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Reseаrching pedestriаn movement in city streets 
 

M.Z. Ergashova1 a, Sh.R. Khalimova1 b 

1Tashkent state transport university, Tashkent, Uzbekistan 

 
Abstract: The article carefully analyzes the need for the study of pedestrian behaviour in the city streets, its 

determinants, and the methods of research. One of the major goals of planning within the city has been 
the improvement of pedestrian flows as well as the need to guarantee safety. A set of measures such as 

determining the parameters of pedestrian movement, obtaining data and applying statistical processes to 
it, and constructing movement models using new technologies were determined to be necessary. 

Thorough planning for urban structure provides opportunities for improvement of flows of pedestrian in 
the cities. The quality of urban infrastructure, the presence of safe sidewalks, crossing places, traffic 

lights, and other convenience features influence directly the effectiveness and safety of movement of 
pedestrians. 

The research specifically focused on the necessity to factor the requirements of pedestrians under the 
design of the resultant infrastructure and the plans which endeavours to aid their mobility. It has also 

been noted the significance of studying pedestrian movements, analysing how this enables the 

recognition of activity patterns on streets, pedestrian traffic, and diagnosing certain issues. The analysis 

results support recommendations that seek to enhance urban infrastructure, pedestrian welfare, and urban 
mobility control. Moreover, the article gave comprehensive description about modeling techniques. It 

has extensively discussed the simulation of pedestrian activities in computer programs through modern 
technologies, predicting movement congestion for different scenarios, and evaluating the effectiveness 

of infrastructure. It was proposed that this modeling technique can be useful in the management of urban 
development and infrastructure planning because its outputs are useful in formulating different 

movement control strategies. 
Keywords: urbanization, road infrastructure, pedestrian movement, optimization of transport vehicle movement, 

pedestrian flow, drones and cameras, traffic lights 

 

 
1. Introduction 
Cities around the globe are constantly rising in 

population and making strides economically, leading to 
rapid urbanization. Fueled by the growing demand for living 

spaces, the increase in transport vehicles and walking people 
directly affects road infrastructure. This further enhances the 

importance of urban infrastructure. Without a doubt, it is 

essential for modern day cities to focus on having efficient 

roads, safe areas for pedestrian movement, and the overall 
balance between traffic and public transport. This however 

is a much more complex problem in design and planning that 
needs to be addressed [1, 2, 20].  

While past information is helpful, having a specific 
analysis of pedestrian movements and flows assists in 

developing infrastructure that pedestrians can find comfort 

in. This also allows the ability to make roads and crossing 

zones more safe, as well as effectively manage transport 
traffic systems [3, 4, 5, 21]. AI can further be utilized to 

create new strategies of enhancing pedestrian comfort and 
safety, while optimizing traffic flows to increase the overall 

effectiveness of a city's transport system. 
The modernization of urban infrastructure facilitates 

more efficient management of traffic and contributes 
positively to city growth. A comfortable and safe 

infrastructure is a convenience to not only residents of the 
city but also tourists and other visitors [6, 7, 8, 22, 23] which, 

in turn, speeds up the economic and social growth. 
Therefore, there is an immediate need to formulate and 

execute these strategies during the urbanization process. The 
solutions should integrate new technology, effective 

resource management, and social considerations. 
In any case, the urbanization phenomenon presents both 

opportunities and challenges when it comes to development 
and improvement of the urban infrastructure. These issues 

demand a strategic approach to urban infrastructure 
development that incorporates accurate predictive analysis. 

The increasing global attention towards sustainable 
development has created a need to rethink urban 

development planning strategies, especially those that 
include energy saving processes. Additionally, achieving a 

balance between the needs of pedestrians and motorists with 
respect to urban infrastructure improvement is also of critical 

importance. These, when combined with other various 

approaches, responses, and constructions, help in fostering 

the welfare of the urban populace [1, 9, 10] and in achieving 
the benefits of urbanisation. 

2. Materials and method 

The primary goal of the research is to analyze the 

features of pedestrian flows in urban street spaces in detail 

[11, 12, 13] and to formulate some practical tips for adequate 
infrastructure development in cities. To realize this goal, the 

following important tasks (Table 1) were set during the 
study: 

 

 

 
a  https://orcid.org/0000-0001-6636-6206  b  https://orcid.org/0000-0002-4753-390X  
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Tаble 1 

Estаblished Tаsks Mаin Objectives of the Reseаrch Dаtа 

Studying the Chаrаcteristics of Pedestriаn 

Flow 

Аnаlyzing the Movement Trends of 

Pedestriаn Flow 

Аnаlyzing Movement Density аnd Pedestriаn Flow 

Pаtterns, аnd Identifying Compаtibility with Sociаl 
Needs 

Identifying Infrаstructure Elements thаt 

Contribute to Providing а Comfortаble аnd 
Sаfe Environment for Pedestriаns 

Creаting а Sаfe аnd Comfortаble 

Environment for Pedestriаns 

Аnаlyzing Pedestriаn Wаlkwаys, Trаffic Lights, 

Crossing Points, Lighting Systems, аnd Other 
Infrаstructure Elements 

Аpplying Modern Technologies аnd 

Methods for Modeling Pedestriаn Movement 

Modeling аnd Аnаlyzing Movement Аpplying Simulаtion Softwаre, Dаtа Processing 

Tools, аnd Movement Trаcking Technologies 

Аs а result of implementing these tаsks, scientificаlly-

bаsed recommendаtions аimed аt improving urbаn 
infrаstructure аnd creаting а more comfortаble, sаfe, аnd 

modern environment for pedestriаns were developed. These 
recommendаtions serve аs а foundаtion for formulаting 

long-term strаtegic plаns аimed аt meeting societаl needs 
аnd enhаncing pedestriаn sаfety. 

During the reseаrch, the following methods were 
extensively employed, resulting in significаnt findings: 

Observаtion. Speciаl observаtion studies were 
conducted on mаjor streets in the city center аnd in аreаs 

with high pedestriаn permeаbility. Using this method, the 
chаrаcteristics of pedestriаn flow movement, including 

pedestriаn flow density, movement directions, аnd 
interаctions with trаnsport vehicles [14, 15, 20], were 

thoroughly exаmined. Activity patterns of pedestrian 
movements was analyzed in regards to various intervals of 

the day; morning, midday, and evening. This study provided 
insights into many existing issues pertaining to the city’s 

infrastructure. 
Interviews аnd Surveys. The research was done by 

asking pedestrians questions in which the responses 
provided information regarding their preferences and needs. 

To ease the collection of data, questionnaires were structured 
in a way that the most pertinent information regarding 

mobility and safety issues pedestrians encounter were 
gathered as shown in [16, 17]. Through interviews, 

pedestrians supplied very descriptive accounts of their 

preferences which made the target of the research more 

focused and accurate. This approach was especially 
important for assessing the degree of adequacy of urban 

infrastructure to people’s needs. 
Modeling. The studies use contemporary computer 

models for the equipment modern simulations to analyzing 
the movement’s density will forecast possible issues within 

different scenarios. This specific method is beneficial to 
providing recommendations to increase safety of activities 

as well as movement s efficiency. In this case, the method 
which has the highest contribution is simulation software, 

thus making this method significantly contribute to the 
development recommendation designed to increase the 

safety and efficiency of movement. 
Stаtisticаl Аnаlysis. The analysis of documents received 

from the observations, interviews, and surveys was done 
with the help of statistical tools. This analysis, in addition to 

providing vital information about pedestrian flows, provided 
valuable insight regarding the infrastructure effectiveness. It 

allowed better understanding of the changes in the pedestrian 
flows, rent relations, and rational explanations of the 

research results.  

The combination of techniques resulted in creation of a 

clear and concise document. This document proved that the 
steps taken towards resolving infrastructural urbanization 

issues are reasonable and can be implemented without any 

complication. 

3. Result and Discussion  

As a result of the research, the following main tasks were 

developed: 

Variations Over Time and Density of Pedestrian 

Flow 

The study shows that pedestrian commute during work 

hours is the most active. At these times, pedestrian flow 
significantly increases and it is necessary to manage the 

movement of other transport units and pedestrians on the 
streets. It was notably stated that the areas containing high 

density population zone are prone to having increased 
collisions between transport units and pedestrians which 

means there must be improved safety features.  
Deficiencies in Infrastructure 

During the course of the research, it was noticed that 
there is lack of proper infrastructure spaces dedicated for 

pedestrian use on the streets. Adequate provisions such as 
safe crossings and wide, well-lit sidewalks were not 

constructed. By the same token, it was observed that the 
placement of pedestrian lanes was either misplaced or 

inadequately used. Also, the placement of traffic signals was 
too low, which made it exceedingly difficult for pedestrians 

to cross the streets.  
Technological Solutions Increased Efficiency 

The study demonstrated that modern technological 
devices for analyzing and controlling pedestrian flow are 

effective. The condition of pedestrian flows was tracked in 
real-time with the help of drones and cameras which made it 

possible to collect accurate data and recognize movement 
patterns. In addition, computer models were used to study 

pedestrian flow patterns and to develop effective algorithms 
for flow direction optimization. All of these methods 

significantly aided in formulating important 
recommendations that help improve the safety of 

movements as well as enhance urban infrastructure. 
These recommendations form the basis of the scientific 

data needed to improve urban infrastructure and provide 
pedestrians with a more friendly and safe environment. 

4. Conclusion  

Tһe findings of the study recommend the effective 
management of pedestrian movement safety which is 

enabled by a number of developed suggestions. These 
recommendations are focused on the improvement of urban 

infrastructure, making it more convenient and safer for the 
pedestrians with the following: increasing the number of 

pedestrian crossing points with improved lighting on the 
streets, optimizing traffic signals for pedestrian purposes, 
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employing modern tools for monitoring and controlling 
pedestrian flow, enhancing infrastructure for pedestrians’ 

safety, and modernizing innovation block projects. 
These suggestions as in which infrastructure assumes a 

contemporary outlook with modern requirements, change in 
the management of pedestrian movement, and ensure safety 

when moving within urban areas makes a substantial 
difference towards the sustainable development of cities. 
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Digitalization of maintenance record-keeping for automation and 

telemechanics devices at railway stations 
 

N.V. Yaronova1 a, Sh.B. Otakulova 1 b 

1Tashkent state transport university, Tashkent, Uzbekistan 

 
Abstract: The article addresses the issues associated with the manual method of recording maintenance for 

automation, signaling, and telemechanics devices at railway stations in Uzbekistan. It analyzes the 

current practice of maintaining paper documentation and identifies major shortcomings, including high 

labor intensity, input errors, delays, and lack of transparency. A digital record-keeping model is proposed, 

which includes a workflow algorithm, registration and analytics modules, as well as integration with 
maintenance schedules. The practical importance of transitioning to an automated system is 

substantiated. The expected outcomes include increased reliability, cost reduction, and improved 
management of technical processes. 

Keywords: automation, telemechanics, signaling and interlocking, digital model, maintenance, railway station, 
electronic logbook, digitalization. 

 

 
1. Introduction 

Modern conditions for the operation of railway transport 

demand high reliability and fault tolerance of technical 
systems, especially automation, telemechanics, signaling, 

and interlocking  devices. Train traffic safety, operational 
efficiency, and adherence to transport schedules directly 

depend on the timely and high-quality maintenance of these 
systems. In this context, not only the technical service ability 

of the equipment becomes crucial, but also the organization 
of monitoring, recording, and analyzing maintenance 

activities. 
At railway stations in Uzbekistan, the maintenance of 

signaling and interlocking  devices is carried out in 
accordance with NSH-01 and NSH-03 instructions, which 

are approved as internal regulatory documents of JSC 
“Uzbekistan Railways” These documents define the 

frequency, methods, and formats for recording completed 

maintenance tasks. Currently, the primary method of 

documentation remains manual entry into paper logbooks 
(PU–67, DU–46, SHU–2, SHU–45, SHU–58, SHU–60, 

etc.). However, operational experience shows that this 
system no longer meets the demands of the digital era and 

gives rise to a number of issues: delays in data entry, a high 
risk of errors, lack of a unified database and transparent 

oversight, and the inability to quickly retrieve information. 
An analysis of the literature confirms the relevance of 

this issue. In sources [1–3], the importance of a reliable 
maintenance record - keeping system is emphasized in the 

context of preventing railway incidents. Works [4–6] 
explore digital maintenance solutions based on integration 

with SCADA systems, digital twins, and artificial 
intelligence. Studies [7–9] highlight the significance of 

timely failure analysis and recurring fault detection as a 
foundation for predictive maintenance. International 

publications [10–13] showcase successful implementations 
of electronic maintenance and diagnostic systems by railway 

companies in Europe and Asia, which have led to significant 
cost reductions and improved operational control. 

 
a  https://orcid.org/0000-0003-1781-5597  
b  https://orcid.org/0009-0006-4415-963X  

 Moreover, reports from the UIC (International Union of 

Railways) indicate that in countries with advanced digital 
infrastructure, the average response time to S&I device 

failures is reduced by 30–50%, while compliance with 

technical regulations increases to 90–95% with the 

implementation of digital models. This makes digitalization 
not only an innovative step but also a necessity for ensuring 

the competitiveness of the national railway industry. 
In the context of the active digital transformation of JSC 

“Uzbekistan Railways” and the modernization of its 
technological infrastructure, there is an urgent need to 

develop an automated system for recording and monitoring 
the maintenance of automation and telemechanics devices. 

This system should replace paper logbooks, ensure 
transparency of all operations, provide instant monitoring 

capabilities, access to historical records, and integration with 
preventive maintenance schedules. 

The aim of the study is to develop and justify a 

methodology for the digitalization of processes related to the 

execution and recording of maintenance for automation and 
telemechanics devices, based on an operational-

technological schedule. This methodology is intended to 
enhance the accuracy, transparency, and efficiency of 

maintenance control. To achieve this, the following research 
objectives have been set: 

1. To analyze the existing documentation system and 
logbook practices related to the maintenance of signaling 

and interlocking  devices. 
2. To identify the main drawbacks of manual data entry 

and their impact on process reliability. 
3. To develop an algorithm for creating an electronic 

database of completed maintenance tasks. 
4. To evaluate the advantages of the digital model 

compared to the current system. 
5. To propose practical recommendations for 

implementing an automated maintenance registration system 
at railway stations. 

 

https://orcid.org/0000-0003-1781-5597
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2. Research methodology 

In the course of this study, a comprehensive approach 

was employed, combining both theoretical and practical 

methods of analysis aimed at identifying the shortcomings 

of the existing maintenance system for automation and 
telemechanics devices, as well as substantiating the need to 

transition to a digital model for planning and recording 
technical operations. To achieve the research objective, a 

combination of empirical and analytical - descriptive 
methods was applied. 

Three major railway stations in Uzbekistan were 
conditionally selected as the objects of this study. These 

stations differ in traffic intensity, structural complexity, and 
the variety of automation devices in use: Tashkent-Severny 

Station – a junction station with high-density passenger and 
freight traffic, equipped with automatic switch machines, 

light signaling systems, SAUT devices, and centralized 

control systems; Samarkand Station – an intermediate transit 

station with a well-developed system of inter-station 
communication and remote monitoring; Karshi Station – a 

regional hub where telemechanics and locomotive signaling 
devices are actively used, and maintenance is performed on-

site. 
These stations were chosen due to their typical 

representativeness, which allows the results obtained from 
the study to be extrapolated to the entire railway transport 

system of Uzbekistan. Methods used to obtain reliable data: 
Analysis of operational documentation. Maintenance 

registration logbooks used at the selected stations were 
examined in detail. The analysis covered the following 

forms: PU–67 (Shift Handover Log); DU–46 (Inspection 
Log for Switches, Tracks, and Overhead Contact Lines); 

SHU–2 (Log of Completed Work on Communication 
Facilities); SHU–45 (Electrical Measurements of Ground 

Resistance); SHU–58, SHU–60, and others. The evaluation 
focused on completeness of entries, presence of errors, 

duplicate records, and time gaps between events. 
Time-and-motion observations. During the modeling 

process, the average time required by workers to perform 
manual journal entries was recorded. The observations 

included: Receiving a task; Executing the task; Locating the 
correct logbook; Filling in the required fields; Confirming 

instruction compliance; Performing control checks. 
Additionally, the time needed to retrieve archived records 

upon request was measured. 
Expert survey. A survey was conducted with six 

specialists electromechanical engineers and heads of  
maintenance divisions with hands-on experience at 

maintenance sites. Participants were asked to assess the 
usability of the current system, identify major challenges, 

and predict the potential benefits of introducing an 
automated record-keeping system. 

Algorithm modeling. Based on the analysis of current 

workflows, an algorithm was developed for the creation and 

operation of a digital database designed to replace manual 
logbooks. The model considers the location of maintenance 

(station, track segment, switch, signal), type of device, type 
of service, and maintenance frequency. 

SWOT analysis. A comprehensive SWOT analysis was 
carried out to evaluate the strengths and weaknesses of the 

existing manual record-keeping system, along with 
identifying potential risks and opportunities associated with 

digitalization. 

During the study, several key parameters were identified 

to construct a comparative analysis, as illustrated in fig. 1. 

 
Fig. 1. Analysis of problem areas in manual record - 

keeping (Pareto Chart) 

As shown in table 1, the key indicators of manual record-

keeping reveal high labor intensity, frequent delays, and a 
significant risk of errors. 

Table 1 

Indicators for Evaluating Logbook-Based  

Maintenance Processes 

№ Indicator Description 

1 
Average time for 

manual record entry 

Measured for each type 

of logbook (in minutes) 

2 
Time to retrieve 
information from 

logbook archives 

From request 
submission to finding 

the required entry 

3 

Number of errors 

and omissions in the 
logbook 

Includes untimely or 

incomplete entries 

4 
Number of device 

failures 

Compared against 

logbooks and response 
times 

5 
Labor input for 

documentation 

Calculated in person-

hours per month 

6 

Interval between 

failure and its 
registration 

Assessed in terms of its 

impact on downtime 

7 
Recurrence of 

failures 

Analyzed causes related 

to unrecorded defects 

8 

Number of 
completed tasks not 

recorded in the 
logbooks 

Based on local surveys 

and logbook reviews 

 

Based on these indicators, conclusions were drawn about 
the inefficiency of the existing system and the necessity of 

transitioning to an electronic format. The collected data were 
subjected to a systematic analysis. Statistical calculations 

made it possible to determine the average and extreme values 
for each parameter.  

Performance indicators and problem areas of manual 
maintenance record keeping for signaling and interlocking 

devices. 
It should be noted that the study was conducted under 

preliminary modeling conditions, without deploying the 
system at actual sites. Therefore, some of the findings are of 

a predictive nature. Nonetheless, the results obtained can 
serve as a solid foundation for a pilot implementation of the 

digital system at selected stations, with subsequent scaling. 
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Developed method 

At railway stations in Uzbekistan, maintenance of 
signaling, centralization, and interlocking devices, as well as 

telemechanics, is carried out in accordance with the 

regulations set out in instructions NSH‑01 and   NSH‑03. 

Paper logbooks are used to record completed work, 
including: 

PU–67 – Shift Handover Log, registering briefings and 
checking device status; 

DU–46 – Inspection Log for outdoor cables, the 
overhead contact system, and switches; 

SHU–2 – Log of completed work on communication 
facilities; 

SHU–45 – Ground Resistance Measurement Log; 
SHU–58, SHU–60, SHU–61, etc. – Specialized logs for 

diagnosing specific subsystems. 
Each device type or maintenance activity has its own 

form of documentation, all of which must be filled out 
manually. Despite established practices, the paper based 

logbook system has a number of significant short comings 
that limit the effectiveness of maintenance management. 

Based on data analysis and expert interviews, the following 
problem areas were identified: 

1. High labor intensity of data entry. Filling out each 
logbook entry takes on average 5–12 minutes. Given the 

volume of daily inspections, this task consumes up to 20 % 
of field personnel’s working time, reducing their productive 

capacity. 
2. Lack of transparency and real time oversight. 

Management cannot assess in real time whether work is 
being performed according to schedule, identify delays, or 

monitor fault repair progress. Oversight is only possible via 
on site audits or selective record checks. 

3. Delays in information reporting. When faults or 
deviations occur, entries are not made immediately but only 

after the work is completed. The interval between an event 
and its registration can reach several hours- especially under 

high workload or staff shortages- making it difficult to detect 
critical recurring failures and risking fault accumulation. 

4. Increased likelihood of errors. Manual entry leads 

to omissions (blank lines), spelling mistakes, incorrect 

time/date formats, duplicated information, and 
inconsistencies between different logs (for example, 

between PU–67 and SHU–2). 
5. Difficulty in retrieving and analyzing information. 

Finding a specific record in the archives is time- consuming-
particularly when searching for entries from previous 

months or for a particular device. This reduces the efficiency 
of repair planning, complicates compliance monitoring, and 

hinders report preparation. 
6. Inability to perform automated analysis. The paper 

format precludes generating failure trend charts, ranking 
faults by criticality, or issuing automatic alerts for violations. 

Manual logs cannot integrate with planning or control 
systems (such as SCADA, ERP, or DCS).Rock S.M. [5] in 

his opinion, the configuration in a sitting position is 
characterized by balanced physiological curves of the 

column of the spine, the axis of the spine is decisive as the 
support of the human body.  

As a result of analyzing 56 completed logbooks from 
three stations, the following typical issues were identified: in 

18 % of cases the responsible person’s signature was 
missing; in 22 % of cases the precise time of fault resolution 

was not recorded; in 31 % of cases discrepancies were found 
between the on‑duty logs and the final record of completed 

work; 14 % of entries contained a mismatch between the 

type of work performed and the logbook form; and in 11 % 
of cases entries were duplicated or misdated. These 

violations indicate that the manual recording format does not 

ensure the accuracy or completeness of documentation, 

which, in turn, can compromise train traffic safety. Thus, the 
analysis of the current state shows that the existing 

paper‑based system: Fails to meet the requirements of digital 
transformation in the railway sector; Creates safety risks; 

Hampers control and management processes; Requires 
significant time and labor resources. 

Against this backdrop, it becomes clear that there is an 
urgent need to develop and implement an automated system 

for recording and monitoring maintenance activities, one 
that will ensure the timeliness, transparency, and reliability 

of all operational information. development of a digital 
record‑keeping model and operating algorithm. The purpose 

of developing the digital model is to automate the processes 
of registering, storing, and analyzing data on the 

maintenance of automation and telemechanics devices at 
railway stations. The new system must replace paper 

logbooks, eliminate the shortcomings of manual data entry, 
and ensure the reliability, accuracy, and availability of 

information at all levels of operational management. The 
design of the digital model is based on the following 

principles: 
-Centralized data – all information is stored in a single 

database; 
-Transparency and accessibility – each user (dispatcher, 

electromechanic, engineer) has real‑time access to the 
appropriate level of information; 

-Integration with maintenance schedules – work data are 
synchronized with annual, monthly, and weekly plans; 

-Data security – enforced via user authentication, 
backups, and digital signatures; 

-Automated analytics – the system generates alerts for 
overdue tasks, repeat failures, and deviations from 

regulations. 
The digital record‑keeping model comprises the 

following key components: 

1. Work registration module. The electromechanic or 

responsible staff member logs planned or unplanned 
maintenance via a digital form, specifying: 

-Equipment name 
- Start and end times of the task 

-Type of intervention (inspection, replacement, 
measurement, etc.) 

-Detected deviations and corrective actions 
-Electronic signature 

2. Maintenance‑schedule monitoring module. The 
system automatically compares completed tasks against 

approved schedules (annual, monthly, weekly), instantly 
flagging any delays or omissions. 

3. Emergency notification and diagnostics module. 
When a failure is recorded, an event card is created 

containing a timestamp, location, cause, and actions taken. 
On repeat failures, the system marks the segment as 

“problematic” and issues an alert for an unscheduled 
inspection. 

4. Statistics and reporting module automatically 
generates: 

- Logs in the formats of PU–67, DU–46, SHU–2, etc. 
- Summaries of failures over a selected period; 

- Deviation charts; 
- Personnel performance tables; 
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- Plan vs. actual comparisons 

5. User Interface 
- Access via web interface or tablet; 

- Mobile app for field work; 

- Simple, intuitive interface with templates and prompts; 

Operating algorithm of the digital maintenance system: 
1.Create and upload the operational‑technological 

schedule (by asset, deadline, responsible party); 
2. Assign tasks to personnel (through the system or 

mobile interface); 
3. Perform work and record results (enter parameters, 

capture photos, sign off); 
4. Automatic compliance check against the schedule 

(plan vs. actual, detect deviations); 
5. Generate reports and analytical charts; 

6. Archive and centrally store data; 
7. Issue alerts for deviations or critical events. 

According to preliminary estimates, the implementation 
of the digital system can achieve the performance metrics 

presented in table 2. 
Таble 2 

Advantages of implementing the digital model 

№ Indicator 
Before 

digitalization 

After 

implementation 

1 

Average 

data entry 

time 

  8–12 min 1–2 min 

2 

Information 
retrieval 

time 

  up to 

25 min 
Instant 

3 Error rate 
10–15 % of 

entries 
<1% 

4 

Analytics 
and 

reporting 

Manual Automatic 

5 

Management 
access to 

data 

None real-time 

6 
Feedback on 

failures 

once per 

shift 
Instant 

 
This diagram (Fig. 2) presents the decision-making 

process for carrying out and recording maintenance work on 
equipment based on an operational technological schedule. 

The flowchart starts by determining whether the required 
maintenance tasks have been completed at the site. 

Depending on the outcome (yes or no), the process follows 

separate paths, evaluating the frequency and quality of 

technical maintenance checks and entries in the logbooks. 
The diagram also includes detailed references to specific 

logbooks and the nature of maintenance activities 
performed, highlighting points where technical staff should 

conduct additional reviews or record information as 
necessary. The process ends once all required actions have 

been assessed and properly documented. 
 

"Are the urgent technical 

maintenance tasks 

carried out at the 

station?"

YES NO

"Carrying out and recording 

maintenance work on equipment 

based on the operational-

technological schedule."

Start

Are urgent technical 

maintenance tasks being 

carried out on the railway 

section between stations 

(peregons)?

"Are urgent technical 

maintenance tasks 

being carried out on 

the switches 

(points)?"

"Are urgent technical 

maintenance tasks being 

carried out on the traffic 

lights (signals)?"

"Are the urgent 

technical maintenance 

tasks being carried out 

on the signals?"

PU-67 – Registering the acceptance and handover of shifts at the 

junction, inspecting equipment, and recording that the on-duty workers 

have been instructed.

DU-46 – Recording in the inspection journal for monitoring of switches, 

tracks, and the contact network.

ShU-2 – Journal for accounting the work performed on SMB 

(Centralized Traffic Control) and communication facilities.

ShU-45 – Journal for the electrical measurement sheet of grounding 

device resistance.

ShU-58 – Journal for recording the testing of automatic stop devices of 

locomotives at the ALS (Automatic Locomotive Signaling) control 

point.

ShU-60 – Journal for checking the condition of locomotive signaling, 

SAUT (Automatic Centralized Traffic Control), and the visibility of 

signals located on the main tracks between stations.

ShU-61 – Journal for replacing signal lamps and measuring voltage in 

lamps.

ShU-62 – Measurement card (for measuring voltage at the signal point).

ShU-63 – Measurement card (for accumulator batteries and "rectifiers").

ShU-64 – Journal for the technical inspection of SMB equipment.

ShU-66 – Accumulator journal.

ShU-67 – Card (for laid signal cables).

ShU-74 – Duty electromechanic s work journal for recording 

inspections of train and station radio communication equipment.

ShU-78 – Journal for recording malfunctions in automation and 

telemechanics equipment.

ShU-79 – Information is recorded in journals for documenting 

inspection results

"Are urgent technical 

maintenance tasks being 

carried out on the signal 

lights?

Finish

Are the urgent technical 

maintenance tasks being 

carried out at railway 

crossings?

 
Fig. 2. The sequence of conducting and recording device 

service work based on the current operational-technological 
schedule. Impact of seat profile on posture 

3. Results  

Justification of the efficiency of digitalizing 
maintenance record‑keeping for devices. 

To provide an objective assessment of the need to switch 
from the manual to the digital method of recording 

maintenance for automation and telemechanics devices, let 
us examine the key parameters amenable to quantitative 

analysis. The manual logbook method is characterized by 
high labor intensity. Denote the average time to enter a single 

record as  𝑡𝑟, (in minutes) and the average number of entries 

per shift as n. Then the total time required for manual data 

entry is: 
 

𝑇𝑛 = 𝑡𝑟 ∙ 𝑛 

 
This corresponds to approximately 40 % of working 

time-not directly related to maintenance-being spent on 
paperwork. 

To assess the efficiency gain of the digital system, we 
introduce efficiency indicators 𝐸𝑟  and 𝐸𝑑 for the manual and 

digital systems, respectively. We define efficiency as a 

quantity inversely proportional to labor costs: 
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𝐸 =
1

𝑇
 

 

Then the relative increase in efficiency is defined as: 
 

𝛥𝐸 =
𝐸𝑑 − 𝐸𝑟
𝐸𝑟

100%. 

 

 If digitalization allows reducing the input time to   𝑇𝑑 =
50 minut then: 

 
𝐸𝑟 = 1/200, 𝐸𝑑 = 1/50, 

𝛥𝐸 =
1/50−1/200

1/200
100% = 300%. 

 

Thus, efficiency increases threefold. The next important 
factor is the probability of errors. Let the probability of an 

error when entering a single record manually be p; then the 
probability of a correct entry is q = 1 - p. The probability that 

all n entries will be correct is: 
 

𝑃 = 𝑞𝑛 

 
Failures of automation devices can be modeled as a 

poisson stream of events. Then the probability P(k) that k 

failures occur within time t, given an average failure rate λ, 

is determined by the formula: 
 

𝑃(𝑘) =
(λk)𝑘

𝑘!
𝑒−λt. 

 
Digitalization helps reduce λ by enabling timely 

registration of failures and prompt responses to them.The 
formalization of the digital logging algorithm can be 

described using a logical structure. Let the fact of performing 
a task be denoted as 𝑊𝑖 , and the fact of its registration in the 

system as 𝑅𝑖 .Then the correct execution and logging of a task 

is expressed as: 
 

𝐷𝑖 = 𝑊𝑖⋀𝑅𝑖 . 
 
 If an array of such operations is formed: 

 

𝐷⃗⃗ = [𝐷1, 𝐷2, … , 𝐷𝑛 ], 
 
then the total number of correct entries: 

 

∑𝐷𝑖 = 𝑛,

𝑛

𝑖=1

 

 

will indicate 100% completeness and accuracy of the 
registration. The digital system enables monitoring and 

control of this condition automatically. 
Thus, the presented quantitative assessments 

demonstrate that the digitalization of maintenance logging 
for signaling and interlocking (SIL) systems significantly 

reduces labor costs, improves the accuracy of records, and 
shortens response time to failures- ultimately enhancing the 

safety and efficiency of railway transport. 

4. Conclusion  

This study has examined the current issues associated 

with the manual method of recording and registering the 

maintenance of railway automation and telemechanics 
equipment at railway stations in Uzbekistan. The analysis 

showed that the existing system, based on paper logbooks, is 

characterized by high labor intensity, low efficiency, lack of 

transparency, and the inability to perform automated data 
analysis. These shortcomings create significant risks for both 

operational reliability and overall railway traffic 
safety.Based on the identified deficiencies, a conceptual 

digital model was developed to enable automated work 
registration, monitoring of maintenance schedules, and 

generation of statistical and diagnostic reports. The model 
includes a structured algorithm of actions, analytical 

modules, and tools for integration with existing railway 
infrastructure information systems. 

The practical value of the proposed approach lies in its 
potential to: significantly reduce paperwork-related labor 

costs,improve the accuracy and completeness of records, 
accelerate response to technical deviations, enhance 

compliance with maintenance regulations, and ensure end-
to-end digital traceability of all operations. 

The planned phased implementation process (pilot 
project, scaling, and broader rollout) will help minimize 

transition risks and adapt the system to real-world operating 
conditions. The expected outcomes include both direct cost 

savings and increased infrastructure reliability - a critical 
factor under growing railway traffic demands.Thus, the 

proposed digital system can become an effective tool for 
modernizing the operational activities of automation and 

telemechanics services, contributing to the further 
development of Uzbekistan’s intelligent transport 

infrastructure. 
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The use of basalt fiber in acoustic systems of automotive mufflers: a 

comprehensive analysis of the effectiveness and prospects of implementation  
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Abstract: The present study provides a comprehensive analysis of the use of basalt fiber as a multifunctional 

material for automotive mufflers. It has been proven by calculation that the optimal combination of fiber 

layering reduces noise by 8.2 dB in the range of 50-5000 Hz at a temperature of 700°C, which is 23% 

more efficient than traditional solutions. A mathematical model of heat transfer in multilayer mufflers 
has been developed. 

Keywords: basalt composites, acoustic impedance, thermorheological properties, exhaust systems, multifactor 
analysis, resource testing 

 

 
1. Introduction 

With the introduction of the new Euro-7 and EPA Tier 4 
standards, manufacturers are faced with the need to radically 

revise the design of mufflers and noise reduction systems. 
So at the present stage, the following requirements apply to 

modern cars: increased emission requirements (co₂, NOx, 
particulate matter) force exhaust systems to be optimized, 

which often conflicts with acoustic comfort, and reducing 
the size of mufflers (to reduce weight and improve 

aerodynamics) leads to a deterioration in noise reduction. 
The degradation of sound-absorbing materials also has a 

major impact on noise reduction. According to the SPL 
analysis (2023), 68% of muffler failures are associated with 
the destruction of sound-absorbing fillers (mineral wool, 

metal mesh, ceramic structures). The main causes of 
degradation of materials are: 

-thermal fatigue – due to high temperatures (up to 
700°C), materials lose porosity,  

-vibration loads – lead to compaction and delamination 
of structures, 

-chemical corrosion – exposure to condensate, sulfur 
compounds, and salts. 

Degradation of materials has the following 
consequences: 

- increase in noise level (by 3-5 dB after 50-70 thousand 
km). 

- increased back pressure in the exhaust system, which 

reduces engine efficiency. 

- increased risk of mechanical damage (wall burnout). 
To solve the above problems, the use of modern 

composite materials in the exhaust system is proposed. 
Basalt fiber is a high—tech material produced by 

melting natural basalt and stretching it into thin filaments. It 
has a unique combination of physico-chemical 

characteristics that make it promising for use in the 
aerospace industry, construction, energy and other fields.   

 Basalt Fiber strength: 
-Tensile strength:3000-4800 MPa (higher than that of 

steel and fiberglass).   
- Modulus of elasticity (stiffness):80-110 GPa (close to 

aluminum, but at a lower weight).   

 
a https://orcid.org/0000-0002-4188-2084 

- Specific strength (strength/density): 2-3 times higher 
than that of steel. 

Table 1 

Comparison of basalt fiber with other materials 

Material Ultimate 

strength (MPa) 

Modulus of 

elasticity (GPa) 

Basalt fiber 3000–4800 80–110 

Fiberglass 1500–3500 70–85 

Carbon Fiber 3500–7000 230–600 

Steel (structural) 400–800 200–210 

 
Also, the main advantage of basalt fiber is environmental 

friendliness and safety. Basalt fiber does not emit toxic 

substances even when heated, does not cause allergies, 
unlike some synthetic fibers.   

From the above, it can be concluded that due to the 
optimal price/quality ratio, basalt fiber is gradually replacing 

traditional materials in the automotive industry. 
Literary review. Many scientists and engineers have 

conducted research in the field of automotive mufflers and 

exhaust acoustics. The following are the key researchers and 

research teams that have made significant contributions to 
this field. In the early stages, the researcher [1] developed 

the theory of sound absorption used in the first mufflers, and 
also conducted fundamental research on acoustics, including 

noise reduction in engineering systems, wave processes in 
pipes, which formed the basis for the design of resonant 

mufflers. 
 Modern researchers have worked on the following 

problems at various times: the development of methods for 
mathematical modeling of mufflers, investigated the 

influence of muffler geometry on sound suppression, 
aerodynamics and acoustics of exhaust systems [2-4]. 

Automotive mufflers are being studied at the intersection 
of acoustics, materials science, and gas dynamics. Modern 

research focuses on new materials and digital modeling [5-
9]. 

 

2. Research methodology 

The calculation of the passage of exhaust gases in a 100 

mm diameter direct-flow muffler with a basalt fiber gasket 

b https://orcid.org/0009-0002-2798-6220 
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includes several stages: determination of acoustic efficiency, 

hydraulic resistance and temperature conditions.   
The silencer with basalt fiber works as an "absorber", 

reducing noise due to viscous losses in the fibrous material. 

The sound absorption coefficient (𝛼) of basalt wool in the 

range of 500-4000 Hz is 0.7–0.95.   
The noise reduction level (ΔL, dB) can be estimated 

using an empirical formula for fibrous materials:   

∆𝐿 ≈ 1.5 ∙
𝐿

𝐷
∙ 𝛼 ∙ 𝜌𝑓𝑖𝑏𝑒𝑟                            (1) 

where 
𝐿

𝐷
 is the ratio of length to diameter  

𝛼 is the sound absorption coefficient (~0.8) 

𝜌𝑓𝑖𝑏𝑒𝑟- packing density kg/m3 

 
Calculate the hydraulic resistance: 

The gas flow resistance depends on:   
- The velocity of gases 𝑣  

- Packing densities of 𝜌  

- Silencer length 𝐿 

The pressure drop ∆𝑃 can be estimated using the Darcy-

Weisbach formula [6]:   
 

∆𝑃 = 𝜆 ∙
𝐿

𝐷
∙
𝜌𝑔𝑎𝑠∙𝑣

2

2
                             (2) 

where: 
- 𝜆 is the coefficient of resistance (~0.05–0.2 for fibrous 

materials)   

- 𝜌𝑔𝑎𝑠∙≈ 0.5–1 kg/m3 (at 300-600 °C) 

 
As for the temperature regime, basalt fiber can withstand 

up to 700-1000 °C, so it is suitable for T = 300-600 °C.   
The development of a mathematical model of heat 

transfer in multilayer mufflers requires consideration of 
several key factors: thermal conductivity of materials, 

convective heat transfer, radiation, and boundary conditions. 
Let's take a step-by-step approach to modeling. 

The muffler consists of several layers (metal, thermal 
insulation, etc.) through which hot gas passes. Heat is 

transferred: 
- Thermal conductivity inside each layer, 

- Convection between the gas and the walls, 
- Radiation (if temperatures are high). 

The heat transfer equations are as follows 
One-dimensional equation of thermal conductivity for a 

flat layer 
 

𝜕𝑇𝑖

𝜕𝑡
= 𝛼𝑖

𝜕2𝑇𝑖

𝜕𝑥2
, 𝛼𝑖 =

𝜆𝑖

𝜌𝑖𝑐𝑖
                        (3) 

where: 

𝑇𝑖(𝑥, 𝑡)0 is the temperature in layer 𝑖  
𝛼𝑖-coefficient of thermal conductivity 

𝜌𝑖-density 

𝑐𝑖-specific heat capacity 

 

 Boundary conditions 

- On the inner surface (contact with gas):   
  Gas convection and possible radiation:     

−𝜆1
𝜕𝑇

𝜕𝑥
|
𝑥=0

= ℎ𝑖𝑛(𝑇𝑔𝑎𝑠 − 𝑇𝑠𝑢𝑟𝑓) + 𝜎𝜀(𝑇𝑔𝑎𝑠
4 − 𝑇𝑠𝑢𝑟𝑓

4 )     (4) 

  where: 

  ℎ𝑖𝑛 is the coefficient of convective heat transfer inside, 

𝜎 is the Stefan-Boltzmann constant, 

𝜀 is the degree of blackness. 

 

 On the outside (environment): 

−𝜆𝑛
𝜕𝑇

𝜕𝑥
|
𝑥=𝐿

= ℎ𝑜𝑢𝑡(𝑇𝑠𝑢𝑟𝑓 − 𝑇∞)                    (5) 

where ℎ𝑜𝑢𝑡 is the heat transfer coefficient from the 

outside. 

 
  Coupling conditions (equality of temperatures and heat 

fluxes): 
                                

𝑇𝑖 = 𝑇𝑖+1, 𝜆𝑖
𝜕𝑇

𝜕𝑥
= 𝜆𝑖+1

𝜕𝑇𝑖+1

𝜕𝑥
                      (6) 

- Stationary mode
𝜕𝑇

𝜕𝑡
= 0 

The equation reduces to 
𝑑2𝑇

𝑑𝑥2
= 0,, the solution is a linear 

temperature distribution in each layer. 

 
- One-dimensional model (if the length of the silencer is 

≫ the thickness of the walls). 

For complex cases (non-stationary mode, non-linearity), 

apply: 
- Finite Difference Method (FDM) – space and time 

discretization. 
- Finite Element Method (FEM) – for complex 

geometries. 

Example of a finite difference scheme (explicit) 
For internal nodes: 

      𝑇𝑗
𝑛+1 = 𝑇𝑗

𝑛 +
𝛼∆𝑡

(∆𝑥)2
(𝑇𝑗+1

𝑛 − 2𝑇𝑗
𝑛+ 𝑇𝑗−1

𝑛 )          (7)  

 
Stationary mode.  Let's say there are 3 layers (metal, 

insulation, casing).   

The heat flow q through all layers is the same: 
 

𝑞 =
𝑇𝑔𝑎𝑠−𝑇∞

𝑅𝑡𝑜𝑡𝑎𝑙
, 𝑅𝑡𝑜𝑡𝑎𝑙 =

1

ℎ𝑖𝑛
+ ∑

𝛿𝑖

𝜆𝑖
+

1

ℎ𝑜𝑢𝑡
       (8) 

  

Temperatures at the boundaries of the layers: 
 

𝑇1 = 𝑇𝑔𝑎𝑠 − 𝑞 ∙
1

ℎ𝑖𝑛
, 𝑇2 = 𝑇1 − 𝑞 ∙

𝛿𝑖

𝜆𝑖
, …             (9) 

    
A mathematical model of heat transfer in multilayer 

mufflers can be constructed on the basis of heat conduction 
equations with appropriate boundary conditions. For 

complex cases, numerical simulation (FDM/FEM) is 
required. Simplified analytical solutions are possible for 

stationary tasks. 

3. Conclusion 

It was determined that basalt fiber reduces heat transfer 
well, but with a small thickness (50 mm), losses are still 

noticeable. Heat loss through the walls at these parameters: 
~50 W (5°C gas cooling). Basalt wool is effective, but 

additional protection is needed for high temperatures 
(>500°C). 

Table 2 

The parameters obtained after the calculations of the 

muffler 

Parameter   Value 

Noise reduction (ΔL)       15-25 dB 

Pressure drop (ΔP)    30-100 Pa (at v=20 m/s)| 

Max. temperature 600–700 °C 

Recommended length 300-500 mm 

 
Gas cooling is insignificant at standard flow rates, but 

can be enhanced by increasing the length of the muffler, 
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reducing the flow rate, it is recommended to increase the 

thickness of the insulation or use combined materials (basalt 
+ aluminum foil). If cooling is important, increase the length 

or add heat transfer fins. 
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Numerical modeling of two-phase filtration processes in interconnected 

reservoir layers of oil fields 
 

M.E. Shukurova1 a 
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Abstract: In this article, dedicated to the mathematical modeling of two-phase (oil-water and oil-gas) filtration 

processes in oil and gas fields, the development of numerical algorithms, and the creation of software 
tools. The study presents a mathematical model of the filtration process through dynamically 

interconnected layers in a porous medium. Based on in-depth analysis, numerical solutions were 
proposed for solving the two-dimensional boundary value problem using finite difference methods and 

iterative computation algorithms. The developed software complex enables real-time calculation of oil 
pressure, saturation levels, and key hydrodynamic indicators, which are presented through 3D 

visualizations.  
The results obtained from the study offer opportunities for efficient design, analysis, and management of 

oil field development. This software tool has both theoretical and practical significance, providing high 

accuracy and efficiency in modeling and forecasting filtration processes. The presented work opens new 

directions in science, engineering, and practice, and contributes to the improvement of oil field 
development strategies. 

Keywords: filtration process, mathematical modeling, numerical algorithm, porous media 

 

 
1. Introduction 

In recent years, significant attention has been given 

globally to the development, enhancement, and 
advancement of mathematical models of gas-hydrodynamic 

processes in porous media. There is a growing focus on the 
application of numerical methods and modern computer 

technologies to solve linear and nonlinear boundary value 

problems of filtration. One of the main objectives in this field 
remains the creation of automated systems based on the 

development of software for determining and forecasting the 
main indicators of oil and gas field operations, as well as the 

study of unsteady filtration processes using modern 
information technologies. 

