about 1070 kg/m³. The 
results of calculating the optimal amplitude values are 
presented in Table 7.

The obtained amplitude values allow for carrying 
out further studies and obtaining more accurate results 
on the degree of radiator tubes cleaning by ultrasonic 
cavitation.

4	 Conclusion

Based on the studies carried out, the high efficiency 
of ultrasonic cleaning of vehicle radiators due to the 
cavitation phenomenon has been proven. The results 
of experimental studies have shown that increasing 
the ultrasound exposure time leads to a significant 
increase in the mass of washed-out scale, improved 
liquid characteristics and reducing the flow time. 

The developed regression model confirmed a strong 
relationship between the process parameters, such 
as the amplitude and the exposure time, with the 
cleaning efficiency indicators. The resulting regression 
model makes it possible to establish the quantitative 
dependences between the process parameters, which 
provides predicting the cleaning results under various 
conditions. It has been established that the exposure 
time has a positive effect on the cleaning results, while 
increasing the amplitude requires precise optimization 
to prevent a negative effect. The identified saddle point 
in the parameter system emphasizes the need to balance 
the amplitude and the exposure time to achieve the 
maximum cleaning efficiency. According to the obtained 
criterion, the optimal values of the ultrasonic vibration 
amplitude were determined depending on the values 
of the washed-out scale mass. The optimum amplitude 
values were determined at k = 1, demonstrating the 
optimum balance of the system between the time, 
geometric and energy characteristics of the ultrasonic 
cleaning process. The obtained results confirm that 
the use of ultrasound can significantly improve the 
operational characteristics of radiators, reducing their 
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Resume
The results of the analysis of sand application efficiency for improving 
wheel-rail adhesion are presented. An algorithm for the sandbox operation 
is substantiated, based on supplying sand under the wheels when their slip 
reaches a critical level, delivering sand in proportion to the vehicle speed, 
and automatically purging the sand supply pipes. The principle of sandbox 
operation is based on the mechanical interaction between the moving 
elements and sand. It has been established that the maximum adhesion 
coefficient is achieved when the sand is evenly distributed in a single layer 
within the wheel-rail contact area. The important role of the contact area 
in the wheel-rail adhesion is emphasized. A sandbox implementing the 
developed sand supply algorithm is proposed. The introduction of this 
sandbox on Ukrainian-manufactured trams is described.
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with absolute priority and spread in rail and urban rail 
transport. This is explained by the relative cheapness of 
sand and its unique property to instantly and effectively 
enhance the wheel-rail adhesion [6-8]. For example, 
the braking distance of a  train when using sand is 
approximately 30% smaller than without sand in the 
same conditions [3, 9].

Sand is still the main means of short-term levelling 
of wheel skidding on the rail. Increased volumes of sand 
purchases for enhancing the wheel-rail adhesion, as well 
as large expenses for cleaning sand from the rail bed and 
city streets, have determined the need to use sand even 
more effectively and economically while achieving the 
maximum possible wheel-rail adhesion coefficient with 
minimal amounts of sand [9-10].

2 	 Presentation of basic materials

The imprinting film method was used to assess 
the contact area of the vehicle wheels with different 
wear indicators. The fractional composition of sand was 
carried out taking into account a  sieve analysis. The 

1 	 Introduction

The main idea of creating the rail transport is to 
reduce the rolling resistance of wheels on the base. This 
is primarily achieved by increasing stiffness of wheels 
and the base, as well as giving them rational geometric 
shapes. As a base, it was proposed to use rails laid on 
sleepers that would simultaneously serve as guiding 
elements for the train.

The first studies with a  steam locomotive built in 
1809 by engineer R. Trevithick revealed the imperfection 
of this idea. It was noticed that the application of 
traction force to the wheel was accompanied by an 
increase in the skidding of wheels on rails, which 
complicated movement or made it impossible in some 
cases. This phenomenon was called slipping later [1-2].

A  well-known method of combating skidding by 
placing quartz sand between bodies in relative motion 
allowed increasing the traction force and preventing 
slipping [3-5]. Sand expectedly enhanced the wheel-rail 
adhesion in all weather conditions and, moreover, was 
an available material. The effectiveness of using sand to 
enhance the wheel-rail adhesion provided this method 
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Each of these factors of the wheel-rail interaction 
has a  strictly defined amount of sand at which the 
maximum possible adhesion coefficient is achieved. 
Experimental determination of the sandbox efficiency 
involves conducting a series of measurements at different 
vehicle speeds and in different weather conditions. This 
requires equipment that allows for collecting sand 
that did not come into the wheel-rail contact area. 
Although the experimental equipment needed is simple, 
conducting experiments is quite problematic.

In addition to efficiency, an informative characteristic 
of the sandbox is its performance, which is expressed as 
the ratio of the amount of sand supplied by the sandbox 
per unit of time [1]:

P t
Mk= 	 (2)

where: 
P - sandbox performance, kg/s; 
Mk - the amount of sand supplied to the wheel-rail 
contact area, kg;
t - time, s.

However, just like efficiency, the sand supply 
performance does not define the purpose of the sanding 
system, which contributes to achieving the maximum 
adhesion coefficient and does not give recommendations 
for the rational use of sand to enhance the wheel-rail 
adhesion. This problem has a  technical, economic, 
environmental, and social nature and affects such 
characteristics of sand use as the adhesion coefficient, 
the costs of purchasing and preparing sand, as well as 
human health, since after putting the sanding systems 
into operation small particles of sand remain in the 
atmosphere for a long time and lead to serious diseases 
while getting into the human lungs.

Despite the apparent chaos, the mechanical 
and physicochemical processes occurring during the 
interaction of sand with the wheel-rail contact area are 
interconnected, mutually dependent and are subject to 
the basic laws of the molecular-mechanical theory of 
friction [12].

When the sand particles are supplied to the contact 
area, their multiple crushing is observed, which begins 
in the micro-gap between the wheel and the rail and 
continues in the contact area itself. Small particles that 
do not come into the wheel-rail contact, and those that 
were in contact, play an unfavourable role. They can 
remain in the atmosphere for a  long time and cause 
diseases when inhaled into human lungs [13].

It has been experimentally established that before 
the sand crushing, almost 80% of sand particles have 
a size of 0.1 to 0.3 mm. After the sand crushing, its main 
part (70%) has a particle diameter of 0.05 mm and less 
[14-15].

The size of sand particles was determined by sieving 
it through cells of different diameters. Sand crushing 
was caused by a  single pair of locomotive wheels 
running into it, the axle load of which was 115 kN (this 

algorithm of supplying sand to the wheel-rail contact 
area was created and justified by comparative analysis 
using experimental and theoretical results.

Sanding systems in the technical literature are 
evaluated by two indicators, namely, efficiency (η) and 
sand supply performance [11]. Efficiency is an important 
characteristic of a  sandbox. It can be used to assess 
the completeness of sand supply to the wheel-rail 
contact area, but efficiency cannot be considered an 
exhaustive characteristic, since it does not define the 
most important purpose of the sandbox, which is to 
enhance the wheel-rail adhesion.

Since the sand supply to the wheel-rail contact 
area without losses is not identical to the concept 
of increasing the wheel-rail adhesion coefficient, the 
efficiency of the sanding system can be considered only 
as a characteristic of sand losses while supplied to the 
contact area. The efficiency of the sanding system is 
defined as the ratio of the amount of sand that has come 
into the wheel-rail contact area to the total mass of sand 
supplied under the locomotive wheel [11]:

,m
m
2

1h= 	 (1)

where: 
η - the efficiency of the sanding system; 
m1 - the amount of sand that has come into contact, kg; 
m2 - the total amount of sand supplied to the contact, kg.

Analysis of Equation (1) shows that efficiency is in 
no way related to the amount of sand required to achieve 
the maximum wheel-rail adhesion coefficient. This 
suggests that efficiency is an incomplete characteristics 
of the system and does not answer the question of 
whether this system is efficient and what part of sand is 
excessively supplied to the contact area.

Some specifications provide the efficiency of the 
sandbox, but it is not indicated under which conditions 
these values are valid. The conditions for obtaining 
efficiency are very important since it is obvious that with 
fixed constant values of the sand supply performance at 
different movement speeds, the values of the efficiency 
of the sandbox will be different.

To answer this question, information is needed 
about the amount of sand leading to the maximum 
adhesion coefficient. Studies show that this amount of 
sand is a variable value and depends on many factors, 
namely [11]:
• 	 the wheel-rail contact area size;
• 	 conditions of wheels and rails (level of wear);
• 	 physicochemical and physicomechanical properties 

of the contacting surfaces;
• 	 natural losses of sand on the way to the wheel-rail 

contact area;
• 	 relative skidding of wheels;
• 	 level of load on the wheel-rail contact area by 

normal and tangential forces;
• 	 ambient temperature and temperature in the wheel-

rail contact area.
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adhesion coefficient, is respectively equal to the sum of 
the effects of all individual particles.

In this case, the magnitude of forces transmitted 
from the wheel to the rail depends on the following 
factors:
•	 the strength of sand particles;
•	 the depth of penetration of sand particles into the 

wheel-rail surfaces;
•	 the strength of the mechanical bond between sand 

particles and the material of the wheel and the rail;
•	 the strength of the molecular bond between the sand 

particles and the material of the wheel and the rail.
In addition, no less favourable conditions are created 

for implementing the molecular component. Each sand 
particle has the largest contact area with the wheel-rail 
surfaces. In the considered option of sand distribution 
in the contact area, both the mechanical and molecular 
components can reach their maximum possible values.

In the second option, there is no possibility of 
simultaneous penetration of each sand particle into the 
wheel-rail surfaces. In this regard, the efficiency of force 
transmission due to the mechanical component will be 
correspondingly lower.

In addition, despite the fact that the contact area of 
sand particles and the wheel-rail surfaces will be quite 
large, there is no reason to assume that the molecular 
component of the adhesion coefficient will also be quite 
large since the transmission of traction forces will be 
localized in sand thickness, the shear strength of which 
is low [9].

Additionally, the more sand particles are in the 
contact area, the less intensively they will be crushed 
and, therefore, lower values of the molecular component 
of the adhesion coefficient will be achieved.

Compared to the first option, this option is inferior 
in terms of the level of both mechanical and molecular 
interaction. Therefore, the first option of the distribution 
of sand particles in the contact is better from the point 
of view of achieving maximum values of the wheel-rail 
adhesion coefficient.

The wheel-rail adhesion takes place on small 
contact areas. The size of these contact areas is only 
a few square centimetres (for new wheels 1 - 2 cm2) [19]. 
Nevertheless, with the help of such small areas, traction 
forces of several tens of tons can be transmitted from the 
wheel to the rail.

The contact area plays an important role in the 
wheel-rail interaction, both with and without sand. The 
larger the contact area is, the more sand particles can 
be placed there, so the more sand will affect the wheel-
rail adhesion.

The wheel-rail adhesion coefficient with quartz 
sand in the contact area is shown by the equation [20]:

.f f
r HBn
p

1 4
2

ad mol
w

2= + c m ,	 (5)

where: 
fad - the adhesion coefficient; 

experiment was performed with sand used to enhance 
the wheel-rail adhesion on Donetsk Railway of Ukraine) 
[16].

The maximum adhesion coefficient is achieved 
under conditions when a  sand particle penetrates into 
the wheel-rail surfaces simultaneously, i.e., the sand is 
distributed in the contact in one layer [5-6]. The strength 
of the metal-particle-metal bond determines the wheel-
rail friction coefficient and force. The penetration of 
a  sand particle occurs to a  depth that depends on the 
Brinell hardness of the material, the particle radius and 
shape. We assume that the sand particles are spherical 
for simplification, although in reality, their shapes may 
vary.

The criterion that evaluates the particle crushing is 
the following dependence [17]:

/ / /h r HB1 2 v=^ ^h h ,	 (3)
			 

where: h - the depth of penetration, m;
r - the particle radius, m;
v  - the particle crushing stress, Pa;
HB - Brinell hardness of the material, Pa.

As a result of the sand crushing, the total surface 
area increases by many times. The new sand surface 
formed has high molecular activity due to a large number 
of uncompensated molecular bonds. This process has a 
beneficial effect on the implementation of the molecular 
component of the adhesion coefficient [18].

When coming into contact, sand can be distributed 
both in one layer and several layers. It has been 
experimentally proven that the first option is effective 
in terms of the adhesion coefficient for dry wheel-rail 
surfaces. In the second option, the adhesion coefficient 
tends to decrease with an increase in the amount of 
sand.

In the first option, each particle of sand has 
favourable conditions for simultaneous penetration into 
the wheel-rail surfaces and fixing in them. Thus, the 
best conditions are created to achieve the maximum 
possible values of the mechanical component [10]. For 
a single sand particle, the mechanical component of the 
adhesion coefficient is equal to the ratio of the particle 
application value to its radius [18]:

f r
h

mech= ,	 (4)

where: 
fmech - the mechanical component of the adhesion 
coefficient;
h - the amount of micro-roughness penetrated into the 
surface, m;
r - the radius of curvature of the micro-roughness apex, 
m.

As follows from Equation (4), the mechanical 
component of the adhesion coefficient will be the higher, 
the smaller is the sand particle formed after crushing. 
The mechanical component as a whole, for the wheel-rail 
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Therefore, the number of sand particles placed in the 
contact area of worn wheels will also be several times 
bigger, and the adhesion is correspondingly larger.

3	 Findings and discussion

The developed sand dispensing system has 
been implemented on T3L441 trams manufactured 
by Electrontrans (Lviv, Ukraine). The system’s 
performance characteristics are presented in Figure 
2. For comparison, the performance characteristics of 
a system, based on a pneumatic dosing method, are also 
shown. As follows from the presented characteristics, 
the developed system demonstrates higher efficiency in 
economic parameters [10-11].

The shaded area indicates the sand savings achieved 
through the use of the mechanical dosing method.

With increasing speed, the drawback of the stepwise 
sand dispensing performance, shown in Figure 2, 
became apparent. For example, with stepwise sandbox 
performance when beginning motion and at a  speed 
of 100 km/h, the amount of sand that comes into the 
wheel-rail contact area differs several times. This is due 
to the fact that in the first and second cases, the train 
passes a different path per unit of time, therefore, with 
the same sandbox performance, the density of sand 
distribution along the rail will be different.

It can be assumed that the wheel-rail adhesion 

fmol - the molecular component of the adhesion coefficient;
r - the radius of a quartz sand particle, m;
HB - Brinell hardness of the wheel surface, Pa;
n - the number of quartz sand particles;
Pw - the normal wheel load, N.

This equation is approximate, as it is derived from 
the assumption that sand particles are distributed in a 
single layer. The equation takes into account the contact 
area through the parameter of the amount of sand in 
the contact (the molecular component of the adhesion 
coefficient is determined experimentally).

The parameter n in Equation (5) attracts attention, 
as it means the number of quartz sand particles in 
the contact. Since the contact area of worn wheels is 
larger, the number of sand particles will be bigger, and 
therefore the wheel-rail adhesion will be larger.

The wheel-rail contact area mainly depends on the 
load level, the diameter of the wheel, and the degree 
of wear of the wheel-rail working surfaces. Since the 
contact area has its limits, the number of particles 
placed in the contact is also limited. Other things being 
equal, the contact area differs depending on the wear of 
wheels and rails.

Figure 1 shows the average statistical imprints of 
the spots of the wheel-rail contact. The imprints were 
obtained by the imprinting film method. The diameter 
of the wheels studied was within 1000 - 1050 mm [20].

As follows from Figure 1, the contact area of worn 
wheels is several times bigger than of the unworn ones. 

Figure 1 Imprints of contact spots of a new and worn wheel with the rail:  
1 - a new wheel; 2 - rolled 2.0 mm; 3 - rolled 5.0 mm

Figure 2 Dependence of the sand supply productivity on tram speed,  
1 - pneumatic sand dosing method, 2 - mechanical sand dosing method
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that the train passes different distances per unit of time, 
which affects the sand distribution density.

With the stepwise sand dispensing performance, 
uneven sand distribution is observed, leading to 
a  change in the adhesion coefficient. According to the 
data in Figure 2, the sand dispensing performance 
characteristics of the mechanical method differs 
significantly from the pneumatic method in terms of 
sand savings.

To save sand when supplying it under wheels, it 
is possible to achieve a high percentage of sand supply 
to the wheel-rail contact area by screening out small 
sand particles during its preparation. Screening out 
sand particles with a diameter of less than 0.63 mm will 
ensure a  loss of sand particles of only about 15% [18]. 
When screening out sand particles smaller than 1.6 mm, 
100% sand supply to the wheel-rail contact is ensured, 
Table 1.

The wheel-rail adhesion coefficient in real operating 
conditions varies over a wide range. The minimum and 
maximum values of the adhesion coefficient differ by 
6-7 times. When the weather conditions deteriorate, 
the adhesion coefficient can reach record low values, at 
which the rolling stock movement becomes impossible 
at all [15].

As studies have shown, such significant changes 
in the adhesion coefficient are largely due to the 
physicochemical state of the wheel-rail surfaces, which 
is formed under the influence of many factors. The 
most important of them are the weather and climatic 
conditions of the rolling stock operation, which are 
mainly due to the influence of temperature, humidity, 
and the accidental presence of various components on 
the rails [15].

Currently, the operation of trains is carried 
out without strict consideration of the influence of 
weather and climatic factors. This explains the fact that 
currently existing recommendations on the sand supply 
performance differ quantitatively several times.

The lack of influence of weather and climatic 
conditions leads to overconsumption of sand, a decrease 
in its frictional capabilities, an increase in wear of the 
wheel-rail working surfaces, as well as a loss of technical 
and economic efficiency of the locomotive as a  traction 
vehicle.

The developed algorithm was implemented in 
the tram sandbox, which was introduced on T3L441 
trams manufactured by LLC SP “Electrontrans” (Lviv, 
Ukraine). The sandbox was developed by the research 

coefficient would change in accordance with the density 
of sand distribution. That is, stepwise sand supply 
performance by a sandbox does not provide stable values 
of the wheel-rail adhesion coefficient.

In this regard, a  sandbox is created that allows 
sand to be supplied depending on the vehicle speed [6, 
11, 16]. There are three methods that can be used. The 
first method is characterized by a stepwise dependence 
of the change in the sand supply performance on the 
movement speed, and the second is a linear dependence 
(Figure 2), and the third method is constant sand 
dispensing performance. The third method is apparently 
less effective. Its main advantage is in the relative 
simplicity of implementation.

The advantages of the second method, characterized 
by the linear sand supply performance, are obvious both 
in comparison to the constant sandbox performance and 
in comparison to the stepwise sand supply performance. 
The linear characteristics allows for providing the 
same density of sand distribution on the rail head 
at any speed, which ensures stability of the wheel-
rail adhesion coefficient. However, its implementation 
requires creating new sandbox designs.

Attempts to create such sandboxes based on the 
already well-tested method of capturing and supplying 
sand with compressed air, which was implemented 
in almost all designs of existing sandboxes, were 
unsuccessful. The maximum that was possible to do on 
that basis was to provide a stepwise change in the sand 
supply performance (Figure 2). The stepwise change in 
the sand supply performance was ensured by controlling 
the compressed air parameters.

Creating sandboxes capable of changing the sand 
supply performance depending on the vehicle speed 
became possible based on the mechanical principle of 
sand dosing, which involves the mechanical impact on 
sand.

Experiments on the effectiveness of sand use 
were performed on a  full-scale stand developed at the 
Department of Locomotive Engineering of Volodymyr 
Dahl East Ukrainian National University under the 
mentorship of Professor O. L. Holubenko. The stand 
reproduced the interaction of a wheel with a diameter of 
1050 mm and a section of the P65 rail 12 meters long in 
the dynamic mode [2].

When the train starts moving and at a  speed of 
100 km/h, the amount of sand reaching the wheel-rail 
contact varies significantly (by several times) depending 
on the dispensing mode. This is explained by the fact 

Table 1 Percentage of sand supply to the wheel-rail contact area depending on the fractional composition of sand

Fractional composition %

Fraction >1.6 mm 100

Fraction 1.6 to 1.0 mm 90

Fraction 1.0 to 0.63 mm 70

Fraction 0.63 < mm 25
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The sandbox is designed based on the mechanical 
principle of sand dosing and provides the sand supply to 
the contact proportional to the locomotive speed, which 
is provided by the impeller 1 (Figure 5). The installation 
of the sandbox on the tram is shown in Figure 6.

The sandbox operation algorithm involves blowing 
out the sand supply hoses after each sand supply cycle, 
as well as blowing out the sand supply hoses without 

and production association “Poshuk” (Severodonetsk, 
Ukraine) [9]. The block diagram of placing sandboxes 
on the running gear of the tram and their design are 
presented in Figures 3 and 4, respectively. 

Figure 4 does not show the elements used by the 
sandbox but developed and supplied by other developers 
and manufacturers (compressor, relative wheel slip 
sensor).

Figure 3 Block diagram of placing sandboxes on the running gear of the tram: 1 - sand hopper; 2 - dispenser;  
3 - nozzle; 4 - relative wheel slip sensor; 5 - small-sized compressor; 6 - control unit; 7 - tip

Figure 4 Sandbox design: 1 - control unit; 2 - sand supply dispenser; 3 - nozzle

Figure 5 Sand supply dispenser: 1 - impeller; 2 - stepper motor
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sand particles. When screening out sand particles 
smaller than 1.6 mm, 100% sand supply to the 
wheel-rail contact area is ensured.

4. 	 The maximum adhesion coefficient is achieved 
in conditions when the sand is distributed in the 
wheel-rail contact area in a single layer and a sand 
particle simultaneously gets into the wheel-rail 
surfaces. The strength of the metal-particle-metal 
bond determines the wheel-rail adhesion coefficient 
and force.

5. 	 The contact area plays an important role in the 
wheel-rail interaction, both with and without sand. 
The larger the contact area is, the more sand 
particles can be placed there and, thus, the more 
sand will affect the wheel-rail adhesion. All other 
things being equal, the adhesion of worn wheels 
(with sand particles) is greater as compared to the 
new wheels.

6. 	 A locomotive sandbox is proposed, which is designed 
on the mechanical principle of sand dosing. The 
sandbox provides dosed sand supply to the contact 
area proportional to the locomotive speed and has 
the functions of blowing out the sand supply hoses 
after each sand-supply cycle, as well as blowing out 
the sand supply hoses without sand supply, which 
is carried out with a given duration and frequency 
depending on the season (winter/summer).
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sand supply, which is carried out with a given duration 
and frequency depending on the season (winter/summer).

Due to the use of the developed sand dispensing 
algorithm, the sandbox achieves the following 
characteristics (compared to analogues):
•	 high efficiency in terms of the wheel-rail adhesion 

coefficient;
•	 sand savings due to sand dispensing under the 

wheels, depending on the tram’s speed;
•	 high operational performance due to the reliability 

of the dispenser and the purging of the sand 
dispensing pipes.
The author’s supervision, conducted over 18 months, 

confirmed the high reliability of the sandbox.

4	 Conclusions

1. 	 The optimal procedure of supplying the sand to the 
locomotive wheels in accordance with the criteria 
of the adhesion coefficient and sand saving should 
have the following functions:

•	 supplying sand to wheels when reaching the critical 
level of the wheel skidding relative to rails;

•	 pulsed supply of sand carried out proportional to the 
movement speed;

•	 automatic blowing out of sand supply hoses after 
each sand-supply cycle;

•	 automatic periodic blowing out of sand supply hoses 
without sand supply in summer and winter.

2. 	 Sand supply by modern sanding systems should 
be based on the predominant principle of the 
mechanical impact on sand during its dosing. 
The developed sand dispenser corresponds to this 
principle.

3. 	 A high percentage of sand supply to the wheel-rail 
contact area can be achieved by screening out small 
sand particles during its preparation. Screening 
out sand particles with a  diameter of less than 
0.63 mm will ensure an approximately 15% loss of 

Figure 6 Installation of the sandbox on the tram: 1 - compressor; 2 - sand supply dispenser
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Resume
The article is devoted to the study of dynamic interaction of rail track 
and freight wagons under increased axial load. In conditions of increasing 
the freight traffic volumes and axial loads, the importance of accurate 
understanding of the mechanisms affecting the wear of rail track elements 
becomes especially important. In this paper the authors have carried out 
experimental research and comparative analysis of freight wagon trolleys of 
different models. As a result of dynamic tests of the freight wagon trolleys, 
the necessary parameters of dynamic qualities of different models of wagons 
and their optimal values of axial loads of freight wagons are obtained. The 
necessity of improving the current design of wagon trolleys and reinforcing 
the design of railway track with the use of R65 type rails and reinforced 
concrete sleepers is substantiated. According to the data of trolley design 
comparison of different models, the bending moment and maximum load 
indices are established.
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need to develop new standards for railway design 
and operation, as well as to create effective methods 
of monitoring and diagnostics of track infrastructure 
condition. This research is aimed at optimizing the 
operational characteristics of railway transport, 
improving its reliability and safety, as well as reducing 
economic losses associated with infrastructure wear  
and tear [2].

Analysis of literature sources shows that the issue 
of dynamic interaction between the rail track and 
freight wagons under increased axle load is actively 
investigated in various aspects: from mechanics and 
modelling to diagnostics and forecasting. 

The dynamic interaction between the car and the 
track is determined by many factors, including bogie 
design, track condition, speed and axle load. Studies 
show that as the axle load increases, the amplitudes of 
vibration increase, as well as the forces transmitted to 
the rail-tie grid. This leads to increased stresses in rails 
and sleepers, which accelerates their fatigue failure 
processes.

Increased axial loads lead to increased vibrations in 
the rolling stock, which affects the comfort and safety of 

1 	 Introduction

Modern railway transport plays a  key role in the 
economies of most countries, transporting large volumes 
of goods over long distances. In recent decades, due to 
increasing freight traffic volumes and the growing need 
for more efficient and powerful vehicles, there has been 
a  tendency to increase axle loads on the railway track 
[1]. Under conditions of increased axial load, freight 
wagons are subjected to significant dynamic effects, 
which directly affect the track performance and wear.

One of the most important aspects that require 
attention is the study of the dynamic interaction between 
the track and wagon wheels, which has an impact on 
traffic stability, transport safety and infrastructure 
durability. This interaction becomes especially relevant 
in the context of increasing axial loads, which requires 
a more thorough study of its influence on the mechanical 
properties of rails, joints, ballast base and other track 
elements [1-2].

The importance of studying dynamic indicators 
of interaction between the rail track and wagons 
under conditions of increased axial load is due to the 
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In modern conditions of cargo transportation using 
the rail transport, there is a  tendency to increase the 
axial load on wagons. This necessitates an in-depth 
analysis of the dynamic interaction between rolling 
stock and the railway track. This article examines the 
key indicators that determine the effectiveness and 
safety of such interaction [1].

1.1	 Dynamic loads

Dynamic loads arising from the movement of freight 
wagons can significantly exceed the static loads. The 
main indicators are:
•	 Axial load: The maximum pressure on the axle of 

the car, affecting the deformation of the track.
•	 Dynamic coefficients: The ratio of dynamic loads 

to static loads, which depends on the speed of 
movement and the condition of the rails.

1.2 	Condition of rails and tracks

With an increase in the axial load, the following 
changes were observed [2-3]:
•	 Wear of the trackbed: An increase in the intensity of 

wear, requiring more frequent maintenance.
•	 Path deformation: Increased risk of deformations, 

which can lead to emergencies. 

1.3	 Impact on rolling stock

Dynamic interaction has an impact on freight 
wagons, as well:
•	 Depreciation: Effective depreciation systems can 

reduce the negative impact on the rails.
•	 Directional stability: Increased axial load can 

worsen the stability of wagons on curved sections 
of the track.

1.4	 Assessment methods

Various methods are used to analyze dynamic 
interaction:
•	 Computer modelling: Models allow to predict the 

behavior of a  rail track under the influence of 
various loads.

•	 Field testing: Real-world data collection helps refine 
models and assess actual performance.
The dynamic interaction of the track and 

freight wagons with increased axial load requires an 
integrated approach to research and evaluation. The 
sustainable development of railway transport depends 
on the introduction of modern technologies and control 
methods, which will ensure the safety and efficiency of 
freight transportation [5-6].

transportations. According to studies [3-4], increasing 
the axle load from 23.5 tons to 27 tons increases the level 
of vibrations in the low frequency range (1-5 Hz), which 
negatively affects the condition of the running parts of 
wagons and track elements.

Various technical solutions are proposed to minimize 
the negative effects [3]:
•	 Improving the design of freight wagon bogies;
•	 Use of rails of higher strength and modern elastic 

fasteners;
•	 Application of improved methods of diagnostics and 

monitoring of the track and wagon condition.
Mathematical modelling methods are widely used 

to study dynamic interaction processes. Authors of 
a  number of works [4-5] use multi-car and rail track 
models to analyze the impact of various factors, such 
as rail defects, wheelset profile and car suspension 
parameters.

Numerical modelling methods, based on the finite 
element method, and dynamic analysis of contact 
interactions have also been used recently. This makes 
it possible to evaluate the stress distribution in rails, 
sleepers and ballast layer under different traffic  
modes.

However, despite the considerable amount of 
research, there is a need to further develop diagnostic, 
modelling and prediction methods, especially 
in the context of more intensive railway operation 
and increased axle loads. The topic requires further 
research considering new technologies and materials to 
improve the safety, durability and efficiency of railway 
infrastructure [3].

The purpose of this paper was to analyze the 
performance of the dynamic interaction between rail 
track and freight wagons under increased axial load, 
to identify the key factors affecting its behavior, and to 
develop recommendations to improve the efficiency and 
safety of rail transport [1-6]. 

Thus, the topic of research of dynamic interaction 
of rail track and freight cars under increased axial load 
is relevant both from the point of view of engineering 
solutions and from the point of view of ensuring safety 
and economic efficiency of railway transport in the 
conditions of modern traffic growth and the requirement 
to increase freight capacity [1, 6].

The novelty of the research lies in the complex 
approach to the study of the dynamic interaction of 
the rail track and freight cars under increased axial 
load, which allows a  more accurate assessment of the 
impact of such loads on the operational characteristics 
of railway infrastructure and vehicles.

Thus, the novelty of this study lies in the integration 
of modern methods of analysis, diagnostics and 
forecasting to create more sustainable and safer railway 
operating conditions under increased axial loads. These 
results can significantly influence practical applications 
in the field of railway transport, improving its safety, 
economic efficiency and infrastructure durability [6].
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are estimated by the coefficients of vertical dynamics, 
which for freight wagons should not exceed kd = 0.65. 

The kd value is determined by the formula [7]:

. . /k V f0 1 0 2d st= + ,	 (1)
 

where V - is the speed of movement, km/h;
fst - static deflection of the spring suspension, mm; 

Figure 1 shows the values of the coefficient of 
vertical dynamics of wagons presented in Table 1.

As can be seen from Figure 1, all the wagons 
meet the requirements in terms of the permissible 
coefficient of vertical dynamics, however, trolleys of 
models 18-194-1 and 18-9996 (with an axial load of 25 
tons) have this indicator smaller than wagons with an 
axial load of 23.5 tons. This phenomenon is explained 
by the improved characteristics of spring suspension [8].

The vertical dynamic load Pavg occurs when the car 
moves along the rail track due to the acceleration of 
the mass of the car and cargo during vibrations on the 

2	 Materials and methods

The main models are: models 18-100, 18-9810 
(Barber) with an axial load of 23.5 t/axle, models 
18-194-1 (Uralvagonzavod), 18-9996 (ZK1) with an axial 
load of 25 t/axle.

To compare the indicators of dynamic interaction 
of the track and wagons, the following indicators were 
calculated [4]:
•	 the coefficient of vertical dynamics;
•	 dynamic maximum load from the wheel to the rail;
•	 bending moment in rails;
•	 maximum deflection of the rail.

The calculation was carried out for track structures: 
rail R65, wooden sleepers, laying plot 2000 pcs./km, 
ballast - crushed stone.

The main technical parameters of the trolleys of the 
wagons used in the calculation are shown in Table 1.

The safety of the carriage and the smoothness 
of its movement along the irregularities of the track 

Table 1 Calculated parameters of trolleys

No. Indicator
Cart Model

18-100 18-9810 18-194-1 18-9996

1 The number of axles in the cart 2 2 2 2

2 Axial load, t/axle 23.5 23.5 25 25

3 Static deflection of the spring suspension 47 48 76 55

4 Structural speed, km/h 100 120 120 120

5 Weight of the trolley, t 4.76 4.8 4.9 5.3

6 The weight of the unsprang parts 
attributed to the wheel, kN 995 995 995 1005

7 Trolley base, mm 1850

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Figure 1 Coefficient of vertical dynamics of freight wagons
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P k P qmax
p d st= -^ h  (kg)	 (5)

where q - the weight of the unsprang parts attributed to 
the wheel, kg;
kd - the coefficient of vertical dynamics.

The calculation of the maximum dynamic load 
(Equation (5)) was performed using the Excel application 
and is shown in Figure 2.

As can be seen from Figure 2, the amount of 
dynamic load is affected by the speed of movement. With 
an increase in the speed from 20 to 100 km, the load of 
the wheel on the rail increases almost 1.5-2 times. In 
addition, an increase in the weight of the unsprang parts 
of the car leads to an increase in the dynamic load.

When calculating a rail as a beam on a solid elastic 
base, the system of concentrated wheel loads (Figure 
3) is replaced by equivalent single loads, respectively, 
when determining bending moments and stresses in 
rails using a  function μ and when determining loads 
and deflections using a function η [11]. Since, due to the 
random nature, the probable maximum dynamic load 
of the design wheel does not coincide with the probable 
maximum loads of neighboring wheels, the maximum 
probable load of the design wheel and the average value 
of the loads of neighboring wheels are taken into account 
when determining the equivalent loads.

The maximum equivalent load for calculating 
stresses in rails from bending and torsion is determined 
by, [11]:

P P Pmax
eq
I

dyn i cpin= +| ,  (kg)	 (6)

where μi - the ordinates of the line of influence of the 
bending moments of the rail in the sections of the track 

springs and the passage of track irregularities [9]. It is 
determined by multiplying the static load by the vertical 
dynamic coefficient.

The dynamic maximum load from the wheel to the 
rail is determined by the formula [5]:

P P Smax
dyn avg m= + ,  (kg)	 (2)

where Pavg - the average value of the vertical load of the 
wheel on the rail, kg; 
S - the average square deviation of the dynamic vertical 
load of the wheel on the rail, kg;

λ = 2.5 - a normalizing multiplier that determines 
the probability of an event, i.e., the occurrence of a 
maximum dynamic vertical load.

The average value of the vertical load of the wheel 
on the rail is determined by the formula [10]:

P P Pavg st p
avg= + ,  (kg)	 (3)

where Pst is the static load of the wheel on the rail, kg;
Pp
avg - the average value of the dynamic load of the wheel 

on the rail from vertical vibrations of the superstructure 
of the crew, kg [10]:

.P P0 75 max
p
avg

p$= ,  (kg)	 (4)

where Pmaxp - - the dynamic maximum load of the wheel 
on the rail from vertical vibrations of the superstructure, 
kg. 

The dynamic maximum load of the wheel on the rail 
from vertical vibrations of the superstructure Pmaxp   is 
determined by the formula:

Figure 2 Dynamic maximum load from the wagon wheel on the rail
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loads from the carriage axles adjacent to the design axis 
(Figure 3):

cos sine kl kli
kl

i i
ih = +- ^ h .	 (9)

The bending moment in the rails from the impact of 
an equivalent load is [12]:

/M P k4eq i
1 n= ^ h ,	 (10)

where Peq1  - the maximum equivalent load for calculating 
stresses in rails from bending and torsion, kg.

Maximum load on the sleeper:

/Q P kl 2eq
II

s$= ,	 (11)

where ls = 550 - the distance between the sleeper axes, 
mm;
PeqII - the maximum equivalent load for calculating 
stresses and forces in the elements of the sub-rail base, 
kg.

located under wheel loads from the axles of the carriage 
adjacent to the design axis (Figure 4).

The magnitude of the ordinate can be determined 
by the formula:

cos sine kl kli
kl

i i
in = -- ^ h ,	 (7)

where k = 0.001 - the coefficient of relative stiffness of 
the rail base and rail, mm-1; 
li =1850 mm - the distance between the center of the 
axis of the calculation wheel and the wheel of the i-axis 
adjacent to the calculation; 
e - the basis of natural logarithms (e = 2.72828 ...).

The maximum equivalent load for calculating 
stresses and forces in the elements of the sub-rail base 
is determined by the formula [10]:

P P Pmax
eq
II

dyn i cpih= +| ,  (kg)	 (8)

where ih  - ordinates of the line of influence of rail 
deflections in track sections located under the wheel 

Figure 3 Lines of influence of deflections η (x) and moments  
μ (x) from the action of the wheel load

Figure 4 Bending moment in the rails under the action of the wagon wheel
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3	 Results and discussion

The gondola cars 12-196-01 on trolleys 18-194-1 
have passed a  full cycle of acceptance tests, and the 
main components and parts of the trolley have been 
bench tested in terms of strength and service life. The 
running, dynamic strength and impact tests carried out 
on the track, some of the results of which are presented 
in Figures 7-9 [16-17], indicate that the dynamic 
performance of the gondola car on trolleys 18-194-1 
meets the requirements of the Norms for calculating and 
designing railway wagons of the Republic of Kazakhstan 
gauge of 1520 mm and generally do  not exceed the 
performance of the standard wagon on trolleys 18-100, 
including the impact on the path and switches. 

From the presented dependencies can also be seen 
that, due to the optimally selected parameters of the 
spring set of trolleys 18-194-1 for them in the speed range 
of 60-120 km/h, the coefficients of vertical additives for 

Maximum deflection of the rail:

/y P k U2eq
II $= ,  (mm)	  (12)

where U  = 2.7 - modulus of elasticity of the rail base, 
kg/mm2

Figures 4-6 show the results of calculating the 
bending moment in the rail, the load on the sleeper and 
the deflection of the rail from wagons with different 
axial loads, respectively [13-14]. 

The analysis of Figures 4-6 showed that the trolleys 
of the model 18-194-1 have the most favorable effect on 
the track over the entire speed range, the trolleys of the 
model 18-9996 have the worst indicators of interaction 
between the track and rolling stock. The worst indicators 
of interaction between the track and the trolley of the 
model 18-9996 are explained by the fact that the trolley 
has a 7.5% higher mass compared to other trolleys, as 
well as a greater unsprang weight [15].  

Figure 5 Maximum load on the sleeper under the action of the wagon wheel

2.5

3.0

3.5

4.0

4.5

5.0

Figure 6 Maximum deflection of the rail under the action of the wagon wheel
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trolley model 18- 100 
trolley model 18- 194- 1 (elastic slides)
trolley model 18- 194- 1 (elastic- roller slides)
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Figure 7 Coefficients of vertical dynamic additives for sprung masses when moving open wagons (Kdp) (straight line)
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Figure 8 Coefficients of vertical dynamic additives for unsprang masses when moving gondola cars in loaded condition 
(Kdg) (curve R=350 m)

H p 
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V, km/ h

trolley model 18- 100 
trolley model 18- 194- 1 (elastic slides)
trolley model 18- 194- 1 (elastic- roller slides)

Figure 9 Frame forces (Hp) when moving gondolas in loaded condition (curve R =350 m)
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a  rolling stock testing laboratory. General technical 
conditions. The wheels of the prototype had a non-worn 
profile (Figure 10) [22].

A  certificate of compliance with the Railway 
transport certification system was obtained for the trolley 
18-194-1. The first 420 universal gondola cars 12-196-01 
with increased load capacity on trolleys 18-194-1 are 
already in operation on the railway network. The freight 
wagons, which use the 18-194-1 trolley in their design, 
have increased technical and commercial parameters 
due to increased load capacity and reliability of the 
chassis and will be in demand on the rolling stock  
market.

The creation of promising cargo trolleys with 
increased axial load is the most urgent and knowledge-
intensive task in the complex of works on development 
of the new generation wagons. Increasing the axial loads 

sprung masses were significantly lower compared to the 
trolley 18-100 [18-19].

Running tests of trolleys on the Experimental ring 
of Scientific Research Institute of Railway Transport 
showed that the inter-repair mileage of their main 
components and parts reaches 750 thousand km. Thus, 
the trolley has the improved driving characteristics and 
an increased resource of main components, parts and 
friction pairs, which reduces the cost of maintaining 
wagons, increases train safety, increases the speed of 
cargo delivery [20-21].

Certification tests of these wagons were conducted 
in November 2011 on the Kazakh Railways by the 
Branch Scientific Research Laboratory of Dynamics 
and Strength of Rolling Stock of the Dnipropetrovsk 
National University of Railway Transport named after 
Academician V. Lazaryan, which has the status of 

K
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Figure 10 The dependence of the coefficients of vertical (a) and horizontal  
(b) dynamics on speed when moving along a straight section of the path
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The results of this research have an important 
practical significance for the design, operation and repair 
of railways. The developed diagnostic and predicting 
methods can be introduced into the practice of railway 
companies, which will improve safety and reduce the 
risks associated with increased axle loads. In the 
future, it is possible to extend the study to other types 
of transport tracks and expand the methods to more 
accurately assess the condition of infrastructure under 
various operating modes.

The results of dynamic tests have shown sufficiently 
good driving qualities of the considered wagon, that with 
an increase in axial loads to 25 t/axle and above, it is 
necessary to optimize the design of wagon trolleys and 
strengthen the structure of the railway track by using 
rails of type R65 and above, reinforced concrete sleepers 
and crushed stone ballast;
•	 to reduce the dynamic impact of the wagon on 

the track, the total static deflection of the spring 
suspension should be at least 55 mm;

•	 when comparing trolleys of different designs with an 
axial load of 25 t/axle, it was found that:

1) 	 the bending moment in the rails at a speed of 100 
km/h for trolleys 18-194-1 is 4500 km, for trolleys 
18-9996 - 4800 km;

2) 	 the maximum load on the sleeper at a  speed of 
100 km/h for trolleys 18-194-1 is 60 kN, for trolleys 
18-9996 - 68 kN;

3) 	 the maximum deflection of the rail at a  speed of 
100 km/h for trolleys 18-194-1 is 4 mm, for trolleys 
18-9996 - 4.5 mm.
In conclusion, the study has shown that the dynamic 

interaction of the rail track and freight wagons under 
increased axial load requires an integrated approach 
and the introduction of innovative technologies to ensure 
safe and efficient operation of railway transport.
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and speeds of freight wagons to solve the most important 
problem - increasing the freight and carrying capacity 
of railways will be cost-effective only if the new freight 
trucks have a “mild” effect on the track [23].

Among the measures aimed at ensuring the stability 
of the movement of wagons, and, above all, the most 
massive - freight, the design and condition of trolleys, 
especially those equipped with diagonal connections 
between their sidewalls, play a role. The largest number 
of patents and articles devoted to these constructions 
belong to Professor G. Scheffel (see, for example, [20, 
24]). Freight wagons have been put into operation in 
Kazakhstan, the trolleys of which are equipped with 
diagonal connections.

The wagons of the 12-9920 model were manufactured 
for the railways of Kazakhstan by the Qiqihar Carriage 
Company CNPC (People’s Republic of China). Their 
two-axle trolleys of the ZK1 type are designed for an 
axial load of 25 tons and a speed of 120 km/h in empty 
and loaded conditions. The design of the trolley with 
diagonal ties, elastic-roller slides, adapters, rubber 
shock absorbers and cassette bearings in the axle box is 
discussed above.

