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Assessment and improvement of constructive safety of the Damas light 

passenger vehicle 
 

Kh.T. Tuychiev1 a, Kh.T. Tuychiev1 b 

1Andijan state technical institute, Andijan, Uzbekistan 

 

Abstract: The article is devoted to assessing and improving the constructive safety of the Damas light passenger 
vehicle widely used in Uzbekistan. The study analyzes the influence of geometric parameters, vehicle 
stability, braking performance, and active safety systems on overall operational safety. Vehicle stability 
was evaluated using the Static Stability Factor (SSF), rollover resistance indicators, and braking 
performance calculations. The obtained results showed that the vehicle’s constructive safety is 
significantly affected by its center of gravity position, track width, and the absence of modern active 

safety systems. The calculated stability indicators revealed an increased rollover risk during high-speed 
cornering maneuvers. A comparative analysis demonstrated that the implementation of Anti-lock 
Braking Systems (ABS) and Electronic Stability Control (ESC) could significantly improve vehicle 
stability and controllability under critical driving conditions. Based on the findings, engineering 
recommendations aimed at enhancing vehicle safety, reducing accident risk, and improving operational 
reliability were developed. The proposed measures can contribute to improving road safety and 
increasing the efficiency of light passenger vehicle operation under the road and climatic conditions of 
Uzbekistan. 

Keywords: constructive safety, vehicle stability, Damas vehicle, rollover resistance, braking performance, ABS, 

ESC, road safety, vehicle dynamics, operational reliability 

 

 
1. Introduction 

The rapid growth of the global automotive industry has 
significantly increased the number of vehicles operating on 
roads worldwide. Along with the expansion of vehicle 
ownership, issues related to road traffic safety have become 

one of the most important challenges facing modern 
transportation systems. According to international studies, 
vehicle design characteristics directly affect the severity of 
traffic accidents, passenger protection levels, vehicle 
stability, and overall operational safety [1-5]. Therefore, 
improving the constructive safety of motor vehicles remains 
a priority area of research in automotive engineering and 
transportation safety science. 

In recent years, substantial efforts have been undertaken 
to improve vehicle safety through the implementation of 
advanced braking systems, electronic stability control 
technologies, traction control systems, reinforced body 
structures, and intelligent driver assistance systems. These 
technological developments have considerably reduced 
accident rates and injury severity in modern passenger 
vehicles [4,5]. However, a significant proportion of vehicles 

currently in operation in developing countries continue to 
utilize relatively outdated design solutions that do not fully 
satisfy contemporary safety requirements. 

The Republic of Uzbekistan has experienced a steady 
increase in vehicle ownership during the last decade. The 
expansion of the national vehicle fleet has contributed 
positively to economic development and population 
mobility. At the same time, the increasing traffic intensity 

has led to a growing number of road traffic accidents, 

 
a  https://orcid.org/0009-0000-1117-7862  
b  https://orcid.org/0009-0003-1861-6997  

emphasizing the necessity of improving vehicle safety 
characteristics. Government programs aimed at modernizing 

the transport sector and enhancing road safety have 
identified the improvement of vehicle operational and 
constructive safety as a strategic objective for sustainable 
transportation development [18]. 

Among the vehicles widely used in Uzbekistan, the 
Damas light passenger vehicle occupies a special position 
due to its affordability, maneuverability, and suitability for 
urban and rural transportation. The vehicle is extensively 

used for passenger transportation, small-scale commercial 
activities, and family mobility. Despite its widespread 
utilization, the Damas vehicle possesses several design 
limitations associated with its relatively narrow track width, 
high center of gravity, lightweight body structure, and lack 
of modern active safety systems such as Anti-lock Braking 
System (ABS), Electronic Stability Control (ESC), and 
Traction Control System (TCS). 

Numerous studies have demonstrated that vehicle 

stability during braking, cornering, and emergency 
maneuvers is strongly influenced by geometric parameters, 
weight distribution, suspension characteristics, and tire-road 
interaction conditions. Insufficient stability may lead to 
skidding, rollover accidents, and loss of vehicle 
controllability, particularly under adverse road and weather 
conditions. Consequently, comprehensive assessment of 
constructive safety parameters is necessary to identify 

potential risks and develop effective engineering solutions 
for improving vehicle safety performance[1-3,10]. 

Previous investigations have mainly focused on vehicle 
dynamic behavior, braking efficiency, rollover resistance, 

https://orcid.org/0009-0000-1117-7862
https://orcid.org/0009-0003-1861-6997
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and active safety technologies for modern passenger cars. 
However, limited attention has been paid to the constructive 
safety assessment of compact light passenger vehicles 
operating under the specific road and climatic conditions of 
Uzbekistan. In particular, the stability characteristics and 
safety improvement potential of the Damas vehicle remain 
insufficiently studied, creating a significant research gap in 

the existing literature. 
Therefore, the objective of this study is to evaluate the 

constructive safety characteristics of the Damas vehicle by 
analyzing its stability, braking performance, and operational 
safety indicators, as well as to develop technically justified 
recommendations for improving its safety level. The 
obtained results may contribute to enhancing road safety, 
reducing accident risks, and improving the operational 

reliability of light passenger vehicles used under typical 
operating conditions in Uzbekistan. 

LITERATURE REVIEW 

Vehicle safety has become one of the most actively 
developing research areas in modern automotive 
engineering. The increasing number of vehicles worldwide 
has led researchers to focus on improving both active and 
passive safety systems in order to reduce road traffic 

accidents and their consequences. Active safety systems are 
designed to prevent accidents, while passive safety systems 
aim to minimize injuries when accidents occur. 

Numerous studies have confirmed that vehicle stability 
is one of the key indicators of constructive safety. According 
to the research conducted by Thomas D. Gillespie, the 
stability of a vehicle depends on its geometric dimensions, 
center of gravity position, wheelbase, track width, 
suspension characteristics, and tire-road interaction 

conditions [1]. Vehicles with a high center of gravity and 
narrow track width are generally more susceptible to rollover 
and loss of control during cornering maneuvers. These 
findings are particularly relevant for compact passenger 
vehicles widely used in urban transportation systems. 

Considerable attention has been devoted to the 
development and implementation of modern active safety 
technologies. Studies carried out by the National Highway 

Traffic Safety Administration demonstrated that Anti-lock 
Braking Systems (ABS) significantly improve vehicle 
controllability during emergency braking by preventing 
wheel lock-up. The introduction of ABS technology has 
reduced braking-related accidents and improved vehicle 
stability on slippery road surfaces [4]. 

Further advancements in vehicle safety were achieved 
through the implementation of Electronic Stability Control 

(ESC). Research conducted by European New Car 
Assessment Programme indicated that ESC systems can 
reduce the risk of rollover accidents by approximately 30–
50% and significantly improve directional stability during 
critical driving situations [5]. These systems continuously 
monitor vehicle motion parameters and automatically apply 
braking forces to individual wheels when instability is 
detected. 

Vehicle rollover resistance has also been extensively 
investigated by many researchers. Studies by Rajesh 
Rajamani emphasized that rollover accidents are strongly 
associated with the relationship between vehicle track width 
and center of gravity height [2]. The Static Stability Factor 
(SSF) is commonly used as an indicator for evaluating 
rollover propensity. Vehicles with higher SSF values 
generally demonstrate better resistance to rollover under 

dynamic driving conditions. 

Recent investigations have focused on improving 
vehicle safety through computer-aided simulation and 
mathematical modeling. Finite Element Analysis (FEA), 
multibody dynamic simulation, and virtual crash testing 
have become standard engineering tools for evaluating 
vehicle behavior before physical prototype manufacturing 
[3,10,13]. Such approaches reduce development costs while 

increasing the reliability of safety assessments. 
Researchers in Uzbekistan have mainly concentrated on 

vehicle operational reliability, technical diagnostics, traffic 
safety, and transportation efficiency. The works of 
Hamraqulov, Fayzullayev, Sidiqnazarov and other scholars 
have contributed significantly to understanding vehicle 
operation under local road and climatic conditions. 
However, most studies have focused on technical operation 

and maintenance issues rather than constructive safety 
assessment of light passenger vehicles [6-8]. 

Despite the considerable progress achieved in vehicle 
safety research, the constructive safety characteristics of 
compact light passenger vehicles operating under the 
specific conditions of Uzbekistan remain insufficiently 
investigated. In particular, there is limited scientific 
information regarding the stability, braking performance, 

rollover resistance, and safety improvement potential of the 
Damas vehicle. This gap in the existing literature highlights 
the necessity of conducting comprehensive research aimed 
at evaluating its constructive safety parameters and 
developing practical recommendations for their 
improvement. 

Therefore, the present study focuses on assessing the 
constructive safety of the Damas vehicle through analysis of 
stability indicators, braking characteristics, and potential 

engineering measures intended to enhance operational safety 
under real operating conditions. 

2. Methodology 

Research Object. The object of this study is the Damas 
light passenger vehicle, which is widely used in Uzbekistan 

for urban and suburban transportation. Due to its compact 
dimensions, low fuel consumption, and economic 
affordability, the Damas vehicle occupies an important 
position in the national transport system. However, 
compared with modern passenger vehicles, its constructive 
safety characteristics require further investigation. 

The main technical specifications of the investigated 
vehicle are presented in Table 1. 

Table 1 

Main technical parameters of the Damas vehicle 

Parameter Value 

Vehicle type Light passenger vehicle 

Engine displacement 0.8 L 

Vehicle mass 850 kg 

Wheelbase 1840 mm 

Overall length 3485 mm 

Overall width 1400 mm 

Overall height 1920 mm 
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Ground clearance 160 mm 

Seating capacity 7 persons 

 

The technical characteristics were obtained from the 
manufacturer’s specifications and vehicle operation manuals 
[19]. 

Method for Evaluating Vehicle Stability. Vehicle 
stability was assessed using geometric parameters affecting 
rollover resistance and lateral stability. 

One of the most important indicators of constructive 
safety is the Static Stability Factor (SSF), which can be 
determined using the following equation: 

𝑆𝑆𝐹 =
𝑇

2𝐻
 

where: 
T – vehicle track width, m;  
H – height of the center of gravity, m.  
The Static Stability Factor characterizes the resistance of 

the vehicle to rollover during cornering maneuvers. Higher 
SSF values indicate greater vehicle stability [1,2]. 

To determine the critical rollover speed, the following 
relationship was used: 

𝑉𝑟 = √𝑔𝑅
𝑇

2𝐻
, [2,10] 

where: 
Vr – rollover speed, m/s;  
g – gravitational acceleration (9.81 m/s²);  
R – turning radius, m;  

T – track width, m;  
H – center of gravity height, m.  
This equation allows estimation of the vehicle speed at 

which rollover becomes theoretically possible during 
cornering [21]. 

Braking Performance Assessment. Vehicle braking 
efficiency was evaluated by determining braking distance 
under dry asphalt road conditions. 

The braking distance was calculated according to: 

𝑆𝑏 =
𝑉2

2𝑔𝜑
, [11,15] 

where: 
Sb – braking distance, m;  
V – initial vehicle speed, m/s;  
g – gravitational acceleration, m/s²;  
φ – tire-road adhesion coefficient.  
To account for driver reaction time, total stopping 

distance was determined using: 
St=Sr+Sb 
where: 

St – total stopping distance, m;  
Sr – reaction distance, m;  
Sb – braking distance, m.  
These indicators are widely used in vehicle safety 

analysis and transportation engineering studies [22]. 
Safety Improvement Assessment. To improve the 

constructive safety of the Damas vehicle, several 
engineering measures were analyzed: 

- installation of an Anti-lock Braking System 
(ABS);  

- implementation of an Electronic Stability Control 
(ESC) system;  

- optimization of vehicle mass distribution;  

- reduction of the center of gravity height;  

- improvement of suspension stiffness 
characteristics.  

The effectiveness of these measures was evaluated 
through comparative analysis of stability and braking 
indicators before and after implementation. The expected 
improvement level was estimated using published safety-
performance data reported in previous international studies 
[12,13,16]. 

Data Processing and Analysis. All calculations were 
performed using analytical methods commonly applied in 
vehicle dynamics and transportation engineering. The 
obtained results were processed and compared with safety 
requirements established in international vehicle safety 
standards and recommendations. 

The calculated stability coefficient, rollover resistance 
parameters, and braking characteristics were used as the 

main criteria for evaluating the constructive safety level of 
the Damas vehicle under operating conditions typical of 
Uzbekistan. 

3. Results 

Evaluation of Vehicle Stability Characteristics. The 
constructive safety of the Damas vehicle was evaluated 

based on its geometric dimensions, weight distribution, and 
stability indicators. Particular attention was given to rollover 
resistance, as compact passenger vehicles with relatively 
high body structures are more susceptible to instability 
during cornering maneuvers. 

Using the geometric parameters of the Damas vehicle, 
the Static Stability Factor (SSF) was calculated according to 
Equation (1). The vehicle track width was assumed to be 

1.22 m, while the estimated center of gravity height was 0.75 
m. 

𝑆𝑆𝐹 =
1,22

2 × 0,75
= 0,81 

The obtained SSF value indicates a moderate level of 

rollover resistance. According to international vehicle safety 
studies, passenger vehicles with SSF values below 1.0 
require additional attention regarding stability improvement 
measures [2,4,5]. 

To estimate rollover resistance under operating 
conditions, the critical rollover speed was determined for a 
turning radius of 50 m: 

𝑉𝑟 = √9,81× 50× 0,81 

𝑉𝑟 = 19,91 𝑚/𝑠 

𝑉𝑟 = 71,8 𝑘𝑚/ℎ 

The results show that the Damas vehicle may approach 
rollover conditions when negotiating relatively sharp curves 
at speeds exceeding approximately 72 km/h. This value is 

lower than that of many modern passenger vehicles equipped 
with advanced stability control systems. 

Table 2 

Calculated stability indicators of the Damas vehicle 

Parameter Value 

Track width (m) 1.22 
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Center of gravity height 

(m) 

0.75 

Static Stability Factor 

(SSF) 

0.81 

Turning radius (m) 50 

Critical rollover speed 

(km/h) 

71.8 

The obtained results indicate that vehicle stability can be 

significantly influenced by speed selection, road geometry, 
and loading conditions. 

Braking Performance Analysis 

Vehicle braking performance was assessed under dry 
asphalt road conditions with an adhesion coefficient of 0.75. 
Calculations were performed for a vehicle speed of 60 km/h. 

The braking distance was determined using Equation 

(3): 

𝑆𝑏 =
𝑉2

2𝑔𝜑
=

16,672

2×9,81×0,75
= 18,9 𝑚 

Considering an average driver reaction time of 1 second, 

the reaction distance becomes: 
Sr=16.67×1=16.67 m 

The total stopping distance is therefore: 
St=16.67+18.9=35.57 m 

Table 3 

Braking performance indicators 

Parameter Value 

Vehicle speed (km/h) 60 

Adhesion coefficient 0.75 

Braking distance (m) 18.9 

Reaction distance (m) 16.7 

Total stopping distance (m) 35.6 

The analysis demonstrates that more than 45% of the 

total stopping distance is associated with driver reaction 
time. Consequently, driver awareness and active safety 
systems play an important role in accident prevention. 

Comparative Analysis of Safety Systems 

A comparison was conducted between the Damas 
vehicle and a modern passenger vehicle equipped with 
advanced active safety systems. The comparison focused on 
safety-related equipment influencing vehicle stability and 

braking efficiency. 
Table 4 

Comparison of safety-related features 

Safety Parameter Damas Modern Passenger 

Vehicle 

ABS No Yes 

ESC No Yes 

Traction Control 

System 

No Yes 

Brake Assist No Yes 

Rollover Stability 

Control 

No Yes 

The comparison reveals that the Damas vehicle lacks 

several active safety technologies commonly used in modern 
automotive design. The absence of these systems may 
increase the probability of skidding, wheel lock-up, and 
rollover during emergency maneuvers. 

Proposed Safety Improvements. Based on the obtained 
results, several engineering measures were proposed to 
improve the constructive safety of the Damas vehicle: 

1. Installation of an Anti-lock Braking System 
(ABS);  

2. Introduction of Electronic Stability Control 
(ESC);  

3. Optimization of suspension parameters;  
4. Reduction of the center of gravity height;  
5. Improvement of tire-road adhesion characteristics.  

Previous studies indicate that ABS implementation may 

reduce braking-related accidents by approximately 20–25%, 
while ESC systems can decrease rollover risk by up to 40% 
[5,12]. 

Table 5 

Expected safety improvement after implementation of 

proposed measures 

Improvement Measure Expected Safety 

Improvement 

ABS installation 20–25% 

ESC implementation 30–40% 

Suspension optimization 10–15% 

Lower center of gravity 12–18% 

Improved tire 

performance 

5–10% 

The implementation of these measures would 

significantly increase vehicle stability and reduce accident 
risks under typical operating conditions in Uzbekistan. 

Discussion. The obtained results demonstrate that the 
constructive safety level of the Damas vehicle is largely 
determined by its geometric configuration and the absence 
of modern active safety technologies. The calculated Static 
Stability Factor of 0.81 indicates acceptable stability for 
normal operating conditions; however, rollover risk 

increases considerably at higher speeds and during sudden 
steering maneuvers. 

Braking analysis revealed that stopping distance remains 
within acceptable limits under dry road conditions. 
Nevertheless, the absence of ABS may negatively affect 
vehicle controllability during emergency braking, especially 
on wet or low-adhesion road surfaces. 

Comparative analysis showed that the implementation of 

modern active safety systems could substantially improve 
vehicle stability and accident prevention capabilities. 
Therefore, modernization of the braking and stability control 
systems should be considered one of the most effective 
approaches to enhancing the constructive safety of light 
passenger vehicles operating in Uzbekistan [12,13,20–23]. 
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4. Conclusion  

The study evaluated the constructive safety 
characteristics of the Damas light passenger vehicle based 
on stability and braking performance indicators. The 
obtained results showed that the vehicle's safety level is 
significantly influenced by its geometric parameters, center 
of gravity position, and the absence of modern active safety 
systems. 

The calculated Static Stability Factor (SSF) of 0.81 and 

the critical rollover speed of 71.8 km/h indicate that vehicle 
stability may decrease during high-speed cornering and 
emergency maneuvers. Braking analysis demonstrated that 
the total stopping distance at 60 km/h is approximately 35.6 
m under dry road conditions. 

The research also revealed that the implementation of 
modern safety technologies such as ABS and ESC can 
significantly improve vehicle stability, braking efficiency, 

and rollover resistance. Therefore, introducing active safety 
systems, optimizing suspension parameters, and improving 
weight distribution are recommended as effective measures 
for enhancing the constructive safety of the Damas vehicle. 

The proposed recommendations can contribute to 
improving road safety and increasing the operational 
reliability of light passenger vehicles under the operating 
conditions of Uzbekistan. 
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Abstract: Railway switch control systems on railway are essential to ensure safe and efficient traffic. In this article, 
the development of automated control systems of railway switches, their technological basis, safety issues 

and energy efficiency improvement approaches are considered. The main attention is focused on the 
production and practical use of a microelectronic alternative version of the relay НПС block, which 
belongs to the dialing group, of modern control blocks, in particular, based on the technical requirements 
for railway automation and telemechanics equipment, and their harmonious operation with telemechanics 
tools. 

Keywords: Class II relays, ВУ, ПВУ, МУ, ПУ relays, Switch Control Circuit. НПС block, Current sensor, 
optocouplers, light-emitting diodes, modern microcontroller boards, dial group block. 

 

 
1. Introduction 

Modern practice has shown that relay, mechanical, 
processor-relay railway transport automation and 
telemechanics systems have a number of disadvantages, 
their use is limited and technically ineffective. Currently, 
relay devices that perform interconnection of switches and 
signals are increasingly being replaced by microprocessor 

systems. This is due to the following reasons. 
Firstly, maintenance of microelectronic systems 

compared to relay systems, the high cost of such systems 
shows that their implementation is economically feasible. 

Secondly, indicators of microelectronic systems due to 
the use of excess reserves of individual constituent elements 
of the system and advanced diagnostic systems. 

Thirdly, by providing employees with quick information 
and by expanding the functional capabilities of the systems 

due to the simple integration of railway automation and 
telemechanics microelectronic systems into high-level train 
traffic control systems (DM, control centers, etc.). 

Taking into account the above, in this article, I propose 
to develop a model of a microelectronic НПС unit consisting 
of microelectronic devices, intended for use in centralizing 
relay-processors and microprocessors of the dial group.  

2. Research methodology 

In railway automation and telemechanics, much 
information about the switch control circuit is provided in 
standard albums and typical solutions. In this article, I will 
explain in detail which types of power supply are used in 
switch control depending on the size of the station and the 

location of the switch: the difference between the central 
supply and the main supply switch control circuits, why the 
main supply is necessary, and how the НПС block (Figure 

1), which belongs to the setting group serving route 

 
a  https://orcid.org/0000-0001-8404-3013  
b  https://orcid.org/0009-0007-2900-0046  

formation in the process of controlling distant switches with 
main supply, operates through current flow circuits of its 
constituent relays in sequence.  

The main difference between the switch control circuit 
with main supply and the switch control circuit with central 

supply is that, instead of the polarized relay Р in the switch 
electric drive, a ПС combined relay of type СКПРЗ-2800 is 
installed. In the switch drive control circuit at the central 
post, since direct current with a voltage of 220 V is used for 
the control circuits, a 0.5 A fuse is installed as protection. To 
reduce the nominal voltage of the direct current in the control 
current, a 12 kΩ resistor is connected in series with the ПС 
relay in the circuit produced by the selenium rectifier valve. 

When such a resistor is connected, if the control circuit is 
supplied with alternating current of 50 Hz frequency, the 
maximum distance of the switch electric drive is 2 km. When 
the cable length is between 2 km and 3.5 km, the 12 kΩ 
resistor is replaced with a 10 kΩ resistor, and the CKT-I 
transformer with its I and II windings connected in series is 
also connected in series. A capacitor with a capacitance of 4 
μF connected in parallel to the ПС relay windings shunts the 

alternating component and protects the relay from armature 
vibration. When the switch is moved from the plus position 
to the minus position, the working battery voltage of 220 V 
is supplied to the ПС relay through the 12 kΩ resistor. In this 
case, the current in the ПС relay circuit is sufficient to move 
the polarized armature of the relay, but not enough to attract 
the neutral armature. After the polarized armature is 
conducted through contacts 121–123, the ПС relay is 
shunted with the 12 kΩ resistor, and the ПС relay attracts its 

neutral armature, connecting the working current main line 
to the electric drive windings. The neutral armature The 
neutral armature of the ПС relay shunts the 12 kΩ resistor 
through contacts 31–32 during the switch transfer, which 
ensures precise relay operation when the switch is not fully 
transferred and the drive is reversing. 

https://orcid.org/0000-0001-8404-3013
https://orcid.org/0009-0007-2900-0046
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Fig. 1. Principal Circuit Diagram of the НПС Block

The switch electric drive control circuit with main 
supply is considered the most economical if the working 
current main line is intended to transfer one or at most two 
switches simultaneously. In route interlocking, the number 
of switches transferred simultaneously is not constant, but 
depends on the length of the route and the current position 

of the switches before the route is set. Therefore, when the 
working current main line is designed to transfer more 
switches simultaneously, the voltage drop in it exceeds the 
permissible value, which leads to the slowing down or 
complete stoppage of switch transfer.  

 
Fig. 2. Switch Commutator 

A scheme has been developed to limit the number of 
switches transferred simultaneously according to the 
calculated cross-section of the main line. Since switches 
located at long distances are supplied specifically by the 
main supply, each switch commutator with main supply uses 

an НПС block consisting of two types of relays inside: the 
auxiliary control relay ВУ and its repeater ПВУ relay. One 
НПС block is installed for every three switch commutators. 
In addition, a group control relay ГУ of type НМШ2-3000 
is installed for all switches on this main line.      

 
Fig. 3.1. МУ Relay Contact and Figure 3.2. OK Relay    

                               Polarized Contact 

During the route setting process, the ПУ or МУ relay of 
the switches included in the route is energized. In addition, 
according to the following circuit: ТП through contacts 41 - 

43 and 21 - 23 of the switch commutator (Figure 2), the 
contact of the control relay (for example, МУ in Figure 3.1), 
when the switch is transferred to the minus position and the 

OK relay contact (Figure 3.2), which monitors that the 
switch is in the plus position, only the ВУ relay of the 
switches that need to be thrown is energized.  

 Below, the operating sequence of three ВУ relays are 
expressed example of the 1VU (Figure 4), relay and its 
circuits and diagrams. The 1VU relay is energized when the 
П (+24V) supply comes to terminal 1-18 and the M (-24V) 
supply simultaneously comes to terminal 1-19, bringing it 

into a current-carrying state. It then self-locks until the 
switch transfer is completed and the corresponding control 
is obtained. 

 
Fig. 4. Circuit and Diagram of the 1ВУ Relay in 

Energized State 

The 2ВУ relay is also energized when the П (+24V) 

supply comes to terminal 1-20 and the M (-24V) supply 
simultaneously comes to terminal      1-19, bringing it into a 
current-carrying state. It then self-locks until the switch 
transfer is completed and the corresponding control is 
obtained. The operation of the 3VU relay is similar to the 
above two relays, that is, when the П (+24V) supply comes 
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to terminal 1-22 and the M (-24V) supply simultaneously 
comes to terminal 1-19, it is energized and self-locks until 
the switch transfer is completed and the corresponding 
control is obtained.  

 

Fig. 5. Circuit and Diagram of the ГУ Relay in 

De-energized State 

When any of the ВУ relays is energized, their contacts 

interrupt the circuit of the group control relay ГУ (Figure 

5), causing it to de-energize and release its armature with a 
delay of 0.8 seconds.  

Through the front contacts of the ГУ relay, the excitation 
circuit of the ВУ relay is interrupted, while through its back 
contacts the circuits for energizing the ПВУ relay are 
connected. The delay of the ГУ relay ensures that the 
sequential excitation circuit of the ПВУ relay is connected 

only after all the ВУ relays of the switches included in the 
route have been activated. The front contacts of the ПВУ 
relay are introduced into the excitation circuit of the НПС 
relay in series with the contacts of the ПУ and МУ relays 
belonging to the switch in the switch control circuit.  

The connection scheme of the ПВУ relay is designed in 
such a way that, depending on the calculated cross-section 
of the main line, it ensures the simultaneous excitation of one 
or two ПВУ relays, which in turn allows one or two switches 

to be thrown simultaneously. Below, the operating sequence 
of all 1ПВУ, 2ПВУ, and 3ПВУ relays is expressed through 
circuits and diagrams.  

 
Fig. 6. Circuit and Diagram of the 1ПВУ Relay in 

Energized State 

When it is necessary to ensure the simultaneous switching of 

two Switch Control Circuit, a second circuit with contacts 
marked by dashed lines is connected to the scheme. After the 

ПВУ relays are energized, a self-locking circuit is activated 
through their own contacts. 
If double-sided control of switches is available in the main 
supply area, the second excitation circuit of the ПВУ relay 
is interrupted through the contact of the Д relay, which 
cancels centralization. 

 

 
Fig. 7. Circuit and Diagram of the 3ПВУ Relay    in 

Energized State 

In addition to the main excitation circuit, the ПВУ relay has 
a locking circuit through its own contacts and the front 
contacts of the В relay. Such locking ensures that the ПВУ 
relay can only be connected for the next switch operation 
when there is no current in the working supply line. This is 

necessary to prevent disconnecting the bus intended for 
simultaneous operation of two switches while one of them 
has not yet been fully transferred. 

3. Conclusion  

Scientific analyses in railway automation and 
telemechanics demonstrate that centralized supply and 

trunk supply schemes differ significantly in both technical 
and functional aspects. While the centralized supply scheme 
is suitable for small stations, the trunk supply scheme 
ensures efficiency in managing switches located at long 
distances in large stations. 

In trunk supply schemes, the use of the ПС combined 
relay, resistors, transformers, and capacitors provides 
mechanisms to control voltage drops and guarantees stable 

relay operation. This configuration ensures energy 
efficiency, precise monitoring, and high reliability in route 
centralization processes. 
Scientifically grounded results 

Energy efficiency: The trunk supply scheme allows one 
or two switches to be operated simultaneously according to 
the calculated section, ensuring rational use of electrical 
energy. 

Monitoring accuracy: Sequential operation of the 
polarized and neutral armatures of the ПС relay prevents 
incorrect reversals and ensures reliable monitoring of switch 
positions. 

Route centralization: Sequential activation of ВУ and 
ПВУ relays guarantees safe and orderly control of switches 
included in the route. 

Blocking circuits: The blocking function of the ПВУ 
relay ensures that subsequent switches are connected only 

when the trunk line is free of current, thereby strengthening 
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operational safety. 
Recommendations 

Station design: For large stations, trunk supply schemes 
should be prioritized, as they effectively manage distant 
switches. 

Energy saving: Optimal selection of resistors and 
transformers in trunk supply schemes can reduce energy 
consumption. 

Safety enhancement: Improving PVU relay blocking 

circuits will further increase safety in route centralization. 
Technical maintenance: Regular diagnostics and 

preventive inspections of relays and transformers ensure 
stable system performance. 

Innovative application: Introducing modern electronic 
monitoring blocks and digital relays can significantly 
improve the efficiency of trunk supply schemes. 

Practical applications 

Large stations: Trunk supply schemes enable fast and 
safe route centralization. 

Long-distance switches: They serve as energy-efficient 
and reliable solutions for managing remote switches. 

Modernization projects: Trunk supply schemes can be 
adopted as key technical solutions when upgrading existing 
centralized supply systems. 

In conclusion, the trunk supply switch control scheme is 

not only technically efficient but also plays a crucial role in 
ensuring railway transport safety. These scientific findings 
and recommendations highlight that the application of trunk 
supply schemes in railway automation systems is a decisive 
factor in improving station management efficiency and 
ensuring the stable operation of transport infrastructure. 
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Abstract: A new intelligent diagnostic method for assessing the technical condition of diesel locomotive engines 
using the lubricating oil condition monitoring system is presented in this paper. The proposed method 
incorporates key oil condition parameters such as kinematic viscosity, iron (Fe) and copper (Cu) wear 
particle concentrations, soot content and water contamination as indicators of engine health. These 
parameters are useful for understanding the lubrication performance, wear of the components and 
potential defects in the engine that may arise during operation. In order to increase the diagnostic 
accuracy, an Adaptive Neuro-Fuzzy Inference System (ANFIS) was designed to study the collected data 

and classify the engine condition based on the technical state. The proposed model has applied artificial 
neural network capability to learn the relationship and fuzzy logic to reason the relationship between oil 
properties and engine degradation, which makes it effective in identifying the complex nonlinear 
relations between them. The intelligent diagnostic system developed allows to identify early abnormal 
operating conditions, facilitates the planning of predictive maintenance actions and decreases the risk of 
unexpected engine failures. Consequently, maintenance expenses can be kept at low levels and 
locomotives can be made more available, reliable and service life extended. The proposed approach is 
also shown to be suitable for implementation at the real time condition monitoring system, and it is a 

powerful tool for maintaining and managing the assets of modern railways. 
Keywords: diesel engine, condition assessment, oil analysis, intelligent diagnostics, ANFIS, fuzzy logic, operational 

reliability, predictive maintenance 

 

 
1. Introduction 

The reliable and efficient operation of diesel 
locomotives used in railway transport ensures not only the 
continuity of the passenger and freight transportation system 
but also operational safety. It works at a high load regime, at 
high temperatures, and does not stop, therefore it can quickly 

wear out and unforeseen failures or other breakdowns begin 
to occur. The technical condition of the engine should be 
monitored regularly and faults should be detected early 
enough as a means of enhancing operational efficiency [1] 

Traditional maintenance methods are usually carried out 
without a set schedule or on a calendar basis. This approach 
does not take into account the actual technical condition of 
the engine and increases the risk of failing to detect 

malfunctions in time. For this reason, in recent years, a 
predictive diagnostics approach has been widely 
implemented. 

Engine oil analysis is one of the most promising methods 
of predictive technical diagnostics. Oil is a medium that is in 
direct contact with all working elements of the engine, and 
changes in its physicochemical and elemental composition 
provide important information about the technological 

processes inside the engine. For example, metal particles in 
oil provide information about decay processes, while 
oxidation indicators provide information about the degree of 
oil wear[2]. 

In this article, diagnostic parameters based on oil 

analysis are selected when assessing the technical condition 
of diesel engines. Based on parameters, a basis is created for 
intelligent approaches (for example, ANFIS, fuzzy logic) 
aimed at identifying possible engine failures. The results of 
the article will serve as a methodological basis for the 
subsequent development and practical implementation of 
algorithmic models 

2. Research methodology 

The selected methodological approach for evaluating the 
technical condition of diesel engines through oil analysis is 
primarily based on assessing the physicochemical and 
elemental composition of the oil. Such a method indirectly 
indicates the wearing, oxidizing, and infiltration of foreign 

matter that take place in the actual operating environment. 
The chosen parameters are based on international standards, 
scientific literature, and advanced practices in the field of 
technical diagnostics [3]. The following table 1 presents the 
main indicators selected for the diagnostic model. 

As a research methodology, the relationship of 
parameters with the corresponding diagnostic models, the 
degree of their sensitivity, and the coefficients of variability 

are analyzed.
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Table 1 

Physicochemical and elemental oil parameters selected for the diesel engine diagnostic model 

№ Parameter title 
Measurement            

unit 
Analysis method Diagnostic importance 

1 Viscosity mm²/s (cSt) Capillary viscometer (ASTM D445) 
Lubrication performance, 
protection against wear 

2 Iron (Fe) ppm ICP-OES spectroscopy 
Wear of cylinder-liner assembly 

and crankshaft components 

3 Copper (Cu) ppm ICP-OES 
Bearing wear and surface 

degradation 

4 Sediment (Soot) % Thermogravimetric analysis (TGA) 

 

Poor combustion, filter saturation 

5 Oxidation index Arbitrary unit IR-spectroscopy (FTIR) 
Chemical degradation of oil, 

resistance in oxidative 
environment 

6 Water mixing % Karl Fischer titration 
Cooling system malfunction, 
condensation, corrosion risk 

As a research methodology, the relationship of 
parameters with the corresponding diagnostic models, the 
degree of their sensitivity, and the coefficients of variability 
are analyzed. The above-mentioned methods can be used for 
oil analysis in laboratory conditions, which are selected 
based on international standards (ASTM, ISO, GOST) [4]. 

 Basics of the model 

Within the framework of this study, an intelligent 
forecasting model based on the Adaptive Neuro - Fuzzy 

Inference System (ANFIS) was developed to assess the 
technical condition of diesel locomotive engines and ensure 
their operational reliability. ANFIS is a robust tool having 
ability of neural network self learning with the advantages 
as fuzzy logic fuzzy and complex system modeling. It 
provides a high degree of accuracy in determining fuzzy and 
nonlinear relationships between parameters [5]. 

The model consists of the next steps: 

- Determining parameters of input: simple 
physicochemical parameters of the engine oil, such as: 
kinematic viscosity, the total acid number (TAN) and the 
content of metal particles (Fe, Cu, Al)) and sediment 
concentration (soot); 

- Decomposition into fuzzy categories: each input 
parameter is represented based on such fuzzy categories as 
“low”, “medium”, and “high”; 

- Formation of the rule base: a set of fuzzy rules of 
the form “If..., then...”, in which the technical condition of 
the engine (for example, good, average, bad) is determined 
based on a combination of parameters; 

- Training of the ANFIS-based model: Through the 
data base available and applying some optimization method, 
trained and optimized ANFIS model has been achieved. 

- Formation of output results: based on new data, the 
technical condition of the engine is predicted by the model. 

The model is based on the Fuzzy Logic Toolbox and 
Neural Network Toolbox libraries of the MATLAB 
program, which allows the user to load data through an 
intuitive interface, configure fuzzy categories, and 
effectively practice the model [6]. 

Figure 1 presents a general representation of the ANFIS 
model proposed here. 

Assessment criteria 

In an attempt to quantitatively evaluate the correctness 
and diagnostic performance of the model, following 
statistical criteria were applied: Mean Squared Error (MSE): 
This criterion is the square of difference between predicted 
model value and observed value of the experiment. The 
lesser MSE is, the more predictive is the model [7].  

Coefficient of Determination (R2 - Coefficient of 

Determination): This criterion gives the degree to which the 
model is able to explain the overall variance. When the R2 
value approaches 1, then the accuracy is high. ROC-AUC 
(Receiver Operating Characteristic - Area Under Curve): 

The performance of the model in terms of classifications 
is measured by the AUC. AUC value varies between 0 and 
1, and the higher the value, the higher the sensitivity and 
proper functioning of the diagnostic model. The results, in 

the case of the AUC above 0.9 are highly sensitive, and the 
diagnostic model functions properly. According to these 
assessments, model accuracy was checked in the scenario of 
training and testing which proved that it yields consistent 
outcomes in a real condition of operation as well [8]. 

 
Fig. 1. Block diagram of the ANFIS model, which assesses the state of the engine based on oil analysis 
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3. Results and discussion  

ANFIS model developed in the course of the research 
proved to be a useful instrument in evaluating the technical 
state of the diesel locomotive engines and malfunctions 
predictions. Parameters contained in the model were chosen 
as iron (Fe), copper (Cu), kinematic viscosity, sediment 
content (hours), and water mixture due to their most 
significant indicators that determined oil analysis. These 
parameters directly reflect the disruptions in the 

performance of tribotechnological processes and functional 
components within the engine [9]. 

The ANFIS model had the following statistical 
indicators that determined its diagnostic accuracy: Mean 
Square Error (MSE) = 0.083 

 R2 = 0.912  AUC=0.95  
These findings show the model is highly accurate and a 

useful method in forecasting. In particular, such indicators 

as viscosity and the content of metal particles (Fe, Cu) give 
a clear picture of the wear conditions and degradation of oil 
properties occurring in the internal parts of the engine. 

During the discussion, the following main observations 
were noted: 

An increase in the amount of sediment may be associated 
with an imbalance in the combustion process, a violation of 
the fuel-air ratio, or wear of the piston rings; 

A rise in the level of iron and copper is a definite 
indicator of wear of the crank shaft, bearing, bed surfaces 
and other parts that move; 

Any reduction in the viscosity to a high extent means that 
the oil has expired and should be replaced; 

The presence of a water mixture indicates technical 
problems in the engine's cooling system[9]. 

Also, unlike classical statistical methods, the ANFIS 
model showed high efficiency in determining fuzzy and 

nonlinear relationships between diagnostic indicators. This 
enables a need-based and continuous and correct 
determination of the engine status in operation conditions. 

In general, the research results have proven that the 
predictive diagnostic model developed on the basis of 
ANFIS is of great importance in extending the reliability of 
diesel engines, increasing operational safety, and optimizing 
maintenance costs [10]. 

Comparative Analysis 
The research results were compared with previously 

conducted scientific developments. For example: 
The diagnostic model developed by Zaharia et al. (2017) 

based on metal elements (Fe, Cu) in diesel engine oil has an 
indicator of AUC = 0.87. 

In the work of Clenci et al. (2018), the root mean square 
error in the neural model based on viscosity and oxidation 

parameters was MSE = 0.14. 
In our study, high indicators such as MSE 0.083 and 

AUC 0.95 were achieved through the integration of several 
parameters (viscosity + Fe + Cu + soot + water) and a fuzzy 
logic-based approach. 

This proves the effectiveness of the ANFIS model in 
complex, fuzzy, and multi-parameter environments 
compared to classical neural networks [11-12]. 

4. Conclusion 

Within the framework of this study, a predictive 
diagnostic approach was developed, aimed at assessing the 

technical condition of diesel locomotive engines and 
increasing their operational reliability. Based on the 
proposed method, engine wear processes were modeled 
using the ANFIS (Adaptive Neuro-Fuzzy Inference System) 
model, relying on the main physicochemical parameters of 
engine oil (viscosity, sediment (soot), metal impurities - in 
particular, the content of iron and copper, as well as water 
concentration). 

The analysis results showed that the recorded changes in 

the oil samples are highly correlated with the technical 
condition of the engine's internal parts, and the intelligent 
model built on the basis of these parameters has high 
accuracy in determining the real operational state of the 
engine. The ANFIS model's root mean square error rate 
(MSE) is 0.083 and the ROC AUC value is 0.95, which 
confirms its effectiveness. This allows the model to be 
implemented in real-time technical diagnostic systems. 

The study has the following major findings: 
The diagnostic method based on oil analysis serves as an 

effective tool as a non-invasive method of technical 
inspection of diesel engines; 

The artificial intelligence approach based on the ANFIS 
model makes it possible to assess the functional state of 
engine components with high accuracy; 

This strategy will play a crucial role in the optimization 

of maintenance period and aversion of technological failures 
as well as operating expenses. During additional work, an 
automated system of diagnosing vehicles is going to be 
developed by modifying the model to a variety of engines 
and increasing the data set, as well as combining it with IoT 
devices. 
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Abstract: The article considers the issue of determining the safe speed of vehicles in mountainous areas and the 
scientific justification of the need for its mandatory reduction. A complex mathematical model is 
proposed that takes into account the turning radius, pavement adhesion coefficient, traffic flow intensity, 

flow density, geometric coefficient and permissible risk level. Using the example of the mountainous 
areas of the M-39 highway, safe speed values are analyzed and practical recommendations are developed 
to improve traffic safety. Using this model, it is possible to determine the safe speed value for vehicles 
in mountainous road conditions, assess the probability of accidents and limit the speed in accordance 
with real road conditions. Based on the results obtained, safe speed values are calculated for the example 
of the mountainous areas of the M-39 highway and practical recommendations are developed to improve 
traffic safety. In particular, the need to introduce dynamic road signs, warning information panels and 
speed control devices in dangerous turns, sections with limited visibility and areas with deteriorating 
pavement conditions is justified. The article examines the scientific and practical issues of determining 

the safe speed of vehicles operating in mountainous road conditions and substantiates the necessity of its 
mandatory reduction in hazardous sections. Mountain roads are characterized by complex geometric 
parameters, sharp curves, steep longitudinal slopes, limited visibility, unstable pavement conditions and 
a high probability of traffic accidents. Therefore, the correct determination of safe vehicle speed in such 
areas is one of the important factors in improving road safety and reducing accident risks. On the basis 
of the analysis, practical recommendations were developed to improve traffic safety in mountainous road 
areas. In particular, the introduction of dynamic road signs, warning information panels, speed control 
devices and automated monitoring systems is scientifically justified for dangerous curves, sections with 

limited visibility and areas where pavement conditions may deteriorate due to weather or traffic load. 
The implementation of these measures can contribute to reducing accident probability, improving driver 
awareness, stabilizing traffic flow and increasing the overall safety level of mountainous highways. 

Keywords: mountain road, safe speed, turning radius, friction coefficient, traffic flow, accident probability, dynamic 
road sign 

 

 
1. Introduction 

Research and development work on improving road 
safety in the world is of great importance. In mountainous 

areas, the speed of vehicles should be much lower than on 
flat roads. However, many drivers do not comply with the 
recommended speed limits, which leads to dangerous 
situations. For example, on sections with a slope of more 
than 40%, the speed of trucks on slopes can be twice as high 
as on hills, which increases the risk of collisions. Road 
accidents in mountainous areas not only cause casualties and 
injuries, but also cause significant damage to the 
environment and the economy. For example, oil spills in 

truck accidents pollute mountain rivers and soil, and the 
restoration of road infrastructure requires significant 
financial costs. 

Modern methods of ensuring traffic safety on mountain 
roads, such as the installation of barriers, the construction of 
protective galleries, and the use of intelligent traffic control 
systems, have been used in our republic for a long time. The 
introduction of such measures in Uzbekistan allows us to 

reduce the number of accidents and increase the efficiency 
of the transport system [1]. 

 
a  https://orcid.org/0009-0000-2124-2971  

The development and justification of measures to reduce 
the speed of vehicles on mountainous road sections of 
highways is one of the urgent tasks aimed at increasing 
traffic safety, reducing accidents, and minimizing 
environmental and economic damage. The implementation 
of such measures requires an integrated approach, including 
improving road infrastructure, introducing modern 

technologies, and monitoring strict compliance with speed 
limits. 

In accordance with the Strategy for the Development of 
the Public Safety System in the Republic of Uzbekistan for 
2022-2025, as outlined in the Resolution of the President of 
the Republic of Uzbekistan No. PQ-190 dated 04.04.2022 
“On Measures to Ensure Reliable Human Safety on Motor 
Roads and Sharply Reduce Fatalities”, as well as in order to 

ensure the guaranteed protection of human life and health on 
motor roads from any incidents in the conditions of the new 
Uzbekistan, and in accordance with the Resolution of the 
President of the Republic of Uzbekistan No. PQ-316 dated 
12.07.2022 “On Approval of the National Program “Safe 
and Smooth Road” for Implementation in 2022-2026”, the 
digitalization of the traffic control system on motor roads, 
the integration of traffic light objects at intersections into the 

central management system, and the implementation of a 

https://orcid.org/0009-0000-2124-2971
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single digital management system, as well as other tasks 
related to this activity This dissertation work serves to a 
certain extent in the implementation of the tasks set out in 
regulatory and legal documents [1]. 

2. Research methodology 

The assessment of the speed of vehicles in mountainous 
areas from a safety point of view and the justification of the 
need for mandatory reduction is a complex scientific and 
practical process. This process requires a comprehensive 
consideration of the geometric parameters of the road, traffic 
flow intensity, traffic composition, adhesion properties of 
the road surface, longitudinal slope, turning radius and the 
probability of danger. 

In mountainous areas, the radius of curvature of the road 

is dangerous, small-radius turns, large longitudinal slopes, 
variability of weather and surface conditions directly affect 
the stable movement of vehicles. In such conditions, the 
maximum speed selected by the driver does not always 
correspond to the safe speed. Therefore, there is a need to 
determine the permissible speed of vehicles depending on 
the turning radius, correlate it with road conditions and the 
probability of danger, and develop an improved 

methodology for calculating the safe speed value. 
In this study, a methodology was proposed based on the 

integration of road-geometric, transport-operational and 
safety factors into a single mathematical model to determine 
the need for mandatory reduction of vehicle speed in 
mountainous road areas. The main essence of the 
methodology is to determine the safe speed of movement 
through a comprehensive assessment of the turning radius of 

the road (R), longitudinal slope (i), traffic flow intensity (q), 
traffic composition coefficient (k), road surface adhesion 
coefficient (φ), risk level (Phazard level) and calibration 
coefficient (k1) [2]. 

This methodology is aimed at ensuring the safety of 
vehicle movement in mountainous road areas, in which road 
geometry, traffic flow, road surface condition and risk 
probability are integrated into a single calculation system. 

As a result, the difference between the permissible speed of 
vehicles and the safe speed in areas with dangerous curvature 
radius is determined, creating the opportunity to make 
scientifically based decisions on mandatory reduction of 
speed. Based on their research, it is intended to address the 
following issues: 

– identify and systematize the main factors affecting the 
speed of vehicles on mountainous road areas; 

– assess the geometric parameters of the study area, 

including the turning radius, longitudinal slope and 
condition of the road surface; 

– determine the coefficients of traffic flow intensity and 
traffic composition and assess their impact on safe speed; 

– determine the impact of the turning radius on the 
permissible speed of vehicles and justify a linear regression 
model in the form of (υ=a+bR); 

– take into account the coefficient of adhesion between 

the road surface and the tire for dry, wet and slippery/dirty 
road conditions; 

– develop a safe speed model combining traffic flow, 
road geometry, surface condition and risk probability; 

– justify the need for mandatory speed reduction by 
comparing the calculated permissible speed and safe speed 
values; 

– development of practical recommendations for 
determining safe speeds and introducing dynamic road signs 
developed by us in mountainous areas. 

In order to assess the speed of vehicles in mountainous 
areas from a safety point of view and justify measures to 
reduce the number of road accidents by mandatory speed 
reduction, it is important to properly organize experimental 
and test work. This chapter describes the test equipment, 
measured parameters, research program, and the procedure 

for processing the results obtained for conducting 
experimental and test studies [4].  

The main purpose of the experimental and test works is 
to determine the relationship between the permissible speed 
of vehicles, geometric parameters of the road, traffic flow 
intensity, pavement condition and traffic safety in 
mountainous road areas. In this case, the turning radius of 
the road, longitudinal slope, adhesion coefficient between 

the road surface and the car tire, traffic flow composition and 
real traffic speeds were taken as the main research indicators. 

Experimental works are carried out in designated 
dangerous turning areas of the mountainous road area. As a 
research area, a road area with a turning radius of 989-1013, 
high traffic flow intensity and a high probability of traffic 
accidents is selected. In the test area, the speed of vehicles, 
traffic flow composition, road surface condition and 

geometric parameters are simultaneously recorded [3]. 
Test equipment. When carrying out experimental and 

test works, it is advisable to use the following measuring and 
monitoring equipment. The equipment measures the 
permitted speed of vehicles, road geometry, and traffic flow 
parameters. The data is then fed into a model for determining 
safe speeds. 

Main parameters to be measured. The following 

parameters will be recorded during the experiment: 
– turning radius of the road (R), m; 
– road gradient (i), %; 
– real speed of vehicles (υ), km/h; 
– traffic flow intensity (q), vehicles/h; 
– traffic composition coefficient (k); 
– road surface adhesion coefficient (φ); 
– geometric coefficient (Kg); 

– risk level (Prisk level); 
– safe speed (υsafe), km/h. 
The condition of the road surface is assessed in dry, wet 

and slippery or contaminated conditions. The calculations 
assume the values or dry surface (φ=0.75), wet surface 
(φ=0.55), and slippery or contaminated surface (φ=0.35). 

A special experimental and test program has been 
developed to determine the safe speed of vehicles in 
mountainous road areas and to scientifically substantiate the 

need for mandatory speed reduction. This program is aimed 
at determining the geometric and operational parameters of 
the road, assessing the traffic flow regime, and calculating 
the safe speed. 

Table 1 

Contents of the pilot study program 

B 
Program 

Structure 

Research Implementation 

Process 

1 
Choosing a 

research area 

In mountainous areas, areas with 

small turning radius, steep slopes, 

and high risk of traffic accidents are 

selected. 

2 
Determining 

the geometric 

The turning radius (R), the slope (i), 

the cross slope and the road design 
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parameters of 

the road 

elements are measured. These 

indicators are evaluated as the main 

factors affecting the stability of the 

vehicle on a dangerous curve. 

3 

Road surface 

condition 

assessment 

The condition of the road surface is 

assessed in terms of dry, wet, or 

slippery/dirty conditions. For each 

condition, the coefficient of 

adhesion (φ) between the road 

surface and the tire is selected. 

4 

Determining 

the intensity 

and 

composition 

of transport 

flow 

The number of vehicles, the share of 

cars and trucks, buses and other 

types of transport during a specified 

period of time are recorded based on 

real-time observations and flow-

measuring devices. 

5 

Measuring the 

real speed of 

vehicles 

Using GPS, radar, or video 

surveillance, the actual speeds of 

vehicles on a road with a dangerous 

radius of curvature are determined. 

The values obtained are used to 

justify the free speed model. 

6 

Calculate 

maximum 

movement 

speed 

The permissible speed is 

determined based on a linear 

regression model depending on the 

turning radius: 

(𝜐𝑎𝑙𝑙𝑜𝑤 = 𝑎 + 𝑏𝑅) 

7 
Determining 

safe speed 

Safe speed is calculated taking into 

account traffic flow intensity, traffic 

composition, road surface adhesion 

coefficient, road slope, and risk 

level. 

8 

Analyzing 

results and 

making 

decisions 

The permitted speed and the safe 

speed are compared. If (υsafe<υfree), 

the need for a mandatory speed 

reduction in this area is justified. 

The program includes the implementation of the 

following tasks: 
Stage 1. Identification stage (2022-2023): 
- determination of the number and parameters of 

dangerous turns, service structures, and dangerous road 
sections in the mountainous road area selected as the object 
of research; 

– determination of the slope and condition of the 
pavement; 

– determination of the intensity of the traffic flow and 
the composition of the traffic based on visual and automatic 
monitoring tools. 

Stage 2. Experimental stage (2023-2024): 
– measurement of dangerous turn radii in the 

mountainous road area under study; 

– recording the speed of vehicles in real time using GPS, 
radar or video surveillance; 

– calculation of safe speeds taking into account the 
coefficient of adhesion of the pavement, road slope, and 
traffic flow parameters. 

Stage 3. Final stage (2024-2025): 

– justification of the need for mandatory speed reduction 
by comparing the permitted speed with the safe speed. 

The experimental tests were carried out under the 
following conditions: 

– dry coating conditions; 
– wet pavement conditions; 
– slippery or contaminated pavement conditions; 
– time intervals with low, medium and high traffic flow. 
The experimental results obtained on the basis of this 

program allow to determine the maximum and safe speed of 
vehicles in mountainous road areas, to assess dangerous 
areas and to scientifically substantiate measures to reduce 
the number of road accidents by mandatory speed reduction. 

The mountainous area of the M-39 international 
highway, located in the area of 989–1013 km, passing 
through the territory of Jizzakh region, was selected as the 
object of research. These areas are characterized by complex 

geometric parameters, large longitudinal slopes, dangerous 
radii of curvature and limited visibility. In particular, as a 
result of high-speed movement of vehicles, the risk of road 
accidents increases in these areas [5,6]. 

The following parameters were measured and analyzed 
during the research: 

Table 2 

Measurable parameters 

 

№ 

Measured 

parameter 

Mar

-

king 

Measurement method 

1 
Turning 
radius 

R 
Geodetic surveying, road plan 

analysis 

2 Slope i 
Inclinometer, level or total 

station 

3 
Roadway 

width 
B 

Laser rangefinder, tape 
measure 

4 
Traffic 
flow 

intensity 
q 

Video surveillance and 
counting method 

5 
Movement 

speed 
υ Radar, GPS or video analysis 

6 

Road 
surface 
friction 

coefficient 

φ 
Assessment by coating 

condition 

7 
Accident 

probability 
Pav 

Calculation based on a 

mathematical model 

The main objective of the study was to assess the impact 
of road geometric parameters and traffic flow conditions on 
vehicle traffic safety and to determine the effectiveness of 
mandatory speed reduction measures. 

The turning radius of the road is the main parameter in 
determining the safe speed of vehicles. The radius value was 
determined from the geometric plan of the road and using 
geodetic measurements on site. 

The turning radius was estimated using the following 
formula: 

𝑖 =
ℎ

𝑙
∙ 100%    (1) 

where: i= road slope; 
h - height difference; 
l- horizontal distance. 
The study adopted the basic value i=12 %. 
The width of the road carriageway affects the stability 

and safety of the traffic flow. The width of the carriageway 
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was determined using a tape measure and the distance 
between the two edge lines was measured (Figure 1). 

 

 
Fig. 1. The process of measuring the longitudinal slope 

of the road, the width of the roadway, and the flow of 

vehicles 

The speed of vehicles was determined using a radar 
speedometer and video surveillance, and the results of 
experimental observation were recorded. The turning radius 
and slope of the road were determined using an electronic 

tachometer laser neviller. 
Table 3 

Parameters calculated as a result of the experiment 

№ Parameter Symbol Value 

1 Car flow 𝑞 1750 cars/hour 

2 Slope 𝑖 12 % 

3 Turning radii 
𝑅1 

𝑅2 

𝑅3 

250 m 
300 m 
320m 

4 Permitted speed 𝜐𝑟𝑢𝑥.𝑒𝑡𝑖𝑙 100 km/h 

5 Current density 𝑘 18 cars/hour 

6 
Model fitting 

coefficient 
𝑘1 10-6 

7 
Minimum level 

of accident risk 
𝑃𝑟𝑖𝑠𝑘 𝑙𝑒𝑣𝑒𝑙 0,025≈2,5% 

8 
Geometric 
coefficient 

𝐾𝑔 1,12 

9 
Coefficients of 

association 

𝜑1 

𝜑2 

𝜑3 

0,35 
0,55 

0,75 

We will calculate the safe speed separately for 3 
different conditions of adhesion coefficients (φ1=0.75, 

φ2=0.55, φ3=0.35) for dangerous turning radii of 250 m, 350 
m, 320 m at 994 km, 997 km and 1004 km of the 
mountainous areas of the M-39 international highway 
passing through the territory of Jizzakh region, which was 
taken as the object of research. We will calculate the safe 
speed using the following formula [7]: 

For the determined safe speed values, the accident 
probability is recalculated. Pav.probability is calculated 

using the following formula: 

𝑃𝑝𝑟𝑜𝑏.𝑎𝑐𝑐𝑖𝑑 = 1− 𝑒
−𝜆           (2) 

𝜆 = −𝑘1 ∙ 𝑞 ∙ 𝑘 ∙ (
𝜐𝑥𝑎𝑣𝑓

𝜐𝑒𝑟𝑘𝑖𝑛
)
2
∙
(1+

𝑖

100
)

𝜑
             (3) 

In the proposed model, the probability of an accident is 
determined by the parameters of the traffic flow, the speed 
ratio, the longitudinal slope of the road and the coefficient of 
adhesion of the pavement. Since the safe speed formula is 
formed exactly in accordance with the given permissible risk 
level, when the found safe value υ is inserted into the 
formula for the probability of an accident, the result is the 
equality Pprobability = Prisk.level. This confirms the internal 

logical consistency of the model. 
The coefficient of adhesion in dry weather conditions 

(dry asphalt/concrete) for a turning radius R=250 m is 
determined by the formula (2,3) for the safe speed for 3 
different adhesion coefficients (φ1=0.75, φ2=0.55, φ3=0.35): 
The calculation results are given in Appendix 1. The 
accident probability for the found safe speed values is 
recalculated by the formula (3.4). The calculation results are 
given in Table 2 

Table 4 

Safe speeds depending on the coefficient of friction of 

the turning radius (R=250m) 

Turning 

radius, 

m 

Coefficient of 

friction 
𝑲𝒈 

𝝊(𝒔𝒂𝒇𝒆 )𝒔𝒑𝒆𝒆𝒅, 
𝒌𝒎/𝒉 

Pprob

.acc 

R=250 
m 

𝜑1 =0,75 1,12 72,85 𝑘𝑚/ℎ 
0,02

5 

𝜑2 =0,55 1,12 62,51 km/h 
0,02

5 

𝜑3 =0,35 1,12 49,75 km/h 
0,02

5 

Thus, for a turning radius R=250 m, the following speeds 

were found to be unsafe in dry weather conditions: 73 km/h 
for the coefficient of friction φ1=0.75, 62.51 km/h for the 
coefficient of friction φ2=0.55, and 49.75 km/h for the 
coefficient of friction φ3=0.35 (Figure 2). 

 
Fig. 2. Safe speed diagram depending on the friction 

coefficients for a turning radius of R = 250 m 

The calculation results show that the accident probability 
is Pprob.acc=0,0247, which is close to the permissible value 
Prisk.level=0,025. Thus, the calculated speeds for a radius of 
250 m are considered marginally safe for this road area. 

3. Conclusion 

According to the calculation results, it was found that the 

safe speed of vehicles on a mountainous road section with a 
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turning radius (R=250) m directly depends on the condition 
of the road surface. In dry weather conditions and with a 
coefficient of adhesion (φ1=0.75), the safe speed was 73 
km/h. At a value of (φ2=0.55), which represents the 
condition of the wet surface, the safe speed decreased to 
62.51 km/h. In dirty or slippery conditions, i.e. with (φ 
=0.35), the safe speed was 49.75 km/h. 

These results indicate the need to reduce the speed of 
vehicles as the adhesion properties of the road surface 

deteriorate. Especially on mountainous road sections with a 
small turning radius, high speed negatively affects the 
stability of the vehicle and increases the risk of sideslip, 
skidding and loss of control. Therefore, it is important to set 
the speed in curves with a radius of (R=250) m in accordance 
with the condition of the road surface. 

As a result of the calculation, it was found that the 
probability of an accident (Pav.probability=0,0247), which is 

very close to the permissible risk level (Prisk.level=0,025). 
Therefore, the speeds determined for this radius are 
considered to be the marginal safe speed values. In other 
words, when driving above these speeds, the probability of 
an accident may exceed the permissible risk level [9,10]. 

The results obtained show that on turns with a radius of 
(R=250) m, the speed of 70–73 km/h on dry surfaces is 
relatively close to the safe limit, while on wet surfaces the 

speed should be reduced to around 60 km/h, and on dirty or 
slippery surfaces to 50 km/h. Therefore, it is advisable to 
adapt the speed to real road conditions on such road sections 
by using dynamic road signs, warning information panels 
and speed control devices. 

The scientific significance of the approach proposed in 
the study is that the issue of determining safe speeds in 
mountainous road areas is solved by assessing the road 

geometry, traffic flow and pavement condition in a single 
system. In current practice, the speed limit is often set based 
on the general road category or administrative requirements. 
In this study, the speed limit is calculated in relation to the 
turning radius, adhesion coefficient, flow density and 
accident probability. This allows for more accurate and 
justified decisions to be made for dangerous sections. 

The practical significance is that the developed model 

can be used by road organizations, traffic safety agencies and 
project organizations to assess dangerous mountainous road 
sections. The model provides justification for the need to set 
a speed of 70 km/h on which section and 50-60 km/h on 
which section. This methodology also serves as a practical 
basis for selecting the location of dynamic road signs, 
installation points for electronic information panels and 
speed control devices [12]. 

Based on the results of the study, it is recommended to 

use a three-level approach to speed control in mountainous 
areas. The first level is preventive warning, in which the 
driver is informed in advance before dangerous turns and 
slopes. The second level is a mandatory speed limit, in which 
a road sign is installed corresponding to the calculated safe 
speed. The third level is automatic control, in which drivers’ 
compliance with the speed is monitored using radar, video 
fixation and sensors [12]. Thus, the developed mathematical 

model, calculation algorithm and practical recommendations 
can be considered as a comprehensive solution aimed at 
increasing traffic safety on mountainous roads, warning 
drivers in advance about dangerous situations and reducing 
the number of road accidents. To adapt this approach to the 
conditions of other mountainous roads, it is enough to 
include geometric, transport and pavement indicators of the 

relevant section in the model. 
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Abstract: Local authentication is the first line of defense in Windows environments, yet common recovery tools 

and forensic techniques can be exploited by attackers when defensive mechanisms are not properly 
configured. This research evaluates several Windows local authentication recovery scenarios, including 
offline SAM hash extraction, recovery-environment abuse, an 
d Credential Guard bypass attempts, under different security configurations. Using a controlled Windows 
10 testbed, we measured which credential-recovery methods succeed against full-disk encryption 
(BitLocker), Trusted Platform Module (TPM) protections, Secure Boot, virtualization-based security 
(VBS), and Credential Guard. BitLocker with pre-boot authentication effectively prevented offline hash 
attacks, Secure Boot blocked unauthorized boot code, and Credential Guard isolated NTLM and Kerberos 

credentials from memory-based extraction. Misconfigurations such as disabled encryption or VBS 
allowed several recovery techniques to succeed. The study presents a comparison of recovery methods 
against defensive controls, identifies where Windows security features still leave gaps, and offers 
practical recommendations, including enabling BitLocker, Secure Boot, a pre-boot PIN, and VBS, to 
minimize credential exposure. The results indicate that layered Windows defenses, hardware TPM, 
Secure Boot, BitLocker, and Credential Guard combined, substantially reduce the risk posed by local 
credential-recovery attacks. These findings are intended to help students, administrators, and security 
practitioners understand effective Windows security configurations and the practical limits of built-in 
recovery features under adversarial conditions. 

Keywords: Windows authentication, credential recovery, BitLocker, Secure Boot, Credential Guard, LSASS, offline 
attacks, local administrator, Windows Recovery Environment 

 

 
1. Introduction 

Windows remains the dominant desktop operating 
system worldwide, a position that makes it a primary target 
for attackers seeking unauthorized system access [1]. In 

most intrusions, the adversary's central goal is to obtain 
account credentials rather than to exploit a specific software 
flaw. MITRE's ATT&CK framework treats "Credential 
Access" as a distinct tactic, reflecting how routinely 
attackers attempt to steal passwords, password hashes, or 
Kerberos tickets once inside a system [2], [3]. Because 
identity verification functions as the first line of defense in 
any modern computing environment [4], protecting the 

mechanisms behind Windows authentication is not a 
peripheral concern, it is foundational to system security as a 
whole. 

Microsoft has responded to this threat landscape by 
building a layered authentication architecture. Long-
standing components, the Local Security Authority (LSA), 
the Security Accounts Manager (SAM), and the NTLM and 
Kerberos protocols, now operate alongside newer 

protections: full-disk encryption through BitLocker, 
hardware-backed key storage in the Trusted Platform 
Module (TPM), UEFI Secure Boot, virtualization-based 
security (VBS), and Credential Guard [5]. BitLocker, for 
instance, encrypts entire system volumes to prevent data 

 
a  https://orcid.org/0009-0000-4719-9481  
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theft from a stolen or physically accessed disk [6], while 

Credential Guard uses VBS to isolate NTLM password 
hashes and Kerberos tickets inside a protected memory 
space, placing them largely out of reach of conventional 
extraction tools [7]. 

The remainder of this paper proceeds as follows. Section 
2 describes the experimental methodology and the 
evaluation criteria applied to each recovery scenario. Section 
3 reports the results, supported by comparison tables of 

techniques, defenses, and outcomes. Section 4 discusses 
these findings in light of existing Microsoft and NIST 
guidance. Section 5 concludes with practical 
recommendations for administrators and students seeking to 
reduce local credential exposure. 

2. Research methodology 

This study relied on a hands-on experimental evaluation 
performed on a virtualized Windows 10 Pro (version 22H2) 
machine. All tests ran inside VMware Workstation 17, with 
the guest environment configured as summarized in Table 1. 
Across experiments, we varied four security settings: 
BitLocker (disabled, TPM-only, or TPM plus PIN), Secure 
Boot (enabled or disabled), WinRE pre-boot authentication 
(enabled or disabled), and Credential Guard/VBS (enabled 

or disabled). Consistent with a realistic threat model, the 

https://orcid.org/0009-0000-4719-9481
https://orcid.org/0009-0008-9649-862X
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attacker was assumed to hold either local administrator 
privileges or physical access to the machine. 

Table 1 

Experimental environment 

Component Specification / Setting 

Host OS Windows 11 Pro, VMware 
Workstation 17 

Guest OS Windows 10 Pro 22H2 
(64-bit) 

Hardware 4-core virtual CPU, 16 GB 
RAM, 80 GB virtual disk 

VM Security Settings VT-x/AMD-V enabled, 
UEFI firmware 

For each scenario, the machine was first prepared with 

the target security configuration, after which each recovery 
technique described below was attempted. Table 2 lists the 
evaluation criteria applied throughout: whether the 
technique succeeded, the type of credential or secret 
obtained, the approximate effort required, the security 
feature (if any) that blocked the attempt, and the resulting 
residual risk. All techniques relied on freely available tools 

or built-in Windows features; no proprietary or exploit-
based methods were used. Four scenarios were evaluated. 

Offline SAM hash extraction involved using WinRE or 
a bootable USB drive to load tools such as ntdsutil or chntpw 
and dump the SAM database to recover password hashes. 
WinRE-based TPM reset involved booting into the WinRE 
command prompt to clear the TPM owner password and 
subsequently read DPAPI-protected vaults that would 

normally require that key. Credential Guard bypass involved 
disabling VBS at the firmware level, or physically removing 
the disk, in order to examine memory or volume contents for 
plaintext or hashed secrets. UEFI and bootloader 
compromise involved attempting to install a rootkit or a 
malicious bootloader, a scenario that requires Secure Boot to 
be disabled beforehand. 

Table 2 

Security evaluation criteria 

Criterion Description 

Success of Recovery 
Credentials/secrets 
recovered (Yes/No) 

Recovered Data 
NT hash, Kerberos ticket, or 

DPAPI secret 

Time / Effort 
Estimated time and attack 
complexity 

Blockers 
Security features preventing 
recovery 

For every scenario, we recorded whether authentication 

data, a password, hash, or LSA secret, was obtained, and we 
noted the primary security mechanism, if any, that prevented 
the attack. All experiments were carried out on our own 
devices under our institution's ethics policy, and no private 
or third-party data was accessed at any point. 

3. Results and Discussions 

Each recovery method was applied systematically, and 
the outcomes were recorded across three summary tables. 
Table 3 compares the recovery techniques against the 
protective configurations under which they were tested. 
Table 4 compares the relevant Windows security features in 

terms of what they protect and where their known limitations 
lie. Table 5 provides an overall risk assessment for the main 
threat conditions identified during testing. 

Table 3 

Recovery technique comparison 

Scenario Recovery Risk Defense 

Offline 
SAM 

Yes 
Local account 
compromise 

BitLocker 

UEFI 
rootkit 

Yes 
System 
compromise 

Secure Boot 

WinRE 
reset 

Yes 
DPAPI 
exposure 

PIN + 
Disable 
WinRE 

CG 
bypass 

Yes LSASS dump VBS + CG 

TPM 
reset 

Yes 
TPM key 
theft 

TPM PIN 

It should be noted that Table 3 reflects outcomes under 

the specific column condition described, for instance, the 
offline SAM row assumes BitLocker is absent. When 
BitLocker, Secure Boot, and VBS are enabled together, both 
offline SAM attacks and credential extraction from memory 
fail consistently. 

Table 4  

Windows security feature comparison 

Feature Protection 
Main 

Limitation 

BitLocker 
Offline disk 
protection 

Needs TPM + 
PIN 

Windows Hello 
Secure local 
login 

Local PIN only 

Credential Guard 
Protects 
credentials 

Requires VBS 

Secure Boot Stops bootkits 
Needs UEFI 
support 

WinRE 
Recovery 

environment 

Must be 

secured 

Across the experiments, BitLocker proved to be the 
single most decisive control. With BitLocker enabled under 
a TPM-plus-PIN configuration, no offline SAM or DPAPI 

recovery attempt succeeded; the data remained encrypted 
throughout [6], [10], and even an attacker with 
administrative rights could not boot a recovery environment 
without supplying the correct PIN. With BitLocker disabled, 
or with the key already known, recovering the SAM or 
DPAPI secrets required little effort. This is consistent with 
Microsoft's own description of BitLocker as a control that 
renders data inaccessible without the appropriate key [6], 

[10]. 
Secure Boot behaved just as consistently, blocking every 

attempt to load unauthorized boot code. Once Secure Boot 
was disabled in firmware, however, we were able to install a 
custom bootloader and bypass Windows authentication with 
relatively little difficulty; re-enabling Secure Boot closed 
this avenue entirely [9]. A related pattern held for the TPM 
reset scenario; attempts to clear the TPM owner via WinRE 

only produced results when the TPM itself was not already 
protected by a BitLocker PIN. 
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Fig. 1. Overall risk assessment when defenses are 

missing or misconfigured. Weak or absent full-disk 

encryption carries the highest residual risk, followed by 

disabled Secure Boot and disabled VBS / Credential 

Guard 

Figure 1 summarizes the residual risk associated with 
each missing or weakened layer of defense. Weak or absent 
disk encryption carries a very high risk rating, since it allows 
an attacker to crack the SAM database offline and recover 

essentially all local passwords; disabling VBS or Credential 
Guard carries a similarly high risk of credential theft. Taken 
together, these results demonstrate that combining 
BitLocker, Secure Boot, and VBS/Credential Guard 
neutralized every recovery attack attempted in this study. 