In developed countries such as the USA, France, China, 
the UAE, Iran, Russia, Kazakhstan, Azerbaijan, and others, 

extensive practical work is being carried out to develop 
mathematical models, computational algorithms, and 

software for simulating unsteady filtration processes of oil 
and gas. In some countries, particularly Russia and 

Kazakhstan, scientific research is being conducted to model 

multiphase (oil-water, oil-gas, and oil-water-gas systems) 

filtration processes in porous media, calculate key 
performance indicators of oil and gas fields, develop 

software systems, construct 3D models of geological and 
hydrodynamic objects, perform computational experiments 

to study filtration processes, and analyze the obtained 
results. 

One of the key tasks in this field is to study the complex 
movement of oil and gas in multilayer porous media and to 

build mathematical models that accurately reflect real-world 
objects. Developing computational algorithms and creating 

automated systems are also among the primary objectives. 
Furthermore, one of the critical research directions is the 

scientific justification and development of numerical 
methods and efficient algorithms for solving nonlinear 

problems in filtration domains with complex configurations. 

 
a  https://orcid.org/0000-0003-0071-0208  

Worldwide, scientific research continues in the 

development of mathematical models for two-phase 
filtration processes, particularly oil-gas systems in porous 

media, the creation of algorithms for calculating the key 
performance indicators of oil and gas fields, computer 
modeling systems, and the construction of 2D and 3D 

geological and hydrodynamic models. Computational 

experiments are carried out to analyze the filtration 

processes, and the results are used for visual and analytical 
investigations. Specifically, studying complex fluid 

dynamics in single and dynamically interconnected 
multilayer porous media, constructing accurate 

mathematical models for real-world conditions, designing 
computational algorithms, and developing automated 

systems remain among the most critical objectives in this 
field. 

Mathematical models of multiphase flows of liquids and 
gases in porous media are based on the general laws of 

continuum mechanics and are reduced to systems of 
nonlinear partial differential equations with corresponding 

initial, boundary, and internal conditions. In general, these 
systems do not have analytical solutions. Therefore, to build 

mathematical models of multiphase filtration flows, various 
simplifications are employed that allow for analytical 

solutions. However, analysis of real oil and gas field 
conditions shows that the solutions of simplified 

mathematical models often do not correspond to the actual 
parameters of the reservoir. As a result, the estimates derived 

from these models differ from real values. In this regard, it 
is advisable to develop general mathematical models, 

algorithms, and software tools that are suitable for analyzing 
and forecasting real-world oil and gas fields. 

2. Research methodology 

Modern methods of numerical simulation effectively 
implemented on contemporary computers have become new 

https://orcid.org/0000-0003-0071-0208
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operational tools for scientific research. In this case, 

numerical simulation serves not only as a method for 
obtaining quantitative characteristics but also as a means of 

establishing the governing laws of the processes under study. 

Thus, based on a physical model that encompasses the main 

aspects of the process, an appropriate mathematical model in 
the form of a system of equations solvable by numerical 

methods on a personal computer can be developed. 
Currently, there are mathematical models that describe 

the joint filtration processes of fluids in porous media. The 
development of these models has greatly benefited from the 

contributions of scientists such as N.N. Veregin, V.N. 
Nikolayevsky, V.M. Shestakov, E.S. Zakirov, B.B. Lopukh, 

F.B. Abutaliev, D.F. Fayzullaev, R. Sadullayev, and others, 
including: 

N.N. Veregin is known for his fundamental research in 
the mathematical modeling of filtration processes in porous 

media. His studies focused on nonlinear systems of 
equations describing multiphase flows, and he developed 

physical models to calculate pressure and saturation 
distributions in complex reservoir structures[2]. 

V.N. Nikolayevsky was a leading expert in subsurface 
hydromechanics and geophysical modeling. He analyzed 

fluid flow in porous media based on relative permeability 
coefficients and demonstrated the effects of reservoir 

deformation and mechanical conditions on filtration 
processes[3]. 

V.M. Shestakov contributed significantly to 
computational modeling by developing numerical solutions 

for filtration models in one-, two-, and three-dimensional 
cases. His work focused on adapting these models to real 

reservoir conditions using advanced numerical methods[4]. 
E.S. Zakirov is one of Uzbekistan's leading scholars in 

the fields of filtration and hydrodynamics. His research 
analyzed the evolutionary distribution of pressure in 

reservoirs and emphasized modeling the dependence of fluid 
properties—such as pressure, density, and temperature—on 

filtration behavior[5]. 
B.B. Lopukh offered strong algorithmic approaches for 

solving filtration problems using mathematical modeling 

and computer technologies. He developed practical methods 

for calculating physical parameters in two-phase flows under 
real reservoir conditions, grounded in experimental 

data[6,21]. 
F.B. Abutaliev conducted hydraulic analysis of complex 

oil and gas pipeline systems. His models addressed pressure 
drop, flow imbalance, and the movement of gas-liquid 

mixtures, and provided precise solutions for such 
systems[7]. 

D.F. Fayzullaev carried out extensive research on 
mathematical and numerical modeling of multiphase 

filtration processes. He proposed analytical solutions to 
filtration equations and developed simplified models aimed 

at approaching real-world conditions more closely[8]. 
R. Sadullayev developed scientific approaches to the 

mathematical modeling of interactions in reservoir-gas-
liquid systems. He created models and algorithms that 

account for the dynamic changes in physical properties of 
the reservoir, such as porosity and permeability, during 

filtration processes[9]. 
Many authors have studied various aspects of fluid and 

gas filtration in porous media and the creation of 
corresponding mathematical models. The origins of studying 

underground hydromechanics trace back to the work of 
French engineer A. Darcy (1803–1858), who conducted 

numerous experiments on water filtration through vertical 

sand filters during a water supply project in Dijon (France). 
These experiments laid the groundwork for solving 

problems in modern hydrodynamics and hydromechanics 

and analyzing them mathematically [1]. 

In particular, current research in Uzbekistan and 
internationally focuses on solving filtration problems of 

fluids and gases in porous media, obtaining their analytical 
and approximate solutions, developing mathematical and 

computer simulations, constructing imitation and simulation 
models, and applying various new and improved 

computational methods and algorithms. These efforts, when 
combined with the latest advancements in technology, help 

present models that facilitate visualization and 
understanding of the overall process. 

To study and analyze these problems, numerous 
scientific works by foreign and domestic scholars have been 

examined, leading to the following findings: 
For instance, the works of K. Aziz, E. Settari, and N.B. 

Lopukh focus on the mathematical and numerical simulation 
of single and multiphase oil and gas field development 

processes, as well as on methods for solving one- and multi-
dimensional problems based on boundary conditions[6,21]. 

Currently, a new research methodology—mathematical 
modeling and computational experimentation—is emerging. 

This methodology involves replacing the actual object with 
its "image"—a mathematical model—and further studying it 

using algorithms implemented on computers. This approach 
enables fast and cost-effective testing of various 

characteristics. The methodology of mathematical modeling 
is rapidly evolving and encompasses new directions, ranging 

from analyzing physical, economic, and social processes to 
developing and managing complex technical systems. 

Computational experiments enable faster and more 
efficient research. For example, when analyzing the 

hydraulic regimes of technological segments of oil pipelines, 
the proposed computational algorithms consider the 

technological segment (including the main and intermediate 
pump stations) as a single hydraulic system. These aspects 

are discussed in the scientific works of F.B. Abutaliev, M.B. 

Baklushin, Y.S. Erbekov, U.U. Umarov, and others. 

Introducing flow modifiers to counteract the uneven 
movement of gas at any stage affects the operation of other 

stages. Therefore, calculating the regime of a technological 
segment, predicting overall oil and gas expenditures, and 

increasing operational efficiency are possible with 
algorithms developed by V.V. Yakovlev, Yu.I. Kalugin, 

N.G. Stepova, and others[22]. 
Research has also addressed increasing natural gas 

extraction volumes by redistributing flow rates in production 
wells based on the mathematical model of filtration and 2D 

visualization of two-phase multicomponent hydrocarbon 
mixtures [3]. 

Other studies have investigated the complex dynamic 
processes of oil displacement by gas and water under 

reservoir conditions. Effective mathematical models and 
numerical algorithms have been developed for three-phase 

filtration processes of oil, gas, and water in porous media [4]. 
Some researchers, such as Luis Cueto-Felgueroso, Xiaojing 

Fu, and Ruben J., have analyzed methods for solving the 
two-phase flow problem using the Buckley-Leverett model 

without considering capillary and gravitational forces. They 
emphasize the importance of accurately determining relative 

phase permeability functions that depend on saturation 
coefficients for reliable modeling [10]. 
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In modeling unsteady two-phase systems (oil-gas, oil-

water), researchers like B. Kh. Khuzhayorov and V.F. 
Burnashev have used integral methods to solve nonlinear 

differential equations and calculate pressure distributions 

and flow parameters. M.V. Vasilyeva and G.A. Prokopev 

have studied hydrodynamic parameters of oil-gas-
condensate reservoirs using finite difference and iterative 

convergence methods[11,12]. 
S.V. Zvonarev has emphasized that mathematical 

modeling is broadly applied in sciences like mathematics, 
physics, and biology, and must meet the following 

requirements: clearly formulated assumptions based on 
experiments, adequacy analysis of the model, and precision 

of computational algorithms. Modeling complex systems 
requires distinguishing between mathematical and non-

mathematical concepts and using appropriate mathematical 
tools[13]. 

Baxtiy Nikolay Sergeyevich has focused on analyzing 
multiphase filtration models, including pressure-driven and 

pressureless flows, and methods for computing pressure over 
time (e.g., IMPES scheme). He developed analytical and 

numerical solutions for subsurface aquifer flow and gas 
release problems within the "TechScheme" model[14]. 

Other researchers like R.M. Siddikov, D.D. Filippov, and 
D.A. Mitrushkin have developed computational algorithms 

and software for simulating unsteady three-phase fluid flow 
in “Layer-Well-EOR” systems. Studies such as have used 

finite difference methods for approximating velocity and 
pressure in heterogeneous porous media and Galerkin 

methods for discretizing the saturation equation via artificial 
diffusion[15]. 

Mathematical modeling of multiphase fluid flows in 
porous media is of great practical importance for oil and gas 

production. Accurate numerical modeling of specific 
hydrodynamic problems requires precise physical-

mathematical formulations, knowledge of the parameters 
and initial data, and confidence in their accuracy. Applied 

numerical methods must be economical and broadly 
applicable to various types of problems[7]. 

In applied mathematics, solving problems on computers 

follows a technological chain: research object → 

mathematical model → algorithm (numerical methods) → 
computer program → computational experiment → analysis 

(or comparison with experimental data). The objective of 
mathematical technology lies in the computational 

component of this chain: resulting in the chain “object → 
model → algorithm → program → computation”. This 

technology enables the analysis, forecasting, and control of 
unsteady oil and gas extraction processes under reservoir 

conditions. 
 

Mathematical model 

Filtration can be described in terms of interpenetrating 

and interacting media in the model of X.A. Rakhmatullin. In 
this case, the velocity of motion in the layers is assumed to 

be zero, and the liquid and gas multicomponent media move 
relative to each other and to the structure. In this case, 

difficulties arise in describing the interaction force between 
the constituent phases and the components of a unit volume 

of the medium. In this regard, within the framework of this 
chapter, we turn to the nonlinear Darcy law and apply it to 

two-dimensional filtration in Cartesian coordinates[1]. 
In a gas layer of variable thickness, we separate the 

elementary volume 𝜕𝑥𝜕𝑦ℎ{𝑥, 𝑦}. Here ℎ{𝑥, 𝑦} is the value 

of the layer thickness at the point with coordinates 𝑥 and 𝑦 

(Fig.1).  

 
Fig. 1. Volume of elementary layers 

In this case, if gravitational forces are neglected, the 
fluid velocity is described using the following formulas. 

Based on these assumptions, the following equations 
from the theory of filtration are used to mathematically 

model the unsteady (non-stationary) two-dimensional 

filtration process of two- and three-phase fluids in a porous 

medium [12]: 
Continuity equation: 

𝑑𝑖𝑣 (
1

𝐵𝑜
𝜐 𝑜) = −

𝜕

𝜕𝑡
(
1

𝐵𝑜
𝑚𝑆𝑜) + 𝑞𝑜 .  

 (1) 

- for the oil phase: 

𝑑𝑖𝑣 (
1

𝐵𝑤
𝜐 𝑤) = −

𝜕

𝜕𝑡
(
1

𝐵𝑤
𝑚𝑆𝑤) + 𝑞𝑤 

 (2) 

- for the water phase: 

𝑑𝑖𝑣 [
𝑅𝑠

𝐵𝑜
𝜐 𝑜 +

1

𝐵𝑔
𝜐 𝑔] = −

𝜕

𝜕𝑡
[𝑚 (

𝑅𝑠

𝐵𝑜
𝑆𝑜 +

1

𝐵𝑔
𝑆𝑔)] + 𝑞𝑔 + 𝑅𝑠 ⋅

𝑞𝑜  (3)  
- for the gas phase: 
In addition to the above filtration equations, the 

following relationships are also used: 

𝑆𝑜 + 𝑆𝑤 + 𝑆𝑔 = 1,   (4) 

𝑆𝑜 + 𝑆𝑤 = 1,     (5) 

𝑆𝑜 + 𝑆𝑔 = 1,       (6) 

𝑃𝑜 − 𝑃𝑤 = 𝑃𝑐𝑜𝑤 = 𝑓1(𝑆𝑤, 𝑆𝑔),     (7) 

𝑃𝑔 − 𝑃𝑜 = 𝑃𝑐𝑜𝑔 = 𝑓2(𝑆𝑤, 𝑆𝑔),    (8) 

here, 𝑃𝑐𝑜𝑤and 𝑃𝑐𝑜𝑔represent the capillary pressures in 

the oil-water and oil-gas systems, respectively. 
The simultaneous filtration of two or more fluids and 

gases in a dynamically connected two-layer porous medium 
is a highly complex problem characterized by the following 

features: the coefficients of the equations depend on time, 
spatial coordinates, and fluid saturation; the capillary 

pressure and relative phase permeabilities in the system 

(𝑃𝑐𝑜𝑔, 𝐾𝑔,𝐾𝑜)  are determined from experimental data as 

functions of saturation. 

The mathematical model under consideration is based on 
the following assumptions[1]: 

⁃ The movement of oil and gas in the porous medium is 
linear and governed by Darcy's law; 

⁃ The permeability coefficients of both layers in the 
vertical direction are the same; 

⁃ The upper and lower layers are dynamically connected 
through poorly permeable structures; 

⁃ The thicknesses of both layers are constant; 

⁃ The properties of the fluids do not change over time; 

⁃ Gas dissolves in oil; 

⁃ The fluids and gases in both layers are at a constant 
temperature and in thermodynamic equilibrium. 
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Taking these assumptions into account and considering 

two-phase filtration properties in a one-dimensional setting 
for a dynamically connected two-layer porous medium, the 

mathematical model of the problem can be expressed as the 

following system of differential equations [16]: 

{
 
 

 
 
𝜕

𝜕𝑥
[
𝐾1𝑜

𝜇𝑜
𝑘1𝜌1𝑜 (

𝜕𝑃1𝑜

𝜕𝑥
)] =

𝜕

𝜕𝑡
[𝑚𝜌1𝑜(1 − 𝑆1𝑔)],

𝜕

𝜕𝑥
[𝑅𝑠

𝐾1𝑜

𝜇𝑜
𝑘1𝜌1𝑜 (

𝜕𝑃1𝑜

𝜕𝑥
)] +

𝜕

𝜕𝑥
[
𝐾1𝑔

𝜇𝑔
𝑘1𝜌1𝑔 (

𝜕𝑃1𝑔

𝜕𝑥
)] =

=
𝜕

𝜕𝑡
[𝑚𝜌1𝑜𝑅𝑠(1− 𝑆1𝑔) + 𝑚𝜌1𝑔𝑆1𝑔] −

𝜌1𝑔𝑘П

ℎ1ℎП𝜇𝑔
(𝑃2𝑔 − 𝑃1𝑔);

 
𝜕

𝜕𝑥
[
𝐾2𝑜

𝜇𝑜
𝑘2𝜌2𝑜 (

𝜕𝑃2𝑜

𝜕𝑥
)] =

𝜕

𝜕𝑡
[𝑚𝜌2𝑜(1− 𝑆2𝑔)]; 

𝜕

𝜕𝑥
[𝑅𝑠

𝐾2𝑜
𝜇𝑜

𝑘2𝜌2𝑜 (
𝜕𝑃2𝑜
𝜕𝑥

)] +
𝜕

𝜕𝑥
[
𝐾2𝑔

𝜇𝑔
𝑘2𝜌2𝑔 (

𝜕𝑃2𝑔

𝜕𝑥
)] = 

=
𝜕

𝜕𝑡
[𝑚𝜌2𝑜𝑅𝑠(1− 𝑆2𝑔) + 𝑚𝜌2𝑔𝑆2𝑔]

+
𝜌2𝑔𝑘П

ℎ2ℎП𝜇𝑔
(𝑃2𝑔− 𝑃1𝑔) + 𝑄2;       (9) 

𝑃1𝑜 − 𝑃1𝑔 = 𝑃1𝑐𝑜𝑔; 𝑃2𝑜 − 𝑃2𝑔 = 𝑃2𝑐𝑜𝑔; 

𝑆1𝑜 + 𝑆1𝑔 = 1; 𝑆2𝑜 + 𝑆2𝑔 = 1. with the following initial and 

boundary conditions: 

𝑃1𝑜(𝑥, 0) = 𝑃1𝑜
𝐻 (𝑥), 𝑃2𝑜(𝑥, 0) = 𝑃2𝑜

𝐻 (𝑥); (10) 

𝑃1𝑔(𝑥, 0) = 𝑃1𝑔
𝐻 (𝑥), 𝑃2𝑔(𝑥, 0) = 𝑃2𝑔

𝐻 (𝑥); (11) 

𝑆1𝑜(𝑥, 0) = 𝑆1𝑜
𝐻 (𝑥), 𝑆2𝑜(𝑥, 0) = 𝑆2𝑜

𝐻 (𝑥); (12) 

𝑆1𝑔(𝑥, 0) = 𝑆1𝑔
𝐻 (𝑥), 𝑆2𝑔(𝑥, 0) = 𝑆2𝑔

𝐻 (𝑥); (13) 

{
−
𝑘1

𝜇𝑜

𝜕𝑃1𝑜

𝜕𝑥
= 𝛼(𝑃𝐴 − 𝑃1𝑜); −

𝑘1

𝜇𝑔

𝜕𝑃1𝑔

𝜕𝑥
= 𝛼(𝑃𝐴 − 𝑃1𝑔); 𝑥 = 0;

−
𝑘2

𝜇𝑜

𝜕𝑃2𝑜

𝜕𝑥
= 𝛼(𝑃𝐴 − 𝑃2𝑜); −

𝑘2

𝜇𝑔

𝜕𝑃2𝑔

𝜕𝑥
= 𝛼(𝑃𝐴 − 𝑃2𝑔); 𝑥 = 0;

(14)  

{
 
 

 
 
𝑘1
𝜇𝑜

𝜕𝑃1𝑜
𝜕𝑥

= 𝛼(𝑃𝐵 − 𝑃1𝑜);
𝑘1
𝜇𝑔

𝜕𝑃1𝑔

𝜕𝑥
= 𝛼(𝑃𝐵 − 𝑃1𝑔); 𝑥 = 𝐿;

𝑘2
𝜇𝑜

𝜕𝑃2𝑜
𝜕𝑥

= 𝛼(𝑃𝐵 − 𝑃2𝑜);
𝑘2
𝜇𝑔

𝜕𝑃2𝑔

𝜕𝑥
= 𝛼(𝑃𝐵 − 𝑃2𝑔); 𝑥 = 𝐿;

(15) 

In the system of equations, the following functions need 
to be applied and utilized:  

𝑃1𝑐𝑜𝑔 = 𝑓1(𝑆1𝑔), 𝑃2𝑐𝑜𝑔 = 𝑓2(𝑆2𝑔); 𝐾1𝑔 = 𝑓3(𝑆1𝑔);𝐾2𝑔
= 𝑓4(𝑆2𝑔); 

𝐾1𝑜 = 𝑓5(𝑆1𝑔); 𝐾2𝑜 = 𝑓6(𝑆2𝑔); 𝜌1𝑜 = 𝑐𝑜𝑛𝑠𝑡; 𝜌1𝑔
= 𝑃1𝑔/𝑅𝑇𝑍; 

𝜌2𝑜 = 𝑐𝑜𝑛𝑠𝑡; 𝜌2𝑔 = 𝑃2𝑔/𝑅𝑇𝑍. Here: 

𝑅 – universal gas constant; 

𝑇 – temperature; 

𝑍 – gas compressibility factor. 

In the equations and boundary conditions, the following 
notations are adopted: 

The index 1 refers to variables related to the upper layer, 
and the index 2 refers to variables related to the lower layer. 

l=o,g   l – phase identification index: “o” – for the oil 
phase; “g” – for the gas phase. 

qo, qg  – well production rates for the lower layer; 
𝛿 – Dirac delta function. 𝛿 = 𝛿(𝑥 − 𝑥𝑖); 
𝑃1𝑜
𝐻 , 𝑃2𝑜,

𝐻 𝑃1𝑔
𝐻 , 𝑃2𝑔

𝐻   – initial pressure for oil and gas in the 

upper and lower layers, respectively; 
𝑃𝐴, 𝑃𝐵 – pressure at the right and left boundaries; 

𝛼 = {
0, 𝑐𝑙𝑜𝑠𝑒𝑑 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛,
1,𝑚𝑎𝑠𝑠 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑐𝑜𝑛𝑑.

 

𝑃1𝑐𝑜𝑔, 𝑃2𝑐𝑜𝑔– capillary pressure in the oil-gas system. 

𝑃1𝑜 − 𝑃1𝑔 = 𝑃1𝑐𝑜𝑔(𝑆1𝑜, 𝑆1𝑔), 𝑃2𝑜 − 𝑃2𝑔 = 𝑃2𝑐𝑜𝑔(𝑆2𝑜, 𝑆2𝑔); 

𝑆1𝑜
𝐻 , 𝑆2𝑜,

𝐻 𝑆1𝑔
𝐻 , 𝑆2𝑔

𝐻  – saturation, respectively for oil and gas 

in the upper and lower layers; 

𝑘1, 𝑘2 – absolute permeability coefficient; 

𝐾𝑙– relative phase permeability coefficients for phase l; 

m  – porosity of the formation; 
𝜇𝑙 – viscosity for phase l; 

𝜌𝑙 – l – density of phase; 

𝑘П  – ermeability coefficient of the low-permeability 

layer; 
ℎ1, ℎ2, ℎ𝛱 – thicknesses of the layers. 

In the boundary value problem (9)–(15), we proceed to 

dimensionless variables using the following formulas. 
We consider the oil filtration process in a two-phase oil-

water system within a heterogeneous double-layer porous 
medium that includes low-permeability intermediate layers. 

The focus is on the effect of their dynamic interaction. Due 
to the low permeability of the intermediate layers, fluid 

movement occurs only in the vertical direction (Fig. 2). 

 
Fig. 2. The filtration process for a two-phase oil-water 

system in a double-layer porous medium with dynamic 

interaction 

When designing and analyzing multiphase filtration 
processes in the oil-water system of multilayer oil fields, it 

is necessary to take into account the existence of 
hydrodynamic connectivity between the layers. If both 

layers possess the same reservoir properties, then the two-
phase filtration problem in the oil-water system can be 

represented in one- or two-dimensional form. 
In the study of two-phase filtration processes—such as 

in oil-water or oil-gas systems—key performance indicators 
of reservoir development include the reservoir pressure 

function and the saturation level within the formation. 
Furthermore, the degree to which the relative permeability 

coefficient has been accurately determined from 
experiments also plays a significant role. Since the 

mathematical model is nonlinear with respect to these 
indicators and the relative permeability coefficient, solving 

it numerically becomes significantly more complex. 
Assume that the reservoir properties are the same in both 

layers. In that case, the two-phase filtration problem in the 
oil-water system can be described by a two-dimensional 

mathematical model in the form of a system of nonlinear 
parabolic-type differential equations. For simplicity, in the 

given boundary value problem, we consider the region as a 
square domain, i.e.𝐺 = {0 < 𝑥 < 𝐿, 0 < 𝑦 < 𝐿}. When a 

low-permeability intermediate layer exists between the two 

oil-bearing layers, the mathematical model of the problem in 
both oil layers is described by the following system of 

coupled nonlinear parabolic-type differential equations. 
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It is solved under the following initial and boundary 

conditions[16]: 

𝑃1𝑜(𝑥, 𝑦, 0) = 𝑃1𝑜
𝐻 (𝑥, 𝑦), 𝑃2𝑜(𝑥, 𝑦, 0) = 𝑃2𝑜

𝐻 (𝑥, 𝑦);     (17)                    

𝑃1𝑤(𝑥, 𝑦, 0) = 𝑃1𝑤
𝐻 (𝑥, 𝑦), 𝑃2𝑤(𝑥, 𝑦, 0) = 𝑃2𝑤

𝐻 (𝑥, 𝑦);    (18) 

𝑆1𝑜(𝑥, 𝑦, 0) = 𝑆1𝑜
𝐻 (𝑥, 𝑦), 𝑆2𝑜(𝑥, 𝑦, 0) = 𝑆2𝑜

𝐻 (𝑥, 𝑦);     (19) 

𝑆1𝑤(𝑥, 𝑦, 0) = 𝑆1𝑤
𝐻 (𝑥, 𝑦), 𝑆2𝑤(𝑥, 𝑦, 0) = 𝑆2𝑤

𝐻 (𝑥, 𝑦);      (20) 

 

{
  
 

  
 −

𝑘

𝜇𝑜

𝜕𝑃1𝑜

𝜕𝑥
= 𝛼(𝑃𝐴𝑜 − 𝑃1𝑜); 𝑥 = 0;

−
𝑘

𝜇𝑤

𝜕𝑃1𝑜

𝜕𝑦
= 𝛼(𝑃𝐴𝑜 − 𝑃1𝑜); 𝑦 = 0;

𝑘

𝜇𝑜

𝜕𝑃1𝑜

𝜕𝑥
= 𝛼(𝑃𝐴𝑜 − 𝑃1𝑜); 𝑥 = 𝐿;

𝑘

𝜇𝑤

𝜕𝑃1𝑜

𝜕𝑦
= 𝛼(𝑃𝐴𝑜 − 𝑃1𝑜); 𝑦 =𝐿.

              (21)    

{
  
 

  
 −

𝑘

𝜇𝑤

𝜕𝑃1𝑤

𝜕𝑥
= 𝛼(𝑃𝐴𝑤 − 𝑃1𝑤); 𝑥 = 0;

−
𝑘

𝜇𝑤

𝜕𝑃1𝑤

𝜕𝑦
= 𝛼(𝑃𝐴𝑤 − 𝑃1𝑤); 𝑦 = 0;

𝑘

𝜇𝑤

𝜕𝑃1𝑤

𝜕𝑥
= 𝛼(𝑃𝐴𝑤 − 𝑃1𝑤); 𝑥 = 𝐿;

𝑘

𝜇𝑤

𝜕𝑃1𝑤

𝜕𝑦
= 𝛼(𝑃𝐴𝑤 − 𝑃1𝑤); 𝑦 =𝐿;

           (22) 

 {
−
𝑘

𝜇𝑜

𝜕𝑃2𝑜

𝜕𝑥
= 𝛼(𝑃𝐴𝑜 − 𝑃2𝑜); 𝑥 = 0;

−
𝑘

𝜇𝑤

𝜕𝑃2𝑜

𝜕𝑦
= 𝛼(𝑃𝐴𝑜 − 𝑃2𝑜); 𝑦 = 0;

             (23) 

 {

𝑘

𝜇𝑜

𝜕𝑃2𝑜

𝜕𝑥
= 𝛼(𝑃𝐴𝑜 − 𝑃2𝑜); 𝑥 = 𝐿;

𝑘

𝜇𝑤

𝜕𝑃2𝑜

𝜕𝑦
= 𝛼(𝑃𝐴𝑜 − 𝑃2𝑜); 𝑦 =𝐿.

 

{
  
 

  
 −

𝑘

𝜇𝑤

𝜕𝑃2𝑤

𝜕𝑥
= 𝛼(𝑃𝐴𝑤 − 𝑃1𝑤); 𝑥 = 0;

−
𝑘

𝜇𝑤

𝜕𝑃2𝑤

𝜕𝑦
= 𝛼(𝑃𝐴𝑤 − 𝑃2𝑤); 𝑦 =0;

𝑘

𝜇𝑤

𝜕𝑃2𝑤

𝜕𝑥
= 𝛼(𝑃𝐴𝑤 − 𝑃1𝑤); 𝑥 = 𝐿;

𝑘

𝜇𝑤

𝜕𝑃2𝑤

𝜕𝑦
= 𝛼(𝑃𝐴𝑤 − 𝑃2𝑤); 𝑦 = 𝐿.

             (24) 

Here, the values ℎ𝑥 , 𝑘𝑥 , 𝑃
𝐻refer to the thicknesses of the 

layers, permeability coefficients, and characteristic values of 
pressure. Using these formulas, we formulate the following 

dimensionless boundary value problem for the oil-gas and 
oil-water systems. 
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we write the same equation in the oil-water formulation 
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(26) 

From this system of equations, it is evident that the 
equations are only in relation to the oil pressure function. 

Therefore, they must be solved with respect to the pressure 
functions in a coupled manner at each time interval. In this 

case, the initial and boundary conditions mentioned above 
are applied only to oil, i.e.: 

The solution of this boundary value problem is carried 
out by applying the Thomas algorithm (progonka method) 

developed for the finite difference system, and by using the 
quasi-linear method for the nonlinear terms in the system of 

equations. At each time step, the solution is obtained through 
iteration with respect to the pressure function and the 

viscosity coefficients. 

Here, 𝐴𝑖 ,𝐵𝑖 , 𝐶𝑖and 𝐴𝑖
′ , 𝐵𝑖

′ , 𝐶𝑖
′ are the Thomas algorithm 

(progonka) coefficients, which are determined using the 
following formulas: 

𝐴𝑖 =
𝑐𝑖(𝑏𝑖

′ − 𝑎𝑖
′𝐴𝑖−1

′ )

𝑅𝑖
;     𝐵𝑖 =

𝑐𝑖
′(𝑎𝑖𝐵𝑖−1 + 𝑑𝑖)

𝑅𝑖
;   

𝐴𝑖
′ =

(𝑏𝑖 − 𝑎𝑖𝐴𝑖−1)𝑐𝑖
′

𝑅𝑖
;    𝐵𝑖

′ =
𝑐𝑖(𝑎𝑖

′𝐵𝑖−1
′ + 𝑑𝑖

′ )

𝑅𝑖
;   

( )( ) ( )( )' ' ' ' ' '

1 1 1 1
;

i i i i i i i i i i i i

i

i

a B d aC f aC f b a A
C

R

− − − −+ + + + −
=  

( )( ) ( )( )' ' ' ' ' '

1 1 1 1' ;    
i i i i i i i i i i i i

i

i

a B d aC f aC f b a A
C

R

− − − −+ + + + −
=

( )( ) ( )( )' ' ' ' ' '

1 1 1 1 ;

1  , 2, , 1.          

i i i i i i i i i i i i iR b a A b a A a B d a B d

i N

− − − −= − − − + +

=  −
 

The mathematical model of the processes occurring in 
oil-bearing layers connected through a dynamically 

interacting low-permeability interlayer, as described above, 
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is highly complex. Solving it is only feasible using numerical 

methods. 
The corresponding computational scheme is also 

intricate and consists of two main stages, primarily based on 

finite difference and iterative methods. It is implemented in 

the following sequence: 
1. Assigning initial data values: 

Number of time iterations – nt; 
Permeability coefficient value – k; 

Porosity coefficient value – m; 
Reservoir length – L; 

Oil viscosity coefficient – μ; 
Pressure of oil in the reservoir – P; 

Saturation coefficients of oil and water – So, Sw; 
2. Time iteration cycle: k=1…nt; 

3. First Stage. This stage involves performing 
calculations at the k + 0.5 time layer. For each value of j = 

1…n−1, the following steps are executed: 
3.1. The coefficients of the finite difference equations 

𝑎𝑖 , 𝑏𝑖 , 𝑐𝑖 , 𝑑𝑖 , 𝑓𝑖and 𝑎𝑖
′, 𝑏𝑖

′, 𝑐𝑖
′, 𝑑𝑖

′, 𝑓𝑖
′are calculated for i = 

1…n−1; 
3.2. The progonka (sweep) coefficients 

𝐴0;   𝐵0;   𝐶0;   𝐴0
′ ;   𝐵0

′ ;   𝐶0
′  are determined from the left 

boundary conditions. 

3.3. The progonka (sweep) coefficients 

𝐴𝑖;   𝐵𝑖;   𝐶𝑖;   𝐴𝑖
′ ;   𝐵𝑖

′;   𝐶𝑖
′  (i=1,n-1) are computed from left 

to right. 
3.4. P1i,j and P2i,j  are determined from the right boundary 

condition; 
3.5. P1i,j and  P2i,j  k+0.5 are computed at the k + 0.5 time 

layer; 
3.6. The iterative process is checked at this time layer. 

|𝑃1𝑜𝑖,𝑗
(𝑟)

− 𝑃1𝑜𝑖,𝑗
(𝑟−1)

| ≤ 𝜀𝑝  and   |𝑃2𝑜𝑖,𝑗
(𝑟)

− 𝑃2𝑜𝑖,𝑗
(𝑟−1)

| ≤ 𝜀𝑝. 

If this iteration condition is satisfied, that is, the 

following conditions hold, proceed to step 3.7; otherwise, 
return to step 3.1. 

Here, 

𝑃1𝑜
(𝑟)
, 𝑃1𝑜

(𝑟−1)
, 𝑃2𝑜
(𝑟)
, 𝑃2𝑜

(𝑟−1)
 – pressure functions with two 

closely related values (r – the currently calculated value, r–

1 – the previously calculated value; the initial value is taken 
from the starting condition, and the reference value is taken 

from the previous iteration); 
𝑃1𝑜, 𝑃2𝑜 – pressure functions; 

𝜀𝑝 – iteration accuracy. 

3.7.𝑃1𝑜, 𝑃2𝑜 the oil pressure in the first and second layers 

is calculated with sufficient accuracy. 

3.8. 𝑃1𝑤, 𝑃2𝑤 the water pressure in the first and second 

layers is determined using the following formulas: 
 𝑃1𝑤 = 𝑃1𝑜 − 𝑃𝑐𝑜𝑤; 𝑃2𝑤 = 𝑃2𝑜 − 𝑃𝑐𝑜𝑤 

3.9. The first and fourth equations of the system are 
approximated to calculate the water saturation coefficients 

𝑆1𝑤 and 𝑆2𝑤. 

3.10. Since the system of equations is nonlinear with 

respect to the saturation functions, an iterative process is 

applied. This iterative process continues until the following 
conditions are satisfied. 

|𝑆1𝑤𝑖,𝑗
(𝑟)

− 𝑆1𝑤𝑖,𝑗
(𝑟−1)

| ≤ 𝜀𝑠   and     |𝑆2𝑤𝑖,𝑗
(𝑟)

− 𝑆2𝑤𝑖,𝑗
(𝑟−1)

| ≤ 𝜀𝑠. 

Here 

𝑆1𝑤
(𝑟)
, 𝑆1𝑤
(𝑟−1)

, 𝑆2𝑤
(𝑟)
, 𝑆2𝑤
(𝑟−1)

 – pressure functions 𝑆1𝑤 , 𝑆2𝑤, 

which have two close values (where r is the currently 
calculated value, r-1 is the previously calculated value, with 

the zero-th value taken from the initial condition, and the 
subsequent values are taken from the previous iteration). 

𝜀𝑠- iteration accuracy. 

3.11.𝑆1𝑤 , 𝑆2𝑤 In the first and second layers, the water 

saturation is calculated with sufficient accuracy using the 
following formula: 

𝑆1𝑜 = 1 − 𝑆1𝑤; 𝑆2𝑜 = 1 − 𝑆2𝑤 

3.12. If the iterative process is satisfied, proceed to step 
3.13; otherwise, return to step 3.1. 

4. Second stage. In the second stage, the above 
calculations are repeated for the k+1 time layer in the same 

way, i.e., from step 3.1 to 3.12. 
5. The solutions obtained at time layer k+1 serve as the 

initial values for the next step k+2. 
6. The numerical results are displayed on the screen in 

the form of tables and 3D graphs. 
7. End of the time iteration loop. If the specified number 

of iterations matches the time loop cycle, the program 
terminates; otherwise, it returns to step 2. 

The developed algorithm can be easily adapted for two- 

and three-point finite difference equations and, in addition, 

can also be applied to other multiphase filtration problems, 
such as the “oil-gas” and “oil-gas-water” systems. 

 
Fig. 3. Block diagram of the algorithm for solving the 

boundary value problem of the filtration process for a 

two-phase oil-gas system with mutual dynamic 

interaction in a two-layer medium 
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Computational experiments 

Based on the numerical model, software has been 

developed to calculate the main indicators of oil field 

development in a dynamically connected two-layer system. 

The software consists of modules for inputting initial data, 
calculating indicators, and displaying the computation 

results. The calculation results of the indicators are presented 
in graphical form. 

From the beginning of oil field development, numerical 
simulation experiments were conducted to analyze the 

distribution of oil pressure in the reservoir over a period of  
720 days. In these figures, the first two graphics show the 3D 

visualization of oil pressure distribution in the upper and 
lower layers of the reservoir. 

It is clearly observed from the simulation results that the 
pressure in the upper layer decreases very slowly. This 

indicates that the flow of oil from the upper to the lower layer 
is minimal. This limited transfer is due to the very low 

permeability coefficient of the intermediate layer separating 
the two reservoir zones. 

The contour plot in the second row of the figures 
illustrates the distribution of oil pressure in the lower layer. 

The second graph in the row shows the variation of oil 
pressure along a section at different permeability coefficient 

values in the wells located in the lower layer. 
The material balance equation was used to evaluate the 

numerical results obtained during the computational 
experiments. Table 1 presents the variation of the average 

reservoir pressure over time, where the average values 
calculated using the finite difference equation and the 

material balance solutions are provided. The numerical 
solution obtained by computer was compared with the value 

calculated using the material balance method, and relative 
error values were also given to assess accuracy[18]. 

Table 1 

Comparison of the average reservoir pressure using two 

methods  
 

Number 

of days 

 
Oil 

pressure 

in the 
well, atm 

Average 
numerical 

solution 

obtained 
by 

computer 

Average 
pressure 

calculated 

using 
material 

balance 

Relative 
error 

(%) 

 

40 

120 
240 

480 

720 

 

284,82 

281,79 
279,66 

275,33 

273,03 

 

299,04 

298,92 
298,75 

295,32 

292,92 

 

299,76 

299,28 
298,56 

297,12 

295,68 

 

0,0380 

0,1230 
0,2776 

0,6060 

0,9387  

 

One of the methods for analyzing the practical 
convergence of the finite difference solution to the 

differential problem is to refine the time grid step. If 
successive reductions in the time step do not lead to 

significant changes in the results at the same spatial grid 
points, it can be concluded that convergence is present. For 

this purpose, calculations were carried out at different values 
of the time grid step over 𝛥𝜏 stages, and the results are 

presented in Table 2, confirming convergence with respect 

to time. 
 

 

 

 

 

Table 2 

Variation of the average reservoir pressure and the well 

pressure over time at different time steps 

Days 80 160 240 320 400 

2 =  

Initial   

0,9428 

 

0,9365 

 

0,9322 

 

0,9284 

 

0,9247 

Final   

0,9976 

 

0,9951 

 

0,9925 

 

0,9899 

 

0,9871 

 
Days 480 560 640 720 

2 =  

Initial   

0,9211 

 

0,9174 

 

0,9138 

 

0,9101 

Final   

0,9844 

 

0,9818 

 

0,9791 

 

0,9764 

 

In Table 2, the results of the calculations based on 
formulas (6) and (7) are presented, demonstrating that the 

calculated pressure values are in close agreement. 

a)  

b)  

c)  

Fig. 4. Pressure distribution graphs in the upper and 

lower oil layers  

(k1=0.1 d.; k2=0.1 d.; kp=0.002 d.; µ=4 sP; m=0.1) 

  

In the a) graph, a 3D plot of pressure distribution in the 
reservoir is observed when five wells are symmetrically 

located. In the b) graph, a 3D plot of pressure distribution in 

the second layer is shown. The c) graph presents the contour 

plot of pressure distribution, while the fourth graph 
illustrates pressure variation along a cross-section. The fifth 

and sixth graphs display oil saturation in the second layer — 
in cross-section and 3D views, respectively. In this case, the 

following parameter values were used: k1=0.1 d.; k2=0.1 d.; 
kp=0.002 d.; µ=4 sP; m=0.1. 

3. Research results 

The main features of the software complex for analyzing 

and forecasting the filtration process in oil fields include 
solving a boundary value problem based on a mathematical 

model to determine the key indicators of oil filtration in 

reservoir layers and conducting computational experiments 

with visualization. The developed software complex titled 
"Modeling and Visualization of Computational Experiments 
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for Determining Key Performance Indicators of Oil Field 

Development" is created based on the above-mentioned 
mathematical model, numerical methods, and solution 

algorithms. 

In the process of oil and gas extraction, automating the 

solution of fluid and gas filtration boundary value problems 
in porous media allows for the determination of 

hydrodynamic parameters of reservoirs, speeds up the design 
of oil and gas fields, and enhances the analysis and 

forecasting of the filtration process. Therefore, developing 
and effectively using automated systems for studying the oil 

filtration process in porous media is essential for solving 
various problems specific to the field. 

The development of a software complex that solves the 
boundary value problem of oil filtration in porous media and 

ensures the accuracy of computational results provides 
significant convenience for users in determining key 

indicators of the filtration process in oil reservoir layers. This 
software complex enables rapid determination of 

hydrodynamic parameters during oil or gas extraction in 
reservoir systems, playing an important role especially in the 

design, analysis, and forecasting of oil and gas fields. 
Automating the solution of boundary value problems 

based on a mathematical model to identify key indicators in 
the filtration process of fluids and gases in fractured, 

heterogeneous underground porous layers contributes to the 
creation of specialized software for solving various related 

problems. To determine the main indicators of the oil or gas 
filtration process in oil and gas reservoir layers, the solution 

of a boundary value problem based on a mathematical model 
is carried out, along with computational experiments 

visualized on a computer[17]. 
The software complex makes it possible to conduct 

computational experiments on key indicators for a two-
dimensional, three-layer oil system characterized by weak 

dynamic interaction through a semi-permeable layer in a 
fractured, heterogeneous filtration domain of both simple 

and complex structure. The developed software not only 
serves as an interactive tool for analyzing data on a computer 

but also provides the ability to conduct simulations, analyze 

processes, and make necessary decisions — whether brief or 

comprehensive — during the modeling and forecasting 
stages. 

Computational experiments based on the boundary value 
problem of filtration for a two-phase oil-water system in a 

two-layer porous medium with mutual dynamic interaction 
show that the smaller the value of the permeability parameter 

of the weakly permeable layer, the less pressure drop occurs 
in the upper and lower layers. This pressure drop has a 

greater impact on the areas near the well in the second layer. 
The developed model, algorithm, and software can be used 

to analyze and forecast the development of multilayer oil and 
gas fields with mutual dynamic interaction. 

 
Fig. 5. User interface of the program for solving the 

two-dimensional filtration problem for a two-phase oil-

water system 

Implemented work: The developed numerical models 
and software tools for the filtration process of two-phase oil-

water and oil-gas systems in a porous medium with mutual 
dynamic interaction enable the study and development of oil 

fields. 
Scientific and technical significance: The developed 

numerical model and algorithm, along with the software 
complex for calculating the key performance indicators of 

oil field development, can be used for analysis, design, and 
the development of oil fields with mutual dynamic 

interaction. 

4. Conclusion 

The developed mathematical models and software tools 
provide a comprehensive framework for analyzing unsteady 

two-phase filtration processes — oil-water and oil-gas 
systems — in porous media. Based on the fundamental 

equations and principles of unsteady filtration theory, these 
models have been applied to both single- and two-layer 

structures to assess the hydrodynamic behavior of oil 
reservoirs. For systems with mutually dynamic interacting 

layers, a two-dimensional mathematical model and 
corresponding boundary conditions were formulated, 

leading to the development of efficient computational 
algorithms. These algorithms significantly improve the 

accuracy and speed of calculating reservoir pressure and 
saturation levels[18]. 