4	 Conclusion

Increased axial loads have a  significant impact on 
the dynamic interaction between the wagon wheelsets 
and the track. Increased weight and force on track 
elements lead to accelerated wear of rails, joints and 
ballast base. This is especially evident in high-traffic 
areas and when operating heavy trains, which requires 
more frequent maintenance and modernization of the 
infrastructure.

Modelling of dynamic processes has shown that the 
interaction of wheel sets with rails causes additional 
loads on joints and rail connections, increasing the risk 
of their failure. The rail track is subjected to greater 
wear and deformation, which may lead to the need for 
more frequent repair and replacement of elements.

Analyses of the dynamic interaction between the rail 
track and freight wagons under conditions of increased 
axial load led to the need to revise existing railway 
design standards. Recommendations on the use of more 
durable and wear-resistant materials for rails and other 
track components, as well as optimisation of wagon 
design taking into account dynamic characteristics can 
significantly improve the operational efficiency and 
safety of transport systems.
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Resume
Internal combustion engines, which operate in various load and speed 
conditions, are significant sources of environmental pollution that affect 
a vehicle's movement in traffic. Automotive engines typically operate in 
unsteady-state modes, transitioning cyclically from one operating mode 
to another during vehicle operation. The potential of using biogas as an 
additive to compressed natural gas for automotive engines was explored 
within this research. The results of experimental studies on the fuel 
efficiency and environmental performance of a vehicle with a petrol engine, 
converted to run on a mixture of compressed natural gas and biogas, are 
presented. A comparative analysis was conducted on the fuel and economic 
performance, as well as environmental indicators of A-92 petrol, compressed 
natural gas, and a mixture of compressed natural gas and biogas in the 
European driving cycle modes.
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Fully or partially purified biogas is similar to 
compressed natural gas (CNG) in terms of its 
characteristics. As a  result, it can be stored and 
transported in a  compressed or liquefied state [1]. 
Special tankers can deliver it to petrol stations, and it 
can be supplied through the special gas pipelines.

Biogas is composed of methane (CH4), carbon dioxide 
(CO2), small amounts of carbon monoxide (CO), hydrogen 
(H2), nitrogen (N2), oxygen (O2), water vapor (H2O), and 
hydrogen sulphide (H2S). When used as a  fuel, biogas 
affects the operation of internal combustion engines 
differently than the traditional fuels.

1	 Introduction

The escalating energy demands of humanity result 
in increased energy consumption, leading to resource 
depletion and environmental pollution. Currently, 
the pressing issue is to conserve natural resources 
and protect the environment while simultaneously 
increasing energy production to meet human needs. 
This can be achieved by utilizing alternative fuels 
derived from renewable sources. Biogas can be produced 
through the anaerobic decomposition of organic  
waste.
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environmental performance and fuel efficiency of vehicle 
engines. The study results will provide valuable insights 
into the potential of biogas as an alternative fuel that 
can help reduce harmful emissions and increase energy 
independence.

The paper’s structure can be summarized as follows. 
Section 2 provides a detailed methodology for studying 
the impact of using biogas as an additive to compressed 
natural gas on the fuel efficiency and environmental 
performance of petrol engines. Section 3 presents 
and discusses the study results. Section 4 presents 
conclusions and prospects for further research.

2	 Research methodology

A methodology for researching the impact of biogas 
on engine and vehicle performance has been developed 
for conducting experimental and theoretical studies.

The research methodology comprises theoretical and 
experimental measures. Conclusions can be drawn about 
the effectiveness of using a mixture of natural gas and 
biogas to improve the fuel, economic, and environmental 
performance of a vehicle in operation [14].

Figure 1 shows the flowchart of this methodology, 
which comprises eight stages.

The initial stage includes an analysis of previous 
studies on the use of biogas to reduce pollution 
from cars and save oil products. This stage requires 
analyzing research conducted by individual authors 
and research organizations both in Ukraine and abroad. 
When analyzing the literature, biogas was evaluated 
to determine its advantages and disadvantages [15]. 
Special attention was given to the potential for its 
widespread use as a  motor fuel and its ability to 
improve the environmental performance of vehicles 
[16]. According to the analysis in the first section, it is 
predicted that in the near future, a mixed fuel consisting 
of CNG, and biogas will likely replace petrol as a  fuel 
for spark-ignition automotive engines, rather than pure 
biogas.

The second stage entails selecting and justifying 
a  test-driving cycle, conducting experimental research 
on regulating the car engine power supply system while 
driving a car in the European urban driving cycle, and 
improving gas fuel equipment [17].

At the third stage, the permissible content of the 
inert component (6%) was determined by simulating 
a  mixture of CH4 and different proportions of CO2. 
Based on the characteristics and properties of the 
available biogas, the ratio between the components 
of the mixed fuel - CNG 80% and biogas 20% was 
determined. The similarity between the proposed 
mixed fuel and the simulated gas was established. 
Subsequently, due to the lack of an adequate amount 
of biogas, large-scale experimental studies of the car 
were carried out when the engine was powered by the  
simulated gas.

According to a  literature review, most studies 
have focused on evaluating the environmental impact, 
fuel efficiency, and engine performance of biogas [2] 
and CNG as alternative fuels compared to traditional 
gasoline. Khan et al. [3] stated that using biogas as an 
additive to CNG results in the same fuel economy and 
lower carbon dioxide emissions compared to vehicles 
fueled solely with CNG. Bordelanne et al. [4] found 
that vehicles fueled with biomethane-enriched CNG 
can reduce the greenhouse gas emissions by more than 
80% compared to gasoline-powered vehicles. Agbulut et 
al. [5] discovered that adding biogas to CNG can reduce 
exhaust emissions and improve performance metrics 
in gasoline engines. Chandra et al. [6] observed that 
methane-enriched biogas showed almost similar engine 
performance compared to compressed natural gas in 
terms of brake power output, specific gas consumption, 
and thermal efficiency. Shamekhi et al. [7] stated that 
CNG, may improve the fuel efficiency and environmental 
performance of gasoline engines compared to traditional 
fuels like gasoline. Singhal et al. [8] suggested that biogas 
is a  potential fuel for providing a  continuous supply 
of CNG in the form of bio-CNG, which contains about 
95% methane. Lemke et al. [9] found that converting 
a  production vehicle to run on gasoline, CNG, and 
biomethane shows potential for improving fuel efficiency 
and environmental performance compared to traditional 
fuels like A-92 gasoline. Melaika et al. [10] observed 
that gaseous fuels, such as natural gas and biogas, can 
improve engine efficiency, reduce standard emissions 
and particulates, and provide additional benefits like 
lower particulate numbers compared to gasoline. 
Wargula et al. [11] observed that CNG-fueled engines 
reduced fuel consumption by 31% and hourly estimated 
machine operating costs resulting from fuel costs by 53% 
compared to traditional gasoline engines. Limpachoti 
and Theinnoi [12] found that Compressed Biomethane 
Gas (CBG) fuel in a  spark ignition engine has higher 
thermal efficiency and lower NOx and HC emissions 
compared to CNG. Pavlovskyi [13] have shown how 
the use of biodiesel blends with rapeseed oil additives 
can improve fuel efficiency and reduce emissions in 
diesel engines, specifically noting a significant reduction 
in total mass emissions when using three-component 
biodiesel fuels.

However, the impact of using biogas as an additive 
to compressed natural gas on the fuel efficiency and 
environmental performance of gasoline engines has 
not been extensively researched, particularly when 
compared to traditional fuels like A-92 gasoline. The 
gaps in research discussed above motivate us to focus 
on answering the question - “What is the impact of 
using biogas as an additive to compressed natural gas 
on the fuel efficiency and environmental performance 
of gasoline engines converted to run on this mixture 
compared to traditional fuels such as A-92 gasoline?” 
The research question aims to investigate the impact 
of compressed natural gas and biogas blends on the 
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For calculations based on the refined mathematical 
model, it is necessary to conduct a  number of 
experimental studies to measure the fuel efficiency and 
environmental performance [22] when the car engine is 
powered by petrol, CNG and simulated gas (similar to 
mixed fuel) and to develop polynomial dependencies that 
describe engine performance in a  wide range of speed 
and load conditions when powered by petrol, CNG and 
mixed fuel (stage five).

The mathematical model was improved to calculate 
the fuel consumption and the concentration of harmful 
substances in engine exhaust gases under different 
speed and load conditions during the driving cycle. The 
model was tested using petrol, CNG, and mixed fuel 
(stage six).

During the seventh stage, experimental tests were 
conducted on the car using petrol, CNG, and simulated 
gas to determine its environmental performance and 
fuel efficiency in different driving modes over the driving 
cycle. The tests were carried out on a  dynamometer 
roller stand under engine conditions. Additionally, the 
obtained data from the mathematical model is compared 
to the experimental data.

At the eighth stage, the socio-economic damage 
to the environment [23] caused by pollution from the 
operation of a  wheeled vehicle using petrol, CNG and 
mixed fuel was calculated, and the economic feasibility 
[24] of using mixed fuel was calculated.

Currently, there are three groups of driving 
cycles used worldwide to assess the fuel efficiency and 
environmental performance of vehicles: European, US, 

Mathematical modelling is frequently employed 
to determine engine performance across a  wide range 
of operating conditions, including transient modes 
[18]. Therefore, it is necessary to refine the existing 
mathematical model [19] that simulates the movement 
of a car during test cycle modes to study the efficiency 
of using different types of fuels, particularly mixed fuels 
(stage four).

When compiling a  mathematical model of vehicle 
movement according to the European driving cycle 
modes, seven modes are distinguished, according to the 
types of their identical mathematical description [20-21]:
•	 engine operation in idling mode;
•	 engine acceleration in idling mode;
•	 vehicle starting from a standstill in the first gear;
•	 gear shifting from higher to lower and from lower 

to higher;
•	 vehicle movement at a constant speed;
•	 vehicle deceleration with the clutch locked;
•	 engine deceleration with the clutch disengaged.

Mathematical dependencies describing changes 
in the main parameters characterizing the engine 
operation in the study were compiled based on the 
results of experimental studies. The description of the 
parameters was carried out by a  factorial experiment 
in a wide range of changes in speed and load modes on 
a  dynamometric roller stand. As a  result, hourly fuel 
and air consumption and concentrations of harmful 
substances in engine exhaust gases were established 
[20].

Figure 1 Flowchart of the general research methodology
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of α = 1, lower calorific value of 1 m3 is: petrol-air - hH 
= 3739 kJ/m3; gas-air - hH = 3404 kJ/m3; and biogas-air 
(with CH4 = 62%) - hH = 2168 kJ/m3.

Based on the preliminary calculations, the heat 
reduction in 1 m3 of the engine fuel mixture is 8.7% 
when using natural gas, 42.1% when using biogas, and 
15.25% when using a  mixture of 80% natural gas and 
20% biogas.

To prevent a decrease in engine energy performance 
and energy losses during the biogas purification when 
used as a  motor fuel, it is recommended to use it as 
a mixed fuel with natural gas.

Experimental studies were conducted on a  vehicle 
with an external mixture formation engine. (Table 1), 
which was converted to run on gas fuel. The car was 
tested using petrol, CNG, and a  mixture of CNG and 
biogas. For petrol, a  carburetor-mixer was used, while 
for CNG, a  three-stage reducer, gas metering, and 
carburetor-mixer were used. The fuel-air mixture in 
the engine was regulated by the vacuum in the inlet 
pipeline. Feedback on the oxygen content in the exhaust 
gases of the engine was not used.

The studies remain relevant as there are still many 

and Japanese driving cycles. For research purposes, it is 
appropriate to use the European driving cycle of a car, as 
regulated by UNECE Regulation No. 83. This regulation 
provides uniform provisions for the approval of vehicles 
regarding the emission of pollutants in accordance with 
engine fuel requirements.

The European Driving Cycle, also known as the EU 
and ECE (European Economic Commission) test cycle, is 
a program designed to closely simulate urban driving. It 
was supplemented in 1993 by the Extra Urban Driving 
Cycle (EUDC), which includes suburban driving at 
speeds of up to 120 km/h. The New Urban Driving Cycle 
(NEDC) is a  combination of the urban and suburban 
cycles.

The use of natural and biogas as motor fuels has 
some disadvantages compared to liquid fuels. These 
include a  low energy concentration in 1 m3 of the 
combustible mixture, which results in a  decrease 
in the effective power of the engine. For the spark 
ignition engines, the decrease is around 11-12% 
with optimization of the ignition advance angle and 
17-19% without optimization.

For combustible mixtures with an excess air ratio 

Table 1 Technical characteristics of the car

Title Value

Fuel A-92

Engine displacement, cm3 1300

Engine power, kW 52

Engine torque, Nm / Engine speed, rpm 96 / 3400

Engine layout / number of cylinders straight / 4

Maximum speed, km/h 145

Fuel consumption (combined cycle), liters per 100 km. 9

Fuel consumption (urban cycle), liters per 100 km. 11

Fuel consumption (suburban cycle), liters per 100 km. 8

Compression ratio 8.5

Engine crankshaft moment of inertia, kg m² 0.15

Wheel moment of inertia, kg m² 0.7

Dynamic wheel radius, m 0.255

Transmission	 4 manual transmission (mechanics)

Gearbox ratios

- 1 gear 3.753

- 2 gear 2.303

- 3 gear 1.493

- 4 gear 1

Final drive ratio 4.3

Drive type	 Rear

Front suspension	 Independent. Multi-link

Rear suspension Dependent. On longitudinal levers

Front brake	 Disk

Brake rear Drum

Tire size 155 SR13

Curb weight, kg 955
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if a  network of gas filling stations that sell biogas 
according to the standard is established, or if it is 
produced in large volumes and is consistent across filling 
stations from production to consumption. Convincing 
evidence of the efficiency of biogas production and use 
as a motor fuel is required for this to occur, which is the 
focus of this research.

Due to the current shortage of biogas that could be 
used for experimental studies of automobile engines, 
a  methodology for simulating gas containing methane 
and carbon dioxide in certain proportions (CH4 - 94% 
and CO2 - 6%) was developed, which corresponds to 
a  mixture of CH4 - 80% and biogas 20% with a  CO2 
content close to 6%.

The required content of the inert component was 
determined by simulating a mixture of CH4 with varying 
proportions of CO2.

Two methods of adding CO2 were used in the 
sequence of experiments:
1) 	 adding CO2 to the mixture with air, and 
2) 	 adding CO2 to a mixture with CNG.

To determine the optimal dose of CO2 and the 
appropriate method of addition, the stand was equipped 
with a reference volumetric gas meter called “CALIBR”, 
with factory number 00017. The meter has a measuring 
range of 0.016 to 10.00 m3/h with an error of ± 0.3% of 
the measured value.

The purpose of the set of experimental studies 
of the car is to determine the effect of using different 
types of fuels to power the engine: A-92 petrol, CNG 
and simulated gas (which is close to mixed fuel in its 

vehicles in operation that run on both petrol and gas 
fuels without exhaust gas oxygen feedback.

The experiments were conducted on a simulated 
roller stand (Figure 2), strictly adhering to the 
predetermined speeds, to accurately measure the level 
of harmful substances present in the exhaust gases (CO, 
NOx, CH, CmHn, CO2).

Several experimental studies were conducted to 
determine the feasibility of using the biogas mixed with 
CNG as a motor fuel. The studies required a substantial 
amount of biogas.

Large-scale biogas production has not yet been 
established in Ukraine. Biogas is mainly produced 
in the industrial and agricultural sectors. In the 
private sector, biogas is produced in smaller volumes 
and under non-standardised conditions, resulting in 
fluctuations in biogas characteristics.

The enterprises use the biogas they produce, 
but taking constant samples or large volumes of gas 
would disrupt the closed production cycle. This would 
not be suitable for the producers as it would interrupt 
the biogas production process. Consequently, it 
was not possible to purchase enough biogas for  
testing.

It is possible to construct a biogas plant 
independently. However, due to the small size of the 
plant, the composition of the biogas may vary at the 
beginning, middle, and end of the production process. 
A stable biogas composition is crucial for the road 
transport.

The availability of biogas may change over time 

1 - blower; 2 - monitor for displaying the driving cycle; 3 - rollers; 4 - air sampling tanks;  
5 - exhaust gas sampling tanks; 6 - exhaust gas outlet; 7 - filter; 8 - vacuum pump; 9 - heater;  

10 - air supply; 11 - exhaust gas dilution tunnel; 12 - heat exchanger/heater; 13 - gas analyzers;  
14 - venturi nozzles; 15 - centrifugal vacuum pump; 16 - computer for processing results

Figure 2 Diagram of the simulating roller stand
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using different types of fuels and advanced gas cylinder 
equipment.

The dynamometer continuously recorded the 
following parameters during the tests: vehicle speed, total 
fuel consumption in gallons per mile (Gpal), concentrations 
of carbon monoxide (CO), total hydrocarbons (CH), non-
methane hydrocarbons (CmHn), nitrogen oxides (NOx), 
and carbon dioxide (CO2) in dilute exhaust gases.

The calculation method was utilised to determine 
the specific GCO - mass emissions of carbon monoxide per 
cycle, GCO2 - carbon dioxide, GCH - total hydrocarbons, 
GCmHn - non-methane hydrocarbons, and GNOx - nitrogen 
oxides.

During the testing, exhaust gases are continuously 
analysed and sampled using the Constant Volume 
Sampling method and stored in elastic containers. 
The emissions of harmful substances are calculated 
by averaging the concentrations of harmful substances 
in the exhaust gases. This is obtained by processing 
a dataset of instantaneous values of concentrations 
of harmful substances in the exhaust gases, or by 
averaging the concentrations of harmful substances 
in diluted exhaust gases sampled into an elastic  
container.

composition), on its performance in different load and 
speed modes and in the modes of the European driving 
cycle.

To accomplish this objective, the following tasks 
were completed:
1. 	 Optimal adjustment of gas equipment, considering 

the improvement of the vehicle’s environmental 
performance and the improvement of gas fuel 
equipment.

2. 	 Checking the compliance of the simulated gas with 
the mixed fuel in the modes of the car’s movement 
according to the European driving cycle.

3. 	 Determination of the energy, fuel-economic and 
environmental performance of the engine when 
operating in different load and speed modes and 
active idling mode when powered by different types 
of fuels.

4. 	 Determining the performance of the car when 
the engine is powered by A-92 petrol, CNG and 
simulated gas during the testing on a dynamometer 
roller stand to verify the adequacy of the refined 
mathematical model.
A factorial experiment was conducted to assess the 

economic and environmental performance of the engine 

Figure 3 Instantaneous fuel consumption values (Gp) during the car test on the roller stand in the driving modes 
according to the European driving cycle

Table 2 Fuel consumption and harmful substances emissions during the testing of a car on a dynamometer roller bench  
in the European driving cycle modes

Fuels Fuel consumption, g/cycle
Mass emissions of harmful substances

GCO, g/km GNOx, g/km GCO2, g/km GCmHn, g/km

Mixture of natural and biogas 720.56 0.5313 0.4552 113.2 0.3463

Simulated gas 677.35 0.5040 0.4269 106.4 0.3334
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Figure 4 Instantaneous concentrations of harmful substance oxides in exhaust gases during the test of a car on a dynamometer 
roller test bench in driving modes according to the European driving cycle
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according to the European driving cycle, are given in 
Table 2.

According to the results of tests of the car on a 
dynamometer roller stand in driving modes according 
to the European driving cycle, when the engine is 
powered by mixed fuel, fuel consumption increases by 
6% compared to the engine power supply with simulated 
gas. 

The emissions of harmful substances in exhaust 
gases are reduced when simulated gas is used compared 
to mixed fuel. Specifically, carbon monoxide (CO) is 
reduced by 5.1%, nitrogen oxides (NOx) by 6.2%, carbon 
dioxide (CO2) by 6%, and non-methane hydrocarbons 
(HCmHn) by 3.7%.

The experimental studies confirm that the simulated 
gas is suitable for large-scale experiments using mixed 
fuels.

Thus, a simulated gas (CH4 - 94% and CO2 - 6%) was 
used for a large series of experimental studies, which 
corresponds to a mixture of CH4 - 80% and biogas 20% 
with a CO2 content close to 6%. The biogas used in the 
research has the composition: CH4 - 57%, CO2 - 30%, the 
rest are gases that do not participate in the combustion 
process (N2 - 11% and H2O - 3%).

Figure 5 displays the instantaneous fuel consumption 
values obtained during the car test on a roller stand in 
the European driving cycle.

Figure 6 displays the measurements of harmful 
substance concentrations in engine exhaust gases during 
car testing on a dynamometer roller in the European 
driving cycle.

Tables 3 and 4 present the results of tests conducted 
on the car using various types of fuel on a dynamometer 
roller stand in the European driving cycle.

Based on the results of the car’s tests on 

3	 Research results

Tests were conducted to evaluate the environmental 
performance of the engine using different types of fuel: 
petrol, CNG, mixed fuel (80% LNG and 20% biogas) and 
simulated gas (94% LNG and 6% CO2).

The biogas used in the research has the following 
composition: CH4 - 57%, CO2 - 30%, N2 - 11%, H2O - 3%, 
O2 - 0%.

The results of the first stage of testing of the vehicle 
are shown in Figures 3-6.

An excessive level of carbon monoxide CO 
concentration in exhaust gases, when the car engine 
is powered by CNG, indicates excessive enrichment of 
the gas-air mixture. The increase in CO concentration 
occurs in the engine braking mode.

The level of NOx concentrations with exhaust gases, 
when powering an CNG engine, is almost the same as 
with petrol.

Emissions of total hydrocarbons CH increase in 
the engine braking mode. The level of concentrations of 
non-methane hydrocarbons CmHn in the exhaust gases of 
the engine when powered by CNG is reduced compared 
to petrol.

Figure 3 displays the results of measuring 
instantaneous fuel consumption during a  car test on 
a  roller bench in the European driving cycle modes 
when the engine is powered by a mixture of fuels (80% 
CNG and 20% biogas) and simulated gas (94% CNG 
and 6% CO2). Figure 4 shows the results of measuring 
instantaneous concentrations of harmful substances in 
the exhaust.

The results of the tests of the car, when the 
engine is powered by mixed fuel and simulated gas, 
on a dynamometer roller stand in the driving modes 

Figure 5 Instantaneous values of fuel consumption Gfuel during the test of the car on the roller stand in the European 
driving cycle modes

Table 3 Fuel consumption during testing of the car on a dynamometer roller bench in driving modes according to the 
European driving cycle

Fuels g/cycle MJ/cycle Fuel consumption

A-92 petrol 750.81 33.04 9.17 litters/100 km

CNG 652.61 30.02 7.96 m3/100 km

Simulated gas 677.35 29.26 7.8 m3/100 km
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by CNG and by 9.8% when powered by simulated gas, 
compared to A-92 petrol. 

The experimental studies used fuels with varying 

a dynamometer roller under the conditions of the 
European driving cycle, it was found that the fuel 
consumption (g/cycle) decreased by 13.1% when powered 

Figure 6 Instantaneous concentrations of harmful oxides in engine exhaust gases during the test of a car on 
a dynamometer roller dynamometer in driving modes according to the European driving cycle
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The study’s results suggest that a combination of 
biogas and compressed natural gas could be implemented 
for everyday use, contributing to the adoption of 
renewable energy sources in the transport sector.

These aspects underline the significant potential 
and importance of the research in the context of energy 
sustainability, environmental safety and innovation in 
the transportation.

4	 Conclusions and prospects for further 
research

The results of the studies show that the use of 
mixed fuel (which was replaced by a similar simulated 
gas during the tests) reduces the concentrations 
and emissions of harmful substances in the exhaust  
gases.

Tests of a car equipped with a spark ignition engine, 
converted to run on CNG, show that mass emissions of 
harmful substances with exhaust gases, namely CO, 
GCmHn, and GNOx, decrease when the engine is powered 
by CNG, and simulated gas, compared to A-92 petrol. 
However, GCH increases.

The test results showed that when the engine is 
powered by CNG, the total mass emissions of harmful 
substances reduced to CO, in the European driving 
cycle, are reduced by 1.1%, and by simulated gas - by 
76.3%, compared to A-92 petrol.

The use of biogas as a motor fuel for car engines can 
reduce energy dependence on oil fuels and emissions 
of harmful substances in exhaust gases. Additionally, 
biogas can be used as an additive to compressed natural 
gas, eliminating the need for additional resources for 
purification. The study results can serve as a scientific 
foundation for developing policies and regulatory 
standards for alternative fuel use in vehicles. This 
can aid in transitioning towards a more sustainable 
transportation system.
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specific heat of combustion. The quality of heat use 
was assessed by fuel consumption in energy equivalent 
(MJ/cycle). The results show that when the engine is 
powered by CNG (46 MJ/kg), there is a 9.1% reduction 
in fuel consumption in energy equivalent. Similarly, 
when powered by simulated gas (43.2 MJ/kg), there is 
an 11.8% reduction compared to A-92 petrol (44 MJ/kg), 
which was used in the driving cycle.

Based on the obtained concentrations, the mass 
emissions of individual components and total mass 
emissions reduced to CO were calculated (Table 4).

The use of simulated gas in cars improves their 
environmental performance compared to A-92 petrol. 
Specifically, when powered by CNG, carbon monoxide 
(CO) emissions are 73.4% lower, and nitrogen oxides 
(NOx) emissions are 1.5% lower. When powered by 
simulated gas, CO emissions are 81.8% lower, and NOx 
emissions are 76.1% lower. Additionally, CO2 emissions 
are 29.6% lower when powered by CNG and 41% lower 
when powered by simulated gas. When powered by 
simulated gas, emissions are 6% lower compared to non-
simulated gas. Additionally, non-methane hydrocarbons 
(HCmHn) are 49.3% lower with CNG and 77% lower 
with simulated gas. However, total hydrocarbons 
(HCH) increase by 46.1% with CNG and by 15.2% with 
simulated gas.

The facility’s environmental assessment calculates 
the total mass emissions reduced to CO using mass 
emissions and their relative aggressiveness coefficients 
(CO = 1, NOx = 41.1, CH = 3.16).

Table 4 displays the total mass emissions reduced 
to CO. When powered by CNG, the total mass emissions 
of harmful substances in exhaust gases, reduced to 
CO, in the European driving cycle are reduced by 1.1% 
compared to A-92 petrol. Similarly, when powered by 
simulated gas, the emissions are reduced by 76.3% 
compared to A-92 petrol.

The novelty of this study can be summarised in the 
following aspects:

The study confirms a significant reduction in 
emissions of harmful substances in exhaust gases when 
using a mixture of biogas and compressed natural gas 
compared to traditional petrol.

The results of the study show an improvement in 
fuel efficiency, which is important for reducing the fuel 
costs and increasing the energy efficiency of vehicles.

Table 4 Mass emissions of harmful substances during the testing of a car on a dynamometer roller bench in driving modes 
according to the European driving cycle

Mass emissions of harmful substances A-92 petrol CNG Simulated gas

GCO, g/km 2.7743 0.7379 0.5040

GCO2, g/km 180.8 127.3 106.4

GCH, g/km 1.5051 2.7941 1.7749

GNOx, g/km 1.7855 1.7580 0.4269

GCmHn, g/km 1.4502 0.7352 0.3334

GΣCO, con. g/km 80.741 75.315 19.103
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Resume
The article presents the results of research aimed at assessing the residual 
life and the possibility of extending the service life of cast parts of a UVZ-9M 
three-axle bogie used in six-axle scale test wagons. The tests have shown that 
the maximum stresses in the most stressed areas of the side frame, spring 
and pivot beams are within acceptable values, which indicates the presence 
of a residual life. The analysis of safety margin coefficients confirmed that 
the bogie elements have a significant reserve of operational characteristics. 
Calculations of the full service life of cast parts, performed based on the 
experimental data, demonstrated a sufficient residual life to prolong their 
use. It has been scientifically and experimentally proven that the cast parts 
of the UVZ-9M three-axle bogie can be safely operated for 5 years.
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the Swedish mining company LKAB. To achieve this 
goal, the behavior of critical subsystems in the case 
of failures was analyzed. Then, taking into account 
effective operational factors, proportional hazard model 
(PHM) was applied to calculate reliability functions. 
Within the framework of this concept, it was possible to 
obtain and analyze the remaining life of wagons with 
different initial service life.

Work [2] presents a  methodology for predicting 
the remaining service life of both wheels and freight 
wagons by combining the data from three types of 
sensors, including wheel shock sensors, machine vision 
systems and optical geometry sensors. Many new 
functions are being created based on the normalization 
of objects, signal characteristics, and summary statistics 
for previous periods. Missing data is processed in 
the missForest environment, using a  nonparametric 
algorithm for calculating missing values. Several 
data mining methods have been implemented and 
compared to predict the wheel and truck wear on 
the Class I  railroad network in the United States. 
Numerical tests have shown that the proposed technique 
makes it possible to accurately predict the wear of 

1	 Introduction

Extending the service life of railway wagons and 
their assemblies in modern conditions is an important 
element of optimizing the operation of transport 
infrastructure, which contributes to the effective 
management of their resources while ensuring the 
continuity and uninterrupted transportation process. 
It contributes to a significant reduction in capital costs 
associated with the acquisition of the new rolling stock, 
and leads to an optimization of the cost of maintaining 
a  serviceable fleet. At the same time, it also has 
significant disadvantages associated with increased 
repair and maintenance costs, a decrease in the repair 
interval and, in some cases, a  deterioration in the 
operational characteristics of wagons, which directly 
affects the efficiency of their use. A number of scientists 
and research centers around the world are working on 
the issues of determining the remaining resource and 
the possibility of extending the service life of rolling 
stock and their components.

The authors of [1] proposed modelling and analysis 
of the remaining service life of railway wagons in 
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transportation in international traffic.
There is a well-known study [6] in which, to confirm 

the service life of freight wagons, the authors evaluated 
and compared the results of durability and running 
dynamic strength tests of analog wagons, as well as 
digital modelling in the “Universal Mechanism” software 
package. As a result of the testing of this technique, the 
service life of the hopper wagon models 19-1272-01 and 
19-1298, manufactured by JSC “Ruzkhimmash”, which 
is 32 years, was confirmed.

2	 The status of the issue, goals and objectives 
of the work

Summarizing the introductory part of the work, the 
following conclusions can be drawn:
•	 methods for assessing the residual life of the railway 

rolling stock and its components are constantly 
being improved using modern engineering programs 
and experimental techniques. However, most 
research focuses on high-speed rolling stock and 
general-purpose rolling stock (freight and passenger 
wagons);

•	  a  number of studies have been conducted on the 
running gear of the rolling stock, where the object 
of research is often a two-axle three-element bogie 
due to its widespread use;

•	 despite the growing demand for three-axle bogies, 
their cast bearing components (side frame, 
springboard and pivot beam) have not been 
subjected to fatigue strength tests. The regulatory 
framework for three-axle bogies is poorly developed, 
mainly attention is paid to two-axle bogies of freight 
wagons.
It is worth noting that many studies have been 

conducted in world practice [7-11] aimed at determining 
the load capacity, residual resource, reliability and 
fatigue resistance of parts and assemblies in mechanical 
engineering, in particular the railway rolling stock. The 
main focus of the research was on high-speed rolling 
stock, general-purpose wagons and their components. 
In this regard, the ways of solving issues related to the 
study of the loading of cast parts of three-axle bogies to 
determine their residual life, have not been sufficiently 
investigated nor fully formulated. Taking into account 
the above, the purpose of this work is to scientifically 
substantiate the possibility of extending the service life 
of three-axle bogies of the UVZ-9M models to increase 
the efficiency of using their resource by experimentally 
examining the loading of cast parts (side frame, 
springboard and pivot beam) of this bogie and comparing 
the results obtained experimentally to calculated and 
normative data. Thus, the object of research in this work 
is a  three-axle bogie model UVZ-9M, manufactured in 
1965 and operated under the scale test wagons of type 
640-VPV, and the subject of the study is the loading of 
cast parts of this bogie.

railway carriage components, especially in the medium  
term.

In [3], a  method was proposed for assessing the 
fatigue of axles subject to scratches, which can be used 
for maintenance and evaluation of damaged axles of 
high-speed railways. Geometric parameters and the 
type of load were taken into account to assess the safety 
of operation of axes subject to scratches. The fatigue 
limit curve of axes prone to scratches was calculated 
using the Murakami equation. The results of the study 
show that when the critical scratch depth is exceeded, 
the fatigue strength decreases with increasing groove 
depth. Otherwise, the groove depth has no noticeable 
effect on the fatigue characteristics of EA4T steel. This 
means that a  critical roughness value can be achieved 
for high-speed axles made of EA4T steel, which can be 
very important in the production and maintenance of 
high-speed railway axles.

The authors of [4] have previously proposed 
a phased fatigue assessment system for a wheelset with 
internal axle boxes, which includes a  safe service life 
as the first level and damage resistance as the second 
level. The estimated load range was used to estimate 
the remaining service life of the damaged axle made 
of EA4T steel. The calculation results show that the 
critical safety zone has been moved to the center of 
the axis, unlike classical axes, where the probability 
of a 1.0 mm deep crack spreading, which is the limit of 
control, is lower. In addition, the wheelset with internal 
axle boxes shows a  lower stress value. The analysis, 
based on the well-known Kitagawa-Takahashi diagram, 
indicates a safety risk when using only the rated stress 
method.

Separately, it is worth noting the work [5], which 
defines the remaining life of the load-bearing structures 
of platform wagons with a service life of 25 years. The 
authors conducted the full-scale tests of the technical 
condition of the load-bearing structures of the platform 
wagons on the basis of the Southern Railway depot 
of “Ukrzaliznytsia” JSC. The model 13-401 platform 
wagon was chosen as the object of the study. It has been 
established that the estimated service life of the load-
bearing structures of the studied platform wagons, taking 
into account the extension of their service life, is at least 
18 years. The strength of the load-bearing structure 
of the platform wagon was calculated using the finite 
element method in the environment of the SolidWorks 
Simulation (COSMOSWorks) software. In the course 
of the work, the authors found that the maximum 
equivalent stresses occurring in the area of interaction 
of the support beam with the pin are 337.5 MPa, which 
ensures the strength of the load-bearing structure of 
the platform wagons. Additionally, an assessment of the 
progress of the platform wagons has been determined, 
in the MathCad software environment, using the Runge-
Kutta method. The calculations performed show that 
the wagon’s rating is “excellent”. Thus, the results of the 
study contribute to improving the efficiency of combined 
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dynamic addition of sprang and non-sprang parts of the 
wagon bogie were also determined [13].

According to the Methodology [12], the running 
strength tests were carried out on a track of a length of 
more than 5 km, without precipitation, under climatic 
conditions from +9 to +15 ° C using a traction locomotive. 
At the same time, measuring instruments were placed 
in conditions that ensure their operation within the 
passport data. Prior to the start of the tests, strain 
gauges of the BBF200-10AA-A(11)-BX30 type were 

3	 The methodology of the experiment

For an experimental study of the loading of cast 
parts of a  three-axle bogie of the UVZ-9M model, the 
determination of which makes it possible to assess the 
residual life of these parts and justify the possibility 
of extending their service life, a  Methodology was 
developed [12] for conducting the running strength tests 
of a six-axle scale test wagon of type 640-VPV using the 
strain gauge method. During the tests, the coefficients of 

a)

b)

c)
Figure 1 Scheme of the installation of strain gages on the side frame (a), spring (b) and pivot (c) beam of the bogie model 

UVZ-9M of six-axle scale test wagon type 640-VPV
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The constant calibration coefficients of the strain 
gauge scheme, necessary to measure the coefficients 
of dynamic addition of sprang and non-sprang parts 
of the bogie, were determined by gradually raising 
and lowering the body of the scale test wagon using  
jacks.

4	 Conducting the running strength tests 

To carry out the running strength tests, an 
experimental trailer was formed (Figure 3), consisting 
of a scale test wagon and a locomotive (Figure 4).

glued to the control zones of the cast parts of the three-
axle bogie according to the scheme recommended in the 
Methodology (Figure 1). The scheme of installation and 
connection of strain gauges to determine the coefficient 
of dynamic addition of sprangunsprang parts on the side 
frame of the bogie was carried out in accordance with 
State Standard 33788-2016 [14].

After installing the strain gauges on the elements 
of the bogie and combining them into working channels, 
they were connected to a multi-channel strain measuring 
system of the MIC-185 type, which, in turn, was 
connected to a  computer with the Recorder program 
installed to receive measuring signals (Figure 2).

a)

        
b) c)

Figure 2 Installation of strain gauges (a), combining them into channels (b) and connecting to a multi-channel strain 
measuring system type MIC-185 and a computer (c)

Figure 3 Experimental trailer scheme
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of experimental data during the passage of straight 
and curved sections of the track in each speed range 
was carried out in three passes according to State 
Standard 33788-2016 [14]. The average values of the 
obtained experimental data were selected for subsequent 
processing and analysis. The results were processed 
using the WinPOS software.

For the strain gauges installed in orthogonal x, y 
directions and at an angle of 45° to them, measuring 

The test section of the railway track included 
curved sections with a radius of R=300 m, R=600 m and 
a straight section of the railway track according to [12] 
(Figure 5).

The conditions for passing straight and curved 
sections of railway track during the running strength 
tests of cast bogie parts of the UVZ-9M model of six-axle 
scale test wagons of type 640-VPV are shown in Table 1.

The collection of the necessary and sufficient array 

Figure 4 Scale test wagon and a locomotive

Figure 5 Diagram of the test section of the railway track

Table 1 Conditions for passing the straight and curved sections of railway track during running strength tests 

Track Speed, km·h–1

A straight section of the track 10 20 30 40 50 60 70 80

A curved section of the track:
R = 300 m
R = 600 m

10
10

20
20

30
30

40
40

50
50

×
60

×
×

×
×
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where εx, εy, ε45 are the relative deformations for the 
strain gages installed in orthogonal x, y directions and 
at an angle of 45° to them.

The equivalent stress, MPa, was determined by the 
formula:

,e 1
2

2
2

1 2v v v v v= + - 	 (2)

where ,1 2v v  are the corresponding stresses at the 
measured relative strain ε.

relative deformations, εx, εy, ε45, the corresponding main 
relative deformations ε1, ε2 were determined by the 
formulas [14]:

,

,

,cos

cos

a
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Table 2 The results of running strength tests on a straight section (side frame, MPa)

Strain 
gauge Zone

Speed (km·h–1)

10 20 30 40 50 60 70 80

1
The outer corner of the axle box 

opening 20.0 24.2 29.3 35.5 42.9 51.9 62.8 73.52

3

4 The edge of the upper belt above 
the axle box opening 17.7 21.5 26.0 31.4 38.0 46.0 55.7 67.4

5
The edges of the technical holes

11.3 13.6 16.5 19.9 24.1 29.2 35.3 42.8

6 12.2 14.8 17.9 21.7 26.2 31.7 38.4 46.4

7
The inner corner of the axle box 

opening 15.1 18.2 22.1 26.7 32.3 39.1 47.3 57.28

9

10
Upper outer right corner of the 

spring opening 14.1 17.1 20.6 25.0 30.2 36.5 44.2 53.511

12

13
Lower outer right corner of the 

spring opening 17.3 21.0 25.4 30.7 37.1 44.9 54.4 65.814

15

16 Upper belt above the spring opening 16.4 19.9 24.1 29.1 35.3 42.7 51.6 62.5

17
Upper outer left corner of the 

spring opening 14.1 17.1 20.7 25.0 30.2 36.6 44.3 53.618

19

20 The lower edge of the technical hole 16.8 20.3 24.6 29.8 36.0 43.6 52.7 63.8

21 Lower outer left corner of the 
spring opening

19.2 23.3 28.2 34.1 41.2 49.9 60.4 73.0

22 19.7 23.9 28.9 34.9 42.3 51.1 61.9 72.9

23 Lower belt above the spring opening 20.4 24.6 29.8 36.1 43.6 52.8 63.9 73.1

24 Lower outer left corner of the 
spring opening 20.1 24.3 29.5 35.6 43.1 52.2 63.1 72.4

25
The lower edge of the technical hole

14.5 17.5 21.2 25.6 31.0 37.5 45.4 54.9

26 14.0 17.0 20.5 24.8 30.1 36.4 44.0 53.2

27 Upper belt above the technical hole 13.4 16.2 19.6 23.7 28.7 34.7 42.0 50.8

28
The edges of the technical holes on 

the trunk side29 14.1 17.1 20.6 25.0 30.2 36.5 44.2 53.5

30

31
Transitions from the lower surface 

of the trunk to the inclined belt32 16.9 20.5 24.8 30.0 36.3 43.9 53.1 64.3

33

34
The edges of the technical holes

14.2 17.2 20.8 25.1 30.4 36.8 44.5 53.8

35 13.7 16.6 20.0 24.2 29.3 35.5 42.9 51.9
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dynamics obtained during the running strength tests of 
a six-axle scale test wagon type 640-VPV are shown in 
Figure 9.

As can be seen, the coefficient of vertical dynamics 
of the sprang parts of the bogie, at a maximum speed of 
80 km·h-1, is 0.28, which does not exceed the maximum 
allowable value of 0.65 for the sprang parts, while this 
coefficient for the non-sprang parts is 0.39, which also 
does not exceed the maximum allowable 0.9 for the non-
sprang parts according to [15].

The analysis and evaluation of the results of running 
dynamic load tests of cast bogie parts of the UVZ-9M 
model of six-axle scale test wagons of type 640-VPV 

The results of running strength tests, obtained 
according to the above formulas, and readings of strain 
gauges installed in the studied areas, are shown in 
Tables 2-10, and Figures 6-8 graphically show the 
stresses occurring in the most stressed areas of the side 
frame, spring and pivot beams.