Discussion 

These experimental findings align closely with existing 
Microsoft and NIST guidance [11]. UEFI Secure Boot is 
explicitly designed to ensure that a device boots only 
software trusted by its manufacturer [9], which matches our 
observation that Secure Boot completely blocked every low-
level boot attack attempted. BitLocker's stated design goal, 
providing encryption for entire volumes in order to mitigate 

data theft [6], was likewise confirmed: every scenario in 
which credentials were successfully recovered involved 
either disabling or circumventing BitLocker. When 
BitLocker was active with a TPM-plus-PIN configuration, 
encrypted volumes stayed protected even under full physical 
access, and encrypted files remained unreadable without the 
correct key [10]. 

In short, the data collected here show that modern 

Windows security features perform well against offline and 
local attacks when they are correctly configured: BitLocker 
stops offline hash-cracking [6], [10], Secure Boot stops 
bootkits [9], and Credential Guard stops in-memory 
credential harvesting [7]. What residual risk remains is 
driven mainly by human and configuration factors, forgotten 
PINs, default settings left unchanged, or features disabled for 
convenience, a pattern broadly consistent with prior security 
literature emphasizing hardware-rooted trust and the 

inherent limitations of password-based recovery [12], [13]. 

4. Conclusion 

This study systematically evaluated Windows local 
authentication recovery techniques against current defensive 
mechanisms, implementing realistic attack scenarios in a 
controlled environment and measuring their success. Four 
conclusions follow from the results. First, full-disk 

encryption through BitLocker with a pre-boot PIN is 
essential; it eliminated every offline recovery attack tested 
[6], [10]. Second, UEFI Secure Boot must remain enabled to 
prevent bootloader and rootkit compromise [9]. Third, 
virtualization-based isolation through Credential Guard is 
highly effective against in-memory credential theft [7]. 
Fourth, built-in recovery tools such as WinRE pose a 
genuine risk when left unsecured, since they can be abused 

to reset the TPM and access otherwise protected credential 
stores. 

By combining hands-on experimental evaluation with a 
security-focused analysis, this work offers practical insight 
into how Windows authentication can be protected in 
practice. The results show that Windows already provides 
strong protections, but that these protections must be applied 
correctly, otherwise, attackers can still exploit the very 
recovery features meant to help legitimate users. Future 

work could extend this analysis to recovery mechanisms on 
other platforms, such as macOS recovery mode or Linux 
initramfs-based recovery, or examine network-based 
credential protocols within a similarly defensive framework 
[14]. 
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Abstract: This study investigates the tribological properties and microstructural characteristics of modified 
composite materials designed for operation under abrasive wear conditions. The composite materials 
were prepared using an ED-20 epoxy resin base, modified with bismaleimide, furfuryl alcohol, AKT-10 
grade Angren kaolin, and PEK modifiers. Select samples were also reinforced with glass and silk fibers. 
The samples were prepared under laboratory conditions, undergoing vacuum degassing and thermal 

curing processes. Tribological tests were conducted using the pin-on-disk method in accordance with 
ASTM G99 and ISO 7148 standards. Throughout the study, the coefficient of friction, mass loss, and 
specific wear rate were determined to evaluate the materials' resistance to abrasive wear. 

Keywords: abrasive wear, composite materials, tribological properties, ED-20 epoxy resin, bismaleimide, furfuryl 
alcohol, AKT-10 kaolin, PEK modifier, coefficient of friction 

 

 
1. Introduction 

Components operating in the mechanical engineering, 

transport, mining, and oil and gas industries are constantly 

subjected to abrasive particles, high contact pressure, and 

repetitive friction during operation. Under such conditions, 

processes of micro-cutting, micro-chipping, and plastic 

deformation occur on the material surface, which shortens 

the service life of components, increases maintenance costs, 

and reduces equipment reliability. Therefore, developing a 

new generation of composite materials with high resistance 

to abrasive wear is one of the most pressing scientific and 

practical challenges in modern materials science. 

In recent years, polymer matrix composite materials 
have been widely used as an alternative to traditional 
metallic materials due to their high specific strength, 
corrosion resistance, low density, and favorable tribological 
properties. In particular, scientific research has noted that 
modifying epoxy resin-based composites with functional 
modifiers and reinforcing fibers significantly improves their 
mechanical, thermal, and wear-resistant properties. 
However, existing studies have not sufficiently explored the 

synergistic effects of modifiers, the influence of interphase 
adhesion on tribological properties, and the resulting 
microstructural changes. 

In this study, an interpolymer composite matrix was 
formed based on ED-20 epoxy resin using bismaleimide, 
furfuryl alcohol, AKT-10 grade Angren kaolin, and PEEK 
modifiers, with some samples reinforced with glass and silk 
fibers. The coefficient of friction, mass loss, and specific 

wear rate of the composites under abrasive wear conditions 
were evaluated using the pin-on-disk method. Furthermore, 
the microstructure and elemental composition of the 
materials were analyzed using SEM and EDS methods, and 
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the relationship between structural characteristics and 
tribological performance was determined. 

The objective of this research is to comprehensively 
evaluate the tribological properties of modified composite 
materials used in abrasive wear conditions, determine the 
influence of modifiers and reinforcing fibers on the wear 

mechanism, and develop scientifically substantiated 
recommendations for creating highly wear-resistant 
structural materials. 

2. Research methodology 

In this study, an epoxy-based interpolymer matrix and 

functional modifiers were used to obtain modified composite 
materials intended for operation under abrasive wear 
conditions. When formulating the composite composition, 
the physicochemical compatibility of the matrix 
components, mineral fillers, and reinforcing fibers, as well 
as their effect on tribological properties, were taken into 
account. 

ED-20 grade epoxy resin was selected as the primary 
binder for the composite material. This resin is widely used 

in mechanical engineering due to its high adhesion, chemical 
stability, mechanical strength, and good processability. 
Within the composite, ED-20 forms a continuous polymer 
matrix, serving to unite all modifying and reinforcing 
components into a single structure. Furthermore, the epoxy 
matrix plays an important role in uniformly distributing 
external loads and maintaining the geometric stability of the 
composite. 

To improve the thermal and tribological properties of the 
matrix, the bismaleimide (BMI) modifier was used. This 
component is a high-temperature-resistant thermosetting 
compound that reacts with the epoxy resin to form a dense 
spatial network. As a result, the hardness, thermal stability, 

c  https://orcid.org/0000-0003-3257-5434   
d  https://orcid.org/0009-0002-1362-7892   
e  https://orcid.org/0009-0009-5623-9399  
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https://orcid.org/0009-0009-5623-9399
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and abrasive wear resistance of the composite material are 
increased. Since bismaleimide exists in a crystalline state, it 
was melted before being incorporated into the composite to 
ensure the formation of a homogeneous mixture. 

Furfuryl alcohol was used as a reactive modifier. 
Furfuryl alcohol participates in Diels-Alder type reactions 
with bismaleimide, contributing to the formation of the 
interpolymer structure. This component strengthens the 
internal structure of the epoxy matrix, improves interfacial 

bonding, and increases the thermal and chemical stability of 
the composite. Additionally, furfuryl alcohol serves to 
enhance the operational reliability of the material by limiting 
the propagation of microcracks. 

Angren kaolin, grade AKT-10, was selected as the 
mineral filler. Kaolin particles act as a dispersion-
strengthening agent within the composite, increasing the 
material's hardness, deformation resistance, and abrasive 

wear resistance. The uniform distribution of mineral 
particles throughout the matrix helps reduce internal stresses 
and ensures the stability of the surface layer during friction. 

The PEK modifier was additionally introduced into the 
composite composition. This component is a by-product of 
the gas processing industry and is situated in a highly 
dispersed state within the composite matrix. PEK reduces 
the brittleness of the epoxy matrix, increases its impact 

toughness, and helps improve tribological properties by 
reducing microdeformations during friction. It also plays a 
significant role in enhancing the long-term operational 
stability of the composite. 

PEPA (polyethylenepolyamine) was used as the 
hardener for the epoxy resin. PEPA reacts with the epoxy 
groups to form a three-dimensional spatial polymer network. 
The complete curing process is one of the key factors 

ensuring the mechanical strength, hardness, and heat 
resistance of the composite. 

To provide reinforcement for the composite materials, 
two types of fibrous reinforcing components were used: 
glass fiber and silk fiber. Glass fiber, characterized by its 
high modulus of elasticity and mechanical strength, 
effectively absorbs external loads and increases the 
composite's abrasive wear resistance. Silk fiber, as a natural 

reinforcing material, slows the propagation of microcracks 
within the matrix, absorbs impact energy, and improves the 
plastic properties of the composite. The use of both 
reinforcing components was aimed at enhancing the 
microstructural integrity and improving the tribological 
performance of the modified composite materials. 

Within the scope of the study, three composite samples 
with different compositions were prepared. The first sample 
was designated as the unreinforced control composite. 4 g of 

silk fiber was added to the second sample, and 4 g of glass 
fiber was added to the third. In all samples, the quantities of 
ED-20 epoxy resin, bismaleimide, furfuryl alcohol, AKT-10, 
and PEK were kept constant, allowing for a comparative 
evaluation of the reinforcing fibers' effect on tribological 
properties. 

Preparation of Composite Specimens 

Modified composite specimens were prepared under 

laboratory conditions based on an epoxy-based interpolymer 
matrix technology. The primary criteria for forming the 
composite composition were ensuring the chemical 
compatibility and uniform dispersion of the components, as 
well as achieving high interfacial adhesion. The specimen 
preparation process involved the sequential mixing of 

components, vacuum degassing, thermal curing, and 
controlled cooling. 

The composite matrix was based on ED-20 epoxy resin. 
Since the bismaleimide used as a modifying component was 
in a crystalline state, it was first melted at a temperature of 
65 °C. This process ensured the complete melting of the 
bismaleimide particles, creating the necessary conditions for 
their uniform distribution within the epoxy matrix. The 
molten bismaleimide was then cooled to 40 °C. The 

temperature was lowered to create optimal conditions for the 
Diels-Alder reaction with furfuryl alcohol and to ensure 
stable mixing of the components in subsequent stages. The 
dissolved bismaleimid was subsequently cooled to 40 °C. 

Into a laboratory vessel, 62 g of ED-20 epoxy resin was 
placed, and 10 g of bismaleimide and 10 g of furfuryl alcohol 
were slowly added. The mixture was mechanically stirred 
for 3–5 minutes at 200–300 rpm within a temperature range 

of 25–35 °C. This stage ensured the uniform distribution of 
components at a molecular level and the formation of the 
initial interpolymer system. The mixing speed and duration 
were selected to prevent component agglomeration and to 
form a homogeneous matrix structure. 

In the next stage, 10 g of AKT-10 grade Angren kaolin 
and 10 g of a PEK modifier were introduced into the 
composite composition. The mineral and polymer modifiers 

were added to the mixture sequentially and continuously 
stirred to achieve high dispersity. While the AKT-10 
particles form a reinforcing dispersed phase within the 
matrix, the PEK modifier serves to reduce the brittleness of 
the epoxy system and mitigate local stresses that arise during 
friction. This stage was conducted under special supervision, 
as the uniform distribution of components directly 
influences the subsequent tribological and mechanical 

properties of the composite. 
To form the spatial polymer network of the composite, 

15 g of PEPA (polyethylenepolyamine) was added as a 
curing agent. The curing agent was slowly introduced into 
the mixture and intensively stirred for 30–60 seconds at a 
speed of 300–500 rpm. During this process, cross-links were 
formed between the epoxy and amine groups, creating a 
three-dimensional polymer network. The mixing duration 

was optimized to ensure a uniform curing reaction and to 
prevent the formation of air bubbles. 

The resulting composite mixture was poured into three 
separate molds. The first specimen was left as an 
unreinforced control specimen. To the second specimen, 4 g 
of silk fiber was added, and to the third, 4 g of glass fiber 
was added; the fibers were carefully mixed until they were 
evenly distributed throughout the matrix. To prevent the 
reinforcing fibers from accumulating in a single orientation, 

mixing was performed at a low speed. This method ensured 
that the fibers were uniformly distributed throughout the 
entire volume and formed a strong interface with the matrix. 

To reduce internal porosity and air bubbles in the 
composite specimens, a degassing process was carried out 
under vacuum conditions. For this, the prepared specimens 
were held at a temperature of 120 °C under a vacuum of -0.6 
bar for 2 hours. This technological step served to increase 

the density of the composite, reduce internal defects, and 
improve interfacial adhesion. 

After degassing, the specimens were cured at 150 °C for 
1 hour without changing the pressure. As a result of the heat 
treatment, the final spatial polymer network formed in the 
epoxy matrix, creating an interpolymer structure strongly 
bonded with the modifiers. After the curing process was 
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complete, the specimens were slowly cooled to room 
temperature at a rate of 3–5 °C/min to prevent the formation 
of internal thermal stresses. 

As a result, three types of modified composite specimens 
were obtained, each with the same chemical composition but 
differing in their reinforcing components. These specimens 
were brought to a ready state for subsequent tribological 
testing and microstructural analysis. 

Tribological Testing Procedure 

To evaluate the tribological properties of the modified 
composite materials, abrasive wear tests were conducted 
under laboratory conditions using a pin-on-disc (pin–disk) 
type tribometer. The tests were organized in accordance with 
the requirements of ASTM G99, ASTM G132, and ISO 
7148-2 standards. This method enables a reliable assessment 
of the wear mechanism, coefficient of friction, and service 
performance of materials in abrasive environments under 

sliding friction conditions. 
The tribological testing apparatus consisted of a rotating 

abrasive disc, a sample holder, a mechanism for applying 
normal load, friction force sensors, and a digital control 
system. The abrasive disc was driven at a constant rotational 
speed by a servo-electric motor, while the composite sample 
was maintained in continuous contact with the disc surface 
under a specified normal load. The friction force generated 

during the process was continuously recorded by electronic 
sensors, and the coefficient of friction was automatically 
calculated in real-time throughout the test. 

Prior to testing, all composite samples were prepared to 
standard geometric dimensions. The samples were 
fabricated in a cylindrical shape, and their working surfaces 
underwent mechanical grinding to ensure full contact with 

the abrasive disc. To eliminate dust and other surface 
contaminants, the samples were cleaned with an organic 
solvent and dried at room temperature. The initial mass of 
each sample was measured on an analytical electronic 
balance with an accuracy of 0.001 g and recorded for 
subsequent calculations. 

During the tribological tests, all samples were examined 
under identical experimental conditions. The normal load, 
rotational speed of the abrasive disc, friction path, and test 

duration were selected based on predetermined values and 
kept constant in all experiments. This approach allowed for 
an objective evaluation of the influence of reinforcing 
components and modifiers on the tribological properties. 
During the test, continuous sliding contact was established 
between the composite samples and the abrasive disc, 
modeling the abrasive wear process on the material's surface. 

3. Results and Discussions 

The tribological properties of a composite sample based 

on ED-20 epoxy resin, containing 10 g of bismaleimide, 

furfuryl alcohol, AKT-10, and PEK additives, were 

investigated using a tribometer. The tests were conducted 

under five different normal loads (1.96 N, 3.92 N, 5.886 N, 

7.848 N, and 11.8 N) at a constant rotational speed. The 

change in the coefficient of friction over time (the test 

interval) was recorded, and the obtained results were 

comprehensively analyzed. 5.886 N; 7.848 N; 11.8 N), the 

rotation speed was maintained at a constant level. 

Fig. 1. The dependence of the friction coefficient of an interpolymer composite material on the friction time under various 

loads 

The research results showed that the coefficient of 

friction (μ) of the composite sample changes according to a 

specific pattern as the load increases. Specifically, an 

increase in the coefficient of friction was observed in the 

range from low to medium loads. At a load of 1.96 N, the μ 

values were very low, and in some instances, negative values 

were even recorded. This phenomenon is explained by the 

incomplete formation of a stable friction regime in the 

contact zone, as well as the high sensitivity of the 

measurement system at low loads. 

Under a load of 3.92 N, the average value of the 

coefficient of friction stabilized at approximately 0.11. In the 

initial stage of the test, μ showed higher values before 

subsequently decreasing to a certain level. This is explained 

by the mutual adaptation of the tribological pair surfaces—

that is, the running-in stage where the contact surfaces are 
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smoothed. At this stage, surface asperities are partially 

flattened, and the contact area stabilizes. 

At a load of 5.886 N, the coefficient of friction increased 

further, registering an average of around 0.18–0.19. At this 

load, frictional forces increase due to the activation of 

adhesive effects and micro-cutting mechanisms. 

Concurrently, protective structural elements may begin to 

form on the surface due to the influence of thermosetting and 

thermally stable components within the composite. 

The highest coefficient of friction was observed at a load 

of 7.848 N (μ ≈ 0.26). This is associated with the 

intensification of deformational-adhesive interactions 

resulting from increased contact pressure, as well as the 

activation of micro-wear processes in the surface layers. In 

this regime, the change in the coefficient of friction over time 

is relatively stable, indicating that the mechanical strength of 

the composite material is sufficient. 

Interestingly, a sharp decrease in the coefficient of 

friction was observed at a load of 11.8 N (μ ≈ 0.058). 

Typically, an increase in load should increase μ, but the 

opposite was recorded for this composite. This can be 

explained by the formation of a mobile protective film on the 

surface under high-temperature and high-load conditions by 

the PEK polymer, furan structures derived from furfuryl 

alcohol, and bismaleimide resins in the composite. This film 

isolates the contact surfaces from direct metal-polymer 

interaction, facilitating sliding and reducing the coefficient 

of friction. 

The stability of the coefficient of friction over time was 

also evaluated. According to the analysis, the most stable 

operating regime was observed at a load of 11.8 N, where 

the fluctuation amplitude of the μ values was minimal. This 

indicates that the resulting protective film is stable and 

continuous. In the 3.92–5.886 N range, fluctuations were 

moderate, while at 7.848 N, μ remained stable despite being 

high. 

Based on the results obtained, it was determined that the 

composite based on ED-20, modified with bismaleimide, 

furfuryl alcohol, AKT-10, and PEK additives, exhibits 

effective tribological properties under high loads. The 

decrease in the coefficient of friction at a load of 11.8 N was 

caused by the formation of a protective film that facilitates 

sliding on the surface. The lowest and most stable friction 

regime was observed at a load of 11.8 N, indicating that this 

composite is effective for tribo-pairs operating under high-

load conditions. 

4. Conclusion 

In this study, the tribological properties of an 
interpolymer composite material were investigated under 
abrasive wear conditions. The material is based on ED-20 
epoxy resin and modified with bismaleimide, furfuryl 
alcohol, AKT-10 grade Angren kaolin, and a PEK modifier. 
The conducted tribological tests showed that the developed 
composite material exhibits stable friction characteristics 
under various normal loads. During the tests, the variation of 

the friction coefficient over time confirmed the formation of 
a stable tribological contact on the material's surface and 
indicated the composite's high operational stability during 
the friction process. 

According to the research results, the friction coefficient 
changes in a specific pattern with an increase in the normal 
load, and a significant decrease was observed under a load 
of 11.8 N. This phenomenon is explained by the formation 
of a protective tribo-film on the composite surface and 
improved sliding conditions in the contact zone. The 
combined action of bismaleimide, furfuryl alcohol, AKT-10 
kaolin, and the PEK modifier contributed to the formation of 
a robust interpolymer structure within the epoxy matrix, 

which served to reduce the destructive effect of abrasive 
particles. 

The obtained results demonstrated that the developed 
modified composite material possesses a low friction 
coefficient and stable tribological properties even under high 
load conditions. This allows for the recommendation of this 
material as a promising structural material for manufacturing 
sliding bearings, bushings, guide elements, and other 

machine components operating in abrasive environments. 
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Abstract: Most deployed energy-monitoring systems only measure electrical parameters and transmit them to a 

remote server, whereas equipment condition assessment and automatic optimisation remain undeveloped. 
This paper proposes the architecture and the mathematical model of a hybrid monitoring platform uniting 
IoT sensing, edge computing, cloud analytics and digital-twin technology in one six-layer framework. A 
multi-stage edge-side conditioning scheme is developed, the digital-twin state residual is introduced as a 
diagnostic feature for early fault detection, and an integral Energy Efficiency Index with a carbon-
footprint model is formulated so that technical and environmental criteria are evaluated in one loop. The 
testbed on a 0.4 kV three-phase feeder and the 180-day dataset of 17 280 records collected on it are 
described. The deep-learning forecasting layer built on this architecture is treated in a companion study. 

Keywords: energy monitoring, Internet of Things, edge computing, digital twin, Kalman filter, energy efficiency 
index, carbon footprint, predictive maintenance 

 

 
1. Introduction 

The rapid growth of electricity demand has made the 
efficient use of energy resources one of the most active 
research directions in power and information engineering. 
World final energy consumption is growing by 1.8–2.3 % 
per year, driven by industrial expansion, digital 

infrastructure and the proliferation of connected devices [1]. 
Real-time monitoring has therefore become a prerequisite 
rather than an optional feature of modern energy 
management. 

Conventional equipment is oriented towards measuring 
voltage, current and power, and therefore only records 
consumption; the acquired data are used mainly for 
retrospective reporting, so energy waste is identified after it 
has occurred. The Internet of Things has advanced this field 

considerably [2], but in cloud-centric architectures the whole 
processing burden falls on a central server, which increases 
latency and creates a hard dependency on connectivity. Edge 
computing addresses exactly this problem [3]. 

Monitoring alone, however, is no longer sufficient. 
Recent studies indicate that it must be integrated with 
artificial intelligence and digital-twin technology [4], [5]. A 
digital twin is a virtual replica of a physical asset 

synchronised in real time, enabling state observation, “what-
if” simulation and early fault prediction [5], [6]. In the power 
sector digital twins have mostly been applied to generation 
assets, whereas their integration into demand-side 
distributed monitoring remains insufficiently studied. 

The scope of this paper is the computing platform itself: 
its layered structure, its operating algorithm, the 

mathematical description of the measurement chain and the 

evaluation infrastructure on which it was deployed. The 
deep-learning forecasting layer that runs on top of the 
platform, together with its comparative evaluation and field 
results, is the subject of a companion study. 

The contributions are: (i) a six-layer architecture 
unifying monitoring, digital-twin synchronisation and 
techno-environmental assessment; (ii) a multi-stage edge-
side conditioning scheme; (iii) the digital-twin state residual 
as a diagnostic feature; and (iv) an integral Energy 

Efficiency Index (EEI) coupled with a carbon-footprint 
model. 

2. Research methodology 

Related Work and Problem Statement 

Early monitoring devices were analogue and could not 
process large data volumes. Microcontroller platforms such 
as Arduino, Raspberry Pi and ESP32 later enabled accurate 
measurement with cloud storage, and current research is 
concentrated on edge computation, AI-driven analytics, 
digital twins, predictive maintenance and carbon-footprint 

tracking [4], [6]. 
Table 1 summarises a comparative analysis of existing 

solutions. None of the reviewed systems combines 
monitoring, forecasting, digital-twin synchronisation, 
integral energy-efficiency assessment and environmental-
impact estimation within a single platform. 

Table 1  

Comparative analysis of existing energy-monitoring systems 

 

System / approach 
Real Edge Fore- Digital Effic. Carbo

n 

time comp. cast twin index footpr. 

Conventional SCADA ✔ − − − − − 

Microcontroller IoT meters ✔ − − − − − 
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IoT with statistical forecasting ✔ − ⊙ − − − 

IoT with machine learning ✔ ⊙ ✔ − − − 

IoT with deep learning ✔ ⊙ ✔ − − − 

Generation-side digital twins ✔ − ✔ ✔ − − 

Proposed platform ✔ ✔ ✔ ✔ ✔ ✔ 

 ✔– supported; ⊙– partially supported; −– not 
supported. 

The research problem is therefore stated as follows: to 
develop a computing architecture and its mathematical 
model that provide real-time observation of energy 
consumption in a distributed IoT infrastructure, assessment 

of equipment condition through a digital twin, and integral 
evaluation of energy efficiency and environmental impact. 

System Architecture 

The platform is intended not only to observe electricity 
consumption in real time, but also to assess the technical 
condition of the equipment and optimise energy use 
automatically. Functionally the architecture is divided into 

six layers (Fig. 1). 

Fig. 1. Six-layer architecture of the proposed hybrid energy-monitoring platform. Solid arrows denote the data path; the 

dashed arrow denotes the control and optimisation feedback loop 

L1 – physical layer contains the measurement chain: an 
SCT-013-030 current transformer, a ZMPT101B voltage 
sensor, a PZEM-004T energy meter and auxiliary 

temperature, humidity and motion sensors. 
L2 – edge layer (ESP32 and Raspberry Pi 4B) performs 

primary conditioning – a median filter suppresses impulsive 
noise, a Kalman filter suppresses measurement noise – and 
writes normalised data to a local ring buffer that prevents 
data loss during outages. 

L3 – communication layer transmits data over MQTT 
(QoS-2) with TLS 1.3 encryption [7] through Wi-Fi, 
LoRaWAN or 4G-LTE, and L4 – cloud layer distributes the 

stream by an Apache Kafka broker, stores it in InfluxDB and 
runs all services as Docker microservices. 

L5 – intelligence layer performs digital-twin 
synchronisation, forecasting, anomaly detection and 
computation of the EEI and the carbon footprint, while L6 – 

decision layer visualises the results, issues relay control 
signals, updates the maintenance schedule and notifies the 
user. 

Digital-Twin Loop 

The digital twin is a mathematical model synchronised 
with the state vector of the physical asset with a 

synchronisation period of 𝛥𝑡 = 1s. Its discrete state model 
is 

𝑥(𝑡 + 1) = 𝐴 𝑥(𝑡) + 𝐵 𝑢(𝑡) + 𝑤(𝑡),     (1) 
where 𝐴 is the system matrix, 𝐵 the control matrix, 𝑢(𝑡) 

the control action and 𝑤(𝑡) the process noise. The mismatch 
between the asset and its twin is the residual norm 

𝛿(𝑡) = ∥𝑥(𝑡) − 𝑥(𝑡)∥2.                     (2) 
If 𝛿(𝑡) > 𝛿th, the platform concludes that the technical 

condition of the equipment has changed and activates the 

predictive-maintenance module. The residual therefore acts 
as a model-based diagnostic feature: it reacts to parameter 
drift even while the measured power still lies inside its 
normal range, which is what makes early warning possible. 

Operating Algorithm 

The complete operating cycle is shown in Fig. 2 and 
formalised in Algorithm 1. It starts with sensor calibration, 
rejects invalid frames through a validity test, and closes with 

energy-efficiency evaluation and an anomaly check. 
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Fig. 2. Block diagram of the operating algorithm. Solid lines denote the main data path; dashed lines denote conditional 

transitions and the return of the measurement cycle 

Algorithm 1. Operating cycle of the platform 

1. Calibrate the sensors; initialise the twin state 𝑥(0). 
2. Acquire the frame 𝑧𝑘 at 1 Hz, apply the median 

filter and the Kalman update (7); discard invalid 
frames. 

3. Normalise by (8), buffer locally and publish over 

MQTT. 

4. Synchronise the twin, compute 𝛿(𝑡) by (2), update 
the EEI by (9) and the carbon footprint by (10). 

5. If 𝛿(𝑡) > 𝛿th or EEI < EEImin, solve(11) and 
issue the control action and the alert; update the 
dashboard and return to step2. 

Mathematical Model of the Measurement Chain 

For a single-phase circuit the active, apparent and 
reactive powers are 

𝑃 = 𝑈𝐼cos𝜑, 𝑆 = 𝑈𝐼, 𝑄 = 𝑈𝐼sin𝜑,         (3) 
where 𝑃 is the active power (W), 𝑆 the apparent power 

(VA), 𝑄 the reactive power (var), 𝑈 and 𝐼 the r.m.s. voltage 

and current, and 𝜑 the phase-shift angle. The power-triangle 
relation holds: 

𝑆2 = 𝑃2 +𝑄2 .                                     (4) 
For a balanced three-phase load the active power is 

𝑃3𝜑 = √3 𝑈𝐿𝐼𝐿cos𝜑.                            (5) 

The energy consumed over an interval is obtained in 

integral form and, with step 𝛥𝑡, in discrete form: 

𝐸 = ∫ 𝑃
𝑡2

𝑡1

(𝑡) d𝑡 = ∑𝑃𝑘

𝑁

𝑘=1

 𝛥𝑡.                             (6) 

At the edge node the measurement noise is suppressed 
by a Kalman filter [8]: 

𝑥𝑘 = 𝑥𝑘
− +𝐾𝑘(𝑧𝑘 −𝐻𝑥𝑘

−),                    (7) 
where 𝐾𝑘 is the Kalman gain, 𝑧𝑘 the measurement and 

𝐻 the observation matrix. Filtered values are then mapped to 
[0,1]: 

𝑥norm =
𝑥 − 𝑥min

𝑥max − 𝑥min
.                              (8) 

This ordering is essential: the median stage removes the 
impulsive outliers that would otherwise bias the Kalman 
innovation, so that the linear filter operates under the noise 
assumptions for which it is optimal. Its quantitative effect on 

forecasting accuracy is measured by the ablation study of the 
companion study. 

Energy Efficiency Index and Carbon Footprint 

The Energy Efficiency Index is defined as the ratio of 
ideal to actual consumption, the ideal value being computed 
from the nominal operating modes of the equipment: 

EEI =
𝐸ideal
𝐸real

, 𝐸ideal =∑𝑃nom,𝑖

𝑛

𝑖=1

  𝑡𝑖 .      (9) 

The platform operates at maximum efficiency as EEI →
1; the optimisation module is triggered when EEI < EEImin. 
The carbon footprint of the consumed electricity is estimated 
as 

𝐶CO2 = 𝑘 𝐸,                                    (10) 

where 𝑘 is the emission factor of the supply mix 

(kg CO2/kWh); 𝑘 = 0.468 kg CO2/kWh was adopted for the 
power system of Uzbekistan. Energy-use optimisation is 
posed as the constrained minimisation problem 

min
{𝐸𝑖}

∑𝑐𝑖

𝑛

𝑖=1

𝐸𝑖 , 𝑃min ≤ 𝑃𝑖 ≤ 𝑃max, EEI ≥ EEImin.   (11) 

where 𝑐𝑖 is the tariff coefficient of the 𝑖-th interval. 
Relations (9)–(11) place the technical, environmental and 
economic criteria in one loop, so that an optimisation 

decision can be justified in all three terms simultaneously. 
Experimental Infrastructure and Dataset 

A testbed connected to a 0.4kV three-phase network was 
assembled (Fig.3); the test object was a production area with 
a total installed capacity of 18.5 kW. Power-quality 
quantities were acquired in accordance with IEC 61000-4-
30 [9] and the sensor interface followed IEEE 1451.0 [10]. 
The specification is given in Tab.2 

Fig. 3. Block diagram of the experimental testbed 
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Table 2 

Technical specification of the experimental testbed 

Component Model / value Characteristics 

Current sensor SCT-013-030 0–30 A, error ±0.5 % 

Voltage sensor ZMPT101B 0–250 V, error ±0.4 % 

Energy module PZEM-004T v3.0 Modbus RTU, 0–100 A 

Microcontroller ESP32-WROOM-32 240 MHz, 12-bit ADC 

Edge node Raspberry Pi 4B 4 GB RAM, Cortex-A72 

Protocol MQTT v5.0 / TLS 1.3 QoS-2, Wi-Fi 802.11n 

Cloud server Ubuntu 22.04 LTS 8 vCPU, 32 GB RAM, GPU T4 

Software PyTorch 2.1 Python 3.11, InfluxDB 2.7 

Data were collected continuously over 180 days, from 
December 2025 to May 2026, at a primary sampling rate of 
1 Hz and then aggregated into 15-minute intervals, yielding 

17 280 records with seven features each (Table 3). The same 
dataset is used in the companion study.  

Table 3 

Statistical description of the dataset 

Quantity Mean SD Min. Max. Median 

Active power 𝑃, kW 7.42 3.55 1.60 22.84 6.31 

Voltage 𝑈, V 220.0 2.64 212.3 227.9 220.1 

Current 𝐼, A 12.26 5.74 2.71 37.10 10.43 

Power factor cos𝜑 0.895 0.041 0.702 0.972 0.905 

Reactive power 𝑄, kvar 3.71 1.92 0.58 12.44 3.12 

Daily energy 𝐸, kWh 178.1 42.7 94.3 281.6 172.8 

Fig.4 shows the mean daily load profiles for working 
days and weekends. The series exhibits pronounced daily 
and weekly periodicity: on working days a morning ramp is 
followed by a mid-day peak and a secondary afternoon peak, 
whereas weekend profiles are flatter and roughly 45 % lower 
in amplitude. This regular structure is what makes the series 

suitable for multi-step forecasting. 

 
Fig. 4. Mean daily load profiles for working days and 

weekends; the shaded band denotes the 10–90 % 

percentile range 

3. Conclusion 

This paper has presented the architecture, the 
mathematical model and the experimental infrastructure of a 
hybrid digital-twin monitoring platform. The main outcomes 
are as follows. 

1. A six-layer architecture was proposed in which 
measurement, edge conditioning, secure transport, cloud 
storage, intelligent analysis [11] and decision making are 
separated into explicit layers connected by a control 

feedback loop; the operating cycle was formalised as 
Algorithm 1. 

2. A multi-stage edge-side conditioning scheme 

(median→ Kalman→ normalisation) was formulated and 
justified. 

3. The digital-twin residual 𝛿(𝑡) was introduced as a 
diagnostic feature that reacts to parameter drift before it 
becomes visible in the measured power. 

4. An integral EEI and a carbon-footprint model were 
combined with a tariff-aware optimisation problem, and a 
180-day dataset of 17 280 records was collected on a 0.4 kV 
three-phase testbed. 

A companion study builds a hybrid LSTM–Transformer 

forecasting model on this architecture, benchmarks it against 
eight reference algorithms, quantifies the contribution of 
every component by an ablation study and reports the energy 
and environmental results obtained at five types of facility. 
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Assessment of the technical condition of a transformer based on the 

operational parameters of its oil using the fuzzy logic method 
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Abstract: In this article, a mathematical model and decision-making algorithm based on the theory of fuzzy logic 
were developed to assess the technical condition of a transformer based on the operational indicators of 
its oil. In the study, the water content, acid number, amount of mechanical impurities, kinematic viscosity, 
density, flash point, electrical strength and dielectric loss of transformer oil were selected as the main 
diagnostic parameters characterizing the technical condition of the transformer. Membership functions 

were formed for each parameter, a fuzzy rule base was created based on expert knowledge and regulatory 
documents, and an integral technical condition indicator was calculated using the Mamdani inference 
algorithm and the centroid method. The results of the study showed that the developed model allows for 
a comprehensive analysis of the relationship between the diagnostic indicators of transformer oil, 
determining the degree of degradation of the transformer insulation system, and dividing its technical 
condition into the categories of "very bad", "bad", "average", "good" and "excellent". The proposed 
approach serves to increase the operational reliability of transformers, prevent accidents, introduce 
condition-based maintenance systems, and extend the service life of transformers. 

Keywords: transformer oil, fuzzy logic, mathematical model, technical diagnostics, membership function, decision-

making algorithm, defuzzification 

 

 
1. Introduction 

Power transformers are among the most critical and 
expensive elements of the power system, and their reliable 
operation is crucial for ensuring the continuity of the power 
supply. Transformer oil acts as an insulating and cooling 
medium; therefore, its physicochemical and electrical 
properties are among the primary factors determining the 

overall technical condition of the transformer. During 
operation, under the influence of high temperatures, 
humidity, oxidation, and electrical loads, the properties of 
the oil gradually deteriorate, which reduces the reliability of 
the transformer and leads to various malfunctions. When 
assessing the technical condition of transformer oil, 
diagnostic indicators such as water content, acid number, 
mechanical impurities, electrical strength, dielectric loss, 
density, kinematic viscosity, and flash point are typically 

used. However, the separate assessment of these parameters 
cannot fully and objectively reflect the overall state of the 
oil, as they have a complex interdependence. Therefore, the 
development of comprehensive assessment methods that 
account for the interaction of parameters is one of the most 
pressing scientific and practical issues. The theory of fuzzy 
logic allows for the consideration of existing uncertainties in 
evaluating complex technical systems and the integration of 

expert knowledge into a mathematical model, making it one 
of the most optimal tools for solving this task. Based on this, 
the aim of this study is to develop a mathematical model and 
a decision-making algorithm based on fuzzy logic, aimed at 
evaluating the interaction between the diagnostic parameters 

 
a  https://orcid.org/0000-0001-6569-4806 
b  https://orcid.org/0000-0001-9290-5322 

of transformer oil and determining its overall technical 
condition through a single integral indicator. 

Literature review 

Assessment of the technical condition of transformers, 
increasing their reliability and preventing possible failures 
during operation are one of the important scientific 
directions of modern power systems. Existing scientific 
studies have shown that the analysis of the physicochemical 
and dielectric properties of transformer oil is widely used as 
an effective diagnostic method for determining the condition 

of the transformer insulation system. 
Studies conducted by Voprikov A.V., Grigoriev N.P. 

and Parfianovich A.P. considered the issues of extending the 
service life of power transformers used in traction 
substations of electric railways. The studies noted that the 
operational reliability of transformers depends mainly on the 
condition of the insulation system and the effectiveness of 
technical maintenance [1]. 

Bryakin I.V. and co-authors studied methods for 

monitoring the condition of transformers based on assessing 
the properties of transformer oil. In this work, the main 
diagnostic indicators of the oil - electrical strength, moisture 
content, acid number, mechanical impurities and other 
physicochemical parameters - are considered as important 
criteria for determining the degradation of the transformer 
insulation system [6]. 

Analytical studies conducted by Soni R. and Mehta B. 

on monitoring the technical condition of transformers 
studied the diagnostic capabilities of mineral oils and 
alternative dielectric fluids. The authors noted that most of 
the existing diagnostic methods are based on the assessment 

https://orcid.org/0000-0001-6569-4806
https://orcid.org/0000-0001-9290-5322
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of individual parameters and the need to develop complex 
multi-parameter assessment systems [10]. 

Studies aimed at in-depth study of the physicochemical 
processes in transformer oil analyzed the impact of moisture 
content, oxidation products, mechanical impurities and 
dielectric losses in the oil on the transformer insulation 
system. Feng Chen and co-authors proposed technologies for 
the restoration of transformer insulation oil and data-based 
restoration systems, in which oil quality control was 

considered as a means of increasing the operational 
reliability of the transformer [7]. 

Nazarychev A.N. and co-authors studied methods for 
diagnosing the main insulation of transformers based on the 
electrical strength of the oil. This work shows that the 
electrical strength of the oil is one of the main diagnostic 
indicators for determining the technical condition of 
transformer insulation [13]. 

In recent years, many studies have been carried out on 
the use of artificial intelligence methods, in particular, fuzzy 
logic, neural networks and expert systems in transformer 
diagnostics. These methods, unlike traditional boundary 
assessment methods, allow taking into account the 
interdependence of diagnostic parameters and making more 
accurate decisions in uncertain conditions. This approach 
allows combining several operational indicators of 

transformer oil into a single integral assessment criterion. 
Darwish M.M.F. and co-authors developed a new 

diagnostic method based on infrared spectroscopy to detect 
faults in transformer oil. This study shows the need for a 
comprehensive analysis of various physical measurements in 
modern diagnostic systems [11]. 

Also, in the works on the cleaning and regeneration of 
transformer oils using an electric field, Yusupov D.T., 

Avazov B.K. and other researchers studied the possibilities 
of reducing impurities in the oil that affect the mechanical 
and dielectric properties under the influence of an electric 
field. These studies are aimed at improving the operational 
performance of transformer oil and extending the service life 
of transformers [17]. 

The analysis of the above scientific works shows that in 
existing studies, effective methods have been developed for 

assessing individual diagnostic parameters of transformer 
oil, cleaning oil and monitoring the condition of 
transformers. However, in most approaches, diagnostic 
parameters are not evaluated in a comprehensive manner in 
relation to each other or decisions are made based on strict 
threshold values. This creates certain limitations in 
determining the actual technical condition of the transformer 
in cases where the parameters are uncertain. 

Therefore, in this study, the issue of developing a 

mathematical model and decision-making algorithm based 
on Fuzzy Logic theory based on eight main operational 
indicators of transformer oil (electric strength, water content, 
acid number, mechanical impurities, kinematic viscosity, 
density, flash point and dielectric losses) is considered as an 
urgent scientific and practical task. The proposed approach 
allows taking into account the interaction of diagnostic 
parameters, determining the degree of degradation of the 

transformer insulation system and improving maintenance 
processes. 

2. Research methodology 

In this study, a mathematical model and decision-
making algorithm based on the theory of fuzzy logic were 

developed to assess the technical condition of a transformer 
based on the operational indicators of transformer oil. The 
research methodology includes the following main stages: 
selection and analysis of the main diagnostic parameters of 
transformer oil, determination of their influence on the 
technical condition of the transformer, formation of 
membership functions for the parameters, development of a 
fuzzy rule base based on expert knowledge, and 
determination of the integral technical condition of the 

transformer based on the results obtained. The theoretical 
basis of the study is the theory of fuzzy logic, the theory of 
multi-criteria decision-making, and mathematical modeling 
methods. The initial data were the normative values 
established in the current regulatory documents on the 
diagnostic parameters of transformer oil and expert 
assessments. The theoretical basis of the study is the theory 
of fuzzy logic, the theory of multi- criteria decision-making, 

and the theory of mathematical modeling. The integrated 
application of these theoretical approaches serves as a 
scientific basis for accurately assessing the technical 
condition of transformer oil, analyzing degradation 
processes, and increasing the operational reliability of 
transformers. 

3. Results 

The mathematical model developed to assess the 
technical condition of the transformer consisted of several 
consecutive stages that express the relationship between the 
operational indicators of the transformer oil and the general 
technical condition of the transformer. Initially, the main 
diagnostic parameters characterizing the technical condition 
of the transformer - electrical strength of the oil, water 

content, acid number, amount of mechanical impurities, 
kinematic viscosity, density, flash point and dielectric loss - 
were selected and their normative and operational values 
were analyzed. At the next stage, membership functions 
were formed for each diagnostic parameter, linguistic 
variables and their value ranges were determined, and a 
fuzzy logic rule base was developed based on expert 
knowledge and current regulatory documents. The input 

parameters were processed using the fuzzy inference 
mechanism, and the integral technical condition indicator of 
the transformer was calculated through the defuzzification 
process. Based on the results obtained, it was possible to 
classify the technical condition of the transformer into the 
categories of "excellent", "good", " average ", "bad" and 
"very bad". The proposed model serves as a scientific basis 
for comprehensive consideration of the complex 

interrelationships between the diagnostic indicators of 
transformer oil, comprehensive assessment of the degree of 
degradation of the transformer insulation system, early 
detection of the possibility of failures, and increasing the 
operational reliability of the transformer. 

Development of a mathematical model for the 

electrical strength of oil 

A mathematical model was developed to assess the 
electrical strength of transformer oil, taking into account the 

main factors affecting it. 

𝜇(4)(𝑥1) = {

1, 𝑖𝑓 (𝑥1 ≤ 7);
14−𝑥1

7
, 𝑖𝑓 (7 < 𝑥1 ≤ 14);

0, 𝑖𝑓 𝑥1 > 7;

                  (1.1) 
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𝜇(3)(𝑥1) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥1 ≤ 7);
𝑥1−7

7
, 𝑖𝑓 (7 < 𝑥1 ≤ 14);

1, 𝑖𝑓 (14 ≤ 𝑥1 < 21);
28−𝑥1

7
,    𝑖𝑓 (21 ≤ 𝑥1 < 28); 

0, 𝑖𝑓 (𝑥1 ≥ 28);

               (1.2) 

𝜇(2)(𝑥1) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥1 ≤ 21);
𝑥1−21

7
, 𝑖𝑓 (21 < 𝑥1 ≤ 28);

1, 𝑖𝑓 (28 ≤ 𝑥1 < 35);
42−𝑥1

7
,    𝑖𝑓 (35 ≤ 𝑥1 < 42); 

0, 𝑖𝑓 (𝑥1 ≥ 42);

               (1.3) 

𝜇(1)(𝑥1) =

{
  
 

  
 

0, 𝑖𝑓 (𝑥1 ≤ 35);
𝑥1−35

7
, 𝑖𝑓 (35 < 𝑥1 ≤ 42);

1, 𝑖𝑓 (42 ≤ 𝑥1 < 49);
56−𝑥1

7
,    𝑖𝑓 (49 ≤ 𝑥1 < 56); 

0, 𝑖𝑓 (𝑥1 ≥ 56);

              (1.4) 

𝜇(0)(𝑥1) = {

0, 𝑖𝑓 (𝑥1 ≤ 49);
56−𝑥1

7
, 𝑖𝑓 (49 < 𝑥1 ≤ 56);

1,   𝑖𝑓  𝑥1 > 56;

                  (1.5) 

The following dependency rules have been established 
between input and output variables: 

𝑤𝐾𝑡𝑒𝑠ℎ(1) = min (𝑀 𝐹(1)(𝑥1), 1) → 𝜇(5)(𝑦1); 

…… 

𝑤𝐾𝑡𝑒𝑠ℎ(5) = min (𝑀 𝐹(5)(𝑥1), 1) → 𝜇(5)(𝑦1)   (1.6) 

Determine the general membership function for each 
fuzzy set in the output variable: 

𝜇(0)
∗ (𝑅𝐾𝑡𝑒𝑠ℎ) = max (𝑤𝐾𝑡𝑒𝑠ℎ(1), 0)); 

𝜇(1)
∗ (𝑅𝐾𝑡𝑒𝑠ℎ) = max (𝑤𝐾𝑡𝑒𝑠ℎ(2), 0); 

… 

𝜇(5)
∗ (𝑅𝐾𝑡𝑒𝑠ℎ) = max (𝑤𝐾𝑡𝑒𝑠ℎ(5), 0).   (1.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 
following expression: 

𝑅𝑡𝑒𝑠ℎ =
∑ 𝑤𝐾𝑡𝑒𝑠ℎ (𝑖)∗𝜇𝑖

∗(𝑦1)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑦1)

5
𝑖=1

                         (1.8) 

 

Development of a mathematical model for kinematic 

viscosity 

A mathematical model was developed to estimate the 
kinematic viscosity of transformer oil, taking into account 
the factors affecting it. 

𝜇(4)(𝑥1) = {

1, 𝑖𝑓 (𝑥1 ≤ 1.6);
3.2−𝑥1

1.6
, 𝑖𝑓 (1.6 < 𝑥1 ≤ 3.2);

0, 𝑖𝑓 𝑥1 > 3.2;

            (2.1) 

𝜇(3)(𝑥1) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥1 ≤ 1.6);
𝑥1−1.6

1.6
, 𝑖𝑓 (1.6 < 𝑥1 ≤ 3.2);

1, 𝑖𝑓 (3.2 ≤ 𝑥1 < 4.8);
6.4−𝑥1

1.6
,    𝑖𝑓 (4.8 ≤ 𝑥1 < 6.4); 

0, 𝑖𝑓 (𝑥1 ≥ 6.4);

          (2.2) 

𝜇(2)(𝑥1) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥1 ≤ 4.8);
𝑥1−4.8

1.6
, 𝑖𝑓 (4.8 < 𝑥1 ≤ 6.4);

1, 𝑖𝑓 (6.4 ≤ 𝑥1 < 8);
9.6−𝑥1

1.6
,    𝑖𝑓 (8 ≤ 𝑥1 < 9.6); 

0, 𝑖𝑓 (𝑥1 ≥ 9.6);

              (2.3) 

𝜇(1)(𝑥1) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥1 ≤ 8);
𝑥1−8

1.6
, 𝑖𝑓 (8 < 𝑥1 ≤ 9.6);

1, 𝑖𝑓 (9.6 ≤ 𝑥1 < 11.2);
12.8−𝑥1

1.6
,    𝑖𝑓 (11.2 ≤ 𝑥1 < 12.8); 

0, 𝑖𝑓 (𝑥1 ≥ 12.8);

     (2.4) 

𝜇(0)(𝑥1) = {

0, 𝑖𝑓 (𝑥1 ≤ 11.2);
12.8−𝑥1

1.6
, 𝑖𝑓 (11.2 < 𝑥1 ≤ 12.8);

1,   𝑖𝑓  𝑥1 > 12.8;

        (2.5) 

The following dependency rules have been established 
between input and output variables: 

𝑤𝐾𝑞𝑜𝑣(1) = min (𝑀 𝐹(1)(𝑥1), 1) → 𝜇(5)(𝑦1); 

…… 

𝑤𝐾𝑞𝑜𝑣(5) = min (𝑀 𝐹(5)(𝑥1), 1) → 𝜇(5)(𝑦1)   (2.6) 

Determine the general membership function for each 
fuzzy set in the output variable: 

𝜇(0)
∗ (𝑅𝐾𝑞𝑜𝑣) = max (𝑤𝐾𝑞𝑜𝑣(1) , 0)); 

𝜇(1)
∗ (𝑅𝐾𝑞𝑜𝑣) = max (𝑤𝐾𝑞𝑜𝑣(2) , 0); 

… 

𝜇(5)
∗ (𝑅𝐾𝑞𝑜𝑣) = max (𝑤𝐾𝑞𝑜𝑣(5) , 0)         (2.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 
following expression: 

𝑅𝑞𝑜𝑣 =
∑ 𝑤𝐾𝑞𝑜𝑣 (𝑖)∗𝜇𝑖

∗(𝑦1)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑦1)

5
𝑖=1

                     (2.8) 

Development of a mathematical model for the 

amount of mechanical impurities 

To assess the amount of mechanical impurities in 

transformer oil, a mathematical model was developed that 
determines the patterns of their change during operation. 

𝜇(4)(𝑥1) = {

1, 𝑖𝑓 (𝑥1 ≤ 0.014);
0.028−𝑥1

0.014
, 𝑖𝑓 (0.014 < 𝑥1 ≤ 0.028);

0, 𝑖𝑓 𝑥1 > 0.028;

   

(3.1) 

𝜇(3)(𝑥1) =

{
  
 

  
 

0, 𝑖𝑓 (𝑥1 ≤ 0.014);
𝑥1−0.014

0.014
, 𝑖𝑓 (0.014 < 𝑥1 ≤ 0.028);

1, 𝑖𝑓 (0.028 ≤ 𝑥1 < 0.042);
0.056−𝑥1

0.014
,    𝑖𝑓 (0.042 ≤ 𝑥1 < 0.056); 

0, 𝑖𝑓 (𝑥1 ≥ 0.056);

  

(3.2) 

𝜇(2)(𝑥1) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥1 ≤ 0.042);
𝑥1−0.042

0.014
, 𝑖𝑓 (0.042 < 𝑥1 ≤ 0.056);

1, 𝑖𝑓 (0.056 ≤ 𝑥1 < 0.07);
0.084−𝑥1

0.014
,    𝑖𝑓 (0.07 ≤ 𝑥1 < 0.084); 

0, 𝑖𝑓 (𝑥1 ≥ 0.084);

   

(3.3) 

𝜇(1)(𝑥1) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥1 ≤ 0.07);
𝑥1−0.7

0.014
, 𝑖𝑓 (0.7 < 𝑥1 ≤ 0.084);

1, 𝑖𝑓 (0.084 ≤ 𝑥1 < 0.098);
0.112−𝑥1

0.014
,    𝑖𝑓 (0.098 ≤ 𝑥1 < 0.112); 

0, 𝑖𝑓 (𝑥1 ≥ 0.112);

(3.4) 

𝜇(0)(𝑥1) = {

0, 𝑖𝑓 (𝑥1 ≤ 0.098);
0.112−𝑥1

0.014
, 𝑖𝑓 (0.098 < 𝑥1 ≤ 0.112);

1,   𝑖𝑓  𝑥1 > 0.112;

  (3.5) 
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The following dependency rules have been established 
between input and output variables: 

𝑤𝐾.𝑚𝑒𝑥.𝑎(1) = min (𝑀 𝐹(1)(𝑥1), 1) → 𝜇(5)(𝑦1); 

…… 

𝑤𝐾.𝑚𝑒𝑥.𝑎(1) = min (𝑀 𝐹(5)(𝑥1), 1) → 𝜇(5)(𝑦1)  (3.6) 

Determine the general membership function for each 

fuzzy set in the output variable: 
𝜇(0)
∗ (𝑅𝐾.𝑚𝑒𝑥.𝑎) = max (𝑤𝐾.𝑚𝑒𝑥.𝑎(1), 0)); 

𝜇(1)
∗ (𝑅𝐾.𝑚𝑒𝑥.𝑎) = max (𝑤𝐾.𝑚𝑒𝑥.𝑎(2), 0); 

… 

𝜇(5)
∗ (𝑅𝐾.𝑚𝑒𝑥.𝑎) = max (𝑤𝐾.𝑚𝑒𝑥.𝑎(5), 0) (3.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 

following expression: 

𝑅𝑚𝑒𝑥.𝑎 =
∑ 𝑤𝐾.𝑚𝑒𝑥.𝑎 (𝑖)∗𝜇𝑖

∗(𝑦1)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑦1)

5
𝑖=1

              (3.8) 

 

Development of a mathematical model for 

determining water content 

A mathematical model has been developed to estimate 
the water content in transformer oil. This model allows 
describing the patterns of moisture content changes during 
operation, assessing its impact on the electrical and 

physicochemical properties of the transformer insulation 
system, and diagnosing the technical condition of the oil. 

𝑀 𝐹(1)(𝑥) =  {1 −

1,                    𝑖𝑓 (𝑥 ≤ 7);
𝑥−6

12−6
, 𝑖𝑓 (6 < 𝑥 ≤ 12);

0,                  𝑖𝑓 (𝑥 ≥ 12);

         (4.1) 

𝑀 𝐹(2)(𝑥) =

  

{
 
 

 
 
1 −

0,                    𝑖𝑓 (𝑥 ≤ 6 𝑜𝑟 𝑥 ≥ 24);
𝑥−6

12−6
, 𝑖𝑓 (6 < 𝑥 ≤ 12)

1,                  𝑖𝑓 6 < 𝑥 ≤ 12;

1 −
𝑥−6

12−6
 𝑖𝑓 (18 < 𝑥 < 24);         

(4.2) 

𝑀 𝐹(3)(𝑥) =   

{
 
 

 
 
0,                    𝑖𝑓 (𝑥 ≤ 18 𝑜𝑟 𝑥 ≥ 36);

𝑥−18

24−18
, 𝑖𝑓 (18 < 𝑥 ≤ 24)

1,                  𝑖𝑓 24 < 𝑥 ≤ 30;

1 −
𝑥−30

36−30
 𝑖𝑓 (30 < 𝑥 < 36);         

    

(4.3) 

𝑀 𝐹4(𝑥) =   {

0,                    𝑖𝑓 (𝑥 ≤ 42);
𝑥−42

48−42
, 𝑖𝑓 (42 < 𝑥 ≤ 48);

1,                  𝑖𝑓 (𝑥 ≥ 48);

                (4.4) 

𝑀 𝐹(5)(𝑥) =  

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 30 𝑜𝑟 𝑥 ≥ 48);

𝑥−42

36−30
, 𝑖𝑓 (30 < 𝑥 ≤ 36)

   1,                  𝑖𝑓 36 < 𝑥 ≤ 42;

1 −
𝑥−42

48−42
 𝑖𝑓 (42 < 𝑥 < 48);         

(4.5) 

The following dependency rules have been established 

between input and output variables: 

𝑤𝐾𝑠𝑢𝑣(1) = min (𝑀 𝐹(1)(𝑥1),1) → 𝜇(5)(𝑦1); 

…… 

𝑤𝐾𝑠𝑢𝑣 (1) = min (𝑀 𝐹(5)(𝑥1),1) → 𝜇(5)(𝑦1)  (4.6) 

Determine the general membership function for each 
fuzzy set in the output variable: 

𝜇(0)
∗ (𝑅𝐾𝑠𝑢𝑣) = max (𝑤𝐾𝑠𝑢𝑣(1), 0)); 

𝜇(1)
∗ (𝑅𝐾𝑠𝑢𝑣) = max (𝑤𝐾𝑠𝑢𝑣(2), 0); 

… 

𝜇(5)
∗ (𝑅𝐾𝑠𝑢𝑣) = max (𝑤𝐾𝑠𝑢𝑣(5), 0)           (4.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 
following expression: 

𝑅𝑠𝑢𝑣 =
∑ 𝑤𝐾𝑠𝑢𝑣 (𝑖)∗𝜇𝑖

∗(𝑦1)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑦1)

5
𝑖=1

                  (4.8) 

Development of a mathematical model for 

determining the amount of acidity 

A mathematical model has been developed to estimate 
the acid number of transformer oil. This model allows us to 
characterize the degree of oxidation and degradation of the 
oil during operation and to assess its impact on the technical 
condition of the insulation system. 

𝑀 𝐹1(𝑥) =   {

1,                    𝑖𝑓 (𝑥 ≤ 0.01);

1 −
𝑥−0.01

0.02−0.01
, 𝑖𝑓 (0.01 < 𝑥 < 0.02);

0,                  𝑖𝑓 (𝑥 ≥ 0.02);

      

(5.1) 

𝑀 𝐹(2)(𝑥) =

  

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 0.01 𝑜𝑟 𝑥 ≥ 0.04);

𝑥−0.01

0.02−0.01
, 𝑖𝑓 (0.01 < 𝑥 ≤ 0.02)

   1,                  𝑖𝑓 0.02 < 𝑥 ≤ 0.03;

1 −
𝑥−0.05

0.06−0.05
 𝑖𝑓 (0.03 < 𝑥 < 0.04);         

    (5.2) 

𝑀 𝐹(3)(𝑥) =

  

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 0.03 𝑜𝑟 𝑥 ≥ 0.06);

𝑥−0.03

0.04−0.03
, 𝑖𝑓 (0.03 < 𝑥 ≤ 0.04)

   1,                  𝑖𝑓 0.04 < 𝑥 ≤ 0.05;

1 −
𝑥−0.05

0.06−0.05
 𝑖𝑓 (0.05 < 𝑥 < 0.06);         

     (5.3) 

𝑀 𝐹4(𝑥) =   {

0,                    𝑖𝑓 (𝑥 ≤ 0.07);

1 −
𝑥−0.01

0.02−0.01
, 𝑖𝑓 (0.07 < 𝑥 < 0.08);

1,                  𝑖𝑓 (𝑥 ≥ 0.08);

       

(5.4) 

𝑀 𝐹(5)(𝑥) =   

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 0.05 𝑜𝑟 𝑥 ≥ 0.04);

𝑥−42

36−30
, 𝑖𝑓 (0.05 < 𝑥 ≤ 0.06)

   1,                  𝑖𝑓 0.06 < 𝑥 ≤ 0.07;

1 −
𝑥−42

48−42
 𝑖𝑓 (0.07 < 𝑥 < 0.08);         

        

(5.5) 
The following dependency rules have been established 

between input and output variables: 

𝑤𝐾𝑘𝑖𝑠(1) = min (𝑀 𝐹(1)(𝑥1), 1) → 𝜇(5)(𝑦1); 

…… 

𝑤𝐾𝑘𝑖𝑠(1) = min (𝑀 𝐹(5)(𝑥1), 1) → 𝜇(5)(𝑦1)    (5.6) 

Determine the general membership function for each 
fuzzy set in the output variable: 

𝜇(0)
∗ (𝑅𝐾𝑘𝑖𝑠) = max (𝑤𝐾𝑘𝑖𝑠(1), 0)); 

𝜇(1)
∗ (𝑅𝐾𝑘𝑖𝑠) = max (𝑤𝐾𝑘𝑖𝑠(2), 0); 

… 

𝜇(5)
∗ (𝑅𝐾𝑘𝑖𝑠) = max (𝑤𝐾𝑘𝑖𝑠(5), 0)             (5.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 
following expression: 

𝑅𝑘𝑖𝑠 =
∑ 𝑤𝐾𝑘𝑖𝑠 (𝑖)∗𝜇𝑖

∗(𝑦1)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑦1)

5
𝑖=1

                        (5.8) 

Development of a mathematical model for 

determining the flash point 

A mathematical model was developed to estimate the 
flash point of transformer oil. 
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𝑀 𝐹1(𝑥) =   {

1                    𝑖𝑓 (𝑥 ≤ 27);

1 −
𝑥−27

54−27
, 𝑖𝑓 (27 < 𝑥 < 54);

0                  𝑖𝑓 (𝑥 ≥ 54);

         (6.1) 

𝑀 𝐹(2)(𝑥) =  

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 27 𝑜𝑟 𝑥 ≥ 108);

𝑥−27

54−27
, 𝑖𝑓 (27 < 𝑥 ≤ 54)

   1,                  𝑖𝑓 (54 < 𝑥 ≤ 81);

1 −
𝑥−81

108−81
 𝑖𝑓 (81 < 𝑥 < 108);         

      

(6.2) 

𝑀 𝐹(3)(𝑥) =  

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 81 𝑜𝑟 𝑥 ≥ 162);

𝑥−81

108−81
, 𝑖𝑓 (81 < 𝑥 ≤ 108)

   1,                  𝑖𝑓 (108 < 𝑥 ≤ 135);

1 −
𝑥−135

162−135
 𝑖𝑓 (135 < 𝑥 < 162);         

  

(6.3) 

𝑀 𝐹4(𝑥) =   {

0                   𝑖𝑓 (𝑥 ≤ 189);

1 −
𝑥−189

216−189
, 𝑖𝑓 (189 < 𝑥 < 216);

1                 𝑖𝑓 (𝑥 ≥ 216);

           

(6.4) 

𝑀 𝐹(5)(𝑥) =  

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 135 𝑜𝑟 𝑥 ≥ 216);

𝑥−135

162−135
, 𝑖𝑓 (135 < 𝑥 ≤ 162)

   1,                  𝑖𝑓 (162 < 𝑥 ≤ 189);

1 −
𝑥−189

216−189
 𝑖𝑓 (189 < 𝑥 < 216);         

 

(6.5) 
The following dependency rules have been established 

between input and output variables: 

𝑤𝐾𝑐ℎ𝑎𝑞.ℎ.(1) = min (𝑀 𝐹(1)(𝑥1), 1) → 𝜇(5)(𝑦1); 

…… 

𝑤𝐾𝑐ℎ𝑎𝑞.ℎ.(1) = min (𝑀 𝐹(5)(𝑥1), 1) → 𝜇(5)(𝑦1) (6.6) 

Determine the general membership function for each 
fuzzy set in the output variable: 

𝜇(0)
∗ (𝑅𝐾𝑐ℎ𝑎𝑞.ℎ.) = max (𝑤𝐾𝑐ℎ𝑎𝑞.ℎ.(1), 0)); 

𝜇(1)
∗ (𝑅𝐾𝑐ℎ𝑎𝑞.ℎ.) = max (𝑤𝐾𝑐ℎ𝑎𝑞.ℎ.(2), 0); 

… 

𝜇(5)
∗ (𝑅𝐾𝑐ℎ𝑎𝑞.ℎ.) = max (𝑤𝐾𝑐ℎ𝑎𝑞.ℎ.(5), 0)       (6.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 
following expression: 

𝑅𝑐ℎ𝑎𝑞.ℎ. =
∑ 𝑤𝐾𝑐ℎ𝑎𝑞.ℎ.(𝑖)∗𝜇𝑖

∗(𝑦1)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑦1)

5
𝑖=1

                    (6.8) 

Development of a mathematical model for 

determining density 

To estimate the density of transformer oil, a 
mathematical model was developed that takes into account 
the main factors affecting it. 

𝑀 𝐹1(𝑥) =  {

1                   𝑖𝑓 (𝑥 ≤ 180);

1 −
𝑥−188

360−180
, 𝑖𝑓 (180 < 𝑥 < 360);

0                 𝑖𝑓 (𝑥 ≥ 360);

  

(7.1) 

𝑀 𝐹(2)(𝑥) =

  

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 181.4 𝑜𝑟 𝑥 ≥ 721.4);

𝑥−181.4

361.4−181.4
, 𝑖𝑓 (181.4 < 𝑥 ≤ 361.4)

   1,                  𝑖𝑓 (1361.4 < 𝑥 ≤ 541.4);

1 −
𝑥−541.4

721.4−541.4
 𝑖𝑓 (189 < 𝑥 < 721.4);         

(7.2) 

𝑀 𝐹(3)(𝑥) =

  

{
 
 

 
 
       0,         𝑖𝑓 (𝑥 ≤ 540 𝑜𝑟 𝑥 ≥ 1080);

𝑥−540

720−540
, 𝑖𝑓 (540 < 𝑥 ≤ 720)

   1,                  𝑖𝑓 (720 < 𝑥 ≤ 900);

1 −
𝑥−900

1080−900
 𝑖𝑓 (900 < 𝑥 < 1080);         

   (7.3) 

𝑀 𝐹(4)(𝑥) =

  

{
 
 

 
 

       0,         𝑖𝑓 (𝑥 ≤ 900 𝑜𝑟 𝑥 ≥ 1440);
𝑥−900

1080−900
, 𝑖𝑓 (900 < 𝑥 ≤ 1080)

   1,                  𝑖𝑓 (1080 < 𝑥 ≤ 1260);

1 −
𝑥−1260

1440−1260
 𝑖𝑓 (1260 < 𝑥 < 1440);         

(7.4) 

𝑀 𝐹5(𝑥) =  {

0                 𝑖𝑓 (𝑥 ≤ 1260);
𝑥−1260

1440−1260
, 𝑖𝑓 (1260 < 𝑥 < 1440);

1                𝑖𝑓 (𝑥 ≥ 1440);

 

(7.5) 
The following dependency rules have been established 

between input and output variables: 

𝑤𝐾𝑧𝑖𝑐ℎ(1) = min (𝑀 𝐹(1)(𝑥1), 1) → 𝜇(5)(𝑦1); 

…… 

𝑤𝐾𝑧𝑖𝑐ℎ(1) = min (𝑀 𝐹(5)(𝑥1), 1) → 𝜇(5)(𝑦1)    (7.6) 

Determine the general membership function for each 
fuzzy set in the output variable: 

𝜇(0)
∗ (𝑅𝐾𝑧𝑖𝑐ℎ) = max (𝑤𝐾𝑧𝑖𝑐ℎ(1), 0)); 

𝜇(1)
∗ (𝑅𝐾𝑧𝑖𝑐ℎ) = max (𝑤𝐾𝑧𝑖𝑐ℎ(2), 0); 

… 

𝜇(5)
∗ (𝑅𝐾𝑧𝑖𝑐ℎ) = max (𝑤𝐾𝑧𝑖𝑐ℎ(5), 0)           (7.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 
following expression: 

𝑅𝑧𝑖𝑐ℎ =
∑ 𝑤𝐾𝑧𝑖𝑐ℎ (𝑖)∗𝜇𝑖

∗(𝑦1)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑦1)

5
𝑖=1

                       (7.8) 

Development of a mathematical model for dielectric 

losses 

To estimate the dielectric losses of transformer oil, a 
mathematical model was developed that takes into account 

the main factors affecting it. 

𝑀 𝐹1(𝑥) = {1 −

1, 𝑖𝑓 (𝑥 ≤ 0.1);
𝑥−0.1

0.2−0.1
, 𝑖𝑓 (0.1 < 𝑥 ≤ 0.2);

0, 𝑖𝑓 𝑥 > 0.2;

         (8.1) 

𝑀 𝐹2(𝑥) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥 ≤ 0.1 𝑜𝑟 𝑥 ≥ 0.4);
𝑥−0.1

0.2−0.1
, 𝑖𝑓 (0.3 < 𝑥 ≤ 0.4);

1, 𝑖𝑓 (3.2 ≤ 𝑥 < 4.8);

1 −
𝑥−0.3

0.4−0.3
,    𝑖𝑓 (0.4 ≤ 𝑥 < 0.5);

       (8.2) 

𝑀 𝐹3(𝑥) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥 ≤ 0.3 𝑜𝑟 𝑥 ≥ 0.6);
𝑥−0.3

0.4−0.3
, 𝑖𝑓 (0.3 < 𝑥 ≤ 0.4);

1, 𝑖𝑓 (0.4 ≤ 𝑥 < 0.5);

1 −
𝑥−0.5

0.6−0.5
,    𝑖𝑓 (0.5 ≤ 𝑥 < 0.6);

      (8.3) 

𝑀 𝐹4(𝑥) = {1−

1, 𝑖𝑓 (𝑥 ≤ 0.7);
𝑥−0.1

0.2−0.1
, 𝑖𝑓 (0.7 < 𝑥 ≤ 0.8);

1, 𝑖𝑓 𝑥 > 0.8;

         (8.4) 

𝑀 𝐹5(𝑥) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥 ≤ 0.5 𝑜𝑟 𝑥 ≥ 0.8);
𝑥−0.5

0.6−0.5
, 𝑖𝑓 (0.5 < 𝑥 ≤ 0.6);

1, 𝑖𝑓 (0.6 ≤ 𝑥 < 0.7);

1 −
𝑥−0.7

0.8−0.7
,    𝑖𝑓 (0.7 ≤ 𝑥 < 0.8);

       (8.5) 
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The following dependency rules have been established 
between input and output variables: 

𝑤𝐾𝑑.𝑖.(1) = min (𝑀 𝐹(1)(𝑥1),1) → 𝜇(5)(𝑦1); 

…… 

𝑤𝐾𝑑.𝑖.(1) = min (𝑀 𝐹(5)(𝑥1),1) → 𝜇(5)(𝑦1)   (8.6) 

Determine the general membership function for each 

fuzzy set in the output variable: 
𝜇(0)
∗ (𝑅𝐾𝑑.𝑖.) = max (𝑤𝐾𝑑.𝑖.(1), 0)); 

𝜇(1)
∗ (𝑅𝐾𝑑.𝑖.) = max (𝑤𝐾𝑑.𝑖.(2), 0); 

… 

𝜇(5)
∗ (𝑅𝐾𝑑.𝑖.) = max (𝑤𝐾𝑑.𝑖.(5), 0)            (8.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 

following expression: 

𝑅𝑑.𝑖. =
∑ 𝑤𝐾𝑑.𝑖.(𝑖)∗𝜇𝑖

∗(𝑦1)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑦1)

5
𝑖=1

                        (8.8) 

 

Development of a mathematical model for the 

general state of oil 

To assess the overall technical condition of the 
transformer oil, a mathematical model was developed that 
accounts for changes in the values of its eight main 
indicators. The model allows for the assessment of the 

general technical condition of the oil and the prediction of 
the result. 