Moreover, a finite difference solution algorithm based 
on the method of directional splitting was implemented, and 

specialized software was developed accordingly. This 
software enables real-time monitoring of the filtration 

process, visualization of numerical results, and execution of 
interactive computational experiments. Overall, the 

proposed model, algorithm, and software package serve as 
an effective tool for the design, analysis, and forecasting of 

oil field development. 
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Abstract: This paper examines the architecture of a railcar monitoring system that employs Bluetooth Low Energy 

(BLE) beacons attached to railcars and gateways equipped with cellular connectivity (GSM, LTE, NB-
IoT). A comparative assessment of existing tracking technologies (GPS, RFID, LoRa, etc.) is presented 

and the rationale for selecting a hybrid BLE + cellular approach is given. The network topology is 
described (star topology: BLE beacon → gateway → cloud), together with the hardware components 

(BLE beacons and cellular gateways) and the server infrastructure (MQTT, REST API, buffering, fault 
tolerance). Options for gateway placement at stations and in depots are considered, operational scenarios 

(in depot, at station, in transit) are analyzed, and the advantages and limitations of the proposed scheme 
are discussed. Examples of real-world solutions and technical data are provided. 

Keywords: BLE beacons, cellular connectivity, NB-IoT, LTE-M, railcar monitoring, BLE gateways, IoT platform, 
MQTT, REST API, asset tracking, depot/station monitoring 

 

 
1. Introduction 

Traditionally, railcar tracking has relied on GPS 
trackers, RFID tags, or LPWAN technologies. GPS 

positioning provides global visibility and high accuracy in 

open areas but requires line-of-sight to satellites (it fails in 

tunnels and covered facilities) and consumes significant 
energy; GPS modules are relatively expensive and bulky, 

which complicates installing them on every wagon. 
RFID tags (active and passive) make inexpensive 

marking possible but require powerful readers installed at 
specific checkpoints (entry gates, depots) and have a limited 
read range (a few meters). As reported in the literature, 

passive RFID tags cost approximately $0.10 but require 
expensive readers (USD 10–20k) and operate only at very 

close range to the reader. Active RFID trackers are more 
expensive (~$20 per tag) and have battery lives of 3–5 years 

and ranges up to ~100 m; however, they tend to be bulkier 
and harder to integrate with cloud services. Overall, RFID is 

suitable for checkpoint inventory but does not provide 
continuous monitoring of rolling stock. 

LPWAN technologies such as LoRaWAN provide long 
range (5–10 km in open terrain) and low energy 

consumption. LoRaWAN operates in unlicensed spectrum, 
facilitating private network deployment, but is susceptible to 

interference and requires deployment of dedicated gateways. 
NB-IoT and LTE Cat-M1 enable transmission of small 

packets over existing licensed cellular networks, offering 
wide coverage (especially in rural areas) and the capacity to 

support thousands of devices per cell. However, NB-IoT has 
limitations in mobility: handover between cells can require 

a relatively long recovery time. 
BLE beacons are low-cost, energy-efficient devices that 

broadcast an identifier and, when equipped, simple 

telemetry. Compared with RFID, BLE tags provide greater 

range given the appropriate receiver infrastructure, and 
inexpensive BLE gateways (consumer and industrial) are 

widely available. BLE is naturally compatible with 
consumer devices (smartphones, tablets) and cloud 

platforms. The main drawback of BLE is its limited coverage 
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(tens of meters) and inability to provide long-range 
positioning without additional receivers. 

Recent studies and reports demonstrate that combining 
local BLE beacons with cellular communication channels 

(GSM/LTE/NB-IoT) yields a cost-effective and scalable 
railcar accounting system: BLE provides inexpensive 

tagging and local telemetry collection at the “last mile,” 
while cellular networks relay event-driven messages to the 

cloud and enable integration with IT services [1,3,5]. 
Comparative reviews note that LPWAN solutions such as 
LoRaWAN are competitive in terms of energy efficiency 

and cost but require dedicated infrastructure, whereas NB-
IoT/LTE-M benefit from operator-managed coverage and 

centralized management yet suffer from mobility constraints 
(notably NB-IoT) [2,4,9]. Experimental studies and 

industrial pilots validate the use of BLE for local monitoring 
(station/depot scenarios), while continuous tracking en route 

typically relies on mobile gateways mounted on locomotives 
or on hybrid trackers that combine GNSS and cellular 

connectivity [1,6,10]. Practical cases show that hybrid 
architectures (BLE + cellular transmission) are optimal for 

automating acceptance/dispatch and diagnostic monitoring 
of railcars, but they require careful gateway placement and 

buffering strategies during connectivity outages [1,5,7]. In 
summary, the technology choice depends on required update 

frequency, coverage topology, and economic constraints: 

BLE is suitable for dense local detection, while 

LPWAN/NB-IoT/LTE are preferred for backbone 
transmission and remote sections [2,4,8]. 

Consequently, a BLE + cellular approach enables local 
detection of railcars (BLE beacons) and relays their status to 

the cloud via the wide coverage provided by GSM/LTE/NB-
IoT. BLE beacons are mounted on railcars and fixed or 

mobile gateways receive their signals and forward them to a 

central system. This scheme leverages existing cellular 

infrastructures and supports integration with contemporary 
IoT platforms. 
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2. Research methodology 

Network architecture and topology 

The monitoring network follows a star-based 

architecture: BLE beacons attached to railcars broadcast 

packets containing unique identifiers and, optionally, sensor 
data. BLE gateways (Bluetooth gateways) are deployed at 

fixed points (stations, depots) or mounted on mobile units 
(e.g., locomotives, shunting locomotives). These gateways 

receive packets from all beacons within their coverage 
(approximately 10–50 m, depending on environment). The 

gateway then forwards the collected information via the 
cellular network to a cloud server. 

At the upper level, cellular connectivity (GSM/GPRS, 
LTE Cat-M1, NB-IoT, etc.) is used to transmit data to the 

central server. Gateways may support multiple frequency 
bands and cellular protocols, enabling compatibility with 

different mobile operators and providing ubiquitous 

coverage where operator service is available. The topology 
allows horizontal scaling: as the railcar fleet grows or train 

lengths increase, additional BLE gateways can be deployed 

or their coverage extended. Cellular networks provide data 

transmission capability across railway sections without the 
need for deploying a dedicated long-range network. 

The horizontal data flow is: BLE beacons (edge sensors) 
→ BLE gateways (cellular modem + compute unit) → 

Internet (MQTT/REST API) → server backend (fig.1). Note 
that BLE beacons do not directly provide geolocation; the 

railcar’s approximate location is inferred from the 
gateway(s) that detected its beacon. This approach resembles 

container or freight truck tracking: a tag in a vehicle is read 
by a BLE gateway in the vehicle or at a checkpoint, and the 

gateway relays the information via LTE or NB-IoT. 

 
Fig. 1. Network architecture and topology

The number of BLE devices a single gateway can handle 

depends on hardware capabilities and channel load. Modern 
BLE 5.0 gateways can process signals from dozens of 

beacons simultaneously; gateways commonly implement 
filtering and packet selection at the network edge to reduce 

load and data consumption. The cellular segment is readily 
scalable—additional gateways or failover channels can be 

introduced if needed. 
Hardware components 

BLE beacons on railcars. Each railcar is equipped with 
a compact battery-powered BLE beacon. Typical beacons 

may implement standard payloads (e.g., iBeacon/Eddystone) 

and may include auxiliary sensors (temperature, 

shock/acceleration, door open/close, etc.). BLE beacons are 
ultra-low power, operate in the 2.4 GHz band, and have an 

effective range in open areas from a few tens up to about 100 
m; range is reduced in enclosed or heavily shielded metallic 

environments. 
BLE gateways with cellular modems. A gateway 

integrates a BLE receiver and a cellular modem 
(GSM/3G/LTE Cat-M1/NB-IoT). Gateways are available in 

portable small-form factors with modest batteries for 
temporary or mobile deployments, and in ruggedized 

stationary variants with larger batteries or mains power 

intended for long-term outdoor installation (wide 
temperature range, high ingress protection). Mobile gateway 

installations on locomotives provide the capability to collect 
beacon signals while in transit and transmit them via LTE 

Cat-M1 or NB-IoT. Many gateways also implement local 
buffering to store messages when connectivity is lost (for 

example, in tunnels) and to forward them when the link is 
restored. There are also hybrid trackers that combine BLE 

interfaces, cellular modems and sometimes GNSS receivers, 
enabling the device to function as both a local beacon and an 

autonomous cellular tracker when required. 

Server infrastructure (MQTT, REST API, buffering, 

fault tolerance) 

The central component of the system is an IoT platform 

or cloud server that ingests messages from gateways and 
makes data available to users. Lightweight protocols such as 

MQTT and HTTP/REST are commonly used. MQTT is 
particularly suited to IoT use cases due to its low overhead, 

support for quality of service (QoS) levels, persistent 
sessions and straightforward integration with brokers and 

cloud services. In some deployments, MQTT is used as the 
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primary transport, ensuring reliable delivery and secure 

transmission. 
On the server side, message queues and data stores 

(time-series databases, NoSQL or SQL stores) are 

configured, and APIs are provided for external systems. 

Buffering at the gateway level is essential: when a gateway 
loses connection, messages are cached locally and forwarded 

later (store-and-forward). MQTT brokers support session 
persistence and QoS which help to avoid data loss during 

transient connectivity disruptions. 
For reliability, the platform can employ redundant 

MQTT brokers, geo-distributed database clusters and 
cellular channel redundancy. Integration with enterprise IT 

is typically provided through standard interfaces: the 
monitoring platform exposes REST APIs, webhooks or a 

message bus. Standardized interfaces enable automated data 
exchange with customer systems, facilitating integration into 

existing operational ecosystems. 

3. Results 

Gateway placement at stations and in depots 

BLE gateways are positioned where railcars can be 

reliably detected. At stations, typical locations include 
entry/exit tracks, departure platforms and nearby tracks used 

for parking. In depots, gateways are placed at yard gates and 

along formation tracks where locomotives couple and 
uncouple cars. The objective is to ensure that each car passes 

through the capture zone of at least one gateway during 

entry/exit operations. Where mains power is available, 

stationary gateways are connected to permanent power; in 
field sites, autonomous gateways with large battery packs or 

solar panels can be used. 
Inside depots or facilities lacking cellular coverage, local 

wired transmission (Ethernet) to a central server can be 
arranged. More commonly, however, LTE/NB-IoT 

gateways are mounted on technical huts or masts to obtain 
mobile operator channels. Mobile gateways can be installed 

on locomotives or service vehicles to capture beacon signals 
while the train is moving and forward them via GSM/LTE. 

Operational scenarios 

At a station during arrival/departure. When a train 

arrives and stops, wagons enter the coverage area of station 
BLE gateways (fig.2). Gateways automatically read IDs of 

beacons within range (up to ~50–100 m in open conditions) 
and forward the information to the cloud. This yields an 

accurate manifest of wagons in the consist. If integrated with 
an ERP/WMS system, wagon entries and exits are recorded 

automatically, reducing manual checks and speeding cargo 
processing. 

 
Fig. 2. Operational scenario at a station 

In the depot (repair and formation tracks). In depots, 

gateways track wagon presence and status. If a wagon enters 
a maintenance bay, the system records that it has left the 

departure line. Movement within the depot can be 
monitored; for parked wagons, scanning intervals can be 

reduced (for example, hourly). The key requirement is that 

the system can confirm all wagons intended for dispatch 
have been read before departure. 

4. Discussion 

Advantages: 

• Energy efficiency and cost of beacons: BLE 
beacons are highly energy efficient and can operate for 
several years on a single battery. They are cheaper than 

active RFID or GPS trackers, reducing maintenance 
frequency. 

• Ease of deployment: The approach leverages 
existing wireless infrastructures—BLE for the local segment 
and public cellular networks for backbone transmission—

eliminating the need to deploy a dedicated long-range 
network. Gateways are easy to mount on walls, poles or 

rolling stock. 

• Scalability: Adding a new railcar requires only 
mounting a new beacon. The gateway network can be 

extended incrementally as the fleet grows. BLE receivers are 
inexpensive and easy to integrate (e.g., via a smartphone app 

or a compact IoT gateway). 

• IoT integration: BLE gateways commonly support 
MQTT and REST APIs and JSON payloads, facilitating 

integration with operational systems. The architecture is 
compatible with industrial IoT platforms and enterprise 
SCADA. 

• Versatility: BLE payloads may carry not only an 
ID but also sensor data (temperature, shock, door status), 

enabling richer monitoring functionality. 

Limitations: 

• Limited BLE range: Typical BLE coverage is on 
the order of 10–50 m, necessitating a sufficient density of 

gateways in large yards. In open countryside between 
stations, BLE coverage is impractical without mobile 

gateways. 

• Deployment density and cost: Ensuring reliable 
reads for all wagons requires careful gateway placement; the 

cost of installing many gateways can offset some of the 
beacon cost savings. 
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• Cellular coverage reliability: Cellular networks 
may be unreliable in remote areas. NB-IoT offers good 

coverage at major nodes but presents challenges for moving 
objects due to limited handover capabilities; migration away 

from legacy 2G/GSM also requires adoption of LTE/NB-
IoT. 

• Lack of precise geolocation from BLE: BLE only 
indicates proximity to a gateway, not precise coordinates. 
Unlike GNSS, it cannot provide continuous geolocation; for 

continuous tracking, combination with other methods is 
needed. 

• Dependence on infrastructure: If a gateway fails 
(power loss or modem failure), data about wagons in its zone 
will not be available until the gateway is repaired; thus, 

redundancy and uninterruptible power supplies are 
advisable. 

5. Conclusion 

A hybrid architecture combining BLE beacons and 

cellular connectivity enables cost-effective railcar 
accounting and monitoring. BLE beacons provide 

inexpensive marking and long battery life, while cellular 
gateways (GSM/LTE/NB-IoT) ensure wide-area 

transmission and integration with cloud platforms. The 
system is well suited to automating acceptance/dispatch 

operations and diagnostic monitoring in stations and depots, 
reducing manual labor and increasing operational 

transparency. Limitations related to BLE range and cellular 
coverage can be mitigated by careful gateway placement, the 

use of mobile receivers, and buffering strategies. Overall, 
combining BLE and modern LPWAN/cellular technologies 

represents a promising direction for digitizing railway 
logistics. 
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Abstract: A railway freight car monitoring system is proposed in which BLE beacons mounted on freight cars 

transmit data to a stationary network built on Wi-Fi and Power over Ethernet (PoE). BLE beacons 
(Bluetooth Low Energy) continuously broadcast identifiers and basic telemetry from the cars, while 

gateway devices (Wi-Fi access points powered via PoE) collect these packets and forward them over 
Ethernet to a central server. This approach provides high throughput and reliable power for the data 

collection layer and simplifies network installation by eliminating the need for separate mains wiring. 
The paper describes the methodology, network architecture, hardware components and server 

infrastructure. Advantages (broadband capacity, centralized power) and limitations (smaller Wi-Fi 
coverage area, potential interference in the 2.4 GHz band) of the proposed solution are discussed. 

Application examples for stations, depots and line sections are considered. 
Keywords: freight car monitoring, Bluetooth Low Energy (BLE), Wi-Fi/PoE, wireless technologies in transport, 

Internet of Things (IoT), station and depot solutions, international transport 

 

 
1. Introduction 

The Internet of Things is increasingly used to automate 

logistics and to monitor rolling stock. Low-power radio 

methods are applied to track the location and condition of 

freight cars. A common architecture combines BLE beacons 
on vehicles with LoRaWAN gateways on masts or contact-

line supports. LoRaWAN provides very long range (several 
kilometers), whereas Wi-Fi is intended for local networks 

with a radius up to a few hundred meters. 
Research on freight car monitoring is rapidly developing 

due to the adoption of wireless technologies and IoT. BLE 

networks have shown effectiveness for collecting telemetry 
from brake-system sensors and wagon subsystems [1][2]. To 

extend coverage, LoRaWAN is used, enabling service of 
thousands of tags over large areas [3][4]. 

Cellular networks (GSM/4G/NB-IoT) are also used: 
terminals can provide continuous data transmission without 

deploying a private network [5][11]. However, high 
connectivity costs and power consumption limit their use in 

very large deployments. 
RFID has long been applied for wagon identification: 

readers along the track provide accurate tracking, and over 
95% of rolling stock in the United States is already equipped 

with tags [6][7]. For integration with Ethernet, BLE 
gateways with PoE are often used [8], and onboard Wi-Fi 

access points are commonly powered by PoE, simplifying 
equipment installation [9]. 

Specialized railway communication systems, such as 
GSM-R, remain in use for voice and certain data services, 

but trends are shifting towards LTE/5G and next-generation 
IoT networks [10][11]. Thus, BLE combined with Wi-

Fi/PoE appears to be a promising solution for stations and 

depots, while for line sections and international routes it is 

reasonable to combine BLE with LoRaWAN or NB-IoT. 
Using Wi-Fi as a stationary transport network offers 

high data rates and reliable device connectivity (thanks to 
Ethernet backhaul and PoE power), but requires a denser 

deployment of access points. Bluetooth Low Energy (BLE) 
provides a low-cost, low-power method to transmit small 
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packets from onboard sensors. BLE beacons continuously 

broadcast identification and telemetry, and access points 
(BLE gateways) receive these signals and forward them to 

the cloud (central server). This work proposes to combine 
BLE sensors on wagons with a stationary Wi-Fi network 

powered by PoE and examines its architecture and 
characteristics. 

 

2. Research methodology 

The methodology is based on collecting data at the BLE 
layer and forwarding it over a stationary IP network. Each 

freight car is fitted with a BLE beacon equipped with sensors 
(for example: temperature, shock/impact, door open/close). 

The beacon periodically transmits a packet (e.g., in 
iBeacon/Eddystone format) containing measurements and a 

unique identifier. Base stations (BLE gateways) — 
implemented as Wi-Fi access points with an integrated BLE 

receiver — are installed in fixed positions (on platforms, 
contact-line masts or inside depots) and are powered via PoE 

switches. A gateway scans for BLE advertisements within 
its reception area (typically several tens of meters), decodes 

them and encapsulates them into TCP/IP packets. Data are 
then forwarded via Ethernet or Wi-Fi backhaul to the server. 

This solution allows reuse of existing IT infrastructure: 
a single Ethernet cable supplies both power and data (PoE 

according to IEEE 802.3af/at), minimizing additional wiring 
costs. The network is organized in a “star” layout: BLE 

devices connect to the nearest access point, while the Wi-
Fi/Ethernet layer connects access points to the central 

control server. 
Network architecture and topology 

The network comprises BLE beacons, Wi-Fi gateways 

with PoE and a central server. BLE beacons on wagons 

operate in the 2.4 GHz band and are optimized for low-
power transmission. A BLE→Wi-Fi gateway integrates a 

Bluetooth radio and a Wi-Fi/Ethernet client. A single access 
point may collect BLE data from several dozen beacons 

concurrently. The Ethernet network is typically arranged 
according to the enterprise wired network topology 
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(gateway-to-server links over cable or Wi-Fi backhaul). 

Access points are PoE-powered and can be mounted on 
poles, depot walls or platform supports. Standards such as 

IEEE 802.11 (e.g., 802.11n/ac for 2.4 and 5 GHz) and IEEE 

802.3af/at (PoE) are applied. Each access point acts as a 

bridge between the BLE device “star” and the Ethernet “star” 

of the network (fig.1). The topology may be complemented 
by redundant channels (for example, secondary radio 

backhaul or a redundant Ethernet ring). 

 
Fig. 1. Network architecture and topology

Hardware components 

Main system components: 

• BLE beacons on wagons. Autonomous battery-
powered transmitters that send condition data from the 

wagon (e.g., temperature, door status, shock events) along 
with a unique identifier. BLE modules use Bluetooth Low 

Energy and are designed for low power consumption. 
Practical detection range varies (roughly 20–300 m 

depending on transmit power and environment). Beacons 
require minimal maintenance (battery replacement every 

few years under typical settings). 

• Wi-Fi/BLE gateways with PoE. Wi-Fi access 
points (e.g., dual-band 2.4/5 GHz IEEE 802.11n/ac) 

augmented with a BLE module that scans BLE 
advertisements in the surrounding area. These devices are 

powered via PoE (IEEE 802.3af/at), simplifying installation 
since a single Ethernet cable provides both power and 

connectivity. Separate antennas or integrated modules 
provide Wi-Fi and Bluetooth radio functions. Outdoor units 

are housed in weather-resistant enclosures. 

• Network equipment. An Ethernet LAN 
interconnects gateways. PoE switches, routers and access 

switches are used for aggregation. Where necessary, access 
points can operate over a configured Wi-Fi backhaul. 

Routers provide routing to the central server, which may be 

located on-premises or in the cloud. 

• Server and software. The server ingests packets 
from gateways, stores data, visualizes telemetry and 
performs analytics. Standard protocols (MQTT, 

HTTP/REST, etc.) are used to deliver data to the 
management system. The server infrastructure can be 
deployed in a transportation control center or in the 

operator’s cloud environment. 
 

Server infrastructure 

The server subsystem aggregates incoming data from 

BLE gateways and performs processing and storage. 
Gateways send data in real time over secured channels 

(Ethernet/Wi-Fi) through the local network or a VPN to the 
central server. Communication may use MQTT or HTTPS 

to ensure reliable delivery of small messages. On the server, 
a database stores wagon telemetry, and analytics and 

visualization services (web or SCADA interface) are 
deployed. The server can aggregate data across multiple 

stations or depots, providing centralized control. With PoE-
powered gateways, a unified network of numerous BLE 

sensors is supported: sensors transmit signals which 
gateways capture and forward to the cloud/on-premise 

server. This scheme enables near-real-time tracking of 
wagon locations on yards (by associating a beacon with a 

specific gateway) and recording of onboard condition 
changes, plus long-term archival for analytics. 

3. Results 

A modeling study and pilot testing of the proposed 
architecture were conducted. BLE beacons produce small 

packets on the order of tens of bytes (ID and sensor state), 
and their practical reception radius is typically tens of 

meters. In depot or station environments, a single access 

point can cover several tracks. Wi-Fi coverage from one 

access point (depending on output power and obstacles) 
usually spans several tens of meters radius. For example, 

IEEE 802.11n/ac equipment can maintain stable links at 
distances up to 50–100 m in open areas. At shunting speeds 

up to 10–20 km/h, BLE advertisements can be captured 
sequentially by several gateways. Tests showed that with an 

advertisement interval of approximately 1 s, stations 
received over 90% of messages for consists moving at 

speeds up to about 15 km/h. The use of PoE-mounted wall 
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or ceiling access points demonstrated reliable powering and 

straightforward installation without the need to run separate 
mains cabling. 

Solution for the classification (sorting) yard 
On a classification yard the system operates as a simple 

chain: beacons → receivers → server. Each wagon carries a 
compact wireless beacon that periodically transmits its 

identifier and basic telemetry (temperature, sensor alarms, 
etc.). Stationary receivers, mounted along tracks and 

powered via the Ethernet network, capture these 
transmissions and forward them over the local network to a 

central processing point. 
Coverage planning ensures overlap between receiver 

footprints so a wagon is typically observed multiple times, 
enabling accurate localization. Receivers are placed more 

densely in areas of intensive shunting and on the hump, and 
more sparsely in less active zones. 

To ensure fast and reliable operation, receivers perform 
simple edge preprocessing: they discard irrelevant signals, 

compress repeated messages and timestamp each record 
together with the receiver identifier. If the connection to the 

server is temporarily lost, a receiver buffers data locally and 
forwards it when the link is restored. 

At the server, raw records are merged into events such 
as wagon arrival, departure, track transfer and prolonged 

stoppage. A practical rule is used: several detections within 
a short time window constitute a confirmed event. These 

events are used to automatically produce an electronic 
consist manifest — a list of wagons with timestamps and 

location of detection, together with available telemetry. 
Operational best practices include synchronized time 

across all devices (to properly order events), coverage 
calibration (measuring signal level along tracks) and battery 

status monitoring for beacons. For robustness, zones are 
overlapped by multiple receivers and a redundant data path 

is provided in case of primary network failure. 
Integration with enterprise systems is supported via 

simple interfaces: the server provides data in commonly used 
formats (for example, JSON) and offers dispatchers a station 

map, wagon processing times and key operational metrics. 

Implementation typically begins with a pilot sector: testing, 

adjustment of receiver density, and then progressive scaling 
across the station. 

The key outcome is automation of recordkeeping and 
acceleration of processing: reduced manual input, faster 

generation of consist manifests, improved inventory 
accuracy and faster detection of deviations in train handling. 

4. Discussion 

The proposed approach offers high throughput and 

integration with existing IT infrastructure. Wi-Fi provides 
significant data rates (megabits per second and higher) and a 

bidirectional channel, unlike long-range low-power 
networks such as LoRaWAN. PoE simplifies access point 

installation because separate power sources are not required. 
Using BLE beacons conserves energy onboard and does not 

require complex onboard equipment. 
However, limitations exist. The range of Wi-Fi is 

notably smaller than that of LoRaWAN, so a denser network 
of access points is required. Both BLE and Wi-Fi operate in 

the 2.4 GHz band, which can cause mutual interference. It is 
recommended to avoid overlapping Wi-Fi channel 

allocations with BLE advertising where possible — e.g., 
configure Wi-Fi to non-overlapping channels (1, 6, 11) while 

BLE uses its own channel scheme. Applicability varies by 

environment: at stations and in depots (bounded areas with 
stable power and cabling) Wi-Fi + PoE is a good fit — access 

points can be installed under canopies or on platform posts. 

On long line sections, the system is effective mainly for short 

control zones (for example, at weigh stations or at localized 
track sensors). For extended line coverage, LTE or 

LoRaWAN remain preferable. Overall, BLE + Wi-Fi/PoE is 
most useful where a wired network exists and a large volume 

of near-real-time data is required (for example, centralized 
monitoring of wagon stock in depots and around stations). 

5. Conclusion 

This study has presented and analyzed a monitoring 

system for freight railcars based on the integration of 
Bluetooth Low Energy beacons and a Wi-Fi/PoE backbone 

infrastructure. The proposed architecture demonstrates that 

the combination of energy-efficient short-range wireless 

communication and high-capacity wired transport channels 
can effectively address the operational challenges of wagon 

monitoring in stations and depots. BLE beacons provide a 
low-maintenance and long-lasting mechanism for 

transmitting identifiers and telemetry, while Wi-Fi access 
points powered over Ethernet ensure reliable data collection, 

centralized power distribution, and straightforward 
installation without the need for additional cabling. 

The results of pilot tests and model evaluations confirm 
the applicability of the approach in environments with dense 

wagon flows, such as sorting yards, where overlapping 
coverage zones and redundant gateways enable reliable data 

reception even during intensive shunting operations. Data 

aggregation on the server side allows the system to 

automatically generate electronic consist manifests, detect 
wagon movements, and record telemetric events such as 

temperature changes or impacts. This contributes directly to 
the automation of logistics processes, improved data 

accuracy, and reduced reliance on manual input. 
When compared to alternative technologies, the 

proposed solution has both advantages and constraints. In 
contrast to LoRaWAN, which supports communication over 

several kilometers [3][4], Wi-Fi offers significantly higher 
throughput and supports real-time data exchange, but 

requires denser deployment of access points. Unlike 
GSM/LTE or NB-IoT solutions [5][11], Wi-Fi/PoE avoids 

recurring operational costs and dependence on public 
networks, but it is limited to areas with available wired 

infrastructure. Similarly, while RFID provides robust 
identification [6][7], it does not inherently support 

continuous telemetry. Therefore, BLE combined with Wi-
Fi/PoE is best positioned as a station- and depot-focused 

solution, where it can complement rather than replace wide-
area technologies. 

Overall, the integration of BLE and Wi-Fi/PoE 
contributes to the ongoing digital transformation of railway 

transport, enabling more efficient rolling stock management, 
increased transparency in freight operations, and the 

foundation for advanced predictive analytics [1][2][10]. 
Future research should focus on hybrid system architectures 

that leverage the strengths of different technologies — 
BLE/Wi-Fi/PoE for localized high-resolution monitoring 

and LoRaWAN or NB-IoT for long-haul tracking. Such 
convergence would enable a truly scalable and resilient 

monitoring framework capable of supporting both domestic 
and international freight corridors in line with the broader 



Journal Engineer           ISSN: 3030-3893        Volume:3| Issue:3| 2025 
 

 
                                                                 33      September, 2025 
https://doi.org/10.56143/3030-3893-2025-3-30-33 A bridge between science and innovation 

 

vision of smart rail transport. 
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Innovative method for managing the power supply of automation and 

telemechanics devices in railway infrastructure 
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Abstract: The article discusses a system for managing the power supply of automation and telemechanics devices 

in railway transport. It provides an algorithm for the system's operation, ensuring secure data exchange 
between the control center and line control points. Additionally, improvements to the system are 

proposed, including the use of artificial intelligence technologies for predicting emergency situations, the 
use of secure communication channels, and the introduction of a decentralized event log. 

Keywords: railway transport, uninterruptible power supply, signaling and communication, intelligent system, 
parameter control 

 

 
1. Introduction 

The reliability of the power supply to automation and 

The reliability of the power supply to automation and 
telemechanics systems is a basic prerequisite for the safe and 

uninterrupted operation of railway transport. The stability of 
the transport process, the prevention of emergencies and the 

minimisation of risks during train movement depend on the 
correct operation of signalling, centralisation and 

interlocking (SCI) facilities. Disruptions in the power supply 
to these systems can lead to serious failures, including forced 

stoppages, loss of control and significant economic costs. 
Modern automated control and management systems, 

such as SCADA and automated monitoring and 
telemechanics (AMT) systems, provide a wide range of 

functions: from the collection and storage of technological 
information to remote control of switching equipment and 

energy consumption accounting. Their implementation has 
significantly increased the level of process automation and 

reduced the workload on operational personnel. However, 
despite their high level of functionality, these systems have 

a number of limitations. In particular, factors such as high 

electromagnetic interference immunity, the presence of long 

communication lines, a complex power supply structure, and 
the need for continuous real-time operation of control 

systems are of particular importance in the railway 
infrastructure. 

Cybersecurity is a separate issue. Traditional SCADA 
systems, originally designed for energy and industrial 

production facilities, have limited mechanisms to protect 
against targeted cyberattacks. In recent years, there has been 

an increase in the number of incidents involving 
unauthorised interference with transport infrastructure 

facilities, making the protection of communication channels 
and control devices a priority. Vulnerabilities can manifest 

themselves at the level of network protocols as well as at the 

level of controller software and server applications. This 

increases the risk of unauthorised changes to equipment 
operating modes, the failure of critical nodes and, as a result, 

the occurrence of emergency situations[1-3]. 
In this regard, the development of new power supply 

control systems for automation and telemechanics devices 
with the integration of modern data protection methods is a 

relevant scientific and practical task. The use of 
cryptographic protection technologies, multi-level 
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authentication, and intelligent data analysis algorithms will 

not only increase the reliability of the infrastructure, but also 
bring its resistance to external and internal threats to a 

qualitatively new level. 
Thus, the research presented in this paper is aimed at 

solving a set of problems related to ensuring the stable power 
supply of signalling systems, their monitoring and protection 

from cyber threats, which together form the basis for 
improving the overall safety of railway transport. 

 

2. Research methodology 

The proposed system includes hardware and software 

complexes integrated into a single control network. The 
central element is the automated workstation (AWS) of the 

energy dispatcher, which generates control commands and 
visualises the status of the equipment. To protect data 

exchange channels, a cryptographic protection module is 
used at the dispatch centre, which performs digital signing 

and verification of messages. The IP data transmission 
network is based on a local computer network and managed 

switches that provide packet routing. Linear control points 

are equipped with their own protection modules and perform 

command authentication, cryptographic processing, and 
interaction with power supply devices (switching 

equipment, distribution boards, uninterruptible power 
supplies). Each control point has a unique network address, 

which ensures accurate command routing [4,5]. A block 
diagram of the control architecture of the integrated power 

supply control system for automation and telemechanics 
devices for railway transport is shown in Figure 1. 

The automated workstation (AWS) of the power 
dispatcher is the central control element. It generates control 

commands, provides visualization of the control circuit 
mnemonic diagram, and displays the status of the equipment 

in real time. 

The control center protection module is a specialized 

microprocessor responsible for digitally signing outgoing 
packets, checking incoming messages, and coordinating the 

protection of line points. 
The IP data transmission network includes a local 

computer network and network switches. The network 
provides packet routing and connection to line control 

points[6]. 
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Line control points (CP) are hardware and software 

complexes that have unique network addresses and interact 
with specific power supply devices. Each CP is 

equippedwith a protection module. Line control point 

protection modules verify the authenticity of commands and 

return messages. They perform cryptographic processing 
using digital signatures, which eliminates the possibility of 

interference [7-10]. 
Power supply devices for automation and telemechanics 

devices are switching equipment, distribution boards, 
uninterruptible power supplies, and other 

equipmentresponsible for powering signaling and 
interlocking facilities. 

ARM

dispatcher
Control circuit protection module

IP Network 

(switches)

Controller 

Control point 

protection 

module

Controller

Control point 

protection 

module

Controller

Control point 

protection 

module

Power supply devices for automation 

and telemechanics devices 

Checkpoint 1 Checkpoint 2 Checkpoint  N

 
Fig. 1. Block diagram of the control architecture of an 

integrated power supply monitoring system for 

automation and telemechanics devices for railway 

transport 

In addition, artificial intelligence algorithms are being 

incorporated into the architecture, enabling the analysis of 
telemetry data and the identification of hidden patterns that 

precede failures. 

Developed method 

The algorithm for the functioning of the control system 
for the power supply of automation and telemechanics 

facilities, shown in Figure 2, can be divided into four levels 
of processes: command formation, command processing and 

transmission, command execution, and feedback. 
Command formation and preparation. The dispatcher, 

working at the ARM, selects the control object (e.g., feeder, 
sectional disconnector, or backup power source) on the 

mnemonic diagram. The workstation software generates a 
primary data packet that includes the unique network address 

of the line control point (CP), the identifier of a specific 

power supply device, the command type (enable, disable, 

switch, request diagnostics, etc.), and a timestamp to prevent 
"repeated attacks." The packet is transmitted to the control 

center protection module for protection [11]. 
Cryptographic processing and data protection includes 

packet signing, key pair generation, channel encryption, and 
routing. The control center protection module applies an 

electronic key to the packet using a private key. The system 
generates a public/private key pair for a specific exchange 

session. This prevents data substitution during long-term 
operation. The packet can additionally pass through a secure 

VPN tunnel, which prevents interception at the network 
level. The signed packet is sent to the IP network and 

transmitted to the required control point via network 
switches. 

The packet is then received and verified at the line 
control point. The control point receives the message 

through the control point protection module. The electronic 

key is then verified, and the control point protection module 

uses the public key to verify the authenticity of the packet. If 
the key is correct, the packet is forwarded. If the key does 

not match, the packet is blocked and a report of an 

unauthorized access attempt is sent. The control point 

analyzes the device ID and command. If the command does 
not match the control point configuration or equipment 

operating mode (for example, re-enabling an already enabled 
device), it is ignored and recorded in the log[12-14]. 

The control command is then executed. The control 
point converts the command into a physical signal, the power 

supply device closes or opens the circuit, switches the power 
source, turns on the backup power supply, and performs a 

self-diagnostic test cycle. 
The power supply device performs a self-diagnostic test: 

checking the status of the control sensors. The control point 
collects monitoring data and forms a return packet 

containing the current status of the device (on/off/error), 
diagnostic parameters (voltage, current, temperature), and a 

timestamp. The return packet is signed with an electronic 
key in the control point's protection module and sent to the 

IP network. 
The control room circuit protection module at the control 

room checks the electronic key of the incoming packet. The 
ARM updates the status of the object on the control room 

circuit mimic diagram. The dispatcher receives visual and 
audible indications of the successful execution of the 

command or the presence of errors or alarm signals. All 
events are automatically recorded in the log for subsequent 

analysis [15]. 
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Signing and encrypting the packet 

(Checkpoint protection module)

Transmission of a packet over a network

The signature 

is correct

Command blocked + attack 

report

Command execution 

by the device

Self-diagnostics

of the device

Formation of a reverse 

package

(controller + controller 

protection module)

Signature

on the return 

package

is correct

Data display on a mnemonic 

diagram+

alert
Message rejected + logging

Recording an event in the log

 
Fig. 2. System operation algorithm 

If an invalid key is detected, the command is blocked. In 
the event of a repeated attack, the system can automatically 

terminate the connection with a suspicious controller. In the 
event of a communication channel failure, a backup channel 

is activated. If one of the control point protection modules is 
faulty, control of the facility can be transferred via a 

neighboring control point if a bypass route is available. 
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3. Results 

The presented architecture and algorithm have shown 
that the implementation of cryptographic mechanisms in the 

power supply control system of telemechanics facilities 
allows the following results to be achieved. The electronic 

key eliminates the possibility of substitution or modification 
of control commands, which makes the system secure 

against man-in-the-middle attacks and replay attacks. Data 
from linear control points is protected by an electronic key, 

which prevents falsification of diagnostic indicators. 

Reduced likelihood of emergencies. Filtering of invalid 

commands at the control point eliminates the possibility of 
erroneous or malicious actions. The system displays the 

status of equipment in real time, records all events, and 
automatically warns of malfunctions. 

Unlike SCADA, the new system has built-in 
cryptographic protection mechanisms, protects not only the 

transmission protocol but also each control command, 
operates on a zero trust principle (a command is considered 

valid only when its authenticity is confirmed), and provides 
for the redundancy of communication channels and control 

nodes, which increases fault tolerance. 
The introduction of artificial intelligence algorithms 

significantly expands the capabilities of the proposed 

system, taking it beyond traditional control and diagnostics. 

Based on the analysis of telemetry data (currents, voltages, 
temperature, frequency of operations), neural network 

models can identify hidden patterns that precede a failure. 
This allows for advance planning of equipment replacement 

or repair, reducing the risk of accidents. Machine learning 
algorithms can automatically detect deviations from normal 

operating conditions (voltage surges, sudden load changes). 
The system generates alerts to the dispatcher and 

recommends corrective actions. Using intelligent load 
management techniques, the system can balance 

consumption and connect reserves only when necessary. 
This is especially relevant when integrating renewable 

sources (solar panels, wind turbines) into the railway 

infrastructure. AI can analyze network traffic and identify 

suspicious commands, even if they pass cryptographic 
verification but differ from the typical control profile. This 

implements the concept of a "second line of defense" against 
cyberattacks. 

The introduction of artificial intelligence can reduce 
accidents and the number of unscheduled repairs, increase 

the efficiency of equipment use, automate some of the 
dispatcher's functions (smart prompts, recommendation 

systems), and increase the cyber resilience of the system. 

4. Conclusion 

The control algorithm for the integrated power supply 

control system for automation and telemechanics devices for 
railway transport is an innovative solution that ensures 

secure data exchange and reliable equipment control. 
The implementation of cryptographic mechanisms 

prevents command substitution and ensures the reliability of 
data exchange between the dispatcher and line control 

points. The system implements a closed control loop: from 
command formation to feedback and visualization of the 

result, including error handling and cyberattacks. The 
system has been shown to respond effectively to both 

emergency situations (power outages on the line) and cyber 

threats, ensuring recovery of operability and documentation 

of events. The use of artificial intelligence methods (failure 
prediction, digital twins, intelligent command filtering) 

allows a transition from reactive to predictive control. This 

reduces accidents and increases economic efficiency. In the 

future, the system may be supplemented with blockchain 
logging, quantum-resistant cryptography, and Smart Grid 

technologies, which will create the basis for building a 
digital railway infrastructure. Promising areas for further 

development include the introduction of quantum-resistant 
cryptography, blockchain event logging, and integration 

with the Smart Grid concept. 
Thus, the proposed system could become the basis for 

building a digital and cyber-resilient railway transport 
infrastructure capable of effectively countering modern 

challenges and threats. 
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Abstract: This article is devoted to the study of the processes of mechanical activation of burnt moulding waste 

(BMW) with the aim of using it as a highly active mineral additive in building materials. In the course 
of the work, the kinetics of BMW grinding and its dependence on technological parameters were studied. 

Experiments have shown that mechanical activation leads to a significant increase in the specific surface 
area of BSF and its amorphisation, which increases the reactivity of the material. The data obtained 

confirm that BSF, after mechanical activation, can serve as an effective component for improving the 
properties of cement composites. 

Keywords: mechanical activation, burnt moulding waste, grinding kinetics, amorphisation, specific surface area, 
building materials 

 

 
1. Introduction 

Mechanical activation is a fundamental and highly 
versatile technological method in modern industry, designed 

to transform a wide range of raw materials into high-
performance technical products. This process is not a mere 

comminution or size reduction; it represents a deliberate and 

profound modification of the internal structure of solid 

materials through intense and controlled mechanical energy 
input. This targeted processing imbues the material with 

entirely new, often unique, physical, chemical, and 
mechanical properties, making it suitable for a diverse array 

of applications. Among the various types of comminution 
equipment used for mechanical activation, drum ball mills 
are particularly effective and widely recognized for their 

efficiency and versatility [1-8]. During mechanical 
activation, the processed material undergoes significant 

structural and morphological transformations. The intense 
mechanical impact leads to a substantial accumulation of 

crystal lattice defects, such as dislocations and vacancies, 
resulting in a pronounced increase in the material's internal 

energy. Furthermore, the surface relief of the particles 
becomes increasingly rough, which dramatically enhances 

their reactivity. It is also noteworthy that high-energy 
mechanical impact can initiate various phase 

transformations, including the transition from a crystalline 
state to an amorphous one. This process, known as 

amorphization, ultimately results in the formation of highly 
disordered structures. The resulting fine-grained particles, 

due to these complex structural and morphological changes, 
exhibit significantly higher chemical activity and reactivity, 

which is of paramount importance for subsequent 
technological processes and applications. This section 

presents a detailed account of the experimental studies 
focused on the process of mechanical activation of burnt 

waste forms (BWF). The research aims to evaluate the 

effectiveness of this method in converting BWF into a 

valuable, highly reactive material with enhanced properties 
for potential use in the construction industry. The findings 

contribute to the understanding of the mechanisms 
governing mechanical activation and its practical application 

for waste valorization. 
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2. Research methodology 

These studies focused on analysing the main indicators 
of the dispersion state of the products obtained, namely the 

relative particle surface area, average diameter and 
aggregation process. These properties were determined for 

materials processed in the impact-friction mode of a ball 

mill, which allows the effectiveness of mechanical activation 

and the degree of grinding to be assessed. A special 
laboratory ball mill ШЛМ-100 was used to conduct 

laboratory experiments on the grinding of BWF. This device 
was chosen because it provides an impact-wear grinding 

mode, which is optimal for achieving a high degree of 
material activation. The working volume of this mill 
chamber is 100 litres, which allows a sufficient amount of 

material to be processed for research. Filling the mill with 
grinding media is an important indicator: 40 litres of the total 

volume is filled with hardened steel balls, which provide the 
necessary impact and wear action. The amount of material 

loaded into the mill was strictly defined and amounted to 
25% of the total volume of the working chamber. This 

ensures optimal grinding conditions and prevents the 
material from overheating. 

The degree of grinding is the main indicator for a 
comprehensive characterisation of the dispersed state of 

powdered materials obtained in the process of mechanical 
activation. Its quantitative assessment was carried out by 

determining the specific surface area using a high-precision 
ПСХ-11A device. This method allows the degree of particle 

distribution to be reliably determined. In addition, to control 
and reduce the effect of particle aggregation (clumping), 

which is extremely important for obtaining a homogeneous 
and reactive product, a standardised sieve analysis method 

was used with sieve No. 008. This approach allows for the 
verification of aggregation, which can reduce the efficiency 

of subsequent technological processes. 

3. Results and Discussion 

An exhaustive analysis of the experimental data obtained 
from studying the grinding of burnt waste forms (BWF) has 

provided a comprehensive understanding of the kinetics and 

mechanisms of the process. The results, specifically the 

c https://orcid.org/0009-0006-9710-0746 
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dependence of the degree of grinding and productivity on 

key parameters, are clearly presented as graphical 
relationships in Figures 1-3. 

In materials science and industrial practice, it is widely 

recognized that the grinding process, particularly during 

mechanical activation, is nonlinear and can be conceptually 
divided into several distinct and sequential stages [9-13]. 

The first stage is characterized by primary dispersion and 
the initial fracture of large structures. During this nascent 

phase, the material undergoes an intense and rapid 
breakdown, exposing both macroscopic and microscopic 

pores. The dominant mechanical actions, such as impact and 
attrition, effectively overcome the strong macroscopic 

cohesive forces, leading to the formation of primary 
fragments of various sizes. It is particularly noteworthy that 

in this initial stage, the relative surface area of the material 
increases almost in direct proportion to the electrical energy 

consumed. This linear relationship highlights the high 
efficiency of energy expenditure, as the majority of the 

applied mechanical energy is productively converted into the 
creation of new surface area. 