The coefficients of vertical dynamics of the sprang 
and unsprang parts of the bogie were also determined 
according to [15]. These coefficients are necessary to 
understand the behavior of sprang and non-sprang parts 
and allow accurate assessment of their load capacity 
and service life, which is important for planning the 
maintenance and repair. The coefficients of vertical 

Table 3 The results of running strength tests on a section with R = 300 m (side frame, MPa)

Strain gauge Zone
Speed (km·h–1)

10 20 30 40 50

1

The outer corner of the axle box opening 20.7 26.3 33.3 42.3 53.72

3

4 The edge of the upper belt above the axle box 
opening 19.2 24.4 31.0 39.3 49.8

5
The edges of the technical holes

17.7 22.5 28.5 36.2 46.0

6 17.0 21.5 27.3 34.7 44.0

7

The inner corner of the axle box opening 17.3 22.0 27.9 35.4 44.98

9

10
Upper outer right corner of the spring 

opening 15.5 19.6 24.9 31.6 40.111

12

13
Lower outer right corner of the spring 

opening 18.7 23.7 30.1 38.2 48.514

15

16 Upper belt above the spring opening 19.2 24.4 30.9 39.2 49.8

17

Upper outer left corner of the spring opening 17.3 22.0 27.9 35.4 44.918

19

20 The lower edge of the technical hole 18.6 23.6 30.0 38.1 48.3

21
Lower outer left corner of the spring opening

23.8 30.2 38.3 48.6 61.7

22 25.0 31.7 40.2 51.0 64.7

23 Lower belt above the spring opening 23.4 29.7 37.6 47.8 60.6

24 Lower outer left corner of the spring opening 22.2 28.2 35.8 45.4 57.6

25
The lower edge of the technical hole

16.1 20.5 26.0 33.0 41.9

26 17.1 21.7 27.5 34.9 44.3

27 Upper belt above the technical hole 18.6 23.6 30.0 38.0 48.2

28
The edges of the technical holes on the trunk 

side29 15.5 19.6 24.9 31.6 40.1

30

31
Transitions from the lower surface of the 

trunk to the inclined belt32 19.7 24.9 31.6 40.2 51.0

33

34
The edges of the technical holes

16.5 20.9 26.5 33.7 42.7

35 17.0 21.5 27.3 34.7 44.0
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Table 4 The results of running strength tests on a section with R = 600 m (side frame, MPa)

Strain 
gauge Zone

Speed (km·h–1)
10 20 30 40 50 60

1
The outer corner of the axle box opening 21.2 26.2 32.6 40.4 44.2 50.22

3

4 The edge of the upper belt above the axle box 
opening 19.2 23.9 29.6 36.8 40.3 45.7

5
The edges of the technical holes

15.1 18.8 23.4 29.2 32.0 36.5
6 15.2 18.9 23.5 29.3 32.1 36.6
7

The inner corner of the axle box opening 16.8 20.9 26.0 32.3 35.3 40.28
9
10

Upper outer right corner of the spring 
opening 15.3 19.0 23.6 29.4 32.1 36.511

12
13

Lower outer right corner of the spring 
opening 18.7 23.2 28.8 35.8 39.2 44.514

15
16 Upper belt above the spring opening 18.6 23.0 28.6 35.6 38.9 44.3
17

Upper outer left corner of the spring opening 16.3 20.2 25.2 31.3 34.2 39.018
19
20 The lower edge of the technical hole 18.4 22.9 28.4 35.3 38.6 43.9
21

Lower outer left corner of the spring opening
22.4 27.8 34.6 43.0 47.1 51.6

22 23.3 28.9 35.9 44.7 48.9 51.7
23 Lower belt above the spring opening 22.8 28.3 35.1 43.6 47.7 52.3
24 Lower outer left corner of the spring opening 22.0 27.3 33.9 42.2 46.1 52.4
25

The lower edge of the technical hole
15.9 19.8 24.5 30.5 33.4 37.9

26 16.2 20.1 25.0 31.1 34.0 38.7
27 Upper belt above the technical hole 16.6 20.7 25.8 32.1 35.1 40.0
28

The edges of the technical holes on the trunk 
side29 15.3 19.0 23.6 29.4 32.1 36.5

30
31

Transitions from the lower surface of the 
trunk to the inclined belt32 19.0 23.6 29.3 36.4 39.9 45.3

33
34

The edges of the technical holes
16.0 19.8 24.6 30.6 33.5 38.1

35 16.0 19.8 24.7 30.7 33.6 38.2

Table 5 The results of running strength tests on a straight section (spring beam, MPa)

Strain 
gauge Zone

Speed (km·h–1)
10 20 30 40 50 60 70 80

36 The central belt of the 
spring beam

14.2 17.2 20.8 25.2 30.4 36.8 44.6 53.9

37 13.5 16.4 19.8 24.0 29.0 35.1 42.5 51.4

38 The transition from the 
central belt to the ends of 

the beam

12.3 14.8 17.9 21.7 26.3 31.8 38.5 46.6

39 11.3 13.7 16.6 20.1 24.3 29.4 35.6 43.0

40 Corner belt at the end of 
the beam 12.8 15.5 18.7 22.6 27.4 33.1 40.1 48.5

41 The transition from the 
central belt to the ends of 

the beam

11.3 13.7 16.6 20.1 24.3 29.4 35.6 43.1

42 12.6 15.3 18.5 22.3 27.0 32.7 39.6 47.9

43 Corner belt at the end of 
the beam 10.1 12.3 14.8 17.9 21.7 26.3 31.8 38.5



B178 	 R A H I M O V ,  Z A F A R O V

C O M M U N I C A T I O N S    3 / 2 0 2 5 	 V O L U M E  2 7

beam - 2.7 and the pivot beam - 2.5, which is higher than 
the minimum permissible 1.6 according to [15].

Thus, the stresses obtained in the cast parts of the 
UVZ-9M three-axle bogie during the running strength 
tests of the 640-VPV six-axle scale test wagon do  not 
exceed the permissible value of 145 MPa according to 
[15], which fully meets the established requirements. 
Therefore, it can be concluded that there is a  safety 
margin (residual life) and the possibility of extending 
the service life of a three-axle bogie model UVZ-9M six-
axle scale test wagon type 640-VPV.

were carried out by examining their technical condition 
and comparing the maximum stresses obtained to the 
permissible values, according to [15]. Thus, the test 
results show that the most stressed zones are the lower 
belt of the spring opening of the side frame, in which 
the highest stresses are formed, amounting to 73.5 MPa 
in straight sections of the track, 64.7 MPa in curved 
sections with a radius of curvature R 300 and 52.4 MPa 
in curved sections with a radius of curvature R 600.

According to the calculations, the coefficient of 
safety margin of the side frame was 2, for the spring 

Table 6 The results of running strength tests on a section with R = 300 m (spring beam, MPa)

Strain gauge Zone
Speed (km·h–1)

10 20 30 40 50

36
The central belt of the spring beam

17.4 22.0 27.9 35.5 45.0

37 17.0 21.6 27.4 34.8 44.1

38 The transition from the central belt to 
the ends of the beam

14.2 18.0 22.8 28.9 36.7

39 14.9 18.9 24.0 30.4 38.6

40 Corner belt at the end of the beam 14.5 18.4 23.4 29.6 37.6

41 The transition from the central belt to 
the ends of the beam

13.6 17.3 21.9 27.9 35.3

42 15.0 19.0 24.1 30.6 38.8

43 Corner belt at the end of the beam 13.9 17.6 22.4 28.4 36.0

Table 7 The results of running strength tests on a section with R = 600 m (spring beam, MPa)

Strain gauge Zone
Speed (km·h–1)

10 20 30 40 50 60

36
The central belt of the spring beam

16.4 20.4 25.4 31.5 34.5 39.3

37 15.9 19.8 24.6 30.6 33.5 38.1

38 The transition from the central 
belt to the ends of the beam

13.7 17.1 21.2 26.4 28.8 32.8

39 13.6 17.0 21.1 26.3 28.8 32.7

40 Corner belt at the end of the beam 14.2 17.6 21.9 27.2 29.8 33.8

41 The transition from the central 
belt to the ends of the beam

13.0 16.1 20.1 25.0 27.3 31.1

42 14.4 17.8 22.1 27.5 30.1 34.3

43 Corner belt at the end of the beam 12.5 15.6 19.4 24.1 26.4 30.1

Table 8 The results of running strength tests on a straight section (pivot beam, MPa)

Strain 
gauge Zone

Speed (km·h–1)

10 20 30 40 50 60 70 80

44

Pivot beam

12.2 14.8 17.9 21.7 26.2 31.7 38.4 46.5

45 12.2 14.7 17.8 21.6 26.1 31.6 38.2 46.2

46 11.5 13.9 16.8 20.3 24.6 29.8 36.0 43.6

47 11.9 14.4 17.4 21.0 25.4 30.8 37.3 45.1

48 13.2 16.0 19.4 23.4 28.4 34.3 41.5 50.2

49 12.8 15.4 18.7 22.6 27.4 33.1 40.0 48.5

50 11.7 14.1 17.1 20.7 25.0 30.3 36.7 44.4

51 12.0 14.6 17.6 21.3 25.8 31.2 37.8 45.7

52 12.8 15.5 18.8 22.7 27.5 33.3 40.3 48.8

53 13.2 16.0 19.3 23.4 28.3 34.2 41.4 50.1

54 14.1 17.1 20.7 25.0 30.2 36.6 44.3 58.9

55 13.1 15.8 19.1 23.2 28.0 33.9 41.0 49.6
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state loading mode with a base number of cycles  
N0 = 107,
N0 is the base number of cycles; m is the exponent in the 
equation of the fatigue curve in amplitudes,
n  is the coefficient obtained from the results of 
modelling the dynamics of wagons, taking into account 
the impact of degradation during operation of the wagon 
structure (friction and corrosion wear),
B is the conversion coefficient of the estimated calendar 
service life of the beam in years during continuous 
movement in seconds, s·year-1,
f is the frequency of changes in the dynamic additive 
coefficient,
Kyzj is the average fraction of the length of the track 
sections,
P iv  is the probability of occurrence of an amplitude with 
the level aiv  in the i-th range of carriage speeds,
PVi is the fraction of time spent on operation in the i-th 
speed range,
aiv  is the level of stress amplitudes from the action of 

vertical dynamic forces in the interval i, reduced to an 
equivalent symmetrical cycle.

5	 Calculation of the remaining service life of cast 
parts of the UVZ-9M bogie

The determination of the possibility of extending 
the service life of the cast parts of the UVZ-9M bogie by 
the residual life was carried out based on the condition 
of the absence of visible damage to the cast elements 
(cracks in welds or base metal, violation of geometry, 
loss of stability of structural elements), as well as 
stress values in the control zones obtained after the 
implementation of all modes of running strength tests 
that should not exceed the values specified in [15].

Thus, based on the results of experimental studies, 
the service life (residual life) for each cast part was 
calculated according to [15] using the formula:
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where: ,a Nv  is the endurance limit (in amplitude) for 
the control zone with a symmetrical cycle and steady-

Table 9 The results of running strength tests on a section with R = 300 m (pivot beam, MPa)

Strain gauge Zone Speed (km·h–1)
10 20 30 40 50

44

Pivot beam

13.7 17.3 22.0 27.9 35.4

45 14.5 18.4 23.4 29.7 37.7

46 13.8 17.5 22.2 28.2 35.8

47 13.6 17.2 21.8 27.7 35.1

48 16.4 20.8 26.4 33.6 42.6

49 14.8 18.8 23.9 30.3 38.5

50 13.6 17.2 21.9 27.8 35.2

51 14.0 17.8 22.6 28.7 36.4

52 15.3 19.4 24.7 31.3 39.7

53 16.3 20.6 26.2 33.2 42.2

54 17.7 22.4 28.5 36.1 45.8

55 16.9 21.5 27.3 34.6 43.9

Table 10 The results of running strength tests on a section with R = 600 m (pivot beam, MPa)

Strain gauge Zone Speed (km·h–1)
10 20 30 40 50 60

44

Pivot beam

13.5 16.7 20.8 25.8 28.2 32.1

45 13.9 17.3 21.4 26.7 29.2 33.2

46 13.1 16.3 20.3 25.2 27.6 31.4

47 13.2 16.4 20.4 25.4 27.7 31.5

48 15.4 19.2 23.8 29.7 32.5 36.9

49 14.4 17.8 22.2 27.5 30.1 34.3

50 13.2 16.3 20.3 25.2 27.6 31.4

51 13.6 16.8 20.9 26.0 28.5 32.4

52 14.7 18.2 22.6 28.1 30.8 35.0

53 15.3 19.1 23.7 29.5 32.2 36.7

54 16.5 20.6 25.6 31.8 34.8 39.6

55 15.6 19.4 24.2 30.1 32.9 37.4
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a)

b)

c)

Figure 6 Stresses obtained on the side frame of the UVZ-9M bogie during the running strength tests of a six-axle scale test 
wagon type 640-VPV on a straight section of track at a speed of 80 km·h-1 (a), on a curved section of track with a radius of 
R = 300 m at a speed of 50 km·h-1 (b) and on a curved section paths with a radius of R = 600 m at a speed of 60 km·h-1 (c)
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a)

b)

c)

Figure 7 Stresses obtained on the spring beam of the UVZ-9M bogie during the running strength tests of a six-axle scale 
test wagon type 640-VPV on a straight section of track at a speed of 80 km·h-1 (a), on a curved section of track with a radius 
of R = 300 m at a speed of 50 km·h-1 (b) and on a curved section paths with a radius of R = 600 m at a speed of 60 km·h-1 (c)
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a)

b)

c)

Figure 8 Stresses obtained on the pivot beam of the UVZ-9M bogie during the running strength tests of a six-axle scale test 
wagon type 640-VPV on a straight section of track at a speed of 80 km·h-1 (a), on a curved section of track with a radius of 
R = 300 m at a speed of 50 km·h-1 (b) and on a curved section paths with a radius of R = 600 m at a speed of 60 km·h-1 (c)
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An additional advantage is the reduction of 
the negative impact on the environment. Extending 
the service life of existing parts reduces the need 
to manufacture new cast elements, which in turn 
reduces CO2 emissions, reduces consumption of natural 
resources, and reduces waste from decommissioned 
parts and structures.  

From an economic point of view, extending the 
service life of parts can significantly reduce the costs 
of replacing them and purchasing new components for 
foreign currency. The purchase of new bogies requires 
large investments, while the operation of existing ones, 
provided they comply with regulatory requirements, 
is more profitable and helps to reduce operating  
costs.  

It is important to note that the proposed method 
of running strength tests can be successfully adapted 
for other types of wagons, such as dump trucks, 
platforms, tanks and other industrial units using 
the three-axle trucks of the UVZ-9M model. This 
expands the scope of its application, going beyond 
the weighing industry and making the technique 
a universal tool for assessing the strength and durability  
of structures.  

In conclusion, it should be emphasized that the 
studies carried out confirm the strength of cast parts, 
exclude the presence of critical defects and justify the 
possibility of extending their service life without the risk 
of structural failures. Thus, the results obtained not only 
make it possible to increase the service life of trolleys, 
but make their use safe and economically justified, as 
well.

The calculation results were:
•	 for the side frame - 64.3 years;
•	 for the spring beam - 67.8 years;
•	 for the pivot beam - 66.1 years.

Thus, calculations to determine the full technical 
service life of the cast parts, based on experimental data, 
indicate the presence of a residual life of 5.3 years for the 
side frame, for the spring and pivot beams of 8.5 and 7.1 
years, respectively.

6	 Results and their significance

As can be seen from the calculation results based 
on experimentally obtained data, the total life of the 
cast parts of the UVZ-9M three-axle bogie exceeds 
their service life by 5.3 years at the moment, taking 
into account the minimum value obtained (side frame). 
Therefore, based on the data obtained, it is possible to 
scientifically substantiate the possibility of extending 
the service life of cast parts by 5 years.

Based on the results of the work, it is possible 
to single out a  key advantage - the possibility of 
extending the service life of cast parts of bogies 
without their premature replacement. This makes 
it possible to significantly reduce the capital costs 
for the purchase of new bogies, extend the operation 
of the rolling stock without reducing its reliability, 
ensure a more rational use of the resources of railway 
enterprises, and create a  scientifically sound basis for 
assessing the lifetime of similar units in other types of  
wagons.  

Figure 9 Coefficients of vertical dynamics of sprang and unsprang parts of the UVZ-9M bogie, obtained during  
the running strength tests of a six-axle scale test wagon type 640-VPV depending on the speed  

of movement on a straight section of track
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stresses obtained on individual cast parts do not exceed 
the maximum value of 145 MPa set by [15].

An analysis of calculations, based on the 
experimental safety margin data, showed that the 
full service life of cast parts is 64.3 years for the side 
frame, and for the spring and pivot beams this figure is 
8.5 and 7.1 years, respectively. Thus, the scientific and 
practical research has substantiated the possibility of 
extending the service life of cast parts by 5 years, taking 
into account the minimum total service life of the side  
frame.
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7	 Conclusion

Experimental studies conducted using the developed 
methodology [14] for conducting the running strength 
tests of a  six-axle scale test wagon of type 640-VPV 
made it possible to determine the dependence of the 
stress-strain state of cast parts of a three-axle bogie of 
the UVZ-9M model on the speed of movement of a six-
axle scale test wagon of type 640-VPV to substantiate 
the possibility of extending the service life of these 
parts, taking into account the assessment of their safety 
margin and the remaining lifetime.

The following main results were obtained during the 
running strength tests:
•	 the maximum stresses generated on the side frame 

of the bogie are concentrated in the area of radius 
R55, above the axle box opening, the stresses reach 
73.5 MPa;

•	 on the spring beam of the bogie, maximum stresses 
are observed in the central belt, the value of which 
does not exceed 53.9 MPa.

•	 the maximum stresses on the pivot beam are 
concentrated in the transverse beam with a support 
arm, where their stresses reach 58.9 MPa.
As can be seen from the results, all the maximum 

References

[1]	 RAHIMDE, M., GHODRATI, B., TAGHIZADEH VAHED, A. Prediction of mining railcar remaining useful life. 
In: 28th International Symposium on Mine Planning and Equipment Selection MPES 2019: proceedings [online]. 
2020. ISBN 978-3-030-33954-8, p. 281-288. Available from: https://doi.org/10.1007/978-3-030-33954-8_35

[2]	 LI, Z., HE, Q. Prediction of railcar remaining useful life by multiple data source fusion. IEEE Transactions on 
Intelligent Transportation Systems [online]. 2015, 16(4), p. 2226-2235. eISSN 1558-0016. Available from: https://
doi.org/10.1109/TITS.2015.2400424

[3]	 XU, Z. W., WU, S. C., WANG, X. S. Fatigue evaluation for high-speed railway axles with surface scratch. 
International Journal of Fatigue [online]. 2019, 123, p. 79-86. ISSN 0142-1123. Available from: https://doi.
org/10.1016/j.ijfatigue.2019.02.016

[4]	 WU, S. C., LIU, Y. X., LI, C. H., KANG, G. Z., LIANG, S. L. On the fatigue performance and residual life of 
intercity railway axles with inside axle boxes. Engineering Fracture Mechanics [online]. 2018, 197, p. 176-191. 
ISSN 0013-7944. Available from: https://doi.org/10.1016/j.engfracmech.2018.04.046

[5]	 FOMIN, O., VATULIA, G., HORBUNOV, M., LOVSKA, A., PISTEK, V., KUCERA, P. Determination of residual 
resource of flat wagons load-bearing structures with a 25-year service life. IOP Conference Series: Materials 
Science and Engineering [online]. 2021, 1021(1), ISSN 1757-899X. Available from: https://doi.org/10.1088/1757-
899X/1021/1/012005

[6]	 SYGANSKAYA, L., HAMRAEVA, E., NARKIZOVA, E. Testing the methodology for justifying the service 
life of freight cars based on the results of analog car testing. Bulletin of Scientific Research Results [online]. 
2024, 2024(4), p. 15-23. ISSN 2223-9987. Available from: https://doi.org/10.20295/2223-9987-2024-04-15-23

[7]	 LUO, Y., LI, C., KANG, X., HU, Y., WU, S. Fatigue limit and residual life evaluation of railway EA4T axles with 
artificial surface impacts. Journal of Materials Engineering and Performance [online]. 2023, 32, p. 5167-5175. 
eISSN 1544-1024. Available from: https://doi.org/10.1007/s11665-022-07447-3

[8]	 REN, X., WU, S., XING, H., FANG, X., AO, N., ZHU, T., LI, Q., KANG, G. Fracture mechanics based residual 
life prediction of railway heavy coupler with measured load spectrum. International Journal of Fracture [online]. 
2022, 234, p. 313-327. eISSN 1573-2673. Available from: https://doi.org/10.1007/s10704-022-00627-1

[9]	 WANG, C., ZHU, T., YANG, B., XIAO, S., YANG, G. Remaining useful life for heavy-duty railway cast steel 
knuckles based on crack growth behavior with hypothetical distributions. Chinese Journal of Mechanical 
Engineering [online]. 2024, 37, 77. ISSN 2192-8258. Available from: https://doi.org/10.1186/s10033-024-01052-2



J U S T I F I C A T I O N  O F  T H E  P O S S I B I L I T Y  F O R  E X T E N D I N G  T H E  S E R V I C E  L I F E  O F  C A S T  P A R T S . . . 	 B185

V O L U M E  2 7 	 C O M M U N I C A T I O N S    3 / 2 0 2 5

[10]	ORLOVA, A. M., BABANIN, V. S., TURUTIN I. V. Calculation justification of the assigned service life of the 
finished axle of a freight wagon wheelset. Railway Technique. 2023, 1(61), p. 22-26. ISSN 1998-9318.

[11]	ELYAZOV, I. S., YUSIFZADE, E. N., BAKHSHIEV, A. B., HUSEYNOV, I. D. Method for calculating the 
durability of a car wheelset. Bulletin of RGUPS. 2024, 3(95), p. 109-118. ISSN 0201-727X.

[12]	ZAFAROV, D. Development of a methodology for conducting running strength tests to determine the load of cast 
parts of a three-axle bogie. Railway Transport: Topical Issues and Innovations. 2023, 4, p. 165-171. ISSN 2181-
953X.

[13]	BORONENKO, Y., RAHIMOV, R. Experimental determination of forces through measurements of strains in the 
side frame of the bogie. Transport Problems [online]. 2021, 16(3), p. 199-211. ISNN 1896-0596. Available from: 
https://doi.org/10.21307/tp-2021-053

[14]	State standard 33788-2016. Freight and passenger wagons. Strength and dynamic quality testing methods. 
Standartinform. 2016.

[15]	Norms for the calculation and design of wagons, railways of the MPS track gauge 1520 mm (non-self-propelled) 
with amendments and additions. GosNIIV-VNIIIZHT. Moscow, 1996.

https://doi.org/


B186 	 Mechanica l  Engineer ing in  T ranspor t 	 O R I G I N A L  R E S E A R C H  A R T I C L E

©  2 0 2 5  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 7  ( 3 )  B 1 8 6 - B 1 9 7

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.

STATISTICAL RESEARCH ON BRAKING MALFUNCTIONS  
OF PASSENGER ROLLING STOCK IN OPERATION
Juraj Gerlici1, Alyona Lovska1,*, Vasyl Ravlyuk2, Yaroslav Derevianchuk2, Oleksandr Derevyanchuk3

1University of Zilina, Zilina, Slovak Republic
2Ukrainian State University of Railway Transport, Kharkiv, Ukraine
3Yuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine

*E-mail of corresponding author: Alyona.Lovska@fstroj.uniza.sk

Juraj Gerlici  0000-0003-3928-0567, 	 Alyona Lovska  0000-0002-8604-1764,
Vasyl Ravlyuk  0000-0003-4818-9482,	 Yaroslav Derevianchuk  0000-0002-4932-2751,
Oleksandr Derevyanchuk  0000-0002-3749-9998

Resume
In this article are highlighted the results of the research on braking 
malfunctions of passenger rolling stock identified during the car 
maintenance. Based on the collected statistical material, the key factors that 
cause braking malfunctions in operation are highlighted. The main brake 
equipment units that account for the largest number of malfunctions in 
operation are determined. The data on the malfunctions of air distributors 
used in passenger rolling stock was systematized using the STATISTIKA 
software package. To ensure continuous monitoring and timely detection of 
defects in the brake system of passenger trains, it is critical to use modern 
diagnostic tools to predict the technical malfunctions of pneumatic and 
electropneumatic brake system units of passenger cars. Moreover, this would 
ensure compliance with the requirements for overhaul periods for passenger 
cars in accordance with the current standards and technical documents and 
would guarantee the traffic safety on Ukrainian railways.
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rail hauls. Among the critical units that require special 
attention are brakes.

The brake equipment for passenger cars is a key 
element in ensuring safety and comfort during the 
rail transportation. It provides effective braking of 
the train at different operating modes, including both 
standard and non-standard traffic conditions. The 
proper operation and regular maintenance of the brake 
system is the foundation of reliable passenger car 
operation, which guarantees the safety of life and health 
of passengers and staff.

High reliability of the brake system during the 
operation of passenger trains is defined as one of the 
key priorities in car maintenance and repair. Potential 
malfunctions can be predicted by means of an integrated 
diagnostic system for passenger cars. It would allow 
monitoring the technical condition of the main elements 
of the brake system, such as air distributors or electric 
air distributors of the train in operation. Timely 
detection and elimination of any defects in these units 
would help to provide the trouble-free operation of the 

1	 Introduction

The operation of Ukrainian Railways 
(Ukrzaliznytsia, UZ) can be optimized and the high 
quality of passenger transportation can be ensured by 
implementing advanced technological solutions aimed 
at improving the traffic safety [1-6]. One of the research 
priorities in this regard is to improve the braking system 
of passenger cars, which plays a key role in the safe 
operation of rolling stock.

In practice, considerable attention is paid to the 
system of maintenance and repair of passenger cars, 
which is aimed at minimizing risks of forced train stops. 
That requires the systematic detection and elimination 
of malfunctions at passenger car maintenance depots. 
A significant amount of rolling stock constantly 
passes through the rail sections equipped with such 
maintenance depots at which maintenance staff 
performs the required technical inspection of railcars 
and identifies faulty and defective units. This can lead to 
significant delays in trains or even their stoppage on the 

https://orcid.org/0000-0003-3928-0567
https://orcid.org/0000-0002-8604-1764
https: // orcid.org/0000-0003-4818-9482
https://orcid.org/0000-0002-4932-2751
https://orcid.org/0000-0002-3749-9998


S T A T I S T I C A L  R E S E A R C H  O N  B R A K I N G  M A L F U N C T I O N S  O F  P A S S E N G E R  R O L L I N G  S T O C K . . . 	 B187

V O L U M E  2 7 	 C O M M U N I C A T I O N S    3 / 2 0 2 5

the authors did not address the issues of controlling the 
pneumatic and electrical parts of the brake equipment 
along the train’s route.

In [14], the authors emphasized that a higher train 
speed means that the production costs of railcar units 
that account for the reliable operation of the vehicle will 
be higher. The requirements for the development of new 
types of brakes for railway rolling stock with improved 
performance characteristics are presented. However, the 
authors did not pay attention to the on-board technical 
diagnostic tools on passenger rolling stock, the use of 
which would significantly increase the train speed and 
ensure railway traffic safety.

In study [15] is described the operation of the 
pneumatic brake system of rolling stock during rail 
freight transportation. The authors investigated the 
complex pneumatic processes in the train braking 
system. It is determined that a significant amount 
of compressed air leaks into the atmosphere through 
the loose brake connections. It is established that 
the modelling of dynamic processes in a pneumatic 
network depends on the loading of a vehicle. However, 
the authors did not consider the diagnostic tools that 
can better control the technical condition of the brake 
system when the train is moving.

The pneumatic braking systems of freight trains 
that guarantee the safe rail transportation are described 
in [16]. An algorithm is proposed for determining 
diagnostic features for advanced diagnostic systems 
to detect malfunctions of pneumatic brakes. It is 
recommended to accumulate diagnostic values using 
a laboratory car acting as an experimental platform. 
The authors used the method that allows detecting 
maximum values in combination with a first-order 
difference function to divide and classify time series 
of air pressure into the phases of braking and lapping. 
Several algorithms of the modified machine learning 
method are investigated. This makes it possible to 
achieve an accuracy of about 99% when detecting faults 
in the brake line of a rail car, and more than 94% when 
diagnosing faults in brake equipment units. However, 
the algorithms of the modified machine learning method 
proposed in this paper are applicable only to pneumatic 
brake systems of freight rolling stock.

In study [17] was examined the pneumatic brake 
system of freight trains used on Chinese Railways. A 
model of the brake system is analysed based on the 
equation of gas flow and the equation of air flow rate 
through the calibration holes in the brake units. The 
proposed model was tested in experimental conditions 
on 150 pilot rail vehicles. The tests were conducted 
at different braking modes: step-by-step braking, full 
braking and emergency braking. The pressure and the 
time of filling the brake cylinders, spare tanks, and 
the time response for air distributors of a freight train 
were studied. In addition, the switching times of the air 
distributor elements under the simulation conditions 
were determined. 

brake system and reduce the time required to eliminate 
faults, which in turn, significantly improve the safety of 
rail transportation.

Modern brake diagnostic systems for cars 
are usually labour-intensive and not always highly 
reliable regarding individual brake units [7]. This 
poses significant challenges for the railway train traffic 
safety. Accordingly, there is a growing need to improve 
diagnostic technologies to optimize maintenance and 
repair processes and increase the overall reliability of 
brake systems.

Diagnostic systems can be improved through the 
development of more efficient monitoring methods 
that can quickly and accurately identify potential 
malfunctions and predict potential failures. This 
approach will not only reduce the time for diagnostics 
and repairs, but significantly reduce the risks associated 
with the operation of passenger cars, as well, thereby 
ensuring a significant level of passenger transportation 
safety.

Analysis of recent publications. The efficient 
operation of rolling stock and railway transport equipment 
is critical for increasing the capacity and safety of rail 
transportation [8-9]. These aspects are fundamental 
for all UZ structural divisions. The optimized operation 
of the rolling stock and railway equipment implies not 
only maintenance and modernization, but the continual 
updating of management strategies aimed at improving 
the operational characteristics of the transportation 
system, as well.

Many studies have been devoted to analysing the 
operation of brake systems on railway rolling stock and 
improving their operating efficiency. Thus, in studies 
[10-11] are highlighted the peculiarities of the use 
of vacuum, pneumatic, mechanical, electrodynamic 
and magnetic rail brakes for railway transport. Their 
advantages and disadvantages, together with promising 
application methods to be implemented for any rail 
vehicle, are considered. However, authors of these 
studies did not pay attention to the diagnostics of brake 
equipment units of passenger cars on the train’s route.

In study [12] is dealt with the methodology for 
computational and experimental research into the 
braking efficiency of passenger cars using mathematical 
models and computer modelling. However, the authors 
of the study, which was aimed at improving braking 
efficiency and train safety, did not pay attention to 
diagnosing the pneumatic units of railcars that ensure 
the performance of the whole braking system and the 
train’s route speed.

Authors of study [13] described the operation of 
the UIC pneumatic brake system used for freight 
wagons. They emphasized that if a train consists of 
10-15 wagons, the air brakes are difficult to control due 
to the complexity of the air distribution system and 
its operation processes, which affects the longitudinal 
forces in the train. The operation of the air distributor 
at different operational modes was analysed. However, 
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Based on the analysis of statistical data, collected 
during the maintenance of brake equipment of passenger 
cars, a histogram was constructed (Figure 1). It presents 
the distribution of malfunctions in the basic units and 
elements of pneumatic and electrical part of brake 
equipment collected between 2019 and 2023.

The analysis of this histogram demonstrates that 
in 2023 the number of malfunctions in the main 
units of brake systems of passenger cars decreased if 
compared to 2019. This is due to the decommissioning 
of many passenger cars that did not meet the technical 
requirements and the service life of which expired. 
Those measures helped to improve the overall reliability 
and efficiency of rolling stock.

The histogram also shows that in recent years, units 
and elements of the pneumatic and electrical parts of 
the brake equipment of passenger cars fail in operation 
primarily due to their inoperable state. Therefore, there 
exist critical problems that require urgent solutions on 
how to improve the performance of brake systems and 
ensure the train safety [23].

Over 2023 the condition of brake equipment was 
assessed through the systematic technical inspections 
carried out in the operational and repair depots of the 
passenger facility. Based on the collected statistical 
data, the histogram was constructed (Figure 2). It 
illustrates the distribution of malfunctions of brake 
equipment units in 2023 by visualizing problematic 
aspects and their dynamics over the specified period.

The inspection conducted revealed 1,166 
malfunctions of pneumatic brake equipment of passenger 
cars. As seen from the histogram above, electric air 
distributor malfunctions rank first, among which are 
inoperable braking and releasing valves, pneumatic 
relay malfunctions, clogged throttle openings, damaged 

The analysis of literature [8-17] has made it possible 
to establish that the issues of diagnosing inoperative 
brake systems and their elements on passenger rolling 
stock are quite relevant and require further development 
and study.

Purpose and main objectives of the article. The 
purpose of the article is to highlight the peculiarities of 
statistical research into malfunctions of brake units of 
passenger rolling stock in operation.

To achieve this purpose, the following objectives 
have to be set:
•	 to analyse the collected statistical data on 

malfunctions of brake equipment units of passenger 
cars;

•	 to systematize the data on malfunctions of brake 
equipment units using STATISTIKA; and

•	 to propose a technical diagnostic system to improve 
the efficiency of braking equipment units of 
passenger cars.

2	 Materials and methods

The study of the technical condition of the brake 
systems of passenger cars included a  comprehensive 
analysis of braking malfunctions at various operating 
modes, namely charge and release, service braking, 
overlapping, full-service braking, and emergency braking 
[18]. The key brake system components, such as electric 
air distributors (No. 305), air distributors (No. 292), 
brake lines with fittings, electric lines, brake cylinders 
and spare tanks, were given special attention. This 
technical inspection was carried out in accordance with 
the requirements of the current regulatory documents 
[19-22].

1 - electric air distributor No. 305; 2 - air distributor No. 292; 
3 - brake line with fittings; 4 - electric line; 5 - brake cylinder; 6 - spare tank

Figure 1 Distribution of malfunctions in passenger car brake equipment
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loss of density at coupling joints, inoperable end cranes, 
stop cranes, disconnecting cranes, etc. As a  rule, such 
malfunctions cause air leakage from the pneumatic part 
into the atmosphere at all brake operating modes. In 
addition, the brake can spontaneously activate while 
the train is moving. These malfunctions were detected 
in 228 cars, which is 20% of the total number of units 
inspected.

Electrical line malfunctions rank fourth; they 
include damage to the contacts of the electrical part 

(broken) diodes, lack of electrical contact, etc. They were 
detected in electric air distributor No. 353 and amounted 
to 30% of the total number of malfunctions. 

The air distributor malfunctions rank second; they 
include clogged throttle openings and filters, wear of 
the main and cut-off spools, wear of bushings and the 
main piston, etc. The inspection revealed them in 317 air 
distributors, which is 27% of the total number of faults.

Malfunctions of the brake line and valves rank 
third; they include damaged main and supply pipes, 

1 - electric air distributor No. 305; 2 - air distributor No. 292; 3 - brake line with fittings;  
4 - electric line; 5 - brake cylinder; 6 - spare tank

Figure 2 Distribution of malfunctions in passenger car brake equipment

1 - air leakage due to a loose connection of the hoses; 2 - air leakage due to damage to the connecting hose; 3 - air leakage 
due to a loose threaded connection of the air line; 4 - malfunction of the elements of the end valve; 5 - breakage of the brake 

line; 6 - malfunction of the elements of the connecting valve; 7 - disconnection of the pipe leading to the air distributor;  
8 - rupture of the connecting hoses; 9 - malfunction of the pipe leading to the reserve tank;  

10 - malfunction of the stop valve; 11 - other malfunctions of the brake line
Figure 3 Distribution of malfunctions in the brake line and fittings
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•	 malfunctions of the pipe leading to the spare 
tank (Figure 3, item 9) due to wear or damage to 
the threaded connection, poor quality of the seal, 
deformation or damage to their fastenings, etc. (3%);

•	 malfunction of the stop valve (Figure 3, item 10) due 
to poor installation of the seal, damaged threads, 
broken or missing switching handles, cracks in the 
body, etc. (2%);

•	 other malfunctions of the brake line (Figure 3, item 
11) due to defects in the operation of individual 
elements; these defects include damage or breakage 
of threads, abrasions, corrosion and mechanical 
damage, air leakage through the threaded 
connections, poor installation of the seal, etc. (2%).
Of special attention is the fact that the largest 

number of malfunctions identified during the car 
maintenance was in the elements of electric and 
pneumatic air distributors. This is due to the complexity 
of their structural elements manufactured with high 
precision, and a significant number of calibration holes 
in spools and bushings [18].

Based on the statistical material collected during 
the maintenance of passenger cars carried out at the 
service depot, as well as on the route, the distribution 
histogram of malfunctions of air distributor No. 292 was 
drawn (Figure 4). 

Based on the results of the histogram analysis, the 
following main types of air distributor malfunctions 
were identified (in %):
•	 slow charging of the reserve tank (Figure 4, item 

1) due to clogged calibration holes and filters, 
slow movement of the main piston and spools as 
a  result of increased resistance in the charging 
position, contamination or increased viscosity of the 
lubricant, etc. (27%, the largest number);

•	 air distributor does not work during the service 
braking (Figure 4, item 2) due to a slow movement of 
the main piston and spools as a result of increased 
resistance in the braking position, contamination or 
increased viscosity of the lubricant, etc. (17%);

•	 reduced pressure of the brake cylinder in the 
Lap position (Figure 4, item 3), which leads to 
air leakage from the pneumatic cylinder due to 
damaged threaded connections, poor seals and wear 
of the cuffs (14%);

•	 increased pressure of the brake cylinder in the Lap 
position (Figure 4, item 4), accompanied by a slow 
movement of the main piston and air distributor 
spools in the braking mode (13 %);

•	 the accelerator does not trigger at emergency braking 
(Figure 4, item 5) due to insufficient pressure in 
the accelerator chamber, failure to connect the 
accelerator chamber to the brake cylinder, and in 
the accelerator-off mode (9%);

•	 the accelerator is triggered at service braking 
(Figure 4, item 6) due to a slight moving effort of the 
main piston and air distributor spools as a result of 
triggering or weakening of the buffer spring (8%);

of the connecting hoses, breakdown of the electrical 
wire to the body, damage or reduction of the insulation 
resistance of the wires, lack of contact in the terminal 
boxes, damage or breakage of the wires, etc. Such 
malfunctions were detected in 108 cars, which is 9% of 
the total number of malfunctions.

Brake cylinder malfunctions rank fifth and include 
worn cuffs, weakened or broken return springs, rod wear 
or bending, loss of seal density between the body and 
the cover, etc. Those malfunctions lead to a  decrease 
in the efficiency of train braking, they were detected in 
105 brake cylinders, which is 9% of the total number of 
those inspected.

Malfunctions of spare tanks rank sixth and include 
local abrasions, corrosion and mechanical damage, 
overdue testing, etc. According to the inspection results, 
such malfunctions were found in 57 spare tanks, which 
is 5% of their total number.

Based on the results of the malfunctions found 
during the car maintenance at the servicing depot, as 
well as on the route, the distribution of malfunctions in 
the brake line and valve was obtained (Figure 3).

Based on the results of the diagram analysis, the 
following main malfunctions in the brake line and 
fittings were identified (in %):
•	 air leakage due to lose connection of sleeves 369A 

(Figure 3, item 1) as a result of damage or wear of 
the sealing rings, wear of the profile of connecting 
heads, etc. (42%);

•	 air leakage due to a  damaged connecting hose 
(Figure 3, item 2) as a result of deficiencies in the 
operation of individual elements, such as wear 
of the sealing ring, malfunctions of the tube and 
connections, etc. (13%);

•	 air leakage through the loose threaded connection 
of the air duct (Figure 3, item 3) due to damage 
or wear of the threaded connection, unsuitable 
mounting seal, etc. (12%);

•	 malfunctioning of the end valve elements (Figure 3, 
item 4) due to cracks in the body, poor installation, 
thread damage, broken or missing handle, etc. (7%); 

•	 breakage of the brake line (Figure 3, item 5) due to 
damage or wear of the threaded connection, poor 
installation of the seal, fastening faults, etc. (7%);

•	 malfunctioning of the connecting valve elements 
(Figure 3, item 6) due to damaged threads, broken 
or missing switching handle, air leakage from the 
body, poor quality installation of the seal, etc. (5%);

•	 disconnection of the pipe supplied to the air 
distributor (Figure 3, item 7) due to defects in the 
operation of individual elements, such as wear of 
the threaded connection, damage to the threaded 
fasteners, poor-quality installation of the seal on the 
pipeline, etc. (4%);

•	 rupture of the connecting hoses (Figure 3, item 8) 
due to damage to the tube, wear of the hose head 
and ferrule thread, poor-quality installation of the 
seal, deformation of the clamp fastening, etc. (3%);
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research. The number /2 r  defines this ratio for a 
normally distributed random variable.

The average mileage of a passenger car after the 
maintenance service (MS-3) was 78,600 km, and after 
depot repair (DR) it was 146,900 km [26].

The data analysis was based on mathematical 
statistics methods for determining the variance of 
the population and the standard deviation, which 
is an estimate of the standard deviation based on 
the unbiased estimate of the variance [27]. The key 
statistical indicators were calculated using the following 
formulae:
•	 average sample value of a random variable

x n

xi
i

n

1= =
r

|
;	 (2)

•	 variance 2v  of a random variable calculated by the 
formula

n

x x

1

i
i

n

2 1v = -

-
=

r^ h|
,	 (3)

where n is the size of a given sample; xi is the i-th sample 
element. It was found, that .x 31 655=r , and σ2 = 31.107.

The experimental dependence of the frequency of 
malfunctions in air distributor No. 292, detected during 
the maintenance service and on the route of passenger 
cars, relates to the number of observations. At the same 
time, the distribution function of this random variable 
F(x) of the sample is unknown [26].

The H0 hypothesis is formulated by the following 
definition: the distribution function of a random variable 
is described by the normal distribution law F0(x)

•	 malfunction of the emergency brake accelerator 
(Figure 4, item 7) is the cause of its actuating during 
the charging of the brake line due to a small moving 
force of the accelerator piston (7%);

•	 unauthorized release of brakes in the Lap position 
(Figure 4, item 8) caused by air leakage from the 
brake cylinder as a result of poor-quality installation 
of threaded connection seals or damaged release 
valve (3%);

•	 unauthorized release of brakes after emergency 
braking of the train (Figure 4, item 9) due to 
significant air leakage from the brake cylinder 
caused by damaged release valve of the reserve 
tank (2 %).

3	 Results

The collected statistical data on the detected 
malfunctions of air distributors No. 292, for different 
passenger car mileages during their maintenance, are 
shown in Table 1.

The optimal number of experimental data n, 
required to verify that the sampling-normal distribution 
is consistent, can be determined by the ratio of the mean 
value of the modulus of deviation of the random variable 
xi from its sample mean xr  to the standard deviation σ 
[24-25]. 

Provided that the following inequality is satisfied:

.x x

n
2 0 4<

i

v r
-

-
r|

,	 (1)

the sample size is considered sufficient for further 

1 - slow charging of the reserve tank; 2 - air distributor does not operate at service braking; 3 - lower pressure in the brake 
cylinder in the Lap position; 4 - higher pressure in the brake cylinder in the Lap position; 5 - accelerator does not operate at 

emergency braking; 6 - accelerator operates at service braking; 7 - malfunction of an emergency braking accelerator;  
8 - brakes are released unauthorizedly in the Lap position; 9 - brakes are released unauthorizedly after emergency braking

Figure 4 Distribution of malfunctions of air distributor No. 292
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in the sample in a given interval is calculated. Based 
on the results of car maintenance, it was found that the 
number of all observations was n=84.

Finally, the range of sample data 20-44 is divided 
into 12 intervals with a step equal to two (Figure 5) 
and the frequency of observations, with which random 
variable falls into each interval is determined.

Based on the analysis of statistical data on 
malfunctions of air distributors No. 292 of passenger 
cars for 2023, the information was systematized and 
processed in STATISTIKA. 

 The results of the processing are shown in Figure 
5, which presents the empirical data on the faults of 
this unit. 

F x e
2
1 x x

0 2 2

2

2

rv
= v

-
- r

^
^

h
h

.	  (4)

The function F0(x) is fully defined for the given xr  
and σ.

The alternative hypothesis H1: the distribution 
function does not follow the normal distribution law. 