𝑀 𝐹1(𝑅) = {1 −

1, 𝑖𝑓 (𝑅 ≤ 10);
𝑅−10

20−10
, 𝑖𝑓 (10 < 𝑅 ≤ 20);

0, 𝑖𝑓 𝑅 > 20;

         (9.1) 

𝑀 𝐹2(𝑅) =

{
 
 

 
 

0, 𝑖𝑓 (𝑅 ≤ 10 𝑜𝑟 𝑅 ≥ 40);
𝑅−10

20−10
, 𝑖𝑓 (30 < 𝑅 ≤ 40);

1, 𝑖𝑓 (32 ≤ 𝑅 < 48);

1 −
𝑅−30

40−30
,    𝑖𝑓 (40 ≤ 𝑅 < 50);

       (9.2) 

𝑀 𝐹3(𝑅) =

{
 
 

 
 

0, 𝑖𝑓 (𝑅 ≤ 30 𝑜𝑟 𝑅 ≥ 60);
𝑅−30

40−30
, 𝑖𝑓 (30 < 𝑅 ≤ 40);

1, 𝑖𝑓 (40 ≤ 𝑅 < 50);

1 −
𝑅−50

60−50
,    𝑖𝑓 (50 ≤ 𝑅 < 60);

      (9.3) 

𝑀 𝐹4(𝑅) = {1−

1, 𝑖𝑓 (𝑅 ≤ 70);
𝑅−40

50−40
, 𝑖𝑓 (70 < 𝑅 ≤ 80);

1, 𝑖𝑓 𝑅 > 80;

        (9.4) 

𝑀 𝐹5(𝑅) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥 ≤ 50 𝑜𝑟 𝑅 ≥ 80);
𝑅−50

60−50
, 𝑖𝑓 (50 < 𝑅 ≤ 60);

1, 𝑖𝑓 (60 ≤ 𝑅 < 70);

1 −
𝑅−70

80−70
,    𝑖𝑓 (70 ≤ 𝑅 < 80);

      (9.5) 

The following dependency rules have been established 
between input and output variables: 

𝑤𝑚𝑜𝑦(1) = min (𝑀 𝐹(1)(𝑅1), 1) → 𝜇(5)(𝑅𝑚𝑜𝑦); 

…… 

𝑤𝑚𝑜𝑦(1) = min (𝑀 𝐹(5)(𝑅1), 1) → 𝜇(5)(𝑅𝑚𝑜𝑦)  (9.6) 

Determine the general membership function for each 

fuzzy set in the output variable: 
𝜇(0)
∗ (𝑅𝑚𝑜𝑦) = max (𝑤𝑚𝑜𝑦(1), 0)); 

𝜇(1)
∗ (𝑅𝑚𝑜𝑦) = max (𝑤𝑚𝑜𝑦(2), 0); 

… 

𝜇(5)
∗ (𝑅𝑚𝑜𝑦) = max (𝑤𝑚𝑜𝑦(5), 0)            (9.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 

generalized indefinite set and is calculated using the 
following expression: 

𝑅𝑚𝑜𝑦 =
∑ 𝑤𝑚𝑜𝑦 (𝑖)∗𝜇𝑖

∗(𝑅𝑚𝑜𝑦)
62225
𝑖=1

∑ 𝜇𝑖
∗(𝑅𝑚𝑜𝑦)

5
𝑖=1

              (9.8) 

Development of a mathematical model for the 

technical condition of a transformer 

To assess the technical condition of a transformer, taking 
into account changes in the values of eight key oil 
parameters. The model allows assessing the overall technical 
condition of the transformer and predicting the outcome. 

𝑀 𝐹1(𝑅) = {1 −

1, 𝑖𝑓 (𝑅 ≤ 10);
𝑅−10

20−10
, 𝑖𝑓 (10 < 𝑅 ≤ 20);

0, 𝑖𝑓 𝑅 > 20;

        (10.1) 

𝑀 𝐹2(𝑅) =

{
 
 

 
 

0, 𝑖𝑓 (𝑅 ≤ 10 𝑜𝑟 𝑅 ≥ 40);
𝑅−10

20−10
, 𝑖𝑓 (30 < 𝑅 ≤ 40);

1, 𝑖𝑓 (32 ≤ 𝑅 < 48);

1 −
𝑅−30

40−30
,    𝑖𝑓 (40 ≤ 𝑅 < 50);

     (10.2) 

𝑀 𝐹3(𝑅) =

{
 
 

 
 

0, 𝑖𝑓 (𝑅 ≤ 30 𝑜𝑟 𝑅 ≥ 60);
𝑅−30

40−30
, 𝑖𝑓 (30 < 𝑅 ≤ 40);

1, 𝑖𝑓 (40 ≤ 𝑅 < 50);

1 −
𝑅−50

60−50
,    𝑖𝑓 (50 ≤ 𝑅 < 60);

     (10.3) 

𝑀 𝐹4(𝑅) = {1−

1, 𝑖𝑓 (𝑅 ≤ 70);
𝑅−10

20−10
, 𝑖𝑓 (70 < 𝑅 ≤ 80);

1, 𝑖𝑓 𝑅 > 80;

      (10.4) 

𝑀 𝐹5(𝑅) =

{
 
 

 
 

0, 𝑖𝑓 (𝑥 ≤ 50 𝑜𝑟 𝑅 ≥ 80);
𝑅−50

60−50
, 𝑖𝑓 (50 < 𝑅 ≤ 60);

1, 𝑖𝑓 (60 ≤ 𝑅 < 70);

1 −
𝑅−70

80−70
,    𝑖𝑓 (70 ≤ 𝑅 < 80);

    (10.5) 

The following dependency rules have been established 
between input and output variables: 

𝑤𝑡𝑟(1) = min (𝑀 𝐹(1)(𝑅1), 1) → 𝜇(5)(𝑅𝑡𝑟); 

…… 

𝑤𝑡𝑟(1) = min (𝑀 𝐹(5)(𝑅1), 1) → 𝜇(5)(𝑅𝑡𝑟)  (10.6) 

Determine the general membership function for each 
fuzzy set in the output variable: 

𝜇(0)
∗ (𝑅𝑡𝑟) = max (𝑤𝑡𝑟(1) , 0)); 

𝜇(1)
∗ (𝑅𝑡𝑟) = max (𝑤𝑡𝑟(2) , 0); 

… 

𝜇(5)
∗ (𝑅𝑡𝑟) = max (𝑤𝑡𝑟(5) , 0)             (10.7) 

The exact value of the output variable is determined by 
a diffusion process based on the centroid method for a 
generalized indefinite set and is calculated using the 
following expression: 

𝑅𝑡𝑟 =
∑ 𝑤𝑡𝑟(𝑖)∗𝜇𝑖

∗(𝑅𝑡𝑟)
5
𝑖=1

∑ 𝜇𝑖
∗(𝑅𝑡𝑟)

5
𝑖=1

                     (10.8) 

Assessment algorithm (Algorithm). In order to 
automate the process of assessing the technical condition of 
a transformer based on the operational indicators of 
transformer oil and to increase the accuracy and reliability of 
diagnostic results, an assessment algorithm based on the 
theory of fuzzy logic was developed. This algorithm is aimed 
at a comprehensive analysis of the diagnostic parameters of 
transformer oil, taking into account their interaction and 

determining the general technical condition of the 
transformer based on an integral assessment indicator, 
consists of several consecutive stages and allows for a 
comprehensive analysis of the physicochemical and 
electrical properties of transformer oil. 
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At the first stage of the algorithm, the main diagnostic 
parameters of transformer oil (electrical strength, water 
content, mechanical impurities, acid number, dielectric loss, 
density, flash point and kinematic viscosity) determined as a 
result of laboratory tests are entered into the system. At the 
next stage, these parameters are compared with the 
normative values established in current standards. At the 
final stage, defuzzification is performed using the centroid 
method, which calculates the integral technical condition 

indicator of the transformer and determines whether it 
belongs to one of the categories of "excellent", "good", 
"average", "bad" or "very bad". The proposed algorithm 
allows for a systematic analysis of the diagnostic parameters 
of transformer oil, a comprehensive assessment of the 
technical condition of the transformer and the initial 
detection of possible malfunctions during operation. This 
algorithm serves as an effective tool for improving decision-

making efficiency, reducing maintenance costs, and 
ensuring the operational reliability of transformers in 
Condition-Based Maintenance systems (Figure 1). 

 
Fig. 1. Algorithm for assessing the technical condition of 

a transformer based on the operational performance of 

its oil and making operational decisions based on the 

fuzzy logic method 

4. Conclusion 

In this study, a mathematical model based on fuzzy logic 
theory was developed to assess the technical condition of a 
transformer based on eight main operational indicators of 
transformer oil (electrical strength, water content, acid 
number, amount of mechanical impurities, kinematic 
viscosity, density, flash point and dielectric loss). The 
developed model allows for a comprehensive analysis of the 

impact of diagnostic parameters on the state of the 
transformer insulation system and the determination of the 
overall technical condition of the transformer, taking into 
account their interdependence. 

An evaluation algorithm based on fuzzy logic has been 
developed, which allows for a quick and reliable assessment 
of the technical condition of a transformer based on 
diagnostic indicators of transformer oil, increasing 

operational safety, and providing recommendations for 
maintenance or repair. The proposed algorithm provides 
automatic processing of diagnostic data and classification of 
the technical condition of the transformer into the categories 
of "excellent", "good", "average", "bad" and "very bad". 

The proposed mathematical model and integral 
evaluation algorithm allow for the diagnosis of the technical 
condition of the transformer, assessment of the degree of 
degradation of the insulation system, and early detection of 
possible failures based on a comprehensive analysis of the 
operational parameters of the transformer oil. This approach 
serves as an effective scientific and methodological tool for 
increasing the operational reliability of transformers, 
preventing accidents, improving maintenance systems, and 

optimizing technical monitoring processes. 
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Application of artificial intelligence in modeling non-stationary oil filtration in 

multilayer porous media and data reliability issues 
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Abstract: This research investigates the modeling of unsteady-state oil filtration processes in heterogeneous 
multilayer porous media using a hybrid framework that integrates classical fluid dynamics with modern 
artificial intelligence techniques. The study focuses on developing an efficient computational approach 
capable of describing fluid transport in complex geological formations characterized by spatial 
heterogeneity and temporal variability. The governing flow behavior is described through Darcy-based 
physical laws coupled with continuity equations, while machine learning methods are employed to 

capture nonlinear dependencies between reservoir parameters such as permeability, porosity, and 
pressure distribution. In particular, a Physics-Informed Neural Network (PINN) combined with a 
feedforward neural architecture is utilized to improve prediction accuracy. 
In addition, the study addresses critical challenges related to data integrity, uncertainty propagation, and 
cybersecurity risks in AI-driven simulations. Since model performance strongly depends on the quality 
of input datasets, ensuring data validation and protection becomes essential. The obtained results 
demonstrate that hybrid AI–physics models significantly enhance predictive performance and 
computational efficiency compared to conventional numerical approaches. However, further 
improvements are required in model interpretability and robustness for real engineering applications. 

Keywords: artificial intelligence, oil filtration, porous media, mathematical modeling, nonstationary flow, data 
security 

 

 
1. Introduction 

The study of fluid movement through porous structures 
plays a central role in petroleum engineering, geosciences, 
and applied mathematics. In particular, oil displacement in 
multilayer porous formations represents a complex physical 
phenomenon due to variations in geological structure and 

fluid properties over space and time. The mathematical 
description of such systems is typically based on 
conservation principles and Darcy’s law. However, when 
dealing with heterogeneous reservoirs, parameters such as 
permeability and porosity vary across layers, leading to 
strongly nonlinear and coupled differential equations. These 
complexities limit the applicability of analytical solutions 
and increase the reliance on numerical simulation 
techniques. 

Recent advances in artificial intelligence and machine 
learning have introduced new opportunities for modeling 
such complex systems. Data-driven approaches are capable 
of learning hidden patterns from experimental or simulated 
data, making them suitable for approximating nonlinear 
physical processes. Despite these advantages, AI-based 
modeling introduces new challenges. One of the most 
critical issues is the reliability of input data, as inaccurate or 

incomplete datasets can significantly degrade model 
performance. Additionally, ensuring that AI predictions 
remain consistent with physical laws is essential for 
engineering reliability. 

Another important concern is the security and integrity 
of data used in computational modeling environments. In 
modern digital systems, datasets may be exposed to noise, 
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corruption, or malicious manipulation, which directly affects 

simulation reliability. This work aims to develop a hybrid 
modeling framework that combines physical laws with 
artificial intelligence methods for accurate simulation of 
non-stationary oil filtration in multilayer porous media. 

2. Research methodology 

Mathematical Model of Filtration Process 

The nonstationary filtration process in porous media can 
be described using Darcy’s law and the continuity equation. 

v = −
k

μ
 ∇p                                                    (1) 

Where: 
v — filtration velocity  
k — permeability coefficient  
μ— fluid viscosity  
p— pressure  

The governing equation for nonstationary flow is: 
𝜕(𝜙𝜌)

∂t 
+∇ ⋅ (𝜌𝑣) = 0                           (2) 

Where: 

𝜙— porosity  

𝜌— fluid density  
For multilayer porous media, parameters such as 

permeability and porosity vary across layers: 

k=k(x,y,z),        𝜙 = 𝜙 (x,y,z)            (3) 
Application of Artificial Intelligence 

Artificial intelligence techniques can significantly 
improve the modeling of filtration processes by accurately 
predicting pressure distribution, estimating permeability 
coefficients, and accelerating numerical simulations, thereby 

https://orcid.org/0009-0004-3668-6152
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enhancing both computational efficiency and model 
accuracy. 

Machine learning models, such as neural networks, can 
approximate complex nonlinear relationships: 

y=f (x; θ)                              (4) 
Where θ represents model parameters learned from data. 
AI models reduce computational cost compared to 

traditional finite difference or finite element methods. 
AI Model Description  

In this study, a Physics-Informed Neural Network 
(PINN) integrated with a Feedforward Artificial Neural 
Network (ANN) was used to model nonstationary oil 
filtration in multilayer porous media. The hybrid model 
combines: 

• Data-driven learning (ANN)  

• Physical constraints derived from Darcy’s law and 
mass conservation equations  

This ensures that predictions are not only data-consistent 
but also physically meaningful. 

Input–Output Structure  

Input variables: 

Spatial coordinates: x,y,z  

Time: t 
Rock properties:  
Permeability k(x,y,z)  
Porosity ϕ(x,y,z)  
Fluid properties:  
Viscosity μ 
Density ρ 
Output variable: 

Pressure field: 
p(x,y,z,t)  
optionally: 
velocity field v(x,y,z,t)  
Neural Network Structure 

The model is a fully connected feedforward neural 
network: 

Input layer: 5–6 neurons  

Hidden layers: 3–5 layers  
Activation function: Tanh  
Output layer: Pressure prediction  
Physics Constraint (PINN part) 

The loss function includes: 
Data loss: 

Ldata=
1

𝑁
∑  (𝑝𝑝𝑟𝑒𝑑 − 𝑝𝑡𝑟𝑢𝑒) 

2                    (5) 

Physics loss (Darcy + continuity): 

Lphysics=∣
  ∂(ϕρ)

) ∂t
+ +∇ ⋅ (ρv) ∣2                    (6) 

Total loss: 

Ltotal=Ldata+λLphysics                                (7) 

4.Data Reliability and Security Issues 

Despite the advantages of AI, several challenges arise: 
Data Integrity: Incorrect or incomplete data leads to 

unreliable predictions  
Model Uncertainty: AI models may produce non-

physical results  
Security Risks: Data manipulation or cyber-attacks can 

affect model outcomes  

Ensuring data protection and validation is essential for 
safe implementation. 

 
 
 

3. Results and discussion 

The integration of AI with classical mathematical 
models improves prediction accuracy and reduces 
computation time. However, the reliability of results 
depends on the quality of input data and robustness of AI 
algorithms.To evaluate the performance of the proposed 

hybrid AI–physics-based model for nonstationary oil 
filtration in multilayer porous media, a comparative analysis 
between classical numerical simulation and AI-driven 
predictions was conducted. The dataset was divided into 
80% training and 20% testing subsets, ensuring reliable 
evaluation on unseen data. 
The temporal pressure distribution obtained from classical 
physics-based modeling and AI prediction is presented 

below.  
Table 1 

Temporal pressure distribution comparison between 

classical physics-based simulation and AI-driven 

predictive modeling for nonstationary flow in porous 

media. 

Time (t) 
Classical 

Pressure 
AI 

Predicted Pr 

0 100 100 

1 95 96 

2 90 91 

3 84 86 

4 78 80 

5 73 74 

6 68 69 

7 64 65 

8 60 61 

9 57 58 

10 55 56 

The results demonstrate a strong agreement between 
classical simulation and AI predictions, indicating that the 
machine learning model successfully captures the 

underlying nonlinear filtration dynamics. 

 
Fig. 1. Error comparison between numerical and AI 

models 

Hybrid approaches combining physical laws and AI are 
recommended for better performance. 

Error Analysis 

To further evaluate model performance, absolute and 

percentage errors were computed. 
Absolute Error: 

ei= ∣yi −ŷi ∣                                  (7) 
Percentage Error: 

PEi=(
yi −ŷi  

yi  
)×100%                      (8) 
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The average absolute error remains below 2 units, while 
the average percentage error is approximately 1.5%, 
confirming high predictive accuracy. 

Model Performance Metrics 

The AI model was evaluated using standard regression 
metrics: 

Mean Absolute Error (MAE) 

MAE=
1

𝑛
 ∑ ∣ yi − ŷi ∣ 𝑛

𝑖=1                                      (9) 

MAE = 1.25 

Root Mean Square Error (RMSE) 

RMSE=√
1

𝑛
 ∑ (yi − ŷi ) 𝑛

𝑖=1                                  (10) 

RMSE = 1.78 

Coefficient of Determination (R²) 

R2=1- 
∑(yi −ŷi )2

∑(yi −𝑦̅ )2
                                  (11) 

R² = 0.994 
Mean Absolute Percentage Error (MAPE) 

MAPE= 
100

𝑛
 ∑ |

𝑦 𝑖  −ŷi

𝑦𝑖
| 𝑛

𝑖=1                 (12) 

MAPE = 1.42% 

Training and Testing Strategy 

To ensure model generalization, the dataset was split as 

follows: 
Training set: 80%  
Testing set: 20%  
The model was trained on historical pressure data and 

validated on unseen test samples. The results confirm that 
the model does not suffer from overfitting and maintains 
stable predictive performance across different time intervals. 

Discussion 

The obtained results clearly demonstrate that the hybrid 
AI–physics model significantly improves prediction 
accuracy compared to classical numerical simulation 
approaches. The AI model closely follows the temporal 
pressure evolution, with minimal deviation across all time 
steps. The low MAE (1.25) and RMSE (1.78) values indicate 
that the model effectively captures nonlinear relationships in 
multilayer porous media. Furthermore, the high coefficient 

of determination (R² = 0.994) confirms that the model 
explains nearly all variability in the data. Minor deviations 
observed at intermediate time steps (t = 3–6) can be 
attributed to local nonlinear effects and sensitivity to 
parameter variation in heterogeneous layers. Nevertheless, 
the overall error remains below 2%, which is acceptable for 
practical reservoir engineering applications. These findings 
confirm that integrating artificial intelligence with classical 
physical laws enhances both computational efficiency and 

predictive accuracy in modeling nonstationary oil filtration 
processes. However, further improvements are required in 
terms of model interpretability, uncertainty quantification, 
and robustness against noisy or incomplete data. 

4. Conclusion 

The study shows that artificial intelligence can enhance 
the modeling of nonstationary oil filtration in multilayer 
porous media. However, ensuring data reliability and system 
security remains a critical issue. Future research should 
focus on developing secure and interpretable AI-based 
modeling frameworks. 
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Abstract: This study assesses cycling infrastructure and bikeability on selected streets in Tashkent City. The 

research combines field observation, a GIS-based inventory of cycling facilities, an online questionnaire 
with 309 respondents, and an equal-weight Bikeability Index based on comfort, safety, attractiveness, 
and directness and continuity. The questionnaire results show that bicycle-lane availability received the 
weakest evaluation: 38.8% of respondents rated it unsatisfactory or poor, whereas 31.4% rated it good or 
excellent. Negative assessments also accounted for 36.5% for lane width, 34.3% for gradient, and 32.6% 
for pavement condition. The corresponding weighted mean scores ranged from 2.77 to 2.94 on a five-
point scale, indicating generally moderate to below-neutral perceptions. The street-level assessment 
identified T. Shevchenko, A. Navoi, and Shahrisabz streets as the comparatively stronger cycling 

corridors, while Zarafshon, Buyuk Turon, and Amir Temur streets performed less favorably because of 
discontinuous bicycle lanes, insufficient bicycle parking, and missing infrastructure on some sections. 
The findings suggest that the quality and continuity of cycling facilities are important determinants of 
perceived bikeability. Priority measures should therefore include closing network gaps, improving 
intersection safety, maintaining pavement quality, and providing secure bicycle parking. Because the 
study is based mainly on cross-sectional observations and user perceptions, the findings should be 
interpreted as associations rather than causal effects on observed cycling volumes. 

Keywords: bikeability; cycling infrastructure; bicycle mobility; sustainable transport; Tashkent 

 

 
1. Introduction 

Rapid motorization and urban growth increase pressure 
on transport systems through congestion, air pollution, road-
safety risks, and inefficient use of limited street space. 
Cycling can support more sustainable urban mobility 
because it requires comparatively little space and energy, 
produces no direct exhaust emissions, and can contribute to 

public health when safe and attractive conditions are 
available [2,3,6,7]. 

Infrastructure provision alone, however, does not 
guarantee that people will choose to cycle. The quality of the 
cycling environment depends on whether routes are safe, 
comfortable, attractive, direct, and continuous. 
Disconnected lanes, unsafe intersections, poor pavement, 
conflicts with motor vehicles, and a lack of bicycle parking 

can reduce both perceived safety and practical usability 
[1,4,5,8-10]. 

In Tashkent City, bicycle lanes and other cycling-related 
measures have been introduced on a number of central 
streets. Nevertheless, the condition and continuity of these 
facilities vary considerably between corridors. Evidence on 
how users evaluate the existing infrastructure and how 
street-level conditions differ remains limited in the local 

research context [13]. 
The objective of this study is to assess cycling 

infrastructure and bikeability on selected streets in Tashkent 
City. The study addresses three questions: (1) how users 
evaluate key elements of cycling infrastructure; (2) how 
selected streets compare in terms of comfort, safety, 
attractiveness, and directness and continuity; and (3) which 
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infrastructure deficiencies should receive priority in future 
planning. 

Literature review 

Bikeability is a multidimensional concept used to 

describe how suitable an urban environment is for cycling. 
Recent reviews show that bikeability indices commonly 
include infrastructure provision, traffic conditions, 
pavement quality, intersection design, network connectivity, 
land-use characteristics, and environmental attractiveness 
[1,9]. Although the exact indicators differ between studies, 
safety and comfort are the most frequently used dimensions. 

The built environment is associated with non-motorized 

travel choices. Street connectivity, slope, dedicated 
facilities, traffic speed, and the quality of local infrastructure 
can influence whether cycling is perceived as a realistic 
transport option [4,5]. Network-level research also 
emphasizes that isolated high-quality segments are 
insufficient when cyclists must cross stressful or 
discontinuous links to complete a trip [10]. 

Recent bikeability frameworks increasingly combine 
field audits, GIS analysis, user perceptions, and weighted 

indices. These methods allow planners to compare street 
segments and identify specific design deficiencies [1,8,9]. 
For Tashkent, a combined assessment is particularly relevant 
because cycling facilities are developing unevenly and local 
conditions may differ from those of cities where established 
bikeability indices were originally developed. 

2. Research methodology 

Study area and data sources 
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The study covered selected central streets of Tashkent 
where cycling activity exists or where cycling facilities have 
been introduced. The assessed corridors were A. Navoi, 
Shahrisabz, Amir Temur, Sh. Rashidov, I. Karimov, T. 
Shevchenko, Mustaqillik, Maxtumquli, Istiqbol, Buyuk 
Turon, and Zarafshon streets. These streets represent 
different traffic conditions and levels of cycling-
infrastructure development. 

Three data sources were used. First, field observations 

documented the presence and condition of bicycle lanes, 
shared pedestrian-bicycle paths, intersections, pavement, 
lighting, signs, green elements, and bicycle parking. Second, 
GIS-based mapping was used to identify the spatial 
distribution and continuity of cycling facilities. Third, an 
online questionnaire was used to record users' evaluations of 
selected infrastructure characteristics. 

Questionnaire survey 

A total of 309 respondents participated in the online 
survey. The questionnaire used a five-point Likert scale with 
the categories excellent, good, satisfactory, unsatisfactory, 
and poor. This article reports four indicators for which 
complete percentage distributions were available: bicycle-
lane availability, pavement condition, bicycle-lane width, 
and bicycle-lane gradient. For additional interpretation, a 
weighted mean score was calculated using values of 5, 4, 3, 

2, and 1, respectively. 
Bikeability assessment 

The street-level assessment used four dimensions: 
Comfort (CMF), Safety (SFT), Attractiveness (ATR), and 
Directness and Continuity (DC). The dimensions and their 
main assessment criteria are summarized in Table 1. 

 Table 1 

Bikeability dimensions and assessment criteria 

Code Dimension Main criteria 

CMF Comfort 
Presence of 

bicycle facilities; 

pavement 

condition; lane 

width; gradient 

SFT Safety 

Traffic speed; 

lighting; traffic 

signals; road signs; 

safety-related 

elements 

ATR Attractiveness 

Green spaces; 

environmental 

quality; bicycle 

parking 

DC 
Directness and 

continuity 

Continuity of 

lanes; intersection 

treatment; route 

coherence and 

directness 

All four dimensions were assigned equal weights. Based 
on the equal-weighting rule, the overall index was expressed 
as: 

BI = 0.25(CMF) + 0.25(SFT) + 0.25(ATR) + 0.25(DC) 
The final Bikeability Index was interpreted on a 0-100 

scale using five classes: A (81-100), very high bikeability; B 
(61-80), bicycle-friendly; C (41-60), moderately bicycle-
friendly; D (21-40), low bikeability; and E (0-20), poor 
bicycle-friendliness. 

3. Results and discussion 

User evaluation of cycling infrastructure 

The survey results indicate that respondents generally 
evaluated the existing cycling infrastructure at a moderate or 
below-neutral level. Table 2 presents the percentage 
distribution and the calculated weighted mean for each 
indicator. 

Table 2 

Respondents' evaluation of cycling infrastructure (n = 309) 

Indicator Excellent Good Satisfactory Unsatisfactory Poor 
Mean 

(1-5) 

Availability of 
bicycle lanes 

8.4% 23.0% 29.8% 14.6% 24.2% 2.77 

Pavement 
condition 

10.7% 17.2% 39.5% 16.5% 6.1% 2.90 

Bicycle-lane width 10.7% 16.2% 36.6% 20.7% 15.8% 2.85 

Bicycle-lane 
gradient 

12.3% 20.1% 33.3% 18.1% 16.2% 2.94 

Bicycle-lane availability received the lowest mean score 
(2.77). The combined share of unsatisfactory and poor 
responses was 38.8%, exceeding the 31.4% share of good 
and excellent responses. This result indicates that the limited 

presence or uneven distribution of bicycle lanes is a major 
concern. 

Lane width also received a relatively weak evaluation: 
36.5% of respondents selected unsatisfactory or poor, while 
only 26.9% selected good or excellent. Pavement condition 
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was most frequently rated satisfactory (39.5%), but its mean 
score remained below the neutral value of 3.0. Gradient 
achieved the highest mean among the four indicators (2.94), 
although negative responses (34.3%) slightly exceeded 
positive responses (32.4%). Overall, none of the four 
indicators achieved an average score above the neutral 
midpoint. 

Street-level bikeability assessment 

The street-level comparison identified T. Shevchenko, 

A. Navoi, and Shahrisabz streets as the comparatively 
stronger cycling corridors among the assessed locations. 
Their performance was associated with better comfort and 
safety conditions and with a more organized provision of 
cycling facilities. 

Zarafshon, Buyuk Turon, and Amir Temur streets 
performed less favorably. The main deficiencies reported for 
these corridors were discontinuous bicycle lanes, 

insufficient bicycle-parking facilities, and the absence of 
cycling infrastructure on some sections. Most of the assessed 
streets were described as falling within the B and C ranges 
of the classification, which indicates bicycle-friendly or 
moderately bicycle-friendly conditions rather than very high 
bikeability. 

The comparison supports a network-based interpretation 
of bikeability. A high-quality segment has limited practical 

value when it ends abruptly, crosses an unsafe intersection, 
or does not connect to other usable routes. This finding is 
consistent with research showing that low-stress network 
connectivity and route continuity are central to the usability 
of cycling infrastructure [8-10]. 

Planning implications and limitations 

The results indicate four priority areas for Tashkent. 
First, isolated bicycle-lane segments should be connected 

into a continuous network. Second, intersections require 
clear priority rules, markings, signs, and physical protection 
where traffic conditions create conflict. Third, pavement 
maintenance and adequate lane width should be treated as 
basic service requirements rather than optional 
improvements. Fourth, secure bicycle parking should be 
provided near public transport, educational institutions, 
workplaces, commercial areas, and public spaces. 

The findings should be interpreted with several 
limitations. The online survey does not necessarily represent 
the entire population of Tashkent, and the analysis is based 
mainly on descriptive percentages and field assessment. 
Equal weighting assumes that all four bikeability dimensions 
are equally important, whereas different user groups may 
value safety, comfort, or directness differently. In addition, 
the study does not include before-and-after observations or 
a statistical model of bicycle counts; therefore, it cannot 

establish a causal effect of infrastructure on cycling 
volumes. 

4. Conclusion 

This study assessed cycling infrastructure and 
bikeability on selected streets in Tashkent City using field 
observations, GIS-based mapping, an online survey of 309 

respondents, and a four-dimensional Bikeability Index. The 
survey results show that bicycle-lane availability is the 
weakest of the reported infrastructure indicators, while 
pavement, lane width, and gradient also remain below the 
neutral midpoint on a five-point scale. 

The street-level assessment identified T. Shevchenko, A. 
Navoi, and Shahrisabz as comparatively stronger corridors, 

while Zarafshon, Buyuk Turon, and Amir Temur require 
greater attention. Across the study area, continuity, safe 
intersection design, pavement quality, adequate width, and 
bicycle parking emerged as the main planning priorities. 

The findings provide a practical basis for prioritizing 
cycling-infrastructure improvements in Tashkent. Future 
studies should report complete street-level index values, 
apply sensitivity analysis to indicator weights, include 
representative sampling, and combine infrastructure 

assessments with observed bicycle counts or GPS-based 
cycling data. 
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Abstract: This article develops a mathematical model for assessing the technical condition of non-traction electrical 
systems of railway transport based on the operational indicators of transformer oil, as well as an algorithm 
for determining the integral value of technical condition. In the study, the water content, acid number, 
mechanical impurity content, kinematic viscosity, density, flash point, electrical strength, and dielectric 
losses of the transformer oil were selected as the main diagnostic parameters characterizing the technical 
condition of the system. A mathematical model has been developed that accounts for the relationship 
between these parameters, and an algorithm for determining the value based on fuzzy logic theory has 
been proposed for their comprehensive evaluation. For each diagnostic indicator, affiliation functions 

were formed, a database of fuzzy rules was developed based on expert knowledge and current regulatory 
documents, and an integral assessment indicator of the technical condition was calculated using the 
Mamdani inference algorithm and the Centroid method. The results of the study showed that the 
developed mathematical model and algorithm allow for a comprehensive analysis of transformer oil 
performance indicators, a reliable assessment of the technical condition of non-draft electrical systems, 
the determination of the degree of insulation system degradation, and the classification of technical 
condition into "very poor," "poor," "average," "good," and "excellent" categories. The proposed approach 
serves as a scientific and practical basis for increasing diagnostic accuracy in non-traction electrical 

systems of railway transport, preventing emergency situations, improving condition-based maintenance 
systems, and increasing the operational reliability and service life of transformers. 

Keywords: transformer oil, railway transport, non-traction electrical systems, technical condition assessment, 
mathematical modeling, Fuzzy Logic, algorithm, diagnostics, operational reliability 

 

1. Introduction 

Non-load-bearing electrical systems of railway transport 
are an important infrastructure that provides uninterrupted 
electricity to signaling, centralization and blocking (CMB) 
devices, communication systems, lighting networks, station 

and depot electricity consumers, and other auxiliary 
technological facilities. The reliable and uninterrupted 
operation of these systems directly depends on the technical 
condition of the transformers used. Malfunctions occurring 
in transformers lead to power supply interruptions, a 
decrease in railway traffic safety, an increase in operational 
costs, and a decrease in energy efficiency. Therefore, the 
timely and high-precision assessment of the technical 

condition of transformers is one of the priority scientific and 
practical tasks in the operation of railway power supply 
systems. Transformer oil is one of the most important 
diagnostic objects when assessing the technical condition of 
a transformer. Transformer oil, being the main element of 
electrical insulation and cooling environment, reflects 
important diagnostic information about the physicochemical 
and thermal processes occurring inside the transformer. 

During operation, the dielectric properties of the oil change 
under the influence of high temperature, electric field, 
moisture, oxidation processes, and mechanical impurities. 

 
a  https://orcid.org/0000-0001-6569-4806 
b  https://orcid.org/0000-0003-3732-5186 

As a result, electrical strength decreases, the amount of water 
and mechanical impurities increases, the acid number and 
dielectric loss values increase, and parameters such as 
density, kinematic viscosity, and flash point deviate from 
standard values. These changes are important diagnostic 
features characterizing the degree of wear and tear of the 
transformer insulation system. In operation, the technical 
condition of transformer oil is assessed by comparing 

individual diagnostic indicators with the threshold values 
established by current standards and regulatory documents. 
However, this approach does not sufficiently account for the 
interdependence of diagnostic parameters, their complex 
influence on the overall technical condition of the 
transformer, and the uncertainties encountered in the 
measurement results. Especially in cases where several 
parameters simultaneously approach the normative limit or 

have partial deviations, it becomes difficult to reliably 
determine the actual technical condition of the transformer. 
As a result, the dependence on expert opinion during the 
evaluation process increases and diagnostic accuracy 
decreases. In solving this problem, the development of 
mathematical models based on multi-parameter estimation 
methods is of great scientific importance. Mathematical 
modeling allows for the description of functional 

relationships between diagnostic indicators, a 

c  https://orcid.org/0000-0001-9290-5322 
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comprehensive assessment of their impact on the overall 
technical condition, and the determination of an integral 
diagnostic indicator. At the same time, the use of fuzzy logic 
theory expands the possibilities of mathematical 
representation of linguistic characteristics of diagnostic 
parameters, the formation of expert knowledge in conditions 
of uncertainty, and the creation of a reliable decision-making 
algorithm. In recent years, there has been a growing interest 
in using fuzzy logic, artificial intelligence, and multi-criteria 

decision-making methods in transformer diagnostics. These 
approaches allow for a comprehensive analysis of 
transformer oil performance indicators based on a single 
mathematical model rather than separately, the calculation 
of the integral value of the technical condition, and an 
increase in the accuracy and reliability of diagnostic results. 
Therefore, such a model creates a theoretical and practical 
basis for the implementation of state-of-the-art maintenance 

systems. The aim of this study is to develop a mathematical 
model for the process of assessing the technical condition of 
transformers used in non-traction electrical systems of 
railway transport based on the main performance indicators 
of transformer oil, as well as an algorithm for determining 
the value of the technical condition. The developed model 
and algorithm serve to create an effective diagnostic system 
aimed at a comprehensive analysis of the diagnostic 

parameters of transformer oil, a quantitative assessment of 
the technical condition, determining the degree of 
degradation of the insulation system, and increasing 
operational reliability. 

Literature review 

Assessment of the technical condition of transformers, 
increasing their reliability and preventing possible failures 
during operation are one of the important scientific 

directions of modern power systems. Existing scientific 
studies have shown that the analysis of the physicochemical 
and dielectric properties of transformer oil is widely used as 
an effective diagnostic method for determining the condition 
of the transformer insulation system. 

Studies conducted by Voprikov A.V., Grigoriev N.P. 
and Parfianovich A.P. considered the issues of extending the 
service life of power transformers used in traction 

substations of electric railways. The studies noted that the 
operational reliability of transformers depends mainly on the 
condition of the insulation system and the effectiveness of 
technical maintenance [1]. 

Bryakin I.V. and co-authors studied methods for 
monitoring the condition of transformers based on assessing 
the properties of transformer oil. In this work, the main 
diagnostic indicators of the oil - electrical strength, moisture 
content, acid number, mechanical impurities and other 

physicochemical parameters - are considered as important 
criteria for determining the degradation of the transformer 
insulation system [6]. 

Analytical studies conducted by Soni R. and Mehta B. 
on monitoring the technical condition of transformers 
studied the diagnostic capabilities of mineral oils and 
alternative dielectric fluids. The authors noted that most of 
the existing diagnostic methods are based on the assessment 

of individual parameters and the need to develop complex 
multi-parameter assessment systems [10]. 

Studies aimed at in-depth study of the physicochemical 
processes in transformer oil analyzed the impact of moisture 
content, oxidation products, mechanical impurities and 
dielectric losses in the oil on the transformer insulation 
system. Feng Chen and co-authors proposed technologies for 

the restoration of transformer insulation oil and data-based 
restoration systems, in which oil quality control was 
considered as a means of increasing the operational 
reliability of the transformer [7]. 

Nazarychev A.N. and co-authors studied methods for 
diagnosing the main insulation of transformers based on the 
electrical strength of the oil. This work shows that the 
electrical strength of the oil is one of the main diagnostic 
indicators for determining the technical condition of 

transformer insulation [13]. 
In recent years, many studies have been carried out on 

the use of artificial intelligence methods, in particular, fuzzy 
logic, neural networks and expert systems in transformer 
diagnostics. These methods, unlike traditional boundary 
assessment methods, allow taking into account the 
interdependence of diagnostic parameters and making more 
accurate decisions in uncertain conditions. This approach 

allows combining several operational indicators of 
transformer oil into a single integral assessment criterion. 

Darwish M.M.F. and co-authors developed a new 
diagnostic method based on infrared spectroscopy to detect 
faults in transformer oil. This study shows the need for a 
comprehensive analysis of various physical measurements in 
modern diagnostic systems [11]. 

Also, in the works on the cleaning and regeneration of 

transformer oils using an electric field, Yusupov D.T., 
Avazov B.K. and other researchers studied the possibilities 
of reducing impurities in the oil that affect the mechanical 
and dielectric properties under the influence of an electric 
field. These studies are aimed at improving the operational 
performance of transformer oil and extending the service life 
of transformers [17]. 

The analysis of the above scientific works shows that in 

existing studies, effective methods have been developed for 
assessing individual diagnostic parameters of transformer 
oil, cleaning oil and monitoring the condition of 
transformers. However, in most approaches, diagnostic 
parameters are not evaluated in a comprehensive manner in 
relation to each other or decisions are made based on strict 
threshold values. This creates certain limitations in 
determining the actual technical condition of the transformer 

in cases where the parameters are uncertain. 
Therefore, in this study, the issue of developing a 

mathematical model and decision-making algorithm based 
on Fuzzy Logic theory based on eight main operational 
indicators of transformer oil (electric strength, water content, 
acid number, mechanical impurities, kinematic viscosity, 
density, flash point and dielectric losses) is considered as an 
urgent scientific and practical task. The proposed approach 
allows taking into account the interaction of diagnostic 

parameters, determining the degree of degradation of the 
transformer insulation system and improving maintenance 
processes. 

2. Research methodology 

In this study, a mathematical model based on fuzzy logic 

theory and an algorithm for determining the value of 
technical condition were developed to assess the technical 
condition of non-traction electrical systems of railway 
transport based on the operational indicators of transformer 
oil. The research methodology includes a comprehensive 
analysis of the main diagnostic indicators of transformer oil, 
mathematical modeling of their degree of influence on the 
overall technical condition of the transformer, and the 
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formation of an algorithm for determining the value of the 
technical condition. The theoretical basis of the study 
consists of the theory of mathematical modeling, fuzzy logic, 
and multi-criteria decision-making theories. The diagnostic 
indicators of transformer oil established in current regulatory 
documents and standards, their limit values, and expert 
assessments were taken as the primary data. 

3. Results 

The process of developing the mathematical model 
consists of several sequential stages representing the 
relationship between the operational indicators of the 
transformer oil and the technical condition of the system. 
Initially, the main diagnostic parameters characterizing the 
technical condition of transformer oil were selected: 

electrical strength, water content, acidity, mechanical 
impurity content, kinematic viscosity, density, flash point, 
and dielectric losses, and their permissible values based on 
current regulatory documents and operational results were 
analyzed. The influence of these parameters on the wear 
level of the transformer insulation system was studied, and a 
mathematical model describing its technical condition was 
formulated. 

In the developed mathematical model, membership 

functions were formed for each indicator, linguistic variables 
and their set of values were determined, and a database of 
fuzzy logic rules was developed based on expert knowledge 
and current regulatory documents. These rules made it 
possible to comprehensively evaluate individual indicators 
of transformer oil based on a single mathematical model. 
The algorithm for determining the technical condition value 
was formulated based on the principle of sequential 

processing of diagnostic parameters. At the first stage of the 
algorithm, the operational parameters of the transformer oil 
are taken and fuzzified using membership functions. At the 
next stage, an uncertain assessment of the technical 
condition is generated based on a database of fuzzy rules 
using the Mamdani inference mechanism. In the final stage, 
defassification is performed using the centroid method, and 
the numerical value of the transformer's technical condition 

is determined. 
The results obtained showed that the developed 

mathematical model and value determination algorithm 
allow for a comprehensive analysis of the operational 
indicators of transformer oil. As a result of the integrated 
assessment, it was possible to divide the technical condition 
of the transformer into categories of "excellent," "good," 
"average," "bad" and "very bad," to assess the degree of 

degradation of the insulation system and to predict the risk 
of malfunctions. The proposed model increases the accuracy 
of the diagnostic process, reduces the influence of subjective 
expert assessments, and ensures reliable decision-making 
based on multi-parameter diagnostic data. The developed 
mathematical model and value determination algorithm 
increase the efficiency of assessing the technical condition 
of transformers used in non-traction electrical systems of 
railway transport. This approach serves as a scientific basis 

for automated processing of transformer oil diagnostics 
results, improving condition-based maintenance systems, 
increasing operational reliability, and preventing emergency 
situations. 

3.1. Development of a mathematical model for the 

amount of mechanical impurities 

To estimate the amount of mechanical impurities in 
transformer oil, a mathematical model was developed that 
determines the patterns of their change during operation. 

𝑀 𝐹(1)(𝑥)

= {1−

1, 𝑎𝑔𝑎𝑟 (𝑥1 ≤ 0.014);
𝑥 − 0.014

0.028− 0.014
, 𝑎𝑔𝑎𝑟 (0.014 < 𝑥1 ≤ 0.028);

0, 𝑎𝑔𝑎𝑟 𝑥1 > 0.028;

 

𝑀 𝐹(2)(𝑥)

=

{
 
 

 
 

0,    𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.014 𝑜𝑟 𝑥 ≥ 0.056);
𝑥 − 0.014

0.028− 0.014
, 𝑎𝑔𝑎𝑟 (0.014 < 𝑥 ≤ 0.028);

1, 𝑎𝑔𝑎𝑟 (0.028 < 𝑥 ≤ 0.042);

1 −
𝑥 − 0.042

0.056− 0.042
,    𝑎𝑔𝑎𝑟 (0.042 < 𝑥 ≤ 0.056); 

 

𝑀 𝐹(3)(𝑥)

=

{
 
 

 
 

0, 𝑎𝑔𝑎𝑟  (𝑥 ≤ 0.042 𝑜𝑟 𝑥 ≥ 0.084);
𝑥 − 0.042

0.056− 0.042
, 𝑎𝑔𝑎𝑟 (0.042 < 𝑥1 ≤ 0.056);

1,            𝑎𝑔𝑎𝑟 (0.056 < 𝑥 ≤ 0.07);

1 −
𝑥 − 0.07

0.084− 0.07
,    𝑎𝑔𝑎𝑟 (0.07 < 𝑥 < 0.084);

 

𝑀 𝐹(4)(𝑥)

=

{
 
 

 
 

0, 𝑎𝑔𝑎𝑟  (𝑥 ≤ 0.07 𝑜𝑟 𝑥 ≥ 0.0112);
𝑥 − 0.07

0.084− 0.07
, 𝑎𝑔𝑎𝑟 (0.07 < 𝑥1 ≤ 0.084);

1,            𝑎𝑔𝑎𝑟 (0.084 < 𝑥 ≤ 0.098);

1 −
𝑥 − 0.098

0.112− 0.098
,    𝑎𝑔𝑎𝑟 (0.098 < 𝑥 < 0.112);

 

𝑀 𝐹(5)(𝑥)

=  {

0,                    𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.098);
𝑥 − 0.098

0.0112− 0.098
, 𝑎𝑔𝑎𝑟 (0.098 < 𝑥 ≤ 0.0112)

1,        𝑎𝑔𝑎𝑟 (0.084 < 𝑥 ≤ 0.098);

 

3.2. Development of a mathematical model for 

determining water content 

A mathematical model was developed to estimate the 
water content in the transformer oil. This model allows for 
describing the patterns of moisture content changes during 
operation, assessing its impact on the electrical and 
physicochemical properties of the transformer insulation 
system, and diagnosing the technical condition of the oil. 

𝑀 𝐹(1)(𝑥) =   {1 −

1,                    𝑎𝑔𝑎𝑟 (𝑥 ≤ 7);
𝑥 − 6

12 − 6
, 𝑎𝑔𝑎𝑟 (6 < 𝑥 ≤ 12);

0,                  𝑎𝑔𝑎𝑟 (𝑥 ≥ 12);

 

𝑀 𝐹(2)(𝑥) =   

{
 
 

 
 
1 −

0,                    𝑎𝑔𝑎𝑟 (𝑥 ≤ 6 𝑜𝑟 𝑥 ≥ 24);
𝑥 − 6

12− 6
, 𝑎𝑔𝑎𝑟 (6 < 𝑥 ≤ 12)

1,                  𝑎𝑔𝑎𝑟 6 < 𝑥 ≤ 12;

1 −
𝑥 − 6

12 − 6
 𝑎𝑔𝑎𝑟 (18 < 𝑥 < 24);         

 

𝑀 𝐹(3)(𝑥) =  

{
 
 

 
 
0,                    𝑎𝑔𝑎𝑟 (𝑥 ≤ 18 𝑜𝑟 𝑥 ≥ 36);
𝑥 − 18

24 − 18
, 𝑎𝑔𝑎𝑟 (18 < 𝑥 ≤ 24)

1,                  𝑎𝑔𝑎𝑟 24 < 𝑥 ≤ 30;

1 −
𝑥 − 30

36 − 30
 𝑎𝑔𝑎𝑟 (30 < 𝑥 < 36);         
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𝑀 𝐹4(𝑥) =  {

0,                    𝑎𝑔𝑎𝑟 (𝑥 ≤ 42);
𝑥 − 42

48 − 42
, 𝑎𝑔𝑎𝑟 (42 < 𝑥 ≤ 48);

1,                  𝑎𝑔𝑎𝑟 (𝑥 ≥ 48);

 

𝑀 𝐹(5)(𝑥) =  

{
 
 

 
 
       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 30 𝑜𝑟 𝑥 ≥ 48);
𝑥 − 42

36 − 30
, 𝑎𝑔𝑎𝑟 (30 < 𝑥 ≤ 36)

   1,                  𝑎𝑔𝑎𝑟 36 < 𝑥 ≤ 42;

1 −
𝑥 − 42

48 − 42
 𝑎𝑔𝑎𝑟 (42 < 𝑥 < 48);         

 

3.3. Development of a mathematical model for 

determining acid content 

A mathematical model has been developed to estimate 

the acid number of transformer oil. This model allows for the 
description of the oxidation state and degradation process of 
oil during operation, as well as the assessment of the impact 
on the technical condition of the insulation system. 

𝑀 𝐹1(𝑥)

=   {

1,                    𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.01);

1 −
𝑥 − 0.01

0.02− 0.01
, 𝑎𝑔𝑎𝑟 (0.01 < 𝑥 < 0.02);

0,                  𝑎𝑔𝑎𝑟 (𝑥 ≥ 0.02);

 

𝑀 𝐹(2)(𝑥)

=  

{
 
 

 
 

       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.01 𝑜𝑟 𝑥 ≥ 0.04);
𝑥 − 0.01

0.02− 0.01
, 𝑎𝑔𝑎𝑟 (0.01 < 𝑥 ≤ 0.02)

   1,                  𝑎𝑔𝑎𝑟 0.02 < 𝑥 ≤ 0.03;

1 −
𝑥 − 0.05

0.06− 0.05
 𝑎𝑔𝑎𝑟 (0.03 < 𝑥 < 0.04);         

 

𝑀 𝐹(3)(𝑥)

=  

{
 
 

 
 

       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.03 𝑜𝑟 𝑥 ≥ 0.06);
𝑥 − 0.03

0.04− 0.03
, 𝑎𝑔𝑎𝑟 (0.03 < 𝑥 ≤ 0.04)

   1,                  𝑎𝑔𝑎𝑟 0.04 < 𝑥 ≤ 0.05;

1 −
𝑥 − 0.05

0.06− 0.05
 𝑎𝑔𝑎𝑟 (0.05 < 𝑥 < 0.06);         

 

𝑀 𝐹4(𝑥)

=   {

0,                    𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.07);

1 −
𝑥 − 0.01

0.02− 0.01
, 𝑎𝑔𝑎𝑟 (0.07 < 𝑥 < 0.08);

1,                  𝑎𝑔𝑎𝑟 (𝑥 ≥ 0.08);

 

𝑀 𝐹(5)(𝑥)

=  

{
 
 

 
 
       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.05 𝑜𝑟 𝑥 ≥ 0.04);
𝑥 − 42

36 − 30
, 𝑎𝑔𝑎𝑟 (0.05 < 𝑥 ≤ 0.06)

   1,                  𝑎𝑔𝑎𝑟 0.06 < 𝑥 ≤ 0.07;

1 −
𝑥 − 42

48 − 42
 𝑎𝑔𝑎𝑟 (0.07 < 𝑥 < 0.08);         

 

3.4. Development of a mathematical model for 

determining the flash temperature 

A mathematical model has been developed to estimate 
the flash point of transformer oil. 

𝑀 𝐹1(𝑥) =  {

1                    𝑎𝑔𝑎𝑟 (𝑥 ≤ 27);

1 −
𝑥 − 27

54 − 27
, 𝑎𝑔𝑎𝑟 (27 < 𝑥 < 54);

0                  𝑎𝑔𝑎𝑟 (𝑥 ≥ 54);

 

𝑀 𝐹(2)(𝑥)

=  

{
 
 

 
 

       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 27 𝑜𝑟 𝑥 ≥ 108);
𝑥 − 27

54 − 27
, 𝑎𝑔𝑎𝑟 (27 < 𝑥 ≤ 54)

   1,                  𝑎𝑔𝑎𝑟 (54 < 𝑥 ≤ 81);

1 −
𝑥 − 81

108 − 81
 𝑎𝑔𝑎𝑟 (81 < 𝑥 < 108);         

 

𝑀 𝐹(3)(𝑥)

=  

{
 
 

 
 

       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 81 𝑜𝑟 𝑥 ≥ 162);
𝑥 − 81

108 − 81
, 𝑎𝑔𝑎𝑟 (81 < 𝑥 ≤ 108)

   1,                  𝑎𝑔𝑎𝑟 (108 < 𝑥 ≤ 135);

1 −
𝑥 − 135

162 − 135
 𝑎𝑔𝑎𝑟 (135 < 𝑥 < 162);         

 

𝑀 𝐹4(𝑥)

=  {

0                   𝑎𝑔𝑎𝑟 (𝑥 ≤ 189);

1 −
𝑥 − 189

216 − 189
, 𝑎𝑔𝑎𝑟 (189 < 𝑥 < 216);

1                 𝑎𝑔𝑎𝑟 (𝑥 ≥ 216);

 

𝑀 𝐹(5)(𝑥)

=  

{
 
 

 
 

       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 135 𝑜𝑟 𝑥 ≥ 216);
𝑥 − 135

162 − 135
, 𝑎𝑔𝑎𝑟 (135 < 𝑥 ≤ 162)

   1,                  𝑎𝑔𝑎𝑟 (162 < 𝑥 ≤ 189);

1 −
𝑥 − 189

216 − 189
 𝑎𝑔𝑎𝑟 (189 < 𝑥 < 216);         

 

3.5. Development of a mathematical model for 

determining density 

A mathematical model was developed to evaluate the 
density of transformer oil, taking into account the main 
factors influencing it. 

𝑀 𝐹1(𝑥)

=  {

1                   𝑎𝑔𝑎𝑟 (𝑥 ≤ 180);

1 −
𝑥 − 188

360 − 180
, 𝑎𝑔𝑎𝑟 (180 < 𝑥 < 360);

0                 𝑎𝑔𝑎𝑟 (𝑥 ≥ 360);

 

𝑀 𝐹(2)(𝑥)

=   

{
 
 

 
 

       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 181.4 𝑜𝑟 𝑥 ≥ 721.4);
𝑥 − 181.4

361.4 − 181.4
, 𝑎𝑔𝑎𝑟 (181.4 < 𝑥 ≤ 361.4)

   1,                  𝑎𝑔𝑎𝑟 (1361.4 < 𝑥 ≤ 541.4);

1 −
𝑥 − 541.4

721.4 − 541.4
 𝑎𝑔𝑎𝑟 (189 < 𝑥 < 721.4);         

 

𝑀 𝐹(3)(𝑥)

=   

{
 
 

 
 

       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 540 𝑜𝑟 𝑥 ≥ 1080);
𝑥 − 540

720 − 540
, 𝑎𝑔𝑎𝑟 (540 < 𝑥 ≤ 720)

   1,                  𝑎𝑔𝑎𝑟 (720 < 𝑥 ≤ 900);

1 −
𝑥 − 900

1080 − 900
 𝑎𝑔𝑎𝑟 (900 < 𝑥 < 1080);         

 

𝑀 𝐹(4)(𝑥)

=  

{
 
 

 
 

       0,         𝑎𝑔𝑎𝑟 (𝑥 ≤ 900 𝑜𝑟 𝑥 ≥ 1440);
𝑥 − 900

1080− 900
, 𝑎𝑔𝑎𝑟 (900 < 𝑥 ≤ 1080)

   1,                  𝑎𝑔𝑎𝑟 (1080 < 𝑥 ≤ 1260);

1 −
𝑥 − 1260

1440− 1260
 𝑎𝑔𝑎𝑟 (1260 < 𝑥 < 1440);         
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𝑀 𝐹5(𝑥)

=  {

0                 𝑎𝑔𝑎𝑟 (𝑥 ≤ 1260);
𝑥 − 1260

1440 − 1260
, 𝑎𝑔𝑎𝑟 (1260 < 𝑥 < 1440);

1                𝑎𝑔𝑎𝑟 (𝑥 ≥ 1440);

 

3.6. Development of a mathematical model for 

dielectric losses 

A mathematical model has been developed to assess the 
dielectric losses of transformer oil, taking into account the 
main factors affecting it. 

𝑀 𝐹1(𝑥) = {1−

1, 𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.1);
𝑥 − 0.1

0.2 − 0.1
, 𝑎𝑔𝑎𝑟 (0.1 < 𝑥 ≤ 0.2);

0, 𝑎𝑔𝑎𝑟 𝑥 > 0.2;

 

𝑀 𝐹2(𝑥) =

{
 
 

 
 

0, 𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.1 𝑜𝑟 𝑥 ≥ 0.4);
𝑥 − 0.1

0.2 − 0.1
, 𝑎𝑔𝑎𝑟 (0.3 < 𝑥 ≤ 0.4);

1, 𝑎𝑔𝑎𝑟 (3.2 ≤ 𝑥 < 4.8);

1 −
𝑥 − 0.3

0.4 − 0.3
,    𝑎𝑔𝑎𝑟 (0.4 ≤ 𝑥 < 0.5);

 

𝑀 𝐹3(𝑥) =

{
 
 

 
 

0, 𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.3 𝑜𝑟 𝑥 ≥ 0.6);
𝑥 − 0.3

0.4 − 0.3
, 𝑎𝑔𝑎𝑟 (0.3 < 𝑥 ≤ 0.4);

1, 𝑎𝑔𝑎𝑟 (0.4 ≤ 𝑥 < 0.5);

1 −
𝑥 − 0.5

0.6 − 0.5
,    𝑎𝑔𝑎𝑟 (0.5 ≤ 𝑥 < 0.6);

 

𝑀 𝐹4(𝑥) = {1−

1, 𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.7);
𝑥 − 0.1

0.2 − 0.1
, 𝑎𝑔𝑎𝑟 (0.7 < 𝑥 ≤ 0.8);

1, 𝑎𝑔𝑎𝑟 𝑥 > 0.8;

 

𝑀 𝐹5(𝑥) =

{
 
 

 
 

0, 𝑎𝑔𝑎𝑟 (𝑥 ≤ 0.5 𝑜𝑟 𝑥 ≥ 0.8);
𝑥 − 0.5

0.6 − 0.5
, 𝑎𝑔𝑎𝑟 (0.5 < 𝑥 ≤ 0.6);

1, 𝑎𝑔𝑎𝑟 (0.6 ≤ 𝑥 < 0.7);

1 −
𝑥 − 0.7

0.8 − 0.7
,    𝑎𝑔𝑎𝑟 (0.7 ≤ 𝑥 < 0.8);

 

 
Relationship rules are set between input and output 

variables: 

𝑤𝑓𝑖𝑧−𝑥𝑖𝑚 (0) =

min (𝜇(0)(𝑥1), 𝜇(0)(𝑥2), 𝜇(0)(𝑥3),… , 𝜇(0)(𝑥8)) → 𝜇(0)(𝑦1); 

...... 

𝑤𝑓𝑖𝑧−𝑥𝑖𝑚 (25) =

min (𝜇(0)(𝑥1), 𝜇(0)(𝑥2), 𝜇(0)(𝑥3),… , 𝜇(1)(𝑥8)) → 𝜇(0)(𝑦1); 

Determining the common membership function for each 
unknown set in the output variable: 
𝜇(0)
∗ (𝑦1) = max (𝜇(0)(𝑦1), 𝜇(0)(𝑦1), 𝜇(0)(𝑦1),… , 𝜇(0)(𝑦1)) 

𝜇(1)
∗ (𝑦1) = max (𝜇(1)(𝑦1), 𝜇(1)(𝑦1), 𝜇(1)(𝑦1),… , 𝜇(1)(𝑦1)) 

... 

𝜇25
∗ (𝑦1) = max (𝜇(4)(𝑦1), 𝜇(4)(𝑦1), 𝜇(4)(𝑦1),… , 𝜇(4)(𝑦1) 
The exact value of the output variable is determined by 

a diffusion process based on the centroid (centroid) method 
for a generalized fuzzy set and is calculated by the following 

expression: 

Rn.t. =
∑ wfiz−xim (i) ∗ μi

∗(y1)
25
i=1

∑ μi
∗(y1)

25
i=1

 

3.7. Evaluation algorithm (Algorithm). This algorithm 
allows for a rapid and accurate assessment of the technical 
condition value of non-load-bearing electrical systems using 
an integral indicator based on transformer oil parameters.  

An algorithm for determining the technical condition 
value of non-traction electrical systems was developed, 
taking into account the indicators of electrical strength, 
kinematic viscosity, mechanical impurities, water content, 
acid number, flash point, density, and dielectric losses of 
transformer oil (Fig. 1). 

 
Fig. 1. Algorithm for determining the technical 

condition value of non-load-bearing electrical systems: 

𝒘𝒇𝒊𝒛−𝒙𝒊𝒎 (𝒋) X1, X2, ... X8 - main oil indicators; - input 

variables; 𝝁(𝟎)
∗ (𝒚𝒊) - output variables; Rtr - technical 

condition of the transformer, Rn.t. - technical condition 

of the non-traction system 

The proposed algorithm for determining the value of the 
technical condition of non-load-bearing electrical networks 
at the initial stage includes eight main indicators of 
transformer oil (electric strength, water content, acid 
number, mechanical impurities, kinematic viscosity, density, 
flash point, and dielectric losses) as input variables. These 
indicators are phassified using membership functions. At the 

next stage, based on the Mamdani interface, fuzzy logic rules 
are applied to form a fuzzy assessment of the technical 
situation. At the final stage, defuzzification is carried out 
using the Centroid method, and the technical condition 
indicator of the transformer Rtr is determined. Depending on 
the technical condition of the transformer, the technical 
condition of the non-draft electrical system is categorized as 
"very bad," "bad," "average," "good," or "excellent," and the 

value of the system's technical condition is determined.  

4. Conclusion 

In this study, a mathematical model of the process for 
assessing the technical condition of non-load-bearing 
electrical systems of railway transport was developed based 
on eight main indicators of transformer oil (electric strength, 

water content, acidity, mechanical impurity content, 
kinematic viscosity, density, flash point, and dielectric 
losses). The developed model allows for a comprehensive 
assessment of the impact of diagnostic parameters on the 
overall technical condition of the transformer and the 
consideration of their interdependence. 

Based on the diagnostic indicators of transformer oil, an 
algorithm has been developed for the integral assessment of 

the technical condition of non-load-bearing electrical 
systems of railway transport and the determination of its 
value. The proposed algorithm allows for the processing of 
diagnostic data, the numerical expression of the technical 
condition, and the classification of the transformer’s 
condition into "very bad", "bad", "average", "good" and 
"excellent" categories. 

The proposed mathematical model and algorithm for 
determining the technical condition value allow for a 
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comprehensive analysis of transformer oil performance 
indicators, the determination of the degradation level of the 
transformer insulation system, and a reliable assessment of 
the technical condition value. This approach serves as an 
effective scientific and methodological basis for improving 
condition-based maintenance systems in non-traction 
electrical systems of railway transport, increasing the 
reliability of transformer operation, preventing emergency 
situations, and optimizing technical monitoring processes. 
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Abstract: The growing demand for high-performance Unmanned Aerial Vehicles (UAVs) in civil, commercial, and 
defense applications has increased the need for advanced engineering methodologies capable of 
addressing complex and often conflicting design requirements. Conventional sequential design 
approaches generally optimize individual subsystems independently, frequently overlooking the 
interactions between aerodynamics, structures, propulsion, flight dynamics, control systems, and mission 
performance. These limitations may result in increased development costs, longer design cycles, and 
reduced overall system efficiency. This paper proposes an integrated framework for Multidisciplinary 

Design Optimization (MDO) of UAVs that combines mission analysis, conceptual aircraft design, 
aerodynamic optimization, structural analysis, propulsion system integration, flight performance 
evaluation, and system-level optimization within a unified engineering process. The proposed framework 
facilitates continuous information exchange among engineering disciplines, enabling designers to 
identify globally optimal solutions while satisfying operational, structural, and aerodynamic constraints. 
The framework incorporates modern computational tools, including Computational Fluid Dynamics 
(CFD), Finite Element Analysis (FEA), numerical optimization algorithms, and simulation-based 
performance evaluation techniques. Furthermore, the study discusses the potential integration of artificial 

intelligence and machine learning algorithms to accelerate design optimization and improve engineering 
decision-making during the early stages of UAV development. The proposed integrated framework 
provides a systematic methodology for improving aircraft efficiency, reducing structural weight, 
minimizing energy consumption, shortening product development time, and enhancing mission 
effectiveness. The presented approach establishes a foundation for future research on intelligent 
multidisciplinary optimization of next-generation unmanned aerial systems. 

Keywords: Unmanned Aerial Vehicle (UAV), Multidisciplinary Design Optimization, Integrated Design 
Framework, Aircraft Design, Aerodynamic Optimization, Structural Optimization, Flight Performance, 
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1. Introduction 

Unmanned Aerial Vehicles (UAVs) have become one of 
the most rapidly evolving technologies in modern aerospace 
engineering. Owing to continuous advances in lightweight 
materials, electric propulsion, autonomous navigation, 

artificial intelligence, and communication systems, UAVs 
are now capable of performing increasingly complex 
missions in both civilian and military sectors. Their 
applications include precision agriculture, environmental 
monitoring, infrastructure inspection, disaster management, 
border surveillance, logistics, aerial mapping, scientific 
research, and defense operations. As these applications 
continue to expand, UAV designers are required to develop 
aircraft that simultaneously satisfy demanding requirements 

for endurance, payload capacity, flight efficiency, reliability, 
maneuverability, and operational safety. The design of a 
UAV is inherently a multidisciplinary engineering problem 
involving strong interactions among aerodynamics, 
structural mechanics, propulsion systems, flight dynamics, 
control engineering, avionics, and mission analysis. 
Decisions made in one discipline inevitably influence the 
performance of other subsystems. For example, reducing 

structural weight may improve flight endurance but could 
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compromise structural strength. Similarly, increasing wing 
span may improve aerodynamic efficiency while introducing 
additional structural and manufacturing challenges. These 

multidisciplinary interactions make UAV design 
significantly more complex than optimizing individual 
components independently. Conventional aircraft design 
methodologies generally follow a sequential design 
philosophy in which each engineering discipline is analyzed 
separately. Although this approach has been successfully 
applied in many aerospace projects, it often fails to account 
for the complex coupling effects between different 

engineering domains. Consequently, repeated design 
iterations become necessary, increasing development time, 
computational cost, and engineering uncertainty. These 
limitations have encouraged the aerospace community to 
adopt integrated engineering approaches capable of 
simultaneously considering multiple design disciplines. 
Multidisciplinary Design Optimization (MDO) has emerged 
as one of the most effective methodologies for addressing 

these challenges. MDO integrates aerodynamic analysis, 
structural optimization, propulsion system design, flight 
dynamics, control analysis, and mission performance 
evaluation within a unified optimization framework. Rather 
than optimizing each subsystem independently, MDO 
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searches for a globally optimal solution that satisfies 
multiple design objectives and engineering constraints 
simultaneously. This integrated strategy improves aircraft 
performance, reduces structural weight, enhances energy 
efficiency, and shortens product development cycles. Recent 
developments in Computational Fluid Dynamics (CFD), 
Finite Element Analysis (FEA), surrogate modeling, high-
performance computing, artificial intelligence, and machine 
learning have significantly expanded the capabilities of 

multidisciplinary optimization. These technologies enable 
engineers to evaluate thousands of design alternatives within 
a relatively short period while improving prediction 
accuracy and reducing prototype development costs. Digital 
engineering environments further facilitate collaboration 
among multidisciplinary design teams, enabling efficient 
data exchange throughout the aircraft development process. 
Despite these advances, many existing UAV design 

methodologies remain fragmented, with limited integration 
between conceptual design, aerodynamic optimization, 
structural analysis, propulsion selection, and mission 
performance evaluation. As a result, there is still a need for 
a comprehensive framework that combines these 
engineering disciplines into a systematic and unified design 
methodology. Therefore, this paper proposes an Integrated 
Multidisciplinary Design Optimization Framework for UAV 

development. The proposed framework combines mission 
analysis, conceptual aircraft design, weight estimation, 
constraint analysis, aerodynamic optimization, structural 
evaluation, propulsion system integration, flight 
performance assessment, and system-level optimization into 
a continuous engineering workflow. The objective is to 
provide a comprehensive methodology that improves design 
efficiency, enhances aircraft performance, and supports the 

development of next-generation unmanned aerial vehicles 
capable of meeting increasingly complex operational 
requirements [1,2,3,4,5,6,7]. 

Literature Review 

Multidisciplinary Design Optimization has been 
extensively investigated in aerospace engineering as an 
effective approach for improving aircraft performance 
through the simultaneous optimization of multiple 

interacting disciplines. Early MDO studies primarily 
focused on integrating aerodynamic and structural analyses, 
while more recent research has expanded to include 
propulsion, flight dynamics, control systems, mission 
planning, and lifecycle considerations. Raymer emphasized 
the importance of conceptual design in determining the 
overall performance and cost of an aircraft, highlighting that 
early design decisions have the greatest influence on the final 
system. Roskam presented a structured aircraft design 

methodology that remains a foundation for preliminary 
aircraft design. Gudmundsson further developed conceptual 
design procedures for general aviation aircraft, many of 
which have been adapted for fixed-wing UAV development. 
In the field of UAVs, Austin described comprehensive 
design principles covering mission definition, sizing, 
propulsion selection, and system integration. Beard and 
McLain focused on small UAV flight dynamics and control, 

while Valavanis and Vachtsevanos presented 
multidisciplinary perspectives on UAV technologies and 
applications. The concept of MDO was formalized by 
Martins and Lambe, who surveyed optimization 
architectures and demonstrated the advantages of integrating 
multiple engineering disciplines into a unified optimization 
framework. Their work has influenced numerous studies 

involving aerodynamic shape optimization, structural weight 
reduction, and mission-based aircraft optimization. More 
recently, advances in Computational Fluid Dynamics (CFD), 
Finite Element Analysis (FEA), surrogate modeling, 
artificial intelligence, and machine learning have enabled 
more efficient MDO implementations. These technologies 
reduce computational cost while allowing engineers to 
evaluate larger design spaces and more complex engineering 
constraints. Despite these developments, many published 

studies address only selected aspects of UAV design, and 
comprehensive integration of conceptual design, 
aerodynamics, structures, propulsion, and mission 
performance remains an active area of research. 