The second stage marks a transition to microstructural 
comminution and defect accumulation. As the process 

continues, the material reaches a degree of fineness where it 
no longer fractures into conventional, easily separable 

particles. Instead, the focus of the grinding shifts to the 
internal structure, targeting individual crystals and grains. 

This phase is significantly more energy-intensive, as the 
resistance to grinding increases dramatically. The number of 

readily breakable surfaces diminishes, and the energy is now 

required to overcome stronger bonds within the crystal 

lattice and to create new defects, such as dislocations and 
vacancies. The work required to break these internal bonds 

is highly dependent on the material's microstructure and its 

phase composition. While the rate of increase in relative 

surface area slows down during this stage, a linear 
relationship between energy consumption and surface area 

growth is still maintained, albeit with a reduced 
proportionality coefficient [14-17]. 

The third and final stage is defined by aggregation and 
the attainment of the grinding limit. At this advanced stage 

of intense mechanical action, a critical point of dispersion is 
reached. A distinguishing feature of this phase is the 

phenomenon of re-aggregation, where the previously 
separated, highly dispersed particles begin to cluster 

together. Due to their extremely high surface energy and 
enhanced reactivity, these fine particles are highly 

susceptible to forming larger agglomerates through van der 
Waals forces and electrostatic attraction. This aggregation 

process effectively counteracts the ongoing comminution, 
reducing the efficiency of further grinding. This can even 

lead to a paradoxical outcome: a stabilization or even a slight 
decrease in the relative surface area, despite the continuous 

input of energy. The third stage, therefore, serves as a crucial 
indicator that a technological limit to grinding has been 

reached under the current conditions. To achieve further 
dispersion, it becomes necessary to modify the process 

parameters or to introduce additional methods aimed at 
preventing this undesirable aggregation. 

 
 

 
Figure 1. Effect of grinding duration on the relative surface area of BWF 

 
Figure 2. The effect of grinding duration on the average diameter of BWF particles 
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Figure 3. Effect of grinding duration on the aggregation of BWF particles 

Experimental studies conducted to analyze the effects of 
mechanical activation on Burnt Waste Forms (BWF) 

demonstrated a profound change in the material's relative 
surface area. It was established that with a grinding duration 

of 30 minutes, the relative surface area of the BWF reached 
a peak value of 4412 cm²/g. This significant increase is a 

direct indicator of enhanced dispersion and elevated 
reactivity. Simultaneously, a corresponding decrease was 

observed in the average particle diameter of the BWF, which 
was reduced from an initial 13 μm to just 5.4 μm. This 

reduction in particle size is a clear and quantifiable result of 
the intense mechanical action, confirming the effectiveness 

of the grinding process in achieving the desired fineness. 
The fundamental principle of comminution dictates that 

as the size of individual particles decreases, the total surface 
area of the substance increases multifold, while the total 

volume remains constant. This rapid increase in surface area 
leads to the accumulation of a significant amount of surface 

potential energy. This stored energy acts as a powerful 
driving force for subsequent physicochemical processes, 

making the material highly reactive in applications such as 
composite material manufacturing or reactions at a phase 

boundary. However, research indicates that upon reaching a 
certain dispersion limit, the surface potential energy can 

escalate to critical levels, which frequently triggers the 
spontaneous aggregation of particles into larger clusters. 

This phenomenon, which is particularly evident in highly 
dispersed materials, can nullify the positive effects of 

mechanical activation, reducing reactivity and impairing the 
final product's technological properties. The formation of 
these conglomerates from previously separated particles can 

lead to a decrease in the overall relative surface area and a 
loss of material homogeneity. 

Further analysis, specifically a sieve analysis using sieve 
No. 008, corroborated the observed dispersion dynamics. 

Initially, the residual content on the sieve for BWF decreased 
from 64% to 49% as the grinding duration increased. 

However, when grinding continued for more than 30 
minutes, a sharp and dramatic increase in the residue on the 

sieve was observed, reaching an alarming 93%. This abrupt 
rise serves as a clear indication of intensive particle adhesion 

and the formation of large aggregates, demonstrating that 
continuing the grinding process beyond this point is 

counterproductive. Increased agglomeration not only 

diminishes the efficiency of the grinding process itself but 

also poses a potential risk to the physical and mechanical 
properties of the cementitious materials produced from such 

an activated substance. 
The crushability of a material is determined by a 

combination of its main physical properties, including its 
hardness, brittleness, and specific microstructural features. 

To allow for a comparative assessment, data on the 
grindability of various materials are often normalized 

relative to Portland cement clinker, with its value taken as a 
unit [18-23]. This approach provides an objective 

benchmark for evaluating the energy consumption and 
grinding efficiency of different raw materials. Materials that 

are softer or more brittle than clinker will have a grindability 
value greater than 1, indicating they are easier to grind and 

require less energy. Conversely, materials with a value less 
than 1 are harder and demand more energy to achieve the 

same level of fineness. Beyond these properties, a material's 
grindability is also influenced by its chemical and 

mineralogical composition, as well as the specific grinding 
conditions used in the process. 

Within this study, a comparative assessment of the 
grindability of burnt waste forms (BWF), quartz sand, and 

cement clinker was performed. To ensure the comparability 
of the results, all initial materials were first pre-ground to a 

standardized specific surface area of 500 cm²/g. After this 
initial processing, the materials were stored at a temperature 

of 25°C for 24 hours to stabilize them before the main 
experiment. 

Table 1 

Grindability of various raw materials 

The Nomenclature of 

Materials 

Crushability 

Limestone 0,6-0,8 

Blast furnace slag 1,2-1,8 

Opoka 1,1-1,2 

Trass 0,5-0,6 

Quartz sand 0,8-0,9 

Cement clinker 1,0 

The grindability assessment was conducted using an 
SHLM-100 laboratory ball mill  as shown in Fig. 4. This 

controlled milling process allowed for a precise evaluation 
of how each material responded to grinding. By starting with 

a uniform particle size and using the same equipment and 
conditions for each sample, the researchers were able to 

objectively compare the energy and time required to achieve 
a desired fineness, thereby determining the relative 

grindability of each material. 
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Figure 4. Grindability of BWF (1), quartz sand (2), and clinker (3) in the impact-abrasion mode of a ball mill

The conducted research has definitively established that, 
among the materials studied, burnt waste forms (BWF) 

exhibit superior grindability. As a result of mechanical 
activation, this material achieves a remarkable specific 

surface area of approximately 4400 cm²/g in just 30 minutes. 
This exceptional performance underscores the high 

efficiency of its dispersion and its pronounced susceptibility 
to comminution. The superior grindability of BWF is 

scientifically attributed to its unique structural 
characteristics and high-temperature origin. It is 

hypothesized that the primary factor is the intensive 

amorphization of the slags within the BWF, a process that 

occurs during their formation at high temperatures. This 
thermal treatment disrupts the ordered crystal lattice, leading 

to a high concentration of structural defects and a significant 
increase in the amorphous phase. Consequently, the bond 

strength between individual structural elements within this 
amorphous material is considerably lower compared to other 

additives, which predominantly have a crystalline structure 

or stronger intergranular bonds. This weakened internal 

structure allows external mechanical energy to overcome 
internal bonds more easily, facilitating the rapid breakdown 

of the material into smaller particles. This, in turn, 
contributes to the rapid increase in specific surface area. The 

inherent amorphous state and low interphase boundary 
strength of BWF make it a highly promising material for 

technological applications requiring a high degree of 
dispersity and reactivity. 

4. Conclusion 

Studies have shown that mechanical activation is an 

effective method for modifying burnt moulding waste 

(BMW), transforming it into a valuable raw material 
component for the construction industry. Achieving a high 

specific surface area and amorphous state of BFA as a result 
of mechanical activation significantly increases their 

pozzolanic activity, making them comparable to traditional 
mineral additives. This opens up broad prospects for the use 

of BFA as an active component that improves the physical, 
mechanical and operational properties of cementitious 

materials, as well as solving the problem of industrial waste 
disposal. 
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Study of the effect of filler from burnt moulding waste on the properties of 

cement systems 
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Abstract: This paper presents the results of a comprehensive study of the effect of a filler based on burnt moulding 

waste (BMW) on the properties of a cement system. The main objective of the study was to determine 
the optimal parameters of BMW (specific surface area and degree of filling) that provide the maximum 

synergistic effect with cementitious binder. Experiments have shown that the use of a superplasticiser 
(SP) in an amount of 1.0% of the cement mass is optimal for regulating the rheological and kinetic 

properties of the mixture. Analysis of the strength characteristics showed that the highest compressive 
and flexural strength is achieved when using BMW with a specific surface area of 3000 cm²/g at a filling 

degree of 25%. It was found that exceeding these values leads to a decrease in strength due to the dilution 
effect of the cement stone and the aggregation of filler particles. Special attention was paid to the 

influence of BMW storage conditions: it was shown that the deactivation of active centres on the particle 
surface caused by moisture adsorption leads to a monotonic decrease in strength. The results of the study 

confirm the high efficiency of BMW as a modifier of cement systems and provide practical 
recommendations for their use in obtaining materials with improved mechanical properties while 

simultaneously solving environmental problems. 
Keywords: Cement stone, burnt moulding waste, superplasticiser, strength, specific surface area, hydration kinetics, 

filler, synergistic effect 

 

 
1. Introduction 

In the field of materials science and construction 
materials technology, it is widely recognised that the 

processes involved in the formation of cement stone are a 
complex, multi-factor system. A number of critical factors 

have a significant influence on its formation. Key among 
these are the chemical composition and physical properties 

of the modifiers and fillers added, which can radically 
change both the kinetics of hydration and the morphology of 

the hydrate phases formed. A deep understanding of these 
interrelationships is a prerequisite for the targeted control of 

the properties of cement systems, including their strength, 

durability and deformation characteristics [1-4]. 

Chemical additives and microfillers play an important 
role in optimising the properties of cement compositions [5-

15]. The introduction of these components not only regulates 
the rheology of the cement paste, but also influences the 

microstructure of the final material. For example, 
superplasticisers (SP), thanks to their dispersing action, 

reduce the water demand of the mixture, which leads to an 
increase in the density of the cement stone and, as a result, 

its strength. At the same time, additives such as burnt 
moulding waste (BMW) act as microfillers and pozzolanic 

additives. Their high dispersibility allows them to fill the 
smallest pores between cement particles, and their chemical 

activity contributes to the formation of additional calcium 

hydrosilicates, which strengthen the structure of the 

material.  This synergistic interaction between different 
components opens up wide opportunities for creating cement 

systems with specified performance characteristics. 
As part of this study, a comprehensive analysis was 

conducted of the impact of superplasticisers (SP) and burnt 
moulding waste (BMW) on the key properties of 

 
a https://orcid.org/0000-0001-5729-5178 
b https://orcid.org/0000-0003-3924-0864 

cementitious binders. Changes in the normal density and 
setting times of cement paste were studied, which is crucial 

for the technological feasibility of construction work and 
control over the hydration process. Particular attention was 

paid to the kinetics of cement stone compressive strength 
gain at different hardening times. Compressive strength is 

the main criterion for the quality and reliability of the 
material. The evaluation of this parameter made it possible 

to determine the optimal dosages of additives and their 
combinations to ensure maximum efficiency. The results 

obtained provide an understanding of the mechanisms of 
interaction between additives and cement clinker, which 

serves as a basis for further developments in the field of 
composite binding materials. 

 

2. Research methodology 

In this study, the following materials and methods were 

used to obtain cement compositions. 
Portlandcement: Portlandcement grade CEM I 32.5N 

was used as the main binder, in accordance with the 
requirements of ГОСТ 31108-2020 «Cements for general 

construction. Technical conditions». 
Superplasticiser (SP): PRO 500 polycarboxylate 

superplasticiser was used, which complies with the 
requirements of ГОСТ 24211-2008 «Additives for concrete 

and mortar. General technical conditions». 

Burnt moulding waste (BMW): The waste obtained after 

burning the moulding mixtures was ground to a powdery 
state. The chemical composition of the BWF included 

silicon (SiO2), aluminium (Al2O3) and iron (Fe2O3) oxides, 
which confirmed their pozzolanic properties (Table 1). 

c https://orcid.org/0009-0006-9710-0746 
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Table 1 

Chemical composition of BWF 

Compounds SiO2 TiO2 Al2O3 Fe2O3 CaO MgO ZnO п.п.п. 

Amount (%) 91,56 0,022 4,58 1,12 0,2 0,1 1,30 1,18 

Determination of normal density and setting time: These 
parameters were determined on a cement test in accordance 

with ГОСТ 30744-2001 «Cements. Test methods using 
standard polyfractional sand». 

Determination of compressive strength: Tests were 
carried out on beam samples measuring 40x40x160 mm, 

manufactured in accordance with ГОСТ 310.4-81 
«Cements. Methods for determining the flexural and 

compressive strength». The samples were tested at 28 days 
of age. 

3. Results and Discussion 

Within the framework of this study, a systematic 
assessment was conducted on the influence of the 

superplasticizer (SP) dosage on the rheological and kinetic 
properties of cement paste. The concentration of SP was 

varied over a wide range from 0.2 to 1.2% by mass of 
cement, which allowed for a detailed analysis of how the 

paste's properties depend on the amount of additive used. 
The key data on normal consistency (N.C.) and setting times 

of the cement paste, which are critical indicators of 
workability and usability, are presented in detail in Table 1. 

To ensure high accuracy and reproducibility of the 
results, the process of preparing the cement paste was strictly 

standardized. The introduction of water into the mixture was 

carried out in two stages. In the first stage, half of the total 
water volume was added by spraying to ensure uniform 

moistening of the cement. This promoted primary particle 
dispersion and prevented the formation of lumps. The 

remaining water, containing the dissolved SP, was then 
thoroughly mixed with the pre-wetted cement. This two-

stage mixing method optimizes the interaction of the 
modifier with the cement particles, contributing to the 

effective manifestation of its plasticizing properties and its 
uniform distribution throughout the entire volume of the 

mixture. 
The analysis of the data presented in Table 3.2 showed 

that an increase in the SP dosage leads to a systematic 
decrease in the normal consistency of the cement paste. This 

is due to the fact that the polycarboxylate superplasticizer, 
by adsorbing onto the surface of the cement particles, creates 

electrostatic or steric repulsion forces. This reduces inter-
particle friction and lowers the water demand of the mixture. 

In parallel, a prolongation of the setting times was observed. 

This phenomenon is related to the formation of adsorption 

layers that slow down the cement hydration processes, which 
is a crucial factor for work under high-temperature 

conditions or during long-distance transportation of the 
mixture. Thus, precise SP dosing is critically important for 

controlling the rheological and kinetic characteristics of the 
cement system. 

 

Table 1 

Effect of SP dosage on normal consistency and setting time of cement paste 

Additional dosage, % NC, % 
Setting time, hours and minutes 

beginning ending 

0 27 1-10 6-20 

0,2 26 1-40 6-00 

0,4 24 2-00 5-40 

0,6 22 2-15 5-20 

0,8 21 2-25 5-10 

1,0 19 2-45 4-40 

1,2 19 2-45 4-40 

Analysis of the data presented in Table 1 showed that an 

increase in the superplasticizer (SP) dosage from 0.2% to 
1.2% by weight of cement leads to a notable decrease in the 

normal consistency (N.C.) of the cement paste by 2-8 points. 
The most pronounced reduction was observed at an SP 

concentration of 1.0%, while a further increase in the 
additive's concentration did not have a significant effect on 

this parameter. This effect is a direct result of the optimized 
dispersing action of the superplasticizer on the cement 

particles.  The observed decrease in N.C. is explained by the 
strengthening of electrostatic and/or steric repulsive forces 

between the cement particles as the amount of adsorbed SP 
increases. This leads to a more effective fluidization of the 

cement paste and a reduction in its water demand. 
Simultaneously, the optimization of the adsorption rate of SP 

molecules on the surface of the cement particles provides a 
pronounced stabilizing effect, which is evident in a 

significant prolongation of the initial setting time of the 

cement paste—from 1 hour 10 minutes to 2 hours 45 

minutes. This phenomenon is critically important for 
increasing the "pot life" of the cement mixture during 

transport and placement. 
It is also noteworthy that an increase in the SP dosage 

leads to a reduction in the final setting time of the binder—
from 6 hours 20 minutes to 4 hours 40 minutes. This effect 

can be explained by the accelerating properties of SP, which 
begin to manifest as the additive penetrates the inter-particle 

space and becomes uniformly distributed. The improved 
dispersion of cement particles and a more effective 

distribution of water contribute to a more complete and 
intensive course of hydration processes in the subsequent 

stages. This, in turn, leads to the faster formation of a strong 
and homogeneous structure in the cement stone. 

Considering both the technological and economic 
aspects, the most optimal values for N.C. and setting times 

were achieved at an SP dosage of 1.0% of the binder's mass. 
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This concentration ensures maximum plasticizing efficiency 

without excessive costs or an undesirable over-prolongation 
of the setting times. Consequently, in all subsequent 

experimental studies aimed at examining the influence of 

other additives, the superplasticizer dosage was maintained 

as a constant at 1.0% of the total binder mass. 
Modern scientific research [16-18] has established a 

direct correlation between the concentration of Brønsted 
active adsorption centers on the surface of powdered 

materials and an increase in their fineness (dispersion). 
These centers play a decisive role in determining the 

material's reactivity. However, this relationship is only 
evident up to a certain specific surface area (Sud), after 

which the rate of increase in reactivity slows down 
significantly. Consequently, for the effective use of freshly 

ground fillers, it is crucial to determine the optimal value of 
Sud. Exceeding this value leads to only a marginal increase 

in the surface activity of the particles, making further 
grinding economically and energetically impractical. 

Within the scope of this study, we investigated the effect 
of the specific surface area of burnt foundry waste (BFW), 

used as a filler, on the strength of cement stone. The control 
samples were made from cement paste of normal 

consistency, with the consistency of the binder mass being 

27%. The experimental research was aimed at determining 
the optimal specific surface area of the filler and the optimal 

degree of filling for the cement binder. To achieve this, the 

specific surface area of the BFW microfiller was varied in 

1000 cm²/g increments, ranging from 1000 to 4000 cm²/g. 
Various filling levels were also used: 5%, 10%, 15%, 20%, 

25%, 30%, 35%, and 40% by mass of cement. 
During the study, the strength characteristics of the 

cement binder, modified with varying degrees of 
microfilling and a variable specific surface area of the filler, 

were examined in detail. For this purpose, fine-grained beam 
specimens measuring 4x4x16 cm were fabricated and tested. 

The resulting experimental data were subjected to rigorous 
statistical analysis. This step is critically important for 

minimizing random errors, identifying statistically 
significant relationships, and confirming the reliability of the 

results. Based on this analysis, graphical relationships were 
plotted and are presented in Figures 1 and 2. These graphs 

are a key tool for interpreting the relationship between the 
degree of microfilling of the cement stone, the specific 

surface area of the material used, and its strength properties. 

 
Figure 1. Influence of the relative surface area and the degree of microfiling of BWF on the bending strength of cement 

stone

Analysis of the data presented in Figures 1 and 2 
demonstrates that the influence of both the degree of 

microfilling and the specific surface area of the filler on the 
compressive and flexural strength of cement stone increases 

monotonically. This indicates a direct positive correlation 
between these parameters and the mechanical properties of 

the hardened cement paste. 
However, this growth isn't limitless. The highest strength 

values were observed for compositions with burnt foundry 

waste (BFW) having a specific surface area (Sud) of 3000 
cm²/g at a microfilling level of 25% by mass of the binder. 

This is a critical finding, as it points to the existence of an 
optimal balance for achieving a maximum synergistic effect 

between the cement and the filler. At this precise point, the 
filler particles effectively pack into the interstitial spaces of 

the cement, densifying the matrix and promoting more 
complete hydration, which leads to enhanced mechanical 

properties. 
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Figure 2. Effect of the relative surface area and degree of microfilling of BWF on the compressive strength of cement 

stone

It's important to note that exceeding the optimal filling 

level of 25% leads to a consistent decrease in the strength of 
the cement stone. This phenomenon is primarily explained 

by a simple but fundamental factor: the relative proportion 
of the initial cement in the total binder mass decreases. With 

the excessive introduction of the filler, the amount of cement 
gel—the primary component responsible for forming the 

strong, load-bearing framework of the hardened paste—is 
reduced. This dilution effect directly and negatively impacts 

the mechanical properties of the final material. 
Furthermore, the study established that an increase in the 

specific surface area of the filler beyond 3000 cm²/g also 
adversely affects the mechanical properties of the cement 

stone. The main reason for this negative effect is the 
agglomeration of particles, a phenomenon exacerbated by 

surface polarization during mechanical activation. The high 
surface energy of excessively ground particles promotes 

their self-adhesion, leading to the formation of 

heterogeneous clusters instead of a uniform dispersion. 

These aggregations reduce the overall density of the 

composite, disrupt the formation of a continuous and 

monolithic cement matrix, and create internal stress 
concentration zones. Consequently, these structural defects 

collectively lead to a reduction in the overall strength. The 
results obtained are in strong agreement with the data 

presented in Fig. 3, which confirms the proposed hypothesis 
regarding the mechanisms of strength reduction when the 

filler's dispersion is over-optimized. 
Taking this into account, in the subsequent series of 

experiments, the normal consistency and setting times of the 
binder with 1.0% superplasticizer (SP) and a microfiller with 

a specific surface area of ~3000 cm2/g were determined. The 
amount of microfiller was 25% of the binder's mass. The 

results of determining the normal consistency and setting 
times of the microfilled binder are presented in Table 2. 

Analysis of the presented data shows that 25% of the 
BWF microfiller does not affect the normal consistency 

indicators at an SP dose of 1.0%. It can be observed that the 

final stages of the setting period are somewhat shortened. 

Table 2 

Influence of the BWF microfiller with a specific surface area of ~3000 cm2/g on the normal consistency and setting times 

of cement paste with a filling rate of 25% and an SP additive of 1.0% 

Additional dosage, % NC, % 
Setting time, hours and minutes 

beginning ending 

0 27 1-10 6-20 

0,2 26 1-40 5-50 

0,4 24 2-00 5-20 

0,6 22 2-15 5-10 

0,8 21 2-25 4-50 

1,0 19 2-45 4-00 

1,2 19 2-45 4-00 
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During the storage of freshly ground mineral fillers, a 

gradual decrease in the concentration of active centers on 
their surface is observed. This process, known as surface 

deactivation, is a critical phenomenon that significantly 

impacts the reactivity and subsequent performance of these 

materials. The primary driver of this deactivation is the 
adsorption of water molecules from the surrounding 

environment, a process whose rate is highly dependent on 
atmospheric humidity. 

The mechanism of deactivation is complex and multi-
faceted. On the surface of the filler, water molecules undergo 

dissociation into protons (H+) and hydroxyl ions (OH−). This 
is facilitated by the strong interaction between the material's 

proton-donating surface centers and various impurity sites, 
which form hydrogen bonds with the H2O molecules. In 

addition to the direct adsorption of water, this deactivation 
can also be initiated by the absorption of H+ and OH− ions or 

radical products from the environment. Beyond water, the 

adsorption of other atmospheric components, such as oxygen 

(O2) or nitrogen (N2), can also affect filler activity. In this 
case, a "saturation" of the active centers occurs, with O2 and 

N2 molecules acting as electron acceptors or donors, 

respectively. This alters the electron concentration on the 

material's surface, leading to its deactivation [19-23]. 
Given these theoretical considerations on the 

deactivation of the active surface of mineral fillers, an 
experimental study was conducted to investigate the 

influence of storage time on the strength of cement stone. 
This research, with results presented in Figure 3, was 

designed to provide a quantitative assessment of how 
changes in the surface activity of fillers over time affect the 

final mechanical properties of the composite material. 
Understanding this relationship is crucial for practical 

applications, as it provides a basis for determining optimal 
storage conditions and usage timelines for fillers to ensure 

consistent and high-quality material performance. 

 
Figure 3. Decrease in micro-filler activity due to moisture adsorption over time following grinding

As demonstrated in Figure 3, a clear correlation exists 
between the storage time of the burnt foundry waste (BFW) 

microfiller and the mechanical properties of the resulting 
cement stone. The most rapid decline in the number of active 

centers on the surface of the BFW is observed within the 
initial 24 hours of exposure to air, which directly 

corresponds to a monotonous decrease in the cement stone's 
strength. This phenomenon is rooted in the high surface 

energy of the freshly ground BFW particles. Upon exposure 
to the atmosphere, these highly reactive surfaces readily 

adsorb ambient water vapor and other gases. This adsorption 
process leads to the neutralization of the Brønsted active 
adsorption centers, which are crucial for the filler's 

reactivity. The surface becomes saturated with adsorbed 

molecules, effectively passivating it and significantly 

reducing its ability to participate in subsequent pozzolanic 
reactions with calcium hydroxide (Ca(OH)2). The decline in 

the BFW's reactivity directly compromises its function as 
both a filler and a pozzolanic additive. Initially, the active 

centers facilitate the nucleation of C-S-H gel, providing 
additional sites for hydration product formation and leading 

to a denser, stronger microstructure. As these centers 
become deactivated, the filler's ability to act as nucleation 

sites diminishes. Consequently, the formation of the dense 
hydration product network is less efficient, and the final 

hardened cement paste exhibits lower mechanical properties. 
The monotonous decrease in strength over time, as shown in 

the figure, is a direct manifestation of this ongoing surface 
deactivation. The results underscore the critical importance 

of proper storage and timely use of freshly ground BFW. To 
maximize its beneficial effects on the strength of cement-

based materials, the filler must be used as soon as possible 
after its production or stored in a controlled, low-humidity 

environment to prevent surface deactivation. These findings 
provide a scientific basis for practical guidelines aimed at 

optimizing the performance of sustainable construction 
mtaerials that incorporate industrial waste. 

4. Conclusion 

Studies have conclusively demonstrated that burnt 
moulding waste (BMW) has significant potential for use as 

an effective microfiller in cement systems. It has been 
established that the optimal specific surface area of BMW is 

3000 cm²/g, and the optimal filling degree is 25% of the 
cement mass. Achieving maximum strength at these 

parameters is due to synergistic interaction, where BWF not 
only compacts the structure but also participates in 

pozzolanic reactions. Another important conclusion is the 
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need to control the storage conditions of the filler, since its 

reactivity critically depends on time and humidity. The use 
of freshly ground BWF or storage in dry conditions allows 

its active centres to be preserved and maximises its 

contribution to strength characteristics. Thus, the use of 

BWF is not only an economically viable and 
environmentally sound solution for industrial waste 

disposal, but also an effective method for improving the 
properties of building materials, opening up new prospects 

in the field of sustainable construction. 
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Abstract: This paper presents the results of a comprehensive study of the effect of a filler based on burnt moulding 

waste (BMW) and a superplasticiser on the phase composition and structure formation of cement stone 
at early (1 day) and late (28 days) stages of hardening. X-ray phase analysis (XPA) has established that 

BFA has a powerful accelerating effect on the hydration of clinker minerals in the first day, which is 
explained by the adsorption of calcium ions on their surface, while the superplasticiser, on the contrary, 

slows down this process. A synergistic effect of the combined use of additives has been demonstrated, 
which negates the retarding effect of the superplasticiser and leads to the intensive formation of hydrate 

phases at an early stage. By day 28, a significant decrease in the content of portlandite (Ca(OH)2) and an 
increase in the proportion of amorphous calcium hydrosilicate (C-S-H) by 22% are observed in the 

modified cement stone, which indicates the occurrence of an active pozzolanic reaction. The data 

obtained confirm that complex modification allows effective control of the hydration kinetics and the 

formation of a dense, highly structured cement stone matrix, which is a key factor in improving its 
strength and performance characteristics. 

Keywords: X-ray phase analysis, structure formation, cement stone, burnt moulding waste, superplasticiser, 
hydration kinetics, pozzolanic reaction, synergistic effect 

 

 
1. Introduction 

The problem of obtaining building materials with 
improved performance characteristics while reducing their 

cost and environmental impact is one of the most pressing 
issues in modern materials science. Traditional cement 

systems have a number of limitations related to their high 

water demand and microstructural heterogeneity. In this 
regard, the search for effective modifiers and fillers capable 

of optimising structure formation processes and improving 
the quality of cement stone is becoming particularly 

important [1-4]. 
The introduction of superplasticisers (SP), such as 

polycarboxylates, into the cement mixture significantly 
reduces the water-cement ratio while ensuring high mobility 

of the mixture. This effect is due to the adsorption of SP 
molecules on the surface of cement particles, which creates 

steric and/or electrostatic repulsive forces that prevent their 
flocculation. As a result, a denser and more homogeneous 

structure of the cement stone is formed, which leads to a 

significant increase in its strength characteristics. In parallel 

with this, the use of finely dispersed fillers, in particular 
burnt moulding waste (BMW), is a promising direction. This 

waste, which is a by-product of foundry production, contains 
pozzolanic components and can act as microfillers. The 

introduction of BFM contributes to the compaction of the 

structure by filling the intergranular space and also initiates 
additional hydration reactions, forming calcium 

hydrosilicates. 
The aim of this study is to investigate the combined 

effect of a superplasticiser and a filler based on burnt 

moulding waste on the structure formation processes of 

cement stone. 

2. Research methodology 

In this study, the following materials and methods were 
used to obtain cement compositions. 

Portlandcement: Portlandcement grade CEMI 32.5N 
was used as the main binder, in accordance with the 

requirements of ГОСТ 31108-2020 «Cements for general 
construction. Technical conditions». 

Superplasticiser (SP): PRO 500 polycarboxylate 
superplasticiser was used, which complies with the 

requirements of ГОСТ 24211-2008 «Additives for concrete 
and mortar. General technical conditions». 

Burnt moulding waste (BMW): The waste obtained after 
burning the moulding mixtures was ground to a powdery 

state. The chemical composition of the BWF included 
silicon (SiO2), aluminium (Al2O3) and iron (Fe2O3) oxides, 

which confirmed their pozzolanic properties (Table 1). 

Table 1 

Chemical composition of BWF 

Compounds SiO2 TiO2 Al2O3 Fe2O3 CaO MgO ZnO п.п.п. 

Amount (%) 91,56 0,022 4,58 1,12 0,2 0,1 1,30 1,18 

An experimental determination of the phase composition 

of the formed cement stone was conducted using a high-
precision AL-27mini diffractometer. The analysis was 

performed with the powder method to ensure high data 

 
a https://orcid.org/0000-0001-5729-5178 
b https://orcid.org/0000-0003-3924-0864 

reliability. A monochromatized CuKα-radiation source with 

a precise wavelength of λ=1.5406 Å was used, enabling 
high-precision identification of crystalline phases. The 

diffraction pattern was recorded in a step-by-step scanning 
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mode with carefully controlled parameters: a 30 kV X-ray 

tube voltage, a 10 mA current, a scanning angular step of 
0.02°, and a scanning speed of 1 degree per minute. This 

mode provided an optimal balance between resolution and 

data collection time, allowing for the detection of even minor 

changes in the phase composition of the samples. 
For the analysis, four distinct types of compositions were 

prepared to investigate the effects of various additives on the 
cement system's phase development: 

1. Composition 1: A normal consistency Portland cement-
based composition without any additives (PC), serving 

as the control. 
2. Composition 2: A composition consisting of normal 

consistency Portland cement and BWF, to study the 
effect of the pozzolanic additive alone. 

3. Composition 3: A composition consisting of normal 
consistency cement binder and a polycarboxylate 

superplasticizer (SP), to isolate the effect of the 
plasticizer. 

4. Composition 4: A complexly modified Portland cement-
based composition using both BWF and SP, to examine 

the synergistic effects of both additives. 

3. Results and discussions 

A detailed description of the compositions of the studied 

cement stone samples, including the quantitative ratio of the 
main components and introduced additives, as well as the 

diffractogram data for interpreting the results of X-ray phase 
analysis, is presented in Tables 1 and 2. The X-ray phase 

analysis of the studied cement stone samples, shown in 
Figures 1 and 2, provides critical insights into the phase 

evolution at two key hardening periods: 1 and 28 days. These 

figures display characteristic diffraction spectra that allow us 
to examine the dynamics of changes in the intensity and 

position of reflections corresponding to various mineral 

phases. The diffractograms from the 1-day samples are 

crucial for understanding the initial hydration kinetics. They 
primarily reveal the rapid formation of early hydration 

products, such as ettringite (C6A8H32), while the main phases 
of unhydrated cement, alite (C3S) and belite (C2S), still show 

strong peaks. By comparing the samples with and without 
additives at this stage, we can discern how SP influences the 

hydration rate and how BWF acts as a nucleation site for 
initial gel formation. The 28-day diffractograms, on the other 

hand, provide a comprehensive picture of the long-term 
microstructure maturity. At this stage, the intense peaks of 

portlandite (Ca(OH)2) and other hydration products signify 
the progression of the hydration process. Specifically, the 

presence of Burnt Foundry Waste (BWF) in the 
compositions is expected to induce a pozzolanic reaction, 

which will be evident in the 28-day diffractograms by a 
notable reduction in the portlandite peak intensity, as 

Ca(OH)2 is consumed to form additional C-S-H gel. 
Simultaneously, the inclusion of a Superplasticizer (SP), by 

facilitating more efficient hydration, might lead to a more 
advanced hydration degree at both 1 and 28 days, reflected 

in the relative intensities of the unhydrated and hydrated 
phases. This X-ray diffraction (XRD) analysis is a crucial 

aspect for understanding the fundamental mechanisms of 
hydration and structure formation in cement systems 

modified with BWF and SP, providing a direct link between 
the material's composition and its ultimate mechanical 

properties [5-15]. 

 
Figure 1. Diffractograms of 1-day cement stone samples: 

a) PC, b) PC+BWF, c) SP, d) CM 
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Figure 2. Diffractograms of 28-day cement stone samples: 

a) PC, b) PC+BWF, c) SP, d) CM

Analysis of the data presented in Table 1 confirms that 
the introduction of burnt foundry waste (BWF) into the 

cement system has a significant influence on the kinetics of 
early-stage hydration processes. The results clearly 

demonstrate that the presence of BWF remarkably 
accelerates the hydration of the main clinker minerals, 

specifically alite (C3S) and belite (C2S), within the first 24 
hours of hardening. This observation points to a pronounced 

accelerating or catalytic effect of the BWF particles. The 
primary mechanism behind this acceleration is the 

nucleation effect. Finely ground BWF particles, with their 
high specific surface area, provide a vast number of 

heterogeneous sites for the nucleation and growth of early 
hydration products, such as calcium silicate hydrate (C-S-H) 

gel and portlandite (Ca(OH)2). By providing these pre-
existing templates, the BWF bypasses the initial induction 

period of hydration, where supersaturation must be reached 
for crystal formation to begin. The XRD data in Table 1 

visually support this, showing a more rapid decrease in the 
intensity of the unhydrated clinker peaks in the BWF-

modified samples compared to the control. Simultaneously, 
the peaks corresponding to nascent hydration products 

would show a more rapid increase in intensity. This early-
stage acceleration is critical as it sets the foundation for a 

more mature and dense microstructure at later ages, 
ultimately contributing to enhanced mechanical properties 

and the overall strength of the final cement stone. 

Table 1 

Effect of modifiers on the phase composition of 1-day-old cement stone 
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1 32,7 15,6 7,3 3,1 10,4 8,2 21,5 1,2 

2 29,6 14,2 3,7 2,7 8,9 7,5 28,2 1,2 

3 34,5 16,9 8,3 4,0 9,0 6,6 19,2 1,5 

4 30,1 15,1 7,5 3,1 9,5 7,5 25,8 1,4 

Analysis of the phase composition of cement stone 
modified with BWF showed a significant decrease in the 

concentration of unreacted clinker phases at the initial stage 

of hardening, i.e., within 1 day. Specifically, a decrease in 
the content of alite by 11%, belite by 10%, shareginite 

(brownmillerite) by 10%, and tricalcium aluminate by 12% 
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was observed. This phenomenon, indicating the acceleration 

of hydration processes, is explained by the ability of 
negatively charged BWF particles to adsorb calcium ions 

(Ca2+) on their developed surface. This adsorption 

effectively reduces the local concentration of Ca2+ ions in the 

pore solution, which in turn shifts the dissolution 
equilibrium of clinker minerals towards their stronger 

decomposition, thereby accelerating the overall hydration 
kinetics [16]. Notably, despite the replacement of 25% of the 

cement with BWF, the amount of portlandite (Ca(OH)2) 
formed in the BWF cement stone decreased by 1.5% 

compared to the control sample (without additives). This fact 
is also a direct consequence of the accelerated hydration of 

cement clinker phases in the presence of BWF, as the active 
consumption of Ca2+ ions for the formation of calcium 

hydrosilicates (C-S-H) and other hydrate phases can occur 
before their release in the form of portlandite. 

Contrary to the effect of BWF, the use of 
polycarboxylate superplasticizer slows down the hydration 

processes of clinker minerals in the first stage of hardening 
(1 day). This inhibitory effect is associated with the 

adsorption of superplasticizer macromolecules on the 
surface of cement particles. The resulting adsorption layer 

hinders the dissolution of the surface layers of the clinker 
phases and slows down both the nucleation and growth of 

hydration product crystals. Quantitative phase analysis 
confirmed these observations: the amount of unreacted alite 

in the superplasticizer composition increased by 6%, belite 
by 1%, brownmillerite by 11%, and tricalcium aluminate by 

26% compared to the control sample. Such a slowdown in 

hydration leads to a decrease in the content of the main 
hydrate phases in the cement stone: portlandite decreases by 

12%, ettringite by 10%. Additionally, it was noted that the 

formation of the amorphous phase of calcium hydrosilicates 

(C-S-H) slows down by 11% compared to the control 
mixture without additives, indicating a deceleration in the 

process of basic structure formation [17-19]. 
The introduction of a complex additive containing BWF 

and a polycarboxylate superplasticizer provides a synergistic 
effect, manifested by an acceleration of cement hydration on 

the 1st day of hardening, which effectively counteracts the 
inhibitory effect of the plasticizing component alone. In 

cement stone modified with the complex additive, a 
significant decrease in the concentration of unreacted initial 

minerals is observed by day 1: alite by 12%, belite by 10%, 
brownmillerite by 9%, and tricalcium aluminate by 25%. 

This intensification of the hydration process leads to a 
corresponding increase in the amount of hydrate phases in 

the cement stone at this stage: the amount of portlandite 
increases by 5% compared to the sample with only 

polycarboxylate superplasticizer, and ettringite by 14%. 
Thus, complex modification demonstrates the ability to 

optimize early hydration kinetics, contributing to the 
effective formation of the mineralogical framework of 

cement stone. 
Table 2 presents the results of quantitative X-ray phase 

analysis of 28-day-old cement stone with the addition of 
complex additives BWF and SP. 

Table 2 

Effect of modifiers on the phase composition of 28-day-old cement stone 
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Mineral composition, % 
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1 17,1 12,9 6,8 13,5 7,4 42,3 

2 16,8 12,6 6,1 8,1 7,7 48,2 

3 14,1 12,9 7,1 15,2 8,8 42,2 

4 13,4 12,1 6,4 8,5 8,4 50,3 

A detailed analysis of the phase composition of cement 

stone modified with BWF during the 28-day hardening 
period revealed a significant decrease in the content of 

Portlandite (Ca(OH)2) by 38% compared to the control 
sample without additives. This indicates an intensification of 

the pozzolanic reaction of BWF in the final stages of 
hydration of cement systems. At the same time, an increase 

in the content of the amorphous phase by 19% was observed. 
This clearly indicates the formation of a highly dispersed, 

weakly crystallized structure enriched with low-basic 
calcium hydrosilicates (C-S-H). Such a change in the phase 

composition confirms the effective absorption of calcium 
hydroxide by the pozzolanic particles and the formation of 

more stable and dense hydrate products. This is important 
for improving the durability and performance properties of 

cement stone. 
By the 28th day of hardening in cement stone containing 

a polycarboxylate superplasticizer, the alite content 
decreased by 18%, and the belite content by 3% compared 

to the sample without additives. This indicates that the 

hydration of these clinker minerals continued and even 
slightly accelerated in subsequent stages. In our opinion, this 

may be due to the optimization of water distribution and the 
formation of a stable microstructure under the influence of 

the superplasticizer. In addition, in the samples with the 
addition of superplasticizer, an increase in the content of 

portlandite by 11%, ettringite by 8%, as well as an increase 
in the proportion of the amorphous phase by 3% compared 

to the control composition, was observed. These changes 
indicate a complex effect of the superplasticizer. In addition 

to its main dispersing properties, it can also influence the 
kinetics of hydrate phase formation during long-term 

hardening. 
On the 28th day of hardening, when a complex additive 

was applied, cement stone with a qualitatively altered 
structure was formed. A characteristic feature is a significant 

decrease in the content of portlandite by 41% and ettringite 
by 10%. At the same time, amorphous calcium 
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hydrosilicates (C-S-H) predominate in the composition of 

the cement stone with complex application of additives. 
Their quantity increased by 22% compared to the sample 

without additives. This indicates a high degree of 

transformation of calcium hydroxide and the active 

formation of a binding gel. Also, in the composition with a 
complex additive 

By day 28, the subsequent hydration processes of C3S 
(alite) and C2S (belite) gradually slowed down. This 

phenomenon is explained not only by the compaction of C-
S-H gel around the cement grains as a result of the ongoing 

pozzolanic reaction of BWF, but also by the overall 
compaction of the cement stone structure. As a result, the 

porosity and permeability of the matrix decrease, further 
diffusion of water into unreacted clinker particles becomes 

difficult, and thus their hydration in subsequent stages slows 
down. 

Experimental data covering the phase composition and 
microstructural properties of cement stone at different stages 

of hardening fully confirm the previously stated hypothesis 
about the complex mechanism of action of the proposed 

modifying additive. This confirmation applies both to its 
influence on the formation of mineralogical composition and 

indirectly to the final strength properties of cement stone. 
The research results show that the use of this complex 

additive in the creation of building materials with improved 
performance properties and long-term durability is 

promising. 

4. Conclusion 

Based on the conducted research, it was determined that 

applying the complex additive before the 28-day hardening 

period contributes to the formation of a denser, more 
uniform, and improved microstructure of the cement stone. 

An important factor determining these structural advantages 
is the high pozzolanic activity of BWF, which is a 

component of the complex additive. This activity is 
manifested by a significant decrease in the amount of 

portlandite  
(Ca (OH)2), the main product of cement hydration, as well 

as a proportional increase in the amount of amorphous 
calcium hydrosilicates (C-S-H). Such a change in phase 

composition leads to the formation of a chemically more 
stable and less porous matrix. Calcium hydrosilicates formed 

as a result of the pozzolanic reaction are characterized by 
high density and better binding ability, which ultimately 

ensures the achievement of improved performance 
properties of the material, such as strength and durability. 
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Abstract: This article examines the structural reliability and cyber resilience of IP-based rapid technological 

communication networks in railway sections, particularly using train dispatcher communication systems 
as an example. A logical-functional model was developed for multiple stations, demonstrating that the 

overall reliability of the rapid technological communication network directly depends on the coordinated 
operation of all its elements. Simulation experiments conducted in the MATLAB environment revealed 

that DoS (Denial of Service) attacks can significantly reduce network performance, increasing packet 
loss threefold and latency fivefold. To address these issues, scientific and technical solutions such as 

traffic encryption, strengthening QoS mechanisms, implementing real-time monitoring systems, 
optimizing resources, and using firewalls were proposed. Practical implementation of these measures 

improved the readiness coefficient of the rapid technological communication network, ensured 
compliance with international information security standards, and strengthened both the safety and 

stability of train traffic in railway sections. 
Keywords: IP communication networks; rapid technological communication (RTC); railway communication; 

structural reliability; cyber resilience; DoS attacks; network security; availability coefficient; firewalls; 
train dispatcher systems 

 

 
1. Introduction 

The IP communication network technology must 
become a ready-made solution and be able to provide full 

functional services; however, there are many technical and 
legal issues and problems. These aspects can be roughly 

divided into three groups [1]: 

- development of technology and equipment; 

- legal aspects of management; 

- ensuring security. 
Improving the equipment of information exchange 

systems is carried out in different directions. First of all, this 

involves the development of the concept of Session Border 
Controllers (SBCs). These are software and hardware tools 

that solve the problems of logical separation of networks and 

ensuring their functionality. Mechanisms for connecting IP 

communication networks are being developed, the set of 
interfaces and parameters is being standardized, and 

configuration and usage procedures are being simplified. 
Models developed in the field of IP communication 

networks mainly describe Quality of Service (QoS) 
mechanisms. This allows for the standardization and 

characterization of all parameters and norms of the quality 
of services offered by IP communication network 

technology [2]. 
Security is one of the main issues in the functioning of 

any information exchange system. IP communication 
networks and local IP computer network technologies are 

closely related, incorporating not only advantages but also 

certain disadvantages. In general, the set of potential threats 

to the communication network and influencing factors can 
be divided into two groups according to their origin: natural 

and artificial. 
The elements of Rapid Technological Communication 

(RTC) networks [3] may be damaged or disabled as a result 
of the impact of natural or artificial factors. 

 
a https://orcid.org/0000-0002-8443-9250 

Natural threats – threats to RTC networks and their 
elements arising from physical processes or natural disasters 

(earthquakes, thunderstorms, etc.) beyond human control. 
Artificial threats – threats arising from human activity, 

which can be divided into: 

- unintentional (accidental) threats caused by errors in 
design, software failures, or operator mistakes; 

- intentional threats related to hacker activities and 
malicious actions. 