That is, H0: F(x)=F0(x), H1: F(x)≠F0(x).
Test the hypothesis H0.
The purpose of that is to check whether the sample 

is consistent with the assumption that the distribution 
function of the aggregate is F0(x).

Further, the consistency criterion χ2 is used and the 
frequency of occurrence of a random variable included 

Table 1 Statistical data on the total number of malfunctions in air distributor No. 292
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1 30 77.530 47.790 29 24 104.710 208.530 57 34 63.490 145.610

2 29 72.420 156.750 30 26 71.320 123.50 58 36 89.840 223.160

3 25 45.260 104.750 31 27 97.950 138.380 59 39 88.160 243.100

4 26 98.870 165.540 32 28 39.100 56.460 60 41 32.760 201.840

5 25 94.130 119.870 33 29 102.360 179.170 61 42 97.130 74.870

6 23 116.410 93.760 34 31 120.180 243.750 62 39 71.150 53.590

7 22 99.560 178.940 35 32 52.480 170.180 63 37 95.140 207.890

8 24 81.090 84.990 36 33 120.460 177.430 64 36 33.170 49.270

9 23 99.300 176.140 37 36 117.370 146.510 65 34 79.280 195.020

10 27 98.260 64.710 38 34 33.550 201.030 66 31 112.830 171.940

11 28 117.000 194.430 39 33 70.930 196.060 67 33 109.410 174.100

12 30 41.020 77.570 40 32 69.640 59.120 68 34 106.220 170.990

13 27 66.480 246.140 41 30 67.120 144.960 69 35 104.390 230.160

14 26 98.350 54.690 42 29 69.640 77.540 70 36 58.250 120.220

15 25 77.260 129.930 43 30 116.90 244.490 71 39 62.790 120.610

16 23 65.790 45.450 44 31 33.760 60.990 72 41 62.610 175.010

17 23 38.330 90.700 45 32 33.460 152.310 73 43 41.570 86.710

18 22 99.680 206.060 46 34 100.230 127.280 74 42 115.500 136.860

19 21 71.610 151.430 47 36 30.100 115.880 75 40 69.390 241.690

20 23 36.370 118.330 48 37 96.530 157.550 76 39 76.340 107.770

21 24 48.540 135.300 49 40 51.840 110.750 77 35 51.750 85.250

22 25 47.450 149.230 50 36 115.030 127.360 78 31 37.650 224.540

23 25 88.960 198.500 51 35 34.260 240.840 79 32 66.250 66.490

24 28 87.290 180.340 52 34 100.260 213.840 80 36 117.830 178.920

25 33 110.860 114.630 53 32 71.940 185.620 81 34 63.070 154.760

26 31 74.410 231.540 54 31 52.170 186.620 82 37 88.180 185.070

27 30 83.040 142.150 55 32 87.950 235.740 83 39 121.840 137.100

28 29 83.760 44.250 56 33 94.450 142.280 84 40 111.880 49.180
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Since the degree of freedom k = m – 1 = 12 –1 = 11, 
for the value k = 11 and the significance level α = 0.05 
according to the table [23, 26], the critical value of this 
parameter is found, it is xα = 19.7.

It should be noted, that at this stage of the study, 
the parameter α equals to the value of 0.05 as an 
example. At subsequent stages of the study, it is 
planned to adopt this parameter at a  level lower than 
0.05. In this case, the same methodology will be used as 
described in this presented research. This will allow to 
compare the obtained result and to draw a  conclusion 
about the appropriateness of using this parameter in the 
corresponding range.

According to the criterion χ2, the hypothesis H0 is 
accepted if the following inequality is fulfilled

P x 1n 1
2 1| a- -a-_ i ,	  (7)

or it is equivalent to the inequality n x2 1| a^ h . 
Otherwise, if the parameter n x2 $| a^ h  or inequality 
in Equation (7) is not satisfied, the alternative hypothesis 
H1 is accepted.

The experimental value of the parameter determined 
by Equation (6) is χ2(n) = 7.55.

According to the results of the calculations, it 
was found that the inequality P x 1n 1

2 1| a- -a-_ i , 
written in the form n x2 1| a^ h  , is fulfilled, since  
7.55 < 19.7.

This means that the hypothesis H0 is accepted. 
Therefore, the distribution function of this sample is 
normal.

The technical inspection of the brake equipment 
units of passenger cars, conducted in 2023, demonstrated 
that air distributors accounted for the largest share 
of malfunctions (27%). These results correlate with 
the interim findings of the study, according to which 
the failure rate of air distributors No. 292 depends on 
seasonal temperature fluctuations. In particular, there 

The solid line in Figure 5 describes the theoretical 
frequency of occurrence of a malfunction if the sampling 
distribution function follows a normal distribution law. 

This statement can be confirmed or denied with the 
use of the χ2 criterion (Pearson’s criterion) of consistency 
of the distribution function F(x) of the sample with the 
normal distribution F0(x).

Pearson’s theorem states that if the hypothesis H0 
is realized, then the experimental values χ2(n) converge 
to the critical value n 1

2| -  for the n-1 degree of freedom.

Therefore, the new random variable χ2 of statistics 

n np
np

i i

i

2-^ h
 for the i-th interval is introduced where npi 

is the corresponding value of the theoretical frequency.
Before constructing a random variable, its 

theoretical probability must be determined using the 
following formula:
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where F(x) is the Laplace function;
x1, x2 are the left and right boundaries of the i-th interval.

The experimental value χ2(n) is determined by the 
formula
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where m is the number of intervals;
ni is the i-th experimental frequency;
pi is the theoretical probability of a random variable 
falling into the i-th interval;
wi is the experimental probability of a random variable 
falling into a given interval;
npi is the theoretical frequencies of a random variable 
falling into the i-th interval.

For the given level of significance α (probability γ) 
and the known degree of freedom k, find the critical 
value of the parameter xα.

Figure 5 Results of processing the statistical data on malfunctions of air distributor No. 292
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affecting the performance of these elements were 
identified. They do not only cause unstable operation 
of the air distributors, but they do lead to increased 
operating costs, longer train travel times, and reduced 
traffic safety, as well [7, 23, 26].

It is critical to use the modern diagnostic tools to 
reduce the frequency of railway transport accidents 
caused by malfunctions in the braking equipment of 
passenger cars [28-29]. This would allow for timely 
detection and elimination of potential malfunctions in 
advance and, thus, ensure traffic safety.

The technical diagnostic system is based on the 
processes running in the brake equipment of the 
passenger rolling stock (Figure 7) [28]. 

They are also used for determining the operability 
of units. Diagnostic tools are used for building and 
analyzing mathematical models describing the operation 
of the brake system of a rail car. The reliable operation 

is a significant increase in the number of malfunctions 
during the cold season (Figure 6) due to deteriorating 
operating conditions. 

Low temperatures negatively affect the condition 
of air distributor components such as valves, bushings, 
spools, rubber cuffs and gaskets, thus causing their 
premature wear. The winter temperature conditions 
also cause a decrease in lubricant quality, destruction 
of valve seats and damage to other critical components, 
which increases the number of malfunctions in the 
brake system while the train is in motion. In addition, 
the breach of tightness in rubber cuffs and gaskets, as 
well as in valve seats, increases the risk of air leakage, 
which further degrades the performance of the brake 
system of passenger cars. 

Based on the malfunction data and the analytical 
study of the operation of air distributors No. 292 under 
operating conditions, a number of negative factors 

Figure 6 Graphical distribution of malfunctions of air distributors No. 292 by month

Figure 7 The technical diagnostic system for the brake equipment of the passenger rolling stock
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has been established that the number of malfunctions 
of the main units of the brake system has decreased 
significantly in recent years due to has decreased 
significantly in recent years due to the fact that a 
significant number of passenger cars was decommissioned 
due to outdated technical conditions 

A detailed analysis of the statistical data revealed 
that the main units of brake equipment have most 
of the faults. Air distributors No. 292 account for 
a significant number of malfunctions due to their 
unsatisfactory performance in operation, which is caused 
by the complexity of their design, strict maintenance 
requirements and the poor-quality repair carried out at 
car repair facilities. In particular, it was found that 21% 
of the malfunctions of air distributors No. 292 resulted 
from excessive brake cylinder filling time during the full-
service braking, 19% was the result of excessive start-up 
time after full-service braking, and 15% were related to 
a slow increase in brake cylinder pressure in the Lap 
mode. These malfunctions have a significant impact on 
the brake system efficiency and train safety.

2. Mathematical statistical methods were used to 
determine the distribution of faults in air distributors 
No. 292 used in the brake system of passenger cars. 
The collected data on malfunctions were processed and 
systematized in STATISTIKA.  The analysis showed 
that the distribution of malfunctions was described by 
a normal law.

It was found that the dynamics of changes in the 
malfunctions of the air distributor correlated with 
seasonal factors that affected their occurrence. The 
results of the calculations showed that χ2=7.55. This 
suggests that the normal distribution of the data is 
adequate. The variance of malfunctions was defined 
as σ2= 31.107; the arithmetic mean of the number 
of malfunctions was .x 31 655=r . These results help 
better understand the impact of external factors on the 
reliability of brake systems and plan the measures for 
their optimization.

3. A technical diagnostic system for the brake 
equipment of passenger rolling stock has been proposed 
for improving the traffic safety. This system enables 
effective monitoring of key parameters of the braking 
system of passenger cars and controlling the air 
pressure in the brake line and pneumatic cylinder, 
which varies depending on the operating mode of 
the brake equipment. It will also monitor how often 
the pneumatic brakes are applied while the train  
is in motion.

The use of these diagnostic tool would accurately 
monitor the condition of equipment in real time, predict 
the service life of the equipment and optimize the 
overhaul periods based on the up-to-date data on the 
technical condition of the units. Such an approach can 
significantly improve the traffic safety and reduce the 
risk of rail accidents, thus ensuring the stable and 
reliable operation of the brake systems of passenger 
cars.

of the diagnostic system would ensure the maintenance 
of the passenger train schedule.

The main criteria of an efficient diagnostic system 
are the reliability and efficiency of obtaining information 
on the technical condition of the brake equipment of 
passenger cars, the speed of processing and transmission 
of diagnostic information, the degree of autonomy 
and protection against natural and human-induced 
interference.

The structure of the brake system of a  passenger 
car is characterized by quantitative parameters that 
represent different physical variables. Their values 
can be initial, permissible or boundary. During the 
operation structural parameters change; that leads 
to deterioration in the technical condition of brake 
equipment units of passenger cars.

The condition of the brake system a  passenger 
train can be approximately estimated using direct 
and indirect characteristics (diagnostic parameters). 
They reflect the most probable defects associated with 
a decrease in performance and the occurrence of brake 
system malfunctions.

The requirements for the system of technical 
diagnostics of brake units of passenger cars are to 
approximate the maximum compliance with the 
controlled parameters. They should include the following 
stages:
•	 to determine the boundary values of the criteria by 

which malfunctions are graded;
•	 to determine the list of malfunctions of the brake 

system units of passenger cars that need to be 
diagnosed;

•	 to develop a diagnostic model to provide information 
on the degree of danger of the passenger car brake 
system units to be diagnosed, as well as information 
for maintenance personnel; 

•	 to develop diagnostic software that, at the user 
interface level, should formalize the process of 
diagnosing the units of the passenger car brake 
system and provide its better functionality;

•	 to develop the necessary measuring devices for 
monitoring the brake system units of passenger cars 
and design a data collection system for them;

•	 to conduct testing and assess the reliability 
according to the list of malfunctions of passenger 
car brake system units, taking into account the 
statistical data on operation; and

•	 to develop the standard technical documents, 
programs and methods for diagnosing the brake 
system units of passenger cars, and operating 
documentation for diagnostic equipment.

4	 Conclusions

1. A technical inspection of the brake systems of 
passenger cars under operating conditions was carried 
out; the collected statistical data were systematized.  It 
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Resume
In this study was investigated the effect of a novel surface treatment 
technique, called laser ablation or laser surface cleaning (LSC), on the 
electrochemical properties of AZ80 magnesium alloys. Its effect on corrosion 
resistance was compared to conventional techniques represented by grinding 
and polishing. The corrosion stability of the produced surfaces was 
determined by potentiodynamic (PD) polarization tests and electrochemical 
impedance spectroscopy in 0.1M NaCl. The results showed that the LSC 
process produced a regular, uniform surface morphology. Although the LSC 
treatment led to the passivation of the AZ80 surface, the overall corrosion 
resistance was compromised compared to surfaces treated by grinding and 
polishing.
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and therefore its alloys have a  major disadvantage 
represented by their high electrochemical reactivity in 
most practical environments [7-8]. This behaviour is 
mainly indicated by the low standard electrode potential 
of magnesium (-2.36 vs. SHE). This is the lowest value 
of the commonly used metals, with the exception of 
lithium. Another problem with the corrosion resistance 
of magnesium is the non-protective surface film formed 
when exposed to the environment. This quasi-passive 
film is only protective in highly alkaline environments. To 
overcome this problem, extensive efforts are being made 
to improve the corrosion resistance of magnesium alloys. 
One of the ways to improve the corrosion resistance is 
to alloy magnesium with corrosion resistant materials. 
However, alloying magnesium with other metals is often 
unfavourable due to the occurrence of microgalvanic 
corrosion leading to dissolution of the Mg matrix [8-9]. 
The more favourable and effective approach is to apply 
a  proper surface treatment. Grinding, polishing or 
milling and turning are typical representatives of the 
category of conventional surface treatment methods 
[10-12]. On the other hand, there are unconventional 
surface treatment methods whose influence is still 
the subject of research by many scientific teams. This 

1	 Introduction 

Magnesium is one of the most abundant elements 
on earth, which led to the idea of using magnesium as 
an engineering metal [1-2]. However, the mechanical 
properties of magnesium are not very favourable due 
to its hexagonal lattice [3]. The main advantage of 
using magnesium as an engineering material is its low 
density, which is 1.74 g.cm-3. Other positive properties 
of magnesium are its ratio of tensile strength to density 
(specific strength) and its non-toxicity, which allows it 
to be used as a biodegradable implant [4-6]. Magnesium 
alloys, due to their low density, can reduce the weight 
of a  vehicle, which in turn lowers fuel consumption. 
This can be achieved by replacement of commonly used 
materials such as steels. Using of magnesium alloys can 
subsequently have a positive impact on greenhouse gas 
emissions. Currently, components made of magnesium 
alloys, such as engine blocks, central control panels, 
door frames, steering wheels, etc., are already in use. 
However, most of these components can be found only 
in high-end cars like Porsche or Jaguar due to higher 
economical demands [4]. 

Despite its promising properties, magnesium 
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not have a  positive effect on corrosion stability. The 
researchers stated that the zinc was melted before the 
oxides were successfully removed [22]. Few studies can 
be found on the LSC treatment of magnesium alloys. 
For example, the study by Zhu et al., 2024 dealt with 
the application of laser cleaning as a  pre-treatment 
to the micro-arc oxidation (MAO) coatings. Although 
the authors found a  positive effect on the corrosion 
resistance of AZ31 alloy, only a  20 W laser treatment 
without coating was tested for a short exposure time of 
30 minutes [23]. In contrast to this study, Xiong et al., 
2024 found that the application of 6.5 W laser treatment 
had a negative effect on short-term corrosion resistance 
[24].  

There is an evident lack of knowledge about the 
impact of the LSC on the electrochemical characteristics 
of magnesium alloys mainly during prolonged exposure 
periods. Moreover, presented studies used low-powered 
laser cleaning and reached conclusions opposite to each 
other. The purpose and novelty of this study are provided 
by the evaluation of the LSC impact performed using 
a  100 W power source on corrosion resistance of AZ80 
magnesium alloy during the prolonged exposure period 
in an aggressive chloride environment.

2	 Experimental material and methods 

The AZ80 magnesium alloy was produced by 
continuous casting using a heated mould. The chemical 
composition of AZ80 Mg alloy (Table 1) was obtained 
by EDXRF analysis using ARL QUANT’X EDXRF 
spectrometer. To observe the microstructure of AZ80, 
the samples were ground by the SiC papers up to p4000 
and polished by polishing cloth using 3 μm and 1 μm 
polishing emulsions composed of diamond suspension 

category is represented by various coating processes, 
such as plasma-electrolytic oxidation, chemical vapour 
deposition (CVD) and physical vapour depositions (PVD) 
methods, treatments based on the application of laser 
beams, etc. [13-18].

Laser surface cleaning (LSC), commonly known 
as laser ablation, is one of the unconventional and 
novel laser-based surface modification methods for 
metallic materials. The main difference between LSC 
and laser surface melting (LSM) is the careful selection 
of processing parameters to avoid melting of the surface 
layer [16-18]. The LSC is a non-contact technique that 
aims to clean and decontaminate the surface from 
impurities by carefully setting up the laser beam. 
During the LSC treatment, the concentrated laser beam 
is generated by the power supply. When the treated 
surface is hit by the laser beam, energy absorption 
begins. The removal of impurities or other layers 
depends on the ability of the surface layer to absorb 
the energy transferred by the laser beam. In practice, 
the higher the ability of the surface to absorb energy, 
the higher the efficiency of the removal process [19]. 
This method is used when a  clear, oxide-free surface 
is required. The positive effect on surface properties is 
reported on metallic materials, such as various types of 
steel, titanium alloys, aluminium alloys, etc. One of the 
most important advantages of LSC compared to common 
chemical cleaning of metals is the high environmental 
friendliness of the whole process [15-16]. Studies on the 
effect of the LSC on the corrosion resistance of materials 
have confirmed that in the case of stainless steels or 
aluminium alloys, e.g. materials that can be passivated, 
the LSC method proved to be beneficial in improving 
the corrosion resistance in aggressive environments [20-
21]. On the other hand, the application of this method 
to materials with low melting points, such as zinc, did 

Table 1 Chemical composition of AZ31 magnesium alloy obtained by EDXRF analysis

Component Al Zn Mn Mg

wt. % 8.99 0.45 0.24 balance

Figure 1 Pulse laser P-laser, model QFC-100
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± 2 °C. During the exposures, the samples were stored 
in corrosion cells as shown in Figure 2. A three-electrode 
system was used, with the sample acting as the working 
electrode, the Pt electrode as the auxiliary electrode 
and the saturated calomel electrode as the reference 
electrode (+0.2446 V  vs. SHE). The PD measurements 
were started after 10 min of open circuit potential (OCP) 
stabilisation. In the case of the EIS measurements, the 
polarisation resistance measurements were made after 
different OCP stabilization times: 1 h, 2 h, 4 h, 8 h, 
12 h, and 24 h in order to observe the electrochemical 
behaviour during the prolonged exposures.

During the PD tests, samples were polarised in the 
range -200 mV to +500 mV vs. OCP at a  polarisation 
step rate of 1 mV.s-1. The Tafel analysis of the measured 
PD curves was used to obtain values of corrosion 
potential (Ecorr), corrosion current density (icorr), cathodic 
and anodic coefficients (βc, βa). Corrosion rate values 
(rcorr) were calculated using proper software.

The measured frequencies during the EIS were 
in the range of 100 kHz to 10 mHz. The amplitude 
of the applied signal was set at 5 mV with the mean 
value identical to the OCP value after each exposure 
period. The measured electrochemical data were plotted 
as Nyquist plots. These plots were analysed by the 
equivalent circuit method using two types of equivalent 
circuit. The first circuit (Figure 3 left) was used to 
evaluate a  simple Nyquist plot with one capacitive 
loop. The second circuit (Figure 3 right) determined the 
electrical parameters of the Nyquist diagrams consisting 
of two capacitive loops. These circuits are used to 
simulate surface conditions during exposure [16]. The R

Ω
 

and isopropyl alcohol. The samples were then etched 
for 5 seconds with an etchant consisting of picric acid, 
acetic acid and ethanol [25]. Microstructural analysis 
was performed using a  Zeiss Axio Imager.A1 optical 
microscope and corresponding software.

The laser surface cleaning (LSC) treatment was 
performed using a  pulse laser P-laser machine, model 
QFC-100 (Figure 1). The working distance during the 
treatment was set at 320 mm. The pulse frequency 
was 60 Hz and the laser power was 100 W. The pulse 
duration was 180 ns and the pulse wavelength was λ = 
1064 nm. The LSC was applied to the surface for a period 
of 120 seconds. Each specimen was polished prior to the 
LSC treatment using the above-mentioned procedure 
for metallographic analysis to ensure a  homogeneous 
surface before the treatment.

The Alicona InfiniteFocus G5 measuring system 
was used to evaluate the effect of the LSC treatment 
and other investigated techniques on morphology and 
surface roughness. Surface scanning of treated samples 
was performed within an area of 5 x 5 mm at 10x 
magnification. The cross-sectional morphology of the 
treated surfaces was observed using the Zeiss Axio 
Imager.A1. Moreover, wettability testing was performed 
using SITA SurfaSpector device.

The electrochemical characteristics of the 
studied samples were determined by potentiodynamic 
polarisation (PD) and electrochemical impedance 
spectroscopy (EIS) using a  VSP Biologic VSP 300 
laboratory potentiostat, accompanied by EC Lab V11.50 
software. Both PD and EIS tests were performed in 
0.1 M NaCl solution at the laboratory temperature of 22 

Figure 2 Corrosion cell

Figure 3 Equivalent circuits for analysis of Nyquist diagrams with one capacitance loop (left)  
and two capacitance loops (right)
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Figure 5 shows that the polished surface has a typical 
appearance of a surface treated by mechanical polishing, 
i.e., it is flat with a  low number of heterogeneities 
such as scratches and pits (Figure 5a1). On the ground 
surface, linear scratches can be seen in the direction of 
grinding, especially on the top surface view (Figure 5b1). 
The surface roughness was visibly increased compared 
to polishing, which is well documented in Figure 5b2 
as well. The appearance of the surfaces treated by LSC 
is different with respect to those treated by previous 
methods. When looking at the surface from above 
(Figure 5c1), it is clear that it is directed and regular, 
corresponding to a pulse laser beam impact applied to 
the material. Table 2 also shows that as the surface 
roughness increases, so does the wettability represented 
by the lower water contact angle values. 

The cross sections (Figure 5) show that the surface 
after the LSC application has not undergone significant 
melting, as is usually the case with other laser surface 
treatments such as laser surface melting of magnesium 
alloys [14]. Therefore, the microstructural appearance 
of the base material is not visibly affected by this 
process. On the other hand, the surface is much more 
heterogeneous compared to the polished and ground 
counterparts. In addition, the thick porous oxide layer 
is visible on the surface (Figure 5c2) after the LSC 
application. The oxides formed were heterogeneous 
and are probably products of the increased reactivity of 
magnesium with atmospheric oxygen. This is a  direct 
result of the increased temperature of the magnesium 
base material during the laser treatment.

Potentiodynamic polarisation curves are shown 
in Figure 6. The electrochemical characteristics were 
obtained by table analysis of the PD plots (Table 3). 
Potentiodynamic polarisation curves clearly show that 
surface roughness and wettability play an important role 

component in the circuits is the resistance of the solution 
and the RP component determines the polarisation 
resistance of the surface. Note that the higher the RP 
value of the surface, the higher the corrosion resistance. 
Therefore, this study is mainly oriented to evaluate 
the corrosion resistance based on the evolution of 
Rp values during the exposure period. The constant 
phase element (CPE) represents a heterogeneity of the 
working electrode (sample) surface. In the case where 
the Nyquist plot is composed of two capacitance loops, 
the total polarization resistance is given as the sum of 
the partial resistances Rp1 and Rp2 [26-28].

3	 Results and discussion

The microstructure (Figure 4) of the magnesium alloy 
AZ80 is formed by dendrites of the α-phase. Intermetallic 
phases were identified based on literature review [26, 
29]. The intermetallic phase Mg17Al12 is present at the 
boundaries of dendrites and in interdendritic spaces. 
The α-phase is a solid solution of aluminium, zinc and 
manganese in magnesium. An Al6Mn intermetallic is 
also present due to the low solubility of manganese in 
Mg.

The variation of the Sa parameter (arithmetic 
mean height of the surface) was chosen to determine 
the roughness after the surface treatments [30]. Table 
2 shows that the roughness gradually increased from 
polished to ground to LSC surface. Note that the 
roughness values of the polished and ground surfaces 
were in the same order of magnitude. The roughness 
value of the surface treated by the LSC method was 
significantly higher than those of the conventional 
surface treatments. The LSC surface achieved almost 4 
times higher value compared to the polished counterpart.

Figure 4 Microstructure of AZ80 alloy: overview (left) and detail (right)

Table 2 Values of the surface roughness and water contact angle of treated samples

Treatment method Sa Contact angle θ, ° 

Grinding 598.88 nm 52.5 ± 2.6

Polishing 156.49 nm 93.1 ± 1.3

LSC 11.52 μm 42.1 ± 8.8
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noble values of corrosion potential [30]. The Figure 6 
shows that the potentiodynamic curves for polished and 
lasered surfaces are of similar shape, which means that 
the surface reacts similarly to polarisation. However, 
the values of Ecorr are different. In accordance with the 
above-mentioned study of Walter et al., 2011 [30], the 
rougher surface after LSC resulted in more negative 
values of Ecorr, meaning worse thermodynamic stability. 
It can be assumed that the surface film containing oxides 
(MgO), hydroxides (Mg(OH)2 and MgCl2 was formed 
on all tested surfaces during exposure to 0.1 M NaCl 
solution [1, 13]. The factor that made the difference 
between the samples is the initial roughness of the 
surface on which this film is formed. The rougher the 
surface, the more difficult it is to form a  compact 
homogeneous surface film. This phenomenon contributed 
to the higher corrosion resistance of the polished  
surface [7, 30, 32].

Another factor to consider when talking about 
corrosion resistance is the surface wettability. Table 2 
shows that high roughness values are associated with 
increased surface wettability. It can be seen that as the 
roughness increases the water contact angle decreases. 
It can be seen that this fact results in an enhanced 
retention of a water/electrolyte drop on the surface and 
such surface conditions are favourable for corrosion 
initiation [1-2, 7, 33].

in the corrosion behaviour [7, 30]. The surface treated by 
the LSC method showed the lowest values of corrosion 
potential (Ecorr), indicating the lowest thermodynamic 
stability of the surface. The most thermodynamically 
stable surface was the one treated by polishing. In terms 
of corrosion current density (icorr) and corrosion rate (rcorr), 
the LSC treated samples reached the highest values of 
these electrochemical characteristics. Note that these 
characteristics represent corrosion kinetics in such 
a way that the higher these values are, the more intense 
the corrosion degradation is [31]. On the other hand, the 
icorr and rcorr for polished and ground surfaces were not 
significantly different. The main reason for the reduced 
corrosion resistance of the LSC samples is the presence 
of the increased electrochemically active area in contact 
with aggressive environment confirmed by roughness 
measurement (Table 2). In addition, the porous and 
non-compact oxide layer formed on the surface (Figure 
5c2) does not provide a  sufficient barrier effect. The 
effect of surface roughness on the corrosion resistance 
has been investigated by several authors [7, 30]. In the 
first case, Reddy et al., 2021 investigated the effect of 
milling feed rate on roughness and corrosion behaviour 
of magnesium alloy. The authors found that an increase 
in surface roughness promoted corrosion degradation 
[7]. In a  second study, the authors demonstrated that 
decreasing the surface roughness led to the more 

Figure 5 Surface view (subscript 1) and cross sections (subscript 2)
a - polishing, b - grinding, c - LSC

Table 3 Electrochemical characteristics obtained by PD of treated surfaces of AZ80 alloy in 0.1M NaCl 

Treatment method Ecorr (mV) icorr (µA/cm2) βa (mV/dec.) βc (mV/dec.) rcorr (mm/year)

Grinding -1525 ± 13 8 ± 1 57 ± 13 157 ± 6 0.19 ± 0.02

Polishing -1509 ± 19 7 ± 1 128 ± 19 153 ± 1 0.16 ± 0.01

LSC -1568 ± 3 13 ± 1 82 ± 6 139 ± 4 0.29 ± 0.03
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corrosion resistance due to the instability of the porous 
layer of corrosion products mentioned above. In contrast, 
the polished and ground samples showed a decrease in 
corrosion resistance throughout the exposure period, 
indicating continuous corrosion degradation. Note 
that the two conventional treatments reached higher 
corrosion resistance compared to LSC, with the polished 
surface showing the highest electrochemical stability 
throughout the exposure.

Based on the principle of the LSC method, it can 
be assumed that the lasered surface layer exhibited 
increased internal energy leading to a  promoted 
surface reactivity. Consequently, the creation of oxides/
hydroxides by reaction with the surrounding atmosphere 
leading to the formation of surface film and corrosion 
products during exposure, was catalysed. Sealing of the 
oxide/hydroxide surface film happened more easily on 
heterogeneous surface due to the presence of capillaries 
and irregularities within the original surface film on 
the LSC surface (Figure 5c2) [1, 13, 34]. Similarly, to the 
previous case, the created film and products of corrosion 
reactions are not protective in neutral pH environment 
for longer period and will naturally deteriorate, which 
is demonstrated by decreasing trend of the Rp values 
after 12 h of exposure [1]. The obtained LSC results 
can be compared to another unconventional method of 
surface treatment such as shot peening. Although this 
method works on different principles, the resulting 
surface is similar when speaking about heterogeneity 
of surface and corrosion behaviour. Comparably to the 
LSC, the oxide film is formed on the surface during the 
shot peening treatment. Internal energy of the surface is 

For the EIS test, a prolonged exposure of up to 24 
hours was set to observe the corrosion behaviour of the 
treated surfaces in an aggressive corrosive environment 
represented by 0.1M NaCl. The Rp values (Table 4), 
obtained by equivalent circuit analysis of the Nyquist 
plots (Figure 7), describe the electrochemical stability 
of the surface, as these values are directly proportional 
to the corrosion resistance of the corresponding surface. 
The Nyquist plots show that only the polished surface is 
represented by the two capacitance loops, corresponding 
to the formation of a  more compact oxide/hydroxide 
surface layer compared to ground and LSC samples. 
These oxides formed a film that suppressed the corrosion 
process in the first hour of exposure (Table 4). However, 
such surface film did not play a  significant role in the 
overall corrosion resistance. This oxide/hydroxide film 
is not able to slow down the corrosion process as these 
substances are only stable in alkaline environments [1, 
12, 30].

It is clear that after the first hour of exposure, the 
most resistant surface was the polished surface and 
the lowest corrosion resistance was measured in the 
case of the LSC treated surface. This result is in good 
agreement with the presented results of the PD tests 
(Figure 6, Table 2). On the other hand, the LSC treated 
surface was the only one to show an increase of the RP 
during the prolonged exposure. This improvement in 
corrosion resistance over time can be explained by the 
local sealing of the porous oxidic film formed during 
the laser treatment (Figure 5c2) by the products of the 
corrosion reactions. The maximum RP was obtained after 
8 hours of exposure, followed by a continuous decrease in 

Figure 6 Representative potentiodynamic polarization curves of treated surfaces  
of AZ80 alloy tested in 0.1M NaCl solution

Table 4 Polarization resistance of treated surfaces of AZ80 alloy in 0.1M NaCl 

Treated method
Rp (Ω.cm2)

1 h 2 h 4 h 8 h 12 h 24 h

Grounded 3817 3410 2577 2268 2210 1769

Polished 13770 9376 9070 7544 7191 6961

LSC 655 671 650 740 682 549
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treatment methods. The following conclusions were 
drawn from the obtained results:

The highest roughness and promoted wettability 
were obtained by the LCS treated surface. Microscopic 
observations revealed that the LSC surface showed an 
oxidised heterogeneous layer after the treatment. 

Potentiodynamic polarization experiments 
confirmed the relationship between the surface 
roughness, wettability and corrosion resistance. The 
lowest corrosion resistance was measured on the LSC 
treated surface; the highest corrosion resistance was 
recorded on the polished surface.

Electrochemical impedance spectroscopy 
experiments confirmed the results of the PD tests. After 
the first hour of exposure, the difference between the 
LSC surface and the polished surface was significant. 
The EIS tests also showed that the LSC surface exposed 
to an NaCl solution underwent passivation leading to an 
increase of the RP up to 8 hours of exposure. However, 
the highest RP values during the exposure period were 
obtained from the polished surface. The LSC surface 
showed the lowest corrosion resistance after 24 hours 
of exposure.

amplified by the intensive plastic deformation resulting 
in promoted oxidation of substrate and decreased 
corrosion resistance [30-31, 35].

Although the LSC method at selected parameters 
did not improve the corrosion resistance of the 
AZ80 magnesium alloy in the desired way, there is 
considerable scope for developing this method in 
terms of its optimization. The modification of the 
ablation process is possible on multiple levels 
- adjusting the device’s power, defocusing the laser 
beam to achieve lower beam intensity to achieve  
more uniform 100% coverage with lower roughness. 
On the other hand, obtained results can be exploited 
for further research connected with coatings as 
the rough and reactive surface provides suitable 
thermodynamic conditions for the formation of oxide 
protective layers such as plasma electrolytic oxidation or  
anodization [13].   

4	 Conclusions

The performed experiments were designed to 
compare conventional and unconventional surface 

Figure 7 Nyquist diagrams of treated surfaces of AZ80 alloy tested in 0.1M NaCl
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Resume
At the underground mines of Kazakhmys Corporation, where different 
types of highly productive self-propelled equipment with different types 
of pneumatic wheel drive are operated, there are significant downtime 
of technological equipment. As practice has shown, application of repair 
system with use of old methods and means, at operation of underground self-
propelled equipment appeared to be ineffective.  One of the main reasons 
of low efficiency of self-propelled machines operation is the absence of the 
system of continuous monitoring of technical condition of each machine and 
its aggregates with application of methods and means of diagnostics. To 
avoid failure, it is necessary to establish the predicted and residual resource 
at a certain operating time of the machine according to the diagnostics data. 
This paper outlines the results of research on predicting the residual life of 
machine units used in the conditions of the mine corporation “Kazakhmys”.
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is from 20 to 25% of the total number of underground 
workers [1-5].

One of the main reasons for low efficiency of self-
propelled machines operation is the lack of a system of 
constant control of technical condition of each machine 
and its units with the use of diagnostic methods and 
means. Due to the fact that the value of working life 
before failure of the machine (unit) fluctuates within 
certain limits, there is a probability of failure during this 
period. To avoid failure, it is necessary to determine the 
predicted and residual resource at a  certain operating 
time of the machine (unit) according to diagnostics 
data [6-8]. According to these data the terms of removal 
of aggregates or stopping the machine for repair are 
planned. This avoids emergency repairs and increases 
uptime of machine operation. Thus, increasing the 
failure-free operation of each machine unit with the 
use of methods and means of diagnostics, increases the 
performance of the machine as a whole.

Related to that, the research works directed on 

1	 Introduction

At present, the giant mines No. 55, 57, 65, 67 of 
Kazakhmys Corporation, where ore is extracted, are 
mines of a new type. Different types of highly productive 
self-propelled equipment with different types of drive on 
pneumatic wheels and caterpillars are operating in the 
faces of these mines. Most of the machines have diesel 
drive and articulated frame.

As practice has shown, the application of the 
repair system using old methods and means in the 
operation of underground self-propelled equipment 
proved to be ineffective. At the underground mines of 
Kazakhmys Corporation there are significant downtime 
of technological equipment. The duration of downtime 
ranges from 12% to 30% of the total time. From 20% 
to 30% of the total fleet of machines is constantly in 
repair, annual consumption of spare parts is from 15% 
to 20%, and materials - from 8 to 10% of the total costs 
of machinery and equipment; the number of repairmen 
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pieces) number of them on dump trucks and loaders. 
Numerous researchers’ experience showsexperience 
shows that the introduction of diagnostics processes of 
machines and equipment is one of the most important 
means of increasing their serviceability. Timely 
prevention of failures leads to reduction of their number 
and, as a consequence, to reduction of machine downtime; 
their inter-repair resource is more fully utilized.

Technical diagnostics allows to increase productivity 
and efficiency of machine operation due to timely 
performance of adjustment, adjustment, repair and 
other preventive works.

It is known that the availability of complex systems 
deteriorates not only with the growth of failure rate, 
but with the increase in the duration of restoration 
of technical devices and, in particular, machines, as 
well. Considering that, the task of increasing the 
serviceability of machines as a  result of improving the 
characteristics of recoverability: the time of searching 
for the failed element and the time of eliminating the 
failure is of great relevance. As it is known, modern 
repair systems are based on the aggregate repair 
method (ARM). The main condition for transfer of the 
main technological equipment to ARM is practical 
dismemberment of machines into interchangeable 
removable units, assembly units [7-9].

Machine parsing is aimed at developing such 
a  nomenclature of removable elements, which would 
provide the most economical way of restoring the 
serviceability of machines in operating conditions.

Consequently, an optimal nomenclature of 
detachable units must be formulated for each machine 
(Figure 2). The main advantage of ARM is that the 
removable units are not repaired on the machine. Instead 
of defective ones, the machine is equipped with units 
from the revolving fund. Consequently, by improving 
the quality of manufacturing and repair of individual 
units, it is possible to increase the serviceability of the 
machine.

Structural parameters of each part working in 

increase of workability of the machine by increase of 
failure-free operation of its aggregates with application 
of modern methods and means of resource diagnostics 
are current.

The planetary wheel reducers were selected as 
an object of research in this work. this is explained by 
the fact that each machine has four of them, and at 
the mines of Zhezkazgan work 68 dump trucks TORO-
40D (Figure 1) and loading and transporting machines 
TORO-501 - 20 units. In addition, parts and assemblies 
of these gearboxes operate under sharply dynamic 
loads and are often overloaded. They have a  relatively 
low durability, which makes it possible to quickly 
collect statistical material for calculations of resource 
parameters, labor intensity and cost of repair actions 
necessary for the development of repair standards and 
operational schedules of wheel gearboxes repair.

2 	 Materials and methods

Research in the field of maintenance of machines 
and equipment in serviceable condition, by means 
of methods and means of diagnostics, is carried out 
in aviation, railway and automobile transportation, 
machine-building plants. 

Such studies for mining machinery and equipment 
have not been carried out. The transfer of developments 
from the above industries to the mining industry is 
impossible due to special operating conditions and 
distinctive features of the design of these machines [4-5].

In this paper, are given the results of researchers’ 
works on increase of serviceability of self-propelled 
diesel machines on pneumatic-wheeled way by means 
of application of methods and means of diagnostics of 
removable units and theory of management of stocks of 
turnover fund.

The object of research is a wheel reducer of dump 
trucks TORO-40D, as a  typical representative of units 
with a  common oil bath and a  considerable (over 240 

Figure 1 TORO-40D dump truck
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gearbox: after the running-in, refilling, oil change, at 
minimum values of technical life of parts working in a 
common bath before the gearbox removal [11-12]. The oil 
samples were analyzed in a special laboratory equipped 
with the MFS-7 unit and sample preparation units 
complete with an alternating current arc generator, 
tripod, semi-chromator and electronic recording unit, 
laboratory microanalytical type scales, etc.

3	 Results and discussions

Implementation of diagnostics by spectral analysis of 
oil required a lot of preparatory work on measurements 
of worn surfaces of parts, processing of measurement 
data to obtain the wear from the total operating time 

f Rd= _ i|  and the mass of worn material of the part 
in the oil from the linear value of wear m F d= ^ h .

a common oil bath are selected, when reaching the limit 
values of which the gearbox is removed for overhaul and 
a rational method of diagnostics.

The dominant method for diagnostics of units, the 
majority of parts and assembly units of which work in 
oil, is the spectral analysis of oil. 

At AMR the degree of wear is established only for 
that part and mating parts of assembly units, at the 
limit wear of which the unit is removed for overhaul [10].

In experimental studies, the chemical composition 
of each part of the wheel reducer working in the same 
oil bath was carefully studied (Table 1).

When using the spectral analysis of oil, oil sampling 
is a very important operation. The standards for analysis 
were prepared based on the fresh engine oil used in the 
units of the TORO-40D dump truck (hydromechanical 
gearbox, axles, wheel reducers, etc.).

Oil samples were taken at critical times for the 

1 - road train; 2 - engine; 3 - transmission; 4 - control mechanism; 5 - frame; 6 - body control mechanism; 7 - electrical 
equipment; 8 - lubrication system; 9 - power system; 10 - cooling system; 11 - catalytic converter; 12 - cylinder-piston group; 
13 - crank mechanism; 14 - gas distribution mechanism; 15 - gearbox; 16 - torque converter; 17 - cardan transmission; 18 
- front axle; 19 - rear axle; 20 - steering control; 21 - brake system; 22 - halves articulation joint; 23 - hydraulic system of 
the body control; 24 - generator; 25 - starter; 26 - accumulator battery; 27 - voltage regulator; 28 - headlights; 29 - cleaning 
filters; 30 - hydraulic pump; 31 - oil radiator; 32 - high-pressure fuel pump; 33 - fuel pump; 34 - fuel filters cleaning; 35 - air 
cleaner; 36 - water pump; 37 - radiator; 38 - thermostat; 39 - catalytic cleaning unit; 40 - cylinder block; 41 - crankshaft, 
complete; 42 - camshaft, complete; 43 - frictions; 44 - pump wheel; 45 - turbine wheel; 46 - reactor; 47 - intermediate cardan 
shaft; 48 - drive axles cardan shaft; 49 - differential; 50 - wheel spur gear; 51 - wheel hub; 52 - hydraulic pump; 53 - steering 
cylinders; 54 - main steering distributor; 55 - “orbitrol” unit; 56 - hydraulic accumulators; 57 - brake valves; 58 - parking 
brake cylinders; 59 - front half-frame; 60 - rear half-frame; 61 - hydraulic pump; 62 - body lift cylinders; 63 - main distributor 
of the body hydraulic system

Figure 2 Structural and functional diagram of the TORO-40D dump truck

Table 1 Chemical composition of TORO-40D dump truck wheel gearbox parts

Ńo. Name parts Quantity Average elemental content, %

C Mn Cr Cu Si Ni

1 Solar gear 1 0.5 0.6 0.2 0.3 0.3 0.3

2 Idler gear 1 0.4 0.6 0.6 0.3 0.3 1.2

3. Satellite 3 0.5 0.6 - - 0.3 0.3

4 Satellite pin 3 0.4 0.6 0.9 0.3 0.3 0.3

5 Half-axle 1 0.5 0.6 0.2 0.3 0.3 0.3

6 Stocking 1 0.1 0.4 0.7 2.9 - -

7 Driver 1 0.3 0.6 0.2 0.3 0.3 -

8 Half axle ring 1 0.4 0.6 0.5 0.3 0.3 0.3



P R E D I C T I N G  R E S I D U A L  L I F E  O F  T O R O - 4 0 D  U N I T S  U S I N G  T H E  O I L  S P E C T R A L  A N A L Y S I S  M E T H O D 	 B211

V O L U M E  2 7 	 C O M M U N I C A T I O N S    3 / 2 0 2 5

part, by which it is established that it belongs to one or 
another of the components contained in the oil [14-15].

Table 2 shows the chemical composition of four 
parts of the gearbox, because of which the gearbox is 
removed for repair.

Based on Table 2, it can be stated that the amount 
of each additive is related to the number and amount 
of other additives. Using this relationship, a system of 
equations is developed. Mn is taken as the main alloying 
material, as it is contained in the materials of parts in 
greater values and equal quantities. For simplicity of 
calculation the equations are made for four components 
(Mn, Cr, Ni, Cu) and their masses are equated to the 
equivalent of Mn.