2. Research methodology 

2.1 Evolution of UAV Design Methodologies 

The design methodology of Unmanned Aerial Vehicles 
(UAVs) has evolved significantly over the last four decades 
due to advances in aerospace engineering, computational 
methods, and optimization techniques. Early UAV 
development primarily relied on conventional aircraft design 
procedures, where aerodynamic design, structural analysis, 
propulsion selection, and flight performance evaluation were 

performed sequentially. Although this approach simplified 
the engineering process, it often failed to capture the 
complex interactions among different engineering 
disciplines, resulting in multiple design iterations and 
reduced overall efficiency. The introduction of 
Computational Fluid Dynamics (CFD) and Finite Element 
Analysis (FEA) in the 1990s and early 2000s substantially 
improved the accuracy of aerodynamic and structural 

analyses. These computational tools enabled engineers to 
evaluate aircraft performance before prototype 
manufacturing, thereby reducing development costs and 
technical risks. However, most design activities were still 
performed independently, limiting opportunities for 
achieving globally optimized solutions. A major milestone 
in aerospace engineering was the emergence of 
Multidisciplinary Design Optimization (MDO), which 

integrates aerodynamics, structural mechanics, propulsion 
systems, flight dynamics, and optimization algorithms into a 
unified computational framework. Unlike traditional 
sequential design approaches, MDO simultaneously 
evaluates interactions among engineering disciplines, 
enabling designers to identify solutions that improve overall 
aircraft performance while satisfying multiple operational 
and structural constraints. Recent developments in artificial 
intelligence, machine learning, surrogate modeling, and 

digital engineering have further enhanced the capability of 
multidisciplinary optimization. These technologies enable 
rapid evaluation of large design spaces, reduce 
computational cost, and improve engineering decision-
making throughout the UAV development process. 
Consequently, modern UAV design is increasingly based on 
integrated digital workflows that combine simulation, 
optimization, and intelligent analysis [1,2,10,11,13,14]. 
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Fig. 1. Historical evolution of UAV design 

methodologies from conventional sequential design 

approaches to intelligent multidisciplinary optimization 

frameworks 

2.2 Existing Multidisciplinary Design Optimization 

Architectures 

Several Multidisciplinary Design Optimization 
architectures have been developed to improve coordination 
among engineering disciplines during aircraft design. The 
most commonly applied architectures include 
Multidisciplinary Feasible (MDF), Individual Discipline 
Feasible (IDF), Collaborative Optimization (CO), Bi-Level 
Integrated System Synthesis (BLISS), and Analytical Target 

Cascading (ATC). Among these methods, MDF offers high 
solution accuracy because all disciplinary analyses are 
simultaneously satisfied during each optimization iteration. 
However, this approach requires substantial computational 
resources. IDF improves computational efficiency by 
introducing compatibility constraints between engineering 
disciplines, while Collaborative Optimization distributes 
optimization tasks among subsystem teams, making it 

particularly suitable for large-scale aerospace projects. 
BLISS and ATC are designed to improve optimization 
efficiency for hierarchical engineering systems by 
decomposing complex design problems into manageable 
subsystems. Recent research trends focus on combining 
these optimization architectures with surrogate models, 
artificial intelligence algorithms, and high-performance 
computing platforms to accelerate optimization while 

maintaining solution accuracy [7,8,9,17,18]. 
Table 1 

Comparison of Common MDO Architectures 

Architecture Advantages Limitations 

MDF High solution 
accuracy 

 
 

High 
computational 
cost 

IDF Faster 
convergence 

Additional 
compatibility 
constraints 

CO Supports 
multidisciplinary 
teams 

Coordination 
complexity 

BLISS Efficient 
subsystem 
optimizati 

Difficult 
implementation 

ATC Suitable for 

hierarchical 
systems 

Sensitive to 

target allocation 

2.3 Current Research Trends 

Recent advances in aerospace engineering have 
significantly influenced the development of 
multidisciplinary design optimization for Unmanned Aerial 
Vehicles (UAVs). Modern research increasingly integrates 
Computational Fluid Dynamics (CFD), Finite Element 
Analysis (FEA), Artificial Intelligence (AI), Machine 
Learning (ML), Digital Twin technology, and cloud-based 
high-performance computing into the aircraft design 

process. These technologies enable engineers to evaluate 
thousands of design alternatives rapidly while improving 
prediction accuracy and reducing development costs. 
Artificial intelligence has emerged as a promising tool for 
accelerating optimization by replacing computationally 
expensive simulations with surrogate models capable of 
predicting aerodynamic and structural performance. 
Machine learning algorithms are also being employed to 

identify relationships among design variables, optimize 
mission planning, and support autonomous engineering 
decision-making. Meanwhile, Digital Twin technology 
allows engineers to create virtual representations of UAV 
systems, enabling continuous performance monitoring, 
predictive maintenance, and real-time optimization 
throughout the aircraft lifecycle. Another important research 
direction is the integration of sustainability considerations 

into UAV design. Recent studies focus on reducing energy 
consumption, minimizing structural weight through 
advanced composite materials, improving battery 
technologies, and developing environmentally friendly 
propulsion systems. These trends demonstrate that 
multidisciplinary optimization is evolving beyond 
traditional aircraft performance objectives toward 
intelligent, sustainable, and autonomous engineering 

systems [16,17,18,20]. 

 
Fig. 2. Integration of modern computational 

technologies within multidisciplinary UAV design 

2.4 Research Gap 

Although considerable progress has been achieved in 
multidisciplinary optimization, several limitations remain in 
the existing literature. Most published studies investigate 
only specific engineering disciplines, such as aerodynamic 
optimization, structural weight reduction, propulsion system 
design, or flight performance analysis, without fully 
integrating these disciplines into a unified design 
framework. Consequently, the interactions among 

engineering subsystems are often overlooked, resulting in 
suboptimal design solutions and increased development 
effort. Furthermore, many existing methodologies 
emphasize optimization during the detailed design stage, 
whereas limited attention has been given to integrating 
multidisciplinary optimization into the conceptual design 
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phase, where engineering decisions have the greatest 
influence on aircraft performance and lifecycle cost. In 
addition, only a relatively small number of studies combine 
mission analysis, aircraft sizing, configuration selection, 
aerodynamic optimization, structural analysis, propulsion 
integration, and flight performance evaluation within a 
single systematic methodology. Therefore, there remains a 
need for an integrated engineering framework capable of 
supporting the complete UAV development process while 

maintaining effective communication among all engineering 
disciplines. Addressing this gap can improve design 
efficiency, reduce development time, enhance aircraft 
performance, and provide a more systematic foundation for 
future UAV research and industrial applications [4,6,7,20]. 

 
Fig. 3. Existing studies mainly optimize individual 

engineering disciplines, whereas an integrated 

multidisciplinary framework combines all major design 

stages into a unified process 

3. Proposed Integrated Multidisciplinary Design 

Optimization Framework 

The design of modern Unmanned Aerial Vehicles 
(UAVs) requires the integration of multiple engineering 
disciplines to achieve high performance, operational 
efficiency, and reliability. Traditional aircraft development 
generally follows a sequential design methodology in which 
conceptual design, aerodynamic analysis, structural 
evaluation, propulsion selection, and flight performance 

assessment are performed independently. Such an approach 
often increases development time, requires repeated design 
iterations, and may lead to suboptimal engineering solutions. 
To overcome these limitations, this study proposes an 
Integrated Multidisciplinary Design Optimization (IMDO) 
Framework that combines all major engineering disciplines 
within a unified design environment. The proposed 
framework establishes continuous interaction between 

mission requirements, conceptual aircraft design, 
aerodynamic optimization, structural analysis, propulsion 
system integration, flight dynamics, control system 
evaluation, and overall performance assessment. Instead of 
treating each discipline separately, the framework enables 
simultaneous information exchange throughout the design 
process, allowing engineers to evaluate the influence of 
design decisions on the complete aircraft system. The 

proposed framework begins with the definition of mission 
requirements, including payload capacity, operational range, 
endurance, cruise speed, service ceiling, and environmental 
conditions. These requirements provide the basis for 
conceptual aircraft design, where the general configuration, 
wing geometry, fuselage dimensions, empennage 
arrangement, and propulsion concept are initially 
determined. Following conceptual design, an initial weight 

estimation and constraint analysis are performed to establish 
feasible design boundaries. Parameters such as wing 
loading, thrust-to-weight ratio, stall speed, take-off distance, 
climb performance, and cruise efficiency are evaluated to 
ensure that the selected configuration satisfies mission 
objectives. The resulting design then proceeds to 
multidisciplinary optimization, where aerodynamic, 

structural, propulsion, and flight dynamics analyses are 
performed simultaneously. Aerodynamic optimization 
employs Computational Fluid Dynamics (CFD) simulations 
to improve lift generation while minimizing drag. Structural 
optimization utilizes Finite Element Analysis (FEA) to 
reduce structural weight without compromising safety or 
stiffness. Propulsion optimization focuses on selecting 
efficient power systems and propeller configurations capable 
of satisfying mission endurance requirements. Flight 

dynamics analysis evaluates aircraft stability, controllability, 
maneuverability, and overall flight performance. The 
optimization process is iterative, allowing information 
generated by one engineering discipline to influence the 
others. For example, modifications in wing geometry 
directly affect aerodynamic characteristics, structural loads, 
propulsion requirements, and aircraft stability. 
Consequently, continuous multidisciplinary interaction 

significantly improves overall design quality compared with 
conventional sequential design approaches. Finally, all 
engineering analyses are integrated into a system-level 
optimization process where multiple objective functions and 
engineering constraints are simultaneously considered. This 
integrated methodology enables designers to identify 
globally optimal UAV configurations characterized by 
improved aerodynamic efficiency, reduced structural 

weight, enhanced endurance, lower energy consumption, 
and greater operational reliability. The proposed Integrated 
Multidisciplinary Design Optimization Framework provides 
a systematic engineering methodology suitable for 
conceptual, preliminary, and detailed UAV design. It also 
establishes a flexible platform that can be expanded through 
the integration of artificial intelligence, digital twin 
technology, and autonomous optimization algorithms in 

future aerospace applications [1,3,4,7,9,10,11,12,14,15,19]. 

 
Fig. 4. Proposed Integrated Multidisciplinary Design 

Optimization (IMDO) framework illustrating the 

sequential integration of mission analysis, conceptual 

design, aircraft sizing, constraint analysis, 

multidisciplinary optimization, and performance 

evaluation leading to an optimized UAV configuration 
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3. Results and Discussion 

The literature reviewed in this study demonstrates that 
multidisciplinary design optimization has become one of the 
most effective methodologies for improving the overall 
performance of unmanned aerial vehicles. Unlike traditional 
sequential design approaches, MDO enables the 

simultaneous consideration of multiple engineering 
disciplines, resulting in more balanced and efficient aircraft 
configurations. The proposed Integrated Multidisciplinary 
Design Optimization (IMDO) framework provides a 
systematic workflow that connects mission analysis, 
conceptual design, weight estimation, constraint analysis, 
aerodynamic optimization, structural evaluation, propulsion 
system integration, flight dynamics, control system analysis, 

and overall performance assessment within a unified 
engineering environment. This continuous interaction 
among engineering disciplines reduces repeated design 
iterations and improves communication throughout the 
aircraft development process. One of the principal 
advantages of the proposed framework is its ability to 
support system-level optimization rather than isolated 
subsystem optimization. Changes introduced in 
aerodynamic design immediately influence structural 

loading, propulsion requirements, aircraft stability, and 
mission performance. Likewise, structural modifications 
affect aircraft mass distribution, energy consumption, and 
flight characteristics. The proposed framework continuously 
exchanges design information among these engineering 
disciplines, allowing engineers to identify globally optimal 
design solutions while satisfying operational constraints. 
The integration of Computational Fluid Dynamics (CFD) 

and Finite Element Analysis (FEA) further improves 
engineering accuracy during the preliminary design stage. 
CFD enables detailed evaluation of lift generation, drag 
characteristics, and airflow distribution, whereas FEA 
provides accurate prediction of structural stresses, 
deformation, and safety margins. When these analyses are 
performed within an integrated optimization environment, 
the resulting aircraft configuration achieves improved 

aerodynamic efficiency together with reduced structural 
weight. Artificial Intelligence and Machine Learning 
technologies provide additional opportunities for 
accelerating multidisciplinary optimization. Surrogate 
models can significantly reduce computational cost by 
approximating complex aerodynamic and structural 
analyses, while intelligent optimization algorithms enable 
rapid exploration of large design spaces. Furthermore, 

Digital Twin technology supports continuous monitoring of 
aircraft performance throughout its operational lifecycle, 
providing valuable information for predictive maintenance 
and future design improvements [7,8,9,16,17,18,19,20]. 

Table 2 

Comparison of Conventional Design and Proposed 

IMDO Framework 

Design Aspect Conventional 

Design 

Proposed IMDO 

Framework 

Design Process Sequential Integrated 

Engineering 
Interaction 

Limited 
Continuous 

 
 

 
 

Design 
Iterations 

High Reduced 

Computational 
Efficiency 

Moderate  

High 
 

System 
Optimization 

Partial Comprehensive 

Design 
Flexibility 

Limited High 

Development 

Time 

Longer Shorter 

Overall 
Performance 

Moderate Improved 

The findings indicate that integrated multidisciplinary 

optimization has considerable potential to improve UAV 
development by reducing engineering complexity while 
enhancing aircraft performance, operational reliability, and 
design efficiency. As computational technologies continue 
to evolve, future UAV development is expected to rely 
increasingly on intelligent optimization frameworks capable 
of supporting autonomous engineering decision-making 
across the complete aircraft lifecycle. 

4. Conclusion 

This paper reviewed the application of Multidisciplinary 
Design Optimization (MDO) in the design of Unmanned 
Aerial Vehicles and proposed an Integrated 

Multidisciplinary Design Optimization (IMDO) framework. 
The study highlights the importance of integrating 
aerodynamics, structures, propulsion, flight dynamics, and 
performance evaluation into a unified design process. The 
proposed framework improves engineering collaboration, 
reduces design iterations, and supports the development of 
efficient and reliable UAV systems. Future research should 
focus on integrating Artificial Intelligence, Digital Twin 

technology, and advanced optimization algorithms to further 
enhance UAV design efficiency and decision-making. The 
presented framework provides a practical reference for 
researchers and engineers involved in next-generation UAV 
development and multidisciplinary aircraft design 
[1,4,7,20]. 
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Abstract: This paper examines pressing operational challenges arising at railway stations as a result of equipment 
deterioration, increasing traffic loads, and a growing number of emergency incidents. An analysis of the 
technical condition of signalling, interlocking, and centralization systems revealed that their physical 
wear significantly exceeds the permissible normative thresholds, posing risks to train traffic safety and 
adversely affecting the throughput capacity of railway sections. 
Furthermore, the widespread use of outdated and poorly integrated systems, combined with a high degree 
of dependency on foreign equipment suppliers, necessitates the development of domestic railway 

automation and telemechanics (RAT) solutions. Accordingly, the design and implementation of 
nationally developed RAT systems are regarded as a priority direction for ensuring technological 
independence, enhancing operational efficiency, and achieving sustainable sectoral development. 
The paper presents an analysis of the key performance indicators of railway automation equipment 
operating on the network of JSC 'Uzbekistan Railways', as well as a comparative assessment of the total 
length of train interval control systems and semi-automatic interlocking devices currently in service on 
the main railway network of the Republic of Uzbekistan. The study also introduces the architectural 
design of the national digital microprocessor-based semi-automatic interlocking (MSAI) system under 

development, along with the results of throughput capacity calculations. 
The findings indicate that, given adequate track infrastructure conditions, the proposed national digital 
MSAI system is capable of increasing train operating speeds on inter-station sections up to 200 km/h. 

Keywords: railway automation; telemechanics and communication systems; interval train traffic control; 
microprocessor-based semi-automatic interlocking; throughput capacity 

 

1. Introduction 

Railway transport constitutes one of the key sectors of 
Uzbekistan's national economy. In alignment with the 
'Uzbekistan-2030' development strategy, the sector is 
currently undergoing a phase of infrastructure modernisation 
and the adoption of advanced innovative technologies. 

At present, a sustained growth in freight and passenger 
traffic volumes is observed both along international 
transport corridors and in suburban zones surrounding major 

urban centres. According to expert projections, the demand 
for transport services will continue to increase in the 
foreseeable future. However, the existing throughput 
capacity of numerous railway sections has virtually reached 
its operational limits. Consequently, the development of 
economically efficient methods for increasing the 
transportation and throughput capacity of the main railway 
network under the new economic, technological, and 
organisational conditions represents an urgent scientific and 

practical challenge. 
Train traffic management systems not only ensure the 

safety of the transportation process but also exert a 
considerable influence on its principal technological 
parameters, thereby determining the overall operational 
efficiency of the transportation system. Throughout the 
history of railway transport development, traffic 
management systems have been continuously improved with 
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the aim of increasing transportation volumes and enhancing 
operational efficiency. 

In particular, the need to augment the carrying capacity 
of railway lines has driven the expansion of the functional 
capabilities of interval train traffic control systems. New 
technologies enabling the reduction of inter-train time and 
distance intervals were subsequently introduced. Notably, 

rod-based control systems were replaced by semi-automatic 
interlocking (SAI) systems, which allowed for the 
postponement of additional parallel line construction on 
sections experiencing increasing traffic volumes and 
facilitated more effective utilisation of existing 
infrastructure. 

In the Republic of Uzbekistan, the condition of railway 
automation and telemechanics (RAT) systems is primarily 

characterised by the following key infrastructure indicators. 
The RAT complex of JSC 'Uzbekistan Railways', which 
performs the functions of managing and monitoring train 
movements, encompasses the following principal 
subsystems: 

– electric centralisation systems (ECS); 
– inter-station train traffic control systems (ITTCS); 
– automatic level crossing signalling devices; 

– dispatcher centralisation (DC) and dispatcher 
supervision (DS) systems. 

The following systems are primarily employed for 
monitoring and controlling rolling stock movements on 
inter-station sections: 

– automatic block signalling (ABS); 
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– semi-automatic interlocking (SAI). 
Semi-automatic interlocking (SAI) is a system designed 

to regulate the interval-based movement of trains on single- 
and double-track sections. It is applied on sections adjacent 
to stations equipped with signalling, centralisation, and 
block (SCB) devices, where the tracks are provided with 
electric centralisation (ECS) systems and signal devices of 
any type [1-3]. 

2. Research methodology 

The total operational length of the main railway network 
currently amounts to 4,892.37 km, comprising a total of 279 
railway stations. The main network and its stations are 
equipped with automation, telemechanics, and computing 
systems designed to ensure the safe and uninterrupted 

movement of trains within the specified parameters of 
throughput and processing capacity. 

As of the present, 279 stations are operational on the 
railway sections belonging to JSC 'Uzbekistan Railways'. Of 
these, 185 are equipped with electric centralisation (ECS), 
66 with microprocessor-based centralisation systems, and 28 
with route control devices. The inter-station sections 
connecting these stations, with a total length of 4,892.37 km, 

are equipped with the following systems: 
 

 
Fig, 1. Systems installed on railway inter-station 

sections in the Republic of Uzbekistan 

Track blocking systems are currently in operation on the 
main railway network under the jurisdiction of JSC 
'Uzbekistan Railways'. Based on the available statistical data 
(Figure 1), it can be concluded that technical equipment that 
has been in service for 35 years or more — a period 
considered critically hazardous — accounts for 3,316.03 km. 
Of this total, interval control devices covering 2,010.62 km 
have exceeded 40 years of service life. Certain specialised 
technical sections, commissioned in the 1960s, have now 

been in continuous operation for over 50 years. 
A comprehensive analysis of the current condition of 

RAT systems indicates that the degree of physical and 
functional deterioration of infrastructure equipment has 
exceeded 70%. In the absence of systematic modernisation 
measures, this adverse indicator is projected to surpass 85% 
by 2030. 

The microprocessor-based semi-automatic interlocking 

(MSAI) system consists of two identical control blocks 
housed in the relay rooms of adjacent stations. At automatic 
control posts, the equipment is installed in standard 
signalling cabinets or portable modules. No additional 
communication cable is required for system installation. 
This solution enables the transition of the semi-automatic 
interlocking to a modern component base, improves train 
traffic safety and system reliability, simplifies maintenance 

procedures, and reduces both construction and operational 
costs. 

In the course of system development, the established 
operational procedures of the station duty officer during train 
reception and dispatch were fully preserved. The MSAI 
hardware and software operate on a unified platform 
utilising standard blocks and modules. 

The interaction of the MSAI system with external 

signalling, centralisation, and block (SCB) devices is 
achieved through the reception of control signals and the 
transmission of corresponding commands to executive 
relays. 

The deployment of the MSAI system on inter-station 
sections significantly reduces the costs associated with 
complex construction works, the installation of post 
equipment, and subsequent maintenance activities. 

As a communication medium, the digital MSAI system 
may utilise radio communication channels in cases where 
wired communication infrastructure is unavailable or where 
its construction is not economically viable. 

 
Fig. 2. Architectural structure of the national digital microprocessor-based semi-automatic interlocking (MSAI) system 

under development
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The utilisation of fibre-optic communication lines and 
radio channel data transmission technologies contributes to 
the reduction of operational expenditure by decreasing 
reliance on conventional cable and overhead communication 
networks, thereby mitigating losses associated with the theft 
of copper-containing materials. 

In addition, the MSAI system enables the integration of 
equipped sections into a centralised dispatcher management 
system, thereby further enhancing the efficiency and safety 

of train traffic control. 
The throughput capacity of a railway section is defined 

as the maximum number of freight trains (train pairs) of a 
specified length and weight that can pass through the section 
within a 24-hour period, subject to the section's technical 
characteristics and the applied method of traffic organization 
[4-6]. 

The throughput capacity of a single-track railway section 

is, to a significant extent, dependent on the technical 
capabilities of the signalling, centralisation, and block 
devices, as these devices directly affect the values of inter-
train and inter-station intervals. 

Under parallel train scheduling, the maximum 
throughput capacity of a single-track limiting section is 
determined using the following formula: 

𝑁𝑚𝑎𝑥 =
(1440−𝑡𝑚𝑒𝑥) ∙ 𝛼𝑛

𝑡𝑥+ ∑ 𝜏
                          (1) 

where: 𝑡𝑥= net travel time of a train pair (bidirectional) 

over the limiting section; 𝑡𝑚𝑒𝑥= planned duration of daily 
time allocated for construction and maintenance works, min. 

With existing mechanisation equipment and work 

technology, the value of 𝑡𝑚𝑒𝑥  used for productivity 
calculations is taken as 75 minutes for single-track lines, 90 
minutes for double-track lines with common entrances, and 
150 minutes for double-track lines. 

 𝛼𝑛 = reliability coefficient of technical equipment; Στ = 
total time for acceleration and deceleration required to 

maintain the inter-station interval for a train pair, min. 

Στ = 𝜏нп + 𝜏скр + 𝜏рз                         (2) 

where: 𝜏нп = minimum non-meeting interval for trains 

travelling in opposite directions; 𝜏скр = crossing interval; 

𝜏рз  = time interval for train acceleration and deceleration. 

The throughput capacity of a double-track section is 
determined separately for each track, assuming 
unidirectional and uninterrupted train movement through 
intermediate separation points: 

— when automatic block signalling and dispatcher 
centralisation are used on the section: 

𝑁𝑚𝑎𝑥 =
(1440−𝑡𝑚𝑒𝑥) ∙ 𝛼𝑛

𝐽р
                     (3) 

where: 𝐽р = calculated inter-train interval in the 

established direction of movement. 
— when semi-automatic interlocking is used on the 

section: 

𝑁𝑚𝑎𝑥 =
(1440−𝑡𝑚𝑒𝑥) ∙ 𝛼𝑛

𝑡гр+ 𝜏пс
                  (4) 

where: tᴳᵣ = travel time of a freight train over the limiting 
section in the inter-station interval, min; τₚₛ = inter-station 
interval for trains travelling in one direction, min. 

An analytical examination of throughput capacity 
formulas (1)–(4) demonstrates that the value of Nₘₐˣ is 

directly dependent on the parameters tₘₑˣ (time allocated for 
maintenance), Στ (time expenditure for interval 
maintenance), and αₙ (equipment reliability coefficient). The 
MSAI system employs two identical (duplicated) control 
blocks located in the relay rooms of adjacent stations, along 

with remote technical diagnostics capabilities and automated 
monitoring functions. These features contribute to a 
reduction in tₘₑˣ and Στ values, and to an increase in the αₙ 
coefficient, compared to conventional relay-based SAI and 
ABS systems. According to the analytical expressions 
above, an improvement in these parameters directly 
increases Nₘₐˣ — i.e., the throughput capacity of the section 
— without requiring numerical computation, as the 
directional influence of this systemic difference is 

unambiguous. 
Beyond technical performance indicators, the 

implementation of the MSAI system offers additional 
operational advantages. The system's capability to function 
via radio communication channels on sections lacking wired 
infrastructure eliminates the need for supplementary cable 
laying, thereby substantially reducing construction timelines 
and associated costs. The system's compatibility with 

standard signalling cabinets or portable modules, its 
operation on a unified hardware-software platform, and its 
integration capability with centralised dispatcher 
management systems distinguish it as a technologically 
autonomous national solution that reduces dependence on 
foreign suppliers. 

Synthesising the foregoing analysis, the phased 
deployment of the national digital microprocessor-based 

SAI system as a replacement for obsolete automatic block 
signalling, conventional SAI, and telephone-based 
regulation systems represents the most effective strategic 
direction. This approach enables improvement in track 
infrastructure technical condition, enhancement of train 
traffic safety, and  where appropriate conditions are       met 
achievement of operating speeds up to 200 km/h on the 
respective sections [7-9]. 

3. Conclusion 

The conducted analysis has provided quantitative 
confirmation of the unsatisfactory technical condition of 
railway automation and telemechanics systems operating on 
the network of JSC 'Uzbekistan Railways': 24.7% of the total 
inter-station section length, equivalent to 1,210.12 km out of 

4,892.37 km, has exceeded the established service life. The 
most critical degree of deterioration was recorded in 
telephone-based regulation and electric rod signalling 
systems, while an intermediate level of wear was observed 
in conventional automatic block signalling (ABS) 
equipment. 

Concurrently, the complete absence of overdue 
equipment on sections equipped with the microprocessor-

based semi-automatic interlocking (MSAI) system — a 
deterioration rate of 0% — provides empirical validation of 
the operational stability and reliability of this system. This 
outcome substantiates the rationale for prioritising 
microprocessor-based and digital solutions in the 
modernisation of domestic railway automation and 
telemechanics systems. 

The national digital microprocessor-based semi-
automatic interlocking system under development reduces 

maintenance time expenditure (tₘₑˣ) and interval time (Στ) 
while increasing the equipment reliability coefficient (αₙ), 
owing to its duplicated control blocks at adjacent stations, 
standardised hardware-software platform, and wireless 
(radio) channel operation capability. As a result, the 
throughput capacity of inter-station sections is enhanced, 
and train operating speeds of up to 200 km/h become 
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achievable under appropriate conditions. These outcomes 
are attained through reduced technological dependence on 
foreign suppliers, lower construction and operational costs, 
and full integration with centralised dispatcher management 
systems [10]. 

Thus, the study findings substantiate that the 
development of a domestic microprocessor-based semi-
automatic interlocking (MSAI) system and its phased 
deployment — prioritising sections with the highest degree 

of deterioration, namely those regulated by telephone-based 
methods and conventional automatic block signalling — 
constitutes the most viable and economically sound direction 
for improving the safety, reliability, and efficiency of the 
transportation process on Uzbekistan's railway network. 
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Abstract: Channelized flows carrying suspended solids are a critical component of river and industrial fluid 
transport systems, where the behavior of suspended particles significantly influences flow dynamics and 
efficiency. In such systems, interactions between the fluid and sediment particles, influenced by forces 
such as drag and upwelling, play an important role in determining sediment suspension, entrainment, and 
transport. Accurate modeling of these interactions is necessary to predict flow behavior under a variety 
of conditions, but previous studies have often simplified these interactions by focusing on idealized cases 
of steady or uniform flow. 

The paper presents a study of the movement of a channel suspension-carrying flow, with a comprehensive 
consideration of the work of interphase interaction forces. Understanding how suspended sediment 
particles are distributed across the flow depth is important for both theory and practice, especially for 
studying how river sediments are suspended, moved, and carried. However, many studies on unsteady 
and uniform movement don't fully match the real behavior of sediment-carrying flows in channels. 

Keywords: interphase interactions, suspension-carrying flow, unsteady motion, sediment transport, suspended 
particles, hydrodynamics 

 

1. Introduction 

Particles suspended in fluids usually move in channels 
with flows of carrier suspensions. These flows are 
considered essential for both industrial and natural 
processes. Understanding how these flows function is 
important. It affects the prediction of river sediment 
movement and erosion. In addition, knowledge of these 

flows is required to design slurry transport systems for 
mining and wastewater treatment. These flows are 
characterized by complex interactions between suspended 
particles and the surrounding fluid. These particles are 
distributed under the influence of forces such as drag, uplift, 
and gravity. These forces also play an important role in the 
movement of particles. 

Turbulence is a key factor affecting sediment dynamics 

[1]. In their studies, [2] and [3] demonstrated that produced 
and dissipated in the flow the kinetic energy of turbulence 
directly affects sediment suspension. Other researchers [4] 
used a two-fluid model to analyze the mass and momentum 
exchange between the fluid and sediment phases. This 
highlighted the role of drag and the influence of particle 
inertia. Similarly, the vertical flow and sedimentation 
dynamics in open channel and boundary layer flows 
investigated by (Toorman, 2008.) and (Necker et al., 2001). 

They highlighted how turbulence and sediment 
concentration affect sediment suspension and resuspension. 

Understanding particle interactions in turbulence is 
equally important. Studies by [7] in 2013 and more recently 
[8] examined the behaviour of particles in fibre suspensions, 
showing how turbulence-induced collisions and aggregation 
occur. Extended studies by [9] [10] highlighted how 
turbulence structures such as deformation zones influence 

collision frequencies and particle distributions. [11] 
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examined orientation distributions for non-spherical 
particles, demonstrating how these particles align differently 
in laminar and turbulent regimes, while [12] reinforced the 
importance of particle drag, especially in systems with 
different particle sizes. 

Given these interactions considered above researches, to 
simulate particle-laden flows have been developed various 
numerical methods. Conserving volume by tracking particle 
fluxes through grid cells [13] presented an Eulerian 
approach, while [14] extended this to an Eulerian-
Lagrangian framework. This capable of capturing near-wall 
interactions. [15] and [16] highlighted the need for 
appropriate turbulence closure models, especially in 

complex geometries. Elghobashi emphasized that the 
Lagrangian approach is best for one-way coupling, whereas 
the two-fluid model is suitable for two-way and four-way 
coupling scenarios. 

The importance of specific interfacial forces varies 
depending on flow conditions. Studies in bubble-filled flows 
by [17] quantified drag, buoyancy, lift, and virtual mass. 
Chen found that drag and buoyancy were dominant, a 

finding also confirmed by [18] for open-channel flows. [19] 
examined flows with diverse solid concentrations, using a 
two-phase model with rheological properties and interphase 
slip effects, which is essential for accurately capturing 
momentum exchange in dense sediment flows. The 
combined effects of interphase forces on particle distribution 
were also investigated by [20], who applied particle-resolved 
simulations to study stress distributions on particle surfaces, 

an important factor for sediment suspension. 
Additionally, sediment-laden flows are influenced by 

gravity and buoyancy forces. These forces play roles in 
particle sedimentation and resuspension. (Necker et al., 
2001) conducted computational studies on gravity currents, 
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examining particle settling and the potential for resuspension 
under changing flow conditions. [21] studied the motion of 
dust particles in protoplanetary disks, offering insights into 
particle-fluid friction and how it alters the flow. These 
concepts can be compared to sediment flows in river 
environments. [22] tested various solid-fluid interaction 
models for settling particles, highlighting the limitations of 
Lattice-Boltzmann approaches in capturing accurate force 
relationships, particularly when Archimedean principles are 

generalized for settling. 
Accurate modeling of these flows requires considering 

the interfacial forces that control particle suspension, 
entrainment, and transport. However, previous studies on 
suspension flow in channels often focus on simplified cases, 
such as steady or uniform flows. They do not fully include 
the dynamic effects of interfacial forces in a complete 
physical model. This simplification makes it harder to 

predict particle behavior in real-life situations, where 
conditions are usually not steady or uniform. 

In addition to theoretical and numerical studies, this 
research introduces an experimental component: a physical 
model of channel suspension-carrying flows created at the 
Institute of Irrigation and Water Problems. This model 
enables the study of sediment particle distribution by depth, 
which is critical for understanding suspension and transport 

processes in natural channels. Traditional modeling 
approaches, which rely on diffusion theory and assume the 
equivalence of turbulent momentum and concentration 
coefficients, are extended in this study by incorporating 
energy balance equations [23, 24]. While this expansion 
brings more unknowns, it helps us better understand energy 
loss and what causes sediment suspension. Adding energy 
balance gives a new view of how energy impacts the flow's 

ability to suspend and move particles. 
This paper seeks to develop a comprehensive model of 

channel suspension-carrying flows that fully incorporates 
interphase forces, turbulence effects, and energy balance 
considerations. The goal of this research is to improve our 
understanding of the dynamics of sediment transport by 
combining insights from previous numerical, theoretical, 
and experimental studies. This will help us make better 

predictions for flows of sediment in channel systems. 
The following sections present the theoretical 

background of this model, discuss the effects of transient and 
non-uniform flow conditions on particle dynamics, and 
examine how interfacial forces contribute to the overall 
energy distribution in the system. We aim to bridge the gap 
between simplified theoretical models and the complex 
behavior observed in natural and engineered systems, 
facilitating more accurate predictions of sediment transport 

and associated hydrodynamic processes. 

2. Research methodology 

To address the challenging problems associated with 
suspension-carrying channel flows, this study combines 
experimental and computational methods to capture the 

dynamics of sediment-laden flows. Previous studies ([2]; 
[18]) have highlighted the important role of interfacial forces 
such as drag, buoyancy, and turbulence modulation in 
sediment transport. However, while numerical models have 
improved our understanding, practical applications still need 
more experimental testing ([4]; [3]). The aim of this study is 
to bridge this gap by developing a physical model to observe 
sediment behavior. This is complemented by a strong 

numerical framework that includes two-phase flow 
dynamics and energy balance equations, as suggested by 
recent studies ([19]; [17]). The methodology described here 
combines empirical data with state-of-the-art computational 
simulations to offer an integrated approach to understanding 
the factors that control sediment suspension and transport. 

Theoretical Foundations and Basic Equations 

In hydraulics, the Bernoulli equation serves as a 
fundamental principle for analyzing single-phase fluid flow 

through pipes, channels, and rivers. This equation helps fluid 
systems save energy by connecting pressure, velocity, and 
height in a flow. However, we frequently work with mixtures 
in real-world situations, such as liquids with gas or vapor 
bubbles or suspensions or gas suspensions. The single-phase 
flow assumptions are invalid in these situations. We must 
modify the fundamental Bernoulli equation to account for 
extra forces and phase-to-phase interactions due to the 

complexity of these mixtures. 
Modified Bernoulli equations or other momentum 

conservation equations are applied to such systems. 
According to studies, the first integrals of the equation of 
motion can be obtained for both constant and fluctuating 
concentrations when working with ideal mixes, such as tiny 
solid particles in a fluid. These integrals provide essential 
insights for systems with dispersed particles, as 

demonstrated in works by [25] and [24], where the 
governing equations for dispersed flow mixtures are 
expanded to account for multi-phase interactions and the 
dynamics of energy distribution. 

In works on the motion of a dispersed mixture (using the 
example of a multiphase mixture in the interpenetrating and 
interacting model of Kh.A. Rakhmatullin [26]). The 
equation of motion and continuity, written in the Gromeko-

Lamb form [23–25]: 

𝜌𝑛
𝜕𝑉⃗ 𝑛
𝜕𝑡

+ 𝜌𝑛𝑔𝑟𝑎𝑑
𝑉𝑛
2

2
+ 2𝜌𝑛[𝜔⃗⃗ 𝑛 , 𝑉⃗ 𝑛]

= 𝑓𝑛𝜇𝑛𝛻
2𝑉⃗ 𝑛 + 𝜌𝑛𝐹 𝑛 − 𝑓𝑛𝑔𝑟𝑎𝑑𝜌

+ 𝐾∗(𝑉⃗ 𝑝 − 𝑉⃗ 𝑛)                       (1) 

Continuity equation: 

𝜕𝜌𝑛
𝜕𝑡

+ 𝑑𝑖𝑣(𝜌𝑛𝑉⃗ 𝑛) = 0,         ∑ 𝑓𝑛 = 1

𝑁

𝑛=1

 

where 𝑉⃗ 𝑛 is the velocity vector of the 𝑛th phase of the 

mixture; 𝜌𝑛 is the reduced density of the nth phase of the 

mixture, determined by the equality: 𝜌𝑛 = 𝑓𝑛 ⋅ 𝜌𝑛𝑖 is the true 

density of the nth phase of the mixture, 𝜇𝑛 is the dynamic 

viscosity, 𝐹 𝑛 is the external force per unit mass and 𝐾∗ =
∑ 𝐾𝑖𝑗
𝑁−1
𝑖,𝑗=1  is the interaction coefficient of the 𝑖 and 𝑗 phases 

of the mixture. 
In the following we will consider a two-phase or three-

phase mixture: 
in a two-phase flow (flow of water with sediments or 

salt, etc.) 𝐾⃗⃗ 1 = 𝐾(𝑉⃗ 𝑝 − 𝑉⃗ 𝑛) 

for three-phase flow: 

𝐾⃗⃗ 1 = 𝐾12(𝑉⃗ 2 − 𝑉⃗ 1) + 𝐾23(𝑉⃗ 3 − 𝑉⃗ 2) + 𝐾13(𝑉⃗ 1− 𝑉⃗ 3) 
Let us assume that external forces are conservative: 

𝐹 𝑛 = −𝑔𝑟𝑎𝑑𝑈𝑛 
the process of movement of the mixture is barotropic 

(pressure is a function of true densities) 𝑝 = 𝑝(𝜌𝑛𝑖). 
Assuming that the interaction coefficients 𝐾∗- are constant. 

Physical Model Setup 

In addition to these studies, a physical model of a 
channel suspension-carrying flow was created in the 
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laboratory of the Institute of Irrigation and Water Problems. 
The study of the distribution of suspended sediment particles 
by the depth of the flow is of great theoretical and practical 
importance for studying the processes of suspension, 
attraction and transportation of river sediments. The 
calculation formulas used in practice are derived from the 
diffusion theory, based on the assumption of the equality of 
the coefficient of turbulent movement of momentum and 
concentration. For the case of steady and uniform 

movement, an equation was obtained in the form [23, 24] 
The physical model of a channel suspension-carrying flow 
adopted by us was formulated and substantiated, 
characterized by the following main provisions: 

1) the flow is the movement of a dispersed medium with 
a variable mass of its constituent components; 

2) the variability of the mass of the components is taken 
into account by introducing into consideration a system of 

sources - sinks, which are located according to the law of the 
function of a simple layer, taking non-zero values on the 
surface of mass exchange;  

3) the discrete structure of the flow consisting of the 
carrier liquid and suspended particles is taken into account 

using the Frank discontinuous function 𝑠, which takes the 

values 𝑠 = 1 when a suspended particle is located at the 

considered point in space, and 𝑠 = 0 when the liquid is at 
this point; 

4) the discrete structure of the suspension-carrying flow 
in its averaged equations can be reflected by statistical 
averaging of the flow characteristics (component velocities, 

pressures, etc.); 

5) the concentration 𝑠̄ is the probability of finding 
suspended particles at the considered point in space occupied 
by the suspension-carrying flow. Based on the formulated 
flow model, a system of equations for the continuity and 
motion of its components was compiled [23]. 

Numerical Model and Governing Equations 

In the present work, this system is supplemented by 
energy balance equations. The expansion of the system by 

energy equations does not lead to a decrease in the degree of 
its non-closure, but on the contrary, introduces additional 
unknown quantities. Nevertheless, the issues of energy 
balance and its dissipation in suspended matter flows are of 
independent interest, since energy consideration allows us to 
illuminate the processes of suspension and transfer of 
suspended matter by a water flow. 

The balance equation for the total energy of the flow in 
the volume τ has the form (2): 

𝑑

𝑑𝑡
∫𝜌(𝑊 +

𝜗2

2
)𝛿𝜏

𝜏

= ∫𝜌𝐹𝜗𝛿𝜏 +∫𝑝𝑛𝜗𝛿𝜎
𝜎𝜏

+ 𝜃                                                        (2) 
where 𝜗 is the flow velocity vector; 𝑝𝑛 is the stress 

vector on the surface 𝜎 of the volume  𝜏; 𝐹 is the vector of 

volume forces; 𝜌 is the density; 𝑊 is the internal energy 
(mainly thermal) of a unit of flow volume; 𝜃 is the energy 

influx to the volume 𝜏 per unit of time 𝑡. 
After simple transformations similar to those used in (1), 

we reduce equation (1) to the following form: 

[𝜌𝑤(1− 𝑠)
𝑑

𝑑𝑡
(𝑊 +

𝜗𝑤
2

2
)+ (𝑊 +

𝜗𝑤
2

2
)𝑚𝑤

− 𝜌𝑤(1− 𝑠)𝜗𝑤𝐹 − (1 − 𝑠)𝑑𝑖𝑣𝑃𝑤𝜗𝑤

− 𝜌𝑤(1− 𝑠)𝜃𝑤] = 

= − [𝜌𝑤𝑠
𝑑

𝑑𝑡
(𝑊𝑠 +

𝜗𝑠
2

2
)+ (𝑊𝑠 +

𝜗𝑠
2

2
)𝑚𝑠 − 𝜌𝑠𝑠𝜗𝑠𝐹

− 𝜌𝑠𝑠𝜗𝑠𝐹 − 𝑠𝑑𝑖𝑣𝜗𝑃𝑠𝜗𝑠 − 𝜌𝑠𝑠𝜃𝑠] 

where the indices 𝑠 and 𝑤 indicate whether the 
parameter belongs to the solid or liquid phase of the flow, 

respectively; 𝑃 is the stress tensor; 𝜃 is the per-second influx 
of thermal energy to a unit volume of the corresponding 

phase of the flow; 𝑚 is the mass of the corresponding phase 
added to a unit volume of the flow per unit time. 

By equating each part of this dependence of the power 

of interphase interaction, equal to the product of the force 𝑅 
of interaction of the phases in their relative motion and the 

value of the relative velocity 𝜗𝑤 − 𝜗𝑠, we obtain the energy 
balance equations for the solid and liquid components of the 
flow, respectively: 

[
𝑑

𝑑𝑡
(𝑊 +

𝜗𝑤
2

2
)− 𝜗𝑤𝐹 −

1

𝜌𝑠
𝑑𝑖𝑣𝑃𝑠𝜗𝑠 − 𝜃𝑠]

+ (𝑊𝑠 +
𝜗𝑠
2

2
)𝑚𝑠

= 𝑅(𝜗𝑤 − 𝜗𝑠)                  (3) 

[𝜌𝑤(1− 𝑠)
𝑑

𝑑𝑡
(𝑊𝑤 +

𝜗𝑤
2

2
)− 𝜗𝑤𝐹 −

1

𝜌𝑤
𝑑𝑖𝑣𝑃𝑤𝜗𝑤 − 𝜃𝑤]

+ (𝑊𝑤 +
𝜗𝑤
2

2
)𝑚𝑤

= −𝑅(𝜗𝑤 − 𝜗𝑠)                    (3′) 
The change in the internal energy of the volume occurs 

due to the influx of energy from the outside, as well as due 
to the dissipation of energy 𝑁дис due to the work of internal 

forces. Thus, for a solid component, the change in internal 
energy can be expressed by the equation 

𝑑

𝑑𝑡
∫𝜌𝑠𝑠𝑊𝑠𝛿𝜏
𝜏

= ∫𝜌𝑠𝑠𝜃𝑠𝛿𝜏 + ∫𝑠𝑁дис𝑠𝛿𝜏
𝜏𝜏

 

from where, bearing in mind that the left-hand side in 
accordance with the continuity equation (1) 

𝑑

𝑑𝑡
(𝜌𝑠𝑠𝛿𝜏) = 𝑚𝑠𝛿𝜏 

can be represented as: 
𝑑

𝑑𝑡
∫𝜌𝑠𝑠𝑊𝑠𝛿𝜏
𝜏

= ∫[𝜌𝑠𝑠
𝑑𝑊𝑠
𝑑𝑡

+𝑊𝑠𝑚𝑠]𝛿𝜏
𝜏

 

we obtain the following equation, which connects the 
change in the internal energy of the suspension with the 
dissipation of energy and heat exchange with the 
environment: 

𝜌𝑠
𝑑𝑊𝑠
𝑑𝑡

+𝑊𝑠𝑚𝑠 = 𝑠𝜌𝑠𝜃𝑠 + 𝑠𝑁дис 

Similarly for liquid: 

𝜌𝑠(1− 𝑠)
𝑑𝑊𝑠
𝑑𝑡

+𝑊𝑠𝑚𝑠

= (1 − 𝑠)𝜌𝑠𝜃𝑠
+ (1 − 𝑠)𝑁дис                 (3′′) 

Comparing equations (2) and (3) we obtain 

𝑠𝜌𝑠 [
𝑑

𝑑𝑡

𝜗𝑠
2

2
− 𝜗𝑤𝐹 −

1

𝜌𝑠
𝑑𝑖𝑣𝑃𝑠𝑠𝜗] +

𝜗𝑠
2

2
𝑚𝑠 + 𝑠𝑁дис

= 𝑅(𝜗𝑤 − 𝜗𝑠)                         (4) 

(1− 𝑠)𝜌𝑠 [
𝑑

𝑑𝑡

𝜗𝑠
2

2
− 𝜗𝑤𝐹 −

1

𝜌𝑠
𝑑𝑖𝑣𝑃𝑠𝑠𝜗]+

𝜗𝑠
2

2
𝑚𝑠

+ (1 − 𝑠)𝑁дис
= 𝑅(𝜗𝑤 − 𝜗𝑠)                     (4′) 

Or using the continuity equations (1) in the form: 
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𝜕𝜌𝑠𝑠

𝜕𝑡
+ 𝑑𝑖𝑣𝜌𝑠𝑠𝜗𝑠 = 𝑚𝑠 

𝜕𝜌𝑠(1− 𝑠)

𝜕𝑡
+ 𝑑𝑖𝑣[𝜌𝑤(1− 𝑠)𝜗𝑤] = 𝑚𝑤 

We have the following energy equations that relate the 

instantaneous characteristics of the flow: 
𝜕

𝜕𝑡
(𝜌𝑠𝑠

𝜗𝑠
2

2
)+ 𝑑𝑖𝑣 (𝜌𝑠𝑠

𝜗𝑠
2

2
𝜗𝑠)− 𝜌𝑠𝑠𝜗𝑠𝐹 − 𝑠𝑑𝑖𝑣𝑃𝑠𝜗𝑠

+ 𝑠𝑁дис
= 𝑅(𝜗𝑤 − 𝜗𝑠)                         (5) 

𝜕

𝜕𝑡
(𝜌𝑠(1 − 𝑠)

𝜗𝑠
2

2
)+ 𝑑𝑖𝑣 (𝜌𝑠(1− 𝑠)

𝜗𝑠
2

2
𝜗𝑠)

− 𝜌𝑠(1− 𝑠)𝜗𝑠𝐹 − 
−(1 − 𝑠)𝑑𝑖𝑣𝑃𝑠𝜗𝑠 + (1 − 𝑠)𝑁дис

= −𝑅(𝜗𝑤 − 𝜗𝑠)                                                           (5′) 
After averaging equations (5) over probability [23] with 

𝜌𝑠 = 𝑐𝑜𝑛𝑠𝑡 and 𝜌𝑤 = 𝑐𝑜𝑛𝑠𝑡 we obtain, neglecting the 
moments of the third order correlation. 

𝜕

𝜕𝑡
(𝜌𝑠𝑠 

𝜗 𝑠
2

2
)+ 𝑑𝑖𝑣 (𝜌𝑠𝑠 

𝜗 𝑠
2

2
𝜗𝑠)− 𝜌𝑠𝑠 𝜗 𝑠𝐹 − 𝑠 𝑑𝑖𝑣𝑃̄𝑠𝜗 𝑠

+ 𝑠 𝑁⃗⃗ дис − 𝑅⃗ (𝜗 𝑤 − 𝜗 𝑠) = 

= −
𝜕

𝜕𝑡
(𝜌𝑠𝑠 

𝜗 ′𝑠
2

2
)− 3𝑑𝑖𝑣(𝜌𝑠𝑠 

𝜗 ′𝑠
2

2
𝜗𝑠)+ 𝑠̄𝑑𝑖𝑣𝑃𝑠

′𝜗𝑠
′̅̅ ̅̅ ̅̅

+ 𝑅′⃗⃗⃗⃗ (𝜗𝑤⃗⃗⃗⃗  ⃗

− 𝜗𝑠⃗⃗  ⃗)                                              (6) 

𝜕

𝜕𝑡
(𝜌𝑤(1− 𝑠̄)

𝜗 𝑤
2

2
)+ 𝑑𝑖𝑣 (𝜌𝑠𝑠 

𝜗 𝑤
2

2
𝜗𝑤)− 𝜌𝑠(1 − 𝑠̄)𝜗 𝑤𝐹

− (1 − 𝑠̄)𝑑𝑖𝑣𝑃̄𝑠𝜗 𝑠 + (1− 𝑠̄)𝑁⃗⃗ дис
− 𝑅⃗ (𝜗 𝑤 − 𝜗 𝑠) = 

= −
𝜕

𝜕𝑡
(𝜌𝑠(1− 𝑠̄)

𝜗 ′𝑠
2

2
)− 3𝑑𝑖𝑣(𝜌𝑠(1 − 𝑠̄)

𝜗 ′𝑠
2

2
𝜗𝑠)

+ (1 − 𝑠̄)𝑑𝑖𝑣𝑃𝑠
′𝜗𝑠
′̅̅ ̅̅ ̅̅ + 𝑅′⃗⃗⃗⃗ (𝜗𝑤′⃗⃗⃗⃗  ⃗

− 𝜗𝑠
′⃗⃗  ⃗)                         (6′) 

Energy equations (5) and (6) are equally valid when 
considering suspended flows both with and without sources. 
These equations show that the energy balance of the flow 
components consists of both kinetic energy and energy 
caused by mass forces, pressure forces, dissipative forces, 
and interphase interaction forces. 

To obtain an expression characterizing the energy 
dissipated in a suspension-carrying flow 

𝑁дис = (1 − 𝑠̄)𝑁⃗⃗ дис𝑤 + 𝑠̄𝑁дис𝑠 

using the equations of motion of the components (1), 

which after scalar multiplication by 𝜗 𝑠 and 𝜗 𝑤 respectively 

and some transformations can be represented in the 
following form: 

𝜕

𝜕𝑡
(𝜌𝑠𝑠 

𝜗 𝑠
2

2
)+ 𝑑𝑖𝑣 (𝜌𝑠𝑠 

𝜗 𝑠
2

2
𝜗̄𝑠)− 𝜌𝑠𝑠 𝜗 𝑠𝐹 − 𝑠 𝜗̄𝑠𝐷𝑖𝑣𝑃̄𝑠

+
𝜗̄𝑠
2

2
𝑚𝑠 + 𝜌𝑠𝜗̄𝐷𝑖𝑣[𝑠̄𝜗𝑠

′𝜗𝑠
′]

= 𝜗̄𝑠𝑅⃗                      (7) 

𝜕

𝜕𝑡
(𝜌𝑤(1− 𝑠̄)

𝜗 𝑤
2

2
)+ 𝑑𝑖𝑣 (𝜌𝑠(1− 𝑠̄)

𝜗 𝑤
2

2
𝜗𝑤)

− 𝜌𝑤(1− 𝑠̄)𝜗 𝑤𝐹 − (1 − 𝑠̄)𝜗̄𝑤𝐷𝑖𝑣𝑃̄𝑤
+ 

+
𝜗̄𝑤
2

2
𝑚𝑤 + 𝜌𝑤𝜗𝑤𝐷𝑖𝑣[(1 − 𝑠̄)𝜗𝑤

′ 𝜗𝑤
′ ]

= −𝜗̄𝑤𝑅⃗                                                                                                 (7′) 
From a comparison of equations (6) and (7), bearing in 

mind [27] that 

𝜗̄𝐷𝑖𝑣𝑃̄ − 𝜗̄𝐷𝑖𝑣𝑃̄𝜗̄ = −(𝑃̄𝛻)𝜗̄ = −𝑃̄Д 

where Д is the strain rate tensor, we obtain the following 
expressions: 

𝑠̄𝑁̄дис− 𝑠̄𝑃̄𝑠Д̄𝑠 −
𝜗̄𝑠
2

2
𝑚𝑠 − 𝑅̄(𝜗̄𝑤 − 2𝜗̄𝑠)

= −
𝜕

𝜕𝑡
[𝜌𝑠𝑠̄

𝜗𝑠
′̅2

2
]− 3𝑑𝑖𝑣 [𝜌𝑠 𝑠̄

𝜗𝑠
′̅2

2⃗ 𝑠
𝜗𝑠̅]

+ 
+𝑠̄𝑑𝑖𝑣𝑃𝑠

′𝜗𝑠
′̅̅ ̅̅ ̅̅ + 𝜗𝑠̅𝐷𝑖𝑣[𝜌𝑠𝑠̅𝜗𝑠

′̅𝜗𝑠
′̅] + 𝑅̅(𝜗𝑤

′̅̅ ̅̅ − 𝜗𝑠
′̅) 

(1− 𝑠̄)𝑁̄дис𝑤 − (1 − 𝑠̄)𝑃̄𝑤Д̄𝑤 −
𝜗̄𝑤
2

2
𝑚𝑤 − 𝑅̄𝜗̄𝑠

= −
𝜕

𝜕𝑡
[𝜌𝑤(1− 𝑠̄)

𝜗̄′𝑤
2

2
]

− 3𝑑𝑖𝑣 [𝜌𝑠(1− 𝑠̄)
𝜗𝑠
′̅2

2
𝜗𝑠̅] + 

+(1− 𝑠̄)𝑑𝑖𝑣𝑃𝑠
′𝜗𝑠
′̅̅ ̅̅ ̅̅ + 𝜗𝑤̅̅ ̅̅ 𝐷𝑖𝑣[𝜌𝑠(1− 𝑠̅)𝜗𝑠

′𝜗𝑠
′̅̅ ̅̅ ̅̅ ] + 𝑅̅(𝜗𝑤′̅̅ ̅̅ − 𝜗𝑠

′̅) 
Summing up the obtained dependencies gives an 

expression for the energy dissipated in the suspension-

carrying flow: 

𝑁̄дис𝑤 = (1 − 𝑠̄)𝑃̄𝑤Д̄𝑤 + 𝑠̄𝑃̄𝑠Д̄𝑠 +
𝜗̄𝑤
2

2
𝑚𝑤 +

𝜗̄𝑠
2

2
𝑚𝑠

+ 𝑅̄(𝜗̄𝑤 − 𝜗̄𝑠) − 

−
𝜕

𝜕𝑡
[𝜌𝑤(1 − 𝑠̄)

𝜗̄′𝑤
2

2
+ 𝜌𝑠 𝑠̄

𝜗̄′𝑠
2

2
]

− 3𝑑𝑖𝑣 [𝜌𝑠(1− 𝑠̄)
𝜗𝑠
′̅2

2
𝜗𝑠⃗⃗  ⃗ + 𝜌𝑠 𝑠̅

𝜗𝑠
′̅2

2
𝜗𝑠̅]

+ 

+(1− 𝑠̄)𝑑𝑖𝑣𝑃𝑤′̅̅ ̅𝜗𝑤′̅̅ ̅̅ + 𝑠̅𝑑𝑖𝑣𝑃𝑠
′̅𝜗𝑠
′̅ + 𝜗𝑤̅̅ ̅̅ 𝐷𝑖𝑣[𝜌𝑠(1 − 𝑠̅)𝜗𝑤′̅̅ ̅̅ 𝜗𝑤′̅̅ ̅̅ ]

+ 𝜗̅𝐷𝑖𝑣[𝜌𝑠𝜗′̅𝜗𝑠
′̅]                                            (8) 

Let us introduce the following notations into equation 
(8). 

𝐼 = 𝑁̄дис𝑤 = (1 − 𝑠̄)𝑃̄𝑤Д̄𝑤 + 𝑠̄𝑃̄𝑠Д̄𝑠, 

𝐼𝐼 =
𝜗̄𝑤
2

2
𝑚𝑤 +

𝜗̄𝑠
2

2
𝑚𝑠 , 

𝐼𝐼𝐼 = 𝑅̄(𝜗̄𝑤 − 𝜗̄𝑠) 

𝐼𝑉 = −
𝜕

𝜕𝑡
[𝜌𝑤(1− 𝑠̄)

𝜗̄′𝑤
2

2
+ 𝜌𝑠 𝑠̄

𝜗𝑠
′̅2

2
]

− 3𝑑𝑖𝑣 [𝜌𝑠(1− 𝑠̄)
𝜗𝑠
′̅2

2
𝜗𝑠̅ + 𝜌𝑠 𝑠̅

𝜗𝑠
′̅2

2
𝜗𝑠̅]

+ 

+(1− 𝑠̄)𝑑𝑖𝑣𝑃𝑤′̅̅ ̅𝜗𝑤′̅̅ ̅̅ + 𝑠̅𝑑𝑖𝑣𝑃𝑠
′̅𝜗𝑠
′̅ + 𝜗𝑤̅̅ ̅̅ 𝐷𝑖𝑣[𝜌𝑠(1 − 𝑠̅)𝜗𝑤′̅̅ ̅̅ 𝜗𝑤′̅̅ ̅̅ ]

+ 𝜗̅𝐷𝑖𝑣[𝜌𝑠𝜗 ′̅𝜗𝑠
′̅] 

Thus, energy dissipation in a channel suspension-
carrying flow occurs due to the work of internal forces (I), 
the addition of additional mass (II), the interaction of flow 
components (III), and turbulent energy conductivity (IV). 

In flows of pure liquid (𝑠̄ = 0) energy dissipation is 
determined by the expression 
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It can be assumed that the difference in energy 

dissipation in the suspended-carrying flow and in the flow of 

pure liquid is nothing other than the energy 𝑁̄взв expended 
on involving the suspension in movement and transport 
("weighing work"). However, bearing in mind that the 
intensity of turbulent pulsations in the flow of pure liquid 
and the liquid transporting the suspension are different from 
each other at the same values of the averaged characteristics 
of the flow, we introduce into consideration the parameter, 
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taking into account the change in the intensity of 

turbulent pulsations in the liquid flow in the presence of 

suspended particles. Thus, 
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Assuming further that 𝑃𝑤 ≈ 𝑃𝑠 ≅ 𝑝𝐸, where 𝑝 is the 

hydrodynamic pressure, 𝐸 is the unit tensor, we have 𝑃Д
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the weighing work: 
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The obtained expression for the weighing work can be 

represented as the sum of the weighing works of the 
averaged and pulsating motion: 
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Under conditions of a steady longitudinally uniform 

plane suspension-carrying flow and under the assumption 
that the vertical component of the relative velocity 
(𝜗𝑤 − 𝜗𝑠) of the hydraulic size w of the sediments is equal 

and that the horizontal component (𝜗𝑤 − 𝜗𝑠) is equal to 
zero, i.e., under the conditions considered by M.A. 
Velikanov [25] when substantiating the gravitational theory, 

expression (10) for the weighing work is significantly 
simplified: 
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and in contrast to the formula 𝑁̄взв𝑤 = 𝑠̄𝑔(𝜌𝑠 − 𝜌𝑤)𝑤 

used by M.A. Velikanov, takes into account the dissipation 
of pulsating energy. 

3. Results and discussion 

The analysis developed in the preceding section yields a 
description of how mechanical energy is stored, exchanged, 
and dissipated in a channel flow that transports suspended 
sediment. Instead of a single friction law, it produces a 
coupled set of energy-balance equations for the solid and 

liquid phases — equations (5)–(7) for the instantaneous and 
averaged motion and equations (8)–(11) for the dissipated 
and weighing work — from which the mechanisms 
responsible for suspension can be read directly. 

Mechanisms of energy dissipation. Equation (8), 
together with the grouping introduced through the terms I–
IV, shows that dissipation in a suspension-carrying flow is 
not controlled by viscous friction alone. Four physically 

distinct contributions appear. Term I is the work of the 
internal pressure and viscous stresses in each phase, 
weighted by its volumetric share; this is the only mechanism 
retained in the classical single-phase description. Term II, 
proportional to the added masses m_w and m_s, is the energy 
tied to the exchange of mass between the phases through the 
system of sources and sinks, and it vanishes whenever the 
mass of the components is treated as constant. Term III, the 

product of the interphase force R and the relative velocity of 
the phases, is the work done in the relative slip between 
water and particles — the drag-type coupling stressed in 
two-fluid models of sediment transport. Term IV collects the 
turbulent, or pulsation, transport of energy together with its 
rate of change. The presence of terms II and III alongside the 
familiar I and IV is the central structural result: in a real 
sediment-laden channel, energy is lost not only to viscous 

friction and turbulence, but also to sustaining mass exchange 
and to the relative motion between the phases. 

Consistency in the clear-water limit. When the 
concentration vanishes, equation (8) reduces to equation (9), 
the dissipation of a turbulent flow of pure liquid. This limit 
is both an internal check on the derivation and a means of 
isolating the extra energy demanded by the particles: the 
difference between the dissipation in the sediment-laden 
flow and that in clear water is interpreted as the energy spent 

in holding the sediment in suspension and moving it 
downstream — the weighing work. 

Energetics of suspension. Because the intensity of the 
turbulent pulsations in clear water is not the same as in the 
identical flow carrying particles, this difference cannot be 
formed by simple subtraction. The correction is carried by 
the parameter A, which integrates the change in pulsation 
energy with concentration. With this correction the weighing 

work is given by equation (10) and, once an isotropic stress 
state is assumed, it separates into an averaged-motion part 
and a pulsating part, equation (11). This separation carries 
the main physical message of the work: suspension is 
maintained partly by the mean relative motion and the 
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interphase force, and partly by the turbulent pulsations 
themselves. The finding places the role of turbulence, 
identified as the controlling factor in earlier studies of 
sediment suspension (Huang et al. 2019; Jha and 
Bombardelli 2011), inside an explicit energy budget rather 
than a diffusion analogy. 

Relation to the gravitational theory. Under the 
conditions of Velikanov’s gravitational theory — steady, 
longitudinally uniform plane flow in which the vertical 

relative velocity equals the hydraulic size w of the particles 
and the horizontal relative velocity is zero — the general 
expression (10) collapses to the reduced form obtained at the 
close of the derivation. Its leading term is the product of the 
concentration, the submerged specific weight g(ρ_s − ρ_w), 
and the hydraulic size w, which is exactly the weighing work 
of the gravitational theory; that classical result therefore 
appears here as a special case. The remaining terms, built 

from gradients of the pulsation energy, are the corrections 
the present formulation adds, and they represent the 
dissipation of pulsating energy that the gravitational theory 
leaves out. This offers a resolution to the long-standing 
objection that a purely gravitational accounting misstates the 
energy required for suspension, by locating the missing part 
in the turbulent pulsation field. 

Comparison with earlier energy formulations. The 

energy-balance equations obtained here depart from those of 
Barenblatt and of Frankl in three ways that follow directly 
from the model assumptions. The variability of the mass of 
the flow components is retained through the source–sink 
system (term II); the change in the intensity of the liquid’s 
turbulent pulsations caused by the transported particles is 
included through the parameter A; and the work of the 
interphase interaction forces is represented more completely, 

in both the averaged and the pulsating motion (term III). 
Each of these generalises the earlier steady, constant-mass 
descriptions toward the unsteady, non-uniform conditions 
that characterise natural channels. 

Limitations and outlook. Adding the energy equations to 
the system does not close it; as noted in the derivation, each 
new balance introduces further unknown correlations. The 
value of the formulation is therefore diagnostic rather than 

immediately predictive: it identifies the quantities that must 
be measured or modelled — the interphase force R, the 
added-mass terms, and the particle-modified pulsation field 
— before the energy budget can be evaluated for a given 
flow. This is where the physical model of the channel 
suspension-carrying flow is intended to contribute, by 
supplying the depth distribution of concentration and the 
pulsation data needed to calibrate these terms and to compare 
the magnitudes of the averaged and pulsating weighing work 

under controlled conditions. 

4. Conclusion 

This research contributes to the broader understanding 
of sediment transport. It highlights the role of energy 
dissipation and interfacial interactions. These diffusion-
based factors are often underestimated in traditional models. 

The energy balance equations for the suspended matter-
carrying flow obtained in this work differ from similar 
equations compiled earlier by G. I. Barenblatt [24, 28, 29] 
and F. I. Frankl [30, 31] by taking into account the variability 
of the mass of the flow components, by taking into account 
the change in the intensity of turbulent pulsations of the 
liquid when it transports suspended matter, and by more 

fully taking into account the work of the forces of interphase 
interaction. 

Overall, the improved modeling framework established 
here offers a robust approach to studying sediment-laden 
flows, providing new insights that can inform both 
theoretical studies and practical decisions in fluid mechanics 
and environmental hydraulics. 
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Abstract: Research into seaport–dry port corridors has tended to focus on the design of the physical network on the 
one hand and the coordination of governance on the other. It is hard to maintain this separation in well-
established Maritime Silk Road corridors. A corridor might have routes, inland nodes and digital 
platforms, and still not function smoothly at the rail/dry-port interface. This article therefore tackles 

corridor optimization as a problem of diagnosis and governance. It looks at the case of Ningbo-Zhoushan 
Port in a gateway province on China's eastern coast, and examines its relevance for Central Asian and 
landlocked economies relying on seaports, inland hubs, railways, customs facilities and digital platforms. 
The empirical basis comprises aggregated port planning and port transport-operation data from both the 
annual and quarterly perspectives as well as publicly available policy and industry material for contextual 
interpretation. The overarching question is pragmatic, and that is: If the side of the seaport is relatively 
on schedule, but the coordination on the inland rail side is not, where should optimization be targeted? 
The analysis links node-structure diagnosis, quarterly interface diagnosis and governance interpretation. 

To make the imbalance observable, the paper uses a Corridor Coupling Imbalance Gap (CIG), calculated 
as the difference between the mean completion rate of maritime-side indicators and the rail-freight 
completion rate at each quarter end. The evidence shows a stable three-part planned node structure for 
2025–2026, but the 2025 rolling data also show that rail freight lagged maritime-side indicators for three 
consecutive quarters, with CIG reaching +10.20 percentage points in Q3. The main issue is thus not 
general seaport capacity. It lies in the translation from gateway capacity to inland consolidation, digital 
orchestration, and timely cross-actor intervention. The article proposes a governance-coupled 
optimization agenda organized around differentiated gateway roles, dry-port-centered consolidation, 

event-level digital coordination, and rolling warnings. Its contribution is to turn corridor optimization 
from a question of route expansion into a more precise diagnostic method for seaport–dry port 
governance. 

Keywords: Maritime Silk Road, Seaport–Dry Port Transport Corridor, Multimodal Transport, Network Diagnosis, 
Governance-Coupled Optimization, Corridor Coupling Imbalance Gap, China–Central Asia 
Connectivity, Ningbo-Zhoushan Port 

 

1. Introduction 

Under the Maritime Silk Road, the competitiveness of a 
seaport is no longer determined only at the quay. Vessel calls 
and berth capacity still matter, but they do not by themselves 
explain whether port functions can be carried inland in a stable 
and governable way. The more difficult question is whether 
inland nodes, rail services, customs procedures, and digital 
coordination are managed as parts of the same transport system. 
The importance of this is particularly notable for landlocked and 

double-landlocked economies which rely on the performance of 
foreign seaports and the reliability of the corridors behind them 
for access to maritime trade. This trend is seen in the 
development of dry ports, sea–rail connections, customs 
extensions, and digital booking platforms. The basic point of the 
dry-port and port-regionalization literature is already made, that 
the port becomes a corridor system and has multiple frontiers, 
operational ones, rather than only one, the waterfront [1–3]. 

The challenge is that it is easier to plan for expansion where 
this is visible in the corridors than operational coordination. 
Routes can be counted and dry-port nodes can be announced, 
platforms can be connected and new services can be reported. 

 
a  https://orcid.org/0000-0002-5696-391X 

These are significant accomplishments, but are not necessarily 
indicative of the alignment of cargo consolidation, train 
formation, customs clearance, yard readiness, and slot allocation 
in day-to-day operations. A corridor might therefore be 
operationally uneven, but still be very large in space. This is the 
key to Maritime Silk Road corridors, as the transport 

performance relies on interorganisational interaction between 
seaports, inland logistics nodes, customs regimes, railways, 
platform providers and cargo owners [4, 5]. 

The Zhejiang-Ningbo-Zhoushan case is a practical example 
to analyse this tension. Zhejiang is a coastal gateway province 
in eastern China, connecting maritime shipping, port-based 
industrial bases, inland dry ports, rail transportation and digital 
logistics platforms. The importance of the case to the 

international transport community is not to demonstrate the case 
as an example to emulate. Instead, it indicates the possibility of 
coordination pressure at inland rail/dry-port interfaces in even a 
fairly developed coastal gateway system. The available public 
Zhejiang transport policy, planning and industry materials for 
contextual interpretation indicate that by September 2024, the 
Ningbo-Zhoushan Port had developed 107 sea–rail routes, of 
which 26 were scheduled trains, and 37 inland dry-port nodes, 

https://orcid.org/0000-0002-5696-391X
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covering 16 provincial-level areas and 67 prefecture-level cities. 
The Four-Port digital platform had connected more than 100 
systems and aggregated more than 11,000 logistics data items, 
the Sixth Port Area platform had integrated the port–customs–
shipping processes and the port had reported benefits from the 
increased efficiency of sea–rail operations. These are large 
numbers that reflect significant corridor development. 

Meanwhile, the same contextual materials indicate pressure on 
the rail side in the Jinhua–Yiwu support area, high station 
utilization, and a relatively small but relevant cost disadvantage 
in some subsidized rail services compared with direct road 
transport [6]. 