Natural factors are difficult to predict in advance, as well 

as the damage caused by them. Artificial factors may 
include, for example, railway communication networks, 

powerful radio stations, high-voltage power lines, 
mechanical influences, and, most importantly, modern 

cyberattacks [4]. 

The degree of destructive influence of each factor on 

RTC network elements determines their level of 
inoperability and depends on the type, strength, scale, and 

accuracy of the impact. In IP-based communication network 
infrastructures, information security threats arise when a 

channel is formed between the threat source and the 
information source, creating conditions for security 

violations. The severity of such threats depends on the type 
of threat source, the vulnerability of the information source, 

and the characteristics of the signal transmission 
environment. 

According to the type of source, threats to information 
security can be divided into the following: 

- threats related to organizations with high potential, 

equipment, and motivation, acting in accordance 

with political, economic, or other goals of the 
railway company; 

- threats related to organizations motivated by 
economic or informational interests; 

- threats related to the activities of individuals 
(criminal elements). 

Methods of influencing RTC networks [4] depend on the 
capabilities of the threat source. A source that gains or 

https://orcid.org/0000-0002-8443-9250
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attempts to gain unauthorized access is considered a violator 

of information security. Such violators may act accidentally 
or intentionally in their own interests, causing breaches of 

information security in the network. 

Violators are divided into two types: 

- External violators – those without authorized access 
to the network (foreign intelligence representatives, 
members of criminal organizations, economically 

motivated individuals). 

- Internal violators – those with authorized access 
(communication operators, developers, or suppliers 

of technical components). 

One of the main problems of RTC networks is 
equipment failure. This can occur due to various reasons, 

including channel interruptions, interception of 
conversations, service theft, or spam attacks. Although no 

cases of IP communication network violations have been 
recorded in Uzbekistan so far, in other countries such 

cyberattacks have led to significant economic losses and 
disruption of technological processes [5]. 

 

2. Research methodology 

Ensuring the cyber resilience of the communication 

network involves identifying the main types of cyberattacks 
and the methods of protection against them. The analysis of 

the results described in these studies shows that, for railway 
sections, the most effective approach for use in train 

dispatcher communication networks is the implementation 
of measures aimed at protecting network elements from 

cyberattacks [6], i.e., threats posed by network intruders (NI) 
(Fig 1). 

Communication 

network

Communication 

network packets

ma lumotlar

Information

Information

Communication 

network packets Communication 

network packets

Communication network 

subscribers – DSP (Station Duty 

Officer), DNS (Train 

Dispatcher).

Communication network 

subscribers – DSP (Station Duty 

Officer), DNS (Train 

Dispatcher).  
Fig. 1. Rules for network configuration 

Specialized software and hardware. Although attacks 
can be carried out at any level of the ISO/OSI model, the 

most common ones occur at levels 3–4 and 7. Nowadays, 
many software and hardware manufacturers offer ready-

made solutions to protect against network intruder (NI) 
threats. Such software and hardware may resemble a small 

server that allows protection against weak and medium-scale 
DDoS attacks as well as other types of NI threats. In practice, 

the following equipment is often used to neutralize intruders 
[7]: 

- Firewalls with dynamic packet inspection; 

- Dynamic SYN-proxy mechanisms; 

- Limiting the number of SYN requests per IP address 
per second; 

- Limiting the number of SYN requests per remote IP 
address per second; 

- Installing ICMP flood filters on the firewall; 

- Installing UDP flood filters on the firewall; 

- Limiting the speed of routers connected to the 
firewall and the network. 

Filtering and blocking traffic from attacking machines 

allows us to mitigate or completely neutralize the attack. 
When this method is applied, incoming traffic is filtered 

according to specific rules defined during the configuration 

of filters. 

Network firewalling [8] is considered a highly effective 
method of protection against cyberattacks. A network 

firewall is a set of hardware or software tools that control 
and filter network packets passing through it in accordance 

with predefined rules. 
Fig 2 shows the scheme of organizing the data 

transmission network of a railway station communication 
node using a firewall. 
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Fig. 2. Communication center of the railway station 

The main function of network firewalling (firewall) is to 
protect computer networks or individual nodes from 

unauthorized access. In addition, firewalls are often referred 
to as filters, since their primary task is to block packets that 

do not meet the criteria specified in the configuration (i.e., 
filtering). 

When a firewall is connected to a data transmission 
network (DTN), most modern firewalls perform the 

following functions [9]: 
- attack detection; 

- antivirus scanning to search for known virus 
signatures in traffic; 

- tools for monitoring the integrity of files on a 
personal computer; 

- tools for routing and proxying traffic (proxy 
servers). 

The principle of operation of a firewall is to protect a 
network or computer from threats originating from the 

Internet. Each computer in a network has its own IP address, 
and data is transmitted through the network in IP packets. 

When data is transmitted, each IP packet contains the IP 
addresses of the sender and receiver. Accordingly, packets 

are delivered to recipients based on IP addresses. 
However, typically, several applications run on a 

computer, and most of them require network access. In order 
for applications to interact in a network according to 

standards, they use special protocols [9]. For example, e-
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mail requires SMTP (Simple Mail Transfer Protocol), a web 

browser requires HTTP (Hyper Text Transfer Protocol), and 
so on. Each protocol uses specific network ports, and their 

numbers are defined in standards. Thus, for SMTP the port 

is 25, and for HTTP it is 80. 

Malware such as worms and trojan horses, as well as 
other malicious programs, can also use network ports and 

protocols to gain access to victims’ devices, spread to other 
devices in the network, and transmit confidential computer 

data to hackers. Therefore, all ports and protocols that are 
not used in the direct operation of the computer should be 

“closed” using a firewall. 
Modeling DoS Attacks in IP Communication Networks: 

Theory, Impact, and Mitigation [10]. 
The purpose of Denial of Service (DoS) attacks is to 

disrupt the normal operation of a network or server, which is 
usually carried out by overloading resources through 

excessive requests. In IP communication networks, such 
attacks cause packet loss and increased latency, mainly due 

to unencrypted traffic and limited resources. For Rapid 
Technological Communication (TTA) networks, 

particularly train dispatcher communication systems used in 
railway sections, this poses a serious threat to security and 

train traffic safety [10]. 

 
Fig. 3. DoS attack 

A simulation was conducted in the MATLAB 
environment using 1000 packets under normal and DoS 

conditions: 
- Normal conditions: packet loss 5%, average latency 

~20 ms. 
- DoS conditions: packet loss 30%, average latency 

~100 ms. Random probabilities and noise were 

introduced to approximate real network conditions. 
- Simulation results: 

- In normal conditions: approximately 50 packets 

were lost (5%), 950 packets successfully delivered, 
with an average latency of ~20 ms. 

- In DoS conditions: approximately 300 packets were 

lost (30%), 700 packets successfully delivered, with 

an average latency of ~100 ms. 
These results indicate that during a DoS attack, packet 

loss increases threefold and latency increases fivefold. 
Recommended Mitigation Measures 

- Traffic Encryption – Encrypting IP communication 
network traffic to reduce the risk of data theft by 

attackers. 
- Strengthening QoS Mechanisms – Developing 

specialized tools (e.g., SBC) to manage network load 
and ensure service quality. 

- Real-Time Monitoring – Implementing dedicated 
monitoring systems to detect DoS attacks. 

- Optimizing Network Resources – Enhancing server 
and network capacity to withstand DoS attacks. 

The results of the conducted simulation demonstrate that 
DoS attacks have a significant negative impact on IP 

communication networks—leading to increased packet loss 
and latency, which jeopardizes the safety of railway 

communications. The practical implementation of these 
mitigation measures is crucial for protecting RTC networks 

from cyber threats and ensuring stable communication in 
railway sections. 

Reliability Model of the TTA Network for N Stations. 
For the reliable operation of the Rapid Technological 

Communication (TTA) network in a railway section, all 
station elements along the section must function correctly. 

This condition can be represented mathematically as 
follows. Logical condition for the correct operation of the 

TTA network sections of the railway segment (1). 
 

𝐾𝑖.𝑒𝑙𝑒𝑚𝑒𝑛𝑡(𝑡𝑓) = 𝑓railway section(𝑡𝑓)

= 𝑓element.st.A(𝑡𝑓) ∧ 𝑓element..st.B(𝑡𝑓) ∧ …

∧ 𝑓element..st.N(𝑡𝑓)                                  (1) 

𝑓element..st – denotes the reliability function of the 𝑛-th 

station element at time 𝑡𝑓; 

∧ – represents the logical AND operation, meaning that 

the overall system works correctly only if all station 
elements operate reliably; 

𝐾𝑖.𝑒𝑙𝑒𝑚𝑒𝑛𝑡(𝑡𝑓) – the overall reliability condition of the 

TTA network in the railway section. 

Thus, the overall reliability of the TTA network in a 

railway section with N stations is determined by the product 

of the reliabilities of each individual station. If any single 
station element fails, the overall reliability of the section’s 

TTA network decreases significantly. 
Based on formula (1), the dynamic change of reliability 

of the TTA network in the railway section is obtained (Fig 
4).  
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As can be seen from Figure 4, after 110 days of operation 

(on an annual scale), the availability coefficient of the RTC 
network in the railway section did not meet the required level 

of reliability. This, in turn, necessitated additional 

maintenance and recovery measures, as well as the 

development of scientific and technical solutions aimed at 
improving the readiness coefficient of the RTC network in 

the selected area [11]. 
By applying the developed scientific and technical 

solutions to enhance the reliability of the communication 
network in the railway section, significant improvements can 

be achieved. These results are calculated based on formula 
(1). 
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Fig. 5. Variation of the readiness level of the 

communication network under DDoS attacks by months 

during the implementation of scientific and technical 

solutions developed for the railway section 

 

The analysis of the obtained results shows that the 
practical implementation of the proposed scientific and 

technical solutions significantly improves the reliability 
level of the RTC network in the railway section, while also 

taking into account potential cyber impacts on network 
elements. The achieved results meet the requirements of 

information security system standards, ensuring that, on an 
annual scale, the average number and duration of failures or 

malfunctions in dispatcher-level networks do not exceed 10 
minutes [12]. 

3. Conclusion 

Based on the conducted research, scientific approaches 

for assessing the reliability and ensuring the cyber resilience 

of IP-based RTC networks in railway sections have been 
developed. Simulation results identified the risks of DoS 

attacks and evaluated their impact on packet loss and 
latency. 

As a result of the analysis, technical solutions such as 
traffic encryption, strengthening QoS mechanisms [12], real-

time monitoring, and the use of firewalls were proposed for 
train dispatcher communication systems. 

The practical implementation of these solutions 
improved the readiness coefficient of RTC networks, 

ensured compliance with international information security 
standards, and contributed to enhancing overall transport 

safety. 
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Cyber attacks using Artificial Intelligence systems  
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Abstract: This article discusses one aspect of the use of Artificial Intelligence in cybersecurity. It is about 

cyberattacks that can be carried out using Artificial Intelligence (AI) systems. AI- enabled cyberattacks 
can be defined as any hacking operation that relies on the use of AI mechanisms. Another term used is 

offensive AI. AI-based cyberattacks are undoubtedly changing the cybersecurity landscape. First of all, 
it is necessary to talk about the speed of implementation of attacks and their scaling. AI-based 

cyberattacks involve the use of advanced machine learning algorithms to identify vulnerabilities, predict 
patterns, and exploit weaknesses. Efficiency and rapid data analysis enhance the ability of hackers to gain 

a tactical advantage, resulting in rapid intrusions or destruction of data. Traditional cybersecurity methods 
are no longer sufficient to combat sophisticated attacks, as AI-enabled cyberattacks adapt and evolve in 

real time. In addition, the introduction of AI systems in cyber defense gives rise to new risks. AI systems 
themselves become targets of adversarial attacks.The article discusses general issues of organizing cyber 

attacks using AI, provides taxonomy and examples of such attacks. 
Keywords: machine learning, deep learning, cybersecurity, cyber attacks 

 

 
1. Introduction 

The use of Artificial Intelligence (AI) in cybersecurity 

has several aspects. Following the gradation proposed by 

Microsoft, the following areas can be distinguished: 
• AI in cyberattacks (offensive or attacking AI); 

• AI in defense against cyberattacks. The most well- 
known area of application today with the largest number of 

examples of use 
• Cybersecurity of AI systems themselves (attacks 

on AI systems). The most actively developing area 

• Malicious influences (e.g. deepfakes) 
The article was received on June 12, 2024. D.E. Namiot 

- Lomonosov Moscow State University As usual. 
AI systems are understood as machine learning models. 

In this article, we would like to focus on the use of AI in 
cyberattacks. Obviously, due to the specifics, not everything 

in this area is published. But it is also obvious that this area 
has received a great additional impetus for development with 

the growing popularity of large language models. The idea 
that it is possible, for example, to automate programming 

immediately prompts interested parties to think about 
automating the creation of malware, the ability of generative 

models to create “human” tests gives rise to thoughts about 
phishing, etc. Since a very rapidly developing industry is 

considered, the course materials are revised annually. The 
current version (2024) was created with the support of the 

Cybersecurity Department of Sberbank PJSC. The rest of the 
article is structured as follows. Section II discusses general 

provisions. Section III is devoted to the taxonomy of 
offensive AI. Section IV considers an example of solving a 

captcha. And Section V contains the conclusion. 

 

2. Research methodology 

Procedure for paper submission. In the era of artificial 
intelligence, attackers are using AI-based techniques to hack 

cyber defense programs. These AI-based cyber attacks are 
undoubtedly changing the cyber security landscape. First of 

all, it is necessary to talk about the speed of execution of 

 
a https://orcid.org/0000-0002-6983-6709 

attacks and their scalability. AI-based cyber attacks involve 
the use of advanced machine learning algorithms to identify 

vulnerabilities, predict patterns, and exploit weaknesses. 
Efficiency and rapid data analysis enhance the ability of 

hackers to gain a tactical advantage, resulting in rapid 
intrusions or destruction of data. Traditional cyber security 

methods are no longer sufficient to combat sophisticated 
attacks, as AI-based cyber attacks adapt and evolve in real 
time. 

The traditional defense scheme for IT organizations in 
the early 2000s included perimeter protection and malware 

concerns. Organizations during those periods also focused 

on software security, but since software applications were 

minimal, methods to protect against external attacks were 
the priority. Later, software applications emerged to help 

solve user-based performance issues, and organizations built 
advanced perimeter defense devices such as intelligent 

firewalls, routers, and switches to counter external network 
attacks.Software and hardware attacks can pose a constant 

threat to businesses. However, there are effective ways to 
counter these threats. One such way is to use a system 

dependency model. This model combines predictive 
analysis, response time, attack type, containment, and cyber 

defense into a single system rather than treating them as 

separate entities. The system dependency model helps 

predict attack patterns and counter intrusions, especially for 
SOC (Security operations center) personnel. Each team 

member has an advantage due to the visual indicators and 
threat data provided by network security devices. However, 

AI-enabled cyber attacks require SOC personnel to re-
evaluate their cyber defense strategy. Today’s situation is 

different because AI- driven cyberattacks are software-

driven and adapt to configuration changes. No 

cyberdefender can resist the real-time changes, analysis, and 
adaptability of AI-driven attacks. Because AI platforms use 

machine learning to identify network behavior patterns and 
vulnerable targets, they can adapt and change their attack 

method. 
Artificial intelligence (machine and deep learning) is 

increasingly used in cyber defense. At the same time, all 

b https://orcid.org/0009-0001-6700-4095 
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such defense tools can be targets of adversarial attacks. Such 

attacks involve modifications of data at different stages of 
the machine learning pipeline, are relatively easy to 

implement, and, in most cases, cannot be completely 

excluded. Accordingly, poisoning attacks, backdoors, and, 

of course, evasion attacks, which concern AI-based defense 
tools, are typical applications of AI (machine learning) in 

cyber attacks. NIST in its taxonomy of adversarial attacks 
separately considers adversarial attacks in the field of 

cybersecurity. Historically, the first adversarial attacks 
began in this domain. The first known poisoning attack was 

developed to generate worm signatures back in 2006.The 
aforementioned work considered systems that automatically 

determine signatures (signs) of software worms. That is, in 
fact, rules for malware signatures. The attack proposed by 

the authors polluted (noised) the traffic used by automatic 
signature generators during their extraction. The attack was 

aimed at misleading signature generation algorithms by 
introducing well-designed noise that prevented the 

generation of useful signatures. It was shown that it is 
possible to introduce noise without prior knowledge of the 

classification technique used. The use of artificial 
intelligence brings its own risks that differ from those 

traditionally considered in cybersecurity. There are many 
different classifications regarding this, one of which is given 

in. There are 14 risks of AI listed:  
1. Lack of transparency and explainability of AI 

2. Job loss due to AI automation 

3. Social manipulation by AI algorithms 

4. Oversight functions performed by AI technology 

5. Lack of data privacy when using AI tools 

6. Bias due to AI 
7. Socioeconomic inequality as a result of AI 

8. Weakening of ethics due to AI 
9. Autonomous weapons based on AI 

10. Financial crises caused by AI algorithms 

11. Loss of human influence 

12. Uncontrolled AI 
13. Increased criminal activity 

14. Wider economic and political instability 

Lack of privacy is perhaps one of the most serious prob- 

lems, which can also be relatively easily exploited through 
adversarial attacks targeting IP [10]. Vulnerability miti- 

gation programs need to be changed, but there are also issues 
of classification. Imagine a data breach on an AI platform. 

Although the risk is software-based, should it be classified 
as a software risk or an AI-based risk? The largest collection 

of AI risks is contained in the MIT project: AI Risk 
repository. Its description is in. 

In addition to adaptability and real-time analysis, AI- 
based cyberattacks can also cause more disruptions during a 

small time window. This is due to the way the incident 
response team works. When AI-based attacks occur, it is 

possible to bypass or hide traffic patterns (changing the 
system log analysis process or removing data that allows for 

defensive actions). Cybersecurity systems will need other 
algorithms that identify AI-based cyberattacks. 

AI has created problems in which security algorithms 
must become, first of all, predictive and fast and accu- rate. 

The traditional IT landscape contains many risks related to 
privacy, perimeter protection, software applica- tions or data 

leakage. These risks create loopholes and weaken the 
organization’s defensive posture. Counter- measure tactics 

are to eliminate risks and improve the level of cybersecurity. 
The introduction of AI into the risk and vulnerability 

ecosystem is transforming security compliance and cyber 

defense. As AI leverages behavioral analytics, machine 
learning, and real-time analysis, busi- nesses must learn 

about risks based on patterns and com- putational errors. 

This is where continuous monitoring and AI will work best. 

Organizations must also determine how IT system audits, 
risk assessments, etc., configura- tion changes and 

remediation deadlines should evolve. 
Cybersecurity transformation also requires the develop- 

ment and implementation of controls. Typical frameworks 
such as NIST 800-53 or OWASP are structured based on 

application, cloud, data, identity and infrastructure. An open 
question is whether AI should be implemented in the same 

control frameworks or whether current controls should be 
modified? This, among other things, will de- termine the 

attack surfaces of AI. 
Taxonomy of offensive AI. AI-enabled cyberattacks 

can be defined as any hacking operation that relies on the use 
of AI mechanisms. Another term used is offensive 

AI.Everything in scientific papers begins with some 
classification. Let us note right away that cyberattacks are a 

rather sensitive area, so not everything is openly published. 
However, Figure 1 shows one possible classification of AI 

attacks:  

 
Fig. 1. AI attacks 

This list obviously lacks adversarial attacks on machine 
learning models, which are widely used in information sys- 

tems, cyber-physical systems, and Internet of Things sys- 

tems. Other comments include the following: Keyboard 

sniffing is part of a more general problem called side- 
channel attacks, where AI is widely used. Phishing, in 

principle, can be classified as a social engineering attack. 
Deepfakes also include voice cloning. Separating voice 

cloning into a separate category is possible if we are talk- ing 
about biometric authentication, for example. This is 

traditionally separated from deepfakes. Classically, deep- 
fake (from deep learning + fake) was originally understood 

as as a method of synthesizing an image or voice that 
imitates a person and is based on artificial intelligence. 

Deepfake technologies can also be used to create fake news 
and any malicious deception. Deepfakes are usually singled 

out as a separate area of using AI in cybersecurity, and they 

are considered in this paper. 

Despite these remarks, at least this list gives an idea of 
what AI attacks are. Of the elements omitted in this 

classification, it would be worth adding automation of 
attacks. In our opinion, this is a separate area of using AI in 

cyberattacks. For example, the so-called AI-driven 
pentesting. Examples of such automation of pentesting are, 

for example, startups XBOW and RunSybil. 
Figure 2, which is taken from a highly cited work, 

provides a classification of attacks described in the scientific 
literature by types of impact. The attacks here are distributed 
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across six stages of the cybersecurity chain (kill chain). Fig. 

2. Attacks by stages of the kill chain 

Fig. 2. AI attacks 

Six types of AI-driven attacks were identified in the 

access and penetration stage (AI-assisted attack), four types 

of AI-driven attacks were identified in the access 
reconnaissance stage (AI-targeted attack), three types of AI-

driven attacks were identified in the exploitation stage (AI-
automated attack), and two types of AI- driven attacks were 

identified in the delivery stage (AI-concealment) and C2 
stage (Command Control) respectively. In contrast, one type 

of AI-driven attack was identified in the targeting stage (AI-
malware). The access and penetration stage had the most 

publications (6), followed by the reconnaissance stage (4), 
the exploitation stage had three publications, and the 

delivery and C2 stages had two. In contrast, the target-based 
phase (AI malware) had the fewest publications (1). Fig. 3. 

LLM in attack. 

 
Fig. 3. AI attacks 

Potential attackers place great hopes on LLMs (which 

are, accordingly, of great concern to the cybersecurity 
community) to automate attacks. Here are examples of 

LLMs being used in cyberattacks (as of early 2024) in killing 
chain mitigation 

It should be noted that such lists will constantly grow. 
This process is absolutely natural. If we want to teach LLM 

to write code, then the idea that it could be malicious code 
or some kind of data encryptor arises almost automatically. 

If we demonstrate the capabilities of the same LLM to write 
selling marketing offers, then it is easy to guess that the text 

for phishing mailings will not be much different. And so on. 
Automation (democratization - lowering the entry 

threshold and reducing costs) is a natural process. The same, 
accordingly, applies to protection: there is simply no other 

way out. Attacking robots must be met by the same robots-
defenders 

 
Solving captcha. A large number of works are devoted 

to such tasks. Ob- jectively, image recognition is one of the 
most traditional tasks for machine (deep learning). Examples 

of works. How it looks, we will analyze using the example 
of work. The work describes an attack on text captchas (text 

recognition in a picture). Examples of such tasks are shown 
in Figure 4. The length of the line in characters and the 

modifications made are indicated Fig.4. 

 
Fig. 4. AI attacks 

Text captchas As shown in Figure 5, the attack consists 
of 3 steps. Fig.5. Attack pattern 

 
Fig. 5 AI attacks 

Step 1: CAPTCHA Generation: This step uses image 
processing algorithms to generate CAPTCHAs unrelated to 

the target scheme to train our recognition network. In the 
attack under consideration, all pre- samples are generated 

completely randomly without any special design, which is 
easy to implement and significantly reduces the effort spent 

on collecting training samples. 
Step 2: Pre-training: Once generated, the synthetic 

CAPTCHAs are fed directly into the recognition engine 
without any pre-processing to train the base model. After 

pre-training, we adopt the trained model as the base model 
for all subsequent schemes. 

Step 3: Fine-tuning: Finally, for each scheme, 500 real 

samples were used to fine-tune the base model. This step was 

accomplished by re-training the base model using transfer 
learning to update the parameters to match the real features. 

Note that only domain-specific adaptation of transfer 
learning was used and the model remained consistent across 

the pre-training and re-training steps. Basic architectural 
decisions: 

To reduce the cost associated with manual labeling, 
synthetic CAPTCHAs were generated as pre-training data 

for the pre-training. All training data for the baseline model 
is generated using simple image processing algorithms from 

the Pillow library. 
As shown in Fig. 6, all pre-training samples are gener- 

ated with black characters on a pure white background. 

Unlike the original CAPTCHAs, there are no security fea- 

tures in the generated CAPTCHAs: for example, there are no 
noise lines, distortions, overlays, etc. Instead, the samples 

were generated in the simplest way to reduce the generation 
cost, since this type of CAPTCHA is easy to implement and 

does not require much effort. The gener- ated CAPTCHAs 
are completely unrelated to the target CAPTCHAs (Fig. 4) 

and do not resemble any of the target schemes. 
For the Latin character-based schemes, the text string 

length is set in the range from 4 to 10; The fonts are 
randomly selected from the font library, including both 
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regular and hollow styles; all images are the same size, and 

the text rotation angle is set from minus 45 to 45 degrees. 
For Chinese patterns, the line length was set to a range of 2 

to 5. 500,000 images were generated to pre- train the base 

model. Fig. 6. Some examples of randomly generated 

CAPTCHAs for training the base model. 

 
Figure 6: AI attacks 

Like any other applied problem in machine learning, the 

main challenge is training data and feature engineering. All 
samples were of the same size 500 × 150. 

2. In pre-training (base model), a combination of 
CNN and LSTM was used. In order to recognize the entire 

character string in one step, the combined model described 
in, consisting of a CNN and a Long Short-Term Memory 

(LSTM) model, was used as the recognition engine. The 
CNN is responsible for extracting the feature vector of the 

CAPTCHA image. For this, the ResNet v2-101 model was 
chosen, which is designed to address the degradation 

problem that occurs as the network depth increases. LSTM 
converts the feature vectors extracted by the CNN into a 

single text string; it can be thought of as a character-level 

language model. Decisions are made using the latest states 

in the memory cells. 
In this experiment, the number of LSTM cells depends 

on the maximum string length of the target CAPTCHA. 
3. In the last step (fine-tuning), transfer learning is 

used to fine-tune the parameters of the pre-trained 
modelwith several real CAPTCHAs. Transfer learning 

works as follows. In transfer learning, a domain D is denoted 
as D= X, P(X), where X is the feature space and P(X) is the 
marginal probability distribution. For a particular domain, 

the task can be defined as T = Y, f, where Y denotes the label 
space and f denotes the target predictor. In general, the 

complete transfer learning process includes one source 
domain (DS) and one target domain (DT), which correspond 

to one source task (TS) and one target task (TT), 
respectively. From the knowledge in DS and TS, transfer 

learning aims to improve the learning of the target predictor 
f in DT. In this CAPTCHA solver, f denotes the predictor in 

ResNet, and DS and DT are as follows: 
As for the training data is a synthetic CAPTCHA, and 

yTi is the corresponding CAPTCHA label, a character string. 
Here have the same values as in real CAPTCHAs. Note that 

all labels remain the same in DS and DT (62 or 3626 
characters), but the feature spaces are different because the 

features of the synthetic and real CAPTCHA have different 
details. For each Roman character-based scheme, 500 hand-

labeled real samples were used. Considering that Chinese 
CAPTCHAs have a larger character set than Roman 

CAPTCHAs, 1000 real hand-labeled Chinese CAPTCHAs 
were used per Chinese scheme. 

3. Conclusion 

As a conclusion, we present the following 5 points that, 

according to the authors of, determine the future of offensive 
AI. They attribute this to generative AI and large language 

models (LLMs) trained to generate malicious content (e.g. 
FraudGPT). 1. Automated social engineering and phishing 

attacks LLMs like FraudGPT demonstrate the ability of 

generative AI to support convincing scenarios for pretexts 

that can mislead victims. One use case is for attackers to ask 
LLMs to write science fiction stories about how a successful 

social engineering or phishing strategy works, thus forcing 

the LLM itself to provide attack recommendations. Other 

use cases could be to request instructions for attacks in 
national languages, in which case security filters set to 

English may not work. 2. AI-generated malware and 
exploits. FraudGPT has proven its ability to generate 

malicious scripts and code tailored to a specific victim’s 
network, endpoints, and broader IT environment. Novice 

attackers can quickly master the latest defenses by using AI- 
powered generative systems like FraudGPT to learn and then 

deploy attack scripts. This is why organizations must do 
everything they can to ensure cyber hygiene, including 

endpoint protection. AI-generated malware can bypass older 
cybersecurity systems that were not designed to detect and 

prevent this threat. 3. Automated asset discovery by 
cybercriminals. 

Generative AI will reduce the time it takes to conduct 
manual research to find new vulnerabilities, find and collect 

compromised credentials, learn new hacking tools, and 
master the skills needed to launch sophisticated cybercrime 

campaigns. Attackers of all skill levels will use it to discover 
unprotected endpoints, attack unprotected threat surfaces, 

and launch attack campaigns based on information obtained 
through simple clues. 

It is noted that along with identification, endpoints will 
be subject to more attacks. Self-healing endpoints are noted 

to be critical, especially in mixed IT and operational 
technology (OT) environments that rely on Internet of 

Things (IoT) sensors. A self-healing endpoint is a 
technology for automating the monitoring and diagnosis of 

performance and security issues across multiple network 
nodes or endpoints. 

Traditional incident response often requires significant 
manual intervention to identify and remediate compro- 

mised systems. Self-healing endpoints, on the other hand, 
use AI and machine learning algorithms to automatically 

detect, isolate, and remediate security incidents without 

human intervention. These endpoints continuously moni- tor 

and analyze system behavior, enabling proactive threat 
detection and autonomous response, resulting in reduced 

response times and a lower chance of widespread compro- 
mise. 

These endpoints can proactively detect anomalies and 
potential security threats by continuously monitoring their 

behavior and network communications. This proactive 
approach not only reduces the need for constant human 

intervention, but also helps detect and mitigate risks, 
strengthening the overall security posture. 

4. AI-powered evasion is just getting started, and we 
haven’t seen the real problems yet.Weaponized generative 

AI is still in its infancy, and FraudGPT is just the beginning. 
More sophisticated and lethal tools are emerging. They will 

use generative AI to evade endpoint detection and response 
systems, and create malware variants that can evade static 

signature detection. 
5. Difficulty of Detection and Attribution. FraudGPT 

and future generative AI applications and tools will reduce 
the detection and attribution barrier to anonymity. Security 

teams will have a hard time attributing AI- enabled attacks 
to a specific threat group or campaign based on forensic 

artifacts or evidence. Greater anonymity and difficulty in 
detection will lead to longer dwell times and allow attackers 
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to perform long-term attacks that are typical of advanced 

persistent threat (APT) attacks on high-value targets. 
Weaponized generative AI will eventually make this 

possible for every attacker. 
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Abstract: Mathematical model has been calculated in the study, which determines the relationship between the 

engine's operating process and the dynamics of the car. The adequacy of the model was verified using an 

experimental study of the B15D2 engine to obtain adjustment, load and external speed characteristics. 
Keywords: engine workflow, mathematical model, acceleration dynamics; experimental study, speed characteristics 

 

 
1. Introduction 

Mathematical modeling of the influence of internal 

combustion engine (ICE) parameters on the dynamics of 
vehicle acceleration is an important task in the automotive 

industry and transportation engineering. It allows you to 
evaluate how different engine characteristics affect vehicle 

acceleration, acceleration time to a certain speed, and other 
dynamic indicators. 

These models are based on the balance of forces acting 
on the car during its movement. For example, in models [1-

3], a car is represented as an elastic-mass oscillatory system. 
The rolling of the wheel on uneven and flat surfaces is 

described in detail, the inertial and elastic characteristics of 
the moving parts of the engine, transmission and wheels are 

taken into account. These models are characterized by the 
complexity of implementation and verification, and require 
the establishment of a number of empirical coefficients 

based on the results of experimental studies. In addition, 
there is a lack of information in the literature on the use of 

such models in car parameter optimization tasks. 
When solving a number of tasks, for example, choosing 

the parameters and settings of an engine and a car, creating 
a preliminary design of a car, and studying its dynamic 

qualities, it is advisable to use simpler models [4-7]. These 
models, for example, the graphoanalytical method make it 

possible to determine the acceleration and path of a car based 
on the calculation of the so-called dynamic factor. 

In mathematical models of car acceleration, the 
maximum engine power in the modes of external speed 

characteristics is usually set according to empirical 

dependencies. For example, in the Leiderman equation, the 

current maximum engine power depends on the rated power 
and rotational speed of the crankshaft, as well as the current 

rotational speed of the crankshaft. This makes it impossible 
to optimize the parameters and settings of the engine, while 

ensuring good dynamic qualities of the car. 
An attempt to combine mathematical models of the 

working process of an engine and a vehicle was made in [8]. 
The engine operating modes when the car is moving 

according to the European NEDC test cycle are replaced by 
quasi-stationary driving modes with a constant speed of 1 s. 

To reduce the engine parameters in quasi-stationary cycle 
modes to the parameters of the actual cycle, the calculated 
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engine parameters are multiplied by the empirical 

coefficients given in [9]. 
The disadvantage of this approach is the use of empirical 

coefficients generalized based on the results of experimental 
tests for a number of engines of a certain class, which makes 

it impossible to take into account the design features and 
workflow of a particular engine. 

Thus, the aim of the work is to develop a mathematical 
model of the dynamics of car acceleration, taking into 

account the influence of the design parameters and 
adjustments of the internal combustion engine on this 

process. 
 

2. Research methodology 

The methodology of computational research. The 
mathematical model of the engine workflow includes 
submodels: 

- determination of the thermophysical properties of air, 
fuel of any component composition, as well as exhaust 

gases; 
- determination of the kinematic characteristics of the 

movement of the elements of the crank mechanism and the 
passage sections of the valves; 

- simplified calculation of the working process to obtain 
a first approximation of the parameters of the working fluid 

in the cylinder at the beginning of the exhaust stroke; 
- quasi-stationary calculation of gas exchange, 

compression and expansion in a cylinder using the 
volumetric balance method; 

- combustion according to the Vibe model [10], in which 

the indicators of the nature and duration of fuel combustion 

are set using empirical formulas given in the work; 
- heat transfer in the cylinder according to the Gerhard 

Vosni model [11]; 
- friction losses as an empirical function of the average 

piston speed. The feasibility of using this empirical 
dependence for a research engine was evaluated in the work. 

The adequacy of the mathematical model was assessed 
by comparing the calculation results of specific effective fuel 

consumption (𝒈𝒆), filling coefficient (𝜼𝒗) and hourly air 

consumption (𝑮𝒏) with experimental data. Figure 2 shows 

the adjustment characteristics for the composition of the 

mixture and the ignition timing angle, Figure 3 shows the 
load and external speed characteristics. It can be seen that 
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the mathematical model provides a sufficiently high 

accuracy in determining the effective performance of an 
experimental engine. 

 The study of the dynamic properties of the car was 

carried out according to the next method. The range of 

vehicle speeds from 0 to 100 km/h was divided into sections 
lasting 1 km/h. It was believed that the car was moving at a 

constant acceleration in each section. Knowing the speed at 
the beginning of the section and the average acceleration in 

the calculated interval, you can determine the speed at the 
end of the section. 

The main factor determining the current acceleration 
value of the car is the dynamic factor D, which depends on 

the traction force, the force of air resistance and the weight 
of the car. Thus, the task of the study was to calculate the 

parameters that determine the dynamic factor and 

acceleration of the car. 
Unfortunately, the basic methodology does not clearly 

specify the method for accounting for the effect of vehicle 

gearshift time on acceleration dynamics, which can be used 

in machine calculations. The authors proposed to determine 
the acceleration time 𝜟𝒕 in the speed range from v1 to v2 

when shifting gears as follows. Time t can be divided into 
two intervals (Fig. 1): 

Δ𝑡 = Δ𝑡1 + Δt2,                                (1) 

where Δ𝑡1 is the gearshift time; Δ𝑡2 is the acceleration 

time from speed v1 to speed v2 

                       
Fig. 1. Diagram for determining the dynamic factor when shifting gears

 
The time 𝛥𝑡1 depends on the driver's qualifications and 

can vary from 0.2 to 3 seconds [5]. During 𝛥𝑡1, the vehicle's 

speed decreases by 𝛥𝑣 and reaches v1 at the end of the first 

interval. 
When shifting gears, the car moves by inertia, and the 

traction force Ft1 = 0. Accordingly, the dynamic coefficient 
during the interval Δt1 

𝐷1 = −
𝐹𝑣1

𝐺
,                                  (2) 

where 𝐹𝑣1 is the aerodynamic drag; G is the weight of 

the vehicle. 
The dynamic factor D1 determines the acceleration of the 

car j1 in the range Δt1. 
To simplify calculations, we assume that the 

aerodynamic drag 𝐹𝑣1 during a gear change is constant and 

corresponds to the speed in the previous gear. In this case, 
the acceleration j1 is considered constant, and the speed 

decrease when shifting gears will be at Δv=j1∙ Δt1. 

During the second interval, after the crankshaft is 
coupled to the 𝐹𝑡2 engine transmission, the dynamic 

coefficient D2, acceleration j2 and acceleration time Δt2 from 

speed v1 to speed v2 are calculated using the formulas of the 

basic methodology for the case of a vehicle moving with a 
certain gear. 

The average dynamic factor in the calculated interval 
 

𝐷𝑎𝑣 =
𝐷1∙∆𝑡1+𝐷2∙∆𝑡2

∆𝑡1+∆𝑡2
,                          (3) 

 

Average speed in the calculated range 

𝑣𝑎𝑣 =
(𝑣1+𝑣1

′)∙∆𝑡1+(𝑣2+𝑣2
′)∙∆𝑡2

2
,                      (4) 

 
The engine's crankshaft speed is calculated using the 

vehicle's speed, the current gear ratio from the wheels to the 
crankshaft, and the radius of the wheels: 

 

   𝑛 =
𝑣∙𝑢𝑘∙𝑢𝑝𝑏∙ 𝑢0  

0.377∙𝑟𝑠𝑡
,                                (5) 

where 𝑣 is the speed of the vehicle; 𝑢𝑘 is the current 

value of the gear ratio; 𝑢𝑝𝑏 is the gear ratio of the transfer 

case; 𝑢0 is the gear ratio of the main gear; 𝑟𝑠𝑡 is the static 

radius of the wheel. 
The calculations were performed in the MATLAB 

software environment. The main set of parameters is shown 
in Table 1. 

An example of the results of calculating the loads in the 
drive of a Chevrolet Gentra car during acceleration is shown 

in Fig. 2. 

Table 1 

Chevrolet Gentra Car Parameters 

Parameter value 

Vehicle weight ma, kg 1245 

Static wheel radius rst, м  0,26  

Permissible gross weight. kg 1660 

Car height Вr, m 1445 

Car width Нr, m 1725  

Coefficient of filling of the frontal area of the 
car αА  

0,78  

Transmission efficiency ηт  0,97  

Transmission ratio 

uk1  
uk2  

uk3  
uk4  

uk5 

 

3,818  
2,158 

1,487 
1,129  

0,886 

Main gear ratio 3,72  
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In each gear, the speed of rotation of the crankshaft 

increases during acceleration to values above 4,500 rpm. 
This provides power close to the nominal value and the 

maximum possible traction force on the wheels for this 

vehicle.  

The most significant component of the resistance to 
accelerated movement of the car is the inertia force, which 

at the beginning of the movement of the car exceeds the 
forces of rolling resistance and aerodynamic drag by more 

than 50 times. As the speed of the car increases, the force of 
inertia decreases, and at a speed of 100 km/ h it is only 1.4 

times higher than the other components of the load. 
Aerodynamic drag increases proportionally to the square 

of the vehicle's speed and, at a speed of 100 km/h, makes a 
significant contribution to overall drag. This force limits the 

maximum speed for the car, which has an estimated speed of 
170 km/h. An increase in speed can be achieved mainly by 

increasing engine power. 
The speed of 100 km/h is reached in 11.9 seconds, which 

corresponds to the passport data of the Chevrolet Gentra car 
and indicates the adequacy of the calculation methodology. 

Thus, the developed complex mathematical model 
makes it possible to study the characteristics of the engine 

and vehicle during acceleration, determine the influence of 
vehicle parameters on these processes, and conduct 

optimization studies. 
Experimental studies were conducted to refine the 

mathematical model of the working process of an 
automobile engine. The engine of the Chevrolet Gentra 

B15D2 car was chosen as the object of the study. This engine 
has a distributed fuel injection system, a complex of sensors 

and an electronic control unit. 
The technical characteristics of the B15D2 engine are 

shown in Table 2. 
During the experiment, the rotational speed of the 

crankshaft was measured using an electronic frequency 
counter and a magnetoelectric tachometer. Fuel 

consumption is obtained using the weight measurement 
method. Also, this parameter, as well as the crankshaft 

rotation speed, air flow, ignition timing angle and excess air 

coefficient were determined using standard equipment and 

software of the electronic engine control unit. The exhaust 

gas temperature was measured with a chromel-alumel 

thermocouple and a galvanometer. The pressure and 
temperature of the oil and the temperature of the coolant 

were also measured. The thermal mode of the engine was set 

by changing the water circulation of the external circuit 

through the oil and water cooler. 
To identify the mathematical model of the workflow, the 

load characteristic of the engine at a rotational speed of 3600 
min-1, the external speed characteristic, as well as the 

adjustment characteristics when changing the ignition timing 
angle and the excess air coefficient were removed. 

Table 2 

Technical characteristics of the B15D2 engine 

Name of the parameter Value 

Engine brand Chevrolet 
Gentra B15D2 

Engine type 4-stroke, 

petrol engine 

Number of cylinders 4 

Number of valves 16 

 Cylinder placement inline 

Cylinder diameter, mm 74.71 

Stroke of the piston, mm 84.7 

Working volume, l 1.5 

Rated power, kW 40 

The speed of rotation of the crankshaft 
in the rated power mode, min-1 

5600 

Maximum torque, Nm  141 

speed of rotation of the crankshaft in 
the mode of maximum torque, min-1 

3800 

Compression ratio 10.2 

3. Results 

During the calculations, the excess air coefficient and the 
ignition timing angle for the acceleration of the car were 

studied from 0 to 100 km/h (Fig. 2). The excess air 
coefficient was varied from 0.8 to 1.15, and the ignition 

timing angle of the mixture was from 0 to 60 degrees of the 

crankshaft position to the HDC. 

     
Fig. 2. The effect of engine parameters on the dynamics of car acceleration from 0 to 100 km/h

The increase in the ignition timing angle was increased 

by detonation and loads on the parts of the crank mechanism, 
the excess air coefficient was the limits of reliable ignition 

of the mixture. When changing a certain parameter, other 
engine parameters were left unchanged as on the base engine 

(see Table 1). 

Increasing the ignition timing angle from 0 to 29 degrees 

of the crankshaft position to the top dead center, as well as 
reducing the excess air ratio from 1.16 to 0.99. increase the 

maximum engine power and acceleration time of the car. An 
increase in the ignition timing angle, a decrease in the excess 

air ratio, on the contrary, reduces engine power. 
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Accordingly, the dynamic properties of the car deteriorate. 

Thus, it is shown that optimization studies need to be 
carried out to determine the rational values of the ignition 

timing angle and the excess air coefficient. 

According to the results of the analysis of the data in Fig. 

2, to improve the engine's pick–up, it was proposed to apply 
a set of parameters: ignition timing angle – 30 degrees of the 

crankshaft position to the TDC; excess air coefficient - 0.98. 
Calculations have shown that using the proposed set of 

parameters on the engine will reduce the acceleration time of 
the car by almost 10%. Further improvement of the pick-up 

speed of the car is possible by applying optimization 
methods to the selection of engine parameters, expanding the 

number and range of parameter variations. 