Mn Mn Mn Mn Mnj 1 2 3 4= + + +| ,	 (1)

where Mnj, Mn1, Mn2, Mn3, Mn4 - amount of manganese 
in oil due to wear of parts 1, 2, 3, 4, g, respectively.

M M M M Mi i i i ij 1 2 3 4= + + +| ,	 (2)

where Mij| - is the total mass of nickel contained in 
the gearbox crankcase at the time of sampling, g; Mi1, 
Mi2, Mi3, Mi4 - amount of nickel in oil due to wear of 
parts 1, 2, 3, 4, g, respectively.

Next, Mi is replaced by the equivalent Mn. According 
to Table 2, part 1 has 2 times more content than Mn, 
parts 3 and 4 have 2 times less content than Mn. Then, 
Equation (2) takes the following form

. . .N Mn Mn Mn Mn0 5 2 0 5 0 51 1 2 3 4= + + +| .	 (3)

To obtain these dependencies as quickly as possible, 
it was necessary to carry out a minimum number of 
measurements, i.e., to obtain data only for those parts 
for which the gearbox is removed for overhaul. In the 
work the probabilistic theory of resource distribution is 
accepted, in which each repair unit has minimum Rmin^ h

, average Rr^ h  and maximum Rmax^ h  values of resource, 
law and parameters of its distribution. The parts, 
because of which the gearbox is removed for overhaul, 
include parts that have a minimum value of the service 
life R Rmin max

min# , where Rmaxmin  - the minimum value of 
the maximum service life. Figure 3 shows the graph of 
locations of Rmini  and Rmaxmin i  for parts 1, 2, 3, 4 [13].

In the range from A Rmin1^ h  to B Rmin2^ h , there is 
a probability that parts 1, 2, 3 will fail and the gearbox 
will be removed for repair. When operating time Rmin2  
is reached, there is a 100% probability that part 2 will 
fail and the gearbox will be removed for repair. For 
parts with R Rmin max

min
1 1# , instrumented measurements 

are used to calculate R#d _ i|  and F md= ^ h . In 
Figure 3 this applies to parts 1, 2, 3.

With the probabilistic theory of the service life 
value distribution, the wear limit may occur at different 
operating hours within the range of Rmini  to Rmaxi . In 
this case, for the selected group of gearbox parts it is 
necessary to set the alloying additives, the content of 
which in the oil will be used to judge the degree of wear 
of each part.

The most time-consuming task is the distribution 
of alloying additives in the gearbox crankcase among 
the parts depending on the degree of wear. In this case 
it is necessary to find the distinctive features for each 

Figure 3 Selection of parts to obtain service life parameters

Table 2 Average chemical composition of TORO-40D dump truck wheel gearbox parts

No. Name of parts Quantity Average elemental content, %

C Mn Cr Cu Si Ni

1 Solar gear 1 0.5 0.6 0.2 0.3 0.3 0.3

2 Idler gear 1 0.4 0.6 0.6 0.3 0.3 1.2

3 Satellite 3 0.5 0.6 - - 0.3 0.3

4 Satellite pin 3 0.4 0.6 0.9 0.3 0.3 0.3
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type of depreciation, is given in reference books.
On the example of satellites, the dependences of d  on 

alloying additives , ,f m f m f mCr Cu Nid d d= = =^ ^ ^h h h  
etc. were obtained. The sums , ,m m mCr Ni Mn|||  
etc. were found for each operating time and at known 
values of wear.

;

;

;

.............................................................

m m m m

m m m m

m m m m

Cr Cr Cr Cr

Ni Ni Ni

Mn Mn MnMn

Ni n

n

n1

1 2

1 2

2 f

f

f

= + + +

= + + +

= + + +

|
|

|
	 (8)

where , , , , , , ,m m m m m mNi Ni Cr Cr Mn Mnn n n1 1 1f f  - mass 
of nickel, chromium, manganese and other alloying 
additives at wear of , , m1 2d d d  from 1 to n-th parts, 
respectively.

Thus, for each operating time, it is calculated how 
much of each component should be in the oil from wear 
of all 8 parts. Using this data, the service life values, 
distribution laws and their parameters for each part of 
the wheel gearbox are established.

A method for determining the total mass of alloying 
additives that are contained in the drained and working 
crankcase oils has been proposed. This mass should 
correspond to the mass of worn material of the gearbox 
parts. The essence of the method is as follows [1-3]:
1. 	 When the minimum oil level in the crankcase is 

reached, a sample is taken;
2. 	 After taking the sample, top up to the maximum 

mark; 
3. 	 Oil refill volume is V V Vmax miny = - , where Vmax , 
Vmin  - is the maximum and minimum crankcase oil 
volumes;

4. 	 The total mass of components in the oil due to 
component wear and removed from the gearbox 
together with the leaked oil is calculated according 
to the formula:

;

.,etc

m m m m

m m m m

Cr Cr Cr Cr

Mn Mn MnMn

n

n

1 2

1 2

f

f

= + + +

= + + +

|

|
	 (9)

where , , , , , , ,m m m m m mCr Cr Mn Mn MnCr nn1 1 22 f f  - mass 
of Cr, Mn and other components, respectively, removed 

In the same way the equations for ΣCr and ΣCu are 
formed:

. .Cr Mn Mn Mn0 33 2 1 51 2 4= + +| ,	 (4)

. ..C Mn Mn Mnu 0 55 0 5 01 2 4= + +| .	 (5)

Spectral analysis data: ΣMn=240g; ΣNi=140g; 
ΣCr=80g; ΣCu=80g. From Equation (3) one finds 
Mn N Mn Mn Mn2 4i1 2 3 4= - - -| . From Equation 
(1) one obtains: 

gMn
Ni Mn
3

2
132 =

-
=

| |
.	 (6)

In the same way is found ΣMn1=132g; ΣMn3=79g; 
ΣMn4=16g. Using this data and the dependence 

F md= ^ h  one can determine the amount of wear d  of 
each part after the next diagnostics.

All the instrumental measurements were carried 
out in the mining equipment plant (MEP) when 
disassembling the gearbox for repair and during the 
defective parts inspection. Measurement of linear 
dimensions of worn surfaces is carried out using the 
technological charts developed by the authors of the 
work. Measurement of the mass of the worn material 
m is carried out mainly by weighing the examined part. 
The mass of the worn material of the part mi; was 
found by the formula m m mi H B= - , - then where 
mH  - the mass of a new part, taken from the working 
drawings; mH - the weighed mass of the same part. 
Measurement data are processed and dependences 

,F m F Rd d= =^ ^h h  for each of 8 parts are obtained 
(Figure 4).

The wear limit maxd  was taken from the 
manufacturer’s data. According to maxd  and the value of 
wear d  at operating time R, obtained by diagnostics, the 
predicted service life was found by the formula

R R max
for

n
$

d
d

= , machine hours,	 (7)

where R - the operating time for the measurement 
period; n - coefficient, the value of which depends on the 

 
Figure 4 Dependence of the wear rate d  on the worn metal weight m
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where R
1m=  - failure rate parameter.

Under the Weibull distribution law

e
e dR

C
C

0.R

A

d o
1$ab x

ax+ - =$a xb

b
a b

-

-
b# ,	  (13)

where ,a b  - distribution parameters.
Figure 5 shows the increase in the probability 

of emergency repair depending on the frequency of 
diagnostics for a certain mode of operation and operating 
conditions.

Oil samples are taken from the crankcase in the 
following cases: after the end of running-in of the 
product, each refilling and changing of oil, as well as 
to determine the degree of wear of individual parts 
working in an oil bath.

Periodicity of running-in, topping up and oil change 
is specified in the operating instructions. The sampling 
intervals and the number of samples to be taken can be 
optimized.

First of all, the gearbox parts and assemblies for 
which it is necessary to calculate the predicted service 
life Rnpi  are installed. For this purpose, the parts and 
assemblies with the shortest maximum life Rmaxmin  are 
selected (Figure 6).

On the graph (see Figure 6) d , % - wear of parts; R 
- machine operating time in machine hour; ,R Rmin min1 2 , 

from the crankcase by the leaked oil and obtained after 
1, 2 ... n topping up;
5. 	 The total mass of each of the alloying additives 

that should be taken into account to obtain the 
dependencies f mid= ^ h , is found from the equation

M M M Mi i
z

i
d

i
b= + +| ,	 (10)

where ,M Mi
z

i
d  - total mass of the i-th alloying additive 

removed from the crankcase during the replacement 
and leakage; Mib  - mass of the i-th alloying additive at 
the last sampling from the oil running in the crankcase. 
Then, f MCrd= _ i|

The diagnostic intervals x^ h  should be chosen 
so that the unit costs of diagnostics and repairs are 
minimized. The diagnostic intervals in general terms 
are determined by the formula

R$x n= , machine hours,	 (11)

where n  - optimality coefficient showing how many 
times the optimal periodicity is greater or smaller than 
the mean time between failures.

At exponential law of developments distribution, the 
optimality equation will have the form

e
d
c

1 0
d

dmx- - - =mx- ,	 (12)

Figure 5 Dependence of probability of emergency repair on the frequency of diagnostics

 
Figure 6 Setting the optimal timing of diagnosis and the number of samples taken
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of spectral analysis of oil, which allows to establish 
the predicted and remaining life of the unit before its 
removal.
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Rmin3  - minimum values of service life of 1st, 2nd and 
3rd parts, , ,R R Rmax max max1 2 3  - their maximum values, 
respectively.

When unit Rmax2  has reached the end of its service 
life, it must be removed and sent for overhaul. The range 
from Rmin1  to Rmax2  includes values Rmin1 , Rmin2 , Rmin3 . 

4 	 Conclusions

Increase of serviceability of self-propelled mining 
machines at the aggregate method of repair is achieved by 
increasing the failure-free operation of their aggregates 
by methods and means of resource diagnostics. This is 
achieved by reducing the costs of emergency repairs and 
losses from machine downtime in these repairs, thanks 
to the prevention of failures by methods and means 
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Resume
The influence of the cutting angle on the resistance to the bulldozer blade 
burial during its movement, taking into account the one-sided stressed state 
of the soil, was studied in the research results of which are presented in 
this paper. It is established that the resistance to deepening is significantly 
reduced when the machine is moving, which allows using smaller cutting 
angles without increasing the energy consumption. Constructive features 
and kinematics of the working equipment are considered, including a 
promising parallelogram scheme, which provides automatic reduction of the 
cutting angle during deepening. Calculations of the resistance of the blade 
penetration into the ground, and experimental data confirming the cutting 
force reduction up to 7%, for each degree of angle reduction, are given. It is 
determined that the optimum cutting angle is 30-40°. The obtained results 
can be used to increase the productivity of bulldozers and optimize the 
design of their working equipment.
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the same time, the working equipment schemes 
used in practice are usually structurally similar 
regardless of the layout of the basic machine.  
However, the efficiency of the bulldozer is influenced 
not only by the parameters of the working equipment 
and the base machine taken separately, but by the 
consistency of their mutual work, as well. Thus, there 
is a question of choosing a rational scheme of working 
equipment.

To determine the ways of solving this issue, authors 
considered the impact on the efficiency of the working 
process of the bulldozer, as a result of research on the 
features of the working equipment and its links with 
the base machine. It is known that in the process of 
bulldozer operation most of its power is spent on cutting 
the soil and moving it along the working body - blade. 
Since the process of soil cutting is carried out as a result 
of force interaction with it as a result of both the working 
equipment and the running system of the base tractor, it 

1	 Introduction

The study and systematization of the results of 
conducted research on bulldozer equipment allows to 
identify trends in their development and establish 
directions for further research. The generalizing work 
[1-6] indicates that a promising direction of research in 
the field of universal earthmoving machines, including 
bulldozers, is the creation of working bodies with the 
properties of wide adaptation to external conditions and 
types of work performed.

In the case of bulldozers, this trend is manifested 
in the creation of designs of working equipment 
that allow for transverse skewing of the blade and 
changing the cutting angle, as well as equipping 
the moldboards with a jaw grip, protruding middle 
blade. Improving the efficiency of bulldozer is largely  
associated with improving the design of working 
equipment, its kinematic and force parameters. At 
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From the point of view of kinematics, this dependence is 
determined by the impossibility to rotate the moldboard 
3 relative to the push bars 1, which is prevented by the 
presence of links between the struts 2 and the bars. 
Therefore, in this case, the pushing bars and struts 
cannot be connected to each other, for example, in 
a “parallelogram” pattern (Figure 1, b).

If the condition lp << lb is provided in this mechanism, 
the cutting angle decreases as the blade penetrates 
the ground. Such technical solution is known (Figure 
1, b), however, it has not been practically realized on 
industrial bulldozers, which is explained by peculiarities 
of basic tractors design. In particular, in tractors with 
semi-rigid suspension, the frame is not rigid enough in 
the horizontal plane and is not designed to absorb lateral 
forces. In the scheme of the bulldozer shown in Figure 2, 
when it is loaded with force Pb applied to the moldboard 
3, its lateral stability is provided by struts 2, which leads 
to loading of the tractor frame 5 by a bending moment in 
the horizontal plane.

Related to this, it seems reasonable, using the 
advantages of the “parallelogram” scheme, to ensure 
loading of the tractor frame by forces lying only in its 

is necessary to identify the influence of their parameters 
on its efficiency.

There are known designs of working equipment 
having a traditional scheme, in which both skews are 
made in the form of hydraulic cylinders, serving both 
for realization of blade skew and for controlled change 
of cutting angle in the process of cutting Wp [5-7]. 
However, they have not become widespread due to the 
increased cost of construction. Therefore, a promising 
way to improve this function should be recognized as 
the creation of a scheme of working equipment that 
reduces the blade cutting angle as it is embedded in the 
ground due to its own kinematics. The changes in the 
cutting angle α depending on the digging depth h in the 
traditional bulldozer scheme were considered, [8-10]. In 
accordance with the notations in Figure 1, and taking 
into account that h << L, one obtains the relationship 
between the changes in cutting angle α and h

. .L
h57 7a= 	 (1)

As can be seen from Equation (1), the cutting angle 
at h << L is linearly related to the digging depth h. 

Figure 1 Scheme of burial into the ground of the blade of the working equipment of the bulldozer:  
a) scheme “traditional”; b) scheme “parallelogram”; 1- strut, 2 - push bar, 3 - moldboard

  
Figure 2 Kinematic diagram of bulldozer working equipment: 1 - push bar; 2 – strut;  

3- moldboard; 4 - hydraulic cylinder; 5 - tractor base
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suspension is represented as a flat mechanism consisting 
of links connected by joints. In this case, the suspension 
is an articulated four-link EFGH (Figure 3, a) in the 
form of a closed four-link chain with one degree of 
freedom, which has a leading link EF (strut), connecting 
rod FG distance between the attachment points of the 
strut and push bar on the moldboard) and a fixed link 
EH (distance between the attachment points of the strut 
and push bar on the base machine). In single degree 
of freedom mechanisms, one generalized coordinate 
completely determines the position of all links in the 
mechanism. By changing the angle {  of inclination 
of the driving link HG, one can determine the angle 
}  of inclination of the driven link EF, and vice versa, 
knowing the position of the driving link HG and driven 
link EF, one can determine the angle m  of rotation of 
the connecting rod link FG. For this purpose, in the 
scheme of the four-link mechanism, conditionally is 
distinguished the parallelogram EFF/H. From FGF/ 
and HGF/, one determines the length GF by the cosine 
theorem:

cosGF R r Rr22 2 { }= + - -^ h ,	 (2)

where L- length of the fixed link EH;  l- length of 
connecting rod FG; m  - angle of rotation of the connecting 
rod link FG to the fixed link EH; R - drive link length 
HG; r - slave length EF; { - angle of inclination of drive 
link HG to the vertical axis; }  - inclination angle of the 
driven link EF to the vertical axis.

Equating the values of  /FG/ and transforming the 
resulting expression one finds the value of angle m :

arccos cos
Ll

L l
Li

R r Rr
Ll2 2

2 2 2 2

m { }= + - + + -c ^ hm .	(3)

The angle of rotation of the connecting rod link FG, 
in the articulated four-link diagram, corresponds to the 

vertical-longitudinal plane, due to redistribution of 
forces acting on the tractor between the crawler tracks 
designed to absorb complex loading (forces lying in 
three planes can act on them simultaneously). Another 
advantage of this scheme of blade connection with bars 
and struts is the fact that bending moments in the 
vertical plane do not act on the pushing bars. This makes 
it possible to significantly reduce the metal consumption 
of the structure, it is possible to manufacture pushing 
bars from pipes and thereby reduce the cost and labor 
intensity of their manufacture.

2	 Materials and methods

From the above considerations follows the 
requirement for the design of the working equipment: to 
reduce the energy intensity of digging, reduce the metal 
intensity of the working equipment and its production 
costs, the scheme of blade connection with struts and 
push bars should be made according to the scheme 
“parallelogram” with the absence of links between the 
push bars and struts, ensuring that the tractor frame 
can absorb the forces lying in its longitudinal plane of 
symmetry.

Deepening of the working tool into the ground 
[8, 11] is the initial and important stage of digging, 
which has a  significant impact on the working process 
of the earthmoving machine. To create the conditions 
for optimal kinematic mode of the blade penetration 
into the ground, it is necessary to know the magnitude 
of forces acting on the blade during the process of 
burrowing when calculating the control mechanism of 
the working tool. When the knife penetrates into the 
ground, a  stress state of the second type is created in 
front of it, the so-called limit stress state.

The scheme of the bulldozer working equipment 

Figure 3 Schematic diagram of the bulldozer attachment suspension: a) parallelogram scheme; b) cutting angle 
determination scheme
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.arccos cos

arctg X X
Y Y

Ll
L l

Ll
R r

Ll
Rr

141

2 2

i

i

0

0

2 2 2 2

a

{ }

= - -
-

-

- + - + + -

c

c

b

^

l

hm
	 (6)

The value of the cutting angle a  according to the 
Equation (6) is determined by the points of fixing the 
strut on the tractor base and on the moldboard, i.e., 
the length of the strut, as well as the moldboard depth 
(values {  and } ). Thus, the obtained expression 
allows determining the cutting angle of the bulldozer 
working equipment for all the intermediate values 
(thickness of the cut chips).The rigorous solution of 
the problems on the ground limit state is given in 
analytical form in [12-13] and graphically in [8-9]. 
The interaction of the working body with the soil is 
considered from the point of view of those provisions 
of the theory of limit equilibrium, which are related 
to the definition of passive soil pressure on retaining  
walls.

The process of deepening is considered as periodically 
repeated chipping of the elements of the cut chip, caused 
by the introduction of a knife with a broken front edge 
into the slope of the massif formed during the previous 
chipping by a value of h3. The calculation consists of two 
stages:
I  - 	determination of sliding surfaces in the soil massif 

using characteristic circles in works [8-11];
II - 	analytical determination of pressures perceived 

by the knife faces. When calculating the passive 

angle of rotation of the dozer blade in real conditions 
when its position is changed.

The main angles , , , 0m ~ x b , characterizing the 
suspension of attachments and the blade design will 
be transferred to the point O1 of intersection of the line 
connecting the fixing points of the pusher bar and strut 
on the base machine with the line of fixing the same 
elements on the blade (Figure 3, b). The cutting angle 
will be equal to:

0a ~ b x m= - - - ,	 (4)

where ~  - angle between the line connecting the upper 
edge of the moldboard surface with the cutting edge of 
the moldboard blade and the moldboard cutting element, 

160~= c ; x - angle between the line connecting the 
fixing points of the strut and push bar on the tractor 
base and the horizontal axis:

arctg X X
Y Y
i

i

0

0x= -
-

b l ,	  (5)

where Xi, Yi - coordinates of point E; X0, Y0 - coordinates 
of point H; 0b  - the angle between the line connecting 
the strut and push bar attachment points on the 
moldboard and the line connecting the upper edge of 
the moldboard surface with the cutting edge of the 
moldboard middle blade, 19 210b = - c . 

The values of angles , , , 0m ~ x b  are entered into 
Equation (3) and one obtains:

Figure 4 Scheme for determining the resistances acting on the knife during burial:
a - design scheme, b - system of characteristic circles, c - scheme of forces acting on edge AB
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where t  - angle of internal ground friction; c - soil 
coefficient.

To obtain the required solution in closed form, 
the actions of the horizontal and vertical components 
E/r2  and E/B2  are transferred to the plane BM1 and 
for that some corrections to the obtained values of 
the components had to be done. We subtract from the 
obtained values the mass of the prism BM1D of the 
coupling force along the plane M1D.

The horizontal component of the coupling force Cr 
is equal to:

.cosC DM c 4 2r 1
r t

= -b l 	 (11)

The vertical component of the coupling force CB is 
equal to

.sinC DM c 4 2B 1
r t

= -b l 	 (12)

The mass of the prism BM1D is equal to:

G
BM h
2B

1 4c
= ,	 (13)

where

BM h ctg ctg 4 21 4 a r t
= + -b l: D ; 

sin
DM

h

4 2

1
4

r t=
-b l

;  

cos
sin sinh AB e tg

4
1

1

b
a a= i tl ;

arcsin sin
sin

2
1
21 0

0
a r t t t

t
= + + +l < F ; 

sin sin
sin

ar2 2
1
21 0

0
i r r t t t

t
= - + - -< F ,

where 0t  - angle of friction of the ground against the 
blade; 1al  = BAC angle; i  = CBD angle.

The value of AB can be determined directly on the 
machine or set.

Finally, for the forces acting on the plane BM1

; .E E C E E C Gr r r B B B2 2 2 2= - = - -l l 	 (14)

Then, the vertical uniformly distributed load acting 
on the plane BM1 is equal to:

q
BM
E B

1

2= .	 (15)

The pressure on the face AB, under conditions 
where the boundary of the bulk solid is a horizontal 

surface with a confinement of intensity q , can be 
defined in a closed form:

;

.

E M K ctg Ch ctg

E M K
h

qh Ch ctg Ch ctg

h
qh Ch2

2

r

B

3

2
3
2

3 3 3

3 3 2
3
2

3

3 4

3

c
t t

c
t t

= + + -

= + + -

;
;

E
E

'

'

1

1

	(16)

The coefficients M3, M4, M2 are determined 
depending on the angle 2b  of inclination of the face AB 

ground pressure acting on the knife faces, one uses 
the method proposed in [5].
When the knife is buried in the ground, there is 

actually a resistance of the ground to cutting, since the 
amount of ground on the working body is insignificant 
and other resistances to digging are relatively small. To 
determine the total resistance of the knife penetration 
into the ground, it is necessary to determine the 
cutting resistance of each edge of the knife. The cutting 
resistance is first determined for a knife of a width 
of 1 m, without taking into account the resistance to 
chipping on the side edges [14-15].

The soil pressure on the MB face (Figure 4, a) is 
defined as the pressure of a loose body on the retaining 
wall, since the MM3B soil prism was punched out earlier 
and now only its displacement is carried out.

The horizontal component of pressure on the MB 
face will be determined by the formula:

E M K
h
2r1 1 1
1
2c

= ,	 (7)

where M1, K1 – coefficient depending on the angle 1b  
of BM face inclination to the vertical; c  - volumetric 
weight of soil; h1 - digging depth at 1 position.

The vertical component is found by the formula:

E M K
h
2B1 1
1
2

2

c
= ,	 (8)

where M2 - coefficient depending on the angle 1b .
The values of the coefficients M1, M2, K1 are 

determined depending on the angle 1b  of inclination of 
the BM face to the vertical [13].

To determine the pressure on the knife edge AB, 
the directions of the sliding surfaces are found by the 
characteristic circles (Figure 4, b), taking the horizontal 
plane drawn through point B as the ground surface.

The value of the final radius of the logarithmic 
spiral is determined by the formula:

,BK BCe tg= i t 	 (9)

where i  - angle of CBK; e - base of natural logarithms.
The sliding plane KM1 is extended up to the ground 

surface (point M2). Three zones appear in the ground 
in front of the sloping face AB: BKM1, BKC, ABC. The 
pressure on the face AB is determined in the following 
way. Due to the smallness of the protrusion prism KBM1, 
without much damage to accuracy, the pressure on the 
face BK can be assumed to be approximately equal to the 
pressure on the plane BD, which is a continuation of the 
knife BM. The horizontal and vertical components of the 
pressure on the plane BD are defined as the difference 
of pressures on the faces MD and MB:

,

,

E K h h ch ctg ch ctg

E K h h ch ctg ch ctg

M

M

2

2

/

/

r

B

2 1 2
2

1
2

2 2

2 1 2
2

1
2

2 2

1

2

c
t t

c
t t

= - + -

= - + -

^

^

h

h

:
:

D
D

&

&

0

0
	(10)
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Measurements were made in a soil channel (Figure 
5) on medium loam with moisture content from 9.4 to 
10.8% and density by statistical density meter from 
13.1 to 13.2 N/cm. The width of the cut was equal from 
165 to 178 mm, thickness - 100 and 50 mm. It was found 
that as the cutting angle changed from 20 to 38°, the 
cutting force increased by an average of 1.7% for each 
degree of increase in the cutting angle. When changing 
the cutting angle from 40 to 90°, the average increase in 
cutting force is 6% per degree.

The change of cutting force is not the same at 
different cutting angles. It decreases intensively with 
decreasing of cutting angle up to 35÷40°, but at cutting 
angle less than 35÷40° the intensity of its decrease 
slows down. According to some data, the dependence 
has a  minimum in the area of small values of the 
cutting angle. The study of the considered dependence 
was carried out by means of dynamometric stands. 
The results of the experiments confirmed the general 
character of the dependence established by the previous 
studies. Decrease of cutting angle up to 35÷40° is 
accompanied by intensive decrease of cutting force for 
the majority of soils. With further reduction of the 
cutting angle the decrease of cutting force slows down, 
and for some soils (loam, weak sandstone when cutting 
along the layers, sulfur earth merilic clay) in the area 
of small values of the cutting angle the cutting force 
increased again.

The assumption of independence of cutting force 
from the cutting angle of the part of the cutting force 
that is spent on overcoming the resistance of the 
ground on the sides of the knife, allowed along with 
the conclusion and practical proportionality, to directly 
compare the measurement data on different soils and 
to obtain a  general experimental picture of the effect 
of the cutting angle on the cutting force. Comparison 
of the experimental values of the blocked cutting force 
excluded a  part of it, which is used to overcome the 
resistance of the soil on the sides of the knife at a given 
thickness of the cut, thus determining the part of 
the cutting force that depends on the cutting angle. 
This part of the cutting force at a  cutting angle of 45° 
was taken as one, and its value at all other values of 

to the vertical (Figure 4, c).
The distance between the two consecutive spalls h 

is defined as

sin

sin sin
h

BM

24

4 21

d r t

d r t

=
+ -

-

b

b

l

l

,	 (17)

where arctg
1

2d o
o

=  - 2o  - implemented lowering 
speed; 1o  - forward speed of the machine.

The total cutting resistance by MBA edge at cutting 
width b:

W W W bp p p $= +l m^ h ,	 (18)

where W Ep r1=l  - cutting resistance by BM edge; 
W E Ep r r3 2= +m  - resistance to cutting with edge AB.

The additional vertical pressure on the blade 
required for stable penetration of the blade into the 
ground will be equal to:

E E E bB B B3 1 $= -^ h| .	 (19)

When the bulldozer blade is embedded into the 
ground, while the machine is moving in front of the 
cutting blade, the ground is stressed only on one side, 
located in front of the blade in the direction of travel. 
Therefore, the resistance to the blade sinking when the 
machine is moving is smaller than when it is embedded 
in the ground when the machine is stationary. This 
allows the blade to be driven into the ground at lower 
cutting angles.

3	 Results and discussions

The cutting angle determines the ratio of machine 
operating speeds and rational trajectories, but the study 
of the effect of the cutting angle cannot yet be considered 
complete.  The authors measured the force separating 
the chip from the furrow wall with a  sharp knife with 
a vertical cutting edge (such cutting is close to semi-free 
cutting) [8, 16-17].

Figure 5 Stand for physical modeling of bulldozer working processes
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can be used in engineering practice to optimize the 
design of working equipment and to select a  rational 
blade trajectory minimizing the energy intensity of the 
cutting process.

4	 Conclusions

In the course of the research, it has been established 
that the process of burrowing the bulldozer’s working 
body into the ground is characterized by a  one-sided 
stress state arising in front of the cutting blade along 
the machine’s movement. This allows the blade to 
penetrate into the ground at lower values of the 
cutting angle, which contributes to reduction of the 
cutting resistance. The optimal trajectory of the blade 
movement from the energy point of view is recognized 
as such a  trajectory of the blade movement, at which  
the cutting angle at the moment of penetration into the 
ground is maximum, with its subsequent reduction. 
The developed mathematical model adequately 
describes this process, confirming both qualitative and 
quantitative dependencies established in the course 
of physical experiments. In particular, the presence of 
minimum cutting resistance at cutting angle of 35-40° 
is confirmed, and the sensitivity of cutting force to 
changes in structural and kinematic parameters of the 
moldboard suspension is revealed. The model can be 
recommended for practical application in the design and 
optimization of bulldozer working equipment to improve 
its efficiency and reduce the energy consumption of 
earthmoving operations.

cutting angle was determined in relation to this value. 
As a result of such an analysis, a graph (Figure 6) was 
obtained, proposed to characterize the changes in the 
part of the cutting force that goes to overcome the frontal 
resistance of the knife.

Based on the obtained data, it can be noted that at 
the cutting angle value over 45° there is an intensive 
change in the part of the cutting force, which goes to 
overcome the frontal resistance to the knife (on average 
7% per degree of cutting angle, but in relation to the 
value at a  cutting angle of 45°). In the cutting angle 
range 37÷30° the reduction of the mentioned part of 
the cutting force slows down. At further reduction of 
the cutting angle for some soils there is sometimes an 
increase in the soil resistance. Thus, when changing the 
cutting angle of the soil with the bulldozer attachment, 
it is necessary to provide the possibility of its reduction 
to 20÷30°.

Comparison of the results of mathematical 
modelling to the data of physical experiments confirmed 
the adequacy of the developed model to describe the 
process of burial of the bulldozer’s working body into 
the soil. It was found that the model accurately reflects 
the nature of the dependence of the cutting force on the 
cutting angle, including the presence of the minimum 
force value at an angle of 35-40°, which coincides with 
the results of the bench tests. The obtained analytical 
expressions allow us to quantitatively evaluate the 
influence of kinematic and design parameters of the 
suspension of the working equipment on the change 
of the cutting angle and the corresponding force of 
interaction with the ground. Thus, the developed model 

 
Figure 6 Graph proposed for characterization of the frontal resistance force  

to the knife dependence on the cutting angle of soils: I - plastic clay soils;  
II - layered, cutting along layers; III - other sandy-clay soils
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Resume
Recommendations are given on combinations of parameters of box-shaped 
and “dump” types of dumps for the SHANTUI SD 32 bulldozer, which 
provide the highest technical characteristics of the bulldozer when moving 
low-density materials. The optimal dimensions of a box blade for equipping 
the SHANTUI SD32 bulldozer are a grasp width of up to 3730 mm, radius 
of curvature of up to 1700 mm, width of the cutting edge of up to 460 mm, 
canopy width of up to 140 mm, flap length of up to 860 mm. The optimal 
dimensions of a “landfill” blade for equipping the SHANTUI SD32 bulldozer 
are a grasp width of up to 3900 mm, radius of curvature of up to 460 mm, 
width of the cutting edge of up to 124 mm, canopy width of up to 610 mm.
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coal, etc.), which in some cases are most convenient 
to move with bulldozers, but the capacities of blades 
designed for working with soils do  not ensure full use 
of the machine traction and power. For such situations, 
bulldozer blades of high capacity were developed, called 
specialized blades. For this study, the term “specialized 
blades” refers to bulldozer blade-type working bodies 
of high capacity, for which the large-scale excavation 
is neither the only nor primary nor the preferred area 
of application. These include [2]: U-dozer blades for 
moving light materials, box blades for moving light, 
bulk, liquefied and coarse materials, “landfill” blades for 
moving household waste. The work is devoted to finding 
the optimal combination of blade parameters for the 
SHANTUI SD 32 bulldozer. Mathematical modelling 
of the working process of a  bulldozer was taken as 

1	 Introduction

Bulldozers are widely used in construction. 
Currently, there are about as many of them in operation 
as there are excavators. Bulldozers account for about 
35-40% of the total volume of earthworks performed 
in construction. Bulldozers work in road-building, 
reclamation, irrigation, construction, and in quarries 
of the mining industry. They carry out leveling work, 
constructing road and railway embankments from 
lateral reserves, transporting soil over a  distance of 
up to 100 m, digging canals and pits, filling trenches 
and holes, clearing roads and construction sites of 
snow, felling trees and uprooting stumps. They are 
used as pushers when working with scrapers [1]. It 
is known that there are materials (snow, wood chips, 

https://orcid.org/0000-0002-4653-4679
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•	 development of a  mathematical model of the 
performance of a bulldozer equipped with any type 
of blade, considering the losses from the dozing 
prism;

•	 classification and quantitative description of 
probable production situations;

•	 development of recommendations for combinations 
of parameters of the box and “landfill” types of 
blades for the SHANTUI SD 32 bulldozer.

3.1	 The process of prism formation considering 
the losses

For this study, the maximum volume of material 
that can be removed by a blade is considered as the blade 
capacity.

Analysis of the relationships proposed in [4-12] for 
determining the capacity of the blade made it possibly 
to conclude [18] that the formula proposed by Balovnev 
et al. [1] and the model proposed by Karasev et al. [19,] 
are the closest to the generally accepted concepts about 
the mechanism of prism formation, experimental data 
and the objectives of this study. The disadvantage of 
the former is that it describes the maximum volume 
of the dozing prism, while, in reality, the performance 
of the bulldozer depends on the level of losses from the 
dozing prism during its formation and movement. Below 
is outlined the methodology for considering such losses 
when calculating the dozing capacity.

4	 Materials and methods

It is accepted that the material being moved can 
either be stored in heaps or presented as a layer along 
the ground line. 

When moving a  pile (a  heap) of material, losses 
begin from the time when the entire volume of material 
captured by the blade begins to move along the ground 
line, i.e. when the formation of the dozing prism is 
completed. Here:

Q Qmax= ,	 (1)

where Q is the dozing capacity, m3; Qmaxis the maximum 
value of the dozing capacity, m3.

The current value of the dozing capacity is

Q Q dQi i 1= +- ,	 (2)

where Qi is the dozing capacity Q at the end of the 
i-th section of the bulldozer path of dlt length, m3; 
Qi–1 is the dozing capacity Q at the beginning of the 
i-th section of the bulldozer path of length dlt, m3; 
dQ is the capacity of loosened material entering the 
dozing prism on the i-th section of the bulldozer path  
of length dlt, m

3.

a  research method, and the technical performance of 
the bulldozer was chosen as a criterion for the quality of 
blade parameters, providing a reliable assessment of the 
results of parametric synthesis of blades [3].

2	 Literature sources review and problem 
statement

Many structural, technological, and ergonomic 
factors influence the performance of a  bulldozer. In 
addition, some researchers in their works also take 
into account the position that with the maximum set 
of the soil drag prism in front of the dump, its area of 
contact with the frontal surface is determined by the 
position of the dump in the cross section determined 
by the chip formation trajectory of the soil layer [4]. 
For example, in [5-7], the issues of the influence of 
the cutters’ design and the properties of materials 
on the performance of a  bulldozer were studied, and 
losses from the dozing prism were taken into account 
only by introducing a  loss factor. In [8-10], formulas 
for determining the productivity consider not only the 
design but the technological parameters of a bulldozer, 
as well. It should be noted that some publications 
[11-15] also take into account the driver’s qualifications 
by introducing a correction factor. Issues related to the 
calculation of the main parameters of earth-moving 
machines are addressed in [16-19]. References [20-23] 
take into account the influence of developed areas’ 
properties on the efficiency of the digging, leveling, and 
transportation processes. Currently, a  large number of 
studies [24-31] are devoted to the issues of automation 
of work processes, unmanned control of earthmoving 
equipment, and the influence of unmanned control on 
the efficiency of machines. Despite the numerous studies 
aimed at determining the performance of a  bulldozer, 
the issues of considering the losses of transported 
materials from the dozing prism and choosing the 
optimal combination of bulldozer blades based on the 
properties of the transported materials, are relevant.

3	 Purpose and objectives of the study

In the structure of generalized indices assessing the 
efficiency of the road-building machines (mainly, energy 
and mass indices), productivity occupies a special place. 
Performance evaluation provides a  basis for assessing 
the suitability of a machine for its functional purpose. 
To find the optimal combination of parameters of box 
and “landfill” types of blades for the SHANTUI SD 32 
bulldozer when developing various materials of reduced 
density and cohesion that provide the greatest technical 
performance. To achieve this goal, the following tasks 
were solved:
•	 establishing the patterns of the processes of prism 

formation, considering their discrete phases;
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Q Q dQ Qi i L1= + -- ,	 (4)

(Figure 1, b): QL is the volume of losses on the i-th 
section of the bulldozer path of dlt, m

3 long.

dQ h L dl fLM t r$ $ $= ,	 (5)

where fr is the loosening coefficient of the material.
The proportionality of losses to the part of dozing 

capacity that is not limited on the sides by the blade 
flaps (Q4 in Figure 2) is expressed by the following 
formula:

Q Q K dlL L t4 $ $= ,	 (6)

where KL is the loss coefficient from the dozing prism. 
Thus, the task of considering losses from a  dozing 
prism when calculating its capacity comes down to 
determining the value of Q4 in discrete sections of the 
bulldozer path from the point of the beginning of prism 
formation to the point of its completion. Along this path, 
the pattern of the volume formation process will change 
at points (Figure 2) corresponding to the following 
boundary conditions:

Q Q ,max1 1= 	 (7)

is the beginning of the process of Q4 formation 
(volume Q4 forms as soon as Q1 reaches its maximum  
value,

.dQ i dl tgp L f0 5 t r
2$ $ $ $= -^ h , (Figure1),	 (3)

where dlt is the incremental step length of the bulldozer, 
m; (i – 0.5) is the represents a coefficient that determines 
the amount of material entering the drag prism; tgt  is 
the tangent of the angle of inclination of the drag prism;  
ρ is the angle of natural repose of the material, degree; 
L is the grasp width of the blade, m; fr is the loosening 
coefficient of the material. The volume of material 
entering the dozing prism is shown in Figure 1.

When forming a  dozing prism from a  layer of 
material, it is assumed that the process goes through 
three phases (Figure 2).

Phase 1 - the dozing prism grows from zero to 
capacity Q1,max due to the growth of component Q1. 
(Figure 2, a); there are no losses from the dozing prism;

Phase 2 - the dozing prism grows from capacity 
Q1,max to (Q1,max + Q2,max + Q4) due to the growth of 
components Q2 and Q4 (Figure 2, b); the volume of losses 
is proportional to capacity Q4;

Phase 3 – the dozing prism grows from capacity 
(Q1,max + Q2,max + Q4) to due to the growth of components Q3 
and Q4 (Figure 2, c); the volume of losses is proportional 
to capacity Q4; where Q1,Q2,Q3,Q4 are the components 
of the dozing prism, m3; Q1,max,Q2,max,Q3,max,Q4,max 

are the maximum values of capacities Q1,Q2,Q3,Q4  
respectively.

The phase ends with the end of the growth of the 
dozing prism. For the current value of dozing capacity 
Q, the following is true:

                           
a)                                                                                                      b)

Figure 1 Volume of material entering the dozing prism: a) when collecting from a heap; b) during the layered cutting, 
where ρ is the angle of natural repose of material; dlt is the incremental step length of the bulldozer path, mm;  

hLM is the thickness of the layer of material cut by the blade, mm

       
	 a)	 b)	 c)

Figure 2 Phases of dozing prism formation: a) 1st phase; b) 2nd phase; c) 3rd phase
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Q4 and   Q4,max. To simplify the analysis, the cylindrical 
surfaces of the blade sections were replaced by vertical 
planes. In the final determination of the dozing capacity, 
the allowed error was corrected by adding to the prism 
the capacity proportional to the part of the segment 
formed by the surface of the blade and the vertical plane 
(Figure 3).

cosQ F F L W2 1me 1 2 n= + + -^ ^h h6 @ ,	 (11)

. sinF R0 51
2 a a= -^ h ,	 (12)

cos

sin
F H

k k
R H2

2 1

2a a
1 2

2
0
2

$

a

a
=

- +

+ +
-

^ h= G ,	 (13)

/ sinH H k1 b0 $ a c d= + + +^ h6 @ ,	 (14)

where F1, F2 are the cross-sectional areas of cylindrical 
segments, m2; R is the radius of curvature of the cross 
profile of the blade, m; H is the height of the blade with 
a canopy, m; ka  is the ratio of the width of the cutting 
edge to the radius of curvature; kb   is the ratio of the 
width of the canopy to the radius of curvature; H0 is the 
height of the blade without canopy, m.

Checking the fulfillment of condition in Equation 
(7) involves calculating the maximum capacity value 
(Figure 4).

/

/
sin

cos

sin
Q W tgp

L W

W

2

2 2 3
,max1

2 2 $n
n

n
=

-

+

^

^

h

h
> H 	 (15)

Q Q ,max2 2= 	 (8)

is the change in the pattern of Q4 formation (pattern 
of Q4 formation changes as soon as Q2 reaches its 
maximum value),

Q Q ,max3 3= 	 (9)

is the end of the dozing prism growth process (the 
dozing prism growth stops as soon as Q3 reaches its 
maximum value).

Another condition for stopping the growth of the 
dozing prism is that the losses are equal to the volume 
of material entering the blade:

Q dQL = .	 (10)

Moreover, the condition in Equation (10) takes 
precedence over condition in Equation (9), because when 
it occurs, the growth of the dozing prism stops, although 
Q3 has not yet reached its maximum value.

4.1	 Dozing capacity considering the losses

According to the accepted assumptions and 
corresponding boundary conditions in Equations (7)-
(10), design schemes shown in Figures 3-6 were taken 
for calculating capacities Q1, Q1,max, Q2, Q2,max, Q3, Q3,max, 

Figure 3 Additional volume formed by the curvature of the blade  
and its digging angle inclination

Figure 4. Scheme for calculating the volume of a drawing prism  
at the end of the 1st phase of its growth
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z z dz, ,i i2 2 1 2= +-^ h ,	 (25)

where dz2 is the projection of the layer thickness dQ2 
onto the OZ vertical axis; z2 is the projection of the layer 
thickness Q2 onto the OZ vertical axis.