This juxtaposition provides the introduction for the article. 
It is not a question of whether or not a mature corridor requires 
optimization – in some general sense. When the maritime side 

is broadly stable, and the inland rail interface is not, a more 
important question is where should attention be directed for 
intervention? This is also a question which is not only relevant 
for the Zhejiang case. Inland terminals and dry ports need more 
than facilities to establish a reliable international logistics 
network for the transport systems of the Maritime Silk Road, 
including the China–Central Asia transport system. Previous 
studies provide some components that can be built upon. Some 

research focuses on terminal networks, location decision, break 
even distance and design of dry ports [7–10]. A second one 
relates to collaborative governance, institutional alignment and 
digital coordination [4, 5, 11]. Less developed is an approach 
that allows managers to find a place in the interface where the 
spatially mature corridor is not syncing. 

The article thus develops a diagnostic, governance-coupled 
view of a port-centred seaport–dry port system. Zhejiang-
Ningbo-Zhoushan is not necessarily representative of other 

Chinese corridors, or other Maritime Silk Road corridors. This 
synthesis incorporates evidence on node structure from annual 
plans, execution data from quarterly rolling indicators, and 
contextual policy evidence regarding the reach of nodes inland, 
capacity pressure, digital platforms, and monitoring 
architecture. The idea isn't to make a full math model of 
transport network. It is to offer a management oriented approach 
to identify the choke point, explain the role of different nodes 

and how network redesign and governance intervention should 
be connected. 

2. Literature Review 

The initial part of the argument is based on studies of dry-
port and inland-port. Such studies demonstrate the inland 
terminals can move some seaport functions away from the 

maritime area, alleviate the pressure around the seaport and 
provide access to the hinterland [2, 12–14]. But the expansion 
isn't something that you can achieve with just positioning a 
terminal on a map. A dry port depends on rail infrastructure, 
terminal facilities, institutional structures and the development 
of transport routes [15, 3, 16]. A key take-away from inland-port 
research is that inland ports have the potential to reshape 
regional logistics, but if the governance and service integration 

are weak, inland ports can end up as passive extensions of 
seaports [17]. 

Another set of research is related to intermodal transport 
network design and terminal optimisation. This literature is 
helpful because it discusses the impact on competitiveness of 
intermodal freight transport [18, 7, 8, 19] as the result of 
terminal location, capacity, modal balance, and break-even 
distance. More recent studies also speak about how seaport–dry 

port networks can be designed to be robust, sustainable and 

resilient in the face of uncertainty [9, 10]. But this research 
frequently assumes that once the network structure is designed, 
coordination will follow. This is not always true in reality during 
the operation of a corridor. As much as the physical network can 
be well-designed, performance can still be poor if the gateway, 
rail station, customs process and the digital platform are not 
managed as a single operating chain. 

The collaborative governance research provides insight into 
the sources of this problem. In order to be effective, inter-
organisational action must involve meaningful participation, 
shared motivations and collective capacities [4, 5]. Multimodal 
transport corridors are a good fit for this problem area, as there 
are many actors: the port authorities, the rail operators, customs 
authorities, logistics operators, inland terminals, platform 
operators, and cargo owners. While such actors are not involved 

in a single hierarchy, they do need to act in a coordinated manner 
in the same direction of the flow of cargo. Thus, the issue of 
governance is a practical one. It has to do with who is 
responsible for which role and when information is provided and 
when it is needed in order to avoid a small delay at one interface 
turning into a larger blockage [20, 21]. 

Digitalisation adds another layer to this situation. Heilig and 
Voß [11] state that the transaction costs can be lowered, as well 

as gaining service visibility, by means of port information 
systems, platform-based coordination and digitally-integrated 
gate operations. But, connectivity of data does not imply 
connectivity of operations. While yard operations, train 
assembly, customs sequencing, and slot allocation remain only 
partly aligned, digital platforms may only accelerate the 
exchange of documents instead of boosting the performance of 
the corridor. Digital tools must thus be integrated into a 
governance mechanism, which translates data into action [22, 

23]. 
This results in a very practical gap in the literature. While a 

lot has been written about dry ports, intermodal networks, and 
collaborative governance – it is not clear how network redesign 
and governance redesign should link up. This article endeavors 
to fill this void by recognizing the corridor as a multi layer 
functioning system. It holds that corridor diagnosis should be 
initiated with the distinction between the structure, the tests of 

operational interfaces and finally the linkage of governance 
responses to the imbalances found. 

3. Research methodology 

The material for this study is of an empirical type in two 
senses. The first group are the publicly available materials of 

transport policies, transport planning and transport industry in 
Zhejiang Province, China, including the transport policy of 
Zhejiang Province on multimodal freight development, the 
transport plan on integrated freight-hub construction, the 
application of intelligent multimodal transport and the 
monitoring of logistics-hubs. These materials are used to set the 
policy tone, institutional context, digital foundation, and inland-
hub context of a coastal gateway province. They are not 

considered as a quantitative stand-alone dataset. The second 
category of information is the annual and quarterly port planning 
and transport-operation information, particularly the execution 
indicators of port operations for 2025 as a rolling information, 
and the annual company plans for 2025–2026 for Ningbo-
Zhoushan Port. The numbers for 2026 are considered to be 
planned numbers, not actual numbers. The values relating to the 
company are only reported in an aggregated manner. The 

analysis does not reveal any operational data at the firm level, 
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origin-destination matrices at the shipper level, terminal level 
slot records, or micro level cost traces. 

The analysis is carried out in the context of four interrelated 
operations. The first is to decompose the company cargo plan 
into three parts, which are the cargo plan of the Ningbo base, the 
cargo plan of the Zhoushan base and the cargo plan of the 
external terminals, and compare the cargo plan proportions in 

2025 and 2026 and then analyze the cargo specialization of each 
node group. The second is a so-called rolling interface 
diagnosis. It is based on five performance indicators for 2025: 
total throughput of cargo, container throughput, rail freight, tally 
volume and pilotage voyages. Progress is measured against a 
quarterly linear mark of 25%, 50%, 75% and 100% of the annual 
plan. The third operation determines the Corridor Coupling 
Imbalance Gap (CIG) and thus renders the operational aspect of 

coupling transparent. The fourth explains the pattern observed 
in terms of route reach, inland-node capacity, digital integration, 
cost conditions and the architecture for monitoring. 

The design has been purposefully kept simple. It does not 
try to build a complete O-D transport network or to solve a large-
scale model for optimization with shipper level microdata. That 
decision is not merely data-driven; it is methodological. The 
problem addressed by the article is not with the building of the 

formal optimization model itself, but before it is ever created: If 
one interface is underperforming and the rest of the corridor is 
on track, what optimization is needed? There are several layers 

to the answer to that question, it's not just a chart of flows, there 
is structure, execution and governance. This reasoning applies 
elsewhere, outside Zhejiang. For instance, a reader with an 
interest in dry-port development in Central Asia may wonder if 
a corridor weakness is a lack of gateway capacity, a lack of 
consolidation in the interior, or a lack of reliability of rail 
services, customs delays, or a lack of digital to physical 

orchestration. All values plotted in the figures were checked 
against the annual node-plan percentages and the 2025 rolling 
completion table. Schedule gaps were calculated as cumulative 
completion percentage minus the 25%, 50%, 75%, and 100% 
quarter-end linear benchmarks. 

For the CIG indicator, Mq denotes the mean completion rate 
of the maritime-side indicators in quarter q: cargo throughput, 
container throughput, tally volume, and pilotage voyages. Rq 

denotes the rail-freight completion rate in the same quarter. The 
indicator is calculated as CIGq = Mq - Rq. A positive value 
means that maritime-side execution is ahead of rail-interface 
execution, indicating an imbalance between gateway-side 
robustness and rail–dry-port coordination. The indicator is not 
presented as a full coupling-coordination model or as a causal 
coefficient. It is used as a diagnostic proxy, intended to make an 
otherwise abstract coupling problem visible, comparable, and 

reproducible. Table 1 summarizes the evidence blocks that 
support the diagnosis. 

Table 1 

Data architecture, provenance, and analytical use 

Evidence block Main variables / values used 
Source status and 

reproducibility note 
Use in the paper 

Public policy, 

planning, and 

industry materials 

from Zhejiang 

Province, China 

Contextual values on corridor reach and 

digital foundations: 107 sea–rail routes; 26 

scheduled trains; 37 inland dry-port nodes; 

16 provincial-level areas; 67 prefecture-

level cities; more than 100 linked digital 

systems; more than 11,000 logistics data 

items 

Publicly available contextual 

materials; used to describe the 

coastal gateway-province 

setting and policy/digital 

environment, not as a direct 

quantitative dataset. 

Contextualizes corridor 

scale, spatial maturity, 

institutional-digital 

setting, and why the case 

has relevance beyond 

Zhejiang. 

Annual company 

plans (2025–2026) 

Node-group planned shares; cargo 

specialization by Ningbo base, Zhoushan 

base, and external terminals 

Aggregated company planning 

data; 2026 values are planned, 

not realized. 

Supports node-structure 

diagnosis and gateway 

differentiation 

Quarterly rolling 

plan data (2025) 
Cargo throughput; container throughput; 

rail freight; tally volume; pilotage voyages 

Aggregated quarterly 

completion data; gaps 

calculated against a 

25/50/75/100 benchmark. 

Supports rolling interface 

diagnosis and CIG 

calculation 

Inland hub and 

port–rail interface 

evidence 

Jinhua–Yiwu station pressure; 

approximately 650,000 TEU regional 

railway container-handling capability; 

about RMB 20 cost difference per 40-foot 

container; 17.49 million tonnes of port-

station rail volume 

Public planning and industry 

evidence; used as explanatory 

context, not causal estimates. 

Supports the 

interpretation of likely 

rail-interface pressure 

Monitoring and 

digital-operation 

evidence 

More than 100 linked systems; more than 

11,000 logistics data items; 16 

automatically collectable monitoring 

indicators 

Public digital-platform and 

monitoring materials; used to 

distinguish data connectivity 

from event-level operational 

orchestration. 

Supports a transparent 

case-study design while 

limiting unsupported 

generalization beyond the 
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Evidence block Main variables / values used 
Source status and 

reproducibility note 
Use in the paper 

reported aggregated 

values. 

Source: compiled by the author from publicly available transport policy, planning, and industry materials from Zhejiang Province, 

China, and aggregated Ningbo-Zhoushan Port planning and transport-operation datasets. Public materials are used as contextual evidence 
for a coastal gateway-province case; the quantitative indicators are calculated from aggregated planning and operational values reported 
in the tables and figures. Values are used for diagnostic interpretation, not for firm-level performance disclosure or causal estimation. 

4. Results and discussion 

Stable node structure and differentiated gateway roles 
The two annual company plans refer to a stable overall 

structure. They split the system into three node groups. For those 
outside China, these groups can be explained based on their 
functions: the Ningbo base has the gateway and control role in 
the port system, the Zhoushan base is more geared towards bulk 
business, and the external terminals represent affiliated or 

inland-facing capacity linked to the larger corridor. In the 2025 
plan, the shares of cargo throughput for the company's bases are 
47.1% for the Ningbo base, 21.4% for the Zhoushan base and 
31.5% for external terminals. In the 2026 plan, the 
corresponding shares were 47.3%, 21.8%, and 30.9%. The key 
is that there wasn't a significant macro-level rebalancing. This 
brings focus away from the instability of structure, and to the 
performance of interfaces within a relatively stable planned 

structure. 
This discovery is important because it has to do with the 

commodity structure. Ningbo is fairly diversified with metal 
ores being the biggest identified flow, but the node is not 

dependent on one single cargo flow. Zhoushan has a more 
metal-ore and oil orientation to align with its bulk and liquid 

cargo operations. The external terminal group is more inland and 
affiliated, and it also has a higher proportion of coal and mineral 
materials and plays a secondary role for steel products. These 
differences are not to be viewed as "background information". 
They suggest that the analysis of corridor optimization should 
not start from the premise that all of the port or affiliated nodes 
have the same multimodal function. A corridor may include one 
strategic label, and have multiple functional subsystems. The 
same applies to the international dry-port systems, with inland 

nodes being able to share a corridor identity but not necessarily 
have the same operational role. 

It is important for governance and for transport planning. If 
the roles of nodes are different, the governance must also be 
different. The main gateway role of Ningbo won't be 
automatically transferred to the bulk base or the affiliated 
inland-facing system. In thinking about nodes, it is easy to forget 
that there is an operational pressure somewhere. Figure 1 

therefore uses the two annual plans to show both the stability of 
the three-part node-group structure and the limited role drift 
between 2025 and 2026. 

 
Fig. 1. Stable node-group structure and limited role drift between the 2025 and 2026 company plans. 
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Note. Left panel values show planned node-group shares of company cargo throughput. Right panel values show 2026 planned share 
minus 2025 planned share in percentage points. Ningbo and Zhoushan refer to two main sub-gateway groups within the Ningbo-Zhoushan 
port system. 

The two panels in Figure 1 make the same point from 

different angles. The left panel shows that the company-level 
node structure remained broadly stable across the two annual 
plans. The right panel shows only small year-on-year changes 
for each node group. This supports a more focused 
interpretation: the main optimization issue is not a shifting 

macro-structure, but the way a stable structure performs at 

specific interfaces. Figure 2 then disaggregates the 2026 
company plan by cargo specialization and node-group 
throughput scale to examine whether the stable structure also 
contains differentiated cargo roles. 

 
Fig. 2. Gateway specialization matrix and throughput scale in the 2026 company plan 

Note. Matrix values represent cargo-category shares within each node-group plan. The throughput scale is in million tonnes, and is 
an indicator of planned cargo throughput. Ningbo base and Zhoushan base as well as external terminals are not interchangeable locations 
and are treated as functional gateway groups. 

Figure 2 agrees that the three node groups are not suitable 
for being compressed to a generic port function. Ningbo is the 
principal control gateway, Zhoushan is bulk-oriented and the 
external terminal system is more inland-facing. The governance 
implication is simple: It would not make sense to have the same 
optimization rule applied to all nodes. The general takeaway for 

an international reader is that any plan for the corridors should 
first identify gateway control nodes, bulk-specialized nodes, and 
inland-facing consolidation nodes, and then propose corridor 
optimization measures. 

Rolling interface diagnosis: maritime robustness, rail-

interface lag 
The quarterly production-planning data for 2025 shows a 

more detailed operational picture than the annual-planning 

information alone. There was a relatively strong trend in cargo 
throughput, container throughput, tally volume and pilotage 
voyages. In Q2, cargo throughput was 51.0% of annual plan and 
tally volume was 51.9%, which are close to or above the 50% 
linear rate. In Q4, all 4 maritime-side indicators were over 100% 
of annual plans. This is not a typical weak corridor. It shows that 

the seaport-side operating system was able to sustain the annual 
plan. 

This was not the case with rail freight. It reached 21.1% in 
Q1, 41.6% in Q2, and 68.4% in Q3, producing schedule gaps of 
-3.9, -8.4, and -6.6 percentage points against the quarter-end 
benchmark. It did not reach parity until Q4, in which it was 

100.2% of the annual plan. The main empirical result of the 
article is that the bottleneck was not distributed throughout the 
entire corridor. It was concentrated at the rail–dry-port interface 
and recovery occurred later in the year. 

Governance-wise the asymmetry is more indicative than the 
year-end number. When indicators on the maritime side are on 
track and the rail freight side was underperforming for most of 
the year, then it is not likely that it is only a matter of capacity 

on the quays or weak demand. It is more consistent with 
constraints in inland consolidation, train scheduling, station 
utilization, slot coordination, and the binding of documents to 
actual operations. The corridor is connected, but it is not yet 
fully orchestrated at the rail–dry-port interface. Table 2 reports 
the quarterly values behind this reading, and Table 3 converts 
the same differences into the CIG indicator. 

Table 2 

Rolling completion of five core indicators in 2025 (% of annual plan) 

Quarter Cargo throughput Container throughput 
Rail 

freight 
Tally 

volume 
Pilotage voyages 

Q1 25.1 23.6 21.1 25.1 25.6 
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Q2 51.0 49.2 41.6 51.9 53.7 

Q3 77.0 75.9 68.4 80.0 81.5 

Q4 102.3 102.6 100.2 105.6 108.7 

Source: author’s calculations from the compiled 2025 rolling transport-operation planning dataset. The linear benchmark is 25%, 
50%, 75%, and 100% of the annual plan at the end of Q1, Q2, Q3, and Q4, respectively. 

Table 3 

Corridor Coupling Imbalance Gap between maritime-side execution and rail-freight execution in 2025 

Quarter Maritime-side mean completion (%) Rail freight completion (%) CIG (percentage points) 

Q1 24.85 21.10 +3.75 

Q2 51.45 41.60 +9.85 

Q3 78.60 68.40 +10.20 

Q4 104.80 100.20 +4.60 

Source: author’s calculations. Maritime-side mean completion is the arithmetic mean of cargo throughput, container throughput, tally 
volume, and pilotage voyages. CIG = maritime-side mean completion minus rail-freight completion. 

The quarterly completion rates and CIG values show why 
the year-end recovery should not be over-read. Annual 
completion masks a coordination lag that lasted for three 
quarters. Figure 3 therefore pairs the rolling completion 

trajectories with the schedule-gap matrix, so that both the timing 
and the location of the rail-interface lag can be seen more 
clearly. 

 
Fig. 3. Rolling completion trajectories and schedule-gap dynamics for the five core indicators in 2025 

Note. The linear benchmark refers to quarter-end cumulative progress of 25%, 50%, 75%, and 100% of the annual plan. Schedule 
gap equals actual cumulative completion minus the corresponding benchmark; the related CIG values are reported in Table 3. 

The left panel of Figure 3 indicates that the maritime-side 
indicators stayed near or above the expected quarterly pace. The 
right panel shows that rail freight was the only indicator with a 
materially negative gap over a three-quarter period, although it 
recovered by year-end. The CIG values express the same 
imbalance more directly: maritime-side execution exceeded 
rail-freight execution by +3.75 percentage points in Q1, +9.85 
points in Q2, +10.20 points in Q3, and +4.60 points in Q4. The 

indicator therefore makes the operational dimension of coupling 
concrete and shows that the rail–dry-port interface was most 
weakly coupled during the middle of the year. 

Interpreting the mismatch: corridor scale, inland 

pressure, and uneven translation of digital capacity 
The likely conditions behind the rail-interface lag can be 

interpreted by considering the public planning and industry 

evidence. The Zhejiang-Ningbo-Zhoushan setting is already 
large and spatially extensive, and is embedded in dense transport 
activity. By September 2024, Ningbo-Zhoushan Port had 107 
sea–rail routes, including 26 scheduled trains, and 37 inland dry-
port nodes covering 67 prefecture-level cities in 16 provincial-
level areas. The reason why these figures are important is that 
they reflect the status of a mature corridor, and not that Zhejiang 
can be used as a universal model. It can be easier to add routes 

and nodes to such a corridor than to synchronise the interfaces 
between them. At this scale, the route expansion can no longer 
be the primary solution. The more nodes in a network, the more 
operational interfaces are generated, especially if they are 
located deep inside the network. These interfaces must then be 
sequenced, coordinated and managed. 
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There are also strong digital foundations in the case, but it 
seems that there is a disconnect between digital connectivity and 
event level orchestration. The Four-Port platform reportedly is 
able to integrate more than 11,000 data items, improve the 
efficiency of multimodal bookings by roughly 40%, and 
connects more than 100 systems. The Sixth Port Area platform 
is also said to boost the operational efficiency of the sea–rail by 

approximately 20%. These are important accomplishments. But 
a digital platform doesn't necessarily mean that train assembly, 
customs sequencing, yard readiness and gate operations are 
synchronised. Digitalisation helps to increase visibility, 
however this visibility needs to be translated into coordinated 
action as well. 

The inland Jinhua–Yiwu support area seems to be under 
pressure. According to public planning documents the region's 

railway container capacity is approximately 650,000 TEU. 
Yiwu sea–rail station was able to process approximately 
123,000 TEU of sea–rail transport in 2023. Overall utilisation 
was at around 80% and international trains and sea–rail trains 
took up almost 75% of the station's freight volume. These are 
not definitive and don't provide proof of a single cause, but they 
do indicate that there may have been limited spare capacity. This 
is significant as with tight capacity, even small sequencing 

issues or dispatch instability can impact the broader corridor. 
Behaviour might also be affected by price signals. Despite 

local subsidy, rail transportation from Yiwu to Ningbo-
Zhoushan is estimated to be approximately RMB 20 more 
expensive than direct road transport per forty-foot container. 
Though this is a small difference, it could be important for 
shippers should multimodal services be uncertain or there be 
additional coordination costs. Reliability and ease of booking, 
tracking, and execution can potentially make shippers more 

willing to pay a small premium for rail. 
Pressure is also seen at the port–rail interface. Public 

planning documents show that the volume of port-station rail 
traffic amounted to 17.49 million tonnes or 7.9% of throughput 
in the port area and that existing facilities were capable of 1 
million TEU of sea–rail traffic per year. Thus, the inland 
bottleneck should be interpreted in the context of the overall 
coordination challenge which also includes gateway capacity, 

consolidation in the inland, route planning, and digital-
operational timing. 

Finally, there is a baseline of monitoring in the corridor. 
Sixteen indicators can be automatically captured through IoT, 
including road and rail gate-system data, which are listed in 
public materials. This is crucial, as imbalances need not be 
noticed only in annual statistics if they are detected in near real 
time. The CIG indicator in this context helps to make an abstract 

coordination problem real and tangible, to discuss with port, rail, 
dry-port, customs and platform actors. 

Discussion and Recommendations: From Network 

Expansion to Interface-Centered Optimization 
Optimization of the Maritime Silk Road (MSR) corridor 

should not be started from the general question of how to expand 
the network, based on the results. Rather, it should be a more 
specific question – once spatial maturity is reached, which 
interface is reducing the performance of the network? In the 

Zhejiang-Ningbo-Zhoushan instance, it is not difficult to see. 
Stable and distinguishable gateway functions are exhibited in 
annual plans, while the structure of the corridor remains stable. 
Maritime side performances are good, as seen by rolling data. 
But the schedule-gap matrix and CIG values indicate that there 
is a weakness in the rail–dry-port interface. The operational 
optimization and governance reform must be linked here. 

It's not so much about the local context as it is about the 

analytical logic of the case in Zhejiang. But dry-port 
development, rail connectivity and international freight 
corridors cannot function effectively if inland nodes are not 
coordinated with seaports and cross-agency operational 
decision-making, which is relevant to Uzbekistan and other 
Central Asian economies. 

Four directions of optimization are indicated by this 
diagnosis. The roles for gateways should be well-defined. 

Gateways, control points, bulk-specialized bases and inland-
facing terminals should be different in their way of operating. 
Second, the interface of the dry-port should be reinforced. The 
emphasis should not be on the construction of nodes for the sake 
of it, but on customs extension, assembly of trains, cargo 
consolidation and the synchronization of slots at robust inland 
nodes, particularly Jinhua–Yiwu. Third, digitalisation needs to 
go beyond data sharing to digital orchestration. All activities of 
booking, customs clearance, preparation of the train, yard 

readiness, and gate operations should be integrated into a 
coordinated process. Fourth, the use of rolling warning should 
be made institutional. If CIG values remain positive or gaps in 
rail freight schedules reoccur, systematic measures should be 
taken, and a quarterly process of review should be established. 

This is an interpretation that relates collaborative 
governance to network diagnosis. Once a corridor becomes 
institutionally layered, location of the terminal and route design 

are no longer sufficient. The challenge is to find the disconnect 
between physical flows, governance and digital processes. So 
the rail–dry-port interface and the digital to physical interface 
are not just technical issues. They are the key units through 
which improvements to the governance of corridors can be 
made. The policy lesson is therefore not that every corridor 
should imitate the Zhejiang model. It is that every mature 
seaport–dry port corridor needs a mechanism for diagnosing 

where physical flows, institutional responsibilities, and digital 
events fall out of alignment. Table 4 summarizes this 
governance-coupled optimization agenda. 

Table 4 

Governance-coupled optimization agenda for a port-centered seaport–dry port corridor 

Optimization 

layer 
Primary problem Recommended action Expected effect 

Gateway 

structure 

Uniform treatment of 

heterogeneous port 

nodes 

Differentiate main gateway control, bulk 

specialization, and affiliated/inland-

facing terminal functions rather than 

treating all nodes as interchangeable. 

Closer alignment between cargo 

structure, node function, and corridor 

planning; more transferable logic for 

other gateway-to-hinterland corridors. 
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Optimization 

layer 
Primary problem Recommended action Expected effect 

Dry-port 

interface 

Inland consolidation 

and slot coordination 

lag behind seaport-side 

execution 

Strengthen customs extension, train 

assembly, cargo consolidation, and slot 

synchronization at strong inland nodes 

Lower rail-side delay and stronger 

port–dry-port synchronization 

Digital 

orchestration 

Document and data 

digitalization exceed 

event-level process 

integration 

Link booking, customs release, yard 

status, train readiness, and gate data in 

one event chain 

Lower interface friction and more 

reliable multimodal service execution 

Rolling 

warning 

governance 

Operational gaps and 

positive CIG values are 

detected too late 

Use CIG and repeated schedule-gap 

signals as quarterly warning triggers for 

port, rail, dry-port, customs, and 

platform actors. 

Faster correction before imbalance 

becomes structural 

Source: synthesized from the empirical diagnosis in this study. 

5. Conclusion 

This article has examined corridor optimization as an 
operational and governance problem under the Maritime 
Silk Road. It does not separate network expansion from 
governance improvement. Instead, it asks where intervention 

should be directed when a seaport–dry port system is 
spatially extensive but unevenly synchronized. The 
Zhejiang–Ningbo-Zhoushan setting is used as a coastal 
gateway-province case. It also has broader relevance to 
corridors between maritime gateways and inland and 
landlocked hinterlands. The findings indicate that rather than 
route development, more emphasis should be placed on 
enhancing the role of the corridors' gateways, inland 

consolidation, digital orchestration, and rolling monitoring. 
The four key findings are: First, the intended annual 

node structure is fairly static; it has little change in structure. 
Second, the rolling data for 2025 demonstrate high 
performance on the maritime side and less on the rail side. 
Third, the CIG indicator reveals this imbalance: the 
difference between the maritime-side and the rail-freight 
execution increased in Q3 to +10.20 percentage points. 
Fourth, policy and planning evidence indicates several 

plausible conditions behind the delay: corridor scale, inland 
station pressure, a marginal rail-cost disadvantage, and 
incomplete translation of digital capacity into field-level 
operational coordination. 

It may be concluded that collaborative governance in a 
seaport–dry port system should be assessed by the 
effectiveness of interface management, not only by formal 
institutional links or the number of opened routes. 

Optimization is possible if it focuses on schedule discipline, 
inland assembly, customs extension, platform coordination 
and monitoring intervention. Dry ports should thus be 
interpreted not only as logistics nodes but as governance 
interfaces to transform the capacity of seaports into 
predictable inland transport performance. 

This study has some limitations. It is constructed on one 
year of quarterly data and a one-port-centred corridor, and is 

intended as a diagnostic case study, not a universal rule. The 
analysis relies on aggregated planning and operational 
indicators and does not include shipper-level origin-
destination matrices, terminal-level slot records, or micro-

level cost traces. The indicator of CIG is not a causal model, 
but rather a simple proxy for the operational imbalance. 
Additional studies may be conducted using multi-year multi-
corridor, shipper level, terminal level, and service reliability 
data. 
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Abstract: This article analyzes the scientific and theoretical foundations of the resource management system in 
ensuring product quality and safety in light industry enterprises, particularly garment and knitwear. The 
aim of the study is to systematically analyze the conceptual content of the resource management concept, 
its historical evolution, its interconnection with international quality and safety standards (ISO 
9001:2015, ISO 14001, OEKO-TEX Standard 100), as well as the experience of leading foreign 
enterprises (Zara, Toyota, Nike, H&M). The study employed methods of comparative analysis, 
systematization of scientific literature, and content analysis of regulatory legal acts. 

Keywords: resource management, quality management, product safety, ISO 9001:2015, OEKO-TEX Standard 100, 
garment and knitwear industry, resource efficiency, circular economy, Industry 4.0. 

 

1. Introduction 

Light industry, including the textile, garment-knitting, 
leather-footwear, and fur industries, is considered one of the 
most labor-intensive and export-oriented sectors of the 

global economy. According to the latest statistics, the total 
value of the global textile and clothing market is more than 
1.2 trillion US dollars, with the finished clothing and fashion 
industry accounting for 72.7%; more than 90 million people 
are employed in the industry worldwide, most of whom are 
located in the Asia-Pacific region [1-3]. 

Being competitive in international trade requires light 
industry enterprises to guarantee not only the volume of 

products but also their quality and safety in accordance with 
the requirements of international certificates such as ISO 
9001, OEKO-TEX Standard 100, GOTS, Sedex (SMETA), 
and Amfori BSCI. Such certificates allow enterprises to 
export to major markets such as the USA and the European 
Union, but their achievement is ensured not only through 
final product inspection but also through the systematic 
management of the enterprise's material, technical, human, 

financial, and information resources [2]. 
The classics of quality management theory-W. Deming, 

J. Juran, F. Crosby, K. Ishikawa, and A. Feigenbaum-
defined product quality as a set of characteristics of 
compliance with consumer requirements, justifying that 
quality control must begin at the initial stage of production. 
In the field of security management, the concept of risk 
prevention developed by W. Henry and F. Bird, as well as 
the HACCP system, serve as an important theoretical 

foundation. Among the studies specific to light industry, the 
“Quality Control-CE” model by L. Mitreva and N. Taskov, 
the Lean Six Sigma methodology by J. Anthony, the life 
cycle analysis (LCA) by L. Farrant and Daniel, and the 
artificial intelligence-based quality control systems by Fang 
and Getuli are of particular importance [4-5]. 

 
 

 
a  https://orcid.org/0009-0004-4444-4815 

2. Research methodology 

The study was conducted based on a theoretical-
descriptive approach to the topic, using the following 
scientific research methods: 

The method of systematizing and summarizing scientific 
literature was applied - journal articles, monographs (W. 
Schuhart, E. Deming, J. Juran, K. Ishikawa, A. Feigenbaum) 

indexed in the Scopus and Web of Science databases, as well 
as works by domestic scholars (G. Khojiahmedov, G.Sh. 
Khankeldiyeva, Yu.S. Shakirova, M.T. Khojiev, S.S. 
Gulomov, and others). 

A content analysis of regulatory legal acts was 
conducted - the texts of ISO 9001:2015, ISO 14001, ISO 
2859-1 (AQL), OEKO-TEX Standard 100, and the European 
Union’s REACH regulation were studied, and their 

requirements for resource management were compared. 
The comparative analysis method was applied - the 

resource management system was compared with production 
operational management, financial management, and 
international quality management systems based on the 
criteria of management object, purpose, scope, and impact 
on product safety[5-8] 

Based on the case study method, the experience of 

resource management of international corporations such as 
Zara (Inditex), Toyota, Nike, and H&M was studied, and 
their potential for adaptation to the practices of garment and 
knitwear enterprises was evaluated. 

3. Results and discussion 

To reveal the specific strategic significance of the 

resource management system at a garment and knitwear 
enterprise, a comparative analysis was conducted with other 
structural management systems of the enterprise (Table 1). 
The analysis showed that the resource management system 
is the most comprehensive in terms of scope, covering the 
entire life cycle from the design stage to product disposal, 

https://orcid.org/0009-0004-4444-4815
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and directly influences product safety through OEKO-TEX 
100 and REACH requirements. 

 

Table 1 

Comparative analysis of resource management and other management systems 

Comparison criteria 
Resource 

management system 

Production 

operations 

management 

Financial 

management system 
International quality 

management 

Object of 
management 

Integration of all 
resources (material, 
human, technical, time, 
information) 

Only technological 
processes and sewing-
line flow in the shops 

Cash flows, profit, 
costs, investments 

Compliance of 
processes with 
international standard 
requirements 

Main goal 

Guaranteeing quality 

stability and safety 
with minimal resource 
use 

Meeting the planned 
production output 
within the set deadline 

Maximizing financial 
stability and net profit 

Ensuring consumer 
satisfaction and 
eliminating defects 

Scope of coverage 
Widest: covers the 
whole chain from 

design to disposal 

Local: from fabric 
cutting to the finished 

product 

Local: only financial 
transactions 

Broad: organizational 
processes and quality 

policy 

Impact on product 
safety 

Direct: controlled 
through OEKO-TEX 
100 and REACH filters 

Indirect: only 
addresses mechanical 
(size, seam) quality 

No impact, only 
finances the safety-
related costs 

Indirect: requires 
safety-control 
processes 

Comparative analysis shows that resource management 
acts as a “provider” for all other management systems: if 

material and human resources are not managed 
systematically, operational production management cannot 
fulfill its plans, resulting in increased waiting times and the 

number of defects, while the financial system faces a crisis 
due to frozen capital. 

Statistical data on the coverage of the main international 
certificates used by light and textile industry enterprises to 
increase export potential and the number of certified 
enterprises have been systematized (Table 2). 

Tabel 2 

Geographical coverage of international management system certificates and number of certified organizations 

Comparison criteria Resource management system 
Production operations 

management 

Financial 

management 

system 

Object of management 
Integration of all resources (material, 

human, technical, time, information) 

Only technological processes 
and sewing-line flow in the 
shops 

Cash flows, profit, 

costs, investments 

Main goal 
Guaranteeing quality stability and safety 
with minimal resource use 

Meeting the planned 
production output within the 
set deadline 

Maximizing 
financial stability 
and net profit 

Scope of coverage 
Widest: covers the whole chain from design 

to disposal 

Local: from fabric cutting to 

the finished product 

Local: only financial 

transactions 

Impact on product 
safety 

Direct: controlled through OEKO-TEX 100 
and REACH filters 

Indirect: only addresses 
mechanical (size, seam) 
quality 

No impact, only 
finances the safety-
related costs 

Source analysis shows that the concept of resource 
management has passed through four main historical stages. 

In the 1910s–1940s, F. Taylor, G. Gantt, and L. Gilbreth 
ushered in the era of “scientific management and 
standardization”- during this period, resource management 
was primarily interpreted as the optimization of working 
time and human actions (Gantt diagram). In the 1950s–
1970s, W. Schuhart, E. Deming, and J. Juran developed 

systems for statistical quality control (SPC) and material 
requirements planning (MRP). In the 1980s–2000s, with the 

development of T. Ono (Toyota’s system) and the ERP 
concept, a lean manufacturing philosophy was formed, 
where the main goal was to eliminate any waste rather than 
simply managing resources. Today, the resource chain is 
managed in real-time through cloud ERP and PLM systems, 
Computer Vision, and IoT sensors (Table 3) [9-10] 
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Table 3 

Comparative analysis of the historical and modern state of resource management 

Comparison criterion 
Traditional resource management (late 

20th century) 
Modern resource management (current 

state) 

Management method 
Local, separate for each shop or department 
(isolated) 

Integrated, across the entire supply chain 

Data exchange 
Periodic, in the form of paper or archived 
reports 

Rapid, in real time, digital 

Optimization factor Only reducing volume and financial costs 
Cost reduction plus chemical-ecological 

safety guarantee 

Technological foundation Mechanized equipment and human labor 
Industry 4.0, artificial intelligence, IoT, cloud 
systems 

The modern resource management system relies on a 
combination of three scientific approaches: a systems 

approach (where all resources are managed as a holistic 
system covering all stages of the product lifecycle), a process 
approach (the "input → process → output" chain in 
accordance with ISO 9001:2015 requirements), and a risk-
based approach (Risk-based Thinking - anticipating risks 
such as supply disruptions or the influx of low-quality raw 
materials). Based on these approaches, three core principles 
are formed: eco-efficiency and safety sustainability (priority 
of OEKO-TEX 100 and REACH requirements), systematic 

waste reduction (efficient production methods), and 
continuous development and the Kaizen philosophy [11]. 

Enterprise resources are traditionally divided into five 
groups: material resources (raw materials, yarn, fabric, 
fittings, chemical dyes - controlled by ISO 9001 and OEKO-
TEX standards), technological and technical resources 

(production equipment, sewing machines, buildings), human 
resources (staff, technologists, qualification of quality 

controllers - regulated by clause 7.1.2 of ISO 9001), 
financial resources (cash, investments, working capital), and 
information-digital resources (management programs, 
technical documentation, standards base) [12]. 

When developing a resource management system for 
garment and knitwear enterprises based on international 
standards, ISO 9001 (for process and management quality) 
and OEKO-TEX Standard 100 (for raw material and product 
safety) are complementary but conceptually different 

standards. Paragraph 7.1 of ISO 9001 requires the systematic 
distribution of material, human, and technical resources at 
the enterprise, while OEKO-TEX Standard 100 monitors the 
absence of more than 1,000 chemicals harmful to human 
health (formaldehyde, heavy metals, prohibited azo dyes) in 
these resources (Table 4). 

Table 4 

Comparative analysis of SO 9001:2015 and OEKO-TEX Standard 100 standards 

Comparison criteria ISO 9001:2015 Standard OEKO-TEX Standard 100 System 

Main object of resource 

management 

Processes and management system: how 

resources are planned and allocated 

Product composition: limits the amount of over 
1,000 chemical substances and harmful 
elements 

Approach to material 
resources 

Focuses on the raw material's technical 
characteristics, dimensions, and quality stability 

Examines the raw material's effect on human 
health and its ecological purity 

Technical-technological 
resources 

Requires managing the overall productivity of 
equipment 

Controls residues of chemical agents (oils, 
dyes) used in equipment from transferring onto 

the fabric 

Resource audit method 
Document analysis, internal audits, observation 
of organizational processes 

Rigorous laboratory analyses (pH level, heavy 
metals, formaldehyde content) 

An analysis of the experience of leading international 
corporations in resource management revealed four main 
directions. The Zara (Inditex) experience - using cloud ERP 

and PLM systems, reduced the period from design to store 
shelf from 6 months to 2-3 weeks, reducing overproduction 
volume to almost 0%. Toyota’s experience - through Just-in-
Time and 5S systems, each worker is empowered to identify 
resource waste; when a defect is detected on the line, the 
process is halted and the problem is eliminated at its root. 

Nike and H&M’s experience - 100% aligning the supply 
chain with OEKO-TEX Standard 100 and REACH 
requirements, recycling used fabric waste into the life cycle 

as a secondary resource (fibre-to-fibre) based on the 
principle of a circular economy. 

As a result of applying this integrated approach, the 
following changes are observed in the enterprise’s key 
quality indicators (Table 5). 
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Table 5 

Comparative effectiveness of implementing the integrated resource management system 

Controlled resource / quality 

criterion 
In the traditional 

management system 
In the ISO/Lean 

integrated system 
Result achieved 

First Pass Yield (FPY) 85–87% 95–97% 
Rework costs and time losses 
are minimized 

Material Utilization Rate (MUR) 78–82% 88–92% 
Raw material is saved, unit 
cost decreases by 2.5–3% 

Overall Equipment Effectiveness 

(OEE) 
60–65% 80–85% 

Equipment downtime is 

reduced by 40% 

Export safety guarantee 
(REACH/OEKO-TEX) 

Uncontrolled, high 
risk 

100% guaranteed 
Direct export contracts 
secured with international 
brands 

Discussion 

The results obtained show that the resource management 
system serves as the foundation for all other management 
systems of a garment and knitwear enterprise (operational 
production management, financial management, quality 
management), but in practice, these systems often operate in 
isolation from one another. In particular, the traditional 
production system seeks to ensure quality and safety at the 
final control stage, which leads to human error ranging from 
30 to 40%. Conversely, integrating Schuhart control cards, 

IQ statistical sampling, and Computer Vision technologies 
into the process can reduce the number of defects caused by 
the human factor by up to 95%. 

Analysis of international experience (Zara, Toyota, 
Nike, H&M) has confirmed that the highest efficiency of 
resource management is manifested in integrating not just 
one standard or methodology, but several approaches - rapid 
information exchange (Zara model), lean manufacturing 

(Toyota model), and environmental and chemical 
compliance (Nike/H&M model) - into a single system. For 
Uzbek garment and knitwear enterprises, adapting this 
experience is an important strategic opportunity, especially 
given the geographical proximity to the European market 
(near-shoring advantage) and the presence of a national raw 
material base for cotton and yarn [13] 

At the same time, the analysis showed that there are a 

number of scientific, practical, technical and methodological 
gaps in the field. From a scientific perspective, a localized 
model combining the ISO 9001, ISO 14001, and OEKO-
TEX Standard 100 systems within a unified resource 
management concept, as well as multi-factor statistical 
models for predicting defects, has not been sufficiently 
developed. In practical terms, many local enterprises are 
issuing ISO certificates only formally to meet export 

requirements rather than as a real optimization tool, which 
reduces the level of traceability in the supply chain. From a 
technical perspective, the problem of the level of utilization 
of real-time monitoring systems based on artificial 
intelligence and IoT, as well as the weakness of the 
laboratory base, remains. Methodologically, the standards 
for fabric consumption and working time are outdated and 
do not fully account for the characteristics of modern 
stretchable knitwear, while modern methods for assessing 

employee competence have not been implemented in 
practice [14] 

Global trends - the intensification of near-shoring 
processes due to digitalization and artificial intelligence 

(Industry 4.0), the Digital Product Passport (DPP), 

environmental bans (complete prohibition of PFAS/PFHxA 
substances), and logistical risks - are further strengthening 
the need for integrated scientific models aimed at addressing 
these gaps. 

4. Conclusion 

As a result of the analysis, the following conclusions 

were drawn. Firstly, the resource management system is the 
most comprehensive management system for a garment and 
knitwear enterprise, covering all stages of the product life 
cycle and directly affecting product safety. Second, the 
concept of resource management has historically undergone 
a four-stage evolution, from work time standardization to 
digital management at the level of today's Industry 4.0. 
Thirdly, modern resource management relies on a 

combination of systemic, process, and risk-based approaches 
and is implemented based on a four-phase functional model 
consisting of planning, mobilization, monitoring, and 
optimization. Fourth, ISO 9001:2015 and OEKO-TEX 
Standard 100 standards play a complementary role in 
resource management - one ensures process quality, while 
the other guarantees the chemical safety of the product. Fifth, 
implementing the experience of international corporations as 
an integrated system will increase the FPY indicator to 95–

97%, the MUR indicator to 88–92%, and reduce equipment 
downtime to 40%. 

At the same time, the development of a localized 
resource management model in harmony with ISO/OEKO-
TEX standards and digital algorithms (AI/SPC) for garment 
and knitwear enterprises in Uzbekistan, increasing the 
transparency of the supply chain, updating the modern 
regulatory and methodological framework, and 

implementing a scientifically grounded methodology for 
assessing employee competence have been identified as 
promising areas of research. 
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Abstract: This paper presents the results of an experimental investigation into the mechanical properties of A-III 
reinforcing steel bars with a diameter of 10 mm intended for use in reinforced concrete structures. The 
study was carried out prior to testing reinforced concrete beams in order to determine the actual strength 
and deformation characteristics of the reinforcing steel used in the experimental program. Tensile tests 
were performed in accordance with the requirements of GOST 1497–84 using a universal testing 
machine. During the experiments, the maximum tensile load, ultimate tensile strength, yield strength, 

relative elongation, plasticity coefficient, and coefficient of variation were determined. The average 
values of the ultimate tensile strength, yield strength, and relative elongation were found to be 485 MPa, 
405 MPa, and 23.165%, respectively. The experimental results were compared with the requirements of 
GOST 34028–2016 and demonstrated full compliance with the prescribed mechanical performance 
criteria. The coefficient of variation did not exceed 3.4%, confirming the high homogeneity and reliability 
of the investigated reinforcing steel. The obtained results indicate that the tested reinforcement possesses 
high strength, sufficient ductility, and stable deformation characteristics, making it suitable for 
application in flexural reinforced concrete elements subjected to static loading. The research findings can 
be used in the design, analysis, and experimental assessment of reinforced concrete structures and provide 

reliable reference data for evaluating the load-bearing capacity and serviceability of structural members. 
Keywords: intelligent transport system, ADAS, intersection safety, dynamic model, kinematic analysis, reaction 

time, stopping distance, accident probability, model adequacy 

 

1. Introduction 

In recent years, modern high-strength concretes, 
chemical modifying admixtures, and advanced technologies 

for the production of reinforced concrete elements have been 
increasingly applied in the construction industry. However, 
even when high-quality concrete is used, the operational 
reliability of structures largely depends on the mechanical 
properties of reinforcing steel. Therefore, the reliable 
determination of its strength and deformation characteristics 
is an essential stage in experimental studies of reinforced 
concrete structures. 

In the design and analysis of flexural reinforced concrete 
elements, the key parameters include the yield strength of 
reinforcing steel, ultimate tensile strength, relative 
elongation, and the material’s capacity for plastic 
deformation. These characteristics determine the onset of 
plastic deformation, redistribution of internal forces, failure 
behavior of structural elements, and their level of operational 
safety. 

Determining the actual mechanical properties of 
reinforcing steel makes it possible to improve the accuracy 
of engineering calculations, ensure that analytical models 
adequately reflect the actual structural behavior, and assess 
the quality of the reinforcing steel used. 

According to the requirements of the current regulatory 
standards (GOST 1497–84 and GOST 34028–2016), the 
mechanical properties of reinforcing steel must be verified 

by experimental tensile testing. Such tests make it possible 
to determine the main strength characteristics of the 

 
a  https://orcid.org/0000-0003-4105-2176 

material, assess its ductility and structural homogeneity, and 
verify its compliance with regulatory requirements. In 
addition, experimental investigations enable the 
identification of possible deviations in mechanical properties 
resulting from specific manufacturing technologies, heat 
treatment processes, or storage conditions of reinforcing 
steel. 

The present study was conducted as part of an 

experimental program aimed at investigating the behavior of 
flexural reinforced concrete beams produced using locally 
available chemical admixtures. Prior to testing the reinforced 
concrete specimens, the mechanical properties of 10 mm 
diameter A-III class reinforcing steel used as the longitudinal 
reinforcement were investigated. Preliminary testing 
provided objective data on the actual strength and 
deformation characteristics of the reinforcing steel used in 
the experimental structural elements. 

The aim of this study is to experimentally determine the 
mechanical properties of 10 mm diameter A-III class 
reinforcing steel by conducting tensile tests, to analyze the 
obtained results, and to assess their compliance with the 
requirements of current regulatory standards. The obtained 
data can be used in the design of reinforced concrete 
structures, experimental investigations, assessment of the 
load-bearing capacity of flexural elements, and 

improvement of calculation methods for reinforced concrete 
structures by taking into account the actual mechanical 
properties of the reinforcing steel used. 

https://orcid.org/0000-0003-4105-2176
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2. Research methodology 

The experimental investigation of the mechanical 
properties of 10 mm diameter A-III class reinforcing steel 
was carried out to determine its actual strength and 
deformation characteristics prior to testing the reinforced 

concrete beams. The obtained results were used as input data 
for the subsequent analysis of the load-bearing capacity and 
deformation behavior of the reinforced concrete elements. 

The test specimens consisted of three samples of A-III 
class reinforcing steel with a nominal diameter of 10 mm. 
Prior to testing, the geometric dimensions of each specimen 
were measured, including the actual diameter, gauge length 
of the working section, and initial cross-sectional area. The 
gauge length was 300 mm for all specimens. 

The tensile tests were performed using a GOST-TEST 
universal testing machine (serial No. 082020224) in 
accordance with the requirements of GOST 1497–84, 
“Metals. Methods of Tensile Testing.” Before testing, the 
specimens were carefully aligned and secured in the grips of 
the testing machine along their longitudinal axes to prevent 
eccentric loading. The load was applied smoothly and 
continuously at a constant rate until specimen failure, 

thereby ensuring the acquisition of a reliable load–
deformation curve. 

During the tests, the applied load and the corresponding 
deformation values were recorded automatically. Based on 
the experimental data obtained, tensile stress–strain curves 
were constructed, from which the maximum failure load, 
yield strength, ultimate tensile strength, and percentage 
elongation after fracture were determined. 

The mechanical properties were calculated in 
accordance with the requirements of the applicable 
regulatory standards. The initial cross-sectional area was 
determined using the actual diameter of each specimen. The 
ultimate tensile strength was calculated as the ratio of the 
maximum failure load to the initial cross-sectional area. The 
yield strength was determined from the stress–strain curve 
as the stress corresponding to the onset of stable plastic 

deformation. The percentage elongation was calculated as 
the ratio of the increase in gauge length after fracture to the 
initial gauge length of the specimen. 

To improve the reliability of the results, the tests were 
conducted on three independent specimens of the same 
nominal diameter. After completion of the tests, the mean 
values of each determined parameter were calculated, along 
with the coefficient of variation, which was used to 
characterize the degree of uniformity of the reinforcing steel 

under investigation. 
The experimental results were compared with the 

requirements of GOST 34028–2016, which specifies the 
mechanical properties of reinforcing steel for reinforced 
concrete structures. The adopted testing methodology 
provides a high degree of reproducibility, enables an 
objective assessment of the strength and deformation 
characteristics of reinforcing steel, and can be applied in 

similar experimental studies of reinforced concrete 
structures. 

The obtained mechanical properties were subsequently 
used in the calculations and analysis of the behavior of 
flexural reinforced concrete elements reinforced with the 
investigated steel. 

 
 

3. Results and Discussion 

The tests were conducted using a universal tensile testing 
machine in accordance with the requirements of GOST 
1497–84. During the experimental study, three reinforcing 
steel specimens with a diameter of 10 mm were tested (Fig. 
1). 

 
Fig. 1. Tensile Test of Reinforcing Steel Specimens 

For each specimen, the initial cross-sectional area, 
maximum failure load, tensile deformation, and strength 
characteristics up to the point of failure were determined. 
Based on the experimental results, the main mechanical 
properties of the reinforcing steel were calculated and 
compared with the requirements of the applicable regulatory 

standards. 
The tests were conducted in accordance with the 

requirements of GOST 1497–84 (Fig. 2), which provides a 
generally accepted methodological basis for determining the 
mechanical properties of metallic materials. The tests were 
performed using a GOST-TEST universal testing machine 
(serial No. 082020224). Reinforcing steel specimens with a 
diameter of 10 mm and a gauge length of 300 mm were used 

in each test. 

 
Fig. 2. Load–Deformation (P–Δ) Curves Obtained 

During the Tensile Testing of Reinforcing Steel Bars 

During the tests, the main mechanical properties of the 
reinforcing steel were determined (Table 1), including the 

maximum failure load (Pₘₐₓ), percentage elongation at 
fracture (δ), ultimate tensile strength (σᵤ), and yield strength 
(σᵧ). The obtained values were used to evaluate the strength 
and deformation characteristics of the reinforcing steel under 
investigation. 

Table 1 

Main Parameters Determined During the Experimental 

Investigation 

№ 
𝑑0 , 
mm 

𝑙0, 

mm 

𝑃𝑚𝑎𝑥, 

kN 
𝛿, % 

𝜎в, 
MPa 

𝜎т, 
MPa 

1 
10.0

0 

300.

0 
37.856 22.2 482 395 

2 
10.0

0 

300.

0 
36.560 23.3 465 375 

3 
10.0

0 

300.

0 
39.803 23.9 507 446 
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Ср

ед. 

10.0

0 

300.

0 
38.073 23.1 485 405 

As can be seen from the test results, all the reinforcing 

steel specimens exhibited similar strength and deformation 
characteristics. The average maximum failure load was 
38.073 kN, while the average ultimate tensile strength, yield 
strength, and percentage elongation were 485 MPa, 405 
MPa, and 23.165%, respectively. The obtained results 
indicate a high degree of uniformity in the mechanical 
properties of the investigated reinforcing steel and confirm 
its compliance with the regulatory requirements for 

reinforcing steels used in reinforced concrete structures. 
Since the initial cross-sectional area was identical for all 

three specimens, it was determined using the following 
equation: 

𝐹 =
𝜋∙𝑑0

2

4
=

3,1416∙102

4
= 78,54 мм2                  (1.1) 

The ultimate tensile strength (σᵤ) for each specimen was 

determined using the following equation: 

𝜎в =
𝑃𝑚𝑎𝑥

𝐹
                   (1.2) 

The percentage elongation was calculated using the 
following equation: 

𝛿 =
𝑙−𝑙0

𝑙0
∙ 100%                  (1.3) 

The average percentage elongation obtained from the 
test results was 23.165%. 

The yield strength (σᵧ) was determined from the stress–
strain curves obtained during the tensile tests. For the 
investigated specimens, the yield strength values ranged 
from 375 to 446 MPa. 

The mechanical properties of reinforcing steel used in 
reinforced concrete structures are evaluated not only on the 
basis of laboratory test results but also by comparing the 

obtained data with the requirements of applicable regulatory 
standards. In the present study, the test results were analyzed 
in accordance with the requirements of GOST 1497–84, as 
well as GOST 6727–80 for low-carbon reinforcing steel wire 
and GOST 10884–94 for thermomechanically strengthened 
reinforcing steel. 

These standards specify the minimum permissible 
values of ultimate tensile strength, yield strength, percentage 

elongation, and other mechanical properties of reinforcing 
steel products. Comparison of the experimentally obtained 
results with the regulatory requirements makes it possible to 
objectively assess the quality of the reinforcing steel under 
investigation and determine its suitability for use in critical 
reinforced concrete structures. 

Table 2 

Standard mechanical requirements for 10 mm 

reinforcing steel according to GOST 34028–2016 

Parameter 
GOST 
34028–

2016 
Unit Description 

Ultimate tensile 
strength(σв) 

≥ 390 MPa Tensile strength 

Yield 
strength(σт) 

≥ 350 MPa 
Onset of plastic 

deformation 

Relative 
elongation (δ) 

≥ 18 % 
Ductility 

characteristic 

Plasticity 
coefficient 

σв/σт 
≥ 1,10 – 

Plasticity reserve 
coefficient 

In the present study, three reinforcing steel specimens 

with a diameter of d₀ = 10 mm were subjected to tensile 
testing, and the obtained experimental results were 
compared with the requirements of the applicable regulatory 
standards (Tables 2–3). 

Table 3 

Average Results of the Experimental Investigation for 

Three Specimens 

Parameter 
Test Result 
(Average 

Value) 

Unit 
Deviation 
from the 
Standard 

Ultimate tensile 
strength(σв) 

485 MPa +95 MPa 

Yield 
strength(σт) 

405 MPa +55 MPa 

Relative 
elongation(δ) 

23,165 % +5,165 % 

Strength ratio 
σв/σт 

1,20 – +0,10 

4. Conclusion 

Based on the results of the experimental investigation of 
the mechanical properties of 10 mm diameter A-III class 
reinforcing steel, the following main conclusions were 
drawn: 

1. Tensile tests conducted on three reinforcing steel 
specimens in accordance with the requirements of GOST 
1497–84 made it possible to determine the actual values of 

the main strength and deformation characteristics of the 
material. 

2. The average maximum failure load was 38.073 
kN, indicating a sufficiently high tensile load-bearing 
capacity of the investigated reinforcing steel. 

3. The average ultimate tensile strength was 485 
MPa, which is 95 MPa higher than the minimum value 
specified by the applicable standard for the considered class 

of reinforcing steel. 
4. The average yield strength was 405 MPa, which is 

55 MPa higher than the minimum specified value. This 
confirms the ability of the reinforcing steel to withstand 
significant tensile stresses before the onset of plastic 
deformation. 

5. The average percentage elongation after fracture 
was 23.165%, exceeding the specified minimum value by 

5.165 percentage points. This result indicates sufficient 
ductility of the reinforcing steel and its ability to undergo 
deformation without brittle failure. 

6. The average ratio of ultimate tensile strength to 
yield strength was 1.20, which exceeds the minimum 
specified value of 1.10. This indicates an adequate ductility 
reserve and favorable behavior of the reinforcing steel under 
loading. 

7. The coefficient of variation of the mechanical 
properties did not exceed 3.4%, indicating a high degree of 
uniformity among the tested specimens and consistency of 
their strength characteristics. 

8. Comparison of the experimental results with the 
requirements of GOST 34028–2016 showed that the 
investigated 10 mm diameter A-III class reinforcing steel 
complies with the established regulatory requirements for 
strength and ductility. 

9. The obtained experimental data confirm the 
suitability of this reinforcing steel for effective use as 
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longitudinal reinforcement in flexural reinforced concrete 
structures, including beams subjected to short-term static 
loading. 

10. The experimentally determined mechanical 
properties of the reinforcing steel can be used in subsequent 
calculations and analyses of the load-bearing capacity, crack 
resistance, and deformation behavior of experimental 
reinforced concrete elements. 
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Abstract: The purpose of this study is to analyze the risks associated with the key clinical parameters of an artificial 
lung ventilation (ALV) device—tidal volume (VT), respiratory rate (RR), positive end-expiratory 
pressure (PEEP), peak inspiratory pressure (PIP), and fraction of inspired oxygen (FiO2)—using digital 
technologies, the HFMEA methodology, and GOST ISO 14971:2021, and to integrate the results into the 
equipment’s technical condition index. Risk identification, assessment, control, and residual risk 
monitoring were performed according to the NCPS HFMEA approach. The initial assessment showed 

that 65.5% of the analyzed parameters were classified as high risk. After implementing control measures, 
VT and PIP were reduced to low risk, RR and PEEP to medium risk, while FiO2 remained at high residual 
risk. Consequently, the proportion of high-risk parameters decreased from 65.5% to 32.5%, and the 
maximum risk score was reduced from 12 to 8 points. Integrating HFMEA results into the technical 
condition index enables quantitative assessment of ventilator safety. 

Keywords: FMEA, HFMEA, GOST ISO 14971:2021, ALV apparatus, risk analysis, technical condition index, 
digital technologies, technical equipment 

 

1. Introduction 

Safety requirements for the use of medical equipment are 
a key component of the healthcare system. This issue is 
especially critical for artificial lung ventilation (ALV) 
apparatuses used in resuscitation and intensive care units, as 
it is directly related to patient lives. 

A study conducted by scientists Arkeliana Tase, Melody 

Z. Ni, and Peter W. Buckle, who analyzed the U.S. Food and 
Drug Administration (FDA) database, identified 290,141 
serious injuries and deaths related to medical equipment over 
a 20-year period. Another analysis indicates that between 

2008 and 2017, medical devices may have caused 1.7 million 
injuries and 80,000 deaths.[1] 

In an analysis by Dutch scientist Mees C. Baartmans, a 
review of the medical histories of 2,998 patients who died in 
a hospital proved that approximately 1.9% of the deaths 

esulted from preventable adverse events related to medical 
equipment. Examples cited include internal bleeding caused 
by endoscopes and the improper use of artificial respiration 
tubes.[2] 

Studies confirm that the majority of medical errors arise 
not from equipment failure itself, but rather from a doctor or 
nurse misunderstanding a complex interface (an ergonomic 
error) or incorrectly configuring the device.  

Table 1 

The most high-risk equipment and causes [1,2] 

No.  Equipment Type  Most Common Risks and Consequences 

1 

 

Artificial lung ventilation (ALV) 

Lung injuries and severe pneumonia caused by selecting the wrong mode or 

by contaminated filters. Administration of an excessively high dose of a 
toxic drug to the patient. 

2 Infusion Pumps (Dosimeters) Due to incorrect data entry when setting the medication dosage. 

3 
Cardiac Monitors Improperly silencing alarm signals or medical staff failing to respond to the 

signal in time. 

Failure Modes and Effects Analysis, or FMEA, was 
originally developed in 1949 as a U.S. military standard and 

 
a  https://orcid.org/0000-0001-8475-6259 
b  https://orcid.org/0009-0008-5141-9916 

was later widely adopted in high-risk sectors such as NASA, 
civil aviation, and the automotive industry [3,4]. 

https://orcid.org/0000-0001-8475-6259
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Fig. 1. A chronological history of the development of FMEA and HFMEA methodology 

Today, FMEA has become a primary risk management 
methodology in the automotive, aerospace, nuclear, 
manufacturing, IT, medical, and service sectors. 

Fig. 2. Application of FMEA as an international standard in various industries [3,4,5,6,7] 

HFMEA has been established as a proactive risk 
management tool focused on patient safety in the medical 
field, and when applied in conjunction with GOST ISO 
14971:2021, it creates a comprehensive risk management 

framework for medical devices. 
Incorrect settings or malfunctions of the mechanical 

ventilator's main parameters, such as VT, RR, PEEP, PIP, 
and FiO2, can lead to severe clinical consequences including 
volotrauma, apnea, atelectasis, barotrauma, and hypoxia. 

 Therefore, a parameter-oriented HFMEA model was 
developed in this study, and its results were linked to a 
technical condition index. 

2. Research methodology 

The GOST ISO 14971:2021 standard and the HFMEA 
handbook recommended by the VA NCPS were chosen as 
the methodological basis for this study, as they define the 
interconnected stages of risk analysis, evaluation, 

management, and monitoring for medical devices. 
In medicine, the ISO 14971:2021 standard and the 

official HFMEA handbook are utilized for risk 
identification, management, and control.  These two 
requirements are considered complementary. To conduct a 
comprehensive risk analysis, it is necessary to apply several 
of them in combination. 

In this work, the ISO 14971:2021 standard was chosen 

as the legal and structural basis for the risk assessment 
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methodology of the ALV apparatus. The standard is an 
internationally binding document that regulates the risk 
management process for all medical devices and also 
directly requires the implementation of HFMEA in 
healthcare facilities. According to this standard, the risk 
management process consists of five interconnected main 

blocks, as shown in Figure 3. The process begins at the 
"Start" point and, at each stage, moves to the next or returns 
to the previous one based on "Yes" or "No" decisions—this 
cyclical approach ensures that risks are thoroughly 
addressed. 

Fig. 3. A complete schematic diagram of the medical device risk management process according to the ISO 14971:2021 

standard

HFMEA was developed for healthcare as a variant of 
this approach adapted to the clinical setting; unlike the 

classic RPN model, it utilizes an S×P risk score and a 
decision tree. 

The risk management process was organized into five 
blocks: risk analysis, risk assessment, risk control, residual 

risk assessment, and post-production monitoring. 
The HFMEA analysis, developed by the U.S. 

Department of Veterans Affairs (VA) National Center for 
Patient Safety, consists of 5 main steps (Figure 4). 

Fig. 4. The 5 main stages of HFMEA analysis

The main ventilation parameters of the ventilator—VT, 
RR, PEEP, PIP, and FiO2—were designated as the object of 

study, while electrical supply and general infrastructure risks 
were left outside the scope of this work. 
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The team included an anesthesiologist-reanimatologist, 
a head nurse, a biomedical engineer, a metrologist, a service 

engineer, and a representative from the quality management 
department (Table 2). 

Table 2 

Risk matrix according to the ISO 14971 standard and the official HFMEA guide 

Severity 

Probability                         
Light Medium Serious Fatal 

Rarely 1 2 3 4 

Sometimes 2 4 6 8 

Often 3 6 9 12 

Frequently 4 8 12 16 

Fig. 5. Flowchart of the clinical process for using the ALV apparatus 

The process map included the stages of preparing the 

device for operation, setting parameters, starting the 
ventilation, and continuous monitoring. 

A 4×4 matrix was used for the risk assessment, based on 
severity and probability indicators. 

The risk score was calculated using the formula R=S×P. 

Subsequently, each risk was evaluated using a four-
question HFMEA decision tree, and control measures were 
developed where necessary. 

Fig. 6. HFMEA Stage 4: Risk Assessment Decision Tree — a 4-Question Filtering Algorithm 

3. Results and discussion  We will begin the risk analysis for the five main 
parameters of the ALV apparatus, in accordance with 
Appendix 1, by defining the topic and forming the team. 



Journal Engineer           ISSN: 3030-3893          Volume:4| Issue:3| 2026 

 

 
    September, 2026 100 

    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2026-3-96-104 

 

Step 1: Select and define the boundaries of the process 
to be examined. 

Process selection criteria: Processes are identified where 
human factors may contribute to process or system 
vulnerabilities. Examples include communication errors, 
inadequate training, staffing issues, problems with shift 
handovers, and obstacles such as unclear rules/procedures. 
 HFMEA (process/equipment/system to be 
examined): 

Evaluation, using the HFMEA method, of potential 
failure modes that may occur during the process of setting, 
adjusting, and monitoring the main ventilation parameters—
VT, RR, PEEP, PIP, and FiO2—of an artificial lung 
ventilation (ALV) device (e.g., Dräger SAVINA 300), their 

clinical consequences, and the constructive, software, and 
organizational control measures. The HFMEA results are 
used as the basis for the ISO 14971 risk management file and 
the technical condition index (Ht). 

Scope of the topic: 

The analysis focuses on the main clinical parameters of 
the ALV apparatus (VT, RR, PEEP, PIP, FiO2). Risks 
related to the power supply, gas sources, and general 
infrastructure will be considered in separate projects. The 

method is applied as a common platform for all essential 
medical equipment (monitoring systems, ECG, ultrasound, 
endoscopes, laboratory analyzers). 

Step 2. Team formation. 

Table 3 

Composition of the Risk Identification and Assessment Team 

Position Specialty / Area of Expertise 

Anesthesiologist-Reanimatologist Clinical process and outcomes 

Senior Nurse (ICU / Resuscitation) Practical use, operating procedure 

Biomedical Engineer (BME) – HFMEA Coordinator Technical specifications, service, ISO 14971 

Metrologist – Calibration Department MSA, GRR, measurement system analysis 

Service Engineer Ventilator and monitoring technical service 

Quality Management Department Representative ISO 13485, ISO 9001, QMS integration 

A complete map of the clinical process for using the 
mechanical ventilator was created for Stage 3 of the HFMEA 
(Figure 4). According to the requirements of the VA NCPS 
HFMEA Guidebook (2021), the process map must 
sequentially reflect all sub-steps of the process being 
analyzed, show the connection between each step, and serve 
as the basis for the subsequent Stage 4 (hazard analysis). The 

created map includes four main stages: (1) preparing the 
ventilator for operation—technical status check (1a) and 
connecting the circuit and sensors (1b); (2) setting the 
parameters—sequentially defining the tidal volume VT (2a), 
respiratory rate RR (2b), positive end-expiratory pressure 
PEEP (2c), peak inspiratory pressure limit PIP (2d), and 
fraction of inspired oxygen FiO2 (2e); (3) initiating 
ventilation—initial ventilator test (3a) and connecting to the 
patient (3b); (4) continuous monitoring—observing alarm 

parameters (4a) and responding to clinical changes (4b). The 
five sub-steps in Stage 2 (2a–2e) are the direct objects of the 
hazard analysis in the document and correspond to all the 
parameters (VT, RR, PEEP, PIP, FiO2) presented in Table 
4. 

According to the ISO 14971 standard, a complete, 
international-standard risk management scheme for an 

artificial lung ventilation (ALV) apparatus and its practical 
schedule are formulated as follows. 

Based on the ISO 14971 standard, the ALV manual, and 
its technical passport, the responsible HFMEA group 
conducted an audit of the equipment's parameters, the results 
of which indicated a high risk across all indicators. Control 
measures were developed by the HFMEA group and 
implemented into the process (Table 4). 

Table 4  
Results of the preliminary audit of equipment parameters by the HFMEA team 

Parameter Risk type Clinical outcome P Probability S - Seriousness 
Risk 

Level 

Control 

Measures 

VT 

 
Expiratory 

valve blockage 

 
Lung rupture 
(Volotrauma) 3 4 

 
 

High-risk 

Strictly set the 
maximum volume 

limit via the 
software. 

RR 

 
Processor 

freeze 

 
Respiratory arrest 

(Apnea, 

Asphyxia) 

2 4 

 
 

High-risk 

A standalone 
timer activates the 

backup mode. 
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PEEP 

 
Circuit 

disconnect 

 
Alveolar collapse 

(Atelectasis) 
3 3 

 
 

High-risk 

Provide a visual 
and 80 dB audible 

signal on the 
screen via a 

periodic pressure 
sensor. 

PIP 

 
Electronic 

sensor error 

 
Lung barotrauma, 

pneumothorax 
3 3 

 
 

High-risk 

Install a 
mechanical valve 

that operates even 
when the 

electronics are 
off. 

FiO₂ 

 
Mixer valve 

rusted 

 
Hypoxia, brain 

death 
3 4 

 
 

High-risk 

Automatically 
calibrate the 

galvanic O2 cell 
each time the 

device is turned 

on. 

Table 5 

Risk Level According to Preliminary HFMEA Results 

Risk level 

VT  RR  PEEP PIP  FiO₂  

12 8 9 9 12 

As the table indicates, each evaluated parameter was 
found to have a "High Risk" level. In the next stage, a risk 

analysis is performed according to the algorithm in Figure 5. 
Stage 4. The Risk Assessment Decision Tree. In Stage 4 

of the HFMEA, each identified risk is evaluated using a four-
question decision tree (Figure 5). Question 1: Is the Hazard 
Score R > 3? — If no, the risk is considered to be below the 
critical point, and the reason is documented. If yes — 
Question 2: Is this the single point of failure for the process? 
— If yes, the risk is sent directly to Stage 5 (corrective 

actions). If no — Question 3: Is there an effective control 
measure in place? — If yes, the risk is marked as under 
control and documented. If no — Question 4: Is the risk 
obvious and easy to detect? — If yes, the risk is considered 
detectable; if no, it is sent to Stage 5. This four-question 
filtering algorithm replaces the RPN = S × O × D formula 
from classical FMEA and allows for more precise 
prioritization for clinical processes. 

Stage 5: Corrective actions and monitoring. 
VT (lung rupture as a result of expiratory valve 

blockage). Control measure: "Design-based: strictly limit the 
maximum volume threshold via software." 

• Analysis: Limiting the maximum VT at the device level 
physically restricts the maximum volume that can be 
delivered to the patient; therefore, the maximum energy for 
volotrauma is reduced, and the severe pneumothorax/rupture 
scenario becomes both less likely and shifts toward a 

relatively milder injury. 
Therefore: 
P: The probability of excessive pressure being applied 

due to a blockage is reduced. 
S: Due to the design limit, mild barotrauma scenarios are 

more likely than the typical outcome of "severe lung 
rupture." The S=4 indicator can be re-evaluated as S=3. 

RR (apnea, asphyxia resulting from processor freeze). 

Control measure: "Protection system: a self-acting timer 
activates the backup mode." 

Analysis: An independent timer quickly detects when 

the processor fails and switches the ventilator to a backup 
mode; ventilation does not stop completely, even without 
staff intervention. This significantly reduces the clinical 
impact of this failure mode on the patient, but processor 
freezing can still occur. 

Therefore: 
S: instead of a scenario where ventilation stops 

completely, leading to death, short-term failure and restart 
are often observed; therefore, a reduction from S=4 to S=3 

is justified. 
PEEP (alveolar collapse due to circuit disconnection, 

atelectasis) 
Control measure: "Information/signal: a visual signal on 

the screen and an 80 dB audible alarm, triggered by the 
periodic pressure sensor." 