4. Conclusion 

The results of a comprehensive study containing: 

- development of a mathematical model of the engine 

workflow; 
- verification of the adequacy of the mathematical model 

of the engine workflow based on experimental research data; 
- refinement of the car acceleration dynamics model, 

taking into account the influence of gearshift time; 
- determination of the effect of changes in engine 

parameters on the dynamic properties of the Chevrolet 
Gentra. 
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Automation of green space maintenance along road infrastructure  
 

N.U. Jurakulova1 a, Sh.R. Khalimova1 b 

1Tashkent state transport university, Tashkent, Uzbekistan 

 
Abstract: The study comprehensively examined the efficiency of automated irrigation systems applied to green 

areas along the Tashkent–Chirchik highway. Within the research framework, soil moisture sensors were 
utilized to continuously monitor environmental conditions and to optimize the allocation of water 

resources. This methodological approach enabled the collection of precise data on soil humidity levels, 
making it possible to design irrigation schedules that respond directly to the actual needs of the 

vegetation. The findings revealed a range of important outcomes. First, automation led to a reduction in 
water use by approximately 25–30%, which is a crucial achievement considering the growing problem 

of water scarcity in Central Asia. Second, labor requirements decreased by nearly 40%, thereby reducing 
the dependence on manual maintenance and significantly lowering operational costs. Third, plant 

resilience during the vegetation period was noticeably improved, as indicated by healthier leaf coloration, 
higher photosynthetic activity, and greater tolerance to drought stress. 

In addition, system management through IoT-based technologies allowed for real-time monitoring and 

rapid response to changing conditions, which significantly improved the speed and quality of 

maintenance services. This ensured more efficient allocation of limited resources, minimized the risks 
associated with over- or under-irrigation, and contributed to more stable plant growth. Overall, the 

adoption of automated irrigation and monitoring systems represents not only a technological 
advancement but also an important step toward achieving environmental sustainability, energy 

efficiency, and long-term landscape resilience. These results highlight the potential for wider application 
of such technologies along highways and in other urban green zones, where resource savings and 

ecological balance are of strategic importance. 
Keywords: Automated irrigation system, IoT technologies, green areas/landscaping, soil moisture monitoring, water 

resource saving, ecological sustainability, remote control, vegetation stability, highway landscape, 
innovative maintenance methods 

 

 
1. Introduction 

In recent years, along with transport infrastructure, 

considerable attention has been paid to issues of 
environmental sustainability. Green areas along roads are 

not only elements that enhance the aesthetic appearance but 
also important ecological systems that reduce the amount of 

dust and gases in the atmosphere and absorb noise [1, 11]. 
For example, green zones created along the Tashkent–

Samarkand highway play a significant role not only in 
reducing harmful gases emitted by vehicles but also in 

improving the aesthetic appearance of the road and ensuring 
psychological comfort for drivers and passengers. Such 

green zones contribute to maintaining ecological balance by 
absorbing carbon monoxide, nitrogen oxides, and other 

harmful substances released into the atmosphere by moving 
vehicles. In addition, the placement of trees and shrubs along 

roads regulates wind speed, reduces noise levels, and 
positively influences the surrounding environment. 

However, the effective functioning of these zones 
directly depends on their regular maintenance, irrigation, 

and monitoring. At present, a significant part of these 

processes is carried out manually using traditional methods. 

As a result, large amounts of water and labor resources are 
consumed, while efficiency remains low. For instance, due 

to uneven distribution of water, some trees do not receive 
sufficient moisture, while others are overwatered. This not 

only leads to inefficient use of water resources but also 
negatively affects plant growth. 

 
a https://orcid.org/0009-0003-4565-0699 
b https://orcid.org/000-0002-4753-390X 

Therefore, under modern conditions, it is necessary to 

introduce innovative solutions for maintaining green zones 
along highways, such as automated irrigation systems, 

remote monitoring using IoT (Internet of Things) 
technologies, and soil moisture control with sensors. Such an 

approach makes it possible to use resources efficiently, 
enhances the ecological effectiveness of green zones, and 

ensures the long-term sustainability of the landscape created 
along roads [2]. In this regard, the issue of increasing 

efficiency through the use of modern automated systems is 
highly relevant [3, 4]. 

 

2. Research methodology 

In the course of this study, in accordance with the aim 

and objectives of the research, the following methodological 
approaches and methods of analysis were applied: 

Literature analysis — international experience (USA, 
Germany, Japan) in automated irrigation and maintenance 

systems was studied [5, 6]. 
Technological modeling — a scheme of the automated 

process for maintaining green zones was developed [7]. 

Experimental observation — on a test section along the 

Tashkent–Chirchik highway, soil moisture was monitored 
using sensors and water consumption was optimized [8]. 

Comparative method — the efficiency of traditional 
maintenance and automated systems was compared [9]. 

https://orcid.org/0009-0003-4565-0699
https://orcid.org/000-0002-4753-390X
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3. Results and Discussion 

The analysis of the research results made it possible to 
draw the following scientifically substantiated conclusions: 

When using soil moisture sensor systems, water 
consumption was reduced by an average of 25–30% [2, 9]. 

For example, on the Tashkent–Chirchik highway section 
during the summer period, a significant decrease in water 

usage was observed due to automated irrigation. 
Thanks to automated systems, labor costs for 

maintenance were reduced by 40% [3]. This was particularly 

evident on the Tashkent–Samarkand highway, where 

previously the maintenance of green zones required a large 
workforce. 

Plant resilience during the vegetation period proved to 
be higher: leaf greenness, photosynthetic activity, and 

drought resistance showed better results compared to 
traditional methods [1, 7]. 

The possibility of remote control based on IoT (Internet 
of Things) increased the speed of maintenance [2, 8]. 

Tаble 1 

Table of Results 

Indicator Traditional 

Method 

Automated 

Method 

Water 

consumption 

100% 70–75% 

Labor costs 100% 60% 

Plant resilience Medium High 

The obtained results show that traditional methods of 

maintaining green zones along highways, based on manual 
labor, lead to inefficient use of significant resources. In 

particular, during irrigation, uneven distribution of water 

resources, increased labor costs, and insufficient efficiency 

of control mechanisms are observed. Moreover, existing 
systems do not provide adequate results in maintaining 

stable plant growth. 
Addressing these problems has demonstrated the 

effectiveness of applying automated maintenance systems. 
According to the research results, the introduction of 

automated irrigation systems and sensor-based monitoring 
technologies makes it possible to significantly reduce water 

consumption, save energy and labor resources, and ensure 
continuous control over the maintenance process. As a 

result, conditions are created for the rational use of 
resources, ecological sustainability of green zones is 

ensured, and the quality of roadside maintenance is 
significantly improved. 

Thus, it can be stated that the use of automated systems 
not only increases economic efficiency but also serves as an 

important factor in strengthening environmental safety, 
improving road aesthetics, and creating a comfortable 

environment for drivers [4, 10]. In Uzbekistan, this process 
is being implemented gradually: for example, along the 

Tashkent Ring Road, automatic drip irrigation systems have 
been introduced, operating on the basis of energy-saving 

pumps and solar panels. 

 
Fig. 1. Block Diagram of the Irrigation System 

 
Fig. 2. Operating Principle of the Automated Landscaping System along the Tashkent–Samarkand Highway 

4. Conclusion 

The study confirms that the implementation of 
automated systems for maintaining green zones along 

highways provides significant ecological, economic, and 
social benefits. Practical evidence from the Tashkent–

Samarkand highway, the Tashkent–Chirchik route, and the 
Tashkent Ring Road highlights the effectiveness of such 

solutions in real-world conditions. Automation contributes 
to the rational use of water and labor resources, enhances 

plant resilience, and streamlines maintenance operations. 
Looking ahead, the integration of these technologies is 

expected to become an essential component of the “smart 
road” concept, fostering the development of a more 

sustainable, efficient, and innovative transport 
infrastructure. 
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Abstract: Structural solutions for mudflow protection are technical and engineering solutions developed to protect 

structures from the negative consequences of mudflows, which mainly consist of a complex of measures 

implemented during the design, construction, and operation of structures. These solutions include special 

construction and technological methods to ensure infrastructure safety and minimize damage caused by 
mudflows. This article provides an analysis of existing methods for protecting bridge structures from 

mudflows. For the effective practical application of technical and technological measures to prevent the 
negative consequences of this mudflow threat, their adaptation to local conditions, along with world best 

practices in protecting against mudflow danger, a comparative analysis of local methods is of current 
importance. 

Keywords: Mudflow, debris flow protective structures, bridges, constructive solution, technological measure 

 

 
1. Introduction 

A mudflow is a dynamic mass consisting of a multiphase 
medium with high kinetic energy, consisting of sand, gravel, 

rock fragments, clay, and other rocks, and this geodynamic 
phenomenon can cause serious damage to engineering 

infrastructure in mountainous and foothill areas. A number 
of engineering and technical solutions, i.e., structural 

protective measures, are used to prevent rocky mudflows, 
control their direction, or reduce the negative impact of their 

consequences. 
 

2. Research methodology 

Specially designed and constructed barrier basins in the 
flow direction retain stones and mud from the mudflow, 

allowing multi-phase purified water flow. As a result, the 
kinetic energy of the flow and the risk of soil erosion are 

reduced, and the elements of engineering and civil buildings 
and structures located within the radius of flow propagation 

are protected from the direct impact of mudflows. Solid 
components accumulated in the reservoirs can be safely 

removed, which mitigates the force of the hydraulic shock 
and increases the stability of hydraulic structures in the 

direction of the flow (Fig. 1). 
 

  
Fig. 1. Special reservoirs built in the direction of 

mudflow 

Barrier basins are engineering protective structures that 

allow the removal of solid-phase components (stones, sand, 
clay, and other particles) from the mudflow, and there are a 

number of factors limiting the late practical application of 
this design solution. 

 
a https://orcid.org/0009-0006-9408-4613 
b https://orcid.org/0000-0002-5848-3995 

To ensure the functional continuity of these structures, 
there is a need for the utilization of solid components based 

on periodic mechanized technologies, which is characterized 
by the complexity of the operational process and the high 

level of operating costs. Limited resources (land resources) 
create technical and economic difficulties in implementing 

such systems, especially in densely urbanized or complex 
topographically structured areas (mountainous and foothill). 

Also, barrier basins are effective only in areas where extreme 
hydrological conditions and high-intensity mudflows are 

observed, they cannot fully utilize their functional 
capabilities during normal rainfall, and their productivity 

drops to almost zero. In general, despite the high 
technological significance of barrier basins in mudflow 

management, due to the intensive labor intensity of 
operational maintenance and territorial limitations, they are 

not used as a suitable (universal) solution for all conditions. 
Elastic grating barriers made of high-alloy steel wires are 

one of the design engineering solutions that dissipate the 
dynamic loads of mudflows with high kinetic energy, 

intercept solid particles of large fractions, and absorb the 
impact. These systems are typically integrated with shock-

absorbing support elements, elastoplastic grip mechanisms, 
and deformable binding elements, designed for segmental 

suction of the flow shock impulse (Fig. 2). 
 

  
Fig. 2. Special wire mesh built in the direction of the 

mudflow 

Despite a number of structural advantages, a high degree 

of local deformation and elastoplastic fatigue, as well as 
micro cracks in the crystal lattice of the metal, formed as a 

result of impulse impacts of the mudflow, leads to the 
degradation of the mechanical properties of the structure. As 

a result, it becomes necessary to regularly recalibrate or 

c https://orcid.org/0009-0008-1643-9292 
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replace elements that have undergone a certain degree of 

deformation. The structure has high sensitivity to 
asymmetrical external loads, and as a result of the uneven 

mass distribution of particles of large fractions in the flow, 

the deformation process occurs asymmetrically. This leads 

to an unconventional and uneven distribution of internal 
stresses in structural elements, the emergence of local stress 

zones, and an increase in the probability of fatigue of the 
material. This situation increases the risk of steel wire 

barriers breaking. 
Despite the fact that elastic grille barriers have a high 

degree of dynamic stability as a modern, energy-absorbing, 
deformable engineering solution, their susceptibility to 

mechanical fatigue, complexity of maintenance, high capital 
costs do not allow them to be used as a rational structural 

solution that protects against mudflow hazards. 
Multi-stage energy dissipation systems, arranged in 

stages parallel to the flow direction, are hydraulic shock 
absorbers aimed at dissipating the kinetic component of the 

mudflow, reducing transit loads, and separating solid-phase 
components (gravel, stones, rock fragments, and clay) by 

creating local sedimentation zones. This not only reduces 
erosion processes, but also ensures the safety of structures 

located in the lower part (Fig. 3). 
 

  
Fig. 3. Special multi-stage dams built in the direction of 

mudflow 

Nevertheless, this multi-stage dam system leads to a 

significant increase in the overall hydraulic inertia and the 
coefficient of hydraulic resistance in the flow direction. This 

situation is accompanied by an artificial increase in 
transitions between laminar-turbulent regimes in the flow. 

Continuous accumulation of solid-phase mass in the flow 
leads to a disruption of sedimentation equilibrium over time 

and local stabilization of the sedimentary layer. Also, in the 
process of stepwise dissipation of energy, secondary 

hydrodynamic caverns are formed as a result of pulsed flow 
attenuation between the steps. In these areas, zones of local 

vortex flow and cavernous erosion centers appear, which 
negatively affect the stability of the soil layer at the base of 

the structure. As a result, the stability of the structure's 
foundation is at risk, the operational throughput potential 

decreases, and the maintenance interval is reduced. 
 

  
Fig. 4. Special multi-stage dams built in the direction of 

mudflow 

Engineering structures designed to direct mudflows in 

safe directions are hydraulic structures designed in 
accordance with the natural relief and hydrological 

conditions and serving to prevent mudflows, manage them, 
and protect socio-infrastructure facilities from direct impact. 

These structures, as a rule, minimize the techno genic and 
environmental damage caused by mudflows and increase the 

level of regional security by diverting the flow in alternative 

directions with safe energy distribution (Fig. 4). 
Such structures include mudflow direction walls, dams, 

drainage canals, and buffer basins. They perform the 

function of reducing the kinetic energy of the mudflow, 

retaining solid fractions, and controlling the direction of 
water to safe areas. The design and placement of these 

structures are carried out depending on the relief, 
hydrological conditions, characteristics of mudflows, and 

the location of objects requiring protection. These systems 
also have a number of functional and structural limitations 

in their practical application, and the complexity of design 
and the dependence of their application on the terrain are 

considered the main shortcomings. In this case, systems 
designed to change the flow direction require a high level of 

hydro morphological analysis, digital terrain modeling, and 
simulation flow analysis. In complex geo topographic 

conditions, these systems lose their adaptability, and the risk 
of diverting mudflows remains. That is, in the event of a 

large volume of mudflow, secondary danger zones may arise 
in areas considered safe. 

In the event of extreme precipitation or geodynamic 
activity (landslides, earthquakes), these structures may not 

be able to withstand the external load at the level specified 
in the project, which leads to violation of the structural 

integrity of the system, failure of local elements, and the 
occurrence of hydraulic failures. As a result, the functional 

efficiency of the structure decreases, and in emergency 
situations, the possibility of flow control is partially or 

completely lost. Therefore, when designing such structures, 
multi-variant hydraulic modeling should be carried out, 

taking into account extreme mudflow scenarios. 

 
Fig. 5. Protective structure blocking mudflow 

Figure 5 shows a structural barrier built to reduce the risk 
of mudflow to structures, which is placed at different angles 

or perpendicular to the flow direction. The main task of this 
structure is to reduce the negative impact of mudflow hazard 

on engineering structures and facilities by directing mudflow 
flows to a safe area. 

In this case, it is recommended that the distance between 
barriers be from 0.5m to 2.0m in accordance with the local 

conditions of the designed territory (flow velocity, water 
level, and hydraulic pressure), and the distance between 

barriers - from 1.0m to 3.0m, and the dimensions of the 
barriers - from 0.5x0.5m to 1.5x1.5m. A correctly chosen 

size and slope can reduce mudflow energy from 40% to 70%. 
This engineering structure is usually reinforced with 

reinforced concrete or natural stones and is considered a 
reliable structural solution that can withstand the hydraulic 

pressure of a mudflow. This barrier, having the shape of a 
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rectangular column, receives the impact of the mudflow and 

directs it in a lateral direction. As a result, the current 
strength dissipates, and its kinetic energy decreases. Such 

structures are usually designed in mountainous and lowland 

areas with a high probability of mudflows. Also, for the 

effective operation of these types of protective structures, 
their condition must be constantly monitored. Through 

systematic visual observation and technical inspections, 
cracks or material degradation are detected, and timely 

preventive repair work is recommended. 

 
Fig. 6. Protective structure blocking mudflow 

The engineering solution presented in this figure is a 
system of protective barriers aimed at reducing the 

hydrodynamic impact of mudflows on the supports of bridge 
structures. Protective barriers are installed in the front part 

of supporting bodies in the direction of the flow and serve to 
reduce the speed and impact force of the mudflow. They are 

usually built in the form of reinforced concrete, gabion, 
masonry mesh, or solid granite blocks. 

 
Fig. 7. Protective structure blocking mudflow 

A protective dam is a temporary or permanent structure 

used to reduce erosion processes associated with mudflows, 
rainwater, or streams, and to regulate mudflows. These 

structures are designed for areas where there is no constant 
flow, but during rains or mudflows, strong water flows 

occur. That is, these protective dams slow down light or 
moderate mudflows that occur after rain in mountainous or 

sloping areas, gradually directing them downstream. Several 
such dams are constructed sequentially in a chain pattern. 

These protective dams are an effective, inexpensive, and 
convenient engineering solution for protecting against small 

and medium-level mudflows. It slows down the mudflow, 
prevents erosion and soil erosion, and safely directs the flow 

downstream. 

3. Conclusion 

Mudflows, in particular, rocky mudflows, are high-
energy flows arising under the influence of hydro 

meteorological and geodynamic factors, containing a large 
amount of water, gravel, stones, and hard rocks, which pose 

a serious danger in mountainous and foothill areas. Such 
flows have a negative impact not only on infrastructure 

facilities, but also on the environment, socio-economic 
activity, and the safety of human life. That is why the 

application of complex engineering and man-made solutions 

for the prevention and management of rocky mudflows is of 

great importance. Therefore, the above-mentioned solutions 
used to reduce mudflow risk are selected as a complementary 

combined system depending on the characteristics and 

natural conditions of the territory. 
Moreover, for such structures to fulfill their functional 

purpose, a thorough analysis of the geological and 

hydrological conditions of the area, the correct selection of 

building materials, and a thorough design process are 
necessary. Regular monitoring and maintenance of the 

condition of protective dams ensure their long-term 
effectiveness. That is, existing engineering solutions for 

reducing mudflow risks should be constantly modernized 
and improved through the introduction of modern scientific 

approaches, digital modeling technologies, and 
environmentally friendly innovative methods. 
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Modernization of railway signaling systems 
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Abstract: In the conditions of digitalization of the transport sector, the development of innovative train traffic 

control systems becomes very important. Such systems must provide high reliability, safety, and 

efficiency of the transportation process. Traditional signaling methods, based on track circuits and 
electromechanical relays, have several limits: they are sensitive to electromagnetic noise, use more 

energy, have delays in fault diagnostics, and need high maintenance costs. 
This paper presents a developed system for signal control and information exchange on railway lines. 

The system is based on the integration of microcontrollers, ACS712 current sensors, inductive sensors, 
RFID modules, and fiber-optic data channels. The structural diagram of the traffic light control unit is 

analyzed, the functions of the main elements are described, and a digital comparison of the parameters 
of traditional and modern systems is made. The results show that the proposed solution increases the 

reliability of data transmission by 10 times, reduces signal delay 20–30 times, decreases energy 
consumption up to 60%, and lowers maintenance costs by 30–40%. 

Keywords: automatrailway transport; train traffic control; digitalization; signaling system; RFID technology; fiber-
optic data transmission 

 

 
1. Introduction 

The development of railway transport in the time of 

digitalization requires new innovative systems for train 
traffic control. These systems must give a high level of 

safety, reliability, and efficiency. Classical methods of 
traffic organization, based on track circuits and traditional 

automatic block signaling, have shown their effectiveness 
for many decades. However, modern operating conditions 

bring new requirements. The increase of train flow, the 
growth of passenger and freight train speeds, and the need 

for integration into intelligent transport systems make it 
necessary to move to more advanced technologies of data 

transmission and processing. 
One of the key problems of traditional signaling systems 

is their sensitivity to electromagnetic interference, 

dependence on the state of track circuits, and limited 

capacity. Also, fault diagnostics in such systems is often 
delayed, which reduces the speed of decision making. 

Modern approaches, on the contrary, use digital 
technologies, programmable logic controllers (PLC), fiber-

optic communication lines, and contactless data 
transmission systems, including RFID technology. 

Effective train traffic control is not possible without fast 
information exchange between the main elements of the 

infrastructure: locomotives, signals, trackside devices of 
automatic block, and station control posts. The most 

important condition is real-time data transmission and 
reception. This allows the driver to make correct decisions 

when driving the train, and the station operator to check the 

state of block sections and coordinate all actions. 

The development of new train traffic control systems on 
railway lines is directed to two main tasks. First, it is the 

continuous and accurate monitoring of block sections and 
signal aspects, which is directly connected with transport 

safety. Second, it is the increase of automation and the 
replacement of old elements that reduce the reliability of 

railway infrastructure. 
This paper describes a developed system for signal 

control and information exchange on railway lines. The 
system is based on the integration of current sensors, 

inductive sensors, microcontrollers, RFID modules, and 

fiber-optic communication channels. The block diagram of 

the signal control unit is analyzed, the functions of each 

element are defined, and the advantages of the system are 
explained in comparison with the traditional automatic block 

system. 
 

2. Research methodology 

Modern trends in the development of railway transport 
show the need for innovative technical solutions. These 

solutions must increase the safety and efficiency of train 
traffic control. For this reason, special attention is given to 

the analysis and improvement of trackside devices placed 
along the railway line. These devices play a key role in the 

system of automatic block and station control. 

The methodological basis of the research is the system 

approach. Each device is studied as a part of one complex 
that provides data transmission, reception, and processing in 

real time.  
The main signal light (pass signal) is the central element 

of the signaling system on the railway line. Its main task is 
to give the driver clear signals about the possibility to 

continue movement or the need to stop when the train moves 
from one block section to another. Traditionally, such 

devices work with 12 V AC power and have three signal 
lightsgreen, yellow, and: red. To control the current state of 

the lamps, a current sensor is used. This improves the 
reliability of information transfer and reduces the risk of 

accidents [2,3]. 

Current sensors have an important diagnostic function. 

They check if the signal lamps are switched on or off, detect 
possible faults, and send data to the central control system. 

In the studied system, ACS712 current sensors are used. 
These devices can measure the current in the power circuit 

of each lamp with high accuracy. The received data 
automatically goes to the microcontroller, which removes 

the human factor and provides stable operation of the device. 
The microcontroller is considered the “brain” of the 

signal control unit. It receives and processes data from all 
connected devices, the signal light, current sensors, relay 
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controller, RFID module, and inductive sensors. The main 

functions of the microcontroller are to control the state of the 
signal, to check the condition of the lamps, and to change the 

signal automatically depending on the occupancy of the 

block section. For example, using information from the 

inductive sensor, the microcontroller detects the position of 
the train and the occupancy of the track section. Then it 

changes the signal aspect according to the set algorithms 
[4,5]. 

Information transfer to the central monitoring system of 
the station is done through a Media Converter, which 

changes the electrical signal into an optical one. This gives 
high communication reliability over long distances and 

allows synchronization of several signals. In addition, the 
system uses RFID technology: the data about the state of the 

signal is written into an RFID tag, which is read by the 
locomotive during movement. This method provides two-

way information exchange and removes delays in signal 
transmission. 

The system also makes operational diagnostics. In 
particular, current sensors help to detect lamp faults in real 

time, which strongly improves the safety level. Constant 
information exchange between signals and the central 

system reduces the probability of critical situations and gives 
reliable control of train traffic. 

The relay controller is the executive part of the system. 
It switches the signal lamps on and off according to the 

commands of the microcontroller. This makes the work 
stable and gives the correct logic of signals: the green or 

yellow light is on when the block section is free, and the red 
light is on when the section is occupied. 

A special role belongs to the RFID (Radio Frequency 
Identification) system. It allows contactless transfer of data 

about the signal state directly to the locomotive. The RFID 
writing device saves the data into a tag installed on the 

sleepers, and the RFID reader placed on the locomotive 
receives this information while moving and sends it to the 

on-board control system. This method gives accuracy, speed, 
and security of data exchange. 

Inductive sensors are used to detect the arrival of a train 

and to monitor the condition of block sections. Their work is 

based on fixing the change of the magnetic field when the 
metal parts of the rolling stock pass above. The contactless 

principle reduces equipment wear and gives long service life 
[6,7]. 

3. Results 

Effective train traffic control on railway lines requires a 

complex system that unites several functional devices placed 
in signal points. These devices provide the creation, 

processing, and transfer of information about the state of 
block sections and signals both to the locomotive and to the 

station control posts. The developed system is based on the 
principles of digitalization, integration, and modular design, 

which makes it possible to adapt the system to different 
operating conditions. 

Figure 1 shows the structural diagram of the signal 
control unit. The main elements are: the main signal light, 

current sensors, electromechanical relays, inductive sensors, 

programmable logic controller (PLC), power converters, 
fiber-optic data channels, and RFID modules. Each of these 

devices has its own function, but only together they form one 

system that provides reliability and safety of train traffic. 

In the presented diagram, the main signal light, located 
in the signal point, gives permission or prohibition for the 

train to move from one block section to another. This signal 
works from a 12 V AC power source. Each lamp of the signal 

is connected to the electric circuit through an ACS712 
current sensor. This makes it possible to detect the presence 

of current in the circuit and its value. Based on this data, the 
state of the signal in the point can be fixed automatically and 

shown in the PLC. The ACS712 sensor is always connected 
to a 5 V DC power supply. When current appears in the 

circuit of a certain lamp, the sensor sends information to the 
controller. The signal formed in the PLC is then sent to the 

previous signal on the route, because this information must 
go to the locomotive when entering the previous block 

section [8]. 
Electromechanical relays connected to the electric 

circuits of the signal lamps provide their switching on and 
off. Depending on the commands from the PLC, the relays 

open or close the power circuit of the needed lamp. This 
command is formed on the basis of the block section state: if 

the next block section is free, the permissive signal (yellow 
or green) is on; if it is occupied, the prohibiting red signal is 

on. On the line, the normal mode of the signal is the green 
permissive light, so the relay of the green lamp is normally 

open and works only when the train is on the block section. 
Considering energy use, the lamp circuits of the signal do 

not work at the same time, so the electromechanical relays 
also switch at different moments. For example, when the red 

signal is on, the relays of the yellow and green lamps are 
automatically in the off state. The electromechanical relays 

work with 5 V DC control and can switch signal lamps 
powered by AC from 10 to 24 V [9]. 

For the power supply of current sensors and 
electromechanical relays with 5 V DC, a DC–DC converter 

is used. It reduces the voltage from 24 V to 5 V. 

The inductive sensor is used in signal points to form a 

signal about the train entering the block section. Based on 
this information, the occupancy of the block section is 

defined, and the signal of the previous section is changed 
automatically. The inductive sensor is connected to the PLC. 

When the train passes above the sensor, it detects the 
presence of the train by the change of the magnetic field and 

sends the data to the controller. Based on this, the PLC forms 
a signal about the train entering the block section. The 

formed signals are sent both to the control unit of the 
previous signal and to the station. For this process, a Media 

Converter is used. It is connected to the PLC through an 
Ethernet switch, changes the electrical signal to an optical 

one, and sends it by fiber-optic cable to another Media 
Converter in the control unit of the previous block section. 

Transmission of data by optical cable over long distances 
gives high reliability and safety, and removes the problems 

of ALS codes transfer by track circuits. The Media 
Converter and Ethernet switch work from a 24 V DC power 

source [10,11].
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Fig. 1. Structural diagram of the signal control unit in the signal point 

In the signal point, RFID technology is used to send 

information to the locomotive about the aspect of the next 
signal. The information about the signal state comes from 

the control unit of the next signal, then the signal formed in 
the PLC is sent to the RFID writing device. It saves the data 

in an RFID tag. When the locomotive, equipped with an 
RFID reader, passes above the sleepers where the tag is 

installed, it reads the coded data and sends it to the KLUB 
system. In this case, an active RFID system working in the 

high-frequency range is used, which gives high speed and 
long distance of data exchange. 

To prove the efficiency of the proposed train traffic 

control system, a comparative study of the main 
characteristics of traditional track circuits and the developed 

digital system was made. The new system is based on the use 
of microcontrollers, RFID modules, and fiber-optic 

communication channels. 
The digital system shows important advantages: an 

increase of reliability by 10 times; a reduction of data 
transfer delays by 20–30 times; a decrease of energy 

consumption by 60%; and a reduction of maintenance costs 
by 30–40%. 

Table 1 

Comparative analysis of traditional and digital signaling systems 

Indicator 
Traditional system (track 

circuits and relay schemes) 

Modern digital system 

(PLC, RFID, fiber optics) 
Advantage 

Data transmission reliability 
(average failure probability) 

~0.01 per 1000 km/year <0.001 per 1000 km/year 10 times higher reliability 

Signal transmission delay 200–300 ms <10 ms 20–30 times faster 

Power consumption of 
control unit 

20–25 W 8–12 W Up to 60% saving 

Fault diagnostics Manual, with delay Automatic, in real time Lower risk of emergency 

Equipment wear 
High (mechanical relay 
contact) 

Low (contactless sensors, 
fiber optics) 

Service life longer by 
1.5–2 times 

Maintenance cost 
High (frequent replacement 

of track circuits and relays) 

Medium (minimal service of 

fiber optics and sensors) 

Cost reduction by 30–

40% 

Possibility of integration into 
intelligent transport systems 

(ITS) 

Limited 
High (compatible with IoT, 

AI, KLUB-U) 
Full digitalization 

Thus, the introduction of digital technologies in train 

traffic control makes it possible to reach a high level of 
safety and efficiency, and also to create a base for integration 

into intelligent transport systems. 
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4. Conclusion 

The developed signal control system for railway lines, 
based on the integration of microcontrollers, current sensors, 

inductive sensors, RFID modules, and fiber-optic data 
channels, has shown high efficiency in solving key tasks of 

safety and reliability of the transportation process. The use 
of modern digital technologies made it possible to achieve 

stable system work in real time, to reduce the influence of 
the human factor, and to increase the speed of information 

exchange between the locomotive, signals, and station 

control posts. 

The comparative analysis with traditional signaling 
systems confirmed the clear advantages of the new 

architecture: an increase of information reliability by 10 
times due to the removal of track circuits and the use of fiber-

optic lines; a reduction of signal response time by 20–30 
times, which gives timely information for the driver and the 

station operator; a decrease of equipment energy 
consumption up to 60% because of energy-efficient 

components and optimized circuits; a reduction of 
maintenance costs by 30–40% through the elimination of 

frequent service of relay schemes and track circuits; and the 
possibility of automatic diagnostics and integration into new 

generation intelligent transport systems. 
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Abstract: In Tajikistan’s hot climate, asphalt concrete pavements undergo significant thermal loads causing rutting, 

plastic deformations, and reduced service life. This study justifies the selection of binders (BND 60/90, 

PMB 90, PG 70-28, PG 76-22) and aggregate gradations to secure thermal resistance. The methodology 
covers climatic mapping (98th percentile of 7-day maximum surface temperatures [18]), rutting tests [6]), 

moisture susceptibility [17]), compactability [7], and binder rheology via MSCR [16, 20]. Results 
indicate that PMB 90 reduces rut depth by 55–60 % at 60 °C vs. BND 60/90 [13, 14], while PG 76-22 

yields 70–75 % reduction [11, 14]. Mixes with PMB also show ~18 % [17] and achieve 98 % target 
density [7]. Cost analysis suggests payback through 5-7-year service-life extension [18, 19]. PMB and 

PG binders are therefore recommended for Tajikistan’s network. 
Keywords: asphalt concrete, thermal resistance, hot climate, rutting, modified bitumen, pavement 

 

 
1. Introduction 

The roads of the Republic of Tajikistan are operated in 

conditions of a sharply continental climate, which is 
characterized by high summer air temperatures (+40…+45 

°C) and pavement temperatures (+60…+70 °C) [15], as well 
as sharp daily temperature fluctuations. This leads to 

significant deformations of asphalt concrete pavements, a 
reduction in the time between repairs and an increase in 

operating costs [12]. 
Traditionally, BND petroleum bitumens (60/90, 90/130) 

[1, 4] are used in road construction in the republic, which are 
not designed for such high temperatures. As a result, after 

only 2-3 years of operation, ruts more than 10 mm deep 
appear on main roads [5, 13]. 

International experience (USA, Europe, Kazakhstan) 

shows that the use of polymer-bitumen binders (PBB) and 

the Superpave PG system can increase the temperature 
resistance of coatings [9, 10]. However, in Tajikistan, there 

is still no comprehensive justification for the selection of PG 
classes and mixture compositions taking into account local 

climatic and operating conditions [12, 18]. 
Research hypothesis: the use of modified binders (PBB, 

PG 76-22) in asphalt concrete allows to reduce the rut depth 
at a temperature of 60 °C by ≥50% compared to conventional 

BND 60/90. 
Objective of the work: development of scientifically 

based recommendations for the use of PBB and PG bitumen 
for the construction of road surfaces in the hot climate of 

Tajikistan. 
 

2. Research methodology 

To test the temperature stability of asphalt concrete 
mixtures, laboratory tests were conducted under conditions 

close to operational ones. 
      Samples. Cylindrical samples Ø 71,4 × 71,4 mm (GOST 

 
a https://orcid.org/0000-0002-9817-3633 
b https://orcid.org/0000-0002-4005-9766 

12801-98 [2]) were compacted using the Marshall method at 

150-160 °C. 

Mix composition. Three binder options were used: 

regular bitumen BND 60/90, polymer-bitumen binder (PBB 
90), bitumen according to the Superpave PG 76-22 system. 

Mineral skeleton: crushed stone of fraction 5-15 mm 
(diabase/granite), sand, mineral powder. 

Equipment. «Ring and Ball» device for determining 
softening point [10], press for testing shear strength at 

elevated temperature (Wheel Tracking Test) according to 
GOST R 58400.7-2019 [3], thermostatic chamber for 

maintaining samples at +20…+70 °C. 
Test conditions. Temperature conditions: +20 °C, +40 

°C, +60 °C. Load: 700 N (equivalent to an axial load of 100 
kN). Number of cycles: 10,000 to detect rutting. Sample 

size: 5 samples of each type of mixture [6, 7]. 

Data processing. Average values were obtained by 

excluding extreme results, confidence level is 0,95. 

3. Research results 

The softening temperature of the binders BND 60/90 is 
49-51 °C, PBB 90 - 63-65 °C and PG 76-22 - 74-76 °C [10, 

14]. 
The obtained data confirm that the use of modified and 

polymer-modified bitumens (PBB, PG) provides: an 
increase in the softening temperature by 15-25 °C compared 

to conventional BND, a decrease in rut depth by 2,5-4 times 
and an increase in shear strength by 20-30% [11, 13, 14]. 

Residual deformation during rutting test (t = +60 °C, 
10,000 cycles). BND 60/90 – 4,6 mm, PBB 90 – 1,9 mm and 

PG 76-22 – 1,1 mm [6, 11, 14]. 
Shear strength at t = +40 °C. BND 60/90 – 2,8 MPa, 

PBB 90 – 3,4 MPa and PG 76-22 – 3,7 MPa. 
Thus, it has been experimentally proven that the 

introduction of PG and PBB bitumens significantly increases 
the temperature resistance of asphalt concrete in the hot 

climate of Tajikistan and allows increasing the service life 

https://orcid.org/0000-0002-9817-3633
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of pavements from 5-7 to 10-12 years [18, 19]. 

The influence of temperature conditions on the 

strength of pavements.  

According to the data of the Agency for 

Hydrometeorology of Tajikistan, in the southern and foothill 

regions in summer maximum air temperatures of up to 
+45°C are recorded, and for pavements – up to +70°C for the 

pavement [15]. Conventional petroleum bitumen grade BND 
60/90 loses strength already at +52°C (the «Ring and Ball» 

method) [4, 10], which causes a decrease in shear resistance 
and an increase in rutting. The change in the strength and 

deformability of asphalt concrete with temperature is 
pronounced (Table 1) [7]. 

The main disadvantage of asphalt concrete as a road-
building material is the high dependence of its strength and 

deformation properties on temperature. As the temperature 
increases, the viscosity of the bitumen contained in asphalt 

concrete decreases, the bonds between mineral particles 
weaken, which entails a decrease in strength. 

When the temperature decreases, the opposite occurs: 
the viscosity of the bitumen, and with it the strength, 

increases. The change in strength associated with the change 
in temperature occurs in fairly wide limits. The compressive 

strength of standard asphalt concrete samples on average at 
different temperatures is given in Table 1. 

It should be noted that such changes in strength worsen 
the operating conditions of asphalt concrete pavements. 

With a change in strength indicators, the deformation 
behavior of asphalt concrete also changes. The operating 

conditions of road pavements impose on this material the 
requirements of sufficient deformation resistance at high 

summer temperatures and sufficient deformation capacity at 
low temperatures, which determines the necessary resistance 

to cracking [7]. 
Table 1 

Effect of temperature on coating strength [7] 

№ At temperature, 0С Strength, kgf/cm2 

1 + 50  10-20 

2 + 20  25-50 

3 0  80-130 

4 - 10  100-170 

5 - 35  180-300 

 
The most typical deformations that occur in summer on 

asphalt concrete pavements are shear deformations: waves, 
bulges. Such deformations occur especially often at fixed 

stops, intersections at trolleybus and bus stops and on transit 
sections of motorways due to changes in traffic speed. Figure 

1 graphically shows the effect of temperature on the strength 
of asphalt concrete pavement. 

 
Fig. 1. Effect of temperature on the strength of asphalt 

concrete 

Of particular importance for the development of 

deformations in asphalt concrete is its ability to accumulate 
deformations that occur under repeated loads. The growth of 

deformations as the number of load applications increases 

becomes most intense with the lowest deformation 

resistance of asphalt concrete at high temperatures. 
Thus, with high traffic intensity (especially heavy 

vehicles) during the entire period of high summer 
temperatures, deformations may accumulate. On 

insufficiently stable pavements, extreme shear deformations 
occur under these conditions. Such deformations are most 

often observed in the first years of pavement operation.                         
 Factors affecting the thermal resistance of asphalt 

concrete. 

Type of binder. The choice of the type of binder is a key 

factor determining the thermal stability and durability of 
asphalt concrete pavements, especially in high summer 

temperatures. Depending on the operating conditions, traffic 
intensity and climatic influences, different types of bitumen 

are used, each of which has certain physical and chemical 
characteristics. 

Conventional petroleum bitumen (BND). In the CIS, 
road petroleum bitumen that meets GOST 33133-2014 [4] is 

traditionally used. One of the most common grades of 
bitumen is BND 60/90, characterized by a softening 

temperature in the range of +47…+52°C (according to the 
«Ring and Ball» method). However, when used in regions 

with high summer temperatures (up to +40°C and higher in 
the air, and up to +60°C on the surface of the pavement), 

conventional bitumen begins to lose its strength and plastic 
properties [2, 10]: ruts appear, resistance to shear and plastic 

deformation decreases, and adhesion to the mineral skeleton 
of the mixture deteriorates.  

Therefore, in modern conditions, conventional bitumen 
in its pure form has limited applicability in hot climates and 

on roads with high loads. 
Modified bitumens. To increase resistance to 

deformation and aging, modified binders are used, including 
polymer additives: PBB - polymer-bitumen binder, SBS - 

binders with additives of styrene-butadiene-styrene 

copolymer, PMA - polymer-modified asphalt [6]. 

These binders have the following advantages: softening 
temperature - up to +70…+80°C and higher, increased 

elasticity and resistance to cracking at low temperatures, 
resistance to aging and oxidation and a significant reduction 

in the formation of ruts in areas with heavy traffic [6, 10, 13]. 
For example, PBB 60 is used in asphalt concrete type 

SMA-15, providing high deformation resistance on 
highways of categories I–II. The Superpave PG system is 

used in the USA and a number of countries - this is a modern 
method of classifying bitumens, taking into account the 

operating temperatures in a specific climate zone. The PG 
designation includes two temperatures: the first is the 

maximum surface temperature of the pavement in summer 
and the second is the minimum temperature in winter. 

The Superpave PG 76-22 system means that the binder 
retains the required properties at +76°C (maximum working 

temperature of the coating) and is not brittle down to –22°C 
(minimum temperature in winter) [5, 9, 11]. 

The advantages of Superpave are a more precise 
selection of binder for climate and loads, predictable 

behavior of the coating under temperature fluctuations, and 
it is also used in projects of the World Bank, ADB and other 

international programs. 
In Tajikistan, especially in the southern and foothill 
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regions, the use of PG 70-28/PG 76-22 bitumens [11, 14] can 

significantly increase the resistance of the pavement to heat 
and rutting. In recent years, as part of the modernization of 

national highways in Tajikistan, such bitumens have been 

supplied from Iran, Russia and Kazakhstan. Comparisons of 

bitumens by physical and mechanical properties for 
countries with hot climates are given in Table 2. 

Thus, the use of modified bitumen and the use of the 
Superpave PG system are a prerequisite for ensuring thermal 

stability and extending the service life of asphalt concrete 
pavements under high temperature conditions. This is 

especially important for countries with hot climates, such as 
the Republic of Tajikistan. 

Table 2 

Comparison of bitumen by physical and mechanical 

properties for countries with hot climates 

Parameter 

Conventio-

nal 

bitumens 
(BND 

60/90) 

Modified 

bitumens 

(PBB, 
SBS, 

PMA) 

Bitumens 

according to 

the 

Superpave 
PG system  

(e.g. PG 76-
22) 

Softening 

point 

(«Ring and 

Ball»), °C 

47-52 60-80 
up to 76 and 

above 

Operating 

temperature 
range, °C 

-10…+50 -20…+70 

from -28 to 
+76 

(depending 
on PG 

brand) 

Resistance 
to rutting 

Low High Very high 

Resistance 
to aging and 

oxidation 

Average Increased 

High (taken 
into account 

during 
certification) 

Elasticity at 

low 
temperatures 

Low High 

It is 

included in 
the 

specification 
(second part 

of PG) 

Climate 

adaptation 
No 

Limited 
(by type 

of 
additives) 

Full (by 

climate and 
temperature) 

Where it is 

applied 

Secondary 

roads, low 
traffic 

Main 
roads, 

SMA, 
airports, 

bridges 

Highways, 
heavy 

traffic, hot 
climate 

Price Low 
Medium - 

high 

High 
(depending 

on type and 
country of 

origin) 

Note: For BND 60/90, the classification by penetration 
(needle penetration depth at 25°C) is used. PBB - according 

to STO, GOST R 58400.1-2019; the polymer content can 
reach 5%, the Superpave PG system is accepted in the USA, 

Canada, Europe and recommended by HDM-4 for 
international projects, PG bitumens are tested for RTFO, 

BBR, DSR and others, unlike conventional bitumens. 

Crushed stone composition. The mineral skeleton of the 

asphalt concrete mixture plays a key role in the formation of 
strength, deformation resistance and heat resistance of the 

pavement.  

The most important characteristics of the crushed stone 

component:  
The cuboid shape of the grains (shape coefficient ≥ 0,85) 

improves intergranular adhesion and increases shear 
resistance. The optimal fineness modulus (2,8-3,2) ensures a 

dense structure and minimal voids. Diabase, granite and 
basalt are preferable due to their high strength and thermal 

stability, limestone is permissible to a limited extent [1, 3]. 
Granulometric composition (fineness modulus). The 

optimal fineness modulus for dense asphalt concrete 
mixtures is 2,8-3,2, which ensures: compact structure; 

optimal work of the binder; increased resistance to 
temperature deformations. 

Type and origin of crushed stone. The most preferable 
are diabase, granite, basalt - rocks with high strength and 

thermal stability. Limestone crushed stones are limited in 
use in hot climates, as they have lower thermal resistance. 

The size of crushed stone for SMA and hot regions is 
recommended to use fractions of 5-15 mm, forming a strong 

frame. 
Density and voids. The heat resistance of asphalt 

concrete pavement largely depends on the degree of 
compaction of the mixture and the volume of air voids, as 

they directly affect the mobility of the binder at high 
temperatures. 

Compaction coefficient. Compaction up to 98-99% of 
the maximum density according to GOST 12801/EN 12697-

10 [2, 7] leads to a decrease in bitumen migration, increases 
resistance to deformations (including shear) and ensures 

stability of the coating shape in the summer. 
Air voids. The recommended air void content in the 

compacted mixture is from 3% to 5% [6]. If the void content 
exceeds 5%, the risk of overheating and softening of the 

bitumen increases, moisture absorption increases, which 
accelerates the aging of the mixture, and shear resistance 

decreases, especially on slopes and near intersections. 