Q2 and Q4 are calculated by the following formulas:

Q Q dQi i2 2 1 2= +-^ h ,	 (26)

Q Q dQ,i i4 14 4= +-^ h .	 (27)

Checking condition is

Q Q ,max2 2# ,	 (28)

where:

,

sin

sin cos

Q H W tg W

L W

,max2 $ $

$ $

n t

n n

= -

-^

^

h

h
	 (29)

In the third phase of filling the blade, the dozing 
prism increases due to Q3 and Q4 (Figure 2, c), related by:

Q Q Q Q dQ, ,i i i i3 4 3 1 14+ = + +- -^ ^h h .	 (30)

In the second phase of filling the blade, the dozing 
prism grows due to Q2 and Q4 related by the following 
equation:

Q Q Q Q dQ, , , ,i i i i2 4 2 1 4 1+ = + +- -^ ^h h .	 (16)

From which follows: 

dQ dQ dQ2 4+ = ,	 (17)

dQ Q Q, ,i i2 2 2 1= - -^ h ,	 (18)

dQ Q Q, ,i i 14 4 4= - -^ h ,	 (19)

From the design diagram (Figure 5), it follows that:

sin cosdQ W L W dz2 2n n= -^ h ,	 (20)

/dQ L dz z dz tg2 24 2 2 2$ $ t= +^ h ,	 (21)

/dz c c b dQ b4 22 2 2
2

2 2= - + +^ h7 A 	 (22)

/b L tg22 t= ,	 (23)

/cos sinc L W W z L tg2 2n n t= - +^ h ,	 (24)

Figure 5 Scheme for calculating the capacities that determine the growth of the dozing prism in the second phase

Figure 6 Scheme for calculating the capacities that determine the growth of the dozing prism in the third phase
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checking conditions are

Q Q ,max3 3#  and Q Q ,max4 4# ,	 (43)

where:

/sin cosQ W tg L W3 4 4,max3
2n t n= -^ ^h h ,	 (44)

/Q H L tg2,max4 0
2 t= ,	 (45)

 
For the path traveled by the blade, at any point in 

the current section it is equal to

l l dl, ,t i t i t1= +-^ h ,	 (46)

4.2 Nomenclature and characteristics  
of the removed materials

In accordance with the technical specifications, 
the materials for which specialized blades are intended 
to be processed include packed snow, municipal solid 
waste, liquefied soil, wood chips. Physical properties 
of these materials, characterizing them as removed 
media and ground line, were established by analysis 
of literary sources [21-24] and are summarized  
in Table 1.

4.3	 Technological options for performing work 
with specialized blades

Analysis of probable options for using specialized 
blades made it possible to classify and quantitatively 
describe several cases characterized by a  standard set 
of parameters:
1. 	 Moving the heap without cutting and without 

distributing it at the end of the passage.
2. 	 Moving the heap with cutting, without distributing 

it as a layer at the end of the passage.

From which follows:

dQ dQ dQ3 4+ = ,	 (31)

dQ Q Q,i i3 3 3 1= - -^ h ,	 (32)

dQ Q Q,i i4 4 4 1= - -^ h .	 (33)

Calculation schemes of the capacities that determine 
the growth of dozing prisms in the second and third 
phases are shown in Figures 5 and 6.

From the calculation scheme in Figure 6, it follows 
that

/

/ ,

dQ a dz b L tg dz

c L z z dz

23 3 3
3

3 3
2

3 2 3 3

t= + - +

+ - +^ ^

^

h h

h
	 (34)

/ /dQ L tg dz L z z tg dz24 3
2

2 3 3t t= + +^ ^ ^h h h .	 (35)

The value of dz3 is found from the following equation:

a dz b dz c dz dQ3 3
3

3 3
2

3 3+ + = ,	 (36)

/a tg tg1 63
2t n=- ^ h ,	 (37)
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z z dz,i i3 3 1 3= +-^ h , 	 (40)

Q3 and Q4 are calculated by the following formulas:

Q Q dQ,i i3 3 1 3= +-^ h ,	 (41)

Q Q dQ,i i4 14 4= +-^ h ,	 (42)

Table 1 Physical properties of materials

Properties of materials Packed snow Municipal waste Liquified soil Wood chips

Cohesion index*
1 1 2 1

Coefficients:

Metal friction 0.06 0.55 0.13 0.4

Material friction 0.51 1.00 0.18 1.05

Loosening the material 1.2 1.4 1.0 1.2

Resistance to motion 0.1 0.12 0.1 0.12

au 0.05 0.05 0.05 0.05

bu 1.76 1.76 1.76 1.76

n 12 8 12 8

Cutting resistance, kN/m2 21.6 20.0 17.8 30.0

Angle of repose, degrees 60 55 10 50

Volumetric mass, t/m3 0.40 0.43 1.8 0.35
*1- cohesive material, 2- non-cohesive material
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5 	 Results

5.1.	Bulldozer performance when calculating 
blade capacity using the T. Khankelov model

Below tables 3, 4, 5 and 6 present the results of 
calculations of bulldozers‘ performance equipped with 
specialized blades Straight blade, Half U-dozer, U-dozer, 
Box-blade, Landfill blade when developing the following 
materials, such as Packed snow, Municipal solid waste, 
Liquefied soil, Wood chips for the main technological 
variants of works presented in paragraph 4.3.

3. 	 Moving the heap without cutting, distributing it as 
a layer at the end of the passage.

4. 	 Collecting a  dozing prism by cutting without 
distributing it as a  layer at the end of the  
passage.

5. 	 Collecting a dozing prism by cutting, distributing it 
as a layer at the end of the passage.

6. 	 Moving the heap without cutting, distributing it 
along the length of the passage.
The values of parameters characterizing 

technological options for using specialized blades are 
given in Table 2.

Table 2 Characteristics of technological options

Properties characterizing the option Technological option 

1 2 3 4 5 6

Allowable maximum slipping, % 100 100 100 100 100 100

Thickness of the material layer to be 
removed, m

0.0 0.2 0.2 0.2 0.2 0.0

Layer of leveling material, m 0.0 0.3 0.3 0.0 0.3 0.3

Total length of the machine‘s working stroke, 
m

80 80 80 80 80 80

Time for auxiliary operations, s 26 26 26 26 26 26

Blade position at*:

collection 2 2 2 3 3 2

displacement 2 3 3 3 3 3

unloading 0 0 1 0 1 1

*0 - no operation, 1 - the blade does not touch the surface, 2 - the blade is in a “floating” position, 3 - the blade is pressed to the surface

Table 3 Bulldozer capacity for packed snow, m3/h

Technology option number 1 2 3 4 5 6

Straight blade 232 208 207 203 202 233

Half U-dozer 236 208 206 201 208 242

U-dozer 240 207 211 199 200 238

Box blade 225 210 210 202 205 233

Landfill blade 362 315 313 317 317 371

Table 4 Bulldozer capacity for municipal solid waste, m3/h

Technology option number 1 2 3 4 5 6

Straight blade 223 192 191 192 198 224

Half U-dozer 221 195 192 199 197 221

U-dozer 225 195 192 197 197 220

Box blade 226 194 197 194 194 221

Landfill blade 312 279 273 275 279 323

Table 5 Bulldozer capacity for liquefied soil, m3/h

Technology option number 1 2 3 4 5 6

Straight blade 622 598 609 569 594 624

Half U-dozer 621 598 601 558 618 633

U-dozer 615 613 611 568 588 617

Box blade 615 620 612 576 605 633

Landfill blade 363 331 329 322 329 365
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Table 12 presents the results of calculations of 
6-hour and 48-hour total output of bulldozers equipped 
with specialized blades Straight blade, Half U-dozer, 
U-dozer, Box-blade, Landfill blade at development of the 
above-mentioned materials under the main technological 
variants.

6 	 Discussion of results

By assuming an equal probability of bulldozer 
operation under different operating conditions, it is 
possible to compare blades in terms of their total output. 
The total output for 6 hours (Tables 7 and 12) is the sum 
of the hourly productivity of the bulldozer, calculated 
for one material and each of the 6 technological options. 
For example, number 1285 in Table 7 (straight blade, 
material No. 1) is the sum of numbers from the “straight 
blade” line of Table 3 (packed snow).

Table 7 presents the results of calculations of 
6-hour and 48-hour total output of bulldozers equipped 
with specialized blades Straight blade, Half U-dozer, 
U-dozer, Box-blade, Landfill blade at the development 
of the above-mentioned materials under the main 
technological options.

5.2.	Bulldozer performance when calculating 
blade capacity according to G. N. Karasev

Tables 8, 9, 10 and 11 below present the results 
of calculations of bulldozer productivity of bulldozers 
equipped with specialized blades Straight blade, Half 
U-dozer, U-dozer, Box-blade, Landfill blade when 
developing the following materials Packed snow, 
Municipal solid waste, Liquefied soil, Wood chips for 
the main technological variants of works presented in 
section 4.3.

Table 6 Bulldozer capacity for wood chips, m3/h

Technology option number 1 2 3 4 5 6

Straight blade 259 216 214 213 218 252

Half U-dozer 253 216 217 212 215 254

U-dozer 253 214 219 208 216 252

Box blade 255 217 216 209 217 250

Landfill blade 356 304 304 306 307 369

Table 7 Total output, m3

In 6 hours

Number of material 1 2 3 4            In 48 hours 

Blades: 1285 1220 3616 1372 7493                        

Straight 

Half U-dozer 1301 1225 3629 1367 7522

U-dozer 1295 1228 3612 1362 7497

Box 1285 1226 3661 1364 7536

Landfill 1995 1741 2039 1946 7721

Table 8 Bulldozer capacity for packed snow, m3/h

Technology option number 1 2 3 4 5 6

Straight blade m3/h 286 247 246 247 250 288

Half U-dozer, m3/h 283 250 251 247 251 280

U-dozer, m3/h 277 245 246 240 243 281

Box blade, m3/h 282 250 251 243 246 284

Landfill blade, m3/h 492 445 450 438 441 491

Table 9 Bulldozer capacity for municipal solid waste, m3/h

Technology option number 1 2 3 4 5 6

Straight blade m3/h 278 250 249 247 244 278

Half U-dozer, m3/h 278 253 254 244 252 272

U-dozer, m3/h 273 252 248 244 253 275

Box blade, m3/h 274 255 252 249 252 284

Landfill blade, m3/h 424 389 399 380 392 430
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cement concrete mortars, and other such materials, the 
greatest efficiency is ensured by a box blade.

The feasibility of installing one of the two types of 
blades on a  bulldozer is determined by the probability 
of its operating on a particular material since the total 
output of a bulldozer over a fixed time is a probabilistic 
value:

C C pi i48 6 $= ^ h| ,	 (47)

where C48 is the total output of the bulldozer in 48 hours 
using all materials and all technological options, m3; 
C6i is the total output of the bulldozer for 6 hours on 
the i-th material for all technological options, m3; pi is 
the probability of the bulldozer operating on the i-th 
material; i is the number of the material for which the 
output is calculated.

If we assume an equal probability of bulldozer 
operation for any technological options on any material 
(except the liquefied soil), then from the data in Tables 3, 
7, and 12, it follows that the box blade and the “landfill” 
blade provide the same total output of the bulldozer; 
while for its operation on liquefied soil (or similar 
materials) total output is from 0.27 to 0.5 depending 
on the method of calculating the blade capacity. If 
there is a greater probability of the bulldozer operating 

The total output for 6 hours indicates that regardless 
of operating conditions (except for liquefied soil) and 
the method of calculating the blade capacity, the best 
performance for a  bulldozer is provided by a  straight 
blade with an enlarged lattice canopy (the so-called 
“landfill”). When working with liquefied soil, the greatest 
productivity is achieved using a box blade.

The total output for 48 hours (i.e., the sum of the 
hourly productivity of the bulldozer for all materials 
and for all technological options), assuming the equal 
probability of the bulldozer operation with any materials 
according to any technological options, indicates (see 
Tables 7 and 12) that the greatest efficiency can be 
expected from a  bulldozer equipped with a  “landfill” 
type of a blade. The next largest total output, which is 
16-24% less (depending on the method of calculating 
the blade capacity) is provided by a  box blade. The 
outputs of straight, half U-dozer, and U-dozer blades 
differ slightly (by 0.2% regardless of the method of 
calculating the blade capacity), which indicates their 
approximately equal efficiency under the operating 
conditions considered. Thus, we can conclude that 
given the equal probability of the considered operating 
conditions, the greatest efficiency is ensured by 
equipping the bulldozer with a  “landfill” type of blade, 
and when operating predominantly with liquefied soil, 

Table 10 Bulldozer capacity for liquefied soil, m3/h

Technology option number 1 2 3 4 5 6

Straight blade m3/h 785 961 952 734 955 990

Half U-dozer, m3/h 785 956 967 735 962 999

U-dozer, m3/h 784 964 948 736 960 998

Box blade, m3/h 785 962 957 733 954 994

Landfill blade, m3/h 779 965 959 736 954 918

Table 11 Bulldozer capacity for wood chips, m3/h

Technology option number 1 2 3 4 5 6

Straight blade m3/h 334 285 285 279 285 336

Half U-dozer, m3/h 337 291 284 288 279 291

U-dozer, m3/h 336 291 287 276 283 340

Box blade, m3/h 332 284 290 281 289 341

Landfill blade, m3/h 507 473 488 452 475 518

Table 12 Total output, m3

In 6 hours

Number of material 1 2 3 4 In 48 hours 

Blades: 1564 1546 5377 1804 9291

Straight 

Half U-dozer 1562 1553 5404 1770 10289

U-dozer 1532 1545 5390 1813 9280

Box 1980 1566 5385 1817 9748

Landfill 2757 2414 4352 2913 12436
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7	 Conclusion and future work

An analysis of the effectiveness of equipping the 
SHANTUI SD32 bulldozer with specialized high-
capacity blades showed that the work of the bulldozer 
on materials that differ in their characteristics from 
ordinary loamy soil (snow, household waste, liquefied 
soil, coal, wood chips) could be performed with the 
highest productivity using the box and “landfill” blades. 
Moreover, the performance feasibility is determined 
by the probability of the bulldozer operating on 
liquefied soil (or similar materials) or other materials 
(snow, waste, coal, wood chips). The undeniable 
effectiveness of equipping a  bulldozer with a  box 
blade is expected when the probability of the machine 
operating on liquefied soil (or similar materials) is 0.5  
or more.

The optimal dimensions of a box blade for equipping 
the SHANTUI SD32 bulldozer are a  grasp width of 
up to 3730 mm, radius of curvature of up to 1700 mm, 
cutting edge width of up to 460 mm, canopy width of 
up to 140 mm, flap length up to 860 mm. The optimal 
dimensions of a  “landfill” blade for equipping the 
SHANTUI SD32 bulldozer are a  grasp width of up to 
3900 mm, radius of curvature of up to 460 mm, cutting 
edge width of up to 124 mm, canopy width of up to 
610 mm. Future work may be aimed at introducing 
artificial intelligence into the development of various 
materials with lower specific gravity. Provided that 
the developed mathematical models are supplemented 
with parameters describing their properties, as well 
as the operating conditions of the machines, it will 
be possible to significantly increase the efficiency of 
these machines with the least energy and material  
costs.

on liquefied soil, the high output will be ensured by 
installing a box blade, and if the probability is less - by 
installing a  “landfill” blade. The dimensions of the box 
and “landfill” blades optimized for operating with the 
corresponding materials are given in Tables 13 and 14.

It follows from the data that, depending on the 
method of calculating the blade capacity, the ranges of 
optimal values for its dimensions can vary significantly. 
In particular, this applies to a  box blade; its ranges of 
the grasp width and radius of curvature, calculated 
by different methods do  not overlap (Table 13). In 
principle, experimental testing of each calculated model 
to determine the most correct one can eliminate this 
discrepancy. The difficulties of such testing due to material 
and financial costs are obvious, and the unambiguity of 
its results (as evidenced by many years of experience in 
experimental research) is not guaranteed. Therefore, for 
practical purposes, authors can recommend:
a)	 for a box blade:
•	 set the grasp width to no more than 3750 mm to 

prevent a possible decrease in bulldozer performance 
due to increased slippage;

•	 set the curvature radius to no more than 1700 mm so 
as not to limit the view from the bulldozer driver’s 
cab;

•	 set the cutting edge width to no more than 460 mm;
•	 set the canopy width to no more than 140 mm;
•	 set the flap length to no more than 860 mm.
b)	 for a “landfill” blade:
•	 take the grasp width in the range of 3770-3900 mm;
•	 take the radius of curvature in the range of 

440-460 mm;
•	 take the width of the cutting edge in the range of 

118-124 mm;
•	 take the width of the canopy in the range of 

580-610 mm.

Table 13 Optimized dimensions of a box blade

Optimized blade parameter Liquefied soil

Grasp width, m
according to Khankelov 3.83-3.93

according to Karasev 3.55-3.73

Radius of curvature, m
according to Khankelov 1.58-1.66

according to Karasev 1.43-1.70

The ratio of the flap length to the grasp width
according to Khankelov 0.22-0.23

according to Karasev 0.22-0.23

Table 14 Optimized parameters of a “landfill” blade

Optimized parameters of a blade Snow, waste

Grasp width, m
according to Khankelov 3.77-3.92

according to Karasev 3.63-3.90

Radius of curvature, m
according to Khankelov 0.44-0.46

according to Karasev 0.41-0.62
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Resume
During the movement of the train in various operational regimes, a series of 
deficiencies arise in the mechanical components, which depend on kinematic 
and parametric factors affecting the working conditions of the traction drive. 
An innovative traction drive is discussed in this article, which prevents 
the non-uniform distribution of parametric factors, as well as dissipative, 
inertial, and elastic characteristics along the length of the track.
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dual-sided transmissions can improve the reliability of 
the traction drive by up to 15%. Another indicator is 
the determination of reliability based on the coefficient 
of variation and the reliability factor depending on the 
gear diameter, for which the graphical representations 
are provided.

Recently, the rapid development of science and 
technology in the world has necessitated researchers 
to actively participate in this dynamic progress and 
constantly create and design new constructions based 
on innovative thinking. The implementation of the 
innovative reducer, designed and patented as a result of 
the scientific activities of the staff of the “Mechatronics 
and Machine Design” department of the Azerbaijan 
Technical University [1-3], in various technical fields is 
of a great importance. A newly designed traction reducer 
has been developed as an analogue to these reducers, 
reducing overall dimensions and mechanical system 
weight to simplify maintenance, lower production 
costs, and improve the train’s technical characteristics, 
enhancing reliability through even load distribution, 
shortening the lever arm, and decreasing the number 

1	 Introduction

An innovative traction drive is proposed for railway 
vehicles, comprising a  three-stage cylindrical gear 
transmission that minimizes parametric errors and 
is symmetrically arranged relative to the wheel pair, 
based on a  detailed analysis of traction drives to 
eliminate the aforementioned deficiencies. The research 
was focused on studying the dynamic characteristics 
of the traction drive, developing a  descriptive model, 
conducting verification calculations for the proposed 
traction drive, designing the placement scheme of the 
innovative gearbox, and evaluating the reliability of 
the proposed traction drive. To enhance the reliability 
of the traction drive, the selection of the motor-gearbox 
connection has been examined, and a  dual-sided 
coupling has been deemed appropriate. In the dual-
sided transmissions, uneven stress distribution does 
not occur, which significantly improves the reliability 
of the traction drive. According to statistical data, 
design considerations, and some test bench results, it 
is evident that compared to single-sided transmissions, 
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life. The research results indicate that the passenger 
capacity is a significant factor influencing the fatigue life 
of mechanical components [9].

The safety, comfort, and reliability of traction 
drives are analyzed by integrating theoretical methods, 
analysis, numerical simulation, and optimization design 
theory. In the study [10], the focus was on developing 
a  parameterized gear modification model, rational 
shape modification schemes, parameter design, dynamic 
characteristics, vibration response, and the acoustics of 
gear meshing under high-speed traction conditions.

Authors of [11] proposed innovative traction 
transmissions consisting of a  gearbox that increases 
reliability by reducing the overall dimensions and weight 
of the mechanical system, optimizing load distribution, 
and improving the technical level of the traction drive. 
This is achieved through a  reduction in the number of 
structural elements and the application of double sliding 
bearings, which also contribute to energy savings.

The traction transmission of modern STADLER 
KISS trains was examined in [12] and the impact of 
the technical level of the traction drive on the train’s 
braking characteristics was discussed. The application 
of an innovative traction gearbox was proposed that 
can increase the outcome indicators in line with the 
unit consumption.  The key factors, influencing the 
braking system, include the reduction of the mass of 
the proposed traction gearbox, the reduction of the 
inertia coefficient of rotating parts, and the technical 
parameters considered in the train’s motion equation. 
Based on the braking distance calculation method, the 
braking distance is calculated for different speed ranges 
in a practical example, and it is shown that the braking 
distance can be reduced by 5%, with a  proportional 
reduction in braking time.

Authors of articles [13] and [14] explored the issue 
of investigating the factors affecting the operating 
modes of railway vehicles. By examining the factors 
influencing the movement of trains, they identified 
the key solution principles that enable improvements, 
reduction in consumption indicators, or achieving better 
results without changing the consumption. The optimal 
approach based on these principles is the reduction of the 
mass of rotating parts. The application of an innovative 
multi-stage gear reducer for traction transmission in 
railway vehicles is considered, and the operating modes 
of the trains are studied. The main parameters for 
traction, braking, and free movement modes of Stadler 
electric trains are identified.

The traction transmissions of railway vehicles, 
which are an important component of the transportation 
industry, were explored in [15]. The structural condition 
of the main parts of the mechanical system was examined, 
identifying dynamic events in the functional chain as 
key factors ensuring the system’s longevity. Effective 
measures for improving system performance, enhancing 
the operation of structures, and upgrading maintenance 
and repair technologies are discussed. The importance 

of sequentially connected components and increasing 
efficiency, while saving electrical energy by minimizing 
the impact of meshing on the side surfaces of co-rotating 
gears on the shaft and utilizing double-sliding friction 
bearings [4].

Traction transmissions have been extensively studied 
by researchers worldwide, leading to commendable work 
in the modeling of transmissions and their components. 
The key outcome of these studies is the identification of 
issues within the transmission and the clarification of 
trends in the development of new transmission models.

In [5], the author developed an electromechanical 
coupling dynamic model by explicitly incorporating 
electrically induced traction force for railway vehicles 
to study the impact of traction drives on vehicle 
vibrations. The dynamic responses of vertical, lateral, 
and longitudinal accelerations in the axle box and bogie 
components were quantitatively analyzed.

In the research study [6], an optimized design 
scheme is proposed to reduce the noise in traction drives 
under operating conditions. Using the parametric model 
of the traction drive’s gears, a modification plan for both 
the tooth profile and direction was developed. After the 
modification, the noise of the gear transmission system 
was analyzed under various operating conditions using 
the acoustic boundary element method. Subsequently, 
an optimal design scheme was obtained by combining 
the working duration under different conditions with the 
multi-condition modification parameters of the acoustic 
indicator.

In the article [7], an electromechanical coupling 
model for the high-speed trains is proposed. The model 
considers the interaction of the gear pair, the equivalent 
coupling mechanism of the transmission system, the 
equivalent circuit of the traction motor, and the direct 
torque control strategy. Additionally, the numerical 
simulation of the high-speed train model includes 
constant speed, traction, and braking conditions, and 
the impact on system reliability is analyzed.

A  3D model of the transmission system of the 
locomotive’s traction reducer was created to verify the 
rationality of its design based on a computer software, 
and a  dynamic model of the transmission system 
was developed. The model was then integrated into 
the simulation program, and the obtained simulation 
values were compared to theoretical values. The results 
indicate that the simulation outcomes fluctuate around 
the theoretical values, confirming the superior design of 
the traction reducer’s transmission system [8].

Investigating fatigue damage, the most critical 
failure in the traction drive of urban railway transport 
vehicles, it has been determined that the passenger 
capacity is a  crucial factor affecting the dynamic load 
characteristics of the traction transmission system. 
Therefore, in this study a dynamic model of the traction 
drive was developed and numerical simulations were 
conducted under various speeds and curve radii to 
analyze the impact of passenger capacity on fatigue 
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The correct structural selection of the motor-gearbox 
connection would help to solve many problems related 
to the transmission in the future. To achieve this, the 
research focuses on the following issues:

Studying the dynamic characteristics of the traction 
drive and developing a descriptive model;
•	 Conducting verification calculations for the proposed 

traction drive;
•	 Developing the placement scheme of the innovative 

gearbox;
•	 Evaluating the reliability of the proposed traction 

drive.

2	 Methods and materials

The research was conducted using a  heuristic 
method based on exploration and design. The tasks set 
forth were solved through theoretical and experimental 
studies conducted under laboratory and industrial 
conditions.

2.1	 Study of the dynamic characteristics  
of the traction drive and development  
of a descriptive model

Like any mechanical system, railway vehicles are 
affected by numerous excitation factors. These can be 
classified into two categories: external and internal. 
External factors are those that are independent of the 
characteristics of the traction system, while internal 
factors are those directly related to the properties 
of the traction system. Additionally, force, kinematic, 
and parametric excitations are distinguished. External 
force excitations arise when there is a  change in the 
resistance to the movement of the train (locomotive). 
Kinematic excitations are caused by deformations of the 
rail profiles, such as subsidence and bulging, as well as 
by local defects in the upper layer of the track, resulting 
in non-linearity in the track profile. Parametric factors 
are associated with the uneven distribution of the 
dissipative, inertia, and elasticity characteristics of the 
track along its length [18].

Internal force excitations are caused by the 
electromagnetic torque of traction motors and the 
imbalance of rotating parts. Due to the non-ideal 
circularity and conicity of the wheel’s rolling surface 
relative to the geometric axis of the wheelset, as well as 
the kinematic errors of gear meshing and the traction 
coupling, internal kinematic excitations arise. These 
include changes in the radial stiffness of the coupling 
along a  given coordinate (where the inclination of the 
elastic elements in the environment changes during 
rotation) and parametric excitations due to changes in 
the adhesion conditions between the wheel and the rail.

When studying traction drives, the kinematic 
diagram must be examined first. Based on the 

of evaluating technical quality is substantiated through 
the development of an innovative model. The current 
status, design, and operation of modern traction systems 
are explained.

In study [16] authors investigated the effect of the 
torsional stiffness of the coupled shafts, couplings, and 
the machine’s working body, as well as the damping 
capacity of the coupling, on the torsional shock moment 
generated during the machine’s transmission.

To explore the application possibilities of innovative 
gearboxes, the development trends of traction drives 
for railway vehicles have been investigated, and 12 key 
findings have been obtained [17]:
•	 The issue of developing the required traction 

drive remains unresolved, which is why frequent 
structural changes occur in the transmission;

•	 Traction drives operate in significantly more difficult 
and especially complex conditions compared to the 
majority of transmissions in other vehicles;

•	 Sometimes, production capacity may conflict with 
operational requirements, and in such cases, 
operational requirements take precedence, as the 
technical-economic efficiency of the transmission is 
determined by the service life and the efficient use 
of energy resources;

•	 The traction drive has no reserve, and its failure 
practically leads to the failure of the train;

•	 Since the entire useful power flow of the train 
passes through the traction drive, the transmission 
must have high efficiency.

•	 Efforts are made to reduce energy loss, material 
consumption, and labor intensity during 
maintenance work;

•	 Structural and technological solutions are considered 
appropriate to ensure a high level of standardization 
and unification of parts and components, as well as 
their suitability for maintenance and inspection;

•	 During the production stage of the transmission, 
a  reduction in labor, energy, and material 
consumption is also required;

•	 The requirements for the traction drive are primarily 
operational in nature;

•	 Typically, only verification calculations are 
performed during the development of the 
transmission, as dimensions are determined based 
on specific alignment conditions rather than project 
calculations;

•	 The key outcome for engineers and researchers is 
conducting effective studies aimed at reducing metal 
consumption, improving efficiency, and increasing 
reliability.

•	 The literature review reveals that the development 
trends of traction drives, the research results 
of various authors, as well as the fundamental 
design, manufacturing, and operational flaws 
identified during the studies, demonstrate that the 
investigation of the motor-gearbox connection in 
traction drives is highly relevant. 
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dual-sided traction drive designs.
The calculation of shaft strength consists of 

comparing the effects acting on its individual sections 
to their limit values. The shafts are analyzed based on 
the evaluation of torsional and bending moments. These 
calculations are carried out based on the traction force 
of a  single axle of a  vehicle. The traction force must 
correspond to the maximum value of the wheel-rail 
adhesion.

The traction motor shaft is usually made of 20XH3A 
grade steel (with a  fatigue limit of σ-1 = 330 MPa). In 
double-sided transmissions, this stress value can be 
reduced by 15–20%. This is because, in double-sided 
transmissions, uneven stress distribution does not occur, 
which significantly positively affects the reliability of 
traction shafts [19].

arrangement of the reducers, there are two main types 
of motor-gearbox connections.

In a single-sided transmission, the force is applied 
from one side of the motor. In this case, uneven effects 
occur in the system, leading to negative impacts on the 
reliability of the drive. To increase the reliability in such 
designs, additional elastic elements and increased mass 
are applied, which require extra costs and reduce the 
technical level of the transmission.

In a  dual-sided transmission, the force is applied 
symmetrically from both sides of the motor to the 
wheelset. In this case, the reduction of parametric 
effects, an increase in reliability, and an improvement in 
the technical level are ensured.

Figure 1 presents a  distribution model (diagram) 
illustrating the load distribution in single-sided and 

a) Single-sided transmission                                b) Dual-sided transmission

Figure 1 Load distribution scheme on the motor shaft
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;k k1H H=a b - Coefficient that considers the uneven 
distribution of contact stress along the tooth length; 
for traction reducers, . ;k k1 7H Hv=b - Internal dynamic 
coefficient; for traction reducers, .k 1 03Hv= .

The contact voltage is calculated by Equation (5);

. . .
.

,

Y Y
u d

W u

MPa

275
1

275 1 76 0 867 1 771 280
534 1 771 1

725

.

H H H
Ht

3 1

3
0 5

$ $
$

$

$ $ $ $
$

v =
+

=

=
+

=

=

f
~

^

^

h

h

<
;

F
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here: YH - Coefficient that accounts for the shape of the 
tooth, determined based on the total number of teeth; 
YHf  - Coefficient that considers the total length of the 
contact line,; d 1~ - Base circle diameter of the gear, mm; 
u - Transmission ratio; WHt - Specific load applied to the 
middle of the tooth, N/mm.

Bending and contact stresses are compared to the 
permissible calculated stresses. The approach here is 
that the center distance is chosen not according to the 
contact stress, but according to the design and location 
possibilities. The bending and contact stresses are 
calculated according to the obtained center distance 
and compared with the allowable stress values of the 
material. The values of the bending and contact stresses 
of the material are taken from the report of the classic 
gearbox example. 
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725 900
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2.3	 Development of the layout scheme  
of the innovative traction reducer

One of the key parameters that shapes the traction 
characteristics of railway vehicles and ensures that the 
traction reducer fits within the required dimensional 
framework in both vertical and horizontal directions is 
the transmission ratio of the reducer. To determine the 
transmission ratio, it is sufficient to know the engine 
shaft speed, wheel diameter, and maximum operating 
speed. According to Equation (7), the suitability of 
the transmission ratio within the given parameters is 
checked and the transmission ratio is determined for 
each stage of the three-stage innovative reducer.

. .
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	 (7)

here: Dto - mean diameter of the wheel; umax - maximum 
speed of the train; nmax - maximum rotational speed of 
the engine shaft, rpm.

The selection and calculation of the main parameters 
of the traction reducer are based on determining the 
maximum value of the transmission ratio [21].

The elements of the traction drive must be positioned 
at a distance from the rail head in such a way that, in 

2.2.	Verification calculation of the traction 
transmission

When designing the gears of the reducers, two types 
of calculations are carried out - verification and design 
calculations [19-20]. In traction transmissions of railway 
vehicles, design calculations are usually not required 
because the sizes of the transmission elements are 
determined based on adaptation to a specific installation 
condition. When the dimensions and transmitted load 
are known, the goal of the verification calculation is 
to determine the mechanical system’s durability limit 
under the given conditions. During the verification 
calculation, the calculated stresses are determined, 
and a comparison is made to the allowable stress. The 
following sequence of calculations is carried out for this 
purpose.

The circumferential force of the gear reducer is 
found by Equation (1);
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here: T3 - the torque of the most loaded gear, N·m;  
d1 - the diameter of the gear, mm.

The load applied to the contact line of the tooth is 
found by Equation (2);
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here: kFa is the coefficient that accounts for the uneven 
load distribution between the teeth, and for the straight-
cut gears, the value is k 1F =a , kFb  is the coefficient 
that accounts for the uneven distribution of the load 
along the tooth contact line, and for the straight-cut 
gears, the value is .k 1 5F =b ;   kFv  is the internal 
dynamic load coefficient; for double-sided transmissions 

;k b1Fv= ~  is the width of the gear, mm.
The bending stress of the teeth is determined by the 

Equation (3);
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here: YF  - Tooth form factor, which is selected based on 
the number of teeth; YFe=1 - Coefficient that accounts for 
the contact ratio of the teeth.

The specific load applied to the center of the tooth is 
determined by Equation (4);
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here: kHa - Coefficient that accounts for the uneven 
distribution of load between the teeth; for spur gears, 
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2.4	 Reliability of the innovative traction 
transmission

The reliability level defines the safety of railway 
vehicles. Enhancing reliability is regarded as one of the 
key requirements in the design and development of the 
transmission system.

Ensuring the maximum value of the reliability level 
must occur under conditions where the strength safety 
factors take their minimum values. The reliability level 
of all the structural elements of the traction drive must 
be equal and should approach the upper limit.

Q1(t) = Q2(t) =…= Qi(t) =…= Qn(t)&supQ(t),	 (10)

Here, Qi(t) - is the failure probability of the traction 
transmission components, in other words, the reliability 
of the components.

The strength safety factors of the structural 
elements of the traction drive must be consistent with 
each other and should approach the lower limit.

Si+S2+…+Si+…+Sn + inf S = 1,	 (11)

Here, Si - is the strength safety factor of individual 
parts of the traction drive. Table 1 presents the required 
parameters and their values for determining the 
reliability of the drive system [22].

The reliability of traction devices is formed on the 
basis of the reliability coefficients of the individual 
structural elements that make them up and is calculated 
by Equation (12).

,
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here, Q1, Q2, Q3, Q4 - are the reliability levels of the 
gear transmission, shaft, a pair of rolling bearings, and 
sliding bearing, respectively.

the vertical direction, the wheelset axle remains within 
the smallest possible radius around its axis. In the 
transverse direction, they must be placed within the 
distance between the wheels, ensuring maximum ease of 
installation while considering manufacturability. Thus, 
the value of the transmission ratio is determined based 
on the condition that the safety clearance between the 
traction reducer housing and the track superstructure 
conforms to the design dimensions that characterize 
the reducer’s structural features. The maximum outer 
diameter of the gears is determined by the Equation (8).

d D 2a k2 1 2 3$ d d d= - + +^ h ,	 (8)

here: 120 1401 'd = ^ hmm - distance from the rail 
head to the reducer housing; 4 12'd= ^ hmm - 
thickness of the bottom wall of the traction reducer 
housing; 8 103 'd = ^ hmm - distance between the gear 
and the reducer housing.

The placement of the traction drive within the 
dimensions limited by the distance between the wheels 
is determined as follows: BD  - length of the motor 
housing; b1 - distance from the reducer housing to 
the wheel and traction motor, at least 30 mm; b2 - 
thickness of the side wall of the reducer, selected based 
on whether the housing is load-bearing or non-load-
bearing, 10 mm; b3- distance between the side of the gear 
and the inner wall of the reducer housing, 10 mm; bw1, 
bw2 bw3 - widths of the gears of the first, second, and third 
stages, respectively. Based on the above dimensions, 
the width of the traction reducer is determined  
by Equation (9).

.

b b b b b b2 2 20 40

80 20 20 180

k w w w1 2 3 2 3= + + + + = + +

+ + + =
	 (9)

An outline diagram is prepared according to the 
selected and calculated dimensions of the traction drive 
(Figure 2).

Figure 2. Layout scheme of the innovative traction reducer
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Table 1 Quantities required for determining reliability

s/s Parameter Symbol value

1 Number of gears ndç 6

2 Number of the rolling bearings ndy 4

3 Number of the shafts nu 2

4 Number of sliding bearings nsy 2

5 Number of sides K 2

6 Reliability level of the gear Qdç 0.99

7 Reliability level of a pair of rolling bearings Qdy 0.9

8 Reliability level of the shaft QV 0.995

9 Asymmetry coefficient due to supports Kqs 1

10 Reliability level of sliding bearings Qsy 0.95

Table 2 Results of stand tests for determining vibrations at different rotational speeds of the motor shaft in electric 
locomotives

Number of 
measurements

Vibration measurement, mm/s

Frequency, rpm Frequency, rpm 

1
2800
2000
1000

1.6
1.4
0.6

1.0
1.2
0.5

37.5
14.3
16.7

2
2800
2000
1000

1.5
1.9
1.8

1.2
0.9
0.7

20
52.6
61

3
2800
2000
1000

1.0
0.8
0.5

0.7
0.5
0.4

30
37.5
20

4
2800
2000
1000

2.0
1.6
1.0

1.6
1.2
0.8

20
25
20

5
2800
2000
1000

1.4
1.9
1.0

0.9
1.0
0.8

35.7
47.4
20

6
2800
2000
1000

1.4
1.3
1.1

1.2
0.8
0.7

14.3
38.5
36.4

7
2800
2000
1000

1.6
1.4
1.2

0.8
0.7
0.8

50
50

33.4

8
2800
2000
1000

1.3
0.9
0.6

0.7
0.6
0.5

46.1
33.4
16.7

9
2800
2000
1000

1.4
0.6
0.6

0.6
0.4
0.4

57.1
33.4
33.4

10

2800
2000
1000

1.4
1.6
1.6

0.7
0.7
1.0

50
56

37.5

Average value 
Kqs=1.32

32.2
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neutralize these negative effects of vibration. One of 
the most widely applied methods in recent years is the 
placement of a hollow shaft over the wheelset axle and 
utilizing its elasticity properties to reduce vibration 
effects. However, based on structural considerations and 
experimental results, it can be concluded that, despite 
all these measures, when reducers are asymmetrically 
positioned, the asymmetry coefficient takes a  value 
greater than one. On the other hand, increasing the 
mass of rotating components negatively affects the 
technical characteristics of the train.

The reliability level of a  typical traction reducer 
is compared with the reliability level of the innovative 
traction reducer, and the results are presented in 
Table 3. As can be seen the application of innovative 
reducers significantly increases the reliability of the 
transmission.Thus the low reliability of the traction 
drive not only reduces production but increases the 
number of repairs as well, which in turn leads to high 
maintenance costs. In many cases the repair costs of the 
transmission exceed its production costs several times. 
A comparison of existing and innovative traction drives 
shows that the reliability has increased by up to 13% 

3	 Discussions and conclusions

A detailed analysis of the traction drives of railway 
vehicles has been conducted, and an innovative three-
stage cylindrical gear traction drive has been proposed 
to eliminate several known shortcomings by minimizing 
parametric errors and ensuring symmetric placement 
relative to the wheelset. The design solution has 
been accepted and approved by the Eurasian Patent 
Organization with a corresponding decision [4].

Considering that the reducers are placed in 
parallel, the asymmetry coefficient will be Kqsi=1. If the 
transmission is asymmetrically positioned relative to 
the supports, its value can be determined through the 
experimental and analytical methods. The stand tests 
have been conducted on traction reducers of railway 
vehicles with asymmetrically positioned transmissions 
relative to the supports at different rotational speeds, 
measuring the effects of vibrations (Table 2).

It was found that the impact of vibrations on the 
side where the reducer is mounted on the engine shaft 
is up to 30% lower compared to the opposite side. 
Various structural solutions have been developed to 

Table 3 Comparison of existing and innovative traction drives

Characteristic parameters
Types of traction drives

Existing Innovative

Number of shafts 4 6

Number of rolling bearings 3 2

Number of sliding bearings 6 4

Reliability level of gear transmissions. Q1 - 2

Reliability level of shafts. Q2 0.99 0.99

Reliability level of rolling bearings. Q3 0.995 0.995

Reliability level of sliding bearings. Q4 0.96 0.96

Asymmetry coefficient. Kqs 0.95 0.95

Reliability level of the traction functional chain. Q(t) 1.12 1

Increase in the reliability level of the traction functional chain. % 0.6352 0.7144

Characteristic parameters
% . %

Q
Q Q

Q 100 12 5
m

i m
$=

-
=

Table 4 Indicators of Reliability Level

Diameter of the driving gear in the heavily loaded stage. d. mm Factor ensuring 
reliability. Up

No.

Reliability 
Level Q(t)

0.9999 290.92 301.84 312.76 3.9 1

0.999 290.64 301.128 311.92 3.8 2

0.99 286.44 292.88 299.32 2.3 3

0.95 284.592 289.184 293.776 1.64 4

0.9 283.5 287 290.5 1.25 5

0.85 282.912 285.824 288.736 1.04 6

0.8 282.352 284.704 287.056 0.84 7

Coefficient of Variation Vt

0.01 0.02 0.03
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the gear transmission is determined and compared 
with the calculated value. The selection of the main 
parameters of the traction motor is based on the 
maximum transmission ratio of the gearbox (Um=6.055). 
An optimal placement scheme for the innovative traction 
gearbox within the traction transmission system is 
developed. and installation dimension parameters are 
determined accordingly.

The correctness of the transmission design and 
the choice of the constructive scheme are validated by 
ensuring a  13% increase in reliability and achieving 
parametric compliance through verification calculations.
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which is an indicator of an improvement in the technical 
level of the transmission.

Another indicator for increasing reliability is 
ensuring the minimum difference between the outer and 
inner diameters of the gears. In other words an increase 
in the inner diameter of the gear is directly proportional 
to an increase in reliability. As seen this condition is met 
in the innovative traction drive.

The reliability of gears depending on their diameter 
is determined based on the factor up - which ensures 
the required level of reliability and the coefficient of 
variation. The reliability level values are presented in 
Table 4 and Figure 3.

4	 Conclusion

In this research study the application possibilities of 
an innovative traction transmission system for railway 
vehicles were explored. The dynamic characteristics of 
the traction transmission are analyzed and along with 
the development of its descriptive model methodological 
steps are taken to conduct verification calculations 
develop the placement scheme of the innovative gearbox 
and assess its reliability.

By conducting the verification calculations of the 
traction transmission the permissible stress value of 

Figure 3. Dependence of reliability degree on gear wheel diameter
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Resume
The paper presents the results of an experimental study carried out at 
signalized intersections and pedestrian crosswalks in Lviv (Ukraine). The 
study covered intersections with different traffic conditions. Therefore, the 
intersections were classified into three types. It was found that the share of 
pedestrians who cross the road on the prohibitive traffic signal varies from 
7% in the central areas to 13% near transport hubs. A methodology, which 
predicts the pedestrian behavior when they make decisions about crossing 
the roadway, is proposed. Recommendations were developed for choosing the 
optimal traffic light control modes. It was found that increasing the duration 
of the restrictive signal for pedestrians increases the probability of crossing 
the road during the restrictive signal of the traffic light. It emphasizes the 
need to adjust the duration of the traffic light cycle in areas with heavy 
pedestrian traffic.
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The latest technologies, such as adaptive traffic 
management systems, can be used to solve this problem. 
These systems can analyze data in real-time, predict 
changes in traffic volumes, and automatically adjust 
traffic lights to optimize the traffic and pedestrian flow 
[4]. Using detectors and cameras to collect flow data can 
also help to create more efficient and flexible control 
systems.

2	 Literature review 

Pedestrian crosswalks are one of the most dangerous 
places on the road network. Most road traffic accidents 
occur here. In urban centers, pedestrians crossing 
the road significantly impact the traffic flow. For this 
reason, several approaches have been developed to 
detect traffic and pedestrian flows before traffic lights 
[5-7]. In general, pedestrians should be given priority 
for various reasons. However, as emphasized in [8], the 
high priority for pedestrians at pedestrian crosswalks 
significantly affects the road network’s capacity. The 
researchers evaluated different distances between 
pedestrian crosswalks, considering their variable nature. 