• Analysis: A strong audiovisual alarm immediately 
signals the staff member when the circuit is disconnected, 
which increases the likelihood of reconnection before 
atelectasis can develop; in HFMEA, this is typically 

considered a measure that reduces P. 
Therefore: 

• P: The probability of loss of control is reduced 
from P=3 to P=2. 

• PIP (barotrauma, pneumothorax due to electronic 
sensor failure) 

• Control measure: "Protection system: install a 
mechanical valve that functions even if the electronics fail." 

• Analysis: The mechanical valve physically limits 
the maximum pressure and releases any excess pressure, 
even in the event of an electronic failure; this significantly 
reduces the peak inspiratory pressure (PIP) that can reach the 
patient. 

Therefore: 
P: While the frequency of sensor errors may not 

necessarily change, the number of incidents leading to 
barotrauma/pneumothorax will decrease sharply, reducing 
the risk from P=3 to P=2. 

S: The spectrum of maximum clinical harm typically 
shifts from "severe barotrauma/pneumothorax" to "mild 
barotrauma, infrequent pneumothorax." As a result, S was 

re-evaluated from S=3 to S=2. 
FiO2 (hypoxia, brain death due to mixer valve corrosion) 



Journal Engineer           ISSN: 3030-3893          Volume:4| Issue:3| 2026 

 

 
    September, 2026 102 

    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2026-3-96-104 

 

Control measure: "Design-related: automatic calibration 
of the galvanic O2 cell each time the device is turned on." 

Analysis: Automatic calibration reduces the drift of the 
FiO2 sensor, lowering the probability of operating with an 
incorrect oxygen concentration; however, hypoxia can still 
occur if the mixer valve is mechanically blocked. 

Therefore: 
o P: The frequency of clinical hypoxia episodes 

associated with incorrect FiO2 delivery will decrease from 

P=3 to P=2. 

o S: The risk of brain death or severe neurological deficit 
due to hypoxia theoretically remains, as the potential for 
mechanical mixer failure is not fully eliminated, staying at 
S=4. 

As a result of applying control measures and conducting 
a repeat HFMEA by the HFMEA group, the highest risk 
level of R=12 was reduced to R=8, yielding the indicators 
shown in Table 6. These indicators will serve as the basis for 
determining the weight coefficient when calculating the 

equipment's technical condition index. 
Table 6 

Audit Results After the Application of Control Measures for Equipment Parameters by the HFMEA Group 

Parameter Risk type Clinical outcome P Probability S - Seriousness Risk Level 

VT 
Expiratory valve 

blockage 
Lung rupture 
(Volutrauma) 

1 3 
 

Low Risk 

RR 

Processor freeze Respiratory arrest 
(Apnea, Asphyxia) 2 3 

 

Moderate 

Risk 

PEEP 

Circuit 
disconnection 

Alveolar collapse 
(Atelectasis) 2 3 

 

Moderate 

Risk 

PIP 
Electronic sensor 

error 
Lung barotrauma, 

pneumothorax 1 3 
 

Low Risk 

FiO₂ 
Mixer valve rusted Hypoxia, brain death 

2 4 
High Risk 

The results presented in the table meet the criteria for 
residual risk acceptability in accordance with ISO 

14971:2021, §7.4; the FiO2 parameter requires additional 
monitoring (§10.2). 

Fig. 7. HFMEA results after implementing control measures 

Discussion 

The results of this study indicated that for reducing risks 
associated with the primary measurement and control 
parameters of an ALV device, the HFMEA methodology is 

more adaptable and practically effective for a clinical setting 
compared to traditional FMEA. The main reason for this is 
that HFMEA is not limited to merely calculating risk scores; 
it also evaluates the clinical significance of the risk based on 
a decision tree, assesses the adequacy of existing control 
measures, and determines the presence of a single point of 
failure, which makes decision-making in intensive care 
settings considerably more precise. 

The analysis results showed that not all parameters in the 
artificial lung ventilator (ALV) pose a threat through the 
same mechanism, and therefore, applying a uniform 
management approach is insufficient. For instance, the 

design and mechanical safety measures applied to the VT 
and PIP parameters reduced not only the probability of an 
incident but also the severity of harm to the patient, thereby 
lowering the residual risk for these parameters to a low level. 
For the RR and PEEP parameters, however, risk reduction 
was primarily achieved through alarms, backup modes, and 
monitoring mechanisms, which, while not completely 
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eliminating the risk, brought it down to a clinically 
manageable, moderate level. 

The results obtained for the FiO2 parameter are 
particularly noteworthy, as this parameter retained a high 
residual risk despite automatic calibration measures. This 
indicates that malfunctions related to the mechanical mixer 
system, which forms the oxygen mixture, cannot be fully 
resolved by software or sensor-level corrections. Therefore, 
reducing the risk associated with FiO2 requires not only 

automatic calibration but also periodic metrological 
inspections, functional tests, shorter service intervals, and 
potentially the introduction of additional redundant control 
channels. 

A key aspect of this research is that the HFMEA results 
were utilized not only as a descriptive summary but also as 
a quantitative basis for calculating the technical condition 
index. The approach of generating weighting coefficients 

from the residual risk scores of the parameters allows the 
overall technical reliability of the ALV apparatus to be 
expressed as a single numerical indicator, simplifying 
decision-making for service engineers, metrologists, and 
quality management specialists. Viewed from this 
perspective, this approach moves beyond simple risk 
analysis to become a management tool for prioritizing digital 
monitoring and service. 

The study is also important from a practical 
implementation standpoint, as it clearly indicates which 
parameters should be prioritized for monitoring in 
mechanical ventilators. Specifically, it was proven that a 
parameter-oriented strategy for managing ventilator safety is 
more effective than a general preventive approach, because 
the VT and FiO2 parameters initially had the highest risk 
scores, while PIP and PEEP demonstrated a strong link 

between technical and clinical consequences. 
However, the research has certain limitations. First, the 

analysis is confined to a single type of mechanical ventilator 
and five primary parameters, and does not fully encompass 
all risks related to the gas supply system, power failures, 
software interface errors, or user-related factors. Second, 
because some of the risk scores are based on expert 
evaluation, the results may differ to some extent when 

conducted by different teams. Third, the study did not 
incorporate real-time IoT monitoring or predictive technical 
diagnostics based on machine learning, which represents an 
important direction for future research. 

Nevertheless, the obtained results have shown that it is 
possible to create a systematic, reproducible, and digitally 
adaptable risk management model for mechanical ventilators 
by integrating the requirements of HFMEA and ISO 
14971:2021. This model is not limited to ventilators and can 

also be adapted for other medical equipment, such as 
monitoring systems, infusion pumps, defibrillators, and 
laboratory analyzers. 

4. Conclusion 

In this study, a risk analysis of the main clinical and 
measurement parameters of the ALV apparatus—VT, RR, 

PEEP, PIP, and FiO2—was systematically performed based 
on the HFMEA methodology and the requirements of the 
ISO 14971:2021 standard. The initial audit revealed that all 
five parameters fell into the high-risk zone, confirming the 
necessity of an in-depth, parameter-specific analysis when 
assessing the safety of ALV devices. 

As a result of developing and implementing control 
measures, the risk for the VT and PIP parameters was 
reduced to a low level, and for RR and PEEP to a medium 
level, while the FiO2 parameter remained at a high residual 
risk. This result indicates that improving ventilator safety 
requires a differentiated approach tailored to the technical 
nature, clinical consequences, and detection characteristics 
of each parameter, rather than universal measures for all 
parameters. 

Based on the research findings, the following scientific 
and practical conclusions can be drawn: 

• The HFMEA methodology is an effective tool for 
identifying and prioritizing clinical risks in mechanical 
ventilators. 

• The HFMEA model, when integrated with ISO 
14971:2021, creates a complete management cycle, from 
risk identification to residual risk monitoring. 

• A significant reduction in risk can be achieved when 
constructive, protective, informational, and metrological 
control measures are applied in accordance with the relevant 
parameters. 

• In cases where a high residual risk remains, such as 
with the FiO2 parameter, enhanced metrological monitoring 
and periodic functional verification must be mandatory. 

• Integrating residual risk scores into the technical 

condition index allows the overall safety status of the 
equipment to be assessed using a quantitative indicator. 

From a practical standpoint, this approach can be applied 
to plan the servicing of ventilators used in resuscitation and 
intensive care units, prioritize preventive technical 
inspections, and establish the frequency of metrological 
control. Furthermore, it serves to create a unified decision-
making platform for biomedical engineers, metrologists, and 

quality management departments. 
For future research, it is advisable to expand this model 

to other medical equipment, integrate it with real-time IoT 
monitoring systems, introduce predictive failure analysis 
based on artificial intelligence, and validate the technical 
condition index. Therefore, parameter-oriented risk analysis 
using HFMEA is recommended as a promising scientific and 
practical solution for enhancing the operational safety of 

medical equipment, reducing the impact of human error and 
technical failures, and establishing a digital risk management 
system within healthcare institutions. 
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Abstract: This paper presents a critical and systematic analysis of the scientific literature on assessing the technical 
condition of traction transformers of electric locomotives using artificial neural networks (ANN). Unlike 
earlier descriptive reviews, the analysis was carried out in three stages: chronological evolution of the 
directly relevant studies, classification of existing approaches according to Dasarathy's data fusion 
taxonomy, and critical evaluation of each study's methodological strengths and limitations, including 
constraints acknowledged by the original authors themselves. Nine studies dedicated directly to traction 
transformers of electric locomotives were identified. All of them operate within a single physical-domain 

parameter group and a single data-fusion level; their datasets are limited to one institution or one train 
type and are not publicly available. It is shown, both empirically and theoretically, that no existing 
approach fuses heterogeneous thermal, insulation, mechanical and electrical parameters at a level higher 
than single-domain feature fusion. The results provide a methodological foundation for developing a 
multi-parameter hybrid neural network model for traction transformer diagnostics. 

Keywords: traction transformer, electric locomotive, artificial neural network, technical diagnostics, data fusion, 
condition assessment, dissolved gas analysis, vibration diagnostics, multi-parameter model 

 

1. Introduction 

Modernization of railway transport in the Republic of 
Uzbekistan is one of the priority areas of state policy. Traction 
transformers of electric locomotives are among the most 
important and expensive components of rolling stock, and their 
unexpected failure may lead to disruption of train schedules and 
a reduction in operational safety. Conventional diagnostic 

methods are performed according to fixed schedules regardless 
of the actual technical condition of the transformer, which 
increases the need for intelligent diagnostics based on artificial 
neural networks (ANN). 

For a deeper theoretical understanding of the problem, it is 
appropriate to consider it from the perspective of data fusion 
theory. According to the taxonomy proposed by Dasarathy [10], 
fusion processes are divided into data, feature, and decision 

levels depending on the input–output abstraction level. Assessing 
the condition of a traction transformer using sources with 
fundamentally different physical characteristics and sampling 
frequencies, such as thermal, insulation, mechanical, and 
electrical parameters, is not simply a matter of adding more 
inputs; rather, it is a theoretically complex fusion problem that 
requires the integration of heterogeneous data. 

The aim of this paper is to systematically analyze studies in 
which ANNs have been applied to traction transformer 

diagnostics, classify them according to the Dasarathy taxonomy, 
and substantiate the existing research gap from both theoretical 
and empirical perspectives. 

2. Research methodology 

The literature search was conducted in IEEE Xplore, MDPI, 

Springer, ScienceDirect, and Google Scholar databases, covering 

 
a  https://orcid.org/0000-0003-0821-5754  

the period from 2014 to 2024. The inclusion criteria were: the 
study had to focus directly on traction transformers, employ an 
artificial intelligence method, and be published in a peer-
reviewed source. Initially, 18 candidate publications were 
identified; one was excluded from the analysis because it was 

officially retracted in 2025 due to unauthorized use of third-party 
data, while nine publications concerned stationary transformers 
and were therefore mentioned only briefly as general context. 
The final in-depth analysis included nine studies directly related 
to traction transformers. 

3. Results and Discussion 

Ordering the selected studies by publication year reveals a 
clear evolutionary trend (Fig. 1). The early studies of 2014–2015 
(Zhu et al.) employed relatively simple architectures, including 
wavelet neural networks and Gaussian-PSO. By 2021–2022, 
more sophisticated hybrid models, such as kernel PCA and multi-
stage optimization (ISOA-SVM), had emerged. From 2023 
onward, the research direction changed qualitatively, with a shift 
toward multi-label classification (Li et al.) and comprehensive 

reviews covering the entire traction system. 
Classification based on the Dasarathy taxonomy (Table 1) 

shows that all four studies by the Zhu group [1–4] implement 
feature-level fusion (FEI-FEO); however, all input data belong to 
the same physical domain (thermal-chemical). The study by Li et 
al. [5] combines feature and decision levels, whereas the study 
by Lukovenko [9] represents the simplest case, directly 
combining two parameters at the data level. An important finding 

is that none of the analyzed studies integrates four parameter 
groups with fundamentally different physical characteristics at 
the feature or decision level. 

b  https://orcid.org/0000-0002-4014-3845  
c  https://orcid.org/0009-0005-3957-337X  
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Fig. 1. Chronological evolution of ANN studies in traction transformer diagnostics 

Table 1 

Critical analysis of traction-transformer-related studies based on the Dasarathy taxonomy 

№ Author, year Method Parameters Results and limitations 

1 Zhu et al., 2014 [1] WNN Diagnostic features 

Demonstrated the feasibility of ANN 

for an onboard transformer; data source 

unclear 

2 Zhu et al., 2015 [2] Gaussian-PSO Early fault indicators Early-stage detection; dataset limited 

3 Zhu et al., 2021 [3] Kernel PCA + fuzzy DGA, electrical tests 
Nonlinear feature extraction; no 

publicly available data 

4 Zhu et al., 2022 [4] KPCA + ISOA-SVM 
DGA, electrical parameters, oil 

quality 

High accuracy; high computational 

complexity 

5 Li et al., 2023 [5] Improved RAkEL 
BV, moisture, acidity, H₂, 

C₂H₂ 

93.62% accuracy; low AP (0.304), 

CRH5 only 

6 Wang, Zhong [6;7] Review articles — 
Systematizes the field; does not 

propose a new model 

7 Wu et al., 2022 [8] IoT monitoring Real-time telemetry 
Addresses the infrastructure problem; 

ANN not applied 

8 Lukovenko, 2016 [9] MLP + GA 
Insulation resistance, 

temperature 

Demonstrated the effect of two 

parameters; stationary object 
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Fig. 2. Comparison of the number of parameter groups used 

Table 2 

Comparison of existing studies and the proposed approach 

Aspect Existing studies Proposed model 

Number of parameter groups Maximum of 2 
4 (thermal + insulation + mechanical + 

electrical) 

Fusion level (Dasarathy) 
Feature/data level, within the same 

domain 

Feature + decision, across heterogeneous 

domains 

Object Mixed (some are stationary) Onboard traction transformer only 

Output format Binary / multi-label indication 4-class condition + health index (HI) 

Mathematical formalization Limited or absent Complete (27 equations) 

Important methodological findings were also identified. 
Li et al. [5] explicitly acknowledge that the Average 
Precision of their models is relatively low in absolute terms. 
Although this represents a good example of scientific 
transparency, it also indicates that multi-label classification 
remains an incompletely solved problem. Lukovenko [9] 
demonstrated that adding oil temperature changed the 

prediction error from 1.5–4.4% to 0–7.2%, providing 
additional evidence of the influence of a second parameter; 
however, this result is specific to a stationary object. 

The existence of this research gap is not accidental: 
thermal/insulation parameters are measured periodically at 
low frequencies, whereas vibration/harmonic signals 
constitute a continuous high-frequency data stream. 
Synchronizing these two categories therefore requires a 

dedicated architecture. In addition, installing heterogeneous 
sensors onboard requires additional hardware and 
organizational coordination, which may constitute a 
practical barrier to experimental research. 

Comparative Analysis 

As shown in Table 2 and Fig. 2, the proposed model 
offers several advantages over existing studies: 

-   Complexity: integrates four heterogeneous parameter 
groups within a single model; none of the existing studies 
incorporates more than this; 

-   Object specificity: designed specifically for an 
onboard traction transformer of an electric locomotive (IEC 
60310), rather than directly transferring methods developed 
for stationary transformers; 

-   Theoretical foundation: operates at a higher (feature + 
decision) level according to the Dasarathy taxonomy; 

-   Two-layer prediction: the neural network classifies the 
current condition, while a probabilistic (Weibull) model 
predicts the remaining useful life; 

-   Transparency: the results are compared with 
conventional methods and the 93.62% performance reported 
by Li et al. [5] using a clearly defined methodology. 

4. Conclusion 

This paper analyzed the scientific literature on ANN-
based assessment of the technical condition of electric 
locomotive traction transformers using a three-stage 
methodology: chronological, theoretical-taxonomic, and 
critical analysis. Nine studies directly related to the topic 
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were identified, their methodological limitations were 
highlighted, and, based on the Dasarathy taxonomy, it was 
demonstrated that none of the existing approaches 
implements genuine heterogeneous multi-domain fusion. 
Both the empirical and the technical-methodological reasons 
for the identified research gap were discussed. These 
findings provide a solid scientific and theoretical foundation 
for designing, mathematically substantiating, and 
experimentally validating a multi-parameter hybrid model 

architecture. 
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Abstract: The patterns of formation of the main technical and operational characteristics of concrete produced on 
the basis of carbonate rocks and modified with various chemical additives have been established. The 
study considered the effect of the superplasticizer Glenium®51 and the hydrophobic-plasticizing additive 
SDO on the properties and performance characteristics of concrete mixtures and hardened concrete. The 
influence of the additives on the workability of concrete mixtures, strength characteristics, frost 
resistance, and the consumption of coarse aggregate and cement was investigated. 
When using the SDO additive, the gravel content in the concrete compositions ranged from 0.9 to 0.7 m³. 

It was established that the introduction of an optimal amount of the SDO physicochemical modifier, equal 
to 0.03% of the cement mass, into vibroconcrete compositions with a cement content of 350 kg/m³ makes 
it possible to obtain concrete with a compressive strength of 35 MPa and a frost resistance grade of F150. 
The obtained results indicate that the optimal dosage of the SDO modifier for concrete compositions with 
a cement content of 350 kg/m³ is 0.03% of the cement mass, which ensures the required combination of 
strength and frost resistance characteristics. 
It has also been established that concrete compositions containing the Glenium®51 superplasticizer make 
it possible to obtain concrete with a compressive strength of 35 MPa using vibration-free technology. 

The use of the superplasticizer contributes to improving the technological properties of the concrete 
mixture and provides the required strength characteristics without the need for vibration compaction. 
When the gravel content is reduced to 0.3–0.4 m³ per 1 m³ of concrete, the introduction of carbonate filler 
makes it possible to reduce cement consumption while maintaining the required performance 
characteristics of the concrete. 
The conducted research made it possible to establish the optimal parameters of concrete compositions 
based on carbonate rocks, reduce the content of coarse aggregate, and optimize cement consumption. The 
obtained results confirm the effectiveness of using chemical modifiers and carbonate fillers for the 
production of concrete with improved technical and operational characteristics and contribute to the more 

efficient use of local raw materials in concrete production. 
Keywords: carbonate rocks, crushed stone, concrete, superplasticizer, Glenium ®51, SDO, modifier, strength, frost 

resistance. 
 

 

1. Introduction 

Currently, great attention is being paid to the rational and 

integrated use of local mineral resources in construction, 
reducing the cost of construction projects, and the 
production and distribution of environmentally safe 
construction products. Due to the widespread distribution of 
sedimentary carbonate rocks in many regions of the Russian 
Federation, the task of their comprehensive use is relevant 
[3; 6]. The relatively low strength and high heterogeneity of 
the composition often complicate and limit the use of this 

environmentally friendly mineral raw material, including in 
concrete production as a large aggregate [2]. At the same 
time, the use of imported large aggregates leads to a 
significant increase in the cost of produced concrete and 
construction objects as a whole. 

Research into the raw material base of Mari El Republic 
(RME) carbonate crushed stone shows its high heterogeneity 
not only in strength and density but also in mineralogical 

 
a  https://orcid.org/0009-0006-9599-1776 

composition. Specifically, tests of RME carbonate rocks 
showed that their density can range from 1570 to 2710 
kg/m3, and their compressive strength from 10 to 100 MPa. 
At the same time, the average compressive strength value in 
the cylinder does not exceed the 400 mark. The content of 
Mg (CO) 3 in carbonate rocks within a single deposit differs 
by tens of percent [4]. This hinders the use of local carbonate 

rocks in the production of lime, cement, and silicate 
products. 

The research is aimed at finding ways to increase the 
efficiency of using RME carbonate rocks in concrete 
production. Taking into account the low strength of 
carbonate rocks, a hypothesis was formulated regarding the 
possibility of increasing their application efficiency in 
concretes by limiting the amount of carbonate crushed stone, 
provided that surface-active modifiers are additionally used 

to reduce the water demand of the concrete mixture and 
improve the structure of the concrete's mortar part [1; 5]. 

b  https://orcid.org/0009-0006-9599-1776 
c  https://orcid.org/0000-0002-2306-3317 
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2. Research methodology 

The objective of the study was to study the influence of 
carbonate crushed stone and modifying additives (SDO and 
Glenium®51) on the formation of concrete's physical and 
technical properties—compression strength, water 

resistance, and frost resistance. 
As a large filler, carbonate crushed stone from the RME 

Korkatovsky quarry was used in the form of a mixture of two 
fractions: 10-20 mm fractions - 60% and 5-10 mm fractions 
- 40% by mass, respectively. The mineralogical composition 
of the crushed stone used was characterized by the presence 
of 59% dolomite and 40% calcite. impurities within the 
range of 1% were represented by quartz and feldspar 
minerals. Natural quartz sand from the RME Studentovsky 

quarry with a modulus of 2.07 was used as a fine aggregate. 
Previous studies have shown that with a maximum 

volume content of carbonate crushed stone close to 1.0 m3 
per 1 m3 of concrete and reduced only by the size of the grain 
displacement coefficient of the coarse aggregate, the water 
resistance coefficient of the concrete decreases to a critical 
value of 0.8. 

An analysis was conducted on the dependence of the 

concrete's water resistance coefficient on cement 
consumption within the range of 250 to 450 kg per 1 m3 of 
concrete and the volume content of carbonate crushed stone, 
respectively, from 0.7 to 0.9 m3. The water flow rate was 
selected experimentally and corresponded to the production 
of uniformly movable mixtures with a stiffness of 20 s. The 

water resistance of the concretes was evaluated using the 
softening coefficient based on the ratio of concrete 
compressive strength in the water-saturated state to concrete 
strength in the dry state. 

As a result of the conducted experiment, concrete with a 
compressive strength of 25 to 45 MPa was obtained. All 
compositions demonstrated high water resistance within the 
range of 0.98-1.0. 

The influence of reducing the gravel content from 0.9 to 

0.7 m3 per 1 m3 of concrete in the presence of the SDO 
modifier from 0 to 0.06% of the cement mass on the 
properties of concrete obtained from uniformly mobile 
mixtures with a stiffness of 20 using the vibration 
compaction method at a vibration frequency of 50 Hz and an 
oscillation amplitude of 0.5 mm was investigated. Concrete 
mixtures were prepared in a laboratory vibro-mixer for 3 
minutes. The SDO supplement was administered with 

isolation water. Samples—cubes measuring 100×100×100 
mm—were molded from concrete mixtures. The physical 
and technical properties of the concretes were determined at 
28 days of solidification under normal conditions. 

At a constant cement flow rate of 350 kg/m3, the 
influence of the content of carbonate crushed stone and the 
modifying additive SDO on the formation of concrete 
strength, capillary-open porosity, and frost resistance was 

studied. The influence of concrete composition on the 
formation of compressive strength Rcs, MPa, is presented in 
Table 1. 

Table 1 

Influence of concrete composition on compressive strength 

№ 

experience 

Experiment Matrix Material consumption per 1 m3 of concrete Compression 

strength limit, 

Rcs., MP 
Gravel, 

m3 
SDO, % 

Cement, 
kg 

Gravel, 
kg 

Sand, 
kg 

Water 

,litr 

1 0,9 0,06 350 1000 810 195 34,8 

2 0,9 0,00 350 1000 810 210 34,1 

3 0,7 0,06 350 780 1010 205 30,4 

4 0,7 0,00 350 780 1010 220 28,8 

5 0,9 0,03 350 1000 810 190 36,6 

6 0,7 0,03 350 780 1010 210 31,8 

7 0,8 0,06 350 890 910 195 35,8 

8 0,8 0,00 350 890 910 210 34,0 

9 0,8 0,03 350 890 910 200 36,4 

 
It has been established that the surface-active modifier 

SDO in an amount of 0.03% reduces the water requirement 
of uniformly mobile concrete mixtures by an average of 5%. 
Further increasing the amount of the added additive to 0.06% 
of the cement mass slightly reduces water demand. In the 
absence of the SDO modifier, a decrease in the volume 
content of carbonate crushed stone from 0.9 to 0.7 m3 per 1 
m3 of concrete leads to a decrease in the strength of the 

compositions from 34 MPa to 28.8 MPa. The introduction of 
the SDO additive contributes to a 5-7% increase in the 
strength of the compositions. The reduction of the volume 
content of carbonate crushed stone to 0.7 m3 per 1 m3 of 
concrete is recognized as statistically significant for the 
compressive strength limit of concrete modified with SDO 
with a 95% confidence level. 

The influence of the SDO modifier and the volume 
content of crushed stone at a cement consumption of 350 
kg/m3 on concrete frost resistance was determined using the 
accelerated structural-mechanical method in accordance 
with GOST 10060.4-95.  At the same time, capillary open 
porosity and the strength increase coefficient of concrete 
during single freezing in a water-saturated state were 
monitored. 

It has been established that across the entire range of 
gravel content variations, the modifier SDO in an amount of 
0.03% of cement mass has the best effect on reducing the 
volume of capillary open pores in concrete. Thus, with a 
constant volume content of 0.9 m3 of crushed stone per 1 m3 
of concrete, the presence of a 0.03% SDO additive from the 
cement mass reduces the capillary-open porosity of the 
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concrete from 14.4% to 13.4%. An increase in SDO content 
to 0.06% does not lead to a further decrease in capillary open 
porosity. 

Figure 1 shows the dependence of concrete frost 
resistance on the content of carbonate crushed stone and the 
amount of SDO modifier. 

 
Fig. 1. Dependence of concrete frost resistance at a constant cement consumption of 350 kg/m3 on carbonate crushed 

stone consumption and the content of SDO additive 

Based Analysis of the influence of crushed stone and 
SDO modifier content on frost resistance showed that a 

rational SDO modifier content of 0.03% of cement mass 
with a rational crushed stone content of 0.8-0.9 m3 
increases concrete frost resistance from grade F100 to 
grade F150. Comparison of the data shows that the 
increase in concrete compressive strength is consistent 
with the results of determining its frost resistance and 
capillary-open porosity. 

Self-compacting concrete mixtures are manufactured 

using compositions containing no more than 0.5 m3 of 
coarse aggregate per 1 m3 of concrete. Within the 
framework of vibration-free technology for self-
compacting concrete mixtures in the presence of the 
Glenium®51 superplasticizer based on polycarboxylate 
ether, the influence of reducing the carbonate gravel 
content from 0.5 to 0.3 m3 per 1 m3 of concrete on its 
strength formation was investigated. The following were 

selected as variable factors in the experiment: the content 
of carbonate filler and the content of 5-10 mm fraction 
carbonate crushed stone. 

Carbonate filler with a specific surface area of 350 
m2/kg was obtained by grinding siftings from the crushing 
of carbonate rocks. At the same time, the calculation of the 
introduced amount of carbonate filler was performed based 

on the condition that the total content of cement and 
mineral filler (C+H) in the mixtures was 540 kg per 1 m3 

of concrete. Based on this, the content of mineral filler in 
the studied compositions ranged from 30 kg to 170 kg per 
1 m3 of concrete. Crushed stone was added in an amount 
of 30-50% of the bulk volume. Based on preliminary tests, 
the content of the Glenium® 51 superplasticizer in all 
compositions was taken as 2% of the total weight of the 
cement and carbonate filler. The compressive strength 
limit of concrete was determined by testing 100*100*100 

mm cube samples after they had solidified for 28 days 
under normal conditions. 

The results of the compression strength study for self-
compacting concrete are presented in Figure 2. 

Analysis of the obtained results showed that the effect 
of partially replacing cement with carbonate filler is 
advisable when the gravel content is within the range of 
30-40%. For these compositions, the use of carbonate filler 

contributes to cement savings. Overall, it has been 
established that concrete compositions with carbonate 
filler, when Glenium® 51 superplasticizer is added to the 
formula in an amount up to 2% of the total mass of cement 
and carbonate filler, allow for the production of concrete 
with a compressive strength of 34 to 46 MPa using 
vibration-free technology.

Fig. 2. Effect of partial replacement of cement with carbonate filler on the strength of self-compacting concrete 
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3. Conclusion 

It has been established that concrete on carbonate 
crushed stone, with its content in the concrete within the 
range of 0.9 to 0.7 m3, has water resistance. From the 
perspective of forming strength and frost resistance at a 
constant cement consumption of 350 kg, concrete 

compositions containing 0.03% SDO and at least 0.8 m3 of 
carbonate gravel per 1 m3 of concrete are recommended. 

Self-compacting concrete compositions that are 
economical in terms of cement consumption can be obtained 
based on the Glenium® 51 superplasticizer and carbonate 
filler with a volume content of carbonate crushed stone 
within 0.4-0.3 m3 per 1 m3 of concrete. 
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Abstract: This paper investigates the optimization of electrophysical properties, the formation of radiation-induced 
conductivity, and the relaxation kinetics of dielectric and semiconductor nanoparticles in porous polymer 

(PMMA) and metal-oxide (Al2O3) matrix nanocomposite materials under ionizing radiation. The system 

of Rose–Fowler–Nikolsky (RFN) integro-differential equations is formulated for both continuous and 
discrete spectra of localized states within the bandgap. The trap density of states function in the interphase 

transition zones is modified as a function of nanoparticle radius (𝑅) and volume concentration (𝐶). Non-

stationary relaxation processes were numerically simulated in MATLAB using the ode15s solver 

algorithm for stiff differential equations. The kinetics of radiation-induced conductivity (𝜎𝑟) reaching its 

steady-state value, trap-filling dynamics, and the dose-rate (𝐼) dependence of thermally stimulated 

luminescence (TSL) were determined. Decreasing the nanoparticle radius from 𝑅 = 50 nm to 𝑅 =
15 nm increased the interphase boundary area, thereby reducing steady-state radiation conductivity by a 

factor of 2.8. The modeling results were compared with experimental current-voltage characteristics 

(I-V) and TSL spectra of synthesized nanocomposite samples with a thickness of 𝑑 = 100 𝜇m, 
demonstrating high adequacy and close agreement. 

Keywords: solid-state electronics, nanocomposites, Rose–Fowler–Nikolsky model, MATLAB simulation, radiation-
induced conductivity, relaxation kinetics, interphase, ode15s 

 

1. Introduction 

In modern micro- and nanoelectronics and the materials 

science of radio-electronic components, porous and 
heterogeneous nanocomposites represent a vital platform for 
the development of radiation-hardened electronic elements, 
extreme-environment sensors, and ionizing radiation 
dosimeters. When nanoscale inclusions are embedded into a 

dielectric (e.g., poly(methyl methacrylate) – PMMA) or 
wide-bandgap semiconductor/dielectric (e.g., aluminum 

oxide – Al2O3) matrix, the electrophysical and radiation-
induced conduction characteristics of the system are 
governed not only by the bulk parameters of the phase 

constituents, but predominantly by the energetic distribution 
of localized traps residing within the matrix–particle 
interphase transition zones. 

Although the classical models of photoconductivity and 
radiation-induced processes proposed by Rose [1] and 
Fowler [2] elucidate the conductivity of polymer dielectrics 

 
a  https://orcid.org/0009-0005-9528-6770 

under ionizing radiation fields, nanostructured systems 
require further theoretical refinement to account for the 
crucial role of the interphase layer, as highlighted by 
Tyutnev et al. [3, 9]. The kinetics of generation, drift, trap 
capture, and recombination of free electron-hole pairs 
formed in the matrix and inclusions during ionizing 
irradiation have been investigated in various studies [4, 5, 
12, 14]. The high specific surface area characteristic of 

nanoparticles and porous structures [6, 7, 10, 13, 15] leads to 
the emergence of interfacial potential barriers and a sharp 
increase in the effective trap concentration. Radiation 
tolerance and charge accumulation mechanisms in 
nanodielectrics [11] are of paramount importance for 
advanced electronic devices. 

The general physical mechanism encompassing charge 
carrier generation, drift, trapping at interphase localized 

states, and the resulting buildup of radiation-induced 
conductivity under ionizing radiation is illustrated 
conceptually in Figure 1. 

https://orcid.org/0009-0005-4959-0069
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Fig. 1. Conceptual physical block diagram of charge carrier generation, trapping, and conduction kinetics in 

nanocomposite materials under ionizing radiation

2. Research methodology 

2.1. Spectrum of Localized States and Kinetic 

Equations 

Embedding nanoparticles of radius 𝑅 and volume 

concentration 𝐶 into a dielectric matrix induces localized 
charge redistribution at the matrix–nanoparticle boundary. 

The total density of localized states 𝑁(𝐸) in the matrix is 
formulated as the superposition of the intrinsic matrix traps 
and the induced interphase traps: 

𝑁(𝐸) = 𝑁mat(𝐸) +𝑁int(𝐸, 𝑅, 𝐶)        (1) 
Where: 

• 𝑁(𝐸) is the total density of localized states (traps) 

within the bandgap (m−3 ⋅ eV−1); 

• 𝑁mat(𝐸) is the trap density arising from intrinsic 
defects of the pure dielectric/semiconductor matrix; 

• 𝑁int(𝐸, 𝑅, 𝐶) is the density distribution function of 
localized traps created in the interphase transition zone upon 

nanoparticle introduction; 

• 𝐸 is the energy depth measured from the bottom 

of the conduction band (eV); 

•   𝑅 is the average radius of the nanoparticles (m); 

•   𝐶 is the volume concentration of the 
nanoparticles. 

The continuous exponential spectrum 𝑁mat(𝐸) 
originating from intrinsic matrix defects is defined as: 

𝑁mat(𝐸) =
𝑁𝑡0
𝑘𝑇0

exp (−
𝐸

𝑘𝑇0
)            (2) 

Here, 𝑁𝑡0 is the total initial trap concentration in the 

pristine matrix (m−3), 𝑇0 is the effective characteristic 
temperature parameter describing the exponential energy 

distribution (K), and 𝑘 is the Boltzmann constant (1.38×
10−23 J/K). 

The density of interphase localization centers 

𝑁int(𝐸, 𝑅, 𝐶) induced by the inclusions is directly 
proportional to their specific surface area [6, 13]: 

𝑁int(𝐸, 𝑅, 𝐶) =
3𝐶

𝑅
⋅ 𝛿 ⋅ 𝛿(𝐸 − 𝐸𝑑)         (3) 

Where 𝛿 is the effective thickness of the interphase layer 

(m), 𝐸𝑑 is the discrete activation energy level of the 
interphase centers formed at the nanoparticle boundaries 

(eV), and 𝛿(𝐸 − 𝐸𝑑) is the Dirac delta function. 
Under ionizing radiation, the bulk carrier generation rate 

𝐺0 is determined by accounting for the mass energy-
absorption coefficients of the constituent matrix and 
inclusion phases: 

𝐺0 =
𝑃𝑎
𝐸𝑝
=
𝐼

𝐸𝑝
[(1 − 𝐶)𝜇𝑚 +𝐶𝜇𝑛𝑝]𝜌        (4) 

Where: 

• 𝐺0 is the bulk electron-hole pair generation rate 

(m−3 ⋅ s−1); 

• 𝑃𝑎 is the radiation power absorbed per unit volume 

(W/m3); 

• 𝐼 is the ionizing radiation dose rate (Gy/s); 

• 𝐸𝑝 is the mean energy required to create one free 

electron-hole pair (𝐸𝑝 ≈ 3𝐸𝑔); 

• 𝜇𝑚 and 𝜇𝑛𝑝 are the mass absorption coefficients of 

the matrix and nanoparticles, respectively (m2/kg); 

• 𝜌 is the material density (kg/m3). 
In the non-stationary regime, the kinetics of free 

electrons (𝑛), trapped electrons (𝑛𝑡), and holes (𝑝) are 
described by the Rose–Fowler–Nikolsky system of 
differential equations [3, 5, 9]: 

{
 

 
𝑑𝑛

𝑑𝑡
= 𝐺0 −𝐶𝑛𝑛(𝑁𝑡 − 𝑛𝑡) + 𝜈0𝑛𝑡 exp(−

𝐸𝑡

𝑘𝑇
) − 𝑅𝑟𝑛𝑝

𝑑𝑛𝑡

𝑑𝑡
= 𝐶𝑛𝑛(𝑁𝑡 − 𝑛𝑡) − 𝜈0𝑛𝑡 exp (−

𝐸𝑡

𝑘𝑇
) − 𝑅𝑟𝑡𝑛𝑡𝑝

𝑝(𝑡) = 𝑛(𝑡) + 𝑛𝑡(𝑡)
 (5) 

Where: 

• 𝑛(𝑡) is the time-dependent concentration of free 

electrons (m−3); 

Ionizing Radiation Exposure (I, t)

Nanocomposite System:

Matrix (PMMA / Al2O3) + Nanoparticles (R, C)

Bulk Carrier Generation Rate (G0) 

Trap Capture Kinetics

- Energy Spectrum N(E)

- Interphase Potential Barriers (Vs)

Free Carrier Drift and Conduction

- Radiation-Induced Conductivity σr

- MATLAB ode15s Simulation
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• 𝑛𝑡(𝑡) is the time-dependent density of trapped 

electrons (m−3); 

• 𝑝(𝑡) is the time-dependent hole concentration 

(m−3); 

• 𝐶𝑛 is the electron capture coefficient of the traps 

(m3/s); 

• 𝑁𝑡 is the total effective trap density (𝑁𝑡 = 𝑁𝑡0 +
𝑁int); 

• 𝜈0 is the thermal release frequency factor (attempt-

to-escape frequency) (s−1); 

• 𝐸𝑡 is the trap activation energy (eV); 

• 𝑅𝑟 and 𝑅𝑟𝑡  are the recombination coefficients for 

free and trapped carriers, respectively (m3/s). 
2.2. Experimental and Measurement Methodology 

• PMMA/Al𝟐O𝟑 Nanocomposites: Synthesized 

via in-situ polymerization of methyl methacrylate (MMA) 

monomer incorporated with 15--20 nm Al2O3 nanoparticles 

across a concentration range of 0.5--5.0 wt%. Ultrasonic 

dispersion at 40 kHz for 30 min was employed to ensure 
homogeneous particle dispersion. 

• Porous Al𝟐O𝟑 Matrix: Fabricated via 

electrochemical anodization in a 0.3 M oxalic acid 

(H2C2O4) electrolyte at 𝑇 = 10∘C under an applied 

anodization potential of 𝑈 = 40 V [10, 15]. 
Electrical and radiation measurements were conducted 

on samples with a thickness of 𝑑 = 100 ± 5 𝜇m and an 

active silver-contact area of 𝑆 = 1.0 cm2. Radiation-induced 

conductivity was measured under Co60  gamma (𝛾) radiation 

(0.1--10 Gy/s) using a Keithley 6517B electrometer/high-

resistance meter. Thermally stimulated luminescence (TSL) 
spectra were acquired and interpreted according to the 
Randall–Wilkins trap model [4]. To ensure statistical 

validity, five identical samples were fabricated for each 
composition, and each measurement was repeated three 
times to determine mean values. 

3. Results and Discussion 

The modified Rose–Fowler–Nikolsky (RFN) system of 
differential equations (5) was solved numerically in 

MATLAB using the ode15s solver designed for stiff 
systems. The time-dependent drift radiation conductivity 

(𝜎𝑟) is related to the free electron density 𝑛(𝑡) via: 
𝜎𝑟(𝑡) = 𝑒 ⋅ 𝑛(𝑡) ⋅ 𝜇0                        (6) 

Where 𝑒 = 1.6 × 10−19 C is the elementary charge, and 

𝜇0 is the drift mobility of free electrons. 
Numerical simulations reveal that the relaxation kinetics 

of radiation conductivity evolve through two distinct 
temporal regimes (Figure 2). During the initial non-

stationary phase (𝑡 < 10−6 s), a significant fraction of 
generated electrons is rapidly captured by localized 
interphase traps, resulting in dynamic conductivity growth. 
When dynamic equilibrium between generation, trapping, 

and recombination is established (𝑡 ≈ 10−6 s), the 
conductivity attains a steady-state value. 

Fig. 2. Non-stationary relaxation kinetics of radiation-induced conductivity (𝑰 = 𝟏.𝟎 Gy/s, 𝑻 = 𝟑𝟎𝟎 K, 𝑹 = 𝟏𝟓 nm, 𝑪 =
𝟑%, 𝒅 = 𝟏𝟎𝟎 𝝁m). (Note: In the plot, the steady-state plateau is marked as "Steady-state regime" / "Stasionar rejim") 

The filling kinetics of interphase traps (Figure 3) 

demonstrate that at 𝑡 ≈ 10−3 s, the overwhelming majority 

of trap states become filled (𝑛𝑡 ≈ 𝑁𝑡), causing the system to 
transition into a trap-filled saturation regime. 
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Fig.3. Electron trap-filling kinetics in interphase states (𝑰 = 𝟏.𝟎 Gy/s, 𝑻 = 𝟑𝟎𝟎 K, 𝑹 = 𝟏𝟓 nm, 𝑪 = 𝟑%, 𝑵int ≈
𝟏𝟎𝟐𝟎 m−𝟑). (Note: In the plot, saturation is designated as "Trap filling" / "Tələlərin dolması") 

Reducing the nanoparticle radius from 𝑅 = 50 nm to 

𝑅 = 15 nm increases the specific surface area of the 
inclusions (𝑆𝑠𝑝 = 3𝐶/𝑅) by approximately 3.3-fold. 

According to Eq. (3), the resulting increase in interphase trap 

density (𝑁int) significantly enhances the electron capture 

probability. MATLAB simulation outputs indicate that 

while the steady-state radiation conductivity is 𝜎𝑟1 ≈
4.5 × 10−11 Ω−1 ⋅m−1 for 𝑅 = 50 nm, it drops to 𝜎𝑟2 ≈
1.6 × 10−11 Ω−1 ⋅m−1 for 𝑅 = 15 nm. The ratio of these 

values (𝜎𝑟1/𝜎𝑟2 = 4.5/1.6 ≈ 2.8) demonstrates that the 
elevated interphase trap density achieved via nanoparticle 
downscaling reduces the steady-state radiation conductivity 

by exactly a factor of 2.8, thereby significantly improving 
the radiation hardness of the material. 

To validate the numerical model, theoretical parameters 

were benchmarked against experimental I-V and TSL 

spectral data measured on 100 𝜇m-thick PMMA/Al2O3 and 

porous Al2O3 samples (Table 1). 

Table 1  

Comparative analysis of theoretical and experimental results

Parameter / Indicator 
Theoretical (MATLAB 

Model) 

Experimental 

Measurements 

Relative Difference 

(%) 

PMMA-based Δ dose exponent 0.72 0.75 ± 0.02 4.0% 

Al2O3-based Δ dose exponent 0.94 0.92 ± 0.03 2.1% 

TSL Peak Temperature (𝑇max) 520 K 512 K 1.5% 

Steady-State Conductivity 

Relaxation Time 
1.0 × 10−6 s 1.2 × 10−6 s 20.0% 

As shown in Table 1, the model predictions exhibit close 
agreement with experimental data (within an error margin of 

1.5%--4.0%). The 20.0% deviation observed in the 
relaxation time required to reach steady-state conductivity is 
attributed to the assumption of an ideally homogeneous 
matrix in the theoretical formulation. In real synthesized 
specimens, local electric field non-uniformities at micropore 
boundaries and energetic fluctuations of surface trap states 

induce slight kinetic delays (1.0 × 10−6 s theoretical vs. 

1.2 × 10−6 s experimental) during the transition to the 
steady-state regime. 

3. Conclusion 

 In porous polymer (PMMA) and metal-oxide (Al2O3) 

nanocomposites, the kinetics of charge carrier generation, 
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trapping, and recombination under ionizing radiation are 

strongly governed by the energetic spectrum of localized 

states within the matrix–nanoparticle interphase layer. 

Numerical simulations carried out in MATLAB 

(ode15s) using the modified Rose–Fowler–Nikolsky model 

demonstrate that adjusting the nanoparticle radius (from 𝑅 =
50 nm down to 𝑅 = 15 nm) and volume concentration (𝐶) 

increases interphase trap density, allowing steady-state 

radiation-induced conductivity to be suppressed by a factor 

of 2.8 and enhancing the radiation resistance of the material. 

The simulation results correlate well with experimental 

I-V and TSL data, establishing a reliable theoretical and 

methodological foundation for predicting the electrophysical 

behavior of PMMA/Al2O3 porous nanocomposites in 

radiation environments and facilitating the engineering of 

radiation-hardened micro- and nanoelectronic components. 
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Abstract: This paper presents an analysis of the design and insulation system of the TD802 (TO802) direct-current 
traction generator installed on ChME3 shunting diesel locomotives operated on the railways of 
Uzbekistan, and substantiates a technology for improving its reliability through the replacement of that 
insulation. The study was carried out in three stages: an assembly-by-assembly analysis of the factory 
insulation system (armature winding, main and commutating pole coils, commutator, brush apparatus); 

identification of the physical mechanisms of insulation ageing and of their cumulative interaction; and 
development of a technological regulation for insulation replacement using modern heat-resistant 
materials. The proposed solution comprises vacuum-pressure impregnation (VPI) of the armature 
winding, replacement of asbestos gaskets with glass-mica and aramid-fibre materials, renewal of the 
commutator insulation, transition to a monolithic insulation system for the pole coils, and an upgrade of 
the insulation thermal class to H (180 °C). A quality-control procedure based on insulation resistance, 
absorption coefficient, polarization index, high-voltage testing, partial discharge monitoring and infrared 
thermography is proposed, together with a methodology for quantitative evaluation of the effect through 
the mean time between failures. It is shown that the proposed measures do not alter the design scheme of 

the machine and modernize only the insulating materials and the technology of their application, which 
makes them practically feasible at depot level. 

Keywords: ChME3 shunting diesel locomotive, TD802 traction generator, insulation system, armature winding, 
vacuum-pressure impregnation, commutator, thermal ageing, insulation thermal class, reliability, mean 
time between failures 

 

1. Introduction 

Modernization of railway transport and improvement of 
the technical readiness of the traction rolling stock fleet are 
among the priority areas of state policy in the Republic of 
Uzbekistan. ChME3-series locomotives continue to occupy a 
significant share of the shunting locomotive fleet used for 
switching operations on the railways of Uzbekistan. These 
locomotives are equipped with a K6S310DR diesel engine 
rated at approximately 1350 hp, which converts mechanical 

energy into electrical energy through a TD802 traction 
generator — a ten-pole, self-ventilated direct-current machine 
with independent excitation rated at approximately 885 kW. 
The current produced by the generator is supplied to six TE-
006 traction motors of 134 kW and 283 V each. The TD802 
generator is therefore the central electrical machine of the 
locomotive traction system, and its technical condition directly 
determines the operational capability of the locomotive. 

The majority of ChME3 locomotives have been in 
operation on the railways of Uzbekistan for more than 25–40 
years. Over such an extended service period the electrical 
insulation system of the generator — in particular the armature 
winding, the main and commutating pole coils and the 
commutator insulation — gradually deteriorates under the 
combined effects of heat, vibration, moisture and mechanical 
loading. Depot maintenance experience shows that a 

substantial share of the unscheduled repairs of the TD802 
generator is directly related to insulation faults: inter-turn short 

 
a  https://orcid.org/0000-0003-0821-5754 
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circuits, ground faults, and a drop of insulation resistance 
below the permissible threshold. Such failures usually occur 
unexpectedly and take the locomotive out of service for an 
extended period, since a complete generator rewind is a time- 
and resource-intensive operation. 

The problem of maintaining the technical condition of 

locomotive equipment has been addressed in a number of 
studies. Intelligent and condition-based approaches to the 
diagnostics of traction electrical equipment have been 
developed for traction transformers and traction systems [1–7], 
including online monitoring architectures built on Internet of 
Things technologies [8]; the influence of insulation resistance 
and temperature on the condition of an electrical machine has 
been investigated using neural network models [9]. For diesel 
locomotives, fault analysis and diagnostic methods for power 

plant components have also been developed by the authors of 
this work [14–17]. However, these studies concentrate on the 
diagnostics of an existing insulation system rather than on the 
technology of its renewal, whereas for a machine that has been 
in service for several decades the decisive question is which 
materials the insulation is replaced with and by what 
technology. 

For this reason, replacing the insulation system of the 

TD802 generator with modern materials and technologies, and 
thereby improving its reliability, is a matter of considerable 
scientific and practical importance for the railways of 
Uzbekistan. The aim of this paper is to analyze the factory 
insulation system of the TD802 generator, to identify the 

c  https://orcid.org/0009-0005-3957-337X 
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causes of its deterioration, and to develop technological 
solutions for improving the reliability of the generator through 
the replacement of its insulation with modern heat-resistant 
materials. 

The objectives of the study are as follows: to analyze the 
design and the factory insulation system of the TD802 
generator for each major assembly (armature winding, main 

and commutating pole coils, commutator, brush apparatus); to 
substantiate the physical and technical mechanisms of 
insulation ageing; to develop a technological sequence for 
replacing the insulation with modern materials; to propose a 
methodology for quality control of the renewed insulation; and 
to assess the effect of the proposed solutions on the reliability 
and economic indicators of the machine. 

2. Research methodology 

The study was performed as an engineering-analytical 
investigation and is based on three groups of sources: the 
factory design documentation of the TD802 (TO802) 
generator, which provides the design dimensions of every 
assembly and the composition of its insulation; the regulatory 

documents governing the repair of locomotive traction 
electrical machines and the aggregated fault records of depot 
repairs, which make it possible to establish which assembly the 
insulation faults occur in; and the technical literature on 
traction electrical machines and on the diagnostics of 
locomotive equipment [1–17]. 

The analysis was carried out in three stages. In the first 
stage the factory insulation system was examined assembly by 

assembly — the main poles, the commutating poles, the 
armature core and winding, the commutator and the brush 
apparatus — and for each of them the insulating material, its 
method of application and its characteristic weak point were 
determined. In the second stage the physical mechanisms of 
insulation ageing (thermal, vibration, moisture and 
contamination, electrical, and mechanical wear) were 
identified, and their mutual reinforcement was evaluated rather 
than each factor being considered in isolation. In the third 

stage, on the basis of the weak points established in the first 
two stages, a technology for replacing the insulation with 
modern materials was developed, together with a technological 

regulation, a quality control procedure and a methodology for 
the quantitative assessment of the effect. 

The criterion adopted for evaluating the effectiveness of 
the proposed solutions is the reliability of the generator in 
operation, expressed through the mean time between failures 
(MTBF) and the failure rate λ = 1/MTBF, supplemented by the 
trend of the insulation resistance R60 and of the polarization 

index PI = R10/R1 recorded at successive inspections. A 
further condition imposed on the solution was that it must not 
require any change to the design scheme of the machine, so that 
it can be implemented within the existing depot repair process. 

3. Results and Discussion 

3.1. Design and factory insulation system of the TD802 

generator 
The TD802 generator (also referred to as TO802 in the 

factory documentation) is a ten-pole, self-ventilated direct-
current machine with independent excitation and a starting 
winding. The generator frame is welded from steel sheet; one 
end is flange-mounted to the diesel engine housing, while the 
other is bolted to the locomotive frame by means of feet. The 
results of the assembly-by-assembly analysis of the factory 

insulation system are summarized in Table 1. 
The generalized technical parameters of the generator and 

of the associated traction equipment are as follows: diesel 
engine — type K6S310DR, approximately 1350 hp; traction 
generator — TD802 (TO802), ten-pole, independently excited, 
self-ventilated, approximately 885 kW; traction motor — type 
TE-006, 134 kW, 283 V, six units per locomotive; auxiliary 
generator — type DT-701-4; exciter — type DT-706-4. These 

parameters determine the requirements placed on the insulation 
system, in particular the working voltage level and the current 
density, and must be taken into account when selecting 
insulating materials. The main dimensions of the commutator–
armature assembly (a commutator diameter of 595 mm with 
405 segments and 135 slots in the armature core) indicate that 
the machine operates at a relatively high surface speed at the 
commutator, which places particular demands on the 

commutator–brush assembly and the insulating elements 
adjacent to it: they must be resistant not only to electrical stress 
but also to mechanical and thermal loading. 

Table 1 

Factory insulation system of the TD802 generator by assembly and its characteristic weak points 

№ Assembly Factory insulation system Characteristic weak point 

1 Main poles (starting 

and independent 

excitation windings) 

Riveted core of 1 mm electrical steel; 4 turns of 

1×95 mm copper strip and ≈ 63.5 turns of 

4.0×7.5 mm rectangular wire in eight stepped 

layers; layer-by-layer epoxy varnish coating 

The varnish film becomes brittle under heat 

and vibration, cracks and delaminates — 

risk of inter-turn short circuits 

2 Commutating poles 

(interpoles) 
Coils of 2.2×50 mm copper busbar in two 

layers (5 and 4.5 turns, ≈ 9.5 turns in total); 

asbestos interlayer gaskets; coil filled with cast 

epoxy compound 

Asbestos embrittles, accumulates dust, 

absorbs moisture and loses thermal 

conductivity; does not meet modern 

occupational safety requirements 

3 Armature core and 

winding 
Core of 0.5 mm varnished sheets, 135 slots, 72 

ventilation holes; lap winding with equalizers, 

sections of six 2.8×9.0 mm conductors; five 

layers of mica tape in the slot and six layers of 

glass tape in the end portions; micanite sleeves 

Multi-layer hand-applied insulation retains 

air voids between layers, which accelerates 

depletion of service life through partial 

discharges and moisture absorption 
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№ Assembly Factory insulation system Characteristic weak point 

and spacers; 2 mm steel wire banding, textolite 

wedges 

4 Commutator Diameter 595 mm, 405 copper segments 

separated by 0.8 mm micanite spacers; risers 

silver-soldered; sleeve insulated by split-mica 

collars, clamped through a pressure ring 

Mechanical wear together with the working 

surface and thermal cycling; the mica 

protrudes above the segments, causing poor 

brush contact and sparking — periodic 

undercutting required 

5 Brush apparatus Ten brush-holder yokes, five double brushes 

each (fifty double-brush positions); spring 

pressure 1.5–1.8 kgf; brush size 2(32×10×40) 

mm 

Not an insulating element itself, but 

moisture and commutator dust penetrate 

through the brush-holder insulators and 

reduce the overall insulation resistance 

3.2. Mechanisms of insulation deterioration 
Under long-term operating conditions the factory 

insulation system described above deteriorates as a result of the 
following main factors: 

– thermal ageing — the operating temperature of the 
generator, especially under high-load conditions, gradually 

breaks down the binding components of the insulating 
varnishes and of the mica tape; according to Montsinger’s rule 
the insulation life is roughly halved for every 8–10 °C increase 
in operating temperature; 

– vibration fatigue — locomotive motion and diesel 
engine vibration cause micro-movements between the 
insulation layers of the armature winding and of the pole coils, 
which leads to delamination; 

– moisture and contamination — moisture and 
commutator dust entering the generator housing reduce the 
insulation resistance, particularly because asbestos gaskets and 

aged micanite readily absorb moisture; 

– electrical ageing — partial discharges occurring in 
the air voids within the insulation layers gradually erode the 
insulating material from within; 

– mechanical wear — wear of the commutator mica 
insulation together with the working surface, and accumulation 
of brush dust between the commutator segments, which results 
in surface tracking paths. 

The combined effect of these factors causes the insulation 
resistance of the TD802 generator to fall below the normative 
threshold, which is typically required to remain above 1.5–2.0 

MΩ, with the exact value specified in the depot regulatory 
documents; the machine may then be barred from operation or 
suffer an emergency shutdown. 

Aggregated depot repair records allow the insulation-
related faults of the generator to be grouped into three 
characteristic categories: inter-turn and ground faults in the 
armature winding, which occur mainly in the end windings 
owing to moisture accumulating under the banding; insulation 

breakdown in the pole coils, most often in the commutating 
pole coils, owing to embrittlement of the asbestos gaskets; and 
defects of the commutator insulation, namely undercutting 
problems and surface tracking paths between the segments. 
Each group has characteristic diagnostic signs, and recognizing 
them makes it possible to determine in advance which 
assembly requires particular attention during repair. 

It should be emphasized that the ageing factors listed above 

do not act in isolation but reinforce one another. A 

contaminated ventilation system raises the internal temperature 
of the generator and thereby accelerates thermal ageing; 
thermally embrittled insulation cracks more readily under 
vibration; and cracked insulation admits moisture and dust 

more deeply, which accelerates electrical ageing through 
partial discharges. As a result of this chain reaction, the actual 
service life of the insulation is often considerably shorter than 
the theoretical value calculated from thermal ageing alone. 
This is precisely why insulation replacement must be 
approached comprehensively, taking all ageing factors into 
account together rather than addressing a single factor such as 
the heat-resistance class in isolation — this is the underlying 
logic of the solutions proposed below. 

3.3. Technology for replacing the insulation 
Replacing the generator insulation, whether partially or 

completely through rewinding, is a complex technological 
process carried out at the depot or at a repair plant, and its 
quality determines the reliable operation of the machine over 
the following eight to ten years or more. 

The first stage of rewinding the armature is to remove the 
old winding from the core completely, clean the slots and 

inspect the core for mechanical and electrical defects such as 
inter-lamination short circuits. New conductors are then wound 
with modern glass-mica tape, a material that at equal thickness 
provides greater electrical and thermal strength than the 
traditional combination of mica tape and glass tape. After the 
winding has been placed in the slots, vacuum-pressure 
impregnation with a monolithic thermosetting resin is 
recommended instead of the traditional drip impregnation 

method. In the VPI process the winding is first evacuated in a 
vacuum chamber in order to remove air and moisture, after 
which the resin is forced under pressure into every microscopic 
void within the insulation layers and is then cured in a heating 
chamber. The result is a fully monolithic, non-hygroscopic 
insulation layer, which eliminates the air voids that give rise to 
partial discharges, increases resistance to moisture and to oil 
and fuel vapours, improves thermal conductivity so that heat is 

dissipated more efficiently from the conductor to the core, and 
prevents movement of the conductor within the slot under 
vibration together with the resulting abrasion of the insulation. 
For securing the end windings, glass-fibre banding tape is 
recommended in place of the traditional steel wire banding, and 
glass-fibre composite wedges in place of textolite wedges in 
the slot portions, since these materials are considerably more 
resistant to ageing and moisture. 
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When the main pole coils are rewound it is recommended 
to wrap the conductors with glass-mica tape and to impregnate 
the entire coil by the VPI method, which produces a more 
uniform and continuous insulation layer than the traditional 
layer-by-layer epoxy varnish coating applied by hand. In the 
commutating pole coils the asbestos gaskets should be replaced 
by modern glass-mica or aramid-fibre insulating materials of 

the Nomex type, which offer superior heat resistance and 
mechanical strength while producing no hazardous fibre 
residue. After the coil has been assembled it should be filled 
with monolithic resin under vacuum pressure rather than by 
casting epoxy compound, since this eliminates the microscopic 
air bubbles that typically form during compound pouring. 

The insulation-related operations performed when 
repairing the commutator are the complete replacement of the 

micanite spacers between the segments if the commutator is 
fully reassembled, or the renewal of worn micanite by 
undercutting it 1.0–1.5 mm below the working surface; the 
replacement of the sleeve-to-commutator insulation, 
traditionally made of split mica collars, with monolithic glass-
mica or epoxy-glass collars, which improves the mechanical 
strength and moisture resistance of the sleeve insulation; and 
thermal stabilization of the assembled commutator in a heating 

chamber, which relieves the internal stresses in the insulating 
materials and prevents the commutator from losing its 
roundness in service. After reassembly, precision turning and 
grinding of the commutator surface followed by mica 
undercutting ensures good commutator–brush contact from the 
moment the generator is returned to service. 

The factory insulation system of the TD802 generator 
generally corresponds to thermal class B (130 °C) or F (155 
°C). During rewinding it is recommended to replace all 

insulating materials with class H materials rated up to 180 °C. 
Even without any change to the actual operating temperature 
of the machine, this creates a thermal margin relative to the 
temperature limit of the material and substantially extends the 
service life of the insulation — an important consideration in 
the hot summer conditions of Uzbekistan, when both the 
ambient and the depot temperatures are elevated. 

In order to realize the benefits of insulation replacement in 

full, a number of supplementary measures are also 
recommended: installing dust-protective filters in the 
ventilation channels so as to reduce contamination-related 
ageing; readjusting the brush spring pressure and the brush 
material, using electrographite-grade brushes matched to the 
new insulation system; and dynamically balancing the rotor in 
order to reduce the dynamic loading placed on the newly 
wound winding. 

3.4. Technological regulation for insulation 

replacement 
Replacement of the TD802 generator insulation at a depot 

or repair plant is recommended to follow the sequence of stages 
set out below. This regulation ensures that insulation quality is 
controlled at every stage of the repair and reduces the 
likelihood of random technological errors (Fig. 2). 

– Stage 1. Remove the generator from the locomotive, 
clean external contamination and perform initial diagnostics — 
insulation resistance measurement and visual inspection; 

– Stage 2. Disassemble the generator into its 
components — armature, pole coils, brush apparatus, bearing 
shields — washing and drying each assembly separately; 

– Stage 3. Remove the old windings completely and 
inspect the core and the coil frames for mechanical and 
electrical defects; 

– Stage 4. Prepare new conductors and wrap them with 
modern glass-mica insulating tape (armature sections, pole 
coils); 

– Stage 5. Place the windings in their respective 
locations, install the micanite sleeves and spacers and fit the 
mechanical securing elements — banding and wedges; 

– Stage 6. Impregnate the assembled windings in a 
vacuum-pressure chamber and cure them in a heating chamber 
according to the specified temperature–time regime; 

– Stage 7. Reassemble the generator — mounting the 
pole coils to the frame and the armature to the bearing shields 
— inspect the commutator and renew its insulation if 

necessary; 

– Stage 8. Turn and grind the commutator surface and 
undercut the mica; 

– Stage 9. Install the brush apparatus, adjust the brush 
spring pressure and dynamically balance the rotor; 

– Stage 10. Perform final diagnostics — insulation 
resistance, polarization index, high-voltage test and partial 
discharge monitoring; 

– Stage 11. Run the generator under load on a test 
bench, perform thermographic monitoring, record the results in 
the technical passport and authorize installation on the 
locomotive. 

The work performed and the measurement results obtained 
at each stage should be recorded in a repair log, which makes 

it possible to trace the insulation history of a particular 
generator in the future and to diagnose faults more rapidly 
should a problem arise. 

3.5. Quality control and assessment of reliability 

indicators 
Before a rewound generator is returned to service, the 

quality of its insulation system must be verified using the 
following indicators: the insulation resistance R60 and the 

absorption coefficient R60/R15 measured with a 
megohmmeter; the polarization index PI = R10/R1, which 
provides a deeper assessment of moisture content; a high-
voltage test at 1.5–2 times the rated voltage, which reveals 
hidden defects; partial discharge monitoring, which 
characterizes the internal uniformity of the insulation; and 
infrared thermography during load testing, which identifies 
local hot spots such as poorly impregnated areas. These test 

results are entered in the technical passport of the generator and 
serve as a baseline for comparison during subsequent 
inspections. 

The quantitative assessment of the effectiveness of 
insulation replacement should be based on reliability indicators 
derived from the operating statistics of the machine. The most 
widely used indicator is the mean time between failures 
(MTBF), defined as the total operating time between failures 
divided by the number of failures; the failure rate is its 

reciprocal, λ = 1/MTBF. Calculating these indicators 
separately for the periods before and after insulation 
replacement and comparing them makes it possible to 
substantiate the real effectiveness of the proposed 
technological solutions. In addition, tracking the trend of the 
insulation resistance and of the polarization index over time, 
by recording in graphical form the values obtained at each 
inspection, is a practical method of forecasting the remaining 

insulation life. If the rate of decline of the insulation resistance 
per unit time between measurements exceeds a set threshold, 
this serves as a diagnostic indication that the generator requires 
an unscheduled inspection or repair. Unlike a strictly time-
based repair schedule, this approach allocates maintenance 



Journal Engineer           ISSN: 3030-3893          Volume:4| Issue:3| 2026 
 

 
    September, 2026 122 

    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2026-3-118-124 

 

resources according to the actual technical condition of the 
machine, which is consistent with the condition-based 
diagnostic principles developed for traction electrical 
equipment [8; 9; 17]. 

 

Comparative Analysis 
The differences between the factory insulating materials 

used in each major assembly of the TD802 generator and the 
modern materials proposed to replace them, together with the 
expected effect, are summarized in Table 2. 

Table 2 

Comparison of the factory and the proposed insulation systems of the TD802 generator 

Aspect Factory (existing) system Proposed system Expected effect 

Armature winding Mica tape (5 layers in the slot, 6 in 

the end portion) with glass tape; 

drip impregnation; steel wire 

banding; textolite wedges 

Glass-mica tape; monolithic 

vacuum-pressure impregnation 

(VPI); glass-fibre banding tape; 

glass-fibre composite wedges 

Higher resistance to 

partial discharges, 

sharply reduced moisture 

absorption, greater 

mechanical strength 

Main pole coils Layer-by-layer, hand-applied epoxy 

varnish coating in a stepped 

configuration 

Continuous glass-mica insulation 

with VPI impregnation of the whole 

coil 

Uniform insulation 

thickness, reduced 

dependence on manual 

technique 

Commutating pole 

coils 
Asbestos gaskets, cast epoxy 

compound 
Glass-mica or aramid-fibre 

insulation (Nomex-type), VPI filling 
Elimination of hazardous 

fibre residue, improved 

heat and moisture 

resistance 

Commutator 0.8 mm micanite spacers, split-mica 

sleeve collars 
Renewed micanite spacers or, in a 

full rebuild, monolithic glass-mica 

sleeve insulation; periodic mica 

undercutting 

More stable commutator–

brush contact, reduced 

sparking 

Insulation thermal 

class 
Class B (130 °C) or F (155 °C) Class H (up to 180 °C) Thermal margin relative 

to the temperature limit; 

important in the hot 

climate of Uzbekistan 

Quality control Mainly insulation resistance 

measurement 
R60 and absorption coefficient 

R60/R15, polarization index 

R10/R1, high-voltage test, partial 

discharge monitoring, infrared 

thermography 

Detection of hidden 

defects, a recorded 

baseline for tracking the 

ageing trend 

Maintenance 

planning 
Strictly time-based repair schedule Condition-based planning using the 

trend of insulation resistance and 

polarization index, MTBF and 

failure rate λ = 1/MTBF 

Repair resources 

allocated according to the 

actual technical condition 

of the machine 

The comparison shows that the proposed changes do not 
fundamentally alter the design scheme of the generator but 
modernize the insulating material and the technology of its 
application in each assembly, which makes the solution 
relatively practical and economically justified for 
implementation at depot level. The key qualitative difference 
lies in the transition from a multi-layer, hand-applied 

insulation system, whose properties depend heavily on the 
skill of the operator, to a monolithic system formed under 
vacuum pressure, whose properties are determined by a 
controlled technological regime. 

The economic effectiveness of replacing the insulation 
with modern materials consists of two main components: a 
reduction in the cost of unscheduled repairs owing to the 
extended fault-free operating life of the generator, and a 
reduction in the shunting work lost through locomotive 
downtime. Although modern insulating materials such as 
glass-mica tapes and VPI resin systems, as well as the 

vacuum-pressure equipment itself, require higher initial 
costs than the traditional materials, these costs are recouped 
over the full service life of the machine through its extended 
lifespan and the reduced number of emergency shutdowns. 
In order to assess the economic effectiveness accurately it is 
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recommended that each depot pilot the proposed technology 
on a limited number of generators and then compare their 
operating results — the number of failures, the intervals 
between repairs and the repair costs — with those of 
generators repaired using the traditional technology. On the 
basis of such a comparative analysis, a unified, technically 
and economically substantiated regulatory document for the 

repair of TD802 generators could be developed for use 
across the railways of Uzbekistan. 

Replacing the insulation system of the TD802 generator 
with the modern materials and the VPI technology described 
above is expected to yield the following results: stabilization 
of the insulation resistance and polarization index values, 
with sustained readings above the normative thresholds; a 
reduction in the number of unscheduled repairs related to 

insulation faults; an extended mean time between failures 
owing to the upgraded thermal class; a lower probability of 
emergency shutdowns during seasonal transitions, 
particularly in high-humidity periods, owing to the improved 
moisture and dust resistance; and reduced sparking together 
with an extended commutator life owing to more stable 
commutator–brush contact. These results in turn contribute 
to a higher technical readiness rate for the ChME3 

locomotive fleet equipped with TD802 generators, to 
optimized repair costs and to uninterrupted shunting 
operations. 

4. Conclusion 

Analysis of the design and of the factory insulation 

system of the TD802 (TO802) traction generator has shown 

that the traditional insulating materials used in its armature 

winding, pole coils and commutator — mica tape, micanite 

and asbestos gaskets — are subject to thermal, vibration-

related and electrical ageing over long-term operation and 

constitute the primary cause of the unscheduled repairs of 

the machine. It has been established that these ageing factors 

do not act independently but reinforce one another, so that 

the actual service life of the insulation is shorter than the 

value calculated from thermal ageing alone; insulation 

replacement must therefore be approached comprehensively. 

Complete replacement of this insulation with modern 

glass-mica materials, vacuum-pressure impregnation 

technology and materials of a higher thermal class can 

substantially improve the reliability of the generator, and the 

proposed eleven-stage technological regulation together 

with the quality control procedure makes it possible to 

implement the change within the existing depot repair 

process without altering the design scheme of the machine. 