Negative effects of undercompaction. Increased mobility 

of the binder at a temperature of +50°C and above - can 
cause bitumen to come to the surface, the appearance of ruts 

and wave-like deformations, a reduction in the service life of 
the coating to 3-5 years instead of the standard 8-12 years. 

 Practical recommendations. Use of vibrating rollers 
with automatic compaction control and density control at the 

laying stage using radiometric or core cutting methods. 
The dependence of the coating behavior on the void level 

is shown in Table 3. 
Table 3 

Dependence of coating behavior on the void level 

Voidness 
level, % 

Temperature 
resistance 

Behavior at t > 
+50°C 

< 3 
Very high, the risk 
of deformation is 

minimal 

Stable, bitumen 
does not migrate 

3-5 
Optimal, complies 

with standards 
Moderately stable 

5-7 
Reduced, risk of 

rutting 

The extrusion of the 

binder begins 

> 7 
Low, high mobility 

of the binder 

Intensive extrusion 

of binder, formation 
of ruts, swelling of 

the coating 
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Calculation of temperature stresses in asphalt concrete 

pavements. Temperature stresses play an important role in 
the process of destruction of asphalt concrete pavement, 

especially in regions with sharp daily temperature changes. 

When heating and cooling, the material undergoes expansion 

and contraction, which leads to the occurrence of internal 
stresses. If these stresses exceed the tensile strength of the 

material, cracks, shifts and ruts develop in the pavement. 
Calculation formula. Temperature stresses in the asphalt 

concrete mixture are determined by the linear thermal 
deformation formula: 

Тn=Eсм⋅α⋅ΔT                       (1) 

where Tn - is the temperature stress, MPa; 

Ecm - is the elastic modulus of the asphalt concrete 
mixture, MPa (usually from 3000 to 6000 MPa depending 

on the composition); 
α - is the coefficient of linear thermal expansion, 

approximately 2,5×10−5 1/°C; 

ΔT - is the daily temperature gradient (the difference 

between the maximum daytime and minimum nighttime 
temperatures), °C. 

 
Calculation example: Let's calculate the temperature 

stress under the following conditions: 
Ecm=3000; α=2,5⋅10−5 1/∘C; ΔT=45∘C (typical 

difference in summer in the mountainous regions of Central 

Asia). 
Tt=3000⋅2,5⋅10−5⋅45=3,375 MPa 

Thus, a thermal stress of 3,375 MPa is formed in the 

body of the coating. Assessment of the risk of deformation 
if the shear strength of the material is, for example, 3,0 MPa 

(typical for conventional asphalt concrete with BND 60/90), 
then: 

Tn>τсдв ⇒ plastic deformation occurs (rutting, cracks) 

[5, 7]. 

In this case, the coating operates at the limit of its 
mechanical characteristics, which leads to destruction in the 

form of: Longitudinal cracks, binder effusion, wave-like 
deformations, and the development of fatigue damage. 

Comparison of thermal resistance of asphalt concrete 
when using different types of bitumen. In conditions of high 
summer temperatures, the resistance of asphalt concrete 

pavement to deformations depends significantly on the type 
of bitumen binder used. Table 4 shows generalized 

experimental data obtained as a result of testing standard 
asphalt concrete mixtures made with different types of 

bitumen: 
Table 4 

Influence of bitumen type on thermal resistance of 

asphalt concrete mixture [6, 11, 14] 

Mixture 

type 

Softenig 

point, °C 

Residual 
deformation 

at 60°C, 
mm 

Heat 
Resistance 

Rating 

BND 

60/90 
47-51 4,5 low 

PBB 90 
(modified) 

63-65 1,8 medium 

Superpave 
PG 76-22 

> 70 < 1,2 high 

Explanation of the indicators given in Table 4: 

Softening temperature - determined by the «Ring and 
Ball» method and shows at what temperature bitumen begins 

to lose strength. The higher this parameter, the higher the 
resistance to overheating. For BND 60/90 it is below 52°C 

and the material softens quickly, for PBB it is above 60°C 

due to polymer additives, and for PG 76-22 it is more than 
70°C due to the strict requirements of Superpave, which is 

graphically shown in Figure 2. 

 
Fig. 2. Softening temperature of different types of 

binders 

Residual deformation at 60°C is an important indicator 

of plasticity and rutting. The lower the residual deformation, 
the better the material resists shear and creep: 4,5 mm is 

evidence of low heat resistance in ordinary bitumen; 1,8 mm 
is acceptable for roads of categories II–III; <1,2 mm meets 

the requirements of main roads [6], which is graphically 

shown in Figure 3. 

 
Fig. 3. Residual deformation of different types of 

binders 

General heat resistance is a qualitative assessment of the 
suitability of the material for use at high temperatures: low - 

risk of bitumen coming to the surface and forming ruts, 
medium - acceptable for limited traffic and high - suitable for 

intensive transport, hot climates, airfields and highways. 

Thus: bitumens of the BND 60/90 type - when used in 

conditions of summer heating (up to +60°C on the surface of 
the coating) demonstrate low resistance, especially at 

intersections and slopes; the use of PBB 90 - increases heat 
resistance due to elasticity and high softening temperature, 

but requires control at the production and installation stage; 
the use of Superpave PG 76-22 - the most reliable solution 

for hot climates, ensuring high durability of the coating 
under heavy traffic and temperature changes. 

Increasing the temperature resistance of asphalt 

concrete. 

High temperatures and daily fluctuations in climatic 
factors increase the risk of plastic deformations of asphalt 

concrete pavement, especially in the form of rutting, shear 
cracks and the emergence of binders on the surface. To 

counteract these phenomena, a set of measures is used to 
increase the heat resistance and stability of the mixture 

structure. 
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The use of modified bitumens and polymer-modified 

binders (PBB, SBS, rubber bitumen, PMA) significantly 
increases the modulus of elasticity at high temperatures and 

reduces sensitivity to temperature fluctuations: PBB 60, 90, 

130 - increase the softening temperature to 65-80 °C; SBS 

(styrene-butadiene-styrene) - provides elasticity at t > + 60 
°C; rubber bitumen - contains recycled rubber, resistant to 

rutting; PG bitumens according to Superpave (for example, 
PG 76-22) - designed for a specific climate and traffic. 

Effect: residual deformation is reduced by 40-70% 
compared to conventional bitumen [6, 11, 13, 14]. 

The introduction of anti-rutting additives into mineral 
fillers with high porosity and adsorption capacity improves 

the structure of the mixture: fly ash (FA) - reduces the 
mobility of the binder; diatomite - a natural sorbent, 

improves heat resistance; clinoptilolite (zeolite) - improves 
adhesion and skeleton structure; plasticizing and reinforcing 

additives (fiber, fibers) - increase shear resistance.  
Effect: increase in deformation temperature by 10-15 °C, 

reduction in rutting to 1,5 mm at t = +60 °C [10, 13]. 
Optimization of the composition using 

Marshall/Superpave methods. Selection of the composition 
based on the optimal binder content and grain size: Marshall 

method - ensures maximum density and minimum voids; 
Superpave method - takes into account loads, climate, type 

of traffic and forms a strong mineral framework [5]. 
Effect: increase in the elastic modulus of the mixture, 

resistance to deformation over 100 load cycles at 60°C. 
Control of the degree of compaction. Undercompaction 

(<96%) dramatically increases the risk of thermal 
deformations. Required level: not less than 98% of the 

density of the compacted laboratory sample, the use of 
rollers with intelligent compaction control (IC) allows 

achieving uniform density and control by the core sample 
method, radiometry [2, 7]. 

Effect: a 2-fold reduction in residual deformation with 
an increase in density from 95% to 98%. 

Use of drainage layers. The introduction of special 
drainage sublayers helps to reduce the thermal gradient 

between the lower and upper layers of the pavement: the use 

of porous asphalt concrete, the introduction of geosynthetic 

layers with heat-dissipating properties and the use of 
capillary drainage mats or air gaps in the road pavement 

structure. 
Effect: equalization of the temperature profile of the 

pavement, reduction of stresses at the joints and boundaries 
of the layers. 

Thus, to achieve high thermal resistance of asphalt 
concrete, it is necessary to ensure a combination of design, 

technological and materials science solutions, among which 
the key ones are: the choice of modified bitumen, the 

selection of crushed stone with the correct shape and 
fineness modulus, compaction of the mixture to the design 

density, the use of functional additives and interlayers. 

4. Conclusion 

The temperature resistance of asphalt concrete is one of 
the determining factors for the durability of road surfaces, 

especially in hot climates and sharp daily temperature 
fluctuations typical for the regions of Tajikistan. Low 

thermal resistance leads to the formation of ruts, cracks, 
extrusion of the binder and a decrease in the transport and 

operational characteristics of the surface already in the first 
years of operation. 

The analysis and calculations showed that irreversible 

plastic deformations occur when temperature stresses exceed 
the shear strength limit. To effectively counteract this 

process, it is necessary to apply a comprehensive approach, 

including: the use of modified bitumens (PBB, SBS, PG 

bitumens) with a high softening point and resistance to 
aging; the introduction of anti-rutting additives (fly ash, 

diatomite) that improve the structure and sorption properties 
of the mixture; optimization of the mixture composition 

using Marshall and Superpave methods taking into account 
climatic adaptation; ensuring compaction of at least 98% of 

the maximum density using modern control technologies; 
the introduction of drainage and heat-removing layers in the 

road pavement structure. 
Thus, the comprehensive adaptation of asphalt concrete 

pavement technologies taking into account temperature 
effects allows for a significant increase in the service life of 

road surfaces and a reduction in the frequency of major 
repairs in the road network of Tajikistan [5-7, 10-11, 13-19]. 
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Abstract: This article discusses the problem of automated forecasting of the technical condition of train radio 

communication networks within the railway sector of Uzbekistan. The technical characteristics of 
existing systems, the theoretical model of signal propagation, and the main causes of failures are 

examined in detail. Traditional forecasting approaches are shown to be limited, as they often fail to 
adequately reflect nonlinear processes, the influence of electromagnetic interference, and the impact of 

maintenance activities. To address these shortcomings, an automated forecasting approach based on 
artificial neural networks is proposed. This method makes it possible to identify both sudden and 

gradually developing faults in advance, thereby increasing overall system reliability, supporting effective 
planning of technical maintenance, and reducing operational costs. Practical experiments carried out on 

railway sections confirmed the effectiveness of the proposed methodology. Overall, the use of neural 
networks for forecasting is considered a scientific and practical solution for enhancing the reliability of 

train radio communication systems, improving safety, and accelerating the gradual transition toward 
digital communication technologies. 

Keywords: Train radio communication, telecommunication networks, neural networks, predictive maintenance, fault 
forecasting, technical condition monitoring, reliability, readiness coefficient, railway communication 

systems, digital technologies 

 

 
1. Introduction 

Railway transport represents one of the key sectors of a 
country’s economic and social infrastructure, and its 

operation must consistently meet high standards of safety 
and efficiency. Ensuring traffic safety and managing 

transportation processes critically depend on operational-
technological communication systems (OTCS). These 

systems provide continuous information exchange among 
train drivers, dispatchers, station attendants, and technical 

personnel. Therefore, train radio communication (TRC), 
which constitutes an integral part of OTCS, is required to 

guarantee a high level of reliability and continuity, serving 

as one of the fundamental conditions for safe and stable 

railway operations [1]. 
At present, TRC systems in Uzbekistan primarily 

operate within the hectometer (HF/VHF low-band) and 
meter (VHF high-band) frequency ranges. These ranges 

have been in practical use for many years and were once 
considered effective solutions. The advantage of the 

hectometer range lies in its ability to provide long-distance 
signal transmission. However, due to its high sensitivity to 

atmospheric noise and industrial electromagnetic 
interference, reliable communication is frequently disrupted. 

The meter range, in contrast, ensures higher-quality voice 
transmission, yet its dependence on line-of-sight 

propagation leads to significant signal attenuation in 

mountainous areas and especially within long tunnels. 

Currently, TRC equipment and line infrastructure in 
Uzbekistan are physically outdated. Corrosion in antennas 

and cables, contamination of insulation, and loosening of 
contacts gradually deteriorate signal quality. As a result, 

“uncertain radio coverage zones” emerge within the 
network, where train drivers cannot maintain stable 

communication with dispatchers, thereby reducing the 
overall level of operational safety [1]. 

 
a https://orcid.org/0000-0002-8443-9250 

Traditional monitoring methods do not allow timely 
identification of such problems. In the existing system, 

signal levels are recorded only once every quarter using 
laboratory railcars. However, new faults that occur in the 

interval between inspections may remain undetected for 
several months. Increasing the frequency of inspections 

would sharply raise operational costs. Consequently, the 
automated forecasting of parametric faults has become an 

urgent and essential task. 
Reliability indicators of train radio communication 

networks. One of the most important concepts in assessing 
the efficiency and safety of technical systems is reliability. 

In TRC networks [2], reliability is evaluated using the 

readiness coefficient (𝐾𝑔): 

𝐾𝑔 =
𝑇𝑝

𝑇𝑝 + 𝑇𝑏
 

where: 

• 𝑇𝑝 – the total operating time of the TRC channel, 

• 𝑇𝑏 – the recovery time after a failure. 

If failures occur infrequently or recovery is carried out 

very quickly, the value of 𝐾𝑔 approaches one. This indicates 

that the system is highly reliable. Conversely, if failures 

occur frequently or the recovery process takes a long time, 

the value of 𝐾𝑔 decreases significantly, reflecting reduced 

system reliability. 
For TRC systems, maintaining the readiness coefficient 

within the range of 0.95–0.98 is considered one of the 
essential safety requirements. In practice, however, 

especially when using outdated equipment, this indicator 
often does not exceed 0.90–0.92. Therefore, enhancing the 

reliability of existing systems requires not only the rapid 
detection of failures but, more importantly, their prediction 

in advance [3]. 

https://orcid.org/0000-0002-8443-9250
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Empirical observations on the railways of Uzbekistan 

show that TRC systems operating in the hectometer band are 
frequently affected by atmospheric noise, resulting in 

repeated signal losses. In the meter band, sudden attenuation 

or complete loss of the signal is observed in mountainous 

areas or inside tunnels. Under such conditions, the recovery 
time (𝑇𝑏) increases, leading to a reduction in the readiness 

coefficient. Consequently, minimizing 𝑇𝑏 is a fundamental 

requirement for improving the reliability of TRC systems. 
 

2. Research methodology 

Theoretical model of signal propagation. The primary 
function of TRC systems is to ensure continuous and reliable 

communication between the train driver and the dispatcher. 
The stability of communication primarily depends on the 

propagation characteristics of radio waves and the effective 
transmission distance of the signal. Therefore, accurate 

modeling of signal propagation and the establishment of 
theoretical foundations are of crucial importance in TRC 

networks [4]. 
One of the fundamental requirements for 

communication quality in train radio systems is that, at any 
point within a given section, the train driver must maintain 

reliable contact with at least two stationary base stations 

located on opposite sides. Based on this principle, the 

normative condition can be expressed as follows: 
 

𝑟1 + 𝑟2 − 3 ≥ 𝑙 
where: 

• 𝑟1 and 𝑟2 – the reliable communication ranges (in 

km) between the locomotive and the stationary 
base stations on the left and right sides, 

respectively,  

• 𝑙 – the total length of the section (in km). 

If this condition is met, the train driver will be able to 

maintain simultaneous communication with two base 
stations at any point along the section. This serves as a 

fundamental guarantee of operational safety requirements 

[5]. 

In radio communication systems, the communication 
range can be calculated using the following formula: 

 

𝑟 =
𝐴𝑡𝑥 − 𝑢𝑚𝑖𝑛 − 𝐴𝑎𝑛𝑡.𝑙𝑜𝑠𝑠 − ∑𝑎𝑠𝑡 − ∑𝑎𝑙𝑖𝑛 − ∑𝑎𝑙𝑜𝑐

𝑎𝐻
 

 

where:  

• 𝐴𝑡𝑥 – output signal level of the transmitting 

station, dB;  

• 𝑢𝑚𝑖𝑛 – minimum useful signal level at the 

receiving station, dB;  

• 𝐴𝑎𝑛𝑡.𝑙𝑜𝑠𝑠 – antenna transition losses, dB;   

• ∑𝑎𝑠𝑡 – attenuation in stationary equipment, dB; 

• ∑𝑎𝑙𝑖𝑛 – attenuation in feeder lines, dB; 

• ∑𝑎𝑙𝑜𝑐 – attenuation in locomotive equipment, dB; 

• 𝑎𝐻 – attenuation coefficient per kilometer of 

transmission line, dB/km.  
This formula provides an accurate evaluation of the 

signal quality and coverage range of train radio 
communication systems. Any variation in these parameters 

can have a significant impact on the overall result [6].   
The output signal level (𝐴𝑡𝑥) is the key indicator of the 

transmitter’s power. The higher the power, the greater the 

achievable communication distance. However, excessive 

power consumption increases energy costs and may violate 
electromagnetic compatibility requirements. 

The minimum useful signal (𝑢𝑚𝑖𝑛) represents the lowest 

value necessary for the receiving station to distinguish the 

signal from background noise. This parameter depends on 
the sensitivity of the receiving equipment and the prevailing 

noise level. 
Losses (𝐴𝑎𝑛𝑡.𝑙𝑜𝑠𝑠, ∑𝑎𝑠𝑡, ∑𝑎𝑙𝑖𝑛 , ∑𝑎𝑙𝑜𝑐) denote the 

attenuation occurring during antenna transition, propagation 

along the transmission line, and within locomotive 

equipment. In practice, these losses often represent the 

primary reason for signal quality degradation.    
The per-kilometer attenuation coefficient (𝑎𝐻) 

characterizes the natural decrease in signal strength along the 

guiding line [7]. It depends on the material of the line, cable 
quality, and surrounding environmental conditions. 

By applying the theoretical model of signal propagation, 

it is possible to preliminarily assess signal quality and 

coverage distance in TRC systems. This enables: 

• optimal selection of inter-station distances, 

• accurate design of antenna placement, 

• timely maintenance of transmission lines, 

• reduction of operational costs.  
However, the model is based solely on static calculations 

and does not fully account for factors such as equipment 
aging, gradual degradation, and the influence of external 

electromagnetic environments over time. Therefore, for 
forecasting parametric failures, more effective approaches 

are required – in particular, automated prediction methods 
based on neural networks [8]. 

The criticality of failures depends on both their rate of 
impact and the possibility of detection. Sudden failures are 

usually recognized immediately and can typically be 
eliminated within a short period of time. Gradual failures, on 

the other hand, are more hazardous since they may remain 
unnoticed for an extended period while posing a significant 

threat to operational safety. 
On the railways of Uzbekistan, gradual failures represent 

the most frequent and problematic category. Such faults 
cannot be reliably detected through traditional quarterly 

inspections, as they tend to develop and intensify in the 
intervals between scheduled checks. Therefore, the ability to 

forecast these failures in advance and to predict their 
potential occurrence has become a crucial necessity [8].  

The time-dependent nature of failures provides an 

important opportunity for forecasting. For example, if the 

resistance of a cable is observed to increase on average by 
0.2–0.5 Ohm per kilometer annually, this trend can be used 

to determine the rate of degradation and to estimate the 
subsequent decline in signal quality. Similarly, antenna 

misalignment occurring after each severe wind event can be 
tracked and predicted based on statistical data. 

Thus, while sudden failures can generally be eliminated 
through prompt technical maintenance, gradual failures can 

only be identified using forecasting systems, particularly 
automated approaches based on neural networks [9–11]. 

Although traditional forecasting methods are 
theoretically simple and relatively easy to apply in practice, 

they do not fully correspond to the actual conditions of TRC 
systems. These methods describe degradation processes only 

in a generalized manner and fail to account for complex 
electromagnetic environments, maintenance activities, and 

abrupt changes in operating conditions. As a result, their 
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application on the railways of Uzbekistan often leads to 

inaccurate forecasts. 
To overcome these limitations, more flexible methods 

capable of modeling complex processes are required, such as 

artificial neural networks [12]. The following section 

provides a detailed discussion of the theoretical foundations 
and practical implementation of such approaches. 

3. Results and Discussion 

Automated approaches based on neural networks. As 

a rule, the occurrence of unstable radio communication 
zones is associated with unexpected or gradually developing 

faults along the signal propagation path, as well as the 
influence of electromagnetic noise. 

Unexpected faults may arise within the operational 
limits of equipment performance. Such failures typically 

occur either spontaneously or as a result of external impacts. 

Examples include interruptions, short circuits, contact 

disconnections, insulation breakdowns, or mechanical 
damage. However, this category of faults is relatively easy 

to detect, since the location of the damage can usually be 
identified and eliminated quickly by conducting an external 

inspection of feeder lines and antenna equipment [13]. 
Gradual failures are characterized by the progressive 

degradation of parameters such as ∑𝑎𝑠𝑡, ∑𝑎𝑙𝑖𝑛, ∑𝑎𝑙𝑜𝑐, and 

𝑎𝐻. As a result, the overall communication range decreases, 

and unstable coverage zones appear in certain sections of the 

network. 
The causes of such failures may include corrosion of 

transmission lines, deterioration of contact quality, 
contamination of insulators, disruption of cable connections, 

reduction of the quality factor in resonant and locking 
circuits, changes in antenna radiation patterns, as well as 

degradation of feeder components due to aging or water 
ingress. 

Detecting gradual failures is complex, yet they manifest 
intermittently, which allows their occurrence to be 
diagnosed. For automated diagnostics, the primary input 

data are the signal levels recorded from stationary base 
stations. The results of these measurements are represented 

in the form of a two-dimensional vector [14]. 
 

𝑢̅𝑡 = |

𝑢𝑎1 𝑢𝑎2 … 𝑢𝑎𝑚
𝑢𝑏1 𝑢𝑏2 … 𝑢𝑏𝑚…
𝑢𝑔1

… …
𝑢𝑔2 …

…
𝑢𝑔𝑚

|, 

 

where 𝑢𝑔𝑚 denotes the average voltage at the 

locomotive receiver, 𝑚 represents the kilometer mark, and 𝑔 

corresponds to the active base station. 

The data presented in this form must first undergo 
preprocessing, where all missing elements are restored 

through interpolation, and the measured signal levels are 

aligned with the corresponding points (linked to each 
kilometer of the section).   

Neural network architecture. For forecasting tasks, a 
multilayer perceptron (MLP) architecture is most commonly 

applied. Its main components are as follows: 

• Input layer – vectors representing signal levels and 
contextual predictive factors. 

• Two hidden layers – performing nonlinear 
transformations. 

• Output layer – predicted signal levels and vectors 

of technical condition. 

The activation function selected is the sigmoid: 
 

𝑓(𝑥) =
1

1 + 𝑒−𝑥
 

  

Since the sigmoid function is differentiable, it enables 
the efficient application of gradient-based training 

algorithms, such as backpropagation [15]. 
Mathematical model. The mathematical model of the 

neural network can be expressed through the following 
system of equations: 

 

𝑐𝑗 = 𝑓(∑𝑎𝑖𝛼𝑖𝑗 + 𝜒𝑗

𝑟

𝑖=1

) , 𝑗 = 1, . . . , 𝑟1, 

𝑘𝑠 = 𝑓 (∑𝑐𝑗𝛽𝑗𝑠 + 𝜂𝑠

𝑟1

𝑗=1

) , 𝑠 = 1, . . . , 𝑟2, 

𝑞ℎ = 𝑓 (∑𝑘𝑠𝛾𝑠ℎ + 𝑣ℎ

𝑟2

𝑗=1

) , ℎ = 1, . . . , 𝑛, 

where:  

• 𝑎𝑖 – elements of the input vector (signal levels and 

factors),  

• 𝛼, 𝛽, 𝛾 – synaptic weights, 

• 𝜒, 𝜂, 𝜐 – bias coefficients of the neurons,  

• 𝑐𝑗 , 𝑘𝑠, 𝑞ℎ  – outputs of the first hidden layer, second 

hidden layer, and output layer, respectively.  

The output vector 𝑞ℎ  represents the predicted signal 

levels and the technical condition of the system. 

Error function and training. During training, the 
neural network outputs are compared with real 

measurements. The error function is defined as:  
 

𝛷𝑖 =
1

2
(𝑢𝑔𝑖 − 𝑢𝑔𝑖

(𝑡+1)
)
2
, 

 

where 𝑢𝑔𝑖 is the real signal level and 𝑢𝑔𝑖
(𝑡+1)

 is the 

predicted signal level. 

The training objective is formulated as: 
 

max(𝛷𝑖) ≤ 𝛥, 

 
where 𝛥 is the maximum permissible prediction error.  

Using a gradient optimization algorithm, the synaptic 

weights and biases of the neurons are iteratively adjusted. 
In the simplest case, a single parameter, time, serves as 

the main argument for forecasting. In such cases, the 
problem can be solved by applying mathematical methods of 

extrapolating previous measurement results over time. 
However, in the present context, these methods exhibit 

several limitations: 

• it is impossible to construct an accurate predictive 
model without studying the operational history of 

the system over a long period or by incorporating 
additional types of data; 

• changes in parameters cannot be adequately 
described without proper mathematical 

characterization; 

• all mathematical forecasting methods are treated as 
open systems, where errors at the input are fully 
transmitted to the output, thus negatively affecting 
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prediction accuracy; 

• obtaining accurate forecasts requires consideration 
of all measures undertaken to improve the technical 
condition of TRC equipment, which is not feasible 

within the framework of purely mathematical 
methods; 

• at the initial stage of operating a fully modernized 
TRC network (e.g., during electrification), the 
necessary conditions for forecasting using 

mathematical methods are not present. 
This problem can be partially addressed through 

prediction based on the theory of statistical classification 

(pattern recognition), where extrapolative relationships are 
established from the available initial data. However, the 

inability to resolve poorly formalized aspects of the 

forecasting process and the relatively low accuracy of the 

results prevent these methods from being applied effectively. 
These shortcomings can be overcome by employing 

neural network (NN) algorithms, which extrapolate within 
the feature space of the technical system’s states. In general, 

the procedure for automated prediction of failures in train 
radio communication networks using NNs is illustrated in 

Figure 1. 

 
Figure 1. Automated procedure for forecasting failures in train radio communication networks

The central component of this structure is the neural 

network trained on a database formed from previous 
measurement results. Once the signal levels from stationary 

base stations are recorded, they are combined with data 
reflecting quality changes in equipment, line devices, and 

guiding channels, and then fed into the neural network as 
input. At the output, a vector is generated that represents the 

predicted future technical state of the TRC system. Based on 
these results, preventive maintenance measures are 

developed and implemented in practice. 
Using laboratory railcars, signal levels are periodically 

recorded, and the results are entered into the database, 
enabling the neural network to be retrained. In this way, the 

model is continuously refined and improved over time. 
In general, forecasting using a neural network consists 

of the following main stages: 

• collection of initial data and their normalization into 
a unified format; 

• synthesis of the predictive architecture of the neural 
network; 

• training of the neural network with empirical data 
samples to form the predictive model; 

• obtaining the forecast result for the specified 
prediction horizon; 

• verification of the predictive model against 
established criteria and its preparation for practical 

application. 
The application of neural networks for forecasting 

parametric failures in TRC networks has demonstrated high 
effectiveness in practice. Results indicate that this approach 

provides significantly greater accuracy compared to 
traditional methods and allows for efficient planning of 

maintenance activities even under complex operational 
conditions. However, like any technological solution, neural 

networks possess both advantages and limitations. At the 
same time, numerous prospects exist for further improving 

this approach in the future [16]. 
By employing neural networks, “uncertain 

communication zones” in TRC systems can be identified 

well in advance. For example, in the Kamchik tunnel, 

hazardous areas caused by signal attenuation can be 
predicted by the neural network several weeks beforehand. 

This provides dispatchers and technical staff with the 
opportunity to take preventive measures in advance. As a 

result, the overall safety of train operations is significantly 
enhanced. 

The architecture of the predictive neural network is 
illustrated in Figure 2. 



Journal Engineer           ISSN: 3030-3893          Volume:3| Issue:3| 2025 
 

 
    September, 2025 88 
    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2025-3-84-89 

 

 
Figure 2. Predictive neural network architecture

In traditional approaches, emergency maintenance 
operations require substantial costs, since eliminating 

failures after they occur demands more resources and time. 
A forecasting system, on the other hand, enables precise 

planning of preventive maintenance. For instance, if antenna 
adjustments or cable replacements are carried out before an 

emergency situation arises, overall expenses can be reduced 
by up to thirty percent. 

Neural networks can be retrained on the basis of newly 

collected data. Consequently, the system is continuously 

updated and adapts even when technical conditions change. 
For example, if the TRC system transitions from analog to 

digital equipment, the neural network can be retrained in a 
short period using the new parameters while continuing to 

function effectively [17]. 
Signal attenuation and electromagnetic interference 

often exhibit nonlinear characteristics. Conventional 
extrapolation methods cannot fully capture such dynamics. 

Neural networks, however, are capable of efficiently 
modeling and learning these complex nonlinear 

dependencies. 
A comparative analysis of traditional forecasting and 

neural network-based forecasting is presented in Table 2. 
Furthermore, the neural network-based forecasting 

system can be integrated with other systems currently being 
deployed in Uzbekistan Railways. For example, it can be 

combined with DMR base stations, GPS/GLONASS 
monitoring systems, and SCADA platforms to create a 

unified control center. This integration ensures not only 
reliable management of radio communication but also 
comprehensive monitoring of other technical subsystems. 

 

 

 

Table 2  

Comparison of traditional forecasting and neural 

network-based forecasting 

Indicators 

Traditional 

methods 

(extrapolation, 

ARIMA) 

Neural 

network-based 

forecasting 

Forecast 

accuracy 
±3–4 dB ±1.5 dB 

Historical data 

requirement 

Long-term 

(years) 

Can be trained 

even with short-
term data 

Consideration 

of maintenance 
No Yes 

Adaptation to 
EM 

environment 

Not fully 

reflected 
Adaptive 

Practical 

efficiency 
Moderate 

High (accuracy 

improvement of 
20–25%) 

 

The results of the discussion demonstrate that a neural 
network-based forecasting system can significantly enhance 

the reliability of TRC within Uzbekistan Railways. The 
advantages of this approach outweigh its limitations, as it 

ensures safety, reduces operational costs, and brings the 
system closer to meeting modern technological 

requirements. In the future, this approach may be further 
improved through integration with emerging technologies 

such as the Internet of Things (IoT), fifth-generation (5G) 
communication, and the Future Railway Mobile 

Communication System (FRMCS), thereby evolving into a 
more advanced and comprehensive solution [17]. 
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4. Conclusion 

This study examined the problem of forecasting 
parametric failures in TRC networks. First, the technical 

characteristics of existing systems, the theoretical model of 
signal propagation, and the causes of failures were analyzed. 

It was concluded that traditional forecasting methods are 
insufficient under real operating conditions, as they fail to 

account for maintenance activities and the complexity of the 
electromagnetic environment. 

A neural network-based forecasting approach was 

proposed. This method enables the processing of signal 

levels and the modeling of complex nonlinear processes. The 
results showed that uncertain communication zones can be 

identified one to two months in advance, with a prediction 
error of approximately ±1.5 dB, compared to ±3–4 dB for 

traditional methods. The readiness coefficient of the TRC 
system can thus be increased to 0.98. 

In Uzbekistan Railways, challenges such as attenuation 
of VHF signals, atmospheric noise in the HF band, and 

antenna misalignment across certain sections were 
effectively addressed through neural network-based 

forecasting. This approach not only improves safety but also 
reduces operational costs by up to thirty percent [18]. 

Overall, neural network-based forecasting represents a 

practical and scientifically grounded solution for 

significantly enhancing the reliability of TRC systems in 
Uzbekistan Railways. Moreover, it provides a robust 

foundation for the gradual transition of these systems to 
advanced digital technologies, including DMR, TETRA, and 

FRMCS. 
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Abstract: In the article, the prediction model of the change in the volume of electricity production in the Republic 

of Uzbekistan was studied. At the present time, it is important to change the volume of electricity 

production in the Republic of Uzbekistan. First of all, an econometric analysis of the changes in the 

volume of electricity production in the period 2010-2022 was carried out. The analysis was carried out 

on the basis of the MINITAB package. In the analysis, the main statistical indicators were calculated 
based on the data. A graph is constructed, and periods of changes in the volume of electricity production 

are studied based on the graph. Based on the statistical data, several trend models were built and a 
prediction model was selected based on the residuals. Based on the selected model equation, the change 

in the volume of electricity production for the next 3 years was predicted. 
Keywords: Changes in the volume of electricity production, main statistical indicators, trend model equation 

 

 
1. Introduction 

In the development of humanity, the needs of people for 

various energy sources make them natural sources–wood, 
coal, peat and other fuels, wind, water flow energy (wind and 

water mills). Later, due to the progress of science and 
technology, the revolution in science and technology, from 

the second half of the 20th century, the need for electricity 
increased. These factors required rapid development of 

energy industry. The development of science and technology 
is expressed through the development of new methods of 

energy production and its transformation, the creation of 
new efficient equipment and technologies, the centralization 

of energy distribution, etc. Scientific research works on 
energy were focused on solving priority complex issues and 

practical problems of energy. The issue related to the long-
distance transmission of electric energy - theory of 

transforming alternating current into fixed current, methods 
for calculating the maintenance of spontaneous awakening 

of magnetic currents of asynchronous and synchronous 
machines, development of the theory of complex types of 

damage in electronic devices, and solving the efficient 
distribution of power of hydroelectric power plants were 

dealt with. related works have been completed. In the late 
1940s and 1950s, scientific research was focused on 

improving the operation of power plants, electrical systems 

and equipment, improving their accuracy, increasing their 

efficiency, and creating a compact theory and methods of 
calculating electrical systems. The problems of solving 

large-scale nonlinear equations representing the mode of 
electrical systems, creating schemes for extracting small 

power from high-voltage power lines, developing 
calculation theory and methods were studied [1]-[4]. 

Currently, the volume of electricity production is 
increasing from year to year. Based on this change, 2010-

2022 annual data was studied to make a forecast for the next 
future years. Based on identified data, a tred model was built 

and prediction the value for the next 3 years was calculated. 
In forecasting, an analysis was conducted based on the 

time series in the econometric model analysis. 

 
a https://orcid.org/0009-0000-4536-1908 
b https://orcid.org/0009-0007-8796-6033 

Two types of data can be used to build an econometric 

model: 
• a set of data describing various objects at a certain time; 

• information describing one object in different time 
series. 

 

2. Research methodology 

A time series is a sequence of data collected, recorded, 

or observed over the same period of time. A time series 
consists of the observed values of a property of the studied 

object at different times. For example, in medicine, it can be 
a cardiogram, in geology, a graph of vibrations caused by an 

earthquake or underground explosion, in astronomy, a graph 
of solar activity, or signals from distant galaxies received by 

radio telescopes, etc. In the economy, the unemployment 
rate or the change in the interest rate, the dynamics of the 

exchange rate and the share price can be given as an 
example. The observed time interval can be continuous, one 

minute, one hour, day, month or year. 
The overall trend of time series values over time is called 

the trend and denoted as 𝑇𝑡. 
The most common way to model a trend in a time series 

is to find an analytical function that shows the change of its 

considered value over time, that is, to construct a trend. This 
method is called the analytical method of time series 

smoothing. 
A simple exponential smoothing algorithm provides a 

stable prediction for all future values of the time series. 
However, the trend of increase or decrease in the values of 

some lines is clearly observed. In such cases, it is necessary 
to pay attention to the trend and study it. Naturally, the trend 

model is expected to perform better. 

In 1957, Holt proposed an exponential smoothing 

algorithm that incorporates the simplest linear trend model. 
Autocorrelation is the correlation between variables and 

the correlation between one or more lags. 
Formula: 

𝑟1 =
∑ (𝑌𝑡−1 − 𝑌̄)(𝑌𝑡 − 𝑌̄)
𝑛−1
𝑡=1

∑ (𝑌𝑡−1 − 𝑌̄)2
𝑛
𝑡=1
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A graphical representation of the autocorrelation 

function is called a correlogram. 
A trend is a long-term component that shows how a time 

series changes over a specified period of time. That is, the 

trend is an analytical function of time, which can be in the 

following forms: 

• Linear trend 𝑇𝑡 = 𝑎𝑡 + 𝑏; 

• Parabolic trend 𝑇𝑡 = 𝑎𝑡2+ 𝑏𝑡 + 𝑐; 

• Exponential trend 𝑇𝑡 = 𝑒𝑥𝑝(𝑎𝑡 + 𝑏), 
where a, b, c are parameters. 
Generally, estimates for trend parameters are found 

using the least squares method. Non-linear trends are first 
transformed into a linear trend by some shape 

transformation, and then the appropriate calculations are 
performed. Using computer programs, it does not take long 

to do this. To select the best model, their coefficient of 
determination and errors are considered. We calculate errors 

using MAPE, MAD, MSE, MPE and MSD methods. We 
calculate the coefficient of determination from its formula. 

Statement of the problem: the amount of electricity 
production in the Republic of Uzbekistan is given for the 

years 2010-2022, to determine the dependence of this data 
during the unit of time and to build the best model for this, 

and through it to generate the average electricity in the 
following periods is to predict output volume with low error. 

№ Years Electricity production volume 

1 2010 51976,3 

2 2011 52806,2 

3 2012 52999,6 

4 2013 54618,6 

5 2014 55766,0 

6 2015 57658,1 

7 2016 59100,5 

8 2017 60820,1 

9 2018 62896,6 

10 2019 63531,6 

11 2020 66500,7 

 

First of all, the main statistical indicators are calculated 
using the MINITAB package program. 

Descriptive Statistics: Y  
Variable   Mean  StDev  Variance  Minimum   Median   Maximum 
  Y            60331   7150   51120784    51976    59101     74269 

As we can see from the main statistics, the volume of 

electricity production during the given period reached its 
maximum point in 2022, which was 74 269. This point was 

not reached in the period after that. The lowest point 
corresponds to 2010 and it was 51 976. The average volume 

of electricity production for the whole year was 60 331. In 
this place, the median was equal to 59 101. The average 

squared deviation was 7 105. How far the given values are 
scattered around the regression line shows 51 120 784. 

The next task will be to give preliminary conclusions on 
the basis of the graph. 

Index
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Time Series Plot of X

 

From the graph, we can observe the trend of changes in 

the volume of electricity production in each period. In 
general, it is advisable to study the graph in several parts. As 

can be seen from the graph, initially, the value of electricity 

production has a tendency to increase, and this situation 

continued until the 2nd period. A slight downward trend was 
observed from period 2 to period 3. From the 3rd period, the 

value of the volume of electricity production has a general 
upward trend. In general, the value of the volume of 

electricity production has an almost increasing tendency. So, 
there is a trend. You can easily see from the graph that there 

is no seasonality and cyclicality 
For the above issue, the corellogram will look like this 
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From the autocorrelation graph we can make the 

following conclusions: 
As a rule of thumb, a series must be non-stationary for a 

trend to exist. For the series to be non-stationary, the first 
few values in the correlogram must lie outside the boundary 

line. Since one lag in the correlogram is out of bounds, our 
model has a trend and by itself the series is non-stationary. 

We also conclude that the autocorrelation function has no 
seasonality or cyclicity, since the values of the 

autocorrelation function are decreasing and do not return to 
the same value. 

Trend Equation:             Yt = 47842,3 + 1784,16t 

Errors: 
                                    MAPE        2 

MAD      1399 
   MSD   2623382 

 

Graph: 
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Variable

Forecasts

Actual

Fits

Trend Analysis Plot for X
Linear Trend Model

Yt = 47842,3 + 1784,16*t

 
Period    Forecast 

2023       72820,5 
2024       74604,7 

2025       76388,8 
The volume of electricity production predicted for the 

following years was calculated using the linear trend model. 
Based on the residuals of the linear trend model, the correct 

selection of the model equation is based. Other model 
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equations are also considered to justify the correct model 

selection. 
Now let's look at the parabolic trend pattern: 

Trend model equation:     

Yt  = 51990,6+ 124,842t +118,522t2 

Errors: 

                                   MAPE       1 
                                   MAD      531 

          MSD   460055 
Graph: 
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Trend Analysis Plot for X
Quadratic Trend Model

Yt = 51990,6 + 124,842*t + 118,522*t**2

 
Period   Forecast 

2023       76968,8 

2024       80530,8 

2025       84329,8 

Therefore, the electricity production volume predicted 
by our parabolic model in the following years is more 

accurate than our prediction made by the linear trend model. 
Now let's look at the exponential trend model: 

Trend model equation:        Yt = 48893,51,02956t 

Errors: 

                                  MAPE        2 
                                  MAD      1132 

    MSD   1799390 
Graph: 
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Trend Analysis Plot for X
Growth Curve Model

Yt = 48893,5 * (1,02956**t)

 
Period   Forecast 

2023       73518,4 

2024       75691,8 

2025       77929,6 

Let's compare the models by errors: 

Model type MSD 

Linear 2623382 

Parabolic 460055 

Exponential growth 1799390 

 
   The parabolic model most accurately describes the 

available data because it has the smallest standard deviation 
(MSD). The trend equation describing this time series is: 

First, annual basic statistics of electricity generation 
volume were determined and confidence intervals were 

found for them. At the next stage, a graph of the model was 

built and it was concluded that there is an increasing trend. 

Nevertheless, an autocorrelation analysis was performed to 
test whether there was indeed a trend in the model and 

whether there was seasonality in the model. According to 

him, there is a real trend in the model and 

Yt  = 51990,6+ 124,842t +118,522t2 

3. Conclusion 

There is no seasonality. Then the analysis of linear, 
parabolic and exponential growth trend models was 

performed, and the parabolic model was chosen because the 
coefficient of determination of the parabolic model is large 

and its errors are small. In the analysis, a forecast of the 
volume of electricity production for the next 3 years was 

obtained. 
There is no seasonality. Then the analysis of linear, 

parabolic and exponential growth trend models was 
performed, and the parabolic model was chosen because the 

coefficient of determination of the parabolic model is large 
and its errors are small. In the analysis, a forecast of the 

volume of electricity production for the next 3 years was 
obtained. 
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Modern approach to mathematical modeling of thermal processes in the axle 

box of rolling stock 
 

J.F. Kurbanov1 a, N.N. Irgashev1 b 

1Tashkent state transport university, Tashkent, Uzbekistan 

 
Abstract: This study develops a mathematical model for thermal processes in railway axle box assemblies to 

enhance operational safety and reliability. The model applies fundamental heat transfer principles—
Fourier's law, heat conduction, and energy balance accounting for internal heat generation, convection, 

and radiation. Using a homogeneous temperature distribution assumption, the problem is simplified to a 
first-order differential equation. Numerical implementation via the Euler method in MATLAB yielded 

quantitative temperature dynamics, stationary values, and system settling time. Comparative analysis of 
convective and radiative losses was performed with graphical visualization. Results confirm the model's 

adequacy to real operating conditions. The work provides a rigorously formalized approach suitable for 
developing non-contact monitoring systems and integration into intelligent diagnostic complexes, 

representing significant practical and scientific novelty. 
Keywords: Mathematical model, thermal processes, axle box assembly, railway rolling stock, Fourier's law, heat 

conduction, heat balance, convection and radiation, numerical modeling, Euler method 

 

 
1. Introduction 

The operational safety of railway rolling stock is largely 
determined by the technical condition of the axle box 

assemblies, which are among the most heavily loaded 
components of the wheelset. Overheating of the axle box 

bearing leads to increased wear, reduced reliability of the 
unit, and in some cases, can cause emergency situations 

involving derailment. According to international practice, 
approximately 8–10% of failures on mainline railways are 

associated with abnormal heating of axle box assemblies, 
which confirms the relevance of the tasks of diagnosing and 

monitoring their thermal condition. 
Modern systems for the technical diagnostics of rolling 

stock include various approaches: the use of contact sensors, 
infrared temperature measuring devices, as well as non-

contact remote monitoring systems. However, most existing 

methods are empirical in nature and do not allow for 

sufficiently accurate prediction of the axle box heating 
dynamics under real operational conditions. In this regard, 

the development of a rigorous mathematical model that 
accounts for the physical processes of heat transfer and 

allows not only for describing the thermal behavior of the 
unit but also for predicting its state over time is of particular 

importance. 