1	 Introduction

Traffic delays on the road network are one of the 
main problems of modern cities, leading to time loss, 
environmental pollution, and excessive fuel consumption. 
This problem is exacerbated by the constant growth in 
the number of vehicles and the inefficiency of traffic 
management [1]. Traffic lights that control traffic at 
intersections should ensure a  balance of traffic and 
pedestrian flow without increasing the waiting times, 
queues, and traffic density [2]. However, due to irrational 
signaling, traffic lights sometimes become bottlenecks in 
the road network.

Most traffic lights operate in modes with 
a  predefined duration or using detectors. Control 
with a  predefined duration uses fixed intervals of the 
permissive signals, while control with detectors adapts 
the phases depending on the detection of vehicles and/or 
pedestrians [3]. However, due to the high uncertainty in 
the arrival of vehicles and pedestrians, it is difficult to 
determine the long-term optimal values of the phases or 
their extension. As a result, this can lead to queues and 
excessive stops due to irrationally configured signals of 
traffic lights.

https://orcid.org/0000-0003-0055-9413
http://orcid.org/0000-0001-8391-9642 
http://orcid.org/0000-0003-1027-8367
http://orcid.org/0000-0001-8223-2320 
http://orcid.org/0000-0002-8705-3791 
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operation and increases pedestrian traffic efficiency and 
safety.

This configuration provides more accurate detection 
of pedestrians on the edge of the sidewalk and in the 
approach zone, significantly increasing the traffic safety 
and efficiency. This approach minimizes waiting time 
for pedestrians, providing them with comfortable road 
crossing conditions. In addition, using such systems 
helps to reduce the number of accidents, as drivers 
receive more accurate data on the presence of pedestrians 
at the crosswalk [24-25].

In [26], an algorithm for the traffic control at 
a signalized intersection using fuzzy logic was developed. 
This algorithm allows reducing the delay of traffic and 
pedestrian flows by adapting the parameters of traffic 
light control to traffic and pedestrian flows` volumes.

This study is aimed at determining the indicators 
or features of traffic flows and pedestrian behavior to 
substantiate the methodology for adaptive traffic control 
at pedestrian crosswalks.

It is necessary to perform the following tasks to 
achieve the objective of the work:
•	 to analyze the patterns and the main methods of 

studying the indicators of road users used to adjust 
the modes and parameters of traffic signal control 
systems;

•	 to conduct field studies of road users and analyze 
the behavioral characteristics of pedestrians at 
different types of intersections with traffic lights;

•	 to substantiate the mode of adaptive traffic control 
at pedestrian crosswalks, taking into account 
the characteristics of traffic flows and pedestrian 
behavior based on fuzzy logic;

•	 to develop recommendations for selecting the 
effective traffic signal control modes for different 
types of signalized intersections.

3	 Materials and methods

Following the research objective, a  number of 
measurements were made on the streets of Lviv (Ukraine) 
using the technical means of traffic management of the 
Lviv municipal enterprise “Lvivavtodor”. The experimental 
study was conducted at signalized intersections and 
a signalized pedestrian crosswalk outside the intersection 
(Figure 1). Active motion detectors for both vehicles and 
pedestrians were used for this study.

During the measurements, the following indicators 
were determined: width of the pedestrian crosswalk (Bped), 
length of pedestrian crosswalks (street width, Brw); actual 
traffic flow volume through the crosswalk (Na), pedestrian 
flow volume (Nped), the duration of the traffic signal control 
cycle at intersections and pedestrian crosswalks and 
its components (duration of restrictive and permissive 
signals); the number of pedestrians gathered before the 
crosswalk; the number of people who crossed the roadway 
during the restrictive (tr) and permissive (tp) traffic signal.

The analysis in [9] shows that increasing number of 
pedestrians use mobile phones daily. It distracts them 
when they are getting ready to cross the roadway. 
Research [10] points to pedestrians as one of the most 
dangerous road users, with the highest probability of 
severe or fatal injuries in road accidents. That is why, 
there is a need to introduce new adaptive traffic control 
systems at pedestrian crosswalks, which are crucial for 
improving the pedestrian safety [11].

In [12], an algorithm for detecting traffic lights and 
pedestrian crosswalks was developed that successfully 
operates on embedded devices with limited computing 
resources in real time. This approach is based on image 
processing and is characterized by high recognition 
accuracy, although the quality of the results obtained 
may depend on the quality of the input images. 

A high-resolution video surveillance system 
that collects vehicle and pedestrian traffic data at 
intersections is presented in paper [13]. This solution is 
characterized by high accuracy and the ability to collect 
essential data necessary to maintain safety and mobility 
in an urban environment. 

Such systems are becoming an important component 
of modern adaptive traffic management systems. 
However, they do not consider the number of pedestrians 
waiting at the crosswalk [14].

For example, detectors to detect pedestrians on 
sidewalks and signalized crosswalks is proposed to use 
in [15]. Using detectors on sidewalks is challenging 
because it is crucial to ensure the correct shape and 
size of the pedestrian detection area. It is essential 
to identify pedestrians standing along the edge of the 
sidewalk, where an oval shape may be acceptable, as 
well as those approaching or standing on the approaches 
to the sidewalk. 

To achieve this, more sophisticated detectors can 
be used to adapt the shape and size of the detection 
zone to suit specific conditions. It can be implemented 
using two beams directed at the pedestrian waiting 
area [16-18]. The first beam passes along the edge of the 
sidewalk, and the second beam is perpendicular to the 
road, covering the approach area. This allows to create 
a detection zone that better meets the needs of use on 
sidewalks.

This principle of operation allows the detectors to 
detect pedestrians both in the crossing area (detectors 
at the intersection) and in the waiting area on the 
sidewalk (detectors on the curb). Detectors placed on 
the sidewalk can track the presence of pedestrians 
and cancel crossing requests if a  pedestrian has 
already started crossing the roadway [19]. This helps 
to avoid unnecessary delays and increases pedestrian  
safety [20].

In addition, particular detectors are used at 
crosswalks that automatically adjust the duration of 
the pedestrian phase. This allows sufficient time for safe 
crossing, especially when many pedestrians move slowly 
[21-23]. Using such detectors optimizes traffic lights’ 
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and the effectiveness of traffic management systems.
The sample size for traffic and pedestrian flow, 

required to ensure the representativeness of the data, 
was determined following the methodology outlined in 
[27]:

n
E

Z p p1
2

2 $ $
=

-^ h
,	 (1)

where n - necessary sample size for traffic and 
pedestrian flow; Z - value for the selected significance 
level (1.96 is taken for 95%); p - the expected proportion 
(0.5 is assumed if there is no previous measurement 
data); E - is the permissible error (0.05 is taken).

Based on the calculations, the minimum number 
of situational interactions between the traffic and 
pedestrian flows, to be conducted at each type of 
intersection (crosswalk) to ensure a  representative 
sample, was determined:
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During the study, various parameters were analyzed 

During the research, the effectiveness and adequacy 
of the proposed solutions for the traffic control at 
pedestrian crosswalks was evaluated. This evaluation 
included checking how well the new control systems can 
control pedestrian and vehicular traffic, ensuring safety 
and convenience for all road users.

All these crosswalks can be conditionally divided 
into three types, depending on their location in the city 
(Table 1).

The research was conducted during the day in good 
weather conditions. The study tested several working 
hypotheses:
1. 	 Different types of intersections and pedestrian 

traffic conditions require different durations of 
traffic signals to meet the needs of pedestrians to 
improve traffic safety.

2. 	 As the traffic volume and length of the crosswalk 
decrease, pedestrians are more likely to try to cross 
the roadway when the traffic light is red.

3. 	 The purpose of pedestrian movement can influence 
pedestrian behavior, changing their decisions about 
crossing the roadway.
This will provide more accurate information about 

the impact of different conditions on pedestrian behavior 
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Figure 1 Situational schemes of formation of the traffic and pedestrian flows, where experimental measurements were 
carried out: a - signalized crosswalk of type I (signalized pedestrian crosswalk with a dividing traffic lane);  

b - signalized crosswalks of type II (four-way intersection with four pedestrian crosswalks); c - signalized  
crosswalks of type III (combined four-way intersection with three pedestrian crosswalks)

Table 1 Types of intersections and pedestrian crosswalks in terms of their location in the city

Type of 
intersection

Location on the territory of 
the city

Features of 
pedestrian flows Features of traffic flows Availability of a flow 

generation center

I Near transportation hubs

Constantly intense 
during the peak 

periods;
targeted towards 
and away from 

generation centers

High heterogeneity of traffic 
flow (up to 70% of passenger 
cars); a significant share of 

freight traffic and urban public 
transport, maneuverability in 

parking lots

Shopping centers, bus 
and train stations

II Central zone Constantly intense 
throughout the day

Significant homogeneity of 
the traffic flow (up to 95% of 

passenger cars)

The distribution of 
pedestrian flows across 
the territory is uniform

III Residential area
Variable, 

unidirectional in the 
entire zone

The share of passenger cars 
is 80 - 85%, urban public 

transport - up to 10%; freight 
traffic is practically absent

Stopping points of urban 
public transport
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the design of traffic control modes should consider 
the specifics of different types of intersections and 
pedestrian traffic conditions. These differences are 
determined primarily by the behavior of pedestrians at 
junctions, which depends on their psychophysiological 
characteristics and the purpose of their movement.

Therefore, to ensure the safety and efficiency of 
pedestrian traffic, it is necessary to develop adaptive 
and flexible solutions for different types of intersections. 
This includes planning crosswalks and managing the 
traffic signal control modes, which must be customized 
to specific conditions and behavioral patterns. 

Thus, a more individualized approach to designing 
pedestrian crosswalks and controlling pedestrian flows 
would help to improve overall safety and comfort for all 
road users.

4	 Results of theoretical and experimental 
studies

For effective planning of signalized pedestrian 
crosswalks on the road network, it is necessary to study 

using video recordings made at the study sites, including 
vehicle and pedestrian characteristics, duration of the 
traffic signal for vehicles and pedestrians, geometric 
parameters of the road network, duration of the traffic 
light cycle, duration of pedestrian crossing, etc.

The graphical results of the study of pedestrian 
behavior at signalized crosswalks are shown in Figure 2.

Based on the results of the analysis presented 
in Figure 2, it was possible to confirm the working 
hypothesis 3. In particular, it was found that the share of 
people who violate traffic rules at signalized pedestrian 
crosswalks is 9% in residential areas. In the city’s 
central areas (type II), this indicator is somewhat lower 
- 7%, while near the transport hubs (type I) it is up to 
13%. The working hypotheses 1 and 2 were confirmed 
as well: to improve traffic safety at different types of 
intersections, traffic lights appropriate for pedestrian 
traffic should be used, as pedestrians are more likely 
to ignore the restrictive signals when the traffic volume 
and crossing lengths decrease.

Based on the results of these studies and previous 
ones, it can be concluded that the regulatory approaches 
to the arrangement of pedestrian crosswalks and 
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Figure 2 Results of pedestrian flow studies: a - signalized crosswalk of type I; b - signalized crosswalks of type II; 
c - signalized crosswalks of type III; 1 - the total number of pedestrians who crossed the crosswalk (on the restrictive 
and permissive traffic signal) and those who were waiting for the permissive traffic signal; 2 - pedestrians who were 

waiting for a permissive signal; 3 - pedestrians who crossed the crosswalk on a permissive signal; 4 - pedestrians who 
have crossed the crosswalk on a restrictive signal
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safer crossing in different traffic conditions. Figure 3 
shows a block diagram of the automated traffic control 
system at a controlled crosswalk considering pedestrian 
behavior.

The main point of the above scheme is that 
intersections are equipped with an automated traffic 
control system (vehicle detectors), which takes into 
account fixed-time conditions (planning and geometric 
parameters of the roadway) and variable conditions 
(characteristics of traffic flows, road, and climatic 
conditions, and the number of waiting pedestrians).

As shown in Figure 3, the input variable in the 
proposed system is a  group of pedestrians standing 
before the traffic light and preparing to cross the road. 

and simulate traffic flows and pay due attention to 
pedestrian flows. It is essential to analyze pedestrian 
behavior depending on the roadway’s geometric 
parameters and the crosswalk’s location. 

When developing a methodology for adaptive traffic 
control at pedestrian crosswalks, it is necessary to 
consider not only the psychophysiological and physical 
capabilities of people, but to predict the behavior of 
pedestrians when making complex decisions, as well. 
One of the main psychophysiological factors is the 
natural tendency of people to save effort and time by 
choosing the shortest route between destinations.

Predicting pedestrian behavior allows to adapt 
infrastructure and controls to minimize risks and ensure 

Presence of parking

ADAPTIVE CONTROL AT PEDESTRIAN CROSSWALKS

UNCHANGED CONDITIONS 
AND PARAMETERS

Location of public transport 
stopping points

CHANGED CONDITIONS

Traffic flow density
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Traffic flow 
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Figure 3 Block diagram of adaptive traffic control at a controlled crosswalk considering pedestrian behavior
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a  small number of pedestrians, which reduces the 
time of the green phase of the traffic light;

•	 medium level: the membership function adjusts 
the time of the green phase of the traffic light 
accordingly based on the moderate number of 
pedestrians;

•	 high level: the membership function provides 
a  longer green phase time for a  large number of 
pedestrians waiting to cross the road.
The controller’s input data relating to the number 

of pedestrians is distributed over these membership 
functions, with the range of pedestrian counts ranging 
from 0 to 200.

These membership functions are applied to the 
traffic light cycles (green, amber, and red) for the traffic 
light control. The controller output values are directly 
related to the setting of the duration of each traffic 
light cycle and of each traffic light phase. This allows 
adapting the time of green, amber, and red lights to the 

Various methods can be used to identify and count the 
size of a group, allowing to detect both static and moving 
groups of people.

To provide a correct input value for adaptive traffic 
control at pedestrian crosswalks, this paper uses 
a  methodology based on using pedestrian counting 
detectors, which allows for an accurate assessment of 
the number of people in the area before the traffic light.

After describing the proposed scheme of an adaptive 
traffic control at a  controlled crosswalk, it is advisable 
to focus on the aspects of fuzziness of the inference 
system that determines the phases of traffic lights. In 
particular, it is crucial to characterize the membership 
functions used in this system briefly.

The proposed detector, which includes a fuzzy logic 
controller, uses three basic membership functions to 
process the input data and control the output. These 
functions represent the three levels of volume: 
•	 low level: the membership function corresponds to 
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Figure 4 Triangular membership functions for the number of pedestrians

Table 2 Recommendations for selecting the rational traffic signal control modes depending on the traffic delays and 
pedestrian behavior

Volume-capacity ratio, z

Recommended duration of traffic light cycle, sec

Type of intersection I Type of intersection II Type of intersection III

2 phases

z < 0.2 adaptive adaptive adaptive

0.2 ≤ z ≤ 0.45 25 - 40 adaptive adaptive

0.45 ≤ z ≤ 0.7 30 - 50 40 - 60 40 - 60

0.7 ≤ z ≤ 1.0 40 - 60 45 - 70 50 - 70

3 phases

z < 0.2 adaptive adaptive adaptive

0.2 ≤ z ≤ 0.45 40 - 60 50 - 70 50 - 70

0.45 ≤ z ≤ 0.7 50 - 70 60 - 80 60 - 80

0.7 ≤ z ≤ 1.0 60 - 90 60 - 90 60 - 90

4 phases

z < 0.2 adaptive adaptive adaptive

0.2 ≤ z ≤ 0.45 60 - 80 60 - 90 60 - 90

0.45 ≤ z ≤ 0.7 80 - 90 90 - 100 80 - 100

0.7 ≤ z ≤ 1.0 90 - 100 100 - 110 100 - 120
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I with a road-capacity ratio of 0.35, the total cycle time 
of the traffic signal can be from 25 sec (7 sec green, 13 
sec red, and 5 sec amber) to 40 sec (22 sec green, 13 sec 
red, and 5 sec amber). This cycle of 25 to 40 seconds is 
the basic cycle for a traffic light and is not an input or 
output parameter of a fuzzy logic controller.

The output of the fuzzy logic controller detects 
variations in these parameters, increasing or decreasing 
the duration of the green and red traffic lights according 
to the existing volume-capacity ratio on the road 
network. Pedestrian phases are dynamically updated 
based on membership functions (Table 3).

For example, for a  25-second cycle, the standard 
durations for the green, amber, and red traffic lights (at 
low traffic levels) are 7 s, 5 s, and 13 s, respectively. If 
the value of the membership function falls in the middle 
range, the duration of the green traffic signal increases 
by about 33% with a  constant cycle time. In the high 
range, the increase in the duration of the green traffic 
signal can reach about 66%.

A  similar mechanism for adjusting the duration 
of green, amber, and red traffic lights is implemented 
for a  40-second cycle. It allows dynamically adjusting 
the traffic light phases to optimize the traffic flow and 
improve pedestrian safety in different conditions.

Since the input data in the mechanism of logical 
conclusion are fuzzy variables, the fuzzy logic controller 
must convert these fuzzy outputs into clear values 
through defuzzification. It allows the actual system to 
process the result (Table 4).

As shown in Table 4, the output values of the fuzzy 
logic controller are determined based on six fuzzy rules 
using the “IF-THEN” construct. For example, if there is 
a peak period and the number of pedestrians is low, the 

actual situation on the road, including the number of 
pedestrians waiting to cross.

The triangular membership functions for the 
number of pedestrians are shown in Figure 4, where the 
road network’s volume-capacity ratio (z) is expressed by 
normalized values in the range from 0 to 1. This allows 
to clearly define how a  specific value of the number of 
pedestrians affects the control of the traffic light. As 
for the time of day, unlike the number of pedestrians, 
obtaining a  continuous numerical range is impossible. 
Instead, the time of day is divided into peak periods 
(07:00 - 09:00; 13:00 - 14:00; 17:00 - 18:00) and off-peak 
periods, which have different effects on the level of 
traffic on the road network. 

Thus, recommendations are proposed for choosing 
the rational traffic signal control modes depending on 
the traffic delays and pedestrian behavior (Table 2).

The adequacy of these recommendations is checked 
next. It is taken, for example, a signalized crosswalk of 
type I (two-phase control). The width of the roadway is 
24 m (11.25 m in each direction and a 1.5 m wide dividing 
lane). The total traffic volume at the crosswalk is 1695 
veh/h (volume-capacity ratio - 0.35). Based on the fact 
that a large share of violators (13%) is observed at the 
studied facility under existing traffic conditions with 
a traffic light cycle duration of 78 seconds, it is possible 
to implement the traffic signal control for intersections 
of type I  with a  traffic light cycle duration of 25-40 
seconds. For such traffic conditions at intersections of 
type II and III, it is necessary to implement adaptive 
traffic control since, in a fixed-time mode, there will be 
a large share of pedestrians crossing the roadway when 
the traffic signal is red.

For the two-phase control for intersections of type 

Table 3 Variation of traffic light modes of the fuzzy logic controller

Membership function Duration of green signal, sec Duration of amber signal, sec Duration of red signal, sec

Traffic light cycle duration - 25 sec

Low level 7 5 13

Medium level 9 (increase of the phase by 33%) 5 11

High level 12 (increase of the phase by 66%) 5 8

Traffic light cycle duration - 40 sec

Low level 13 5 22

Medium level 18 (increase of the phase by 33%) 5 17

High level 22 (increase of the phase by 66%) 5 13

Table 4 Recommendations for selecting the rational traffic signal control modes

Time of the day Level of pedestrians Duration of traffic light phase

Peak period Low Medium

Peak period Medium Medium

Peak period High High

Off-peak period Low Low 

Off-peak period Medium Medium

Off-peak period High High
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approach to the intersection was set at 800 p.c.u./h. 
This value corresponds to ideal traffic conditions, which 
are characterized by a homogeneous traffic flow (100% 
passenger cars), good driving conditions and high-
quality road surface.

Traffic and pedestrian flows were simulated using 
various simulation methods, including the static setting 
of traffic light cycle times. The traffic light system was 
implemented with one group of signals, and its cycle time 
was 120 seconds, with alternating red and green signals. 
The share of the restrictive signal per lane in the traffic 
light cycle was determined by the ratio /t Tr rb=  and 
varied from 10 to 105 sec. The regulatory limitation 
on the duration of the traffic light cycle (25 < Tc < 120) 
was also considered, and the value of the main phase 
duration for transport was not less than tp  = 7 sec. 
In addition, the installation of surveillance cameras 
was simulated through the external interface module 
provided by the PTV VISSIM program to implement the 
controller based on fuzzy logic. Even in this case, the 
fuzzy logic approach proposed in this article was applied 
to 25-120 sec cycles, which could dynamically change 
depending on the situation.

As for the pedestrian phases, the geometric 
parameters of the intersection did not change, and the 
duration of the transition interval was calculated taking 
into account the average speed of cars approaching the 
stop-line without braking. It made it possible to optimize 
the conditions for the safe passage of vehicles through 
the intersection and ensure the efficient use of traffic 
signals.

The results of the study, which reflect the change in 
the maximum queue length, depending on the volume-
capacity ratio of the intersection before the stop-line 
and the share of the duration of the restrictive signal 
in the traffic lane in the control cycle for three types of 
intersections, are shown in Figure 5.

The graph in Figure 5 shows that increasing the 
duration of the pedestrian restrictive signal affects 
the share of pedestrians who cross the roadway at the 
restrictive signal, especially for the intersections of type 
I. It emphasizes the need to adjust the duration of the 
traffic signal cycle in areas with heavy pedestrian traffic. 
In addition, shortening the duration of the pedestrian 
signal reduces vehicle waiting time. If the traffic volume 
exceeds 500 veh/h per lane, this can lead to queues 
of vehicles longer than 90 m with a restrictive signal 
duration of 40 sec. 

duration of the traffic light phase will be average. Since 
the results of logical conclusion are fuzzy variables, 
a fuzzy logic controller converts these fuzzy outputs into 
clear values using the defuzzification method for the 
actual system to use them.

For example, in the case of a traffic light cycle (25 or 
40 sec), if the result of defuzzification (i.e., a numerical 
value, not a  linguistic value) falls in the middle range, 
the values for the green, amber, and red light times will 
be as follows: for a 25-sec cycle: the green phase lasts 9 
sec, the amber phase - 5 sec, and the red phase - 11 sec; 
for a 40-sec cycle: the green phase lasts 18 sec, the amber 
phase - 5 sec, and the red phase - 17 sec.

These values adjust the duration of the traffic light 
phase according to the existing traffic conditions.

Thus, defuzzification ensures that the controller’s 
fuzzy results are converted into specific, clear values 
that can be used to control the traffic signal, ensuring 
that the duration of the traffic signal phases is 
optimized to match the existing traffic conditions at the  
intersection.

5	 Discussion 

Creating a  simulation model to study the rational 
mode of control at pedestrian crosswalks is critical 
in determining the optimal conditions for pedestrian 
and vehicle traffic at such crosswalks. The aim of this 
process is to ensure the maximum safety and efficiency 
in managing pedestrian flows.

Based on the results of studies of traffic and 
pedestrian flows, as well as the parameters of the 
road network, the optimal control parameters were 
substantiated. The following main indicators determined 
the optimal mode of traffic signal control: the level of 
roadway congestion, the maximum length of the queue 
of vehicles approaching the stop-line, and the share of 
time when the restrictive signal is lit for the lane during 
the traffic signal control cycle. The applicability of these 
indicators was tested using the PTV VISSIM software. 
In addition, the pedestrian behavior was taken into 
account for three types of intersections, depending on 
the characteristics of traffic on them.

At the initial research stage, PTV VISSIM software 
was used to model the traffic flows. For this purpose, the 
initial conditions were set at which the traffic volume 
varied from 50 to 700 p.c.u./h. The lane capacity on the 

Table 5 Dependencies of changes in the maximum queue length depending on the volume-capacity ratio and the share of 
the restrictive signal in the lane in the control cycle

Type of 
intersection Formulas Coefficient of 

determination, R2

I . . . . . .L z z z156 42 265 018 675 696 117 453 915 616 563 626r
2 2$ $ $ $ $ $b b b= - - + + + 0.73

II . . . . . .L z z z162 123 120 5 7 45 432 50 987 200 346 30 2116r
2 2$ $ $ $ $ $b b b= + + - + - 0.72

III . . . . . .L z z z112 852 115 568 47 901 55 436 198 765 28 346r
2 2$ $ $ $ $ $b b b= + + - + - 0.70
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a)

b)

c)

Figure 5 Change of the maximum queue length depending on the volume-capacity ratio of the roadway and the 
share of restrictive traffic signals: a - signalized crosswalk of type I; b - signalized crosswalks of type II; c - signalized 

crosswalks of type III
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- intersections in residential areas where the traffic 
volume is lower, but still many pedestrians cross 
roadways near schools, parks, and residential areas.

	 It was found that in residential areas (type III), the 
share of pedestrian traffic violations is 9%, possibly 
due to fewer cars and a lower level of control. In the 
central areas of the city (type II), this indicator is 
somewhat lower - 7%, as traffic volume increases 
and people are less likely to ignore traffic signals 
in a  fast-paced environment. Near transport hubs 
(type I), the share of violators reaches the highest 
level - 13%, possibly due to the large number of 
pedestrians and high level of haste.

3. 	 The method of adaptive traffic control at pedestrian 
crossings has been improved. It considers not only 
the physical and psychophysiological capabilities 
of pedestrians but the factors that influence their 
behavior when deciding to cross the road, as 
well. The method includes elements of predicting 
pedestrian behavior based on previous observations 
and can be adapted to specific conditions of an 
intersection or crosswalk.

4. 	 Based on the collected data and conducted research, 
recommendations were developed for choosing the 
optimal traffic signal control modes at different 
types of intersections. It takes into account traffic 
delays, pedestrian volume, and the level of traffic 
violations. It was found that:

	❑ for the two-phase control, the optimal cycle time 
should be between 25 and 70 sec, depending on 
the driving conditions;

	❑ for the three-phase control - from 40 to 90 sec, 
taking into account the needs of both vehicles and 
pedestrians;

	❑ for the four-phase control - from 60 to 120 sec, 
which provides the most comprehensive approach 
to control different flows.

These recommendations allow for flexible 
adjustment of traffic signal modes, which helps to reduce 
delays, increase safety at intersections and pedestrian 
crosswalks, and improve overall traffic efficiency in 
urban areas.
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After processing the modelling results, an empirical 
dependence was obtained of the maximum queue length 
on the volume-capacity ratio and the share of the 
restrictive signal in the traffic lane in the traffic light 
cycle (Table 5).

According to the modeling results, the 
maximum queue length of vehicles before 
the stop-line is the longest for intersections 
of type I  located near transport hubs and reaches  
504.6 m at a  volume-capacity ratio of intersection 0.88 
and share of a restrictive signal in the traffic lane 0.83. 
In comparison, for type II (in central areas) and type III 
(in residential areas) intersections, the queue length is 
reduced to 403.7 m and 317.9 m, respectively

These results indicate that at intersections of type 
I, where the traffic load is highest, the traffic signal 
control modes need to be optimized especially carefully 
to prevent the excessive vehicle delays. Reduced queue 
length at intersections of type II and III indicates that 
less stringent regulatory mechanisms can be applied in 
less congested areas.

The proposed approach allows reducing vehicle 
delays effectively and considers pedestrians’ needs in 
traffic signal control systems. It can be especially 
useful in developing the optimal control strategies at 
intersections with high traffic volumes and significant 
pedestrian activity.

6	 Conclusions

1. 	 The analysis of patterns and methods for studying 
the behavior of road users revealed that optimization 
of traffic signal control modes and parameters 
depends on a number of factors, such as pedestrian 
and traffic volumes, waiting time, queue length, and 
the number of crossing violations. The main research 
methods used to set up the traffic signal control 
systems are observation, mathematical modeling, 
and statistical data analysis. These methods make 
it possible to adapt traffic light cycles to real traffic 
conditions to improve the safety and efficiency of 
traffic flows.

2. 	 An experimental study was conducted at signalized 
intersections and a midblock signalized pedestrian 
crosswalk in Lviv. For signalized intersections with 
different traffic and pedestrian flow conditions, 
it was found that these conditions depend on the 
location in the city. Based on this, the intersections 
are divided into three types according to the traffic 
characteristics: type I - intersections near transport 
hubs where there is a  high traffic volume and 
a significant number of pedestrians, especially near 
train stations, bus stations, and other main urban 
infrastructure facilities; type II - intersection in 
the central area of the city, where traffic flows are 
quite intense, and pedestrian traffic is generated 
mainly by commercial and business centers; type III 
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Resume
A genetic algorithm (GA) is an optimization technique based on natural 
genetics, using selection, crossover, and mutation. Crossover combines 
genetic material from two parents to create offspring, maintaining diversity 
and preventing premature convergence. While the two parents are typically 
used, multi-parent crossover, involving more than two parents, has shown 
superior results. in this paper is explored the multi-parent crossover in 
dual genetic algorithms, which facilitate information exchange between 
populations through interpolation crossbreeding. Offspring inherit traits 
from both parent populations, improving adaptability. The Cave-Surface 
GA (CSGA) with three-parent crossover is tested on 15 Travelling Salesman 
Problem (TSP) benchmarks. Results show that the CSGA outperforms both 
traditional GAs and two-parent CSGA. This method demonstrates great 
potential for complex optimization challenges.
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Creating the new crossover operators that fit into 
one of the many chromosomal representations is an 
important priority for many researchers. Regretfully, the 
majority of crossover operators’ offspring do not acquire 
sufficient information from their parents. Currently, 
a crossover operator’s multi-parent extension is employed 
to raise the quality of solutions for optimisation problems. 
Typically, crossover occurs between only two parents at 
a time, resulting in one or two offspring. Naturally, the 
multi-parent reproduction is not used by any species 
in the natural world. However, limiting the number of 
parents for crossover to two is not necessary in computer 
simulations [9].

Since the population maintains diversity, the GA 
are more resilient than other local search algorithms. 
Even now, it is still commonly seen that populations 
lose diversity too soon and that individuals are stuck 
in local optima, particularly in complex problems with 
many peaks in the fitness landscape, this issue is in the 
literature referred to as premature convergence [10-12]. 
Various methods have been used in numerous previous 
works to prevent the risk of premature convergence. 
These methods include: improving the genetic operators 
(mutation, crossover, and selection) [12-13], dynamic 

1	 Introduction 

Genetic algorithms (GAs) are efficient heuristic 
random search strategies that are inspired by 
evolutionary and natural selection theories [1-2]. In the 
1970s, Holland [3] investigated the fundamentals of GA. 
The GA examines a  population of chromosomes, each 
representing a  unique candidate solution to a  certain 
problem. The GA includes various operators, including 
selection, crossover, and mutation. These operators are 
employed for candidate solutions to achieve improved 
population generation [4-6]. 

Among the well-known operators in genetic 
algorithms is crossover. The crossover process is 
essential for creating new chromosomes by combining 
two or more parent chromosomes in the hopes that the 
result will be an efficient new chromosome. Crossover 
happens after the selection of parent chromosome pairs 
and aids in the exchange of information between parents 
in order to produce offspring. During the crossover, 
parent chromosomes are taken in pairs and their genes 
are transferred in a certain order to produce offspring. 
These offsprings become the parent chromosomes for the 
following generation [7-8]. 

https://orcid.org/0000-0001-9525-1459
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2	 Related work

The GAs primarily use two parents for crossover 
operations, which corresponds to the natural behaviour 
of evolution, in which individuals adopt only the two 
parents to generate an offspring. However, studies have 
shown that multi-parent crossover is more effective and 
more successful than the two-parent crossover [27-28].

One possible strategy to increase the GA performance 
is to add new features into the GA, i.e., features that 
do  not fit within the existing GA paradigm, some 
recent efforts employing the multi-parent recombination 
operators. An attempt to maintain the basic GA paradigm 
while improving the GA performance by permitting 
multi-parent reproduction [29]. Multi-parent crossover 
can be seen of as a  generalisation of conventional two 
parent crossover in terms of the number of parents. 
There have been many suggestions for the multi-parent 
crossover operators. In general, having more parents 
results in a more thorough survey to identify the genes 
of the offspring and increases the likelihood of either 
exploitation, exploration, or both [30].

Several multi-parent crossover methods have been 
developed for genetic algorithms such as scanning 
crossover [27], diagonal crossover [27], center of mass 
crossover, multi-parent feature-wise crossover, and seed 
crossover [31], simplex crossover [32]. Studies show that 
the multi-parent crossover is more effective than the 
two parent crossover. The performance of these multi-
parent crossovers is generally studied using numerical 
optimization problems [33]. 

To solve combinatorial optimization problems, only 
a  limited number of multi-parent crossovers have been 
used, including adjacency-based crossover (ABC) [27], 
multi-parent extension of partially mapped crossover 
(MPPMX) [33], multi-parent sequential constructive 
crossover (MPSCX) [9], extended precedence preservative 
crossover [34] and a  multi-parent order crossover 
(MPOX) [35].

The ABC is suitable for order-based representations, 
such as TSP, where value positioning is crucial. This 
crossover uses a marker update approach to pick genes 
from all parents and produce viable offspring, while this 
crossover resulted in a viable TSP child. 

The MPPMX [33] extends partially mapped crossover 
to address the multi-parent crossover. The proposed 
crossover changed the mapping list and legalisation 
method to include more parents in the partially mapped 
crossover.

The multi-parent sequential constructive crossover 
was developed to address the travelling salesman 
and job shop scheduling problem. Experiments were 
conducted to assess MPSCX performance with varying 
parent numbers and mutation probability. Experimental 
findings on TSPLIB instances demonstrate that MPSCX 
considerably increases solution quality.

The MPOX [35] extends the Order Crossover (OX) 
[36; this extension’s primary goal is to generate an 

parameter control [14], Multipopulation GA (MPGAs) 
[15], a  multi-objective evolutionary algorithm [16] and 
more.

The multi-population idea divides the population 
into subpopulations, each of which is more likely to 
follow a  different search path. The migration process 
exchanges good individuals between subpopulations, 
while the crossover operator creates new individual. 
The migration rate is the number of individuals that 
must be replaced between subpopulations, and it allows 
for control over the degree of diversity within the 
subpopulation. Migration interval, which affects the 
number of times migration occurs, is another element 
that encourages subpopulation variety [17] and [18].

Dual-population GA (DPGA) is a form of MPGA in 
which an additional population acts as a  reservoir of 
diversity. The main population is comparable to that of 
a traditional GA and evolves to find effective solutions. 
The reserve population evolves to support and diversify 
the main population. In contrast to MPGAs, which 
use migration to communicate information between 
populations, the DPGAs rely on crossbreeding due to 
their distinct fitness functions [19] and [20]. 

Crossbreeding is used by dual populations to 
share information amongst populations. Crossbreeding 
refers to a recombination of an individual from the 
main population and an individual from the reserve 
population. Since the offspring of this crossbreeding 
contain genetic material from both populations, their 
fitness values are generally high in either population, 
and they can serve as a means of information sharing. 

The TSP is an NP-hard problem in combinatorial 
optimization, as well as an old and challenging 
combinatorial mathematics topic. Enumeration makes 
it simple to find the shortest path between some cities 
[21-22]. If n is actually large, there are (n-1)! potential 
combinations, and the searching space of the routes 
will show a  pattern of explosive growth. Under these 
conditions, one cannot locate the ideal path using the 
conventional searching strategy. As a  result, several 
new types of optimization computation methods emerge 
to get the TSP’s optimal solution; among which, the GA 
receives the most favor of the public and becomes one of 
the most effective techniques to solve the TSP, because 
of its wide applicability and the character that does not 
require to get additional insight into the problems and 
depends less on the specific fields of the problem [23]. 

The GA is utilized not just to solve conventional 
TSPs, but in a  variety of other applications, as well, 
including transportation planning [24], location-based 
services [25] and urban design [26], etc.

In this paper, the contribution is to the topic of 
enhancing dual population GA performance employing 
three parents during population crossbreeding, in 
an attempt to promote gene variety and introduce 
significant features, as well as to reduce the premature 
convergence and so improve the performance of genetic 
algorithms. 
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individuals from the Surface population. Additionally, 
the surface population evolves predominantly by 
inbreeding among parents from the same population. 

A conventional GA selects two parent chromosomes 
for a cross-over procedure, yielding two offspring. 
The CSGA, on the other hand, has two more factors 
beyond GAs: the crossbreeding interval (CI) and the 
crossbreeding rate. The crossbreeding interval (CI) is 
the number of generations between each crossbreeding, 
whereas the cross-breeding rate (CR) is the number 
of individuals picked from each group during the 
cross-breeding. These factors affect both accuracy and 
computation time. CSGA generates two offsprings 
through each cross-over operator between the two 
parents by randomly selecting a number of parents from 
the two populations for recombination based on the 
crossbreeding rate. Following that, one of the children 
is chosen to join the Cave population’s next generation 
through selection for local survival, while the other is 
transported to the Surface population. In addition to 
being repeated for each of the two prospective parents, 
this process is only carried out through particular 
generations, depending on the CR rate. The pseudocode 
for CSGA is displayed in Algorithm 1 [37] (see Figure 1).

The MPOX [35] generalizes the Order Crossover 
(OX) to a multi-parent crossover. To cut each parent into 
substrings for an n-parent MPOX, n-1 crossing points 
generated randomly. The second chosen substring, 
which is between the first and second crossover points, 
is then duplicated into the newly created offspring at the 
same absolute position in the following step.

To create a viable offspring from multiple parents, 
the MPOX begins at the second crossover point of the 
second parent. It then selects the elements that are 
not already present in the offspring to fill in the gaps, 
starting from this crossover point (the third substring). 

acceptable solution from more than two parents that can 
handle various combinatorial challenges with efficacy. 
The berth allocation problem (BAP) and TSP have 
been used to analyse the original OX and MPOX. The 
outcomes demonstrate that MPOX outperforms the two-
parent OX and generates competitive performance for 
both benchmarks.

3	 Experimental settings and result

In the literature, the multiple parent crossovers 
have successfully demonstrated the power of using more 
parents. The effectiveness of these operations has been 
examined experimentally. The performance of MPOX 
has also been tested on travelling salesman problems, 
which have been widely studied in the literature. To 
examine the effectiveness of the multi parent crossover 
and its effect on the MPGA, and specifically on dual 
population, the multi-parent order crossover (MPOX) 
[35] was chosen as a  crossbreeding operator between 
dual population, Specifically in CSGA algorithm. 

In this paper, the CSGA algorithm are chosen 
[37], which uses two populations and is also a  type of 
MPGA. The CSGA method is inspired by the genetic 
diversity found in Mexican cavefish and is a variation of 
the Dual Population GA. Through the inter-population 
crossbreeding, the CSGA enhances variety via the 
secondary population (cave population) and enables 
information transmission between populations, 
effectively preventing the premature convergence.

The CSGA starts with two randomly generated 
populations: Cave and Surface. Individuals in each 
population are evaluated with the same fitness functions. 
The Cave population evolves by a combination of 
inbreeding within the population and crossbreeding with 

Figure 1 The CSGA Algorithm [37]
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selected to perform the experiments. Since the primary 
objective of the study was to validate the effectiveness of 
the CSGA with 3 parent crossover, the genetic algorithm 
and CSGA regardless of the parameters used, No 
complex parameter control procedures were utilized. The 
GA’s simple and standard parameters were used.

The fitness level of each individual was ascertained 
by a truncated selection process. Truncation selection is 
the simplest selection technique, and this is a common 
way to allocate the fitness function to each chromosome 
in the GA population. This kind of selection involves 
sorting the population based on fitness and then 
eliminating the proportion of people who are less fit [39]. 

Since one-point modified crossover and exchange 
mutation are two of the most straightforward approaches 
that have been applied to situations that are classified 
as permutation problems, they were employed for the 
reproduction process in our research [22]. One-point 
modified crossover creates the offspring by using the 
single point fragmentation of the parents and then 
combining the parents at the crossover point. One-point 
crossover chooses two parents for crossover and then 
chooses any crossover point at random. The parents 
are then combined at the crossover point to create two 
offspring. The frequency with which two chromosomes 
exchange some of their parts during a single generation 
is known as the crossover rate; crossover rate is in the 
range of [0,1] [7]. 

This process continues until the third substring of the 
offspring is fully populated.

Next, the MPOX moves to the fourth crossover 
point of the next parent, again choosing elements not 
included in the offspring and filling them in from that 
crossover point. This continues until the next crossover 
point or the end of the offspring is reached. Once all the 
parents have been processed, the MPOX starts over with 
the first parent, selecting any missing elements and 
copying them into the offspring from the beginning up 
to the second crossover point. This ensures the offspring 
is fully completed with all the necessary elements (see 
Figure 2 and Figure 3).

Going back to step 6 in the CSGA in Algorithm 1, 
MPOX crossover was used as a  crossbreeding operator 
between the two populations., where the two offspring 
are selected from the first population and one offspring 
from the second population. Two of the resulting 
individuals were sent to the first population, and one 
was sent to the second population. (see Figure 4). In this 
way, the population was aimed to be more diverse and 
thus reduce the premature convergence.

To investigate the effect of utilizing three parents in 
the crossbreeding of the CSGA algorithm, investigations 
were conducted in 15 instances from the TSPLIB [38]. 
The experiment was carried out ten times for each 
instance.

Table 1 displays the GA parameters that were 

Figure 2 MPOX with four parents [36]

Figure 3 An example of MPOX-based offspring production [36]
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Figure 4 CSGA method with 3 parents crossbreeding

Table 1 GA configuration

Parameter Value

Population size 200

Generation limit 3000

Initialization method Random

Crossover One-point modified 

Crossover rate 0.85

Mutation Exchange

Mutation rate 0.08

Selection Truncation Selection

Crossbreeding Rate 5

Crossbreeding Interval 7

Termination criteria Generation limit

Crossover type used in Crossbreeding MPOX
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The genetic algorithm’s basic parameters were 
purposefully and manually selected. Neither parameter 
tuning, nor intricate control processes, were used. 
Natural ratios for the crossover and mutation process 
were the crossover and mutation ratios. In addition, the 
population size was manual, as well as the number of 
generations, and this was fixed for all methods for fair 
comparison. Again, these parameters are standard, and 
are used in many researches. This strategy is consistent 
with our paper’s primary objective, which is to confirm 
the efficacy and emphasize the advantages of employing 

The exchange mutation randomly selects two genes 
and switches their locations. The mutation rate, which 
ranges from 0 to 1, specifies the number of chromosomes 
to be modified in a single generation [8]. 

Our GA employed the reinsertion method, which is 
an expansion sampling technique, in each experiment 
[40]. This technique ensures that only the best half of 
the population - from both the new and old generations 
- is chosen for the following generation. The old 
generation competes with the new individuals when a 
new generation is created. 