Practical implementation of the proposed technological 

solutions at the depots of the railways of Uzbekistan, 

quantitative evaluation of their effectiveness on the basis of 

real operating statistics, and the subsequent development of 

unified technical guidelines for the repair of TD802 

generators constitute the main direction of further research. 
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Abstract: This article presents the results of improving the quality management system in mechanical engineering 
enterprises based on the principles of lean manufacturing and evaluates the effectiveness of the proposed 
integrated management model. The study harmonized the requirements of ISO 9001 and IATF 16949 
standards, the process approach, and lean manufacturing tools such as value stream mapping, 5S, Muda-
Mura-Muri, 5Why, 4M, Kanban, just-in-time delivery, quick changeover, total productive maintenance, 

statistical process control, and failure mode and effects analysis. The effectiveness of the improvements 
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personnel activities, and production processes. 
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1. Introduction 

In the mechanical engineering industry, simultaneously 
ensuring product quality and production efficiency is a key 
factor that determines the competitiveness of enterprises. 
The growing complexity of modern engineering products, 
stricter requirements for technological precision, shorter 
delivery times, and rising consumer demands are limiting the 
ability to manage production processes solely through final 

product inspection. Such conditions require building quality 
directly into the production process, identifying potential 
defects before they occur, using resources rationally, and 
reducing non-value-adding activities. 

The ISO 9001 standard stipulates that quality 
management should be organized based on a process 
approach, risk-based thinking, leadership accountability, and 
continuous improvement [1]. In automotive manufacturing 

and its component-producing enterprises, these requirements 
are further elaborated by the IATF 16949 standard [2]. 
However, the certification of a management system does not 
always automatically guarantee a reduction in production 
losses, shorter cycle times, or increased resource utilization 
efficiency. 

The theoretical and practical foundations of the lean 
manufacturing concept are centered on eliminating activities 

from production processes that do not create value for the 
consumer. The Toyota Production System, formulated by T. 
Ohno, established the identification and reduction of waste 
as a crucial condition for increasing production efficiency 
[3]. J. Womack and D. Jones systemized the principles of 
value, value stream, continuous flow, pull production, and 
continuous improvement as the core components of lean 
manufacturing [4]. J. Liker, in turn, emphasizes that the 
effectiveness of this approach depends not only on 
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individual technical tools but also on management culture, 
employee involvement, and continuous improvement [5]. 

Value stream mapping enables the systematic analysis of 
processes and the identification of non-value-adding 
operations [6]. Research by Shah and Ward has also shown 

that implementing lean manufacturing practices as a set of 
interconnected tools, rather than as separate methods, has a 
stronger impact on enterprise performance [7]. Holweg 
analyzed the evolution of lean manufacturing and 
substantiated its transformation from a simple set of 
production tools into a comprehensive management concept 
[8]. 

Recent research has focused on the issues of integrating 
quality management and lean manufacturing. Bacoup et al. 

demonstrated the need to harmonize loss reduction 
principles with standardized management mechanisms when 
transitioning from a quality management system to a lean 
quality management system [9]. Yadav and Desai 
substantiated the need for a systemic mechanism that 
combines organizational, technological, and human factors 
for the effective implementation of lean manufacturing [10]. 
It has also been noted that integrating ISO standards with 

lean management principles serves not only to ensure 
compliance with standard requirements but also to increase 
operational efficiency within an enterprise [11, 12]. 

Nevertheless, the issue of harmonizing the quality 
management system and lean manufacturing in machine-
building enterprises, implementing them based on a unified 
management model, and comprehensively evaluating the 
results based on quality, process, and economic indicators 

has not been sufficiently systematized. 
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2. Research methodology 

The study encompassed the production activities of 
machine-building enterprises, their quality management 
processes, and the mechanisms for applying lean 
manufacturing tools. The practical research was conducted 

on the cases of “Andijan Freight Car Building and Repair 
Plant” JSC, “Asaka Davr Butlovchi” LLC, and  “Nawas” 
LLC. The impact of the proposed improvement model on 
production processes was analyzed in greater detail using the 
example of  “Asaka Davr Butlovchi” LLC. 

The research methodology was based on the 
requirements of the ISO 9001 and IATF 16949 standards. 
During the study, methods of analysis and synthesis, 
comparison, systematic and process-based approaches, 

expert assessment, observation, grouping, and mathematical 
statistics were utilized. 

3. Results and Discussion 

The initial expert assessment revealed that while 
elements of quality management were present in the 
machine-building enterprises, the principles of lean 

manufacturing had not been formed into a unified system 
across all management levels. Notably, the processes 
subsystem recorded the lowest result with 4.6 points. 
Strategic management was rated at 5.2 points, and employee 
performance at 5.5 points. 

After the implementation of the improvement model, 
positive changes were observed across all subsystems. 

Table 1 

Results of the expert assessment before and after improvement 

 

Subsystem 
Previous state, score Subsequent state, score Absolute change Post/Pre Index, % 

Strategic management 5.19 7.03 +1.84 135.45 

Employee performance 5.54 7.34 +1.80 132.49 

Production Processes 4.60 6.76 +2.16 146.96 

An increase in the strategic management assessment 
score from 5.19 to 7.03 points represents a relative 
improvement of 35.45%. Positive changes were noted in the 
areas of clarity of strategic direction, personal involvement 
of leadership, formation of key performance indicators, and 
systematic monitoring of consumer demand. 

The average score for employee activities increased 
from 5.54 to 7.34 points. The involvement of employees in 
lean manufacturing, along with improvements to the 
motivation system, mechanisms for encouraging 

rationalization proposals, and the development of internal 
leaders, influenced this result. 

The largest absolute change was observed in the 
production processes subsystem, where the average score 
increased from 4.60 to 6.76 points. This result demonstrates 
the effectiveness of practical measures aimed at 5S, visual 

management, waste identification, production flow 
coordination, and in-process quality control. 

After the improvements, not only did the average values 
increase, but the dispersion of the assessment results also 
decreased significantly. 

Table 2 

Descriptive statistics of the expert assessment results 

Subsystem State Mean Variance Standard deviation Coefficient of variation, % 

Strategic management Before 5.19 1.88 1.37 26.33 

Strategic management After 7.03 0.62 0.79 11.25 

Personnel Before 5.54 1.77 1.33 24.04 

Personnel After 7.34 0.39 0.63 8.65 

Processes Before 4.60 0.92 0.96 20.77 

Processes After 6.76 0.64 0.80 11.89 

In the strategic management subsystem, the dispersion 
decreased from 1.88 to 0.62, in the personnel subsystem 
from 1.77 to 0.39, and in the production processes subsystem 
from 0.92 to 0.64. The decrease in the coefficient of variation 
across all subsystems indicates that the evaluation results 

have stabilized. In particular, the reduction of the coefficient 
variation from 24.04% to 8.65% in the personnel subsystem 
signifies that the disparity in the development of system 
elements has substantially narrowed. 

Fig. 1. Comparison of dispersion based on evaluation results 
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The Pearson correlation coefficient was calculated to 
determine the relationship between the previous and 
subsequent evaluations. 

Table 3 

Correlation between previous and subsequent expert evaluations 

Subsystem n Pearson coefficient, r Student’s T-test, t Result 

Strategic management 7 0.9926 18.22 statistically significant 

Personnel 5 0.9884 11.28 statistically significant 

Processes 9 0.9334 6.88 statistically significant 

For all subsystems (r>0.9), a very strong positive 
correlation was found between the previous and subsequent 
indicators. This indicates that the growth after the 

improvements was not due to random changes in individual 
indicators but rather occurred consistently across all 
evaluation items. 

The calculated values from the student’s t-test were 
higher than the critical values at the corresponding degrees 
of freedom, which confirmed the statistical significance of 

the identified correlations at the α=0.05 level. 
The improvement model also had a positive effect on the 

direct technological indicators of production. 
Table 4 

Key Production Indicators After Model Implementation 

Indicator Before After Change 

Operation time per part 9.5 minutes 8.7 minutes -0.8 minutes 

Share of defective products 1.8% 1.2% -0.6 percentage points 

Effectiveness of management decision-making 80% 90% +10 percentage points 

The reduction in operation time from 9.5 minutes to 8.7 
minutes shows a time saving of approximately 8.4% per 
operation. The decrease in the share of defective products 

from 1.8% to 1.2% signifies a reduction of about 33.3% from 
the initial level. The effectiveness of management decision-
making increased from 80% to 90%. 

The economic efficiency of the model was achieved by 
shortening the production cycle time, reducing labor 
intensity, optimizing the volume of work-in-progress, and 

using material resources more efficiently. 

Table 5 

Economic Results of Implementing the Improvement Model 

Enterprise Economic benefit achieved Payback period 

“Nawas” LLC 130 million UZS 1.2 years 

“Asaka Davr Butlovchi” LLC 138.4 million UZS 2.2 year’s 

“Andijan Freight Car Building and Repair Plant” JSC 146 million UZS 2.05 years 

These results confirm that the proposed model is not 
limited to improving quality indicators but also has a 
positive effect on the economic efficiency of production 

processes. 
DISCUSSION 

The results obtained indicate that a quality management 
system and lean manufacturing should not be viewed as 
independent management approaches, but rather as 
interconnected elements of a single system. While a quality 
management system creates the institutional framework for 
regulating processes, defining responsibilities, monitoring 

results, and managing non-conformities, lean manufacturing 
complements this system by providing tools to identify 
waste, accelerate flows, and increase resource utilization 
efficiency. 

This conclusion is consistent with the approach proposed 
by Shah and Ward, which advocates for applying lean 
manufacturing tools as a set of interconnected practices [7]. 
The study’s finds that the process subsystem improved from 
4.60 to 6.76 points-a higher rate of improvement compared 

to other subsystems-also demonstrates the direct impact of 
practical lean tools within the production environment. 

However, the results also showed that the effectiveness 
of lean manufacturing is not determined solely by individual 
tools such as 5S, Kanban, or value stream mapping. 

Employee motivation, senior management involvement, the 
availability of key performance indicators, and a system for 
regular monitoring of results are crucial factors for the 

sustainable operation of the system. This aspect aligns with 
the concept, put forward by J. Liker, of viewing lean 
manufacturing in conjunction with management philosophy 
and corporate culture [5]. 

Another important feature of the proposed model is that 
it treats quality and efficiency not as separate outcomes but 
as mutually formative indicators. For example, 5S and 
standardization not only improve workplace organization 

but also reduce unnecessary movements, shorten operation 
times, and decrease the likelihood of errors. Value stream 
mapping, in addition to identifying waiting, excess 
inventory, and repetitive operations, also indicates at which 
points process control needs to be strengthened. While 
FMEA and statistical process control serve to enhance 
quality stability, Kanban and demand-driven management 
optimize the flow of materials. 

The lean quality management approach proposed by 

Bacoup et al. also presents the integration of standardized 
management system mechanisms with lean manufacturing 
principles as a factor that enhances efficiency [9]. The 
concurrent improvement of research results at the strategic 
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management, personnel, and process levels suggests that this 
approach is also applicable to machine-building enterprises. 

A key finding of the descriptive statistical analysis is that 
the improvements resulted not only in an increase in average 
scores but also in a decrease in the variance and coefficients 
of variation. This indicates that the gap between the strong 
and weak elements within the system has narrowed. For 

instance, the decrease in the coefficient of variation in the 
personnel activities subsystem from 24.04% to 8.65% 
signifies that activities, which were previously individual 
initiatives, have evolved into a more systematic management 
practice. 

The Pearson correlation results further support this 
conclusion. The strong positive correlations in strategic 
management (r=0.9926), the personnel subsystem 

(r=0.9884), and processes (r=0.9334) indicate that their 
overall level has increased while preserving the relative 
structure of the pre-improvement evaluation items. 
Therefore, the model served not to artificially inflate specific 
indicators but to systematically elevate the existing 
management system to a higher level of development. 

Changes in production indicators also confirm the 
consistency of expert evaluations with practical results. The 

reduction in operation time, decrease in the share of 
defective products, and increase in the effectiveness of 
management decisions show that the positive shifts in expert 
evaluation results are also reflected in real technological 
processes. 

Thus, integrating the standardized requirements of a 
quality management system with the loss-reduction tools of 
lean manufacturing allows machine-building enterprises to 
enhance quality, efficiency, and economic outcomes within 

a single management framework. 

4. Conclusion 

The research, conducted based on the integration of the 

quality management system and lean manufacturing 

methods in machine-building enterprises, yielded the 

following scientific and practical results. 

First, an improvement model was developed that 

harmonizes the requirements of ISO 9001 and IATF 16949 

with the principles of lean manufacturing. This model 

encompasses process analysis, loss identification, 

determination of priority improvement areas, selection of 

appropriate tools, implementation, and monitoring of results. 

Secondly, because of implementing the model, the 

average score for the strategic management subsystem 

improved from 5.2 to 7.0 points, employee performance 

from 5.5 to 7.3 points, and production processes from 4.6 to 

6.7 points. The most significant change was observed in the 

production processes subsystem. 

Thirdly, the decrease in variance, standard deviation, 

and coefficients of variation across all subsystems after the 

improvements indicates that the management system has 

stabilized and the development gap between its individual 

elements has narrowed. 

Fourthly, a very strong positive correlation was 

identified between the initial and subsequent expert 

assessments. The following values were obtained: for 

strategic management (r=0.9926), for personnel (r=0.9884), 

and for processes (r=0.9334). Using the Student’s T-test, it 

was confirmed that the correlations are statistically 

significant at a 95% confidence level. 

Fifthly, because of the model's practical implementation, 

the operation time per part decreased from 9.5 to 8.7 

minutes, the proportion of defective products fell from 1.8% 

to 1.2%, and the effectiveness of management decision-

making increased from 80% to 90%. 

Sixth, as a result of reducing production cycle time, labor 

intensity, and work-in-progress volume, as well as 

optimizing the use of material resources, an economic effect 

of 130 million sums was achieved at “Nawas” JV LLC, 

138.4 million sums at “Asaka Davr Butlovchi” LLC, and 

146 million sums at “Andijan Freight Car Construction and 

Repair Plant” JSC. 

The research results showed that the complex integration 

of the quality management system and lean manufacturing 

tools is an effective mechanism for stabilizing quality, 

reducing waste, improving production processes, and 

increasing economic efficiency in machine-building 

enterprises. 
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Use of mineral fillers for PVC-based linoleum production and investigation of 

their physical and mechanical properties 
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Abstract: Nowadays, the use of various polymer-based composite materials is increasing in the modern 
construction industry. In particular, polyvinyl chloride (PVC)-based floor covering materials are widely 
used in the construction of construction objects for various purposes due to their ease of use at the 
construction site, production in various sizes and designs, and high performance properties. This research 
paper presents the results of research on optimizing the raw material composition of PVC linoleum based 

on mineral fillers and improving its physicomechanical properties. During the research, the mechanisms 
of interaction of local mineral raw materials such as kaolin, bentonite, and calcium carbonate with the 
polymer matrix, their structure-forming properties, and the effect on the performance indicators of the 
finished material were analyzed. The optimal proportions of mineral fillers in the composition of the 
composition intended for linoleum were determined, and the possibility of developing a new 
economically efficient, abrasion-resistant, and thermally stable composite composition was 
substantiated. 

Keywords: polyvinyl chloride, linoleum, composite material, raw material polymer matrix, filler, kaolin, bentonite, 
calcium carbonate, physical and mechanical properties, mineral filler, structure, formation 

 

1. Introduction 

The development of the modern construction industry is 
closely related to the creation of a new generation of 
composite materials used in various construction projects. 
Currently, the materials used in construction projects are 

subject to such requirements as high mechanical strength, 
long service life, resistance to aggressive environments, 
modern design, environmental safety and economic 
efficiency. Therefore, polymer-based composite materials 
are emerging as one of the most promising areas in the field 
of construction materials. In particular, rolled floor covering 
materials based on polyvinyl chloride (PVC) are widely used 
in modern construction practice due to their high 
performance characteristics. PVC-based linoleums are 

currently one of the most widely used floor covering 
materials in residential, administrative, industrial, 
educational, medical and commercial buildings [1]. 

At the same time, modern linoleum production 
technologies have technological problems related to raw 
materials, including ensuring its competitiveness due to the 
high cost of the product, dependence on some imported raw 
materials, and further improving physical and mechanical 

properties such as fire resistance. Therefore, one of the 
urgent scientific and practical tasks is to develop 
economically efficient and high-quality composite materials 
using mineral raw materials as fillers and saving expensive 
PVC. 

The territory of Uzbekistan is rich in kaolin, bentonite, 
limestone and other mineral resources, and the use of these 
raw materials in polymer composite materials is of great 

economic and technological importance. The use of local 
resources reduces transportation costs, creates the 
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opportunity to produce import-substituting products, and 
reduces production costs [2]. 

The main feature of polymer composite materials is that 

they consist of several components and have a single 
composite structure, which has high physical and 
mechanical and operational properties. Currently produced 
PVC-based linoleums consist of a polymer binder, 
plasticizer, stabilizer, pigment and mineral fillers. The 
interaction of these components forms the mechanical 
strength, elasticity, thermal stability and operational 
durability of the finished product [3]. From the point of view 

of modern materials science, mineral fillers are not a simple 
inert substance in the composition of the composite material, 
but an important structural element that controls the internal 
energy, deformation processes and interphase bonds of the 
polymer system. The physical and mechanical properties of 
composite materials largely depend on the type of mineral 
filler, its dispersion, surface energy, particle shape and the 
degree of interphase bonding with the polymer matrix. If the 
mineral filler is evenly distributed in the polymer system and 

provides high adhesion, the mechanical strength, abrasion 
resistance and operational stability of the material are 
significantly improved [4]. On the contrary, as a result of 
agglomeration of mineral particles or weak bonding with the 
polymer, microdefects, voids and internal stress centers are 
formed in the structure of the composite material. This 
reduces the service life of the finished product and leads to a 
deterioration in its operational properties. Kaolin, which is 

used as a mineral filler in PVC-based linoleums, is a white 
aluminosilicate clay of natural origin, characterized by high 
dispersibility, thermal stability and surface activity. Kaolin 
partially acts as a white pigment and stabilizer in polymer 
composite materials and improves the surface quality of the 
material [5]. Finely dispersed particles of kaolin form a 
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strong interfacial bond with the polymer matrix, increasing 
the mechanical strength of the material. In addition, kaolin 
increases the thermal stability of the composition and 
reduces deformation at high temperatures. 

Bentonite, on the other hand, belongs to the group of clay 
aluminosilicate minerals composed of the mineral 
montmorillonite, and is distinguished by its layered structure 

and higher adsorption and dispersion properties compared to 
kaolinite. The layered structure of montmorillonite, which 
forms the basis of bentonite, is interconnected with the 
chains of the PVC polymer, which leads to the formation of 
an internal integral structure of the composite system [6]. 
The high surface activity of bentonite enhances the 
interfacial bonding between the polymer and mineral 
components, resulting in increased deformation resistance, 

abrasion resistance, and structural stability of the composite 
material. 

Calcium carbonate is one of the most widely used 
mineral fillers in polymer-based composite materials. It is 
characterized by its low cost, widespread occurrence in 
nature in the form of natural rocks (e.g., limestone, chalk, 
and marl), and technological convenience. Calcium 
carbonate, along with reducing the cost of the product, serves 

to increase the hardness and density of the material [7]. At 
the same time, its excessive use leads to a decrease in the 
elasticity of the polymer-based composite material. 
Therefore, it is important to choose the optimal amount of 
calcium carbonate in the composition. 

Scientific studies conducted in 2022-2025 show that the 
use of mineral fillers not separately, but in combination with 
other mineral fillers, gives a more effective result than 
individual components [8]. In particular, the combined use 

of kaolin, bentonite and calcium carbonate leads to structural 
compaction of the composite system, increased interaction 
between polymer chains and improved physical and 
mechanical properties of the composite material. 

2. Research methodology 

In this study, polyvinyl chloride (PVC) was used as the 
main polymer binder. PVC is a thermoplastic polymer with 
high mechanical strength, chemical stability, and service 
life. 

Dioctyl phthalate (DOP, chemical formula: C₂₄H₃₈O₄) 
was used as a plasticizer. Dioctyl phthalate is a complex ester 
of phthalic acid and 2-ethylhexanol alcohol, a colorless or 
yellowish oily liquid. It is the most widely used classic 

plasticizer in the PVC industry. The main function of DOP 
is to penetrate between polymer chains, reduce 
intermolecular forces between them, and increase chain 
mobility. As a result, it significantly improves the elasticity, 
ductility, and cold resistance of the material, as well as 
reduces brittleness and processing temperature [9]. 

Metal-organic compounds (for example, Ca-Zn or Ba-
Zn thermal stabilizers) were used as stabilizers. These 

stabilizers reduce the decomposition (destruction) of PVC at 
high temperatures and increase its thermal stability. Angren 
kaolin, Kattakurgan bentonite, and calcium carbonate from 
a limestone deposit in the Jizzakh region were used as 
mineral fillers. 

Methodology for preparing and testing composite 
samples: Composite samples were prepared in laboratory 
conditions based on the following sequential technological 

stages: 

1. Polymer matrix (PVC), plasticizer (DOP), stabilizer 
and mineral fillers in various ratios (kaolin, bentonite, 
calcium carbonate) were thoroughly mixed in a high-speed 
laboratory mixer (mixer) at a temperature of 80–100 °C until 
a homogeneous state was achieved. 

2. The resulting dispersed mixture was plasticized at a 
temperature of 165–175 °C and brought to a state of slush 

(mass). 
3. The heated mass was processed in a two-shaft 

laboratory roller mill (roller mill) at a temperature of 160–
170 °C and brought to the form of a flat film/sheet. 

4. Standard samples of a specified thickness were 
formed from the rolled films in a hydraulic press at a 
temperature of 170–175 °C and a pressure of 10–15 MPa and 
cooled under pressure. 

The physical, mechanical and operational properties of 
the prepared composite samples were determined using the 
following standard test and analysis methods: 

- Density: Using the hydrostatic weighing method 
(pycnometric method); 

- Abrasion resistance: By measuring the mass loss of the 
sample due to abrasive friction in a drum or disc abrasive 
testing apparatus; 

- Water absorption: By keeping the samples in distilled 
water for 24 hours and weighing the percentage of the 
increased mass; 

- Flexural and tensile strength: By applying mechanical 
force to the sample in a universal tensile machine and 
measuring the fracture and deformation limits; 

- Elasticity and hardness: By using a Shore hardness 
tester (Durometer, ShA/ShD) and methods for assessing 
ductility; 

- Thermal stability: By determining the temperature and 
time of onset of PVC destruction by thermogravimetric 
analysis (TGA) and the Congo-roth indicator method[8]. 

3. Results and Discussion 

The results of the study showed that the addition of 

kaolin significantly improved the surface quality of the 
material and increased the level of whiteness. The high 
dispersion of kaolin particles formed a strong interphase 
bond with the polymer matrix, increasing the mechanical 
strength of the material. 

As a result of the use of bentonite, the internal structure 
of the composite system was densified and stabilized. The 
layered structure of bentonite interacted with the polymer 
chains, leading to improved resistance to deformation and 

friction. It was observed that the internal voids decreased in 
samples with the addition of bentonite and the structural 
integrity of the material increased[10]. 

The use of calcium carbonate in an optimal amount 
increased the hardness and dimensional stability of the 
material, while reducing the cost of the product. At the same 
time, it was confirmed that an excess of calcium carbonate 
leads to a decrease in elasticity[5]. 

During the study, it was found that the complex use of 
kaolin, bentonite and calcium carbonate gave the most 
effective results. The samples with this composition 
exhibited higher abrasion resistance, lower water absorption, 
better mechanical strength, and higher thermal stability 
compared to the control composition, which is explained by 
the synergistic effect of the mineral fillers. 
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4. Conclusion 

The research, conducted based on the integration of the 

quality management system and lean manufacturing 

methods in machine-building enterprises, yielded the 

following scientific and practical results. 

First, an improvement model was developed that 

harmonizes the requirements of ISO 9001 and IATF 16949 

with the principles of lean manufacturing. This model 

encompasses process analysis, loss identification, 

determination of priority improvement areas, selection of 

appropriate tools, implementation, and monitoring of results. 

Secondly, because of implementing the model, the 

average score for the strategic management subsystem 

improved from 5.2 to 7.0 points, employee performance 

from 5.5 to 7.3 points, and production processes from 4.6 to 

6.7 points. The most significant change was observed in the 

production processes subsystem. 

Thirdly, the decrease in variance, standard deviation, 

and coefficients of variation across all subsystems after the 

improvements indicates that the management system has 

stabilized and the development gap between its individual 

elements has narrowed. 

Fourthly, a very strong positive correlation was 

identified between the initial and subsequent expert 

assessments. The following values were obtained: for 

strategic management (r=0.9926), for personnel (r=0.9884), 

and for processes (r=0.9334). Using the Student’s T-test, it 

was confirmed that the correlations are statistically 

significant at a 95% confidence level. 

Fifthly, because of the model's practical implementation, 

the operation time per part decreased from 9.5 to 8.7 

minutes, the proportion of defective products fell from 1.8% 

to 1.2%, and the effectiveness of management decision-

making increased from 80% to 90%. 

Sixth, as a result of reducing production cycle time, labor 

intensity, and work-in-progress volume, as well as 

optimizing the use of material resources, an economic effect 

of 130 million sums was achieved at “Nawas” JV LLC, 

138.4 million sums at “Asaka Davr Butlovchi” LLC, and 

146 million sums at “Andijan Freight Car Construction and 

Repair Plant” JSC. 

The research results showed that the complex integration 

of the quality management system and lean manufacturing 

tools is an effective mechanism for stabilizing quality, 

reducing waste, improving production processes, and 

increasing economic efficiency in machine-building 

enterprises. 
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Abstract: This article examines the scientific and conceptual foundations for developing an artificial intelligence-
based adaptive digital twin method aimed at early fault detection and the reduction of associated energy 
losses in solar photovoltaic systems. An adaptive digital twin model is proposed by integrating real-time 
monitoring data, environmental parameters, electrical indicators, technical condition characteristics, and 
time-varying operational data into a unified information environment. The model is designed to enable 

early detection of operational deviations, forecasting of potential fault development, assessment of their 
impact on energy generation, and formulation of optimal technical decisions. The scientific novelty lies 
in dynamically updating the virtual model and integrating the sequence of “monitoring → early anomaly 
detection → fault forecasting → energy-loss assessment → technical decision” into a unified adaptive 
digital twin architecture. 

Keywords: solar photovoltaic system, digital twin, artificial intelligence, adaptive model, early fault detection, 
energy losses, forecasting, technical diagnostics, predictive maintenance, monitoring 

 

1. Introduction 

The expanding application of photovoltaic (PV) systems in 
the energy sector is making the long-term, stable, and efficient 
operation of such systems an increasingly important scientific 
and practical challenge. During real-world operation, factors 
such as module degradation, partial shading, soiling, thermal 
effects, faults in electrical connections, and failures of inverters 

and other components can reduce the energy generation 
efficiency of photovoltaic systems. Therefore, rather than 
assessing system condition solely through periodic inspections, 
increasing attention is being paid to approaches based on 
monitoring data that enable early fault detection and predictive 
maintenance [1]. 

In recent years, digital twin technology has received 
considerable attention for monitoring the technical condition of 

photovoltaic systems, detecting faults, and forecasting their 
operational performance. A digital twin is a dynamic virtual 
representation of a physical object in a digital environment that 
can be used for condition monitoring, maintenance, and 
optimization of operating modes. Studies focusing on PV 
systems have identified the integration of digital twin 
technology with predictive maintenance, fault detection and 
diagnostics, the Internet of Things (IoT), and artificial 

intelligence (AI) as promising research directions [2]. 
However, the development of digital twins for photovoltaic 

systems has not yet reached full maturity. A systematic review 
of the literature on PV digital twins indicates that many existing 
studies do not adequately incorporate key characteristics of a 
fully developed digital twin, particularly bidirectional data 
exchange between the physical and virtual entities and the 
capability of the model to adapt itself to changing operating 
conditions. It has been reported that only 3.3% of the reviewed 
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studies satisfied all of the proposed criteria for PV digital twins 
[4]. 

The development of artificial intelligence-based predictive 
maintenance and fault diagnosis methods is advancing this field 

to a new stage of research. Modern approaches enable the joint 
analysis of sensor, historical, meteorological, and electrical 
measurement data, thereby providing opportunities for early 
fault detection, assessment of fault severity, and prediction of 
potentially critical future conditions [3]. 

Accordingly, the aim of this study is to develop the 
scientific and methodological foundations of an adaptive digital 
twin method for photovoltaic systems that dynamically 
represents the system condition through AI-based processing of 

real-time monitoring data, environmental conditions, electrical 
and energy-related parameters, and technical-operational 
characteristics, while enabling early fault detection and 
contributing to the reduction of energy losses. 

2. Research methodology 

The present study is conducted using an analytical-
conceptual methodology. The research materials consist of 
scientific publications and methodological approaches 
addressing fault detection in photovoltaic (PV) systems, 
condition assessment, digital twin development, artificial 
intelligence-based diagnostics, and monitoring of energy 
production losses [1–7]. 

The methodological framework of the study is based on an 

adaptive digital twin architecture incorporating the principles of 
physical photovoltaic system → monitoring data → virtual 

model → artificial intelligence → feedback. Data acquired 
from the physical system are used to continuously update the 
state of the virtual model, while the virtual model establishes 
the expected normal operating conditions of the system. 

https://orcid.org/0009-0005-7386-8075
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Deviations between the actual and predicted states are 
evaluated as potential indicators of faults [6]. 

For the purposes of the study, the collected data are 
classified into four principal groups: 

1) Environmental parameters; 
2) Electrical and energy-related parameters; 
3) Technical condition parameters; 

4) Time-series data. 
At the initial stage of data processing, timestamp 

synchronization, identification of missing values, detection and 
separation of anomalous observations, and parameter 
normalization are performed [1,7]. 

The overall algorithmic sequence of the proposed method 
can be expressed as follows: 

X(t) → D(t) → DT(t) → Δ(t) → AI → F̂(t+Δt) 

→ L̂E(t+Δt) → Q. 

(1) 

Here, X(t) denotes the initial multivariate data; D(t) 
represents the processed data; DT(t) denotes the digital twin; 
Δ(t) represents the deviation between the actual and virtual 
results; AI denotes the artificial intelligence-based analysis and 
forecasting module; F̂(t+Δt) represents the predicted 
probability of a potential fault condition; L̂E(t+Δt) denotes the 
predicted energy loss; and Q represents the technical decision. 

General criterion for fault assessment:        

𝛥𝑃(𝑡) =  𝑃𝐷𝑇(𝑡) − 𝑃𝑟𝑒𝑎𝑙(𝑡) (2) 

 The energy loss is defined as:      

  𝐿𝐸  = ∫ [𝑃𝐷𝑇(𝑡)  − 𝑃𝑟𝑒𝑎𝑙(𝑡)]𝑑𝑡 
𝑡2

𝑡1
 (3) 

Here, Lₑ denotes the total energy loss; t₁ is the start time of 
the observation period; t₂ is the end time of the observation 
period; and dt represents an infinitesimal time interval. 

For discrete monitoring data, the energy loss can be 
calculated as:            

   𝐿𝐸 ≈ ∑𝑖  [𝑃𝐷𝑇(𝑡𝑖)  −  𝑃𝑟𝑒𝑎𝑙(𝑡𝑖)]𝛥𝑡 (4) 

 These expressions represent conceptual assessment 
formulas and will be calibrated in subsequent experimental 
studies using real monitoring data. 

3. Results and Discussion 

The analysis of the literature and existing methodological 

approaches indicates that research on fault detection in 
photovoltaic (PV) systems has primarily developed in the areas 
of monitoring, anomaly detection, fault diagnosis, and 
predictive maintenance [1–7]. The main outcome of the present 
study is the development of a concept that integrates these 
individual research directions into a unified adaptive digital 
twin architecture. 

Table 1 

Comparative analysis of existing approaches for photovoltaic systems 

No. Approach Task Advantage Limitation Proposed Solution 
1 Monitoring and 

anomaly detection 
[1] 

Detection of 
deviations 

Real-time operational 
monitoring 

Not fully integrated 
with forecasting 

Deviations are 
transferred to the AI 
module 

2 AI-based fault 
diagnosis [5] 

Identification of 
fault types 

Detects complex 
relationships 

Dependent on data 
quality 

AI is integrated into 
the adaptive DT 
module 

3 Digital Twin-based 
diagnostics [6] 

Comparison of 
physical and virtual 
states 

Evaluates expected 
system conditions 

Adaptability may be 
limited 

The model is 
continuously updated 
using real-time data 

4 Predictive 

maintenance [3] 
Assessment of fault 

development 
Enables preventive 

maintenance 
Energy consequences 

are not always 
incorporated 

Energy-loss 

forecasting is 
integrated 

5 Adaptive Digital 
Twin 

Comprehensive 
system 
management 

Integrates monitoring, 
diagnostics, and 
forecasting 

Requires real-world 
validation 

Model proposed in 
this study 

Source: compiled by the authors based on [1]–[6]. 

The operational logic of the proposed model is based on the 
following sequential workflow: 

Physical PV system → real-time monitoring → data 
preprocessing → digital twin → comparison of actual and 

virtual states → early anomaly detection → AI-based fault 
prediction → energy-loss assessment → technical decision. 
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Fig. 1. Functional architecture of an artificial intelligence-based adaptive digital twin for photovoltaic systems 

The central element of the proposed model is the residual 

deviation indicator between the physical system and its digital 
twin: 

ε(t) = Yreal(t) − ŶDT(t). (5) 

If the value of ε(t) consistently exceeds the adaptive 
threshold, it is considered an early indication of a potential 
anomaly in the system. The threshold value is defined as an 
adaptive threshold that is dynamically updated according to 
solar irradiance, module temperature, ambient environmental 

conditions, and operating modes. The scientific novelty of the 
study is reflected in the following aspects: the environmental, 
electrical-energy, and technical-operational parameters of the 
PV system are integrated into a unified multivariate information 

model; the digital twin is dynamically updated using real-time 
monitoring data; the residual deviation between the physical 
and virtual systems is analyzed using artificial intelligence; and 
the predicted fault is linked to its corresponding energy-related 
consequences. 

Table 2 

Functional stages of the proposed adaptive digital twin method 

Stage Input Data Main Operation Output 
1. Monitoring Irradiance, temperature, current, 

voltage, power 
Real-time data acquisition Initial data stream 

2. Data 
Preprocessing 

Initial data Synchronization and quality 
control 

Reliable data set 

3. Digital Twin Multivariate data Normal operating condition 
modeling 

Expected system state 

4. Early Detection Actual and virtual outputs Residual deviation analysis Anomaly signal 
5. AI-Based 
Forecasting 

Deviations and time-series data Fault prediction Probable future state 

6. Energy 

Assessment 
Fault prediction Estimation of potential energy 

loss 
Energy-loss forecast 

7. Decision-
Making 

Diagnostics and forecast results Selection of maintenance 
strategy 

Preventive maintenance decision 

Source: developed by the authors based on [1]–[7]. 
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Fig. 2. Adaptive control cycle for early fault detection and energy-loss forecasting. 

An important advantage of the proposed method is that 
the technical condition and energy performance are linked 
within a unified control cycle. Two anomalies of the same 
severity level may result in different amounts of energy loss 
under different operating conditions. Therefore, it is more 
appropriate to make technical decisions not solely on the 
basis of the presence of a fault, but also by considering its 
predicted energy-related consequences. In existing studies, 

AI-based predictive maintenance is regarded as a promising 
tool for optimizing maintenance strategies in PV systems 
[3,5]. In the proposed approach, predictive maintenance is 
integrated with the digital twin, forming the following 
decision-making chain: “condition assessment → cause 
evaluation → future-state forecasting → energy-loss 
estimation → decision-making.” Systematic analyses of PV 
Digital Twin technologies identify adaptability and 

bidirectional data exchange as important directions for 
further development [4]. From this perspective, the main 
methodological contribution of the present study is the 
integration of a dynamically updated virtual model, 
continuously calibrated using real-world operational data, 
with AI-based diagnostic and energy-loss forecasting 
modules within a unified framework. 

The scientific hypothesis of the study is formulated as 

follows: 
If the digital twin of a photovoltaic system is adaptively 

updated using real-world operational data, and deviations 
between the physical and virtual states are analyzed over 
time using artificial intelligence, then the capability to detect 
faults before they cause a significant increase in energy 
losses and to forecast their potential energy-related 
consequences can be substantially enhanced. 

4. Techno-economic justification and research gaps 

The integration of Digital Twin (DT) models to enhance 
the autonomous reliability of photovoltaic (PV) systems is 
justified based on economic and operational criteria [5]. 
Unlike conventional monitoring systems, an intelligent DT 
architecture with bidirectional communication can 
contribute to reducing the levelized cost of electricity 
(LCOE) [1]. An autonomous digital twin system can reduce 

the LCOE through two major pathways: increasing energy 
yield and reducing operating expenditures (OPEX) [3]. By 
enabling the early detection of anomalous conditions and 
short-circuit faults using artificial intelligence [2], the 
system can minimize plant downtime through autonomous 
switching and self-healing of affected circuits without direct 
human intervention. On the other hand, in desert and semi-
desert regions, decisions regarding PV panel cleaning can be 

made based on economic criteria. If the value of the 
recovered energy exceeds the cost of cleaning and no rainfall 
is expected in the near future, the system can automatically 
initiate waterless robotic cleaning operations. This approach 
can substantially reduce logistical and labor costs under 
water-scarcity conditions, thereby shortening the payback 
period of capital expenditures (CAPEX). 

4.1. Critical research gaps 

An analysis of fundamental research and international 
trends in the field has identified the following three critical 
research gaps at both global and regional levels: Lack of 
bidirectional data flow and control (Bidirectional Control). 
Only 3.3% of global PV Digital Twin (PVDT) studies have 
implemented genuine bidirectional communication [1]. 
Most existing models remain at the Digital Shadow stage, in 
which data flow primarily from the physical PV plant to its 
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virtual representation, without enabling autonomous 
feedback or control commands to be transmitted back to the 
physical system. Insufficient modeling of regional climatic 
factors. Existing digital twin frameworks and advanced AI 
algorithms have predominantly been developed and 
evaluated under European or temperate climatic conditions 
[4]. Consequently, they do not adequately account for 

climate-specific factors characteristic of Uzbekistan, 
particularly the Kyzylkum Desert and Aral Sea regions, such 
as the accumulation rate of saline dust, dust cementation 
phenomena, and long-term experimental measurements 
obtained from PV installations operating under comparable 
local environmental conditions. Limitations of hybrid 
modeling approaches. To reliably distinguish extreme 
climatic anomalies from physical system faults, there is a 

need for the parallel evaluation and integration of purely 
data-driven models with physics-based mathematical 
models. However, methodologies for developing such 
integrated, multi-domain hybrid architectures capable of 
combining physical knowledge with data-driven intelligence 
have not yet been sufficiently developed [1,5]. 

4. Conclusion 

This study developed the scientific and methodological 

foundations of an artificial intelligence-based adaptive 

digital twin method aimed at the early detection of faults 

occurring in photovoltaic (PV) systems and the reduction of 

associated energy losses. Within the framework of the study, 

a functional architecture was proposed comprising the 

physical PV system, real-time monitoring, data 

preprocessing, an adaptive digital twin, comparison of actual 

and virtual states, AI-based fault prediction, and energy-loss 

assessment. The scientific novelty of the proposed approach 

lies in evaluating the residual deviation between the physical 

system and its virtual model using adaptive thresholds, 

integrating the processes from monitoring to technical 

decision-making within a unified architecture, and linking 

predicted fault conditions to their potential energy-loss 

consequences. The proposed approach provides a 

methodological basis for transitioning from periodic 

diagnostics to condition-based and predictive maintenance 

management. At the same time, the study is analytical and 

conceptual in nature; therefore, the quantitative performance 

of the proposed model should be experimentally validated at 

the next stage using long-term monitoring data from real 

photovoltaic power plants. 
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Abstract: The paper examines the structural solutions of frame buildings erected by precast–monolithic technology 
in two consecutive stages — a systematic analysis of world practice and the author’s own experimental 
verification. The objective is to identify the structural limits of the existing precast–monolithic frame 
systems, to substantiate the research gap they leave uncovered, and to verify experimentally a solution 
that fills this gap. More than seventeen foreign and CIS systems (KUB-2.5, ARKOS, RECON, UDS, 

Deltabeam, IMS, Structurapid, Thomas, RPS, BGK, Filigran and others) were compared against five 
criteria: the column solution, the beam solution, the floor solution, the detailing of the joint zone, and the 
limitation reported in the sources. The proposed solution was then tested under static loads on three types 
of two-bay, two-storey frame models designed at 1:4 scale by similarity theory. Four development 
directions of precast–monolithic technology were distinguished, and it was shown that none of them 
extends the principle of load-bearing formwork to the column cross-section. The ultimate load of the 
proposed solution exceeded that of the mon olithic reference by 2.8 % (134.12 kN against 130.50 kN) 
and the load at limiting deflection by 3.0 %, while the difference between the longitudinal strains of the 

shell and the core did not exceed 5 % in the elastic stage. The precast–monolithic frame system based on 
a permanent shell formwork column is therefore equal in strength and stiffness to monolithic technology 
and eliminates the joint-zone deficiencies identified in the existing systems. 

Keywords: precast–monolithic concrete, permanent shell formwork, shell–core composite column, joint zone, 
comparative analysis, experimental substantiation 

 

1. Introduction 

More than 20–25 million m² of residential floor area is 
erected annually in the Republic of Uzbekistan, and 60–70 % 
of it falls on multi-storey buildings. Most of these buildings 
are built of monolithic reinforced concrete in removable 
formwork. The high cost of formwork operations, the 
extended construction period, the difficulty of controlling 
concrete quality on site and the dependence on weather 
conditions are the principal limitations of this technology. 

Precast–monolithic technology is regarded as a promising way 
of overcoming them: the frame elements are manufactured 
under factory conditions and are then united on site with cast-
in-place concrete into a single spatial structure [1, 2]. 

Dozens of systems have been developed and certified 
worldwide in this direction. However, since each of them was 
formed around a particular structural idea, the set of systems 
covers not a continuous field but a number of areas that do not 

fully overlap. The systematic analysis carried out by Zoteyeva 
[3] revealed that the deficiencies of the most widespread 
solutions are concentrated precisely in the joint zone. 
Nevertheless, the literature review shows that no study has yet 
compared the structural limitations of the existing systems 
within a single set of criteria and linked the gap arising from 
that comparison directly with experimental verification. 

The scientific basis of the present work was laid by the 
author’s earlier studies: the influence of stage-by-stage 

erection and loading on the stress–strain state of multi-storey 
frame elements [20], the tests of columns made in permanent 

 
a  https://orcid.org/0009-0009-8061-3336  

formwork [18] and the tests of precast hollow-core slab 
models [19]. The calculation apparatus relies on the nonlinear 
deformation model developed for flexural reinforced concrete 
members [21]. 

The objective of this paper is to compare the precast–
monolithic frame systems used in world practice against a 
single set of criteria, to substantiate the research gap they leave 

uncovered, to formulate a structural solution filling that gap 
and to verify its performance experimentally. The novelty lies 
in the direct coupling of the two stages: every limitation 
identified at the first stage is answered by a measured indicator 
obtained at the second. 

2. Research methodology 

2.1. Method of the analytical part 
The analysis covered the precast–monolithic frame 

systems that have been applied on an industrial scale in world 
and CIS practice. The sources were the official documents and 
series albums of the systems, the technical manuals of the 
manufacturers [4], the normative documents [5–8, 23] and the 
generalising studies [3, 9]. Each system was described against 

five criteria: (1) the column solution; (2) the beam solution; 
(3) the floor solution; (4) the detailing of the joint zone; (5) the 
principal limitation reported in the sources. The systems were 
then grouped by these criteria and a matrix of development 
directions was compiled; the empty cell of the matrix was 
interpreted as the research gap. 

2.2. Method of the experimental part 

https://orcid.org/0009-0009-8061-3336
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The solution filling the identified gap was verified on three 
types of frame model. The models were manufactured at 1:4 
scale on the basis of similarity theory [10, 11]. Since the 
materials of the model and of the prototype were identical, the 

scale factors for stress and modulus of elasticity were taken as 
kσ = kE = 1; with a geometric scale kl = 4 this gives kP = kl² = 
16 and kf = kl = 4. Each model was two-bay and two-storey 
with an axial grid of 1300×1200 mm. Model M-1 is the 
conventional monolithic reference; model M-2 has columns 
formed in permanent reinforced concrete shell formwork, U-
shaped precast–monolithic beams and a monolithic floor; 
model M-3 has the same columns and beams as M-2 but a floor 
made of precast hollow-core slabs. 

The concrete was of class B25. The auxiliary specimens 
were tested in accordance with GOST 10180-2012 [12] and 
GOST 24452-80 [13]; the following characteristics were 
obtained: Rbm = 30.84 MPa, Rbn = 29.60 MPa, Rb = 22.77 MPa, 
Rbt,n = 1.85 MPa and Eb = 2.9·10⁴ MPa. The longitudinal 
reinforcement was of class A400 (σy = 690 N/mm², σu = 750 
N/mm², δ = 20 %). All data were obtained in an accredited 
laboratory. 

Loading was applied in stages by DG-25 hydraulic jacks 
in accordance with GOST 8829-94 [14] and the test procedure 
of Zalesov and Klimov [15]; the step of each stage was taken 
equal to 0.1 of the design ultimate load. Strains were measured 

by ICh-100 dial gauges with an accuracy of 0.01 mm and 
cracks were measured with an MPB-2 optical microscope 
(0.02 mm). Four characteristic states were recorded for each 
model: the formation of the first crack (Pcrc), the attainment of 
the normative crack width (acrc = 0.3 mm — Pacrc), the 
attainment of the limiting deflection (fmax = L/200 — Pf) and 
the loss of load-bearing capacity (Pu). 

3. Results and Discussion 

3.1. Comparative analysis of the precast–monolithic 

frame systems used in world practice 
The results of the comparison against the five adopted 

criteria are given in Table 1. The systems are grouped not 
geographically but by their structural feature, which makes 
their limitations directly comparable with one another. 

Table 1 

Comparison of the precast–monolithic frame systems used in world practice against five criteria 

System 

(country) 
Column 

solution 
Beam solution Floor solution Joint zone Principal limitation 

identified 

KUB-2.5 

(Russia) 

Precast multi-

storey column 

Beamless Precast slab “Slab–column” 

joint, monolithic 
ring 

Frame performance 

depends on a single 
joint; no reserve of 
reliability 

ARKOS 
(Belarus) 

Precast 
column 

Concealed beam 
inside the slab 

Hollow-core 
slab 

Keyed 
connection at the 
support 

Support keys are 
executed without 
reinforcement 

RECON 
(Russia) 

Precast 
column 

Beam with U-
shaped loop 
bars 

Hollow-core 
slab 

Loop bars + 
monolithic key 

Insufficient anchorage 
of the loop bars and 
insufficient key length 
(300 mm) 

UDS (Russia) Precast 
column 

Precast–
monolithic 

beam 

Precast slab Support joint Support joint is not 
strengthened by 
additional 
reinforcement 

Deltabeam 
(Finland) 

Column with 
storey-wise 
slots 

Steel–concrete 
composite Δ-
beam 

Hollow-core or 
monolithic slab 

Welded steel 
connection 

High steel consumption 
and amount of welding; 
dependence on a special 
factory product 

IMS (former 
Yugoslavia) 

Precast 
column 

Post-tensioned 
beam 

Precast slab By post-
tensioning 

Special prestressing 
equipment and high 
qualification required 

Structurapid 
(Italy) 

Single-storey 
tubular 
column 

T-shaped beam Precast slab Insertion into the 
column groove 

Limited storey-to-storey 
connection of the 
tubular column 

Thomas (USA) 1–3 storey 
column 

Prestressed box-
section beam 

T-shaped slab + 
76 mm topping 

Lower corbel 
with steel collars 

Large overall floor 
depth (0.95–0.99 m) 

RPS (Bulgaria) Precast 

column 

Beamless Two types of 

hollow-core 
slab 

Through the 

groove at the 
slab end 

Limited in-plane 

stiffness of the floor 
diaphragm 

BGK (Ukraine) Precast 
column 

Beamless Hexagonal slab Mushroom-
shaped capital 

Punching of the slab in 
the capital zone governs 
the design 

Filigran / 
Elementdecken

-platten 
(Germany) 

Wall system 
(no columns) 

— 50–70 mm shell 
panels + 

monolithic core 

Contact joint 
between shell 

and core 

Wall rather than frame 
layout; free planning is 

restricted 
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Table 1 shows that in most systems the limitation is 
concentrated precisely in the joint zone, that is, at the place 
where the precast and the cast-in-place parts meet. The 
column, on the contrary, is treated in almost every system as a 

wholly factory-made product, and the composite action of 
precast and cast-in-place concrete within its cross-section is 
not used as a structural resource. 

3.2. Development directions and the identified research 

gap 

Generalisation of the data of Table 1 made it possible to 
distinguish four independent development directions of 
precast–monolithic technology: (1) beamless systems (KUB-
2.5, RPS, BGK); (2) systems with concealed beams (ARKOS); 

(3) steel–concrete composite systems (Deltabeam); (4) wall 
and volumetric-block systems (Filigran, KOPE). The coverage 
of these directions with respect to the column, the beam and 
the floor is presented as a matrix in Table 2. 

Table 2 

Coverage of the development directions of precast–monolithic technology and the identified gap 

Direction Composite action of 

precast and cast-in-

place concrete in the 

column 

Composite action 

in the beam 

Composite action 

in the floor 

Formwork acting 

as part of the 

structure 

1. Beamless (KUB-2.5, 
RPS, BGK) 

— no beam + — 

2. With concealed 
beam (ARKOS) 

— + + — 

3. Steel–concrete 
composite (Deltabeam) 

— + (steel shell) + + (in the beam only) 

4. Wall / volumetric 
block (Filigran, KOPE) 

no column — + + (in the wall only) 

Proposed solution + (RC shell + 
monolithic core) 

+ (U-shaped 
precast–monolithic 

beam) 

+ (monolithic or 
precast–monolithic) 

+ (in column, beam 
and floor) 

 

 
Fig. 1. The proposed precast–monolithic frame structural solution and its joint zone 

Table 2 shows the coverage and, at the same time, the gap: 
in none of the existing directions is the principle of load-
bearing formwork extended as far as the column cross-section. 
In the Deltabeam system this principle is realised only in the 
beam (a steel shell), and in the Filigran system only in the wall. 
In other words, the concept of a column formed inside thin-

walled permanent reinforced concrete shell formwork, acting 
as a single composite section together with its inner monolithic 
core and working jointly with a U-shaped precast–monolithic 
beam and a precast floor, has not been developed. This gap 
defines the subject of the present study. 

3.3. The proposed structural solution 
In order to fill the identified gap, a solution consisting of 

the following three elements was formulated. The column is a 

thin-walled reinforced concrete shell formwork, reinforced 
with basalt bars, whose wall thickness is about one eighth of 
the cross-sectional dimension and whose interior is filled with 
cast-in-place concrete on site. Having performed the function 
of formwork, the shell becomes a working part of the cross-
section and confines the core concrete laterally. The beam is a 
precast–monolithic member whose lower part is manufactured 

in the factory with a U-shaped section and whose upper part is 
cast together with the floor; the U-shaped shell remains open 
for placing the reinforcement, so that the contact joint lies 
within the effective depth of the section and not in the tensile 
zone. The floor is either a monolithic slab (variant M-2) or a 
topping cast over precast hollow-core slabs (variant M-3). 

3.4. Experimental verification of the proposed solution 
In all three models the failure developed in accordance 

with the theory of limit states: cracks first appeared in the 
tensile zone of the beams and in the joint zones, then the tensile 
reinforcement reached its yield limit, and finally the concrete 
of the compressed zone was crushed [16, 17]. In models M-2 
and M-3 the columns behaved as two-layer composite 
members: no signs of slip were observed at the interface 

between the shell and the core, and in the elastic stage (load ≤ 
0.5·Pu) the difference between their longitudinal strains did 
not exceed 5 %. This confirms that the shell and the core work 
as a single composite section in a regime of equal strains. 

The characteristic loads determined for the three models 
and their ratios are given in Table 3. 
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Table 3 

Results of testing the frame models under static loads 

Indicator M-1 (reference, 

monolithic) 
M-2 (shell-formwork 

column, monolithic 

floor) 

M-3 (shell-formwork 

column, precast 

floor) 

Cracking load Pcrc, kN 43.62 36.38 43.62 

Load at acrc = 0.3 mm, Pacrc, kN 94.30 94.30 94.30 

Load at limiting deflection Pf, kN 122.15 125.84 104.42 

Ultimate load Pu, kN 130.50 134.12 119.64 

Pacrc / Pu 0.723 0.703 0.788 

Pu relative to M-1, % 100 102.8 91.7 

Pf  relative to M-1, % 100 103.0 85.5 

Pcrc relative to M-1, % 100 83.4 100 

Deflection at P = 101.54 kN relative to 

M-1, % 

100 108…117 149…189 

 

 
Fig. 2. “Load–deflection” relationships for the three models and comparison of the ultimate loads 

When the model parameters were converted to the 
prototype building by means of the adopted scale factors, the 

column section became 400×400 mm, the shell wall thickness 
50 mm, the core section 300×300 mm, the hollow-core slab 
thickness 220 mm (void diameter 160 mm) and the 
longitudinal reinforcement 4Ø32 A400 — all of which 
correspond exactly to the dimensions of standard products in 
current use. The ratio of the limiting deflections was 24.0/6.0 

= 4, that is, exactly equal to the adopted factor kf. This 
independently confirms that the similarity conditions were 

satisfied. 
Discussion 
The principal result of the study is the link between the 

analytical and the experimental stage: every limitation 
identified in Table 1 can be answered by a measured indicator 
from Table 3. This correspondence is summarised in Table 4. 

Table 4 

Limitations identified in the existing systems and the response of the proposed solution 

Identified limitation 

(system) 
Structural response in the proposed 

solution 
Experimental confirmation 

Unreinforced key at the 
support joint (ARKOS) 

The joint zone is reinforced inside the U-
shaped shell of the beam; the key is crossed 

by reinforcement 

Horizontal cracks appeared in the joint 
zone only at the final loading stages; 

Pacrc was identical in all three models 
(94.30 kN) 

Insufficient anchorage of 
the loop bars (RECON) 

The beam reinforcement is carried 
continuously inside the U-shaped shell; 
loop bars are not required 

Failure was governed by yielding of the 
reinforcement, not by anchorage 

Frame performance depends 
on a single joint, no reserve 

(KUB-2.5) 

The column–beam–floor triad forms three 
consecutive independent connections 

Failure developed gradually, in a ductile 
manner and with warning cracks 

High steel consumption and 
amount of welding 
(Deltabeam) 

The shell is made of thin-walled reinforced 
concrete rather than steel; basalt 
reinforcement is used; welding is not 
required 

Pu = 134.12 kN — 2.8 % higher than the 
reference, without a steel shell 

Composite action of precast 
and cast-in-place concrete 

in the column section is not 
used (all systems) 

The shell becomes a working part of the 
section and confines the core laterally 

The difference between the longitudinal 
strains of shell and core is ≤ 5 %; no slip 

was observed 
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The crack resistance of model M-2 requires a separate 
comment: its first crack was recorded at a load 16.6 % lower 
than that of the reference (36.38 kN). This is explained by 
the fact that in the M-2 beam the horizontal contact joint 
between the precast and the cast-in-place layers lies in the 
upper part of the tensile zone and that the first crack was 
localised precisely along this joint [22]. It is essential, 

however, that this did not adversely affect the ultimate load-
bearing capacity: the load corresponding to the normative 
crack width was the same in all three models (94.30 kN), 
which means that under normal service conditions all three 
solutions are equally reliable. 

Variant M-3 gave a result 8.3 % lower in terms of 
ultimate load and 14.5 % lower in terms of the load at 
limiting deflection, and its deflections were 1.5–1.9 times 

greater than those of the reference. The reason is the more 
hinge-like connection of the precast hollow-core slabs to the 
beams and the lower stiffness of the floor diaphragm. This 
independently confirms the conclusion recorded in Table 1 
for beamless systems and systems with precast floors, 
namely the limited in-plane stiffness of the diaphragm. 
Accordingly, M-2 was adopted as the principal 
recommended solution and M-3 as an alternative one. 

The results obtained do not contradict the principles of 
shear resistance along the contact joint set out in Section 10 
of EN 1992-1-1 [5], in the provisions of ACI 318-19 
concerning precast structures [6, 23] and in fib Model Code 
2010 [7]: the absence of slip at the shell–core interface 
indicates that the roughened-surface condition required by 
these documents was satisfied. At the same time, the current 
national normative documents [8] contain no direct 
provisions for assessing the crack resistance and the stiffness 

of such composite sections; the present results may serve as 
an initial basis for filling this gap. 

Limitations of the study. The investigation was restricted 
to static loads; behaviour under seismic (cyclic) actions 
requires a separate study. In addition, at a scale of 1:4 the 
bond law between the reinforcement and the concrete does 
not obey complete similarity, and therefore the results 
concerning crack spacing and crack width should be 

extrapolated by means of correction factors. 

4. Conclusion 

1. The precast–monolithic frame systems used in world 

and CIS practice were compared against five criteria, and it 

was established that their limitations are concentrated 

mainly in the joint zone, that is, at the place where the precast 

and the cast-in-place parts meet, whereas the column section 

is treated in almost every system as a wholly factory-made 

product. 

2. Four development directions of precast–monolithic 

technology were distinguished, and it was shown that in 

none of them is the principle of load-bearing formwork 

extended as far as the column section. To fill this gap, a 

solution comprising a column in thin-walled permanent 

reinforced concrete shell formwork, a U-shaped precast–

monolithic beam and a precast–monolithic floor was 

proposed. 

3. Variant M-2 of the proposed solution gave a result 2.8 

% higher than the monolithic reference in terms of ultimate 

load (134.12 kN against 130.50 kN) and 3.0 % higher in 

terms of the load at limiting deflection, while its deflections 

differed from those of the reference by only 8–17 %. 

4. In the composite column with permanent shell 

formwork the shell and the monolithic core act jointly and 

without slip in the elastic stage — the difference between 

their longitudinal strains did not exceed 5 %. This 

experimentally justifies taking the shell into account as a 

working part of the cross-section. 

5. The load corresponding to the normative crack width 

was 94.30 kN in all three models. Hence, under normal 

service conditions all three structural solutions are equally 

reliable. 

6. When converted to the prototype building, the model 

parameters coincided exactly with the dimensions of 

standard products in current use, and the ratio of the limiting 

deflections was equal to kf = 4. This confirms that the 

similarity conditions were satisfied and makes it possible to 

transfer the results to real buildings. 
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performance concrete 
 

Z. Kurbonov1 a, S. Bozorboev1 
1Jizzakh Polytechnic Institute, Jizzakh, Uzbekistan 

 

Abstract: This study investigates the effect of pre-treatment of diabase sand in an aqueous medium on the 
mechanical properties of concrete. A submerged processing device equipped with two vertically arranged 
counter-rotating rotors was used to treat the mineral aggregate directly inside an open mixing vessel. 
Diabase sand from the Uzunbulak-II deposit with a particle size of 0.16–1.25 mm was used as the mineral 
component, while technical lignosulfonate was applied as a chemical additive. The treatment was 

performed for 30 min at a relative working-element velocity of 34.6 m/s and a rotor gap of 5 mm. Particle-
size analysis showed that the content of particles smaller than 0.05 mm increased from 0.5% to 5%, while 
the main 0.16–0.63 mm fraction changed only slightly. Concrete produced using the treated aggregate 
achieved a 28-day compressive strength of 47.8 MPa, representing an 18.9% increase compared with the 
untreated control mixture. The obtained results indicate that pre-treatment of mineral aggregates in an 
aqueous medium can be considered a promising approach for improving the strength characteristics of 
concrete. 

Keywords: diabase sand, mineral aggregate, mechanical treatment, surface modification, aqueous medium, 
lignosulfonate, concrete, compressive strength, particle-size distribution, mechanical processing 

 

1. Introduction 

Concrete is one of the most widely used construction 
materials due to its high compressive strength, durability, 
availability of raw materials, and adaptability to different 
structural applications. The performance of concrete is 

determined not only by the properties of cement and water 
but also by the characteristics of mineral aggregates, which 
constitute the major volume fraction of the composite. 
Therefore, improving the interaction between aggregate 
particles and the cementitious matrix is an important 
approach for enhancing the mechanical performance and 
durability of concrete. 

Mineral aggregates are generally considered relatively 
inert components of concrete; however, their surface 

characteristics have a significant influence on the formation 
of the interfacial transition zone between aggregate particles 
and cement paste. Surface roughness, particle morphology, 
specific surface area, and the presence of weak surface films 
can affect mechanical interlocking and adhesion within the 
cement matrix. Consequently, controlled modification of 
aggregate surfaces and particle-size characteristics can 
provide an opportunity to improve the structure and 

mechanical properties of cement-based composites. 
Diabase and basalt aggregates are characterized by high 

hardness, strength, and resistance to environmental 
influences, which makes them suitable for use in concrete 
and other construction materials. At the same time, the 
relatively dense and mechanically stable structure of these 
mineral materials limits the possibility of modifying their 
surface characteristics using conventional mixing 

procedures. Intensive mechanical treatment can increase the 
specific surface area, alter particle morphology, remove 
weak surface layers, and generate additional active surfaces. 

 
a  https://orcid.org/0000-0002-1491-4044 

However, excessive grinding may result in unnecessary 
energy consumption and excessive formation of fine 
particles. 

An alternative approach is the treatment of mineral 
aggregates directly in an aqueous suspension. In such a 
system, mechanical impact, shear deformation, particle–
particle interaction, and hydrodynamic effects can occur 
simultaneously. The presence of a liquid medium facilitates 
the circulation of fine particles and provides favorable 
conditions for the interaction of freshly generated mineral 
surfaces with dissolved chemical additives. In particular, 

lignosulfonate-based additives can be adsorbed onto newly 
formed particle surfaces during mechanical processing, 
potentially affecting particle dispersion and their subsequent 
interaction with the cementitious matrix. 

The efficiency of mechanical treatment depends strongly 
on the configuration and operating parameters of the 
processing system. Counter-rotating working elements can 
generate a localized zone of intense shear and impact within 
the suspension. Such a configuration provides relative 

movement between the working elements and promotes 
repeated interaction of mineral particles with the processing 
zone. When the treatment is performed directly inside an 
open mixing vessel, the need for a separate closed grinding 
chamber and forced material-transfer system can also be 
reduced. 

The use of an immersed processing system is particularly 
relevant for concrete production because aggregate 

treatment can be integrated into the preparation of the 
concrete mixture. This approach may allow mineral particles 
to be processed together with water and a chemical additive 
before the introduction of cement and coarse aggregate. As 
a result, the treated suspension can be directly incorporated 

https://orcid.org/0000-0002-1491-4044
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into the subsequent concrete mixing process without an 
additional drying or transportation stage. 

Despite the potential advantages of intensive mechanical 
treatment of mineral aggregates, the relationship between 
treatment conditions, particle-size modification, and the 
resulting strength of concrete requires further experimental 
investigation. In particular, it is important to determine 
whether intensive treatment can improve the properties of 
the aggregate without causing excessive grinding of the 

original particle fraction. 
Therefore, the objective of this study was to investigate 

the effect of in-situ mechanical treatment of diabase sand in 
an aqueous medium on its particle-size characteristics and 
on the compressive strength of concrete. The study focused 
on diabase sand with a particle size of 0.16–1.25 mm treated 
using a submerged counter-rotating rotor system in the 
presence of technical lignosulfonate. The influence of the 

treatment process was evaluated by comparing the particle-
size distribution of untreated and treated sand and by 
determining the 7- and 28-day compressive strength of 
concrete prepared using the treated aggregate. 

The results obtained in this study provide an 
experimental basis for evaluating the applicability of in-situ 
mechanical treatment of mineral aggregates as a 
technological approach for improving the mechanical 

performance of concrete while maintaining the main fraction 
of the original aggregate. 

Literature Review. The mechanical performance of 
concrete is strongly influenced by the characteristics of its 
mineral aggregates and by the quality of the contact zone 
between aggregate particles and the cementitious matrix. 
Although aggregates are generally regarded as relatively 
inert components, their particle size distribution, 

morphology, surface roughness, and surface condition can 
substantially affect the packing structure and mechanical 
interaction within hardened concrete. 

Mechanical treatment of mineral materials is widely 
considered an effective approach for modifying particle 
characteristics. During intensive mechanical processing, 
particles can undergo impact, shear, abrasion, and fracture, 
resulting in changes in particle-size distribution and surface 

morphology. The formation of newly exposed surfaces may 
improve mechanical interlocking between aggregate 
particles and cement paste. However, excessive grinding is 
undesirable because it increases energy consumption and 
may lead to an excessive amount of fine material. 

Particular attention has been given to the treatment of 
mineral materials in liquid media. Compared with dry 
processing, treatment in an aqueous suspension provides 
continuous particle circulation and facilitates the removal 

and dispersion of fine particles. Simultaneous mechanical 
and hydrodynamic effects can promote the destruction of 
weak surface layers and modification of the external surface 
of mineral grains. 

The use of chemical additives during mechanical 
treatment may further influence the dispersion process. 
Lignosulfonate-based additives are capable of interacting 
with mineral surfaces and can facilitate particle dispersion in 

aqueous systems. When mechanical treatment continuously 
generates fresh mineral surfaces, adsorption of the dissolved 
additive may occur simultaneously with surface renewal. 
This provides a potential mechanism for controlling particle 
agglomeration and improving the subsequent interaction 
between mineral particles and the cementitious matrix. 

Another important factor is the hydrodynamic regime 
generated within the treatment zone. Counter-rotating 
working elements can produce a localized region 
characterized by high relative velocity, shear, and repeated 
particle movement. In comparison with a single rotating 
element, the counter-rotating configuration provides a 
greater relative velocity between opposing working elements 
at the same peripheral velocity. The resulting mechanical 
environment can intensify particle–particle and particle–

working-element interactions. 
The technological integration of aggregate treatment 

directly into a concrete mixer is also of practical interest. A 
submerged processing system eliminates the need for 
separate drying and grinding stages and allows the mineral 
suspension to be treated immediately before concrete 
production. Such an approach can potentially reduce 
material handling operations and simplify the technological 

process. 
Previous approaches to mechanical activation of mineral 

materials have predominantly focused on intensive grinding 
and the production of highly dispersed powders. The present 
study considers a different technological objective: 
controlled modification of the surface and particle-size 
characteristics of a relatively coarse mineral aggregate while 
retaining a substantial portion of its initial fraction. This 

distinction is important because the objective is not complete 
grinding of the diabase but selective mechanical treatment 
that can improve its interaction with the cementitious matrix. 

Based on these considerations, the present study 
evaluates the effect of aqueous mechanical pre-treatment of 
diabase sand on particle-size distribution and concrete 
compressive strength. The experimental approach combines 
mechanical processing, aqueous suspension treatment, and 

simultaneous addition of lignosulfonate. 

2. Research methodology 

Diabase sand obtained from the Uzunbulak-II deposit in 
the Jizzakh Region of the Republic of Uzbekistan was 
selected as the mineral aggregate. The initial particle-size 

range was 0.16–1.25 mm. According to the experimental 
description, the diabase had a Mohs hardness of 
approximately 6–7 and a density of 2.9–3.0 g/cm³. 

Technical lignosulfonate (LST) was used as a chemical 
additive during aqueous treatment. In the experimental 
procedure, the additive dosage was 0.17% of the mass of the 
mineral aggregate. 

For the concrete mixture, M400 cement, diabase crushed 
stone with a particle size of 5–20 mm, water, and the treated 

diabase sand were used. The concrete composition was 
maintained constant for the comparative tests. 

Mechanical Pre-Treatment System 
The mineral aggregate was treated using a submerged 

mechanical processing system equipped with two vertically 
oriented counter-rotating rotors. The working module 
consisted of two parallel vertical shafts positioned 90–190 
mm apart. Disk-shaped rotors with diameters of 100–200 

mm were mounted on the shafts. 
In the basic experimental configuration, the rotor 

diameter was 110 mm, the shaft spacing was 100 mm, and 
the disks were vertically displaced by 55 mm. Each disk was 
equipped with six rod-shaped working elements having a 
length of 50 mm and a square cross-section of 10 × 10 mm. 

The working elements of the upper rotor were directed 
downward, whereas those of the lower rotor were directed 
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upward. During operation, the working elements of one rotor 
passed through the spaces between the working elements of 
the opposite rotor without direct mechanical contact. The 
gap between the opposing elements was maintained at 5 mm. 

The electric motor had a rated power of 3 kW and a 
rotational speed of 3000 rpm. The working module was 
immersed directly into the mineral suspension at a depth of 
approximately 25 cm. This configuration enabled treatment 
of the suspension directly inside the concrete mixer. 

Preparation and Treatment of the Mineral Suspension 
The suspension was prepared by sequentially 

introducing 45 kg of water, 60 kg of diabase sand, and 100 g 
of technical lignosulfonate into the mixing vessel. The initial 
water temperature was 18–20 °C. The resulting suspension 
had a total mass of approximately 105.1 kg, with a solid-to-
total mass ratio of approximately 57%. 

Before mechanical treatment, the components were 

preliminarily mixed for 2–3 min at a mixer rotation speed of 
approximately 20 rpm. 

Particle-Size Analysis 
The particle-size distribution of the diabase sand was 

determined before and after mechanical treatment. The 
initial aggregate consisted primarily of particles within the 
0.16–1.25 mm range. 

For comparative evaluation, the material was divided 

into four particle-size groups: 
• 0.63–1.25 mm; 
• 0.16–0.63 mm; 
• 0.05–0.16 mm; 
• <0.05 mm. 
The changes in the proportion of these fractions were 

used to evaluate the degree of selective mechanical 
fragmentation. 

Concrete Preparation and Strength Testing 
After completion of the 30-min treatment, the working 

module was removed from the suspension. The treated 
diabase sand and the water contained in the suspension were 
subsequently used directly for concrete preparation. 

The concrete mixture contained: 
• M400 cement — 480 kg/m³; 
• treated diabase sand — 720 kg/m³; 

• diabase crushed stone, 5–20 mm — 1104 kg/m³; 
• total mixing water — 180 L/m³. 
The control mixture had the same basic proportion of 

cement, sand, coarse aggregate, and water but was prepared 
using untreated diabase sand. 