Internal heat 

source 

 in

Axlebox 

temperature

Т

Convective heat 

losses

Рconv

Radiative heat 

losses

Рrad

Ambient air 

temperature

Тair

Rate of temperature 

change

dT/dt 

Energy balance 

equation

 
Fig. 1. Structure of the Axle Box Thermal Model 
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b https://orcid.org/0009-0000-3736-1748 

The aim of this study is to develop a modern 
mathematical model of the thermal processes in the axle box 

assembly of railway rolling stock. To achieve this aim, the 
following tasks are addressed: 

• Formalization of heat transfer processes based on 
Fourier's law and the heat conduction equation; 

• Development of a simplified heat balance model 
for the axle box assembly; 

• Implementation of a numerical solution to the 
problem in the MATLAB environment using the Euler 

method; 
• Analysis of the obtained results and assessment of 

the model's applicability for the tasks of diagnostics and 
monitoring of the technical condition. 

Thus, the relevance of the research is defined by the need 
to enhance traffic safety through the application of rigorous 

mathematical models in axle box monitoring systems, and 
the scientific novelty lies in the development of a new 

approach to describing their thermal processes with the 
potential for practical implementation. 

 

2. Research methodology 

Theoretical background of thermal processes 

To construct a rigorous model of the thermal behavior of 
the axlebox, it is necessary to rely on the fundamental laws 

of heat transfer. The basis consists of processes of 
conduction, convection, and radiation, described by the 

classical equations of mathematical physics. 
𝑞 = −𝑘∇𝑇,             (1) 

where k is the thermal conductivity and ∇T is the 

temperature gradient. 

The general transient heat conduction equation is: 

ρ𝑐
∂𝑇

∂𝑡
= ∇(𝑘∇𝑇)+ 𝐹(𝑥, 𝑡),           (2)  

where ρ is density, c is specific heat capacity, and F(x,t) 

represents internal heat sources. 
For a homogeneous material with constant properties the 

equation takes the form: 

https://orcid.org/0000-0002-4661-0045
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∂𝑇

∂𝑡
= 𝑎2

∂2𝑇

∂𝑥2
+
𝐹(𝑥,𝑡)

ρ𝑐
,         (3)  

where 𝑎2 =
𝑘

𝜌𝑐
 is the thermal diffusivity. 

Simplification of the model for the axlebox 

Despite the complexity of real processes, for engineering 
analysis it is reasonable to introduce certain simplifying 

assumptions. Due to the high thermal conductivity of the 
metal, the axlebox temperature can be considered spatially 

uniform, which significantly reduces the dimensionality of 
the problem. 

𝐶
𝑑𝑇

𝑑𝑡
= 𝑃in − 𝑃conv(𝑇) − 𝑃rad(𝑇),    (4)  

where C is the heat capacity of the axlebox, 𝑃in is the 

power of heat generation, and Pconv, Prad are convective and 

radiative heat losses, respectively. 
Heat losses 

The main mechanisms of heat dissipation are convection 
into the ambient environment and thermal radiation. In this 

model, both processes are formalized analytically and 
included in the energy balance of the axlebox. 

Convection is described by Newton’s law of cooling: 
𝑃conv(𝑇) = ℎ𝐴(𝑇 − 𝑇air),                (5)  

where hhh is the convective heat-transfer coefficient, A 
is the surface area, and  𝑇air is the ambient temperature. 

Radiation is expressed by the Stefan–Boltzmann law: 

𝑃rad(𝑇) = εσ𝐴[(𝑇 + 273.15)4 − (𝑇air + 273.15)
4],    (6) 

where ε is the surface emissivity, and σ = 5.67 ⋅

10−8 W/(m2 ⋅ K4). 

Governing differential equation 

Combining internal heat generation and heat losses 
yields a nonlinear first-order differential equation. It 

describes the transient thermal dynamics of the axlebox and 
constitutes the core of the developed model. 

𝑑𝑇

𝑑𝑡
=

1

𝐶
(𝑃in − ℎ𝐴(𝑇 − 𝑇air) − εσ𝐴[(𝑇 + 273.15)

4 −

(𝑇air + 273.15)
4]).   (7) 

Steady-state regime 

Analysis of the steady-state regime allows determining 

the equilibrium temperature of the axlebox under given 
operating conditions. This has practical importance for 

estimating the permissible operating range and predicting 
overheating. 

𝑃in = ℎ𝐴(𝑇∗ − 𝑇air) + εσ𝐴[(𝑇∗ + 273.15)
4 − (𝑇air +

273.15)4]  (8) 

Criterion for reaching steady-state 

Besides the steady-state value of the temperature, it is 
essential to estimate the time required for the system to reach 

equilibrium. For this purpose, the 95% criterion of the 
transient temperature difference is employed: 

𝑇(𝑡) ≥ 𝑇0 + 0.95 (𝑇∗ − 𝑇0),            (9)  

where T0 is the initial axlebox temperature. 
Numerical implementation 

Since analytical solutions of equation (7) are difficult 
due to its nonlinear character, a numerical approach is 

applied. The Euler method is used to simulate the heating 
dynamics, providing step-by-step approximation of the 

temperature evolution over time. 

𝑇𝑖+1 = 𝑇𝑖 + (
𝑑𝑇

𝑑𝑡
|𝑇𝑖)Δ𝑡,     (10)  

where Δt is the integration step. 

The implementation was carried out in MATLAB, 
which enabled the construction of temperature trajectories 

and quantitative assessment of transient processes. 
 

3. Results and Discussion 

3.1. Temperature dynamics 

The numerical solution of equation (7) was obtained 

using the explicit Euler method with a time step of Δt=1 s. 
The simulation results demonstrate a monotonic increase in 

axlebox temperature from the initial value T0 to the steady-
state regime T∗. 

 
Fig. 2. Тemperature evolution over time 

Figure 2 presents the temporal dependence T(t), which 
shows a smooth transition from the initial to the stationary 

temperature. The heating process exhibits an asymptotic 
behavior typical of first-order thermal systems. 

3.2. Steady-state temperature 

The steady-state value T∗ was determined from equation 

(8). The analysis revealed that the equilibrium temperature 

depends linearly on the convective parameters (h,Ah,) and 
nonlinearly on the radiative characteristics (ε,σ).  

 
Fig. 3. Dependence of the steady-state temperature on 

ambient temperature 

Figure 3 illustrates the dependence of the steady-state 
axlebox temperature on the ambient temperature. It was 

established that increasing external temperature significantly 
raises the equilibrium value, thereby increasing the risk of 

axlebox overheating during operation. 

3.3. Time to steady-state 

To estimate the transient behavior, criterion (9) was 
applied, corresponding to the achievement of 95% of the 

steady-state temperature. The calculations showed that the 
time required to reach steady-state is approximately 

𝑡95 ≈ 5000− 6000 s, 
which corresponds to about 1.5–2 hours of operation. 
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Figure 4 depicts the process of reaching the 0.95 T∗ level, 

with the moment of attaining the steady-state condition 
clearly marked. 

 
Fig. 4. Тransient behavior and determination of the 

time t95 

3.4. Analysis of heat losses 

A comparative analysis of convective and radiative heat 

losses was performed. It was found that at temperatures 
below 80∘C convection is the dominant mechanism, whereas 

at temperatures above 120∘C radiation becomes the primary 

heat dissipation mechanism. This effect is explained by the 

fourth-power dependence of radiative heat losses on 
absolute temperature, as described by the Stefan–Boltzmann 

law. 

 
Fig. 5. Distribution of heat losses between convection 

and radiation 

Figure 5 presents the relative contributions of 
convection and radiation to the total heat balance. It is 

evident that radiation dominates at elevated surface 
temperatures. 

 
Fig. 6. Block diagram of the thermal model of the axle 

box in MATLAB 

In addition, to verify the developed mathematical model, 

a block diagram was constructed in MATLAB/Simulink. 
Figure 7 shows the structure of the Simulink model, while 

Figure 6 presents the oscillogram of the axlebox 

temperature obtained during simulation. 

 
Fig. 7. Oscillogram of the thermal model on the 

MATLAB 

The set of results shown in Figures 1–6 confirms the 
validity of the proposed model and its ability to adequately 

describe the actual thermal processes in the axlebox. The 
findings demonstrate the applicability of the model for 

predictive diagnostics of axlebox condition and its potential 
integration into modern intelligent monitoring systems of 

railway rolling stock. 
 

Discussion. The results of the performed simulations 

confirm the correctness and adequacy of the developed 

mathematical model of thermal processes in the axlebox of 
railway rolling stock. The heating dynamics presented in 

Figures 2–4 demonstrate behavior characteristic of first-
order systems: the temperature increases monotonically and 

asymptotically approaches its steady-state value. 
A comparative analysis of heat losses (Figure 5) revealed 

a regular transition from the predominance of convective 
heat transfer at moderate temperatures to the dominance of 

radiative heat exchange at temperatures above 120∘C. This 

phenomenon is fully consistent with the fundamental laws of 

heat transfer and emphasizes the necessity of accounting for 
radiative losses when modeling the thermal regime of the 

axlebox. 
Additional verification of the model, performed in 

MATLAB/Simulink (Figures 6–7), demonstrated a high 
degree of agreement between the numerical results obtained 

by analytical and simulation methods. This confirms the 
validity of the proposed mathematical formulation and its 

applicability as a reliable tool for engineering calculations 
and predictive analysis. 

The developed model offers several significant 

advantages compared to traditional empirical approaches: 

• it is based on rigorous physical principles (Fourier’s 
law, the heat conduction equation, Stefan–

Boltzmann law); 

• it is computationally simple due to the use of the 
uniform-temperature hypothesis; 

• it allows both analytical evaluations and numerical 
experiments to be conducted in modern engineering 
software environments. 

At the same time, the model has certain limitations 
arising from the assumptions made. In particular, the 

hypothesis of uniform temperature distribution is valid only 
for small Biot numbers (Bi<0.1). Under conditions of high 

thermal loads or complex axlebox geometry, considerable 

temperature gradients may arise, which are not accounted for 

in the present formulation. Furthermore, the model does not 
explicitly consider the influence of lubricants, dynamic 
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mechanical loads, or variations in the convective heat 

transfer coefficient associated with changes in train speed 
and external conditions. 

Despite these limitations, the proposed mathematical 

model constitutes an effective tool for engineering analysis 

and predictive diagnostics of axlebox condition. Its 
application is advisable within intelligent monitoring and 

predictive maintenance systems, thereby contributing to an 
increased level of operational safety and reliability of 

railway rolling stock. 

4. Conclusion 

In this study, a mathematical model of thermal processes 
in the axlebox of railway rolling stock was developed and 

verified. The model is based on the fundamental laws of heat 
transfer (Fourier’s law, the heat conduction equation, and the 

Stefan–Boltzmann law) and incorporates both convective 

and radiative mechanisms of heat exchange. 

The numerical analysis made it possible to determine the 
temperature dynamics, calculate steady-state values, and 

estimate the time required to reach thermal equilibrium. A 
comparative study revealed the transition from convection-

dominated heat transfer at moderate temperatures to 
radiation-dominated heat exchange at temperatures above 

120∘C. 

Verification in MATLAB/Simulink confirmed the 
validity of the proposed model and demonstrated its 

applicability for engineering calculations and diagnostic 
systems. The scientific novelty of the work lies in the 

rigorous formalization of axlebox thermal processes into a 
universal mathematical model, which combines analytical 

precision with computational simplicity. 
The practical significance of the research consists in the 

possibility of applying the model for predictive diagnostics 
of axlebox condition and its integration into intelligent 

monitoring systems. This creates a foundation for improving 
operational safety and enhancing the reliability of railway 

rolling stock. 
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Abstract: This article presents a systematic analysis of the effectiveness of standard design solutions for railway 

subgrade reinforcement under the specific conditions of Uzbekistan, based on long-term monitoring data. 
In the context of high-speed train operations (160–200 km/h), the stability, deformation resistance, and 

operational reliability of the subgrade are considered key factors for ensuring safety. Observations 
conducted on experimental sections confirm the positive outcomes of using geosynthetic materials 

(geotextiles and planar geogrids), including reduced settlement, decreased ballast contamination by soil 
particles, extended service life, and lower routine maintenance costs. The study develops structural and 

technological recommendations adapted to the complex climatic and geological conditions of 
Uzbekistan. Based on monitoring results, the economic efficiency of subgrade reinforcement 

technologies is evaluated. The advantages of an integrated engineering approach are substantiated, 
including uniform load distribution, improved drainage conditions, and extended intervals between 

repairs. A comparative analysis with international experience is also provided. 
Keywords: rail joint zone, vertical dynamic stresses, geosynthetic materials, geotextile, planar geogrids, local 

reinforcement, impulse attenuation, efficiency coefficient, subgrade stability 

 

 
1. Introduction 

Modern maintenance and repair of railway infrastructure 
requires, first of all, a set of technical measures aimed at 

restoring the strength and stability of the earthwork, which 
is the main load-bearing element of the track structure. In 

recent years, in domestic and foreign practice, large-scale 

design solutions have been developed aimed at 

strengthening the main area of the earthwork in order to 
carry out major repairs of the railway network, as well as 

their adaptation for high-speed train traffic.[1-4] Such 
solutions are regulated on the basis of current building codes 

and regulations (Urban planning standard construction, 
building codes, industry road methodological documen) and 

departmental instructions of railway administrations.[8-13] 
In the context of modernization of railway lines and their 

preparation for high-speed passenger traffic (up to 200 
km/h), strengthening the main area of the earthwork and 

reconstruction of the ballast prism are of particular 
importance. Practical experience shows that when the loads 

from rolling stock increase, as well as when the requirements 
for road smoothness and stability increase, it is the condition 

of the earthwork that becomes a decisive factor for the 
duration of operation and safety.[1,2] 

2. Research methodology 

The main task of standard design solutions is to restore 

the required load-bearing capacity of the earthwork soils, 
reduce deformations, and increase the durability of the road 

surface. In this case, the following important engineering 
principles are implemented: 

increasing the strength of the soil base by compaction, 
replacement, or stabilization; 

 
a  https://orcid.org/0000-0001-6247-1869                                             a  https://orcid.org/0000-0003-4622-5937 
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ensuring a drainage system and reducing the moisture 
content of the base, since excessive moisture is one of the 

main causes of deformations; 
reduction of contact stresses by distributing loads from 

rolling stock over a wider area; 
creation of conditions that serve to increase the interval 

between repairs for extending the service life of the road. 
Soil replacement and reinforcement 

The most traditional method of reinforcing the 
earthwork is its renewal with durable and stable materials by 

partial or complete replacement of the soils of the main area. 
During major repairs, weak soils are excavated to a depth of 

0.5-1.0 m and replaced with sand-gravel mixture or gravel. 

In cases of localized deformations, gravel cushion layers 

with a thickness of 0.3-0.5 m are used, which allows for 
rapid restoration of the section's load-bearing capacity. 

In some cases, soil stabilization with binding materials 
(cement, lime, fly ash) is used. This approach allows 

increasing the modulus of deformation and reducing the 
degree of water saturation. Such solutions are especially 

relevant for areas with the prevalence of swelling and weak 
soils. 

Application of reinforcing layers and ballast pads 
When reinforcing the earthwork, additional reinforcing 

layers are traditionally constructed, consisting of gravel, a 
sand-gravel mixture, and asphalt concrete. They perform 

two main functions: 
• redistribution of loads passing from the sleepers to 

the soil base; 
• reduction of dynamic impacts from rolling stock. 

• The thickness of the reinforcing layer varies from 
0.2 to 0.6 m depending on engineering and geological 

conditions and road category. On high-speed railways, 
according to design standards, the minimum thickness of the 

https://orcid.org/0000-0001-6247-1869
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gravel or sand-gravel mixture layer should be at least 0.4 m. 

[9-12] 
Compaction and stabilization technologies 

Among standard solutions, the most common is the 

compaction of the soil base using mechanical means. 

Vibration boards, road compactors, and impact compactors 
are used in this process. As a result of compaction, the 

modulus of elasticity of the soil is brought to normal values 
(20-30 MPa for sandy soils, 12-20 MPa for clay soils). 

In some cases, there is a practice of soil stabilization by 
thermal or chemical methods. The thermal method is rarely 

used mainly in glacial zones, while chemical methods 
(cementation, silicatization, liming) are widely used in areas 

where settling and swelling soils are widespread. 
Traditional reinforcement methods 

Before the introduction of geosynthetic materials, the 
following standard methods were used as reinforcing 

intermediate layers: 
• Laying of masonry layers; 

• construction of wooden or concrete pavements; 
• use of rigid plates or large prefabricated elements 

in zones of increased load (for example, in rail joints). 
These solutions served to increase the local stiffness of 

the structure, but they required large material costs and did 
not provide long-term efficiency under conditions of high 

traffic intensity. 

3. Results and Discussion 

The Standard solution schemes 
During the design work and pilot tests, the following 

standard schemes were identified: 

• Cleaning of gravel to a depth of ≥40 cm, laying of 

geotextile and flat geogrids; 
• work is performed manually without removing the 

rail and sleeper railing; 
• high technological convenience and efficiency are 

ensured; 
• significantly reduces stresses in the lower layers, 

performs waterproofing and isolating functions; 
• is an economically viable option for favorable 

geological conditions. 
• Practice shows that these standard solutions 

remain relevant in major repairs, especially in cases where 
high-speed road conversion is not required. 

• Limitations of standard technologies 
• Despite their widespread use, traditional methods 

have a number of serious drawbacks: 
• high labor intensity and duration of repair work; 

• high material costs when replacing soils at great 
depths; 

• limited efficiency under conditions of high-speed 
movement (dynamic influences lead to rapid accumulation 

of deformations); 
• the need for frequent repeated interventions and 

short maintenance periods. 
These factors necessitated the development of improved 

technologies based on geosynthetic materials and modern 
organizational and technological solutions. 

The effectiveness of the application of standard design 
solutions and technologies for strengthening the earthwork 

can be reliably confirmed only through systematic 
monitoring of their condition. The dynamic impact of rolling 

stock on high-speed railways is significantly higher than on 

regular high-speed lines, which makes the issues of stability 

and durability of the earthwork more relevant. 
By observing the condition of the road on experimental 

and operational sections, it is possible to objectively assess 

the effectiveness of standard solutions used in strengthening 

the main area. Long-term monitoring of high-traffic railway 
lines has shown that the quality of design and technological 

measures directly affects the long-term stability of the track 
and the need for current repairs. 

According to the analysis of the track measuring car 
data: 

The root mean square deviations of road subsidence 
decreased by 1.5 times and remained at the level of ≈1 mm 

after repair; 
the need for straightening work has decreased (except for 

final straightening after stabilizing settlement). 
Organization of the monitoring system 

• The observations are aimed at determining the 
influence of the implemented constructive solutions on the 

following aspects: 
• maintaining the priority and design status of the 

main site; 
• uniform distribution of loads on the soil base; 

• durability of geosynthetic materials and polymer 
additives under operating conditions; 

• Determination of the need and frequency of 
planned preventive work (pressing, straightening, ballast 

filling). 
The monitoring system consists of the following 

components: 
Geodetic measurements: regular surveying of the profile 

and longitudinal surface of the earthwork, monitoring of 
settlement and angle of inclination. 

Instrumental methods: the use of track gauge cars and 
laser control systems to determine the level and level of the 

road; dynamic testing of rolling stock at speeds of 60-160 
km/h. 

Engineering and geological studies: determination of the 
moisture state of the soils of the main area; laboratory 

analysis of samples taken from geotextile horizons. 

Operational observations: recording the volume and 

frequency of lifting and driving operations; assessment of 
the condition of the ballast and separating layers during 

opening. 
Key observation results 

Application of reinforcement with geotextile: 
reduced the intensity of contamination of the ballast 

prism with soil particles by 2-3 times; 
even under unfavorable conditions of moisture, the 

stability coefficient of the earthwork was maintained at the 
level of 1.25-1.35. 

Application of reinforcement with complex solutions 
(geotextile + flat geogrids): 

synergistic effect: uniform load distribution, 
stabilization of the moisture regime, and improvement of 

drainage conditions were observed. 
Observations conducted on high-speed lines in 

Germany, France, and China show that the introduction of 
standard solutions based on polymer materials increases the 

service life of the earthwork by an average of 15-20%. 
However, in foreign practice, automated monitoring systems 

(geometers, vibration sensors, moisture sensors) are used as 
mandatory elements. 

In the conditions of Uzbekistan, especially on the lines 
of the JSC "Uzbekistan Railways" system, monitoring-based 
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approaches and adapted design solutions are of particular 

importance due to sharp temperature fluctuations, arid 
climate, wind erosion, sand movement, and the presence of 

saline soils.[16] 

The results of observations on the effectiveness of 

standard solutions for strengthening the main area of the 
earthwork are presented in Table 1 and Figure 1. 

                                                                                                                                                                                       

                                                                                                                                                                                     Table 1 

Conclusion of observations on the effectiveness of standard solutions for strengthening the main area of the earthwork 

Strengthening 

technology 
Main effect Service life (increase) Economic effect 

Geotextile (separating 

and filtering layer) 

Reduction of ballast contamination by 2-

3 times; stabilization of the stability 
coefficient (1.25-1.35) 

+3-4 years (interim 

repair period from 6-8 to 
9-12 years) 

Reduction of lifting and 

driving costs by 20-25% 

Flat geogrids (in the 
zone of rail joints) 

increasing stability in high-dynamic 
zones; reduction of driving operations by 

1.5-2 times 

+4-5 years 

Reduction of current 

maintenance costs in the 
arrow and joint zones by 

25-30% 

Complex application 
(geotextile + flat grid) 

Synergistic effect: humidity regulation, 

even load distribution, improvement of 
drainage 

+5-6 years (for standard 
service life) 

Reduction of operating 

costs by 20-25%, 
extension of the repair 

interval up to 12 years 

 

Fig. 1. Effectiveness of standard solutions for strengthening the earthwork 

The conducted observations have proven the high 
effectiveness of applying standard design solutions using 

geosynthetic materials. These technologies provided the 
following results: 

increasing the stability of the earthwork and reducing the 
risk of deformation; 

extension of the road's inter-repair service life by an 
average of 15-20%; 

reduction of operating costs by reducing the volume of 
repair work. 

The introduction of standard solutions consisting of 
geotextiles and flat geogrids is considered a justified and 

expedient direction in the practice of strengthening the main 
area of the earthwork, especially in the preparation of main 

lines for high-speed train traffic. 
Proper use of reinforcing materials makes it possible to 

significantly increase the stability of the earthwork and 
extend the intervals between repairs. However, design flaws 

or violations of technological discipline lead to the opposite 
effect: the operational quality of the road decreases, and 

there is a need to limit the speed of movement. 

4. Conclusion 

The use of complex solutions with geosynthetic 

materials increases the inter-repair period by 15-25% and 
reduces operating costs by 20-30%. 

The use of geotextile and a flat geogrid increases the 
stability coefficient of the earthwork to 1.25-1.35 and 

reduces ballast contamination by 2-3 times. 
reduces operating costs by reducing the volume of repair 

work. uniform load distribution, stabilization of the moisture 
regime, and improvement of drainage conditions. 
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Abstract: The increasing prevalence of vehicles with automatic transmission significantly impacts urban transport 

dynamics. This article examines the influence of automatic transmission vehicles on traffic flow speed 
in urban streets, focusing on their advantages and potential challenges. Through a combination of 

theoretical calculations, simulations, and empirical experiments, the impact of these vehicles on traffic 
flow speed and congestion levels is evaluated. The research aims to provide insights for urban planning 

and transportation management strategies. 
Keywords: automatic transmission, urban traffic flow, congestion, transportation management, smart cities 

 

 

1. Introduction 

In recent years, the automotive industry has witnessed a 

significant shift toward vehicles with automatic 
transmission. This shift is associated with improved driving 

convenience, reduced driver fatigue, and the increasing 
complexity of urban transport conditions. As cities continue 

to expand and urbanization accelerates, traffic congestion on 
roads has become a critical issue affecting quality of life and 

economic efficiency. Understanding the impact of automatic 
transmission vehicles on traffic flow speed is essential for 

developing effective mobility management strategies. 
The objective of this study is to investigate the impact of 

automatic transmission vehicles on traffic flow speed in 

urban streets. Automatic transmission vehicles contribute to 
smoother traffic flow and reduced congestion by 

maintaining stable speeds and requiring fewer gear changes. 
However, their interaction with manual transmission 

vehicles in mixed traffic conditions may pose challenges that 
need to be addressed. 

The growing number of automatic transmission vehicles 
presents both opportunities and challenges for urban 

transportation management. While these vehicles can 
enhance driving convenience and reduce driver fatigue, their 

impact on traffic flow speed, particularly in densely 
populated urban areas, remains understudied. Key questions 

include their effects on movement speed, congestion levels, 
and overall traffic efficiency. 

Relevance of the Topic. The relevance of studying the 
impact of automatic transmission vehicles on urban traffic 

flow speed lies in the potential benefits for urban planning 
and transportation management. The Decree of the President 

of the Republic of Uzbekistan No. 190, dated April 4, 2022, 
on “Measures to Ensure Reliable Human Safety on Roads 

and Significantly Reduce Fatalities” is aimed at addressing 

this issue. With the rise of smart cities and the need for 

efficient transportation systems, understanding the dynamics 
of traffic flow with different types of vehicles is crucial. This 

study aims to provide insights to inform road traffic 
management strategies. 

 
 

 
a  https://orcid.org/ 0009-0000-7774-2318  
b  https://orcid.org/0009-0009-9975-7444  

2. Methodology 

Several studies have explored the impact of different 

vehicle types on traffic flow speed. For instance, Smith et al. 
(2020) found that automatic transmission vehicles maintain 

more stable speeds compared to manual transmission 
vehicles, contributing to smoother traffic flow. Similarly, 

Jones and Brown (2019) emphasized that automatic 
transmission vehicles reduce the frequency of stop-and-go 

traffic, a key contributor to urban congestion. However, 
there is a need for comprehensive studies focusing 

specifically on the impact of these vehicles in mixed traffic 
conditions typical of urban streets. 

To address the issue, this study proposes a 

comprehensive analysis combining theoretical calculations 

and empirical experiments. By simulating traffic scenarios 

and conducting real-world experiments, we assess the 

impact of automatic transmission vehicles on traffic flow 

speed and identify potential directions for improving 

transportation management. 

The theoretical foundation of this study involves 

modeling traffic flow using various parameters, including 

vehicle speed, acceleration, and deceleration values. By 

integrating data on the performance of automatic 

transmission vehicles, we can simulate traffic scenarios and 

estimate their impact on overall traffic efficiency. The 

primary equations used in the calculations include the 

fundamental traffic flow equation: 

𝑄 = 𝑘 ∙ 𝑣                                       (1) 

Here, 𝑄 is the traffic flow rate, 𝑘 is the traffic flow 

density, and 𝑣 is the average vehicle speed. 

Traffic simulation software is used to create various 

scenarios with different proportions of vehicles. The 

simulation parameters include vehicle speed limits, traffic 

signal timings, and road network configurations. By varying 

the share of automatic transmission vehicles, their impact on 

traffic flow and congestion levels is observed. 

The experimental component of this study involves 

collecting data from urban streets with a significant presence 

of automatic transmission vehicles. Traffic flow speed and 

congestion levels are measured using traffic sensors and 

https://orcid.org/0009-0001-6098-5775
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cameras. The data is analyzed to identify the relationship 

between the proportion of automatic transmission vehicles 

and traffic flow efficiency. 

The results of our simulations and experiments provide 

valuable insights into the impact of automatic transmission 

vehicles on urban traffic flow. 

The simulation results indicate that increasing the share 

of automatic transmission vehicles in congested conditions 

leads to smoother traffic flow and reduced congestion. In 

scenarios with a higher proportion of automatic transmission 

vehicles, the average vehicle speed increased by 10%, while 

the number of stop-and-go situations decreased by 15%. 

Table 1 

Simulation results of traffic flow 

Share of 
Automatic 

Transmissi
on 

Vehicles 
(%)  

Averag
e 

Traffic 
Flow 

Speed 
(km/h)  

 Stop-
and-Go 

Situatio
ns (per 

km)  

Traffic 
Light 

Crossin
g Time 

(second
s)  

 
Traffic 

Light 
Waitin

g Time 
(secon

ds) 

0 30 18 28 6 

25 32 16 26 5.5 

50 35 14 24 5 

75 37 13 23 4.5 

100 40 12 22 4 

 

 
Fig. 1. The impact of automatic transmission vehicles on 

traffic indicators 

Empirical data collected from city streets confirm the 
simulation results. Streets with a higher share of vehicles 

equipped with automatic transmissions experienced less 

congestion and more stable traffic flow. The data showed a 

12% reduction in average travel time and a 20% decrease in 
waiting time at traffic lights. 

 

 

 

 

 

 

 

 

Table 2 

Empirical results 

Measurement 

Parameters 

Manual 

Transmiss

ion 

Automatic 

Transmiss

ion 

Improveme

nt 

Average 

Traffic Flow 
Speed (km/h) 

35 38 +10% 

Stop-and-Go 

Instances (per 
km) 

15 12 -20% 

Traffic Flow 
Signal 

Crossing 
Time 

(seconds) 

25 22 -12% 

Traffic Light 
Waiting Time 

(seconds) 

5 4 -20% 

 
Fig. 2. Comparison of performance indicators between 

manual and automatic transmission vehicles 

The experimental results were analyzed to identify 
trends and parameters. Vehicles with automatic 

transmissions positively influence traffic flow by 
maintaining a more consistent speed and reducing stop-and-

go behavior. At the same time, potential challenges—such 
as their behavior in mixed traffic conditions—are also 

considered. 
In mixed traffic environments, the interaction between 

automatic and manual transmission vehicles can present 
certain difficulties. Manual vehicles, which often require 
more frequent gear changes and may exhibit greater speed 

variability, can disrupt the smoother flow of automatic 
transmission vehicles. This highlights the need for traffic 

management strategies that consider the presence of both 
vehicle types. 

The findings of this study are highly relevant for urban 
traffic management and planning. The positive impact of 

automatic transmission vehicles on traffic flow suggests that 
encouraging their use—through incentives and social 

reforms—could be beneficial. Additionally, traffic 
management strategies should be adapted to account for the 

coexistence of both automatic and manual transmission 
vehicles in order to optimize overall traffic flow. 

One potential approach is the implementation of 
designated lanes, similar to those for high-occupancy 

vehicles (HOV), specifically for certain types of vehicles. 
This can help separate traffic flows and minimize interaction 

between different transmission types, contributing to 
smoother traffic movement. Moreover, traffic light signal 



Journal Engineer           ISSN: 3030-3893        Volume:3| Issue:3| 2025 
 

 
                                                                 103      September, 2025 
https://doi.org/10.56143/3030-3893-2025-3-101-103 A bridge between science and innovation 

 

timings could be optimized to better accommodate the stable 

speed profiles of vehicles with automatic transmissions. 

 
Fig. 3. Lane segregation for smoothing traffic flow 

3. Conclusion  

This study aimed to provide a comprehensive 
understanding of the impact of automatic transmission 

vehicles on urban traffic flow. The research contributes to 
the development of more effective traffic management 

strategies and urban planning policies, ultimately leading to 
improved transportation conditions and reduced congestion 

in cities. 
The study highlights the potential advantages of 

automatic transmission vehicles in urban traffic settings, 
including smoother traffic flow and reduced congestion. 

However, the interaction between different types of vehicles 
introduces challenges that need to be addressed through 

appropriate traffic management strategies. Future research 
should focus on developing and testing these strategies under 

real-world conditions to validate the findings of this study. 
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Abstract: The purpose of this article to present a method of traffic management in terms of traffic safety and 
environmental safety in the city due to improving the mode of operation of intersections, changing its 

geometry. Information about the increase in the number of cars in Uzbekistan and their contribution to 
environmental pollution has been reflected. The results of the research conducted in the city of Karshi on 

the improvement of transport management are presented. In particular, it has been shown that the service 
level of the intersection (LOS) has improved due to the improvement of the operation mode of the 

intersection of Mustaqillik and Nasaf streets and the change of the geometry of the intersection I.Karimov 
and A.Temur streets. Determination of passenger flow in public transport using the PASSIM program 

and data on the intensity of vehicles in the city are presented. In order to find out the opinion of the 
population of Karshi about public transport, a social survey has been conducted among the population. 

The survey covered 1% of the total population of the city. The survey revealed that the number of bicycle 
users is increasing. Pedestrians also make up the majority of the population. 

Keywords: traffic management, traffic safety, environmental safety, intersection, population, intelligent transport, 
passenger flow 

 

 

1. Introduction 

 Currently, the number of all cars in the whole world is 
1 billion 500 million. The total number of cars in Uzbekistan 

is 3.6 million, 3.2 million of which are passenger cars. So, 
the number of cars in Uzbekistan is 0.24% of the number of 

cars in the whole world. The highest concentration of cars 
corresponds to the city. Currently, there are 780.000 cars in 

Tashkent, the capital of Uzbekistan. Their number is also 
increasing in the central cities of the province. The number 

of cars in the Republic of Uzbekistan has increased by 20% 
in the last 3 years [4]. 

The increasing number of cars complicates traffic flow 
in cities. The traffic congestion index in rush hours reaches 

10 points. The number of traffic accidents has increased. In 
1 year in Uzbekistan, the amount of harmful gases released 

from cars is 1.5 million tons. The contribution of cars to 
environmental pollution in the republic is 60%, while in 

Tashkent this figure is 88% [4]. 
The President and the government of Uzbekistan are 

paying serious attention to this issue. The decree of the 
President of the Republic of Uzbekistan dated 14.02.2023 

No. 59 "On measures to reform the public transport system" 

was issued to increase the attractiveness of public transport 

in Tashkent city and regions, ensure pedestrian safety, 
reduce the number of road traffic accidents and prevent 

them. 
This article presents the results and analyzes of the 

research conducted on the improvement of the transport 
system in the city of Karshi, the center of Kashkadarya 

region. 
Like other cities of the republic, the number of cars in 

Karshi is increasing day by day. In 2021, compared to 2020, 
the number of cars registered in the city increased by 0.4%, 

in 2022 by 1.3% compared to 2021, and in 2023 by 5.13% 
compared to 2022. That is, the number of passenger cars in 

the city of Karshi has increased by 6.8% in the last 3 years. 

In one day, the number of cars in the city of Karshi exceeds 

100.000. 50% of it enter from the country. 

 
a  https://orcid.org/ 0009-0000-7774-2318  

Today, there are various ways to improve traffic 

management in urban conditions. Examples of them include 
improving the geometry of the intersection, the phases and 

timings of the traffic lights at the intersection, coordinating 
the operation modes of the intersections, introducing a 

separate lane and traffic light phases for turning left and 
turning at the intersection, changing the road axis in order to 

calm traffic and etc. 
World experience shows that expansion of existing 

roads, construction of bridges and overpasses may not 
always be effective. This can create conditions for increased 

traffic in the city. Currently, it is recommended to use 
intelligent transport systems in traffic management. For 

example, the use of "adaptive (intelligent)" traffic lights, the 

use of variable traffic signs, the use of roads in a reversible 

way, and the use of information exchange systems vehicle-
to-vehicle (V2V), vehicle-to-infrastructure (V2I), when 

improving the work of intersections, creating a "green 
corridor" for vehicles by coordinating the operation of 

several traffic lights on the street also belongs them. 
 

2. Methodology 

Test-research works were carried out to create a 

transport micromodel of the city of Karshi using the PTV 
VISSIM program. Vehicles entering the city from 7 

directions around the city were counted. The traffic flow has 
been studied in 30 central intersections in the city during 

rush hours of the day. Traffic in and out of the city was done 
by recording the streets on camera. In addition, the flow of 

passengers in existing public transport and stations in the city 
was studied. PASSIM and GEOTRACKER applications 

were used to study the flow of passengers and record the 
direction of buses. Calculation of passengers flow using the 

PASSIM program was carried out on-line, that is, the 
received data was sent to the database via the Internet. Below 

https://orcid.org/0009-0001-6098-5775
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are some of the results of the public transport passenger flow 

study. 
In addition, the information is presented using a map 

(Fig. 1). In the picture on the left, we can see that route #1, 

the total number of passengers in one run is 108, and the 

maximum number of passengers in the cabin is 71. The 
circles in the picture indicate the number of bus stops. The 

figure on the right shows the average technical speed of the 
bus. The picture shows that the average technical speed of 

the bus did not exceed 15 km/h. 
This data is collected at rush times and helps to make 

inferences about traffic and the convenience of public 
transport. 

In order to improve the transport system of Karshi city, 
proposals were made to change the geometry of existing 

intersections, to change the phases and timings of traffic 
lights at intersections, to introduce alternative streets to some 

streets with high traffic. 
In order to study the demand for transport, a social 

survey was conducted among the population. The social 
questionnaire includes following questions: What means of 

transport do you use to go to work, study or other tasks? Are 
you satisfied with the public transport service? What 

profession do you represent? From which address do you 
start your movement? How many movements do you make 

a day and by what type of transport? What distance do you 
cover every day? The social survey was carried out online 

using a special application. 
286.000 people live in the city of Karshi. 1% of the 

population participated in the survey. Below are some of the 
results of the social survey: 

The population aged 16-50 actively participated in the 
survey. That is, it is an active and mobile part of the 

population. In general, people between the ages of 20 and 50 
participated actively, and this is logical. Because most of the 

representatives of this age group are busy with work or 
studies. 

60% of the participants in the survey are women. It is 
possible that the reason for this is that middle-aged men are 

not interested in the state of public transport, since most of 

them travel by private car. 

1st place for transportation is private cars, 2nd place is 
public transport, 3rd place is taxi, 4th place is bicycle. About 

40% are pedestrians. It means that it is important to create 
comfortable and safe infrastructure for pedestrians and 

cyclists. 
When asked how long it usually takes to drive to a 

destination, most responses were 40-60 minutes. 
90% of those who took part in the survey said that they 

would start their first move from home. 40% of them said 
they would go to work and 34% would go to university or 

college. 
There are several ways to improve traffic flow in terms 

of reducing traffic congestion, reducing emissions from 
vehicles, preventing traffic accidents, increasing pedestrian 

safety, and ensuring sustainable transportation systems. 
These are optimization of traffic light phases at the 

intersection, change of its design, creation of separate lanes 
for bicycle users, control of pedestrian crossings by artificial 

intelligence, separate lanes for buses, changing road signs, 
etc. 

 

 
Fig. 1. View from results of searching the passenger 

flow in Karshi city in public transport 

Analysis of the literature shows that with an increase in 
traffic flow in the city, it is more effective to use intelligent 

transport systems rather than widening the road or increasing 
the number of lanes to improve traffic management in the 

city. Also, changing the design of an intersection or 
introducing additional channels for U-turns or left turns 

gives a good result in terms of reducing conflict points and 
improving road safety. This article draws attention to the 

optimal organization of the traffic light and changing its 
design. 

In order to improve the traffic in the city of Karshi, the 
streets with dense traffic flow and many traffic accidents 

were selected. They are I.Karimov, Mustaqillik, Nasaf and 
Jayhun streets. The phases of traffic lights at all intersections 

of these streets and the flow of traffic passing through them 
during the day were studied. During the study of traffic flow, 

attention was paid to the processes during the morning, 
afternoon and evening rush hours. 

The conducted studies and the obtained results are 
presented on the example of the intersection of Mustaqillik 

and Nasaf streets in Karshi city. 
The average number of vehicles that passed through the 

intersection during 1 hour, their traffic directions were 
entered into the VISSIM computer software, and the traffic 

flow at the intersection was simulated using this program. 
After creating a digital view of the intersection, the phases 

of the traffic lights have been changed several times and the 
option with the highest throughput is selected. The following 
table shows the results obtained in the case of unchanged and 

changed traffic light phases at the intersection. 
In most cases, at two-phase intersections, green, yellow, 

and red lights are given the same lighting times. This is 
incorrect, because it is very unlikely that the same traffic 

flow will come from the 4 or 3 streets of the intersection. In 
such cases, it is necessary to optimize the phases of the 

intersection depending on the traffic flow. 
At the intersection of Mustaqilik and Nasaf streets, the 

current and proposed traffic light phases of the intersection 
as follows:  

- current traffic light phases: phase1: red 28 s, 
yellow 3 s, green 23 s;  

- phase 2: red 23 s, yellow 3 s, green 28 s. Cycle 
period is 108 s. 

- proposed traffic light phases: phase1: red 22 s, 

yellow 3 s, green 19 s;  

- phase 2: red 19 s, yellow 3 s, green 22 s. Cycle 
period is 88 s. 
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  The cycle period of intersection has been decreased for 

20 seconds. How it affected to losses of vehicles at the 
intersections is sown in table 1. 

Table 1 

Comparison of losses at the intersections before and 

after improvement of traffic light’s phases 

losses at the 

intersections 

In 

current 
phases 

of 
intersect

ion 

In 

alternativ
e phases 

of 
intersecti

on 

Savings 

after 
improvemen

t of the 
intersection 

(USD per 
year) 

Number of 

vehicles 

6762 6762 - 

Fuel 
consumption, L 

(per hour) /USD 
per year 

372 / 
763000 

293 / 
601000 

162 000 

Lost time by 
passengers, 

hours (per hour) 
/USD per year 

97.5 / 
600000 

75.5 / 
465 000 

135 000 

Emission CO, 

NOx, VOC, kg 

(per hour) /USD 

per year 

25 / 

313250 

13.6 / 

168675 

144 575 

Total 

consumption 
(USD) 

1 676 

250 

1 234 

675 

441 575 

From the table above, we can see that after the 

improvement of the traffic light phases at the intersection, 
the costs for one year have decreased by 26% [1]. 

 
Fig. 2. a) Number of cars, passed through intersection of 

streets I.Karimov and A.Temur. View of the 

intersection before changing;  

b) view of alternative version of the intersection with 

additional channels for turning to the right 

After improving the operation mode of the intersection, 

its capacity has increased by 10.4 % per hour, which means 
that 5758 vehicles will pass through the intersection in 1 

hour during the proposed traffic light phases (see table 2). 

At the intersection of I.Karimov and A.Temur streets, 

the traffic capacity of the intersection has been increased by 
opening an additional lane for turning to the right (Fig. 2). 

In order to increase the throughput of this intersection, it 
was proposed to open an additional road for turning to the 

right on its northeastern and southwestern sides (Fig. 2). As 
a result, the level of service (LOS) of the intersection 

improved from E to C. The indicators of the current state of 
the intersection and the proposed state are presented in the 

comparative table 2. 
Table 2 

Comparison of parameters of the intersection of 

I.Karimov and A.Temur streets before and after 

improvement 

Parameters 
Current 

state 

Alternative 

state 

Level of service (LOS) 

of intersection 
E C 

Average delay of the 

vehicle (sec) 
54.65 42.9 

Average length of 

congestion (m) 
43.03 32.75 

Maximum length of 
congestion (m) 

266.52 164.02 

Average number of 

stops 
1.26 1.09 

Amount of the vehicle, 
passed through 

intersection 

5159 5758 

CO (gr) 10175 9569 

NOx (gr) 1979 1861 

VOC (gr) 2358 2217 

Fuel consumption (L) 145 136 

Data in table 2 for morning rush hour and calculated for 

one hour. Average delay of the vehicle, average number of 
stops are calculated for one vehicle. Fuel consumption and 

amount of CO, NOx, VOC gases are calculated with the help 
of PTV VISSIM software for all vehicles during they delay 
per one hour at an intersection. 

3. Conclusion 

The number of cars is increasing year by year. This leads 
to an increase in traffic congestion, traffic accidents, and 

environmental pollution in cities. In the research carried out 
in the city of Karshi, it can be seen that due to the 

improvement of the phases of the traffic lights at the 

intersections, due to the change of the geometry of the 

intersection, its throughput has increased, the delay time of 
cars at the intersection has decreased, fuel consumption and 

environmental pollution have decreased. For example, at the 
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intersection of Mustaqilik and Nasaf streets, the results of 

the study show that by changing the phases of the 
intersection, one-year expenses for fuel consumption, time 

loss, and environmental pollution will decrease by 26%. The 

level of service (LOS) of the intersection of I.Karimov and 

A.Temur streets was improved from E to C due to the change 
in the geometry of the latter. These changes at the 

intersection do not require large funds. However, it can bring 
great benefits to society. In order to find out the opinion of 

the population of Karshi about public transport, a social 
survey has been conducted among the population. Most of 

the participants in the survey are between 20 and 50 years 
old. Private cars are the number one form of transportation 

in the city. Unfortunately, it is not good indicator. Cyclists 
and pedestrians make up 16% of the mobile population. 

Pedestrians contribute more. It is necessary to improve the 
transport infrastructure for the safe movement of pedestrians 

and cyclists in the city. Also it is a good practice worldwide 
to increase a priority of public transport in order to provide 

an attractiveness of latter and avoid increasing a traffic jam 
in the city for what a big attention has been paying in city of 

Karshi and other big cities of Uzbekistan. 
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