Table 2 The TSP instance results obtained through 3000 generations using GA and CSGA algorithms

Optimal 
Solution Instance

GA CSGA CSGA with 3 Parent 
Crossbreeding

Min Average Min Average Min Average 

2579 a280 6952 7587.1 5914‡ 6541.2‡ 6317 6575.7

10628 att48 35843 41766.4 35704 40468.3 35873 39482‡

7542 berlin52 8253‡ 9123.1‡ 8497 9572.5 8599 9247

118282 bier127 152453 170944.7 146855‡ 161837.4 149325 157590.6‡

6110 ch130 8865 10000.7 8768 9777.2 8442‡ 9335.8‡

6528 ch150 10114 10914.667 9965 10906 9455‡ 10314.6‡

426 eil51 465 478.3‡ 476 502.5 455‡ 493

21282 kroA100 27555 32230.6 27175 31655.4 26256‡ 28069.9‡

14379 lin105 20153 24129.1 20006 23199.1 17778‡ 21983.8‡

108159 pr76 134438 133195.82‡ 130101 143111.4 129849‡ 144835.2

58537 pr144 112926‡ 119005.8‡ 117911 134050.4 117026 128547

42029 lin318 125686 139947.1 112936‡ 119163.4‡ 117471 126146.1

202339 ali535 9484 10249.5 8418‡ 8827.6‡ 8713 9429.333

8806 rat783 51871 53879.1 46348‡ 47547‡ 49308 52293.4

29437 kroB200 58704 67404.5 57500 61319.4 51832‡ 59243.8‡

Figure 5 Average Convergence of each Algorithm in 15 instances
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The contribution of using a  crossover with three 
parent is observed in the attempt to find diversity in 
the dual population., despite not using any complex 
parameters, and the stability of the parameters for the 
two methods, the importance of using the crossover with 
3 parent is shown, and what also contributed to the 
diversity is sending the resulting individuals to the first 
population, which led to the diversity in the population 
by allowing the extraction of characteristics from the 
parents, and thus the resulting offspring possesses good 
characteristics from the three parents.

As can be seen from Table 3 and Figure 8, GA is 
the fastest algorithm in all the cases, showing that it 
requires the least computation. The CSGA takes more 
time than GA and CSGA with 3 Parent Crossbreeding 
takes the longest execution time. For small instances, 
GA might be sufficient. For large instances, CSGA or 
CSGA with 3 Parent Crossbreeding is preferable.

three parents throughout the crossbreeding process 
in comparison to the genetic algorithm in terms of 
diversity.

Table 2 summarizes the results of the three-parent 
crossover on TSP instances.

As demonstrated in Table 2, in 7 out of 15 cases, the 
CSGA with 3 parent crossover outperformed the CSGA 
and GAs. The CSCA with three-parent crossover also 
had the lowest costs in nine out of the fifteen cities, as 
can be seen in the table’s Min column. 

The Average convergence of each algorithm to 
a minimum value is shown in Figure 5. Once more, 
the CSGA with three parent crossover performs 
better in terms of convergence to a minimum value 
on KroA100 and ch130 than both CSGA and GA. The 
better convergence becomes possible by the population 
diversity that the CSGA with three parent crossover 
provides as shown in Figure 6 and 7.

Figure 6 The KroA100 Convergence of Min value

Figure 7 The ch130 Convergence of min value
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The CSGA with 3 Parent Crossbreeding achieves the 
best solutions, but takes the longest time to execute.

CSGA with 3 Parent Crossbreeding is only suitable 
if solution quality is more important than speed.

As Table 4 illustrates, the GA is the fastest but 
least effective in finding optimal solutions. The CSGA 
improves both the minimum and average solution 
values, while maintaining a reasonable execution time. 

Table 3 Time consumed by each method after 3000 generations

Instance
Time, ms 

GA CSGA CSGA with 3 Parent 
Crossbreeding

a280 48083 65754‡ 108230

att48 44117 55874 52664‡

berlin52 39001 58008 54515‡

bier127 46659 73485‡ 75473

ch130 44808 87922 70094‡

ch150 72956 69967‡ 76813

eil51 52743 37872 37174‡

kroA100 52028 45897‡ 57707

lin105 51643 53942‡ 58133

pr76 30063 38676‡ 40638

pr144 50496 63113‡ 65438

lin318 71389 86459‡ 106096

ali535 136794 294048 272006‡

rat783 96934 618016 427801‡

kroB200 105338 147291 143102‡

Figure 8 Time Consumed

Table 4 Trade-off between execution time and solution quality

Algorithm Solution Quality Execution Time

GA Worst Fastest

CSGA Good Moderate

CSGA with 3 Parent Crossbreeding Best Slows
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(e.g., CSGA) and yield beneficial results. However, it 
should be noted that a number of factors influence the 
genetic algorithm’s performance. In future studies, 
the inbreeding process will be carried out using multi-
parents and also the plan is to examine the effect of 
the number of parents in the multiparent crossover, 
and how it affects the inbreeding and crossbreeding 
process. Comprehensive tests and comparisons will 
be conducted in the next study., with the aim of 
providing a detailed assessment of the effectiveness 
of multiparent crossover in the multipopulation  
approach.
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4	 Conclusion 

The multi-parent crossover operator is one of the 
mechanisms used in evolutionary algorithms to improve 
the population diversity. Multi-parent crossovers 
have shown their superiority over the classic two-
parent crossovers in several problems as shown in 
the literature. In this paper, the performance of three 
parent crossover methods on MPGA was investigated., 
and more specifically on the crossbreeding process on 
CSGA. To tackle combinatorial optimisation problems, 
the MPOX crossover was selected, which is an extension 
of OX. This extension’s primary goal is to generate 
a  workable solution from more than two parents that 
can be applied to various combinatorial problems 
effectively. This assessment was conducted on the 
TSP problem, and a  comparison was made between 
the traditional GA, which uses only two parents in the 
crossover process, the CSGA algorithm, which uses two 
parents in the crossbreeding between populations and 
the CSGA algorithm, which uses three parents in the 
crossbreeding between populations. According to the 
results, three parent crossover in crossbreeding typically 
yields competitive outcomes in terms of solution quality. 
Finally, the three-parent crossover in crossbreeding 
with MPGA resolved combinatorial optimisation issues 
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Resume
The research presented in paper has focused on design of the transportation 
evacuation during a special flood caused by an accident at a water structure 
using GIS-enabled network analysis. Freely available population and 
address point data were used to calculate the number of residents at 
risk. Three scenarios of time required for each evacuation activity were 
determined using the PERT method, and the time required for evacuation 
was determined using a Gantt chart. The approach proposed in the paper is 
suitable for obtaining relatively quick results that can be taken into account 
when preparing for crisis events. The results of the case study proved that 
the evacuation can be carried out in the necessary time, but revealed possible 
shortcomings of the proposed approach. These shortcomings are discussed 
along with possible alternative solutions and other factors influencing the 
evacuation planning process.
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and Malhorta (2009). In their work, they stated that 
increased investment in preparedness can reduce the 
damage caused by a crisis event. The authors estimated 
that one dollar invested in preparedness can be worth 
$15 in the recovery phase [7]. A more recent study by 
Chai et al. (2021) reports that one dollar invested in 
mitigation and preparedness saves $6 in damage repair 
after a crisis event [8].

Planning for response or recovery after the 
occurrence of a crisis event is an effective tool to 
ensure the crisis management preparedness [2]. It 
is a strategic element for the implementation of civil 
protection tasks. An emergency or crisis plan should be a 
structured document that includes a risk analysis of the 
territory, prepared procedures and defined competences 
of individual bodies. A crisis plan should be a living 
document that is clear and ready whenever a crisis 
response is needed. The development of a crisis plan is 
a multidisciplinary process. This means that different 
professions and experts need to be brought together in 
the development of the crisis plan, while also ensuring 
that it is regularly updated. The use of information 

1	 Introduction

Nowadays, the increasing occurrence of crisis 
phenomena and disasters draws attention to the 
preparedness of individual government bodies, 
institutions, municipalities and individuals. 
Preparedness is generally considered to be a key 
aspect in the successful management of crisis events. 
Neglecting preparation and preparedness can lead to 
serious adverse consequences. That is why planning 
and development of crisis plans is carried out as one of 
the elements of preparation for crisis phenomena [1]. 
Crisis planning, as one of the main factors of ensuring 
preparedness, is also described by other authors [2-5]. 
Planning as a part of preparedness is also described 
in the Sendai Framework Terminology on Disaster 
Risk Reduction. Preparedness generally refers to 
the knowledge and capacity to respond and recover. 
Examples include the provision of evacuation of supplies 
and materials for the population [6].

The importance of preparedness in crisis 
management has already been addressed by Healy 

https://orcid.org/0000-0002-0512-6505
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geological data to develop a flood risk assessment model 
for road infrastructure. Using artificial intelligence, 
machine learning and GIS tools, they identified critical 
sections of the road network [17]. The use of GIS for 
decision support has been addressed by several authors. 
An example is also their use in the development of 
simulations for decision support in the planning phase 
[20]. Armenakis et al. have used the analytical tools 
of GIS programs for planning evacuation zones and 
evacuation routes. An example is the use of GIS in the 
planning and designation of evacuation facilities. By 
spatial analysis, it is possible to map out the location of 
such a facility so that it is not in the threat area of the 
crisis or other phenomenon under study [21]. During 
the September 2024 floods, there were reports of flooded 
evacuation centers that were not ultimately confirmed 
[22], or a flooded bus parking lot [23]. It is the bus 
transport that is often used to evacuate people.

Floods are one of the biggest threats in the world. 
They are also becoming more frequent due to climate 
change. Flash floods, caused by extreme rainfall over a 
short period of time, are also becoming more frequent 
[24]. A specific case of flash floods is the so-called special 
floods. An exceptional flood is caused by the failure or 
breakdown (breakage) of a water works. This accident 
or its emergency solution causes a crisis situation below 
the waterworks [25]. Such a flood can cause enormous 
damage to the property of the state and the population, 
and its manifestations are more dangerous than in the 
case of classical floods or flash floods. This is mainly 
due to the accumulation of large amounts of water in 
the reservoir, which has a higher elevation than the 
downstream dwellings. In the event of a breach in the 
water structure, the force of the flood wave would be 
magnified by gravity effects [26]. For the event of a 
special flood, the predicted reach of the flood wave and 
the time it takes for the wave to reach certain areas 
are calculated using models to ensure the safety of 
the population. The calculations also include water 
level elevations. It is this type of flood that can cause 
enormous damage [26-28].

There are several cases of water structure breakage 
and subsequent disaster caused by post-flood waves in 
the world. An example is the disaster caused by human 
error and a landslide into the Vajont dam in north-
eastern Italy. This disaster caused approximately 1900 
casualties and completely razed villages downstream 
of the Piave River [29]. Another example of the 
consequences of a dam breach can be found in the Czech 
Republic. In 1916, the dam began to leak until it broke 
with an opening 18 meters wide. The tidal wave killed 
65 people and deprived another 370 people of all their 
possessions [30]. Extreme rainfall in September 2024 
caused the dam’s embankment to break near the Polish 
town of Stronie Slaskie. The torrential water destroyed 
the entire town. The water damaged buildings, destroyed 
infrastructure and utilities, with damage estimated at 
more than 1 billion PLN [31-32]. The above examples 

technology is recommended in the development of crisis 
plans, as it allows for more efficient coordination of the 
whole process and reduces the need for hierarchy [3].

Evacuation plans and its comprehensive provision 
are an important component in crisis planning and 
preparedness [9]. Evacuation can generally be defined 
as the removal of endangered populations, animals and 
belongings from an area [10]. According to the team of 
authors, evacuation can be defined as a basic means 
of protecting the population. It is a set of measures 
ensuring the relocation of people, animals, objects 
of cultural value, technical equipment, or machinery 
and material for the purpose of preserving necessary 
production and hazardous substances from places 
threatened by a crisis phenomenon to places that 
provide alternative accommodation and catering for the 
evacuated population, housing for animals and storage 
for belongings [11].

For the needs of effective evacuation, it is necessary 
to take into account in the crisis plans its transport, 
medical, order, supply and media provision [12-13]. 
The protection of residents, animals and belongings 
depends on the individual parts. The information of the 
population and the transport provision of the evacuation 
can be considered as a key role in this process.

The transport arrangements for evacuation consist 
mainly of the designation of transport proto-classes, 
evacuation assembly points and embarkation stations. 
Data plays an important role in the evacuation planning 
process. Data on the number of evacuees, locations of 
evacuation facilities and their availability for evacuees, 
capacities of means of transport, vulnerable populations 
are needed for reliable evacuation arrangements. 
Finally, data on evacuation routes, their length and load. 
Therefore, before the actual planning of the evacuation, 
attention should be paid to data collection and storage. 
A suitable solution is to implement policies, strategies 
and technological solutions at all levels of government 
and local government, as data are crucial in all the 
phases of crisis management as well as in decision 
support [12-15]. The data itself can also be applied in 
risk or vulnerability assessment models, where the 
results of the assessment can provide useful information 
just for decision making purposes in the evacuation 
route planning process [16].

Modern technologies can also be used in the actual 
creation of evacuation plans and their graphic parts, 
which are often a mandatory part [11-13, 17]. Examples 
of the use of modern technologies can be various 
sensors and weather stations that collect data in real 
time. These data are then fed into the risk assessment 
or forecasting models [18]. Geo-graphical Information 
Systems (GIS) are of great benefit for evacuation 
planning purposes. The GIS can be used in all the 
phases of crisis management [19]. The use of GIS in 
flood risk mapping with respect to the road network 
in Portugal, has been addressed by Rezvani et al. [17]. 
The authors used spatial and attribute geographic and 
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of evacuation routes, number of inhabitants at risk, 
available means of transport, as well as analysis of the 
feasibility of evacuation in terms of time.

The PERT method was used to determine the time 
requirements for evacuation and individual activities. 
This approach was chosen since the total duration of the 
evacuation and the duration of its individual activities 
cannot be determined deterministically. The PERT 
method is a probabilistic extension of the CPM method. 
Therefore, the PERT method assumes that the time of 
each activity is a random variable that is represented on 
the interval a bij ij , where aij is the predicted shortest 
possible time to perform a given activity, and conversely 
bij is the predicted longest possible time to perform 
a given activity. The actual duration of an activity would 
be somewhere in this interval, and therefore the PERT 
method further assumes that the most likely duration of 
mij for each activity can be determined. When preparing 
a project for PERT processing, three time characteristics 
are defined for each activity:
aij - optimistic estimation
bij - pessimistic estimation
mij - modal estimation

Activity duration is a continuous random variable. 

demonstrate the severity of special floods. Therefore, it 
is necessary for individual towns and municipalities in 
their vicinity as well as crisis management authorities 
to be prepared for this type of event.

The aim of this paper was to propose a procedure 
for planning the transport provision for evacuation of 
people during a special flood. To achieve the objective, 
network analysis method with the support of geographic 
information system was used. The proposed solution 
was applied to the conditions of the city of Opava in 
the Czech Republic, which is threatened by the Slezska 
Harta and Kruzberk reservoirs. The proposed procedure 
enables complex planning of the transport provision for 
evacuation of people with the help of GIS.

2	 Materials and methods

The analysis of the flood plans identified the absence 
of an evacuation plan in the case of a  special flood in 
the city of Opava. Therefore, the paper’s focus was on 
the design of the procedure for planning the transport 
provision for evacuation with the support of GIS and 
network analysis. This process consists of identification 

Table 1 Results of experimental measurements for determination of the traffic restriction times - roundabout

Type of restriction 1. measurement (sec) 2. measurement (sec) 3. measurement (sec)

RA - Krnovska 7 12 15

RA - Benzina (Krnovska) 10 18 10

RA - Nakladni 8 16 21

RA - Globus 15 17 23

RA - Obchvat 14 18 19

Sum of measurements 54 81 88

Total sum 223

Average 14.86666667

Rounding 15
RA- roundabout

Table 2 Results of experimental measurements for determination of the traffic restriction times - traffic light intersection

Type of restriction 1. measurement (sec) 2. measurement (sec) 3. measurement (sec)

TL - Praskova 25 50 38

TL - Bilovecka 42 70 50

TL - Tesinska Tesco 30 42 28

TL - Olbrichova 20 15 37

TL - Hradecka 23 16 34

TL - Tyrsova 15 27 26

TL - Vychodni nadrazi 56 29 67

TL - Ratiborska 40 39 54

TL - Rolnicka 59 68 44

Sum of measurements 310 356 378

Total sum     1044

Average     38.66666667

Rounding     39
TL- traffic lights
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The activities carried out as part of the transport 
support for evacuation are shown in Table 3.

The Microsoft Project (MS Project) project 
management tool was used to create network graphs 
and the links between activities. The MS Project also 
includes a tool that allows creation of the Gantt charts. 
The Gantt chart allows the creation of a  timeline of 
individual activities. Using this diagram, it is possible 
to show the duration of the individual activities, their 
continuity, as well as the total duration of the process/
project.

The time required for evacuation is also based on 
information about the individual evacuation routes. 
The evacuation route data are particularly necessary 
for the determination of the last two activities shown in 
Table 3. To determine the evacuation routes, a network 
analysis was used, which contains an overview of all 
the roads in the city of Opava. The Network analysis 
in a  GIS environment is one of the analytical tools. It 
is used to model movement in networks, such as often 
times transportation infrastructure. This tool allows 
to calculate the shortest or longest route, analyzes 
accessibility and other parameters based on distance 
and time. Network analysis further uses spatial data 
and its attributes, such as speed limits, direction of 
travel or other constraints. 

The network analysis for this study included the 
determination of parameters such as speed, direction 
and traffic restrictions. The ArcGIS geographic 
information system was used to create network analysis, 
to determine the evacuation routes and to determine the 
number of inhabitants at risk. Traffic constraints were 
assigned to individual roads using the network analyst 
tool in ArcGIS. The layer of roads in the city of Opava is 
shown in Figure 1.

Transport arrangements for evacuation also 
require information on available means of transport. In 
a  controlled evacuation, mass means of transport are 
used to move the population at risk. The Ostrava Region 
Crisis Plan contained information on available buses. 
This information is included in Table 4.

Municipal transport company Opava and TQM - 

For all activities, three time points were determined and 
used to calculate the mean and standard deviation of the 
duration of the activity. The time data and the individual 
activities within the evacuation were determined based 
on expert estimation of firefighters from the Fire Rescue 
Department of the Moravoslezsky region, who operate in 
the Integrated Safety Centre in the city of Ostrava [33]. 
To determining the actual activity durations and actual 
delays, the following relationships were used:

a m b
6
4ij ij ij

n=
+ +

	 (1)

To calculate the standard deviation, the following 
relation 2 shall be used:

b a
6

ij ij
v=

-
	 (2)

The values of individual times for evacuation 
activities were averaged based on the number of expert 
estimates. To determine the timing of the last two 
activities, it was also necessary to use experimental 
measurements. These were used for the purpose of 
determining the traffic constraints and to determine the 
time taken to move from the furthest point adjacent to 
the evacuee assembly point to the assembly point.

The experimental measurements consisted of 
driving around the city of Opava several times on 
different days and at different times. Temporal data from 
the experimental measurements were supplemented 
with information obtained on the basis of consultations 
with the staff of the Integrated Security Centre Ostrava, 
to determine the temporal data on traffic restrictions 
in the city in connection with the occurrence of a crisis 
situation. Experimental runs were conducted with 
emphasis on routes where the traffic constraints, such 
as roundabouts, traffic lights and impassable bridges, 
are encountered. An area constraint represents an 
area where the traffic situation would be slowed due 
to evacuation and intersection control or occurring 
rush hour traffic. The results of the experimental 
measurements are included in Tables 1 and 2.

Table 3 Activities carried out during evacuation

No. Activity

1. Receipt of information on the need to evacuate

2. Summoning the flood committee and arriving at the venue

3. Specification of the evacuation zone

4. Warning of the population

5. Closure of premises and territory

6. Request for buses

7. Activation of the evacuee assembly point

8. Activation and operation of evacuation centers

9. Organization and movement of evacuees to the assembly point

10. Movement of evacuees to evacuation centers
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The number of at-risk residents was in the crisis 
plan, but this information has not been updated for 
a  long time. Therefore, the following relationship was 
used to calculate the population at risk:

tan
Population at risk

total number of flats
total number of inhabi ts

number

of flats at risk

)

=

d n 	 (3)     

Using the data on the total population of Opava 
and the total number of dwellings in Opava, the average 
number of inhabitants per dwelling unit is calculated. 
By overlaying the address points with the flood zone 
layer, the number of dwellings at risk is found. By 
multiplying these two data the approximate number of 
inhabitants at risk was obtained.

The number of people at risk, who would need to 
be evacuated by mass transit, was determined using 
the census data. The census data on the means of 
transport used for commuting to work are included, 

holding s.r.o. have IVECO buses, model bus Urbanway 
12 m. HZS MSK would be able to provide the city of 
Opava with only one of its buses if necessary. However, 
during evacuation it is necessary to consider that the 
evacuees have evacuation luggage. Therefore, only 75 % 
of the total capacity of the buses was considered in the 
calculations.

For planning and determining the number of 
inhabitants at risk it was furthermore necessary to use 
information on the address points of the city of Opava, 
information on the number of inhabitants of the city 
of Opava and information on the expected flooded part 
of the city in case of breach of water structures that 
threaten the city (more in section 3). The information on 
the number of inhabitants was obtained from the Czech 
Statistical Office. Information on the time, depth and 
extent of inundation due to a special flood was available 
in the crisis plan. Using the address points layer and the 
flood zone layer, using the Intersect function in ArcGIS, 
dwellings in the flood zone were identified.

Figure 1 Network analysis of the city of Opava

Table 4 Available means of public transport

Subject Number of buses Max. capacity

Municipal transport company Opava 34 90

TQM - holding s.r.o. 85 90

HZS MSK 7 17
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water reservoirs. These are the Slezska Harta reservoir 
and the Kruzberk reservoir. These two reservoirs are 
interconnected by a cascade system. The regional crisis 
plan identifies the area of the Statutory City of Opava 
that would be at risk in the event of a special flood. This 
area is shown in Figure 3.

Figure 3 shows the flooded part of the town of Opava 
in the event of a breach of the dams of the Slezska Harta 
and Kruzberk reservoirs. The breakthrough wave would 
reach the town in 3 hours and 36 minutes. The water 
level in the city would reach 10.5 m [35].

3.2	 Evacuation routes and traffic restrictions

The determination of evacuation routes and traffic 
restrictions was based on the network analysis shown 
in Figure 1. Traffic constraints are represented by 
roundabouts, traffic lights, intersections and crosswalks, 
evacuation slowdowns, and high-traffic sections. To 
determine the time constraints, the experimental 
measurements, shown in Table 1 and Table 2, 
were performed. For intersection and crossing type 
constraints, evacuation slowdowns, and heavy traffic, 
a slowdown of half was assumed. This means that if the 
speed limit on the road is 50 km/h, a speed of 25 km/h is 
assumed. These values were also consulted with experts 
from the Integrated Safety Centre of the Moravian-
Silesian Region in Ostrava. A graphical representation 
of the traffic restrictions is shown in Figure 4.

Traffic constraints were incorporated into the 
network analysis using the Network Analyst tool in 
ArcGIS. Figure 4 shows what each constraint looks like 
in the ArcGIS software. Point constraints are represented 

as well. Further, the average family size needed to 
be determined. For this purpose, data on the average 
number of children per woman was used. The resulting 
number of inhabitants, who would be subject to orderly 
evacuation in the city of Opava, was used for the 
percentage, which was then applied to the number of 
at-risk population subject to orderly evacuation.

The above information and procedures were applied 
for the purpose of planning the transport provision for 
evacuation in the event of a special flood in the city of 
Opava. The main contribution is determination of the 
evacuation time and its comparison to the time of arrival 
of the flood wave in the city of Opava.

3 	 Results

3.1	 The city of Opava and a special flood 

The town of Opava is situated on the river of the 
same name in a fertile valley between the Low Jeseniky 
Mountains and the Poopava Plain. Opava currently 
covers an area of 90 km2 and has a  population of less 
than 60 000 inhabitants. The central area of the town is 
not divided into urban districts and is administered by 
the municipal authority. It consists of:
•	 registration part Predmesti
•	 registration part Katerinky
•	 registration part Kylesovice
•	 registration part Jaktar, [34].

The breakdown of the city of Opava is shown in the 
following Figure 2.

The town of Opava is threatened by a special flood 
in the event of a  breach in the embankment of two 

Figure 2 Breakdown of the central part of Opava and the municipal parts of the city [34]
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route is the evacuation center (hereafter EC), which is 
determined in the emergency plan. ArcGIS can calculate 
the length of the route itself, so it was also possible 
to determine the time of each route. The evacuation 
routes were determined by ArcGIS based on the road 
speed parameters, the constraints that were set, and by 
specifying the start and end of the route. These routes 
are shown in Figure 5.

by traffic lights, roundabouts and impassable bridges 
(constraints with a  cross in the middle). Polygonal 
constraints (area-occupying constraints) are constraints 
associated with the slowing down of traffic due to the 
circumstances of the traffic situation.

To determine the evacuation routes, it was necessary 
to determine the beginning of the route. The start of the 
route is the assembly point (bus stop). The end of the 

Figure 3 The area of Opava threatened by a special flood [35]

Figure 4 Traffic restrictions
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3.3	  Number of inhabitants at risk

The number of inhabitants of the city of Opava 
threatened by the special flood was determined using 
statistical data and map layers. In the first step it 
was necessary to overlay the layers of address points 

The individual routes have been designed in the 
program so that the walking distance in time per stop 
is no more than 30 minutes and that each route covers 
as large an area as possible. A  total of 11 evacuation 
routes were created. The evacuation routes are included 
in Table 5.

Figure 5 Evacuation routes

Table 5 Description of evacuation routes

No. Evacuation routes for part of the town of Kylesovice:

Start: End:

1 SUS stop Evacuation centre SS zemedelska

2 Kroftova stop Evacuation centre OA a SS logisticka

3 Bavaria stop Evacuation centre SS honelnictva a VOS

4 Gudrichova stop Evacuation centre OA a SS logisticka

Evacuation routes for part of the town of Katerinky:

Start: End:

5 Rolnicka stop Evacuation centre Koberice Primary School

6 Partizanska stop Evacuation centre Bolatice Primary School

7 Ratiborska stop Evacuation centre Koberice Primary School

Evacuation routes for the Predmesti:

Start: End:

8 Pekarska stop Evacuation centre Institute of Mathematics

9 Tesinska stop Evacuation centre Bozeny Nemcova Primary School

10 Mostni stop Evacuation centre Opava City Council

Evacuation route for the Mesto:

Start: End:

11 Praskova stop Evacuation centre Kolarska
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calculations.
Number of people evacuated on their own:

6328 4 25312) =

Number of people subject to controlled evacuation:

47985 25312 22673- =

The value of 22  673 people is calculated from the 
total population of the city. Therefore, we will use this 
value as a  percentage to determine the number of 
residents who will be subject to orderly evacuation in the 
at-risk parts of the city.

.47985
22673 0 47=

Total of 47% of the population at risk of special 
flooding (26 696) is 12  548 people. The number of 
available means of public transport is available in Table 
4. This means that the evacuation would take place in 
two waves, as the number of people to be evacuated 
by mass means is 12  548. However, due to evacuation 
baggage, it will not be possible to use the full capacity 
of the bus. An optimal use of 75% of the bus capacity 
was assumed. In that way, the evacuation would still 
take place in two waves, and it would also be possible 
to transport passengers with their evacuation luggage. 
This means that there would be 67 people per bus and 
7  973 people could be transported in wave 1 and the 
remaining 4 575 people in wave 2.

3.5	 Evacuation timeline

Determining the timing of evacuation is important 
to determine whether it can be completed before 
the flood wave reaches Opava. The exact timing 
of the evacuation cannot be determined because it 
is affected by many factors that are not precisely 

in Opava and the flooded part of the city using the 
Intersect function in ArcGIS. In this way, dwellings 
that would be at risk in the event of a special flood were 
identified. The number of dwellings at risk in each part 
of the city is shown in Table 6.

Consequently, a procedure based on the census 
data was chosen. The total population of Opava was 
47  985 people [36]. This figure was used to determine 
the average number of inhabitants per dwelling. The 
total number of dwellings in the city was determined in 
ArcGIS and is 33 930.

Average number of inhabitants per apartment =   
. .33930

47985 1 41= =

By multiplying the average number of inhabitants 
per dwelling in the city of Opava, the number of 
inhabitants at risk was obtained. The number of 
inhabitants at risk is shown in Table 7.

3.4	 Number of inhabitants at risk subject  
to orderly evacuation

Today, many people in developed countries have their 
own means of transport. Therefore, evacuation can be 
divided into spontaneous evacuation, which is controlled 
in terms of evacuation routes and orderly provision, and 
controlled evacuation. Controlled evacuation is managed 
by the competent authorities and includes the provision 
of mass transport means and the activation of several 
evacuation facilities, such as evacuation assembly point, 
embarkation station, etc. [13].

The census data on population and mode of transport 
to work are known. From this data it is known that in 
Opava a total of 6328 people use their own means of 
transport (car) [37]. Since the cars have a larger capacity 
than one person, the data on the average number of 
children per one woman was also used. This value is 
1.66 [38]. Therefore, a family of four was considered in 

Table 6 Number of dwellings at risk in Opava

Part of the city Number of flats

Predmesti 3289

Katerinky 10140

Kylesovice 4556

Mesto 947

Table 7 Number of inhabitants at risk of special flooding

Part of the city Number of inhabitants at risk

Predmesti 4638

Katerinky 14298

Kylesovice 6424

Mesto 1336

Total number of inhabitants at risk 26 696
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to travel from the farthest part of the evacuation zone 
to the assembly point (staging area) and the times 
required to transport evacuees to the evacuation centres. 
A network analysis of traffic constraints was also used. 
The time data are calculated for the single-individual 
evacuation routes, which are shown in Table 5. The 
times are available in Table 9.

The data thus prepared was then entered into 
the MS Project, which was used to create a timeline 
and calculate the total evacuation time. Evacuation 
times 1-8 and evacuation times 9-10 for evacuation 
route 6 were entered into the Gantt chart. Route 6 
was selected since it takes the longest time to perform 
activities 9-10 for this route. If the evacuation of 
people along this route can be completed before the 

determined. The approximate evacuation time can be 
determined using the PERT method, which assumes 
that the individual activities are continuous random  
variables.

Table 3 lists the different evacuation activities. For 
the first 8 activities, the individual times according to 
the PERT method were determined based on expert 
evaluation. The actual times and standard deviations 
were calculated according to Equation (1) and (2). The 
individual times, standard deviations and resulting 
times plus standard deviation for activities 1-8 are 
shown in Table 8.

ArcGIS was used to determine the times of the 
last two evacuation activities along with experimental 
measurements. These times represent the time required 

Table 8 Evacuation times 1-8

Activity aij (min) bij (min) mij (min) 2σ (min) Final time (min)

1 5 15 10 4 14

2 30 120 75 30 102

3 3 10 5 4 10

4 15 45 30 10 40

5 30 75 55 16 74

6 15 25 20 4 24

7 5 10 8 2 10

8 60 90 75 10 89

Table 9 Times of evacuation actions 9-10 for individual evacuation routes 1-11

Route Activity aij (min) bij (min) mij (min) 2σ (min) Final time (min)

1
9 18 24 19 2 22

10 11 17 15 2 17

2
9 12 17 15 2 17

10 15 22 18 2 21

3
9 15 29 23 6 29

10 9 15 13 2 15

4
9 18 25 20 4 25

10 8 14 12 2 14

5
9 15 21 18 2 20

10 19 27 24 2 26

6
9 14 17 15 2 18

10 25 34 30 4 34

7
9 21 25 22 2 25

10 16 22 19 2 21

8
9 16 19 17 2 20

10 6 11 9 2 11

9
9 18 26 22 4 26

10 5 13 9 4 13

10
9 15 23 18 2 21

10 3 6 4 2 6

11
9 15 25 16 4 22

10 3 7 5 2 7
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data is not available, or their collection would be time 
and cost-consuming. As the evacuation of a population is 
a complex process, influenced by several factors, it is not 
possible to accurately determine the timing, the number 
of evacuees and the means of transport required. 
However, the above results show the following:

If the conditions as set out in this paper are met, 
the evacuation would be completed before the arrival of 
the flood wave.

The basic prerequisite for this scenario is to use 
the capacity of the available means of transport. If only 
seating capacity were used, the evacuation could not be 
carried out to the extent required.

The following are some possibilities to achieve 
results that would be closer to reality. First, the duration 
of the evacuation routes, here fixed values of the 
restrictions of the junctions and roundabouts are chosen, 
from a  statistical point of view it would be more 
appropriate to choose the crossing intervals, but the GIS 
system does not allow this.

Another limitation of this study is the experimental 
data. Using these data, traffic constraints were 
determined. For each traffic constraint, three 
measurements were taken at different times and days. 
These data were then summarized and consulted with 
experts from the Integrated Security Centre Ostrava. 
The input data was therefore based on expert estimates. 
The experimental data served as a guide. To increase 
the accuracy of the reported evacuation planning 
procedure, it would therefore be advisable to take into 
account several variables when measuring the time 
constraints. At the same time, more measurements 
would be necessary. Important factors that can limit 
the traffic situation are weather conditions and the 
times when the monitored road sections are most 
congested [39-40]. Based on the analysis of the results, 
several directions for future research can be identified 
to address the current limitations. First, it would be 
beneficial to provide a more detailed explanation of how 
experimental data are collected, with a particular focus 
on varying conditions under which evacuation may take 
place - such as peak traffic periods or adverse weather. 
These factors can significantly influence the capacity 
of transport infrastructure and the overall evacuation 
time. Furthermore, greater attention should be paid 
to the analysis of alternative routes and potential 
disruptions to evacuation paths, such as traffic accidents, 
temporary road closures, or failures at key network 
nodes. Incorporating such scenarios would contribute 
to a more realistic risk assessment and enhance the 
practical applicability of the proposed model in the real-
world emergency situations.

Another limitation of that approach is that it does 
not consider the evacuation of health and social facilities. 
Health and social facilities are considered vulnerable 
elements as they house people with certain limitations 
that may prevent them from moving. There are different 
procedures on how to deal with such facilities in the 

arrival of the flood wave, the entire evacuation can 
be completed. 

The results from the timeline for Route 6 
indicated that the evacuation would take 3 hours and 
28 minutes. From the evacuation timeline, calculated 
from the mean values of Route 6, it is clear that the 
evacuation can be managed before the flood wave 
reaches Opava. Since according to the county’s crisis 
plan, the flood wave will be in Opava in 3 hours and 
36 minutes from the time of the dam break. This 
means that even if the evacuation will take place in 
two waves, it will be possible to complete it in this 
time. The time margin is 1 hour. As fewer people will 
be evacuated in Wave 2, buses on the two routes with 
the longest travel distances (5 and 6) can be afforded 
to be omitted. In this case, the schedule for Route 6 
even with the second wave of evacuations would take 
3 hours and 38 minutes, but this exceeds the arrival 
time of the wave.

If the evacuation is a critical scenario and all the 
activities preceding the transfer of people to the EC 
are delayed, it would be difficult to achieve evacuation 
in the specified manner. In such a case, there would 
be six routes to which buses could not return and take 
the rest of the people. This means that only five routes 
can be used to transport the rest of the evacuees. In 
this case it would be appropriate to set the capacity 
of the buses at 80%. This would result in 72 people 
per bus. In the first wave 8  568 persons would be 
transported and in the second wave the remaining 
3 980 persons would be transported. In the case of the 
second wave of EC transfers, the capacity of the buses 
would already be at its maximum; if it were limited, 
it would not be possible to transport everyone. As a 
part of the evacuation solution, the Fire and Rescue 
Service requested that the possibility of only seating 
on the buses be considered, which would mean that 
all the buses would have to run 4 times, which, as the 
previous results show, is not feasible.

4	 Discussion

Addressing the issue of evacuation planning in the 
event of an emergency flood caused by reservoir failure, 
the current flood plan was found to be inadequate and 
outdated. It was therefore necessary to propose how to 
update it and how to align it with the regional crisis plan. 
There are several possible procedures, methods and tools 
to address this issue and its sub-steps. The approach 
chosen by the authors of this paper uses mathematical 
and statistical tools supported by applications and 
GIS.  These are relatively simplified solutions, but they 
do  not diminish the suitability and meaningful value 
of the individual outputs. The above approach to the 
problem addressed is relatively unpretentious in the 
process of data collection, processing and analysis. 
Therefore, it is suitable for cases where the required 
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Planning the transport arrangements for evacuation 
is a challenging logistical process. Therefore, the above 
procedure could be extended in the future by considering 
the solution of transportation problems by linear 
programming. In area evacuation, transport problems 
are used to optimize the transport of people from 
boarding stations to evacuation centres. In particular, 
the number of people transported, distances, and 
possibly unit cost per person are considered in this  
process [46].

At the same time, it must be considered that 
the behaviour of residents during an evacuation has 
a  significant impact. Examples of problems related 
to human behaviour during an evacuation may be 
inexperience, ignorance, the need to return for belongings, 
etc. The knowledge and skills of the management staff 
also play an important role [47]. However, these factors 
are difficult to consider in the case of area evacuation 
planning. The solution may be to take these factors into 
account in the timing of individual activities.

The proposed procedure for planning the transport 
support for evacuation is a  relatively simple approach, 
however, it provides sufficient information to crisis 
managers with decision-making authority. This 
information is particularly useful in preparedness and 
allows crisis management authorities to react to the 
current situation and availability of resources. More 
detailed planning would first require the introduction 
of a  data collection system. More precise information 
on the number and movement of the population in 
one-individual parts of the city and hours would allow 
more accurate data to be established on the number of 
inhabitants at risk. Given the specific example of the city 
of Opava, it would also be advisable to consider moving 
evacuees on foot who have evacuation centres close to 
their homes.

5	 Conclusions

The aim of this research was to propose a  traffic 
evacuation using the network analysis in GIS. The 
transport provision for evacuation was divided into 
several activities. First, it was necessary to determine 
the evacuation routes. For this purpose, it was post-
necessary to add traffic-related constraints to the 
network analysis and to determine the start and end of 
the route. The start of the route was determined so that 
the maximum walking distance to the site would be 30 
minutes and that as much of the area as possible would 
be covered. The end of the route (evacuation center) was 
determined from the County’s emergency plan. Using 
ArcGIS software, 11 evacuation routes were designed. 
In addition, it was necessary to determine the number of 
residents located in the area at risk of a special flood. For 
this purpose, it was necessary to use the address points 
layer using ArcGIS software and overlay it with the flood 
wave layer to determine the number of homes at risk. 

event of a  flood. These may need to move patients by 
available ambulances or, in the event of a flood, to move 
patients to higher floors. Evacuation procedures follow 
the evacuation plans of specific facilities. The most 
vulnerable patients should be moved by ambulances 
to other hospitals or relevant facilities. Those who are 
mobile are either moved themselves or discharged [41]. 
There are several approaches that address the issue 
of evacuation from healthcare facilities [42-44]. The 
neglect of planning for transport provision and patient 
transport is described by Yazdani et al. as one of the most 
ignored components of hospital evacuation planning 
[43]. However, evacuation planning for healthcare and 
social service facilities is a  topic that lends itself to 
separate research, which highlights the complexity of 
the issue at hand.

Along with hospitals, schools and dormitories are 
another category to consider when planning a  city 
evacuation. Especially if it is a larger city where colleges 
or universities are located. The projected population 
may be considerably higher in this case.

In the case of the city of Opava and its threat of 
a special flood, it is also possible to consider the transfer 
of evacuees on foot. In this case, only people who are 
medically fit can be counted on. The expected flood wave 
resulting from the accident at the Slezska Harta and 
Kruzberk reservoirs would not flood the entire town 
and its expected arrival in the town is more than three 
and a half hours. As the evacuation centres are located 
within the non-flooded part of the city, it is possible 
to consider the use of evacuees’ transfer on foot. Such 
a method of evacuation has been addressed, for example, 
by Parajuli et al. [45]. However, it would be difficult to 
determine the number of residents who would move to 
the evacuation centres on foot. It can be assumed that 
at least the people who are closest to the evacuation 
centres from their homes would use this method of 
evacuation. This would reduce the number of people 
who need to be transported by public transport, which 
would be used as a priority for the evacuation of school 
facilities, health facilities, etc.

The determination of the number of people to be 
spontaneously evacuated and the number of persons 
subject to orderly evacuation shall be determined 
based on an estimate. In this case, an alternative 
solution could be a questionnaire survey. However, the 
questionnaire would have to be chosen to be accessible 
to all residents of Opava, which is time-consuming, 
and its implementation would have to involve all 
residents of Opava, which is very difficult to implement. 
Another alternative way is to use available census data. 
Specifically, this is data on the degree of mobilisation. 
The degree of mobilisation indicates the number of cars 
in each area per 1  000 inhabitants. If one focuses on 
individual parts of the city, the numbers of inhabitants 
who evacuate themselves and those who are evacuated 
by the competent authorities are obtained. However, this 
approach is also heavily influenced by estimation.
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pessimistic scenario, the evacuation can be managed 
with 80% occupancy of the buses. The time margin in 
this case is 2 minutes. However, this would have to delay 
all activities.
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This data was then multiplied by a factor reflecting the 
number of inhabitants per house to obtain the number 
of inhabitants at risk from the special flood.

The number of people at risk from the special flood 
had to be divided into two groups. The first group was 
subject to spontaneous evacuation and the second group 
to controlled evacuation. The number of people subject 
to controlled evacuation was 12 548. Total of 119 buses 
with a  capacity of 90 seats could be used to transport 
these people. According to the capacity of the autobuses, 
considering space for evacuation luggage, there were 
2 evacuation waves. In wave 1, 7  973 people could be 
transported with 75% of the bus capacity and in wave 2, 
the remaining 4 575 people could be transported.

For verifying the correctness of the proposed solution, 
the evacuation time course was determined. The times 
and deviations of individual evacuation activities were 
determined using the PERT method. A network analysis 
of the individual activities, their time course and 
continuity were created using MS Project. The Network 
analyses were created for all 11 routes in two scenarios. 
The first scenario was the most likely scenario, and the 
second scenario was a pessimistic scenario in which all 
the activities would be delayed. Based on the results 
of the most likely scenario, the evacuation could be 
completed in time, even if buses on Routes 5 and 6 were 
unused. The time margin in this case is 1 hour. In the 
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Scientific conferences 
organized by University of Žilina 
41th DANUBIA – ADRIA Symposium on Advances  
in Experimental Mechanics 2025
Date and venue: 23. – 26. September 2025, Kragujevac (SRB)
Contact: eva.tillova@fstroj.uniza.sk
Web: http://kmi2.uniza.sk/

Horizons of Railway Transport 2025
Date and venue: 7. – 9. October 2025, Jasná (SK)
Contact: zdenka.bulkova@uniza.sk
Web: https://kzd.uniza.sk/

Globalization and its Socio-Economic Consequences
Date and venue: 8. – 9. October 2025, Rajecké Teplice (SK)
Contact: tomas.kliestik@uniza.sk
Web: https://ke.uniza.sk/

28th International Scientific Conference  
Crisis situations solution in specific  
environment
Date and venue: 15. – 16. October 2025, Žilina (SK)
Contact: crisis@uniza.sk
Web: https://www.fbi.uniza.sk/

Existing Bridges 2025
Date and venue: 6. – 7. November 2025, Žilina (SK)
Contact: stav-konf-kskm@uniza.sk
Web: https://existingbridges.uniza.sk/
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