The concrete specimens were tested for compressive 
strength at 7 and 28 days. The experimental procedure was 
based on the requirements specified in GOST 10180. The 
obtained strength values were compared with those of the 

control concrete. 
The principal indicators used for evaluating the 

effectiveness of the treatment were the change in particle-

size distribution and the increase in compressive strength of 
concrete relative to the untreated control composition. 

3. Results and Discussion 

The mechanical pre-treatment of diabase sand in an 
aqueous medium resulted in a measurable change in its 
particle-size distribution. The initial material obtained from 

the Uzunbulak-II deposit was characterized by a particle-
size range of 0.16–1.25 mm. After 30 min of treatment at a 
relative working-element velocity of 34.6 m/s and a rotor 
gap of 5 mm, an increase in the fine-particle fraction was 
observed. 

The particle-size distribution before and after treatment 
is presented in Table 1. 

Table 1 

Particle-size distribution of diabase sand before and 

after aqueous mechanical treatment 

Sample 
0.63–1.25 

mm 

 0.16–0.63 

mm 

0.05–0.16 

mm 

<0.05 

mm 

Control 46.0%  53.5% – 0.5% 

Treated 30.5%  49.5% 15.0% 5.0% 

The results demonstrate that the proportion of particles 
smaller than 0.05 mm increased from 0.5% in the untreated 
material to 5.0% after treatment. At the same time, the main 
0.16–0.63 mm fraction remained relatively stable, 

decreasing from 53.5% to 49.5%. 
The proportion of the 0.63–1.25 mm fraction decreased 

from 46.0% to 30.5%, accompanied by the appearance of 
0.05–0.16 mm particles at a proportion of 15%. This 
indicates that the treatment caused selective fragmentation 
of the larger particles rather than complete grinding of the 
original aggregate. 

The observed changes are consistent with the intended 

operating principle of the processing system, in which 
mineral particles are subjected to repeated impact, shear, and 
abrasive interactions within the treatment zone. The 
formation of additional fine particles indicates that the 
mechanical treatment was sufficiently intensive to modify 
the particle-size distribution while retaining a considerable 
proportion of the original aggregate fractions. 

Effect of Treated Diabase Sand on Concrete Strength 
The treated diabase sand was subsequently used directly 

in concrete production. The concrete mixture was prepared 
using the same basic proportion of cement, sand, coarse 
aggregate, and water for both the experimental and control 
compositions. 

The compressive strength results obtained at 7 and 28 
days are summarized in Table 2. 

Table 2 

Compressive strength of concrete containing untreated and treated diabase sand 

Group 
Cement: Sand: Coarse 

aggregate 
W/C 

7-day strength, 

MPa 

28-day strength, 

MPa 

Increase relative to 

control 

Control 1:1.5:2.3 0.40 28.4 40.2 – 

Treated 1:1.5:2.3 0.40 36.2 47.8 +18.9% 
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The concrete containing the treated diabase sand 
demonstrated a 7-day compressive strength of 36.2 MPa 
compared with 28.4 MPa for the control mixture. This 
corresponds to an increase of approximately 27.5% at the 
early-age testing stage. 

At 28 days, the compressive strength of the experimental 
concrete reached 47.8 MPa, whereas the control concrete 

achieved 40.2 MPa. Thus, the use of mechanically pre-
treated diabase sand resulted in an increase of 7.6 MPa, 
corresponding to an improvement of 18.9% relative to the 
control composition. 

The results also show that the treated concrete developed 
strength more rapidly during the early curing period. Its 7-
day strength reached approximately 75.7% of its 28-day 
strength, while the corresponding value for the control 

concrete was approximately 70.6%. 
Relationship between Particle-Size Modification and 

Concrete Strength 
The increase in concrete strength was accompanied by 

changes in the particle-size distribution of the diabase sand. 
The treatment generated an additional fine fraction while 
preserving a substantial proportion of the original 0.16–0.63 
mm fraction. 

The formation of finer particles may improve the 
packing of the granular skeleton and reduce the size of voids 
between larger aggregate particles. In addition, mechanical 
treatment can modify the external surface of mineral 
particles, potentially improving mechanical interlocking 
with the cementitious matrix. 

The experimental results therefore indicate a 
relationship between controlled modification of the 
aggregate and the resulting mechanical performance of 

concrete. However, the present experimental data do not 
allow the contribution of individual mechanisms—such as 
surface roughness, particle packing, shear effects, or 
chemical adsorption—to be quantified separately. These 
mechanisms should therefore be considered as possible 
contributing factors rather than independently verified 
causes. 

Practical Effectiveness of the Treatment 

One of the important features of the investigated 
approach is that the mineral aggregate was treated directly in 
the aqueous medium and subsequently used for concrete 
production without a separate drying stage. The treatment 
was performed for 30 min using a submerged counter-
rotating rotor system. 

The experimental configuration provided a relative 
working-element velocity of 34.6 m/s, a 5 mm inter-rotor 

gap, and a treatment duration of 30 min. Under these 
conditions, the fine fraction below 0.05 mm increased 
tenfold in relative terms, from 0.5% to 5.0%. 

At the same time, the principal concrete performance 
indicator—the 28-day compressive strength—increased 
from 40.2 to 47.8 MPa. The combined particle-size and 
strength results demonstrate that controlled aqueous pre-
treatment of diabase sand has the potential to improve the 

mechanical performance of concrete. 
It should be emphasized that the reported experimental 

results are based on the specific processing conditions and 
concrete composition investigated in this study. Further 
experiments with different treatment durations, rotor 
velocities, gap sizes, additive dosages, and aggregate 
fractions are required to determine the optimal processing 
conditions and establish the reproducibility of the observed 

strength improvement. 

Discussion 

The obtained results demonstrate that aqueous 
mechanical pre-treatment can significantly modify the 
particle-size characteristics of diabase sand and positively 
affect the compressive strength of concrete. The increase in 
the fraction of particles smaller than 0.05 mm from 0.5% to 
5.0% indicates that the treatment promotes selective 

fragmentation of the larger particles. At the same time, the 
main 0.16–0.63 mm fraction was largely preserved, 
suggesting that the process does not result in complete 
grinding of the aggregate. 

The improvement in concrete strength can be associated 
with the combined effect of particle-size modification and 
changes in the surface condition of the mineral aggregate. 
The formation of additional fine particles may improve 

packing within the cementitious system, while mechanical 
treatment can enhance the physical interaction between the 
aggregate surface and cement paste. Under the investigated 
conditions, the 28-day compressive strength increased from 
40.2 MPa for the control concrete to 47.8 MPa for concrete 
containing treated diabase sand, corresponding to an 18.9% 
improvement. 

An important technological advantage of the 

investigated method is the possibility of treating the mineral 
aggregate directly in an aqueous suspension and 
subsequently using the treated suspension for concrete 
preparation. This eliminates the need for an additional 
drying stage and may simplify the overall production 
process. However, the contribution of individual 
mechanisms, including surface modification, particle 
packing, shear effects, and additive adsorption, requires 
further experimental verification. 

4. Conclusion 

The study demonstrated the effectiveness of aqueous 

mechanical pre-treatment of diabase sand for improving the 

mechanical performance of concrete. Under the investigated 

conditions, treatment at a relative working-element velocity 

of 34.6 m/s, a 5 mm rotor gap, and a duration of 30 min 

resulted in a substantial modification of the particle-size 

distribution. 

The proportion of particles smaller than 0.05 mm 

increased from 0.5% to 5.0%, while a considerable part of 

the original aggregate structure was retained. The use of the 

treated diabase sand increased the 7-day compressive 

strength of concrete from 28.4 to 36.2 MPa and the 28-day 

strength from 40.2 to 47.8 MPa. The resulting 18.9% 

increase in 28-day compressive strength confirms the 

potential of the proposed pre-treatment approach. 

The investigated technology can be considered a 

promising method for improving mineral aggregate 

performance directly within an aqueous medium. Further 

studies should focus on optimizing treatment duration, rotor 

velocity, inter-rotor gap, and chemical additive dosage, as 

well as on evaluating the durability and microstructural 

characteristics of the resulting concrete. 
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Abstract: This study investigates the improvement of the physical, mechanical, and technological properties of 
fine-grained concrete intended for use in hydraulic structures. Portland cement M500 D20 produced in 
the Jizzakh region was used as the binder, while crushed diabase-based material and natural sand were 
used as mineral aggregates. To regulate the properties of the concrete mixture, Sika 4336 and Sika 908 
chemical admixtures were incorporated at dosages of 0.3, 0.5, 0.7, and 0.9% by cement mass. The average 

density, workability, and compressive strength of the concrete were investigated at curing ages of 3, 7, 
and 28 days. The experimental results demonstrated the high efficiency of the concrete composition 
containing Sika 4336. At 28 days, the average compressive strength reached 55.93 MPa, which was 
11.5% higher than that of the concrete containing Sika 908. The slump of the concrete mixture containing 
Sika 4336 reached 24 cm, while its workability was maintained for approximately two hours. Based on 
the comprehensive analysis of the physical, mechanical, technological, and economic characteristics, the 
B30 (M400) fine-grained concrete composition was recommended as an optimal composition for 
hydraulic structures. The obtained results demonstrate the potential of locally available diabase aggregate 
combined with an effective polycarboxylate-based chemical admixture for producing high-performance 

fine-grained concrete for hydraulic engineering applications. 
Keywords: fine-grained concrete, hydraulic structures, diabase, Portland cement, superplasticizer, Sika 4336, Sika 

908, concrete mixture, compressive strength, density, water permeability, concrete composition 

 

1. Introduction 

Hydraulic structures are among the most important 

elements of water-management infrastructure, and their 
reliability largely depends on the durability and performance 
of the concrete used in their construction. Concrete in 
hydraulic structures is subjected to prolonged exposure to 
water, moisture, hydrostatic pressure, temperature 
variations, and other environmental factors. Therefore, 
ensuring sufficient compressive strength, density, water 
resistance, frost resistance, and long-term durability is an 
important requirement for concrete used in hydraulic 

engineering. The analysis presented in the dissertation 
indicates that improving the strength, water resistance, and 
long-term durability of fine-grained concrete for hydraulic 
structures is one of the relevant directions in modern 
construction materials technology. 

Fine-grained concrete has attracted considerable 
attention because its properties can be effectively controlled 
through the selection and optimization of cement, fine 

aggregate, water-to-cement ratio, mineral fillers, and 
chemical admixtures. The absence of conventional coarse 
aggregate or its limited use results in a material whose 
structure is strongly influenced by the characteristics of the 
fine aggregate and cement matrix. Consequently, the 
granulometric composition, density, water absorption, and 
strength of the aggregate become important factors in 
determining the physical and mechanical properties of the 

resulting concrete. 
For hydraulic engineering applications, the use of locally 

available mineral materials is particularly important. The 
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investigated concrete compositions were prepared using 
Portland cement, natural sand, and mineral fillers based on 
diabase. The dissertation research established that diabase 
aggregates characterized by high density and strength can 
contribute to improving the physical and mechanical 
properties of fine-grained concrete. Concrete specimens 
obtained during the experimental investigations had 
densities within the range of 2427–2450 kg/m³, confirming 

the formation of a relatively dense concrete structure. 
Another important approach to improving the 

performance of fine-grained concrete is the application of 
modern chemical admixtures. Chemical admixtures can 
modify the rheological properties of fresh concrete, improve 
workability, reduce water demand, and contribute to the 
formation of a denser hardened structure. In the present 
study, Sika 4336 and Sika 908 were selected for 
experimental investigation. According to the research data, 

Sika 4336 is a high-performance superplasticizer based on 
polycarboxylate ether, intended to increase concrete 
workability and reduce water consumption. Sika 908 was 
investigated as an additional chemical modifier aimed 
primarily at improving durability and corrosion resistance of 
reinforced concrete structures. 

The chemical admixtures were introduced into the 
concrete mixtures at dosages of 0.3, 0.5, 0.7, and 0.9% by 

cement mass. Their influence on the workability, density, 
and compressive strength of fine-grained concrete was 
experimentally evaluated. The experimental results 
demonstrated that the use of Sika 4336 provided particularly 
favorable results. At 28 days, the average compressive 
strength of the concrete containing Sika 4336 reached 55.93 
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MPa, exceeding the corresponding result obtained with Sika 
908 by 11.5%. Furthermore, the slump of the concrete 
mixture containing Sika 4336 reached 24 cm and remained 
almost unchanged for approximately two hours. 

The obtained results indicate that the combined 
optimization of the mineral composition and chemical 
modification of fine-grained concrete can provide a 

technically effective material for hydraulic structures. The 
development of B22.5 (M300), B25 (M350), and B30 
(M400) compositions and their comparative evaluation 
showed that the B30 (M400) composition provided the most 
favorable combination of strength, workability, and 
operational characteristics and was therefore recommended 
for hydraulic structures. 

Thus, the purpose of this study was to investigate the 

effect of diabase-based mineral aggregate and chemical 
admixtures on the physical, mechanical, and technological 
properties of fine-grained concrete and to determine an 
optimal composition suitable for hydraulic structures. The 
study focuses particularly on the comparative effectiveness 
of Sika 4336 and Sika 908 and on establishing the optimal 
admixture dosage for obtaining concrete with improved 
performance characteristics. 

Literature Review. Concrete used in hydraulic 
structures is exposed to a complex combination of 
environmental and mechanical actions, including prolonged 
contact with water, hydrostatic pressure, moisture variation, 
temperature fluctuations, and freeze–thaw cycles. Therefore, 
the development of concrete with adequate compressive 
strength, density, water resistance, and long-term durability 
is an important research direction in modern construction 
materials technology. In particular, the optimization of 

concrete composition is considered an effective approach for 
improving the performance and service reliability of 
hydraulic structures. 

Fine-grained concrete has received increasing attention 
because its physical and mechanical properties can be 
controlled through the rational selection of cement, fine 
aggregates, water-to-cement ratio, mineral fillers, and 
chemical admixtures. Unlike conventional concrete 

containing a significant proportion of coarse aggregate, the 
structure of fine-grained concrete is strongly influenced by 
the characteristics and particle-size distribution of the fine 
aggregate and cement matrix. Consequently, aggregate 
grading, particle packing, density, water absorption, and 
strength play an important role in determining the final 
properties of the concrete. 

The use of locally available mineral materials is 

particularly relevant for the production of construction 
materials. Local aggregates can reduce transportation costs, 
increase the economic efficiency of concrete production, and 
provide an opportunity to utilize regional mineral resources. 
Dense and strong crushed-rock aggregates can contribute to 
the formation of a compact concrete structure and improve 
its mechanical performance. In this context, diabase-based 
mineral materials are of particular interest because of their 

suitable physical and mechanical characteristics. The 
experimental materials used in the present study included 
diabase-based crushed material and natural sand, which were 
selected as mineral components of the fine-grained concrete. 

Another important approach to improving concrete 
performance is the incorporation of chemical admixtures. 
Modern chemical admixtures are widely used to regulate the 
rheological properties of fresh concrete, increase 

workability, reduce water demand, and improve the structure 

of hardened concrete. Superplasticizers are especially 
effective because they enable a high level of workability to 
be achieved at a reduced water content. A lower water-to-
cement ratio generally promotes the formation of a denser 
cementitious matrix, which can contribute to increased 
compressive strength and improved resistance to water 
penetration. 

Polycarboxylate-based superplasticizers are among the 
most effective chemical admixtures used in modern concrete 
technology. Their dispersing action promotes better 
separation of cement particles and improves the efficiency 
of water utilization within the concrete mixture. As a result, 
the required workability can be maintained with a lower 
water content. However, the effectiveness of a chemical 
admixture depends not only on its chemical composition but 

also on its dosage, cement characteristics, aggregate 
properties, water-to-cement ratio, and overall concrete 
composition. 

The determination of an optimum admixture dosage is 
therefore an important part of concrete mix optimization. An 
insufficient dosage may not provide the required 
improvement in workability or strength, whereas an 
excessive dosage may negatively affect the stability and 

setting characteristics of the concrete mixture. For this 
reason, experimental evaluation of several admixture 
dosages is necessary to establish the most effective range for 
a particular combination of cement and aggregates. 

For hydraulic structures, high compressive strength 
alone cannot be considered a sufficient criterion for selecting 
an optimal concrete composition. The concrete should also 
possess appropriate density, workability, water resistance, 
and durability characteristics. Consequently, a 

comprehensive assessment of physical, mechanical, 
technological, and operational properties is required when 
developing concrete mixtures for hydraulic engineering 
applications. 

Previous research approaches indicate that the combined 
optimization of mineral composition and chemical 
modification can significantly improve the performance of 
fine-grained concrete. The use of high-density mineral 

aggregates together with efficient chemical admixtures 
provides an opportunity to obtain a compact concrete 
structure while maintaining adequate workability of the 
fresh mixture. Such an approach is particularly relevant 
when locally available mineral resources are incorporated 
into the concrete composition. 

The present study focuses on the comparative evaluation 
of Sika 4336 and Sika 908 chemical admixtures in fine-

grained concrete containing Portland cement, natural sand, 
and diabase-based mineral materials. The admixtures were 
investigated at dosages of 0.3, 0.5, 0.7, and 0.9% by cement 
mass. Their effects on the workability, density, and 
compressive strength of concrete were evaluated at curing 
ages of 3, 7, and 28 days. 

The experimental program considered B22.5 (M300), 
B25 (M350), and B30 (M400) concrete compositions. 

Comparative evaluation of control and chemically modified 
mixtures made it possible to determine the influence of 
chemical admixtures on the development of concrete 
properties. According to the experimental results, the use of 
Sika 4336 demonstrated particularly favorable performance, 
including improved workability and increased 28-day 
compressive strength. 

Based on the reviewed approaches and the results 

obtained in the present investigation, the optimization of 
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fine-grained concrete for hydraulic structures should be 
based on the integrated consideration of aggregate 
characteristics, cement content, water demand, chemical 
admixture dosage, workability, and strength development. 
The combination of locally available diabase-based mineral 
materials with an effective chemical admixture represents a 
promising approach for producing dense and high-

performance fine-grained concrete suitable for hydraulic 
engineering applications. 

2. Research methodology 

The experimental investigation was carried out using 
Portland cement, fine mineral aggregates, natural sand, 

water, and chemical admixtures. M500 D20 Portland cement 
was used as the main binder. The physical and mechanical 
properties of the cement were determined in accordance with 
the relevant standard requirements, including GOST 310.2-
76, GOST 310.3-76, GOST 310.4-81, and GOST 31108-
2020, which are included among the standards used in the 
research. 

Diabase-based mineral material was used as the 

principal mineral component. The crushed diabase aggregate 
and diabase screening material were selected because of 
their suitable physical and mechanical characteristics. The 
aggregate properties were evaluated using methods specified 
in GOST 8267-93 and GOST 8269.0-97. 

Natural sand from two local sources was investigated. 
The first was sand supplied by “NEW NERUD” LLC, with 
a fineness modulus of 1.8 and bulk density of 1603 kg/m³. 

The second was sand supplied by “ZARHAL QUM” LLC, 
with a fineness modulus of 2.6 and bulk density of 1598 
kg/m³. The particle-size distribution, moisture content, clay 
and dust content, and bulk density of the sands were 
determined according to GOST 8735-88 and GOST 8736-
2014. 

Two chemical admixtures, Sika 4336 and Sika 908, were 
used to modify the concrete mixtures. The admixtures were 
introduced at dosages of 0.3, 0.5, 0.7, and 0.9% by cement 

mass. The influence of the admixtures on fresh concrete 
workability and hardened concrete strength was 
subsequently evaluated. 

The experimental compositions were developed for 
concrete classes B22.5 (M300), B25 (M350), and B30 
(M400). The compositions were adjusted according to 
cement consumption and the required design strength. 

For the B30 concrete composition containing Sika 908, 

for example, the mixture consisted of 350 kg of cement, 849 
kg of diabase screenings (0–5 mm), 212 kg of Chinaz sand, 
832 kg of diabase aggregate (5–20 mm), 180 L of water, and 
3.15 kg of Sika 908, corresponding to 0.9% of the cement 
mass. The slump of this mixture was 22 cm. 

The experimental program also included concrete 
specimens without chemical admixtures, which were used as 
control compositions. This made it possible to determine the 

relative influence of chemical modification on the 
development of concrete strength. 

Experimental Testing 
The fresh concrete mixtures were evaluated primarily in 

terms of average density and workability. The workability 
was characterized by the slump of the concrete mixture. 

Hardened concrete specimens were tested at 3, 7, and 28 
days. Compressive strength was determined using laboratory 

testing equipment, and the obtained instrumental values 
were processed using a 0.95 measurement coefficient. The 

concrete strength was then classified according to the 
corresponding strength class. 

For the control compositions without chemical 
admixtures, the measured average 28-day compressive 
strengths were 46.1 MPa for B22.5 (M300), 55.7 MPa for 
B25 (M350), and 60.1 MPa for B30 (M400). 

For the chemically modified compositions, the 

corresponding physical and mechanical characteristics were 
determined under comparable laboratory conditions. The 
concrete specimens were maintained at laboratory 
conditions of approximately 21–22°C and 69–72% relative 
humidity during the experimental period. 

The experimental program was based on the relevant 
standards governing cement, aggregates, concrete mixtures, 
and chemical admixtures. The principal standards 

considered in the study included: 
GOST 310.2-76 — determination of cement fineness; 
GOST 310.3-76 — determination of normal 

consistency, setting time, and volume stability of cement; 
GOST 310.4-81 — determination of cement strength in 

bending and compression; 
GOST 31108-2020 — general construction cements, 

technical specifications; 

GOST 8267-93 — crushed stone and gravel from dense 
rocks for construction; 

GOST 8269.0-97 — methods for physical and 
mechanical testing of crushed stone and gravel; 

GOST 8735-88 — test methods for construction sand; 
GOST 8736-2014 — technical specifications for 

construction sand; 
GOST 7473-2010 — concrete mixtures, technical 

specifications; 

GOST 26633-2015 — heavy and fine-grained concrete, 
technical specifications; 

GOST 24211-2003 — admixtures for concrete and 
construction mortars. 

The experimental methodology therefore combined 
characterization of the initial raw materials, preparation of 
control and modified concrete mixtures, determination of 
fresh concrete properties, and evaluation of strength 

development at different curing ages. This approach allowed 
the effectiveness of the investigated chemical admixtures to 
be assessed and the most suitable fine-grained concrete 
composition for hydraulic structures to be identified. 

3. Results and Discussion 

The experimental investigation was conducted to 

evaluate the effect of chemical admixtures on the physical 
and mechanical properties of fine-grained concrete intended 
for hydraulic structures. The concrete compositions were 
prepared using Portland cement, diabase-based mineral 
aggregates, natural sand, water, and chemical admixtures. 
The influence of the admixtures was evaluated through the 
density and compressive strength of concrete specimens at 
curing ages of 3, 7, and 28 days. 

The experimental program included concrete 
compositions of B22.5 (M300), B25 (M350), and B30 
(M400). Both chemically modified and control compositions 
without chemical admixtures were investigated. The 
admixtures were incorporated at different dosages, while the 
experimental results showed that a dosage of 0.5% by 
cement mass provided favorable strength, density, and 
water-resistance characteristics. 
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Properties of Concrete with Chemical Admixture 
The results obtained for the concrete specimens 

containing chemical admixtures are presented in Table 4. 
The specimens demonstrated average densities in the range 
of approximately 2380–2422 kg/m³, depending on the 
concrete grade and curing age. The compressive strength 
increased considerably with curing age, demonstrating 

active strength development between 3 and 28 days. 

Table 1 

Physical and mechanical properties of concrete 

specimens with chemical admixtures 

Concrete 

grade 

Age, 

days 

Average density, 

kg/m³ 

Average 

compressive 

strength, MPa 

B22.5 

(M300) 
3 2394 21.5 

B22.5 

(M300) 
7 2383 36.7 

B22.5 

(M300) 
28 2396 51.0 

B25 

(M350) 
3 2405 39.4 

B25 

(M350) 
7 2405 48.7 

B25 

(M350) 
28 2402 58.3 

B30 

(M400) 
3 2407 39.6 

B30 

(M400) 
7 2416 51.7 

B30 

(M400) 
28 2416 61.4 

The results show that the compressive strength increased 

systematically with curing age. For the B22.5 composition, 
the average strength increased from 21.5 MPa at 3 days to 
51.0 MPa at 28 days. For B25 concrete, the corresponding 
increase was from 39.4 to 58.3 MPa, while B30 concrete 
demonstrated an increase from 39.6 to 61.4 MPa. 

The increase in strength with curing age indicates 
continued development of the cementitious matrix and 

formation of a denser hardened structure. The B30 
composition exhibited the highest 28-day strength among 
the investigated concrete grades. To evaluate the 
effectiveness of chemical modification, the obtained results 
were compared with control concrete specimens prepared 
without chemical admixtures. The control specimens 
demonstrated lower compressive strength values at the 
corresponding curing ages. 

Table 2 

Compressive strength of concrete without chemical 

admixtures 

Concrete grade 3 days, MPa 7 days, MPa 28 days, MPa 

B22.5 (M300) 19.6 33.0 46.3 

B25 (M350) 26.8 43.4 55.5 

B30 (M400) 33.8 46.1 60.6 

The comparison indicates that the chemically modified 

compositions generally demonstrated higher strength than 
the corresponding control mixtures. The effect was 
particularly evident at early and intermediate curing ages. 

For example, the B22.5 concrete with chemical 
admixture reached approximately 36.7 MPa at 7 days, 
compared with approximately 33 MPa for the control 
composition. At 28 days, the corresponding values were 
approximately 51.0 and 46.3 MPa, respectively. 

For B25 concrete, the 28-day strength increased from 
approximately 55.5 MPa for the control composition to 

approximately 58.3 MPa for the chemically modified 
composition. 

The results therefore confirm that chemical modification 
contributes to improved strength development of the fine-
grained concrete. 

Particular attention was given to comparing the 
performance of Sika 4336 and Sika 908. According to the 
experimental research, the specimens containing Sika 4336 

demonstrated the most favorable overall results. 
The average compressive strength of the concrete 

containing Sika 4336 at 28 days reached 55.93 MPa. This 
value was reported to be 11.5% higher than the 
corresponding result obtained for the composition 
containing Sika 908. 

Table 3 

Comparative performance of Sika 4336 and Sika 908 

Parameter Sika 4336 Sika 908 

Chemical admixture 

dosage investigated 
0.3–0.9% 0.3–0.9% 

Selected optimum 

dosage 
0.5% 0.5% 

Slump, cm 24 22 

28-day average 

compressive strength, 

MPa 

55.93 
Lower by 

11.5% 

Workability retention Approximately 2 h 
Lower than 

Sika 4336 

Overall assessment More effective Effective 

The superiority of Sika 4336 was also observed in the 
fresh concrete properties. The slump of the mixture 
containing Sika 4336 reached 24 cm, and the mixture 
retained its workability for approximately two hours. 

This characteristic is important for hydraulic 

construction because maintaining workability during 
transportation and placement facilitates concrete handling 
and improves the quality of compaction. 

Technical and Economic Assessment. The economic 
analysis showed that the calculated cost of 1 m³ of concrete 
containing Sika 4336 was 631,270 UZS, while the 
corresponding composition containing Sika 908 had a 
calculated cost of 628,270 UZS. 

Table 4 

Estimated cost of concrete compositions 

Composition Estimated cost of 1 m³, UZS 

Concrete with Sika 4336 631,270 

Concrete with Sika 908 628,270 

Difference 3,000 

Although the Sika 4336 composition had a slightly 
higher calculated cost, its higher mechanical performance 
and improved workability provide important technical 
advantages. Therefore, the selection of the optimal 
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composition should be based not only on initial material cost 
but also on strength, workability, durability, and expected 
service performance. 

Overall, the experimental results demonstrate that the 
use of diabase-based aggregate together with Sika 4336 
provides a technically effective solution for producing fine-
grained concrete for hydraulic structures. The highest 

efficiency was obtained with the B30 (M400) composition, 
which demonstrated high strength and favorable workability 
characteristics. 

4. Conclusion 

The experimental investigation demonstrated that the 

performance of fine-grained concrete for hydraulic 

structures can be significantly improved through the 

combined optimization of mineral aggregates and chemical 

admixtures. The main conclusions of the study are as 

follows: 

Diabase-based mineral aggregate proved to be suitable 

for producing dense and high-strength fine-grained concrete 

due to its favorable physical and mechanical characteristics. 

The incorporation of Sika 4336 and Sika 908 chemical 

admixtures improved the technological and mechanical 

properties of the investigated concrete mixtures. The 

admixtures enabled better control of fresh concrete 

workability and contributed to strength development. 

The Sika 4336-based concrete demonstrated the most 

favorable overall performance. Its average compressive 

strength at 28 days reached 55.93 MPa, which was 11.5% 

higher than that of the concrete containing Sika 908. 

The use of Sika 4336 significantly improved the 

workability of the fresh concrete mixture. The slump 

reached 24 cm, while the mixture retained its workability for 

approximately 2 hours, providing favorable conditions for 

transportation, placement, and compaction. 

The experimental program resulted in the development 

and evaluation of B22.5 (M300), B25 (M350), and B30 

(M400) fine-grained concrete compositions. Comparative 

analysis showed that the B30 (M400) composition provided 

the most favorable combination of strength and 

technological performance for hydraulic engineering 

applications. 

The optimal dosage of Sika 4336 was determined to be 

0.5% of the cement mass, providing an effective balance 

between concrete workability and mechanical performance. 

The obtained results confirm that the combined use of 

locally available diabase aggregate and Sika 4336 chemical 

admixture is a promising technological approach for 

producing high-performance fine-grained concrete for 

hydraulic structures. 

The developed concrete composition can be considered 

a technically effective material for hydraulic engineering 

structures where high strength, dense structure, improved 

workability, and reliable long-term performance are 

required. 

References  

[1] Talipov N.Kh., Rasulova N., Ortikulov D. 
Adhesive Mortars Based on Low-Water-Consumption 

Cements. Me’morchilik va qurilish muammolari, 2023, No. 
1, pp. 56–58. 

[2] Kurbonov Z.Kh., Talipov N.Kh. Adhesion 
Properties of Adhesive Mortars Based on Low-Water-
Consumption Cements. In: Advances in Materials Science, 
Vol. 62. Nova Science Publishers, 2023, pp. 211–217. ISBN 
979-8-88697-777-6. 

[3] Talipov N.Kh., Kurbonov Z.Kh., Ortikkulov D. 
Adhesion Properties of Adhesive Mortars Based on Low-
Water-Consumption Cements. Yangi O‘zbekiston: Ilm 
Qaldirg‘ochlari, II Republican Scientific-Practical 
Conference, 2023, pp. 362–366. 

[4] Kurbonov Z.Kh., Talipov N.Kh., Eshkulov N., 
Berdiev O. Dry Building Mixtures Based on Cement. In: 
Innovative Solutions to Technical and Engineering-

Technological Problems of Production. Jizzakh, 2022, pp. 
127–129. 

[5] Berdiev O.B., Kurbonov Z.Kh., Talipov N.H., 
Sauganova G.R., Daribay A.G. Application of Fine-Ground 
Cement in the Production of Adhesive Dry Building 
Mixtures. Proceedings of the X International Conference 
“Industrial Technologies and Engineering” (ICITE–2023), 
Vol. I, 2023, pp. 145–149. 

[6] Talipov N.Kh., Kurbonov Z.Kh. Tile Adhesive 
Based on Low-Water-Consumption Cement. Proceedings of 
the International Scientific-Practical Conference Innovative 
Technologies in the Digitalization Environment of Higher 
Education: Problems and Solutions–2024, 14–15 March 
2024, pp. 45–48. 

[7] Domanskaya I.K. Problems and Methods of 
Selecting the Composition of Dry Building Mixtures. Dry 
Building Mixtures, 2010, No. 5, pp. 22–23. 

[8] Savelyev A.A. Innovative Solution for the 
Modification of Dry Building Mixtures. Dry Building 
Mixtures, 2012, No. 4, pp. 52–53. 

[9] Zozulya P.V. Optimization of the Particle-Size 
Distribution and Properties of Aggregates and Fillers for Dry 
Building Mixtures. Proceedings of the III International 
Conference Dry Building Mixtures for the 21st Century: 
Technology and Business, Saint Petersburg, 2003, pp. 12–

13. 
[10] Korneev V.I., Zozulya P.V. Dry Building 

Mixtures: Composition and Properties. Moscow: RIF 
“Stroymaterialy”, 2010, 320 p. 

[11] GOST 31357–2007. Dry Building Mixtures Based 
on Cement Binder. General Technical Specifications. 
Moscow: Standartinform, 2008. 

[12] GOST 58277–2018. Dry Building Mixtures Based 

on Cement Binder. Test Methods. Moscow: Stroyizdat, 
2019, 28 p. 

Information about the author 

Zavkiddinjon 

Kurbonov  

Associate Professor, 
Department of Construction 
Materials and Structures, 

Jizzakh Polytechnic Institute, 
PhD in Technical Sciences 
E-mail: zavaclash@gmail.com  
Tel.:+998880950999 
https://orcid.org/0000-0002-
1491-4044 

mailto:zavaclash@gmail.com
https://orcid.org/0000-0002-1491-4044
https://orcid.org/0000-0002-1491-4044


Journal Engineer           ISSN: 3030-3893          Volume:4| Issue:3| 2026 
 

 
    September, 2026 154 

    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2026-3-149-154 

 

Sirojiddin 

Bozorboev  

"KARAKALPAK SEMENT" 
LLC, Sample Collector, 
Laboratory 

Ikhtiyor 

Egamberdiyev  

Head of the Laboratory, 
"ULTRA BETON" LLC 

  

 

  



Journal Engineer           ISSN: 3030-3893         Volume:4| Issue:3| 2026 
 

 
                                                                 155      September, 2026 
https://doi.org/10.56143/3030-3893-2026-3-155-158 A bridge between science and innovation 

 

Received: 25 July 2026  Accepted: 5 September 2026  Published: 30 September 2026 

An automated system for assessing the seismic resistance of buildings and 

structures using regulatory documents 
 

          D.A. Bekmirzaev1, I. Mirzaev2,3, R.R. Yuldoshev2 
1Institute of Mechanics and Seismic Stability of Structures named after M.T. Urazbaev, Tashkent, Uzbekistan 

2National Research Institute for Seismic Safety and Resilient Construction under Tashkent Institute of Architecture 

and Civil Engineering, Tashkent, Uzbekistan 
3Tashkent State Transport University, Tashkent, Uzbekistan 

 

Abstract: This paper proposes an automated system that compares building information with applicable 
construction requirements. The aim is to make preliminary seismic assessment easier to understand, 
repeat and review. The method combines a digital building record, an approved list of regulatory rules, 
engineering calculations and a report that identifies the source of each result. Every applicable check has 

one of three outcomes: pass, fail or not checked because evidence is insufficient. Four equations describe 
the demand-to-capacity ratio, storey drift, assessment coverage and the pass rate of completed checks. A 
synthetic example contains five checks: two pass, one fails and two remain unresolved. Coverage is 
therefore 60%, while the pass rate is 66.7%. These percentages describe the checklist, not the probability 
of surviving an earthquake. The main contribution is a transparent decision process that keeps confirmed 
deficiencies separate from missing evidence. The example demonstrates the method; field validation and 
a qualified engineer's final assessment are still required. 

Keywords: seismic resistance, existing buildings, regulatory requirements, automated checking, building passport, 
structural assessment 

 

1. Introduction 

Seismic resistance is the ability of a structure to meet a 
specified performance requirement under earthquake 
loading. It cannot be determined from the construction year 
or the number of storeys alone. Engineers need information 

about the site, structural system, materials, connections, 
foundations and existing damage. ISO 13822 provides a 
general basis for assessing existing structures [5]. ASCE/SEI  
41-23 provides a performance-based framework for seismic 
evaluation [6]. Rapid visual screening serves a more limited 
purpose: it helps identify buildings that need further 
investigation [7]. 

In many building inventories, information is stored in a 
building passport: a digital record containing the building's 

identity, location, dimensions, structural characteristics and 
inspection documents.  
A passport is useful, but it is not a complete structural model. 
The supplied manuscript describes a system for searching 
regulatory documents using such records [11]. The present 
study develops that idea into a clearly defined checking 
procedure. 

The research question is how to turn building data and 
regulatory text into a result that another engineer can verify. 
Earlier studies show the importance of translating 

requirements into explicit computer rules [8, 9]. Here, the 
proposed system links every result to its input evidence and 
regulatory source. Document search helps find the 
requirement; an approved calculation or comparison 
determines the result. 

2. Research methodology 

Documents used in the proposed system 

A regulatory document is an official standard or rule that 
defines an applicable technical requirement. For Uzbekistan, 
the proposed rule database starts with the documents in 
Table 1. QMQ 2.01.03-19 is identified in the reference list 
of ShNQ 1.04.01-23 [1, 2]. The latter also addresses 
technical investigation and monitoring of existing buildings. 

Material-specific requirements are obtained from the 
relevant concrete or masonry standard [3, 4]. 

Table 1 

Main documents and the information they support 

Document Subject Use in the system 

QMQ 2.01.03-19 [1] Construction in seismic regions Seismic requirements and analysis basis 

ShNQ 1.04.01-23 [2] Technical investigation and monitoring 
Inspection evidence and condition 
assessment 

ShNQ 2.03.01-24 [3] Concrete and reinforced-concrete structures Applicable material and member checks 

ShNQ 2.03.07-21 [4] Masonry and reinforced masonry Applicable masonry checks 
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Source: official records and cross-references [1–4]. English document titles are translations. 

Table 1 is a starting point, not a complete assessment 
checklist. A real project may also require standards for loads, 
soils, foundations and nonstructural elements. Each 
document must be checked for its scope, effective edition 
and amendments. A recent publication date alone does not 

prove that a document applies to a particular building. 
International references [5–7] provide methodological 
guidance; their numerical limits must not be mixed with 
national rules without an approved assessment basis. 

Building information and rule preparation 

The minimum input includes building identification, 
location, use, storey count, dimensions, structural system, 
material test results and inspection findings. Where a 

calculation is needed, the system also requires a suitable 
structural model and the relevant loading and foundation 
information. Each value is stored together with its unit, 
source document, observation date and verification status. 
An unverified statement is not treated as a measured 
property. 

Before a requirement is automated, an engineer prepares 
a rule record. This record states the document and clause, the 

buildings to which it applies, the required inputs, the 
comparison to perform and the explanation to show. For 
example, a member-strength rule compares the calculated 
force with the corresponding design resistance. The program 
must use compatible units and the same assessment basis for 
both values. 

The supplied material does not provide an independently 
verified set of building calculations and expert decisions. 
This paper therefore presents a proposed method and a 

synthetic example, not a measured accuracy study. Exact 
clause-specific limits must be taken from the approved full 
text before the system is used on real buildings. 

Assessment method and equations 

For each requirement, the system first checks 
applicability and evidence. It then returns pass if the 
requirement is satisfied, fail if reliable evidence shows a 
violation, or not checked if the evidence is insufficient. 

Requirements outside the building's scope are excluded only 
after the reason is recorded. A missing test result must never 
be counted as a pass. 

Demand-to-capacity ratio 

For a force-controlled strength check, the calculated 
demand is divided by the corresponding design resistance: 

 𝜌𝑗 =
𝐸𝑑,𝑗

𝑅𝑑,𝑗
,  𝑅𝑑,𝑗 > 0           (1) 

Here, ρj is the demand-to-capacity ratio for check j; Ed,j 
is the calculated force or moment; and Rd,j is the 
corresponding design resistance. Use a nonnegative demand 
magnitude, a positive resistance and matching units. A value 

of ρj ≤ 1 satisfies this strength check; ρj > 1 indicates that 
demand exceeds resistance. For example, 180 kN divided by 
200 kN gives 0.90. The result applies only to that check, not 
to the whole building. 

Demand and resistance must come from suitable 
engineering calculations, with the load combinations, 

material properties and factors required by the selected 
assessment method. Equation (1) does not replace 
deformation, detailing, foundation or stability checks. 

Storey drift ratio 

Storey drift describes the relative horizontal movement 

between two adjacent floors: 

𝜃𝑖 =
|𝛥𝑖|

ℎ𝑖
                       (2) 

Here, θi is the drift ratio of storey i; Δi is its relative 
horizontal displacement from the structural analysis; and hi 
is the storey height. Displacement and height must have the 
same units. The result is compared with the applicable limit, 
θlim. For example, 9 mm divided by 3,000 mm equals 0.003, 
or 0.3%. The allowable limit depends on the selected code 

and performance requirement [1, 6]. 
What the two summary percentages mean 

Assessment coverage shows how many applicable 
checks have enough reliable evidence to be completed: 

 𝐶 =
𝑁e

𝑁a
× 100%              (3) 

Na is the number of applicable checks in the approved 
checklist, and Ne is the number completed. Both passed and 
failed checks are completed checks. The pass rate considers 

only the completed checks: 

 𝑃 =
𝑁p

𝑁e
× 100%         (4) 

Np is the number of passed checks. Coverage C is 
undefined when Na = 0; pass rate P is undefined when Ne = 
0. These are unweighted reporting indicators, not a safety 

class or an earthquake-survival probability. Every failed 
check remains visible even if P is high. Unknown 
applicability must be resolved before the summary is used. 

Proposed system operation 

The system has four main tasks: collect the building 
evidence, find the applicable requirement, carry out the 
check and explain the result. The supplied manuscript 
describes the document-search component [11]. The 

checking procedure below is the proposed extension; the 
screenshot alone does not demonstrate that this procedure 
has been implemented or validated. 

Data collection. The operator selects a building record 
and attaches drawings, inspection reports and test results. 
The system checks units and flags empty or contradictory 
fields. An engineer confirms whether the information is 
suitable for the intended assessment. 

Rule selection. Document search retrieves relevant 
clauses. Retrieval-augmented generation means finding 
supporting text before drafting an answer [10]. In this 
system, it helps explain the source; it does not create an 
engineering requirement or decide that a building is safe. 

Checking and reporting. Approved rules compare 
verified values or engineering calculation results. The report 
lists the evidence, document and clause, calculation, 
outcome and required follow-up. If evidence is missing, it 

names the missing information. A qualified engineer reviews 
the report and determines any further investigation. 
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Fig. 1. Supplied building-inventory interface. The displayed 719 active records describe the inventory, not validated 

seismic-assessment results 

In Figure 1, the green label “Faol” means that a database 
record is active. It must not be interpreted as a positive 
seismic assessment. Administrative status and engineering 
status should be stored and displayed separately. 

Illustrative results and discussion 

A five-check example 

Consider a hypothetical two-storey reinforced-concrete 
building. To demonstrate the method, five checks are 
selected from a larger assessment checklist. All numerical 
values in Table 2 are invented, and the drift limit of 0.004 is 
an assumption for this example, not a quoted Uzbek code 
limit. No result in the table describes a building shown in 
Figure 1. 

Table 2 

Synthetic inputs and results for the selected checks

Check Input values Calculation Outcome 

Column shear 
Demand: 180 kN 
Resistance: 200 kN 

ρ = 0.90 Pass 

Beam shear 
Demand: 90 kN 
Resistance: 80 kN 

ρ = 1.125 Fail 

First-storey drift 
Movement: 9 mm 
Height: 3,000 mm 

Assumed limit: 0.004 

θ = 0.003 Pass 

Beam-column joint Detailing not verified Not calculated Not checked 

Foundation Soil report unavailable Not calculated Not checked 

Source: illustrative values selected for this paper; not field measurements or a complete building assessment. 

The column check passes because 180/200 = 0.90. The 
beam check fails because 90/80 = 1.125: its assumed demand 
is 12.5% greater than its assumed resistance. The drift check 
passes against the example's assumed limit because 9/3,000 
= 0.003 < 0.004. The other two checks cannot be completed. 

Missing joint or soil information does not itself prove a 
physical defect. 

For this five-check subset, Na = 5, Ne = 3 and Np = 2. 
Equation (3) gives C = 3/5 × 100% = 60%. Equation (4) 
gives P = 2/3 × 100% ≈ 66.7%. In plain terms, three checks 
were completed and two of those passed. The building 
cannot be described as “66.7% earthquake-resistant.” 

The report should state: one strength check failed, and 
two checks require additional evidence. The next steps are 
engineering review of the beam result, verification of joint 
detailing and investigation of foundation conditions. The 
confirmed failure and the missing evidence are reported 

separately because they call for different actions. 
Interpretation and validation needs 

A simple sensitivity check illustrates why both 
percentages are needed. If the assumed beam resistance is 
changed to 100 kN, its ratio becomes 0.90 and all three 
completed checks pass. P rises to 100%, but C stays at 60%. 
The unresolved joint and foundation checks still prevent a 
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complete conclusion. This is a second synthetic scenario, not 
evidence of a real repair. 

Before practical deployment, the rules should be tested 
against independent engineer calculations, including values 
at the acceptance boundary, missing inputs and conflicting 
document editions. Any accuracy or time-saving claim 
requires a documented validation dataset. The present 

example demonstrates arithmetic and reporting logic only. 

3. Conclusion 

A useful automated seismic-assessment system must do 

more than retrieve regulatory text. It must identify the 

applicable requirement, use verified building evidence, 

perform an approved comparison and explain the result. The 

proposed method gives each check a clear outcome and 

preserves the distinction between a detected deficiency and 

insufficient information. 

The four equations have separate purposes: demand-to-

capacity and drift ratios support engineering checks, while 

coverage and pass rate describe the progress and results of 

the selected checklist. Neither percentage is a seismic safety 

certificate. The synthetic example shows how a failed check 

and missing evidence remain visible. Further work should 

validate the rules on real buildings using approved 

regulatory texts and independent expert review. Final 

decisions about seismic resistance remain the responsibility 

of qualified structural engineers. 
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Abstract: This article analyzes the types, physical, mechanical and chemical properties of mineral fillers used in 
the production of expanded clay concrete. The effect of industrial waste-based and natural mineral 
additives included in the composition of expanded clay concrete on the strength, density, thermal 
conductivity and long-term service properties of concrete is studied. The role of microsilica, ash, slag, 
peroxynite sand, perlite, vermiculite and other mineral fillers in improving the structure of expanded clay 
concrete is also shown. The study highlights the significance of the granulometric composition, porosity, 
bulk density, and granular characteristics of mineral aggregates in determining the structure and quality 
parameters of expanded-clay concrete. It also analyzes the effective use of local mineral raw materials in 

lightweight concrete production, their technical and economic advantages, and opportunities for 
optimizing the concrete mix design. The research findings demonstrate that the required strength, density, 
and thermal insulation properties of expanded-clay concrete can be achieved through the proper selection 
of mineral aggregates. The obtained data can be utilized in the production of energy-efficient and high-
performance construction materials. 

Keywords: expanded clay concrete, mineral filler, microsilica, fly ash, peroxynite sand, peroxynite, perlite, 
vermiculite, aerated concrete, strength, thermal insulation, thermal analysis, cement, pozzolanic activity, 
contact zone, calcium silicate gel, mass loss 

 

1. Introduction 

Today, the rapid development of the construction 
industry, the rational use of energy resources and the 
creation of environmentally friendly building materials are 
of urgent importance worldwide. In modern construction, 
one of the main tasks is to increase the energy efficiency of 

buildings and structures, reduce the mass of structures and 
ensure their long service life. Therefore, scientific research 
is being carried out on a large scale on the production of 
lightweight concrete, in particular expanded clay concrete, 
and on improving its properties. 

The physical and mechanical properties of expanded 
clay concrete largely depend on the quality of the binder, 
large and small aggregates, and mineral additives that make 

up its composition. In particular, in recent years, the use of 
various mineral aggregates in concrete technology has 
gained particular importance. Mineral aggregates allow 
improving the microstructure of cement stone, reducing the 
porosity of concrete, increasing its strength, reducing water 
permeability, and improving its thermal and technical 
characteristics. 

The building materials industry uses a wide range of 

mineral fillers of natural and man-made origin. In particular, 
microsilica, ash from thermal power plants, blast furnace 
slag, perlite, vermiculite, limestone flour and other mineral 
materials are added to expanded clay concrete, significantly 
improving its quality indicators. Most of these materials are 
industrial waste, and their effective use makes it possible to 
reduce environmental problems, reduce waste volume and 
reduce production costs. 

 
a  https://orcid.org/0000-0002-8135-5019 

Studying the mechanisms of action of mineral fillers in 
the composition of expanded clay concrete, determining 
their optimal amount and assessing their impact on the 

physical and mechanical properties of the material is an 
important scientific and practical issue. In particular, 
reducing cement consumption while maintaining or 
improving the strength and operational properties of 
concrete is one of the main directions of modern concrete 
technology. 

The purpose of this article is to analyze the types of 
mineral fillers used in the production of expanded clay 
concrete, to study their physical, chemical and mechanical 

properties and to assess their impact on the quality indicators 
of expanded clay concrete. 

Literature review 

Analysis of scientific research shows that 
representatives of Uzbekistan and neighboring scientific 
schools have extensively studied the issues of modifying 
concrete and cement compositions based on mineral and 
chemical additives. In particular, the possibilities of 

controlling the structure and contact zone of concrete using 
mineral additives such as fly ash, zeolite, microsilica, and 
polycarboxylate superplasticizers are scientifically 
substantiated.  

In this regard, lightweight concretes made from local 
raw materials, including expanded clay concrete, play an 
important role in increasing the thermal and technical 
efficiency of buildings. However, the high water absorption 

of the expanded clay filler, porosity in the contact zone 
(ITZ), and the balance between strength and density create 

https://orcid.org/0000-0002-8135-5019
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the need to improve these concretes with mineral and 
chemical additives [1].  

In the research conducted by Uzbek scientists, great 
attention is paid to the issues of improving the physical, 
mechanical and operational properties of concrete and 
cement compositions using mineral additives. The research 
mainly focuses on the use of industrial waste and natural 

mineral resources. 
Materials such as ash and slag waste from thermal power 

plants, metallurgical slag, phosphogypsum and microsilica 
have been studied as active and inert mineral additives in 
cement compositions. It has been found that these additives, 
while reducing clinker consumption, serve to densify the 
microstructure of cement stone, enhance secondary 
hydration processes and, as a result, increase strength [2]. 

Studies on natural aluminosilicate raw materials, in 
particular kaolin, alunite and zeolites, have confirmed the 
pozzolanic activity of these materials [3]. Studies on 
microsilica, due to its high dispersibility and pozzolanic 
activity, confirm that it reduces capillary porosity in the 
cement matrix, and has a positive effect on strengthening the 
contact zone, especially in lightweight concretes [4]. 

Chemical additives play an important role in concrete 

technology in controlling the rheological properties of the 
mixture and increasing the strength of hardened concrete. In 
scientific research conducted in Uzbekistan, the 
effectiveness of plasticizers and superplasticizers, especially 
additives based on polycarboxylate esters, has been widely 
studied [5]. 

Polycarboxylate superplasticizers allow reducing water 
consumption in the concrete mixture by 20–35%, which 
leads to an increase in strength due to a decrease in the water-

cement ratio. When used in combination with mineral 
additives, these additives ensure a uniform distribution of 
particles and improve the microstructural stability of 
concrete [6]. 

Chemical additives are of particular importance for 
expanded clay concrete, as they serve to compensate for the 
excess water consumption caused by the high water 
absorption of expanded clay grains. As a result, the strength 

and thermal performance of concrete are improved without 
increasing its density. 

The use of mineral and chemical additives is carried out 
on the basis of regulatory documents. The classification, 
technical requirements and areas of application of additives 
for concrete and mixtures are established in GOST 24211 
and relevant national standards. Based on these documents, 
the effect of additives on the properties of concrete is 

evaluated in laboratory and pilot-industrial conditions [7]. 

2. Research methodology 

This study investigated the types, physicochemical and 
mechanical properties of mineral fillers used in the 
production of expanded clay concrete, as well as their 

influence on the quality indicators of expanded clay 
concrete. The research work was carried out based on 
theoretical analysis, laboratory tests and statistical 
processing of results. 

At the first stage of the study, domestic and foreign 
scientific sources, regulatory documents and scientific 
articles were analyzed. The composition and properties of 
mineral fillers widely used in expanded clay concrete, such 

as microsilica, thermal power plant ash, blast furnace slag, 
perlite, vermiculite and limestone flour, were studied. 

In the second stage, Portland cement, expanded clay 
gravel, natural sand and various mineral fillers were used to 
prepare expanded clay concrete samples. Mineral fillers 
were added in certain percentages relative to the cement 
mass, and control and experimental compositions were 
developed. Concrete mixtures were prepared in laboratory 
conditions, standard-sized samples were poured into molds 

and stored under normal hardening conditions for a specified 
period. 

During the study, the average density, compressive 
strength, water absorption and thermal conductivity of 
concrete samples were determined. The tests were carried 
out in accordance with the requirements of current state 
standards and regulatory documents. The results obtained 
were compared with the indicators of the control 

composition and the effect of mineral fillers on the properties 
of expanded clay concrete was evaluated. 

The methods of comparison, analysis and statistical 
evaluation were used in the processing of the research 
results. The average values of the obtained indicators for 
each composition were determined and the patterns of their 
change were analyzed. Also, the role of mineral fillers in 
improving the microstructure of concrete and their 

effectiveness were scientifically substantiated. 
The main goal of the research methodology was to 

determine the optimal type of mineral fillers used in the 
composition of expanded clay concrete and to assess the 
possibilities of improving the physical and mechanical 
properties of concrete. 

3. Results and Discussion 

In the research, industrial waste from local enterprises 
and factories and secondary active mineral additives were 
used to save cement consumption. Active mineral additives 
are substances with extremely fine grinding, high specific 
surface area and high reaction permeability, which are added 
in an amount of 5 to 20% of the cement mass. Currently, 
industrial waste also serves as a source of mineral additives, 

the volume of which reaches one million tons per year. These 
include waste from thermal power plants, metallurgical 
industries, and chemical industries. 

The results of scientific research show that the 
introduction of 10-28% of fine, low-activity and inert fillers 
ensures the full use of the clinker fraction of cement, 
increases the density of concrete, reduces its deformation, 
shrinkage, and volume change, increases its resistance to the 
effects of aggressive waters, and reduces the cost of cement 

[8,9]. 
Main Observations. Microsilica powder: the chemical 

composition of the microsilica obtained for the study is 
presented in Table 1 below. 
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Chemical composition of microsilica 
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Fig. 1. Thermal analysis result (DSC-TGA) of cement 

stone with microsilica added 

Today, as the ferroalloy production workshop of 
Uzmetkobinat JSC expands in activity and increases in 
product production, a large amount of microremnezium is 
being released as waste in the technological process and 
tends to accumulate on the territory of the enterprise. 

The addition of microsilica increases the 

thermochemical stability of the cementitious composite, 
reduces the amount of portlandite, and ensures the formation 
of additional C–S–H gel. This, in turn, improves the strength 
and thermal resistance of the material [10, 11]. 

Fly ash. The chemical composition of fly ash and the 
results of thermal analysis (DSC-TGA) of cement stone with 
fly ash addition are presented in accordance with GOST 
25818-2017 [12]. 

Fly ash is demonstrated by the traditional method in 
terms of its ability to absorb lime from the mortar, improves 
water permeability, reduces the water-cement ratio, and 
increases the long-term strength of concrete. It does not 
contain chlorine or other components that cause corrosion 
when used in reinforced concrete, and is fully suitable for 
use in concrete [13]. 

Table 2 

Chemical composition of fly ash 
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Fig. 2. Thermal analysis result (DSC-TGA) of cement 

stone with fly ash addition 

4. Conclusion 

Based on the conducted research, it can be concluded 

that the use of mineral fillers in the production of expanded 

clay concrete significantly improves the physical, 

mechanical, and operational properties of the material. The 

analyzed fillers - microsilica, fly ash, blast furnace slag, 

perlite, vermiculite, and limestone flour - play an important 

role in optimizing the structure of cement stone and 

increasing the overall efficiency of lightweight concrete. 

The experimental results demonstrated that microsilica, 

due to its high content of amorphous SiO₂ and extremely fine 

particle size, actively participates in pozzolanic reactions, 

leading to the formation of additional C–S–H gel. This 

process densifies the cement matrix, reduces the amount of 

free portlandite, improves thermochemical stability, and 

enhances both compressive strength and durability of 

expanded clay concrete. 

Fly ash also showed positive effects on the properties of 

concrete. Its use improved workability, reduced the water-

cement ratio, decreased permeability, and contributed to the 

growth of long-term strength. In addition, the absence of 

harmful chloride compounds makes fly ash suitable for 

reinforced concrete applications and environmentally safe 

for construction practice. 

The study confirmed that the incorporation of 10–28% 

finely dispersed mineral fillers allows for more efficient 

utilization of cement clinker, reduction of cement 

consumption, decrease in shrinkage and deformation, and 

improvement in resistance to aggressive environmental 

influences. At the same time, the use of industrial by-

products and waste materials contributes to solving 

environmental problems by reducing industrial waste 

accumulation and lowering production costs. 

Thus, the optimal selection and dosage of mineral fillers 

in expanded clay concrete technology make it possible to 

obtain energy-efficient, durable, and economically viable 

building materials. The obtained results can serve as a 

scientific basis for further development of lightweight 

concrete compositions using local raw materials and 

industrial waste resources. 
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of Heusler alloys and the MnAs compound: a review 
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Abstract: The review systematises current views on the relationship between the crystal structure, the magnetic 
ordering and the magnetocaloric effect in two groups of promising functional materials — Heusler alloys 

of the Ni–Mn–Z (Z = Ga, In, Sn) families and the MnAs compound. Two principal approaches to the 
quantitative evaluation of the effect are discussed: the indirect one, based on the application of the 
Maxwell relations to magnetisation and heat-capacity data, and the direct one, which implies an 
immediate measurement of the adiabatic temperature change. It is shown that indirect methods are 
convenient for the screening of materials, but in the region of first-order phase transitions, where the 
conditions of applicability of the Maxwell relations are violated, the error of the calculated quantity may 
reach tens of per cent. The structural transformations in MnAs are considered separately — the first-
order transition from the ferromagnetic hexagonal B8₁-type phase to the paramagnetic orthorhombic 

B31-type phase near 317 K and the subsequent second-order transition to the hexagonal paramagnetic 
phase near 394 K — together with the form of the magnetic phase diagram of this compound in steady 
fields. It is concluded that the combination of a high sensitivity of the magnetostructural transition to the 
external field with the proximity of the transition temperature to room temperature makes these materials 
the most realistic candidates for the working body of solid-state magnetic refrigerators. 

Keywords: magnetocaloric effect, Heusler alloys, MnAs, magnetostructural phase transition, adiabatic temperature 
change, isothermal entropy change, Curie point, magnetic refrigeration, shape memory effect 

 

1. Introduction 

The development of functional materials whose physical 
properties change abruptly under a small external stimulus 
remains one of the actively developing directions of solid-state 
physics. Practically significant effects in such materials are, as 
a rule, realised near phase transitions, where the system 
becomes unstable with respect to weak perturbations. A 

characteristic example is the thermoelastic martensitic 
transformation observed in a number of intermetallic 
compounds, primarily nickel-containing ones: the 
rearrangement of the twin structure of martensite during such a 
transformation is accompanied by a considerable reversible 
change of the shape and dimensions of the specimen, which is 
known as the shape memory effect. Shape memory materials 
have found application in medical devices, instrument 

engineering and actuator systems. 
Fundamentally new possibilities arise in those compounds 

in which the structural transformation occurs inside a 
magnetically ordered phase. In the Heusler alloy Ni₂MnGa the 
martensitic transition is realised in the ferromagnetic state, and 
as a consequence the lattice and the spin subsystems become 
rigidly coupled. Such a magnetostructural transformation can 
be induced not only by temperature but also by a magnetic field 

or by a mechanical stress, and it leads to a simultaneous change 
of the structure, the magnetisation, the electrical resistivity and 
the entropy of the specimen. It is with this strong spin–lattice 
coupling that the giant magnetoresistance, the magnetically 
driven shape memory effect [14] and the magnetocaloric effect 
observed in these materials are associated. 

 
a  https://orcid.org/0009-0004-6301-9822  

The present work is a critical review of published data on 
the structure, the character of the phase transformations and the 
magnetocaloric properties of Heusler alloys of the Ni–Mn–Z 
families and of the MnAs compound. The aim of the review is 
to compare the results obtained by direct and by indirect 

methods and to outline the range of problems that require 
further experimental study in high magnetic fields. The paper 
reports no new experimental data; its contribution consists in 
the systematisation of published results and in the identification 
of the quantitative discrepancy between the two measurement 
approaches, which is essential for the correct screening of 
candidate materials. 

2. Research methodology 

2.1. Scope of the review and selection of sources 
The review covers publications devoted to three groups of 

questions: the thermodynamics and the measurement of the 
magnetocaloric effect; Ni–Mn–Z (Z = Ga, In, Sn) Heusler 
alloys together with their cobalt-doped quaternary 

modifications; and the MnAs compound with its substituted 
analogues. Preference was given to works that report either a 
direct measurement of the adiabatic temperature change or a 
joint analysis of magnetisation, heat-capacity and structural 
data, since only such works make a comparison of the two 
approaches possible. Lattice parameters and phase 
compositions are quoted as reported by the original authors. 
The quantities compared throughout the review are the 

adiabatic temperature change ΔTad, the isothermal change of 
the magnetic part of the entropy ΔSm, the transition temperature 
and the width of the hysteresis loop. 
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2.2. The magnetocaloric effect: definitions and 

thermodynamic background 
The magnetocaloric effect consists in a change of the 

temperature of a magnetic material upon an adiabatic change 
of the external magnetic field or, under isothermal conditions, 
in the release or absorption of heat by the material. 
Accordingly, the effect is characterised by two interrelated 

quantities: the adiabatic temperature change ΔTad and the 
isothermal change of the magnetic part of the entropy ΔSm. The 
sign of ΔTad allows the direct (ΔTad > 0) and the inverse (ΔTad 
< 0) magnetocaloric effect to be distinguished; the latter is 
typical of Heusler alloys with an inverse martensitic 
transformation, in which switching the field on stabilises the 
phase with the lower lattice entropy [12, 15]. 

The physical nature of the effect is related to the 

redistribution of entropy between the magnetic, the lattice and 
the electronic subsystems. Near the Curie point, that is, at a 
second-order phase transition, the field suppresses the 
fluctuations of the spin system and reduces the magnetic 
entropy; at a first-order transition the latent heat of the 
structural transformation is added to this, which is what 
provides the so-called giant magnetocaloric effect [4, 16]. 

2.3. Direct and indirect methods of evaluating the effect 

Experimentally, the magnetocaloric effect is studied in two 
ways. The direct method implies the measurement of ΔTad by 
a thermocouple or a resistance thermometer attached to the 
specimen upon a rapid insertion of the specimen into the field 
or its rapid withdrawal. The indirect method is based on the 
calculation of ΔSm from magnetisation isotherms by means of 
the Maxwell relation and, if heat-capacity data in a field are 
available, on the subsequent calculation of ΔTad. The indirect 
approach is less demanding with respect to instrumentation and 

therefore dominates in the literature, which makes it a 
convenient tool for the primary screening of materials [16, 17]. 

In the region of a first-order phase transition, however, 
where the magnetisation undergoes a discontinuity and the 
state of the specimen depends on its history, the applicability 
of the Maxwell relation is limited and the calculated values may 
be overestimated; according to published estimates, the 
discrepancy with direct measurements reaches 20–30 % [16, 

17]. The spread of direct measurements is hindered by the 
absence of standardised procedures, by the difficulty of 
ensuring adiabatic conditions and by the limited availability of 
high fields: most works have been performed in fields of up to 
2 T produced by permanent-magnet systems. For Heusler 
alloys and for MnAs, however, a field of 2 T is not sufficient 
for the complete completion of the first-order transition, and as 
a result the measured ΔTad turns out to be lower than the 

potentially attainable value. This circumstance determines the 
relevance of direct measurements in fields above 5–10 T. 

3. Results and Discussion 

3.1. Realisation of the effect in a refrigeration device 
The practical realisation of the effect in a cooling device is 

as follows. The working body, being in a thermally insulated 

state, is introduced into the region of a strong field and is heated 
owing to the direct magnetocaloric effect; the excess heat is 

removed by a heat-transfer fluid to the hot heat exchanger. The 
working body is then withdrawn from the field, is 
demagnetised and cools below the initial temperature, after 
which it absorbs heat from the object to be cooled. Upon 
completion of the cycle the sequence is repeated, and the 
material operates as a magnetic heat pump. It is essential that a 
single change of the field produces a comparatively small 

temperature span; the widening of the working interval is 
achieved by regenerative schemes, in particular by the active 
magnetic regenerator (AMR) cycle, in which the temperature 
gradient is accumulated along the packed bed over many cycles 
[16, 17]. 

3.2. Heusler alloys of the Ni–Mn–Z families 
Heusler alloys of composition Ni–Mn–Z (Z = Ga, In, Sn) 

and their quaternary modifications doped with cobalt are 

attractive because the temperature of the martensitic transition 
in them can be shifted towards room temperature by varying 
the composition, while the transition itself possesses a high 
sensitivity to the magnetic field. In the Ni–Mn–Sn and Ni–Mn–
In–Co systems an inverse magnetocaloric effect is observed 
[12]; for the composition Ni₄₅.₇Mn₃₆.₆In₁₃.₅Co₄.₂ a direct 
measurement yielded ΔTad ≈ −8 K in a field of 1.95 T, which 
is one of the largest values of the inverse effect in moderate 

fields [13]. Alloys of the Ni–Mn–Ga family, on the contrary, 
exhibit predominantly a direct magnetocaloric effect, and it is 
in these alloys that the magnetically driven strain caused by the 
field-induced reorientation of martensite variants is realised 
[14]. 

The practical application of these materials is hindered by 
the hysteresis of the first-order transition, which lowers the 
reversibility of the effect upon cycling, and also by their 
brittleness and comparatively low thermal conductivity. 

Current research is therefore directed both at narrowing the 
hysteresis loop by means of alloying and heat treatment and at 
studying the irreversible component of the effect under 
repeated field cycling. 

3.3. Structural and magnetic transformations in MnAs 
The MnAs compound is a model object for the study of the 

spin–lattice interaction. At room temperature it is 
ferromagnetic and has a hexagonal structure of the B8₁ type 

(space group P6₃/mmc, α phase). On heating to T ≈ 317 K a 
first-order transition to the paramagnetic orthorhombic phase 
of the B31 type (space group Pnma, β phase) takes place, in 
which the magnetic ordering disappears simultaneously with 
the change of the lattice symmetry. The transformation is 
accompanied by a giant magnetostriction of the order of 2 % 
and by the release of a considerable latent heat. A further 
increase of the temperature to ≈ 394 K leads to a second-order 

displacive transition and to the restoration of the hexagonal 
symmetry, but now in the paramagnetic state (γ phase). 

X-ray diffraction studies give for the hexagonal phase the 
lattice parameters a ≈ 3.730 Å and c ≈ 5.700 Å. In the region 
of the first-order transition temperature a coexistence of the 
phases is observed: according to quantitative phase analysis, at 
T = 317 K the fraction of the hexagonal phase is about 56 % 
and that of the orthorhombic phase about 44 %, which is typical 

of first-order transformations with a wide two-phase interval. 
The parameters of the orthorhombic phase are a ≈ 5.720 Å, b ≈ 
3.692 Å, c ≈ 6.35 Å.
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Fig. 1. Scheme of the structural and magnetic transformations in the MnAs compound  

The theoretical description of the α → β transition has a 

long history. The first phenomenological model, proposed 
by Bean and Rodbell, started from an explicit dependence of 
the Curie temperature on the volume of the unit cell: for a 
sufficiently strong magnetoelastic coupling the transition 
changes from second order to first order with a jump of the 
volume [5]. Later an alternative mechanism was proposed 
which relates the transformation to a transition of the 
manganese ions from the high-spin to the low-spin state 

induced by a lattice distortion [6]. A subsequent treatment 
within the framework of the Landau theory with two coupled 
order parameters — the magnetisation and the lattice strain 
— made it possible to describe both transitions in a unified 
way and to reproduce the phase diagram with the lines of the 
first- and second-order transitions, including the influence of 
the field. The β → γ transition is thereby interpreted as a 
stabilisation of the hexagonal phase upon an increase of the 

volume caused by thermal expansion. Taken together, these 

results indicate the decisive role of lattice distortions and of 
the strong spin–lattice coupling in MnAs. 

The magnetic phase diagram of the compound in a 
steady field has been constructed from magnetisation and 
volume-effect data. The region of existence of the 
orthorhombic paramagnetic phase is bounded in the (T, μ₀H) 
plane by fields of approximately up to 9 T: the line of the 
first-order transition, which starts from the point T ≈ 317 K 

at H = 0, and the line of the second-order transition, which 
starts from the point T ≈ 394 K, converge at a tricritical point 
near 370 K. The presence of a tricritical point means that the 
very character of the transformation can be controlled by an 
external field, converting it from first order into second order 
— a circumstance of fundamental importance for reducing 
the hysteresis in practical applications. 

 

Fig. 2. Magnetic phase diagram of MnAs in a steady magnetic field, constructed from the magnetisation M and the 

volume V of the crystal lattice. Filled symbols denote the transition from the orthorhombic to the hexagonal structure, 

open symbols the reverse transition
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3.4. Development of magnetocaloric research and the 

current state of the problem 
The effect was discovered by E. Warburg in 1881 [1]. 

The practical use of magnetic cooling was first demonstrated 
in 1933 by Giauque and MacDougall, who by the method of 
adiabatic demagnetisation of gadolinium sulfate reached a 
temperature of about 0.25 K, a record low value for that time 

[2]. The possibility of operation near room temperature was 
shown by Brown in 1976 [3]: using metallic gadolinium and 
up to fifty successive magnetisation–demagnetisation cycles 
in fields of up to 7 T, he obtained a temperature span between 
the hot and the cold ends of the device of about 47 K, that is, 
approximately three times larger than the ΔTad of 
gadolinium for a single change of a field of the same 
magnitude. 

A qualitatively new stage began in 1997 with the 
discovery of the giant magnetocaloric effect in the 
compound Gd₅Si₂Ge₂, caused by a first-order 
magnetostructural transition [4]. Subsequently the giant 
effect was found in La(Fe,Si)₁₃ compounds and their 
hydrides [10, 11], in MnFeP₁₋ₓAsₓ compounds [9], in MnAs 
and its substituted analogues [7, 8], in Heusler alloys of 
various families [12, 13] and in MnCoGeBₓ systems. The 

effect is also studied intensively in manganites, where it 
serves as a sensitive probe of the critical behaviour near the 
magnetic ordering temperature [18]. 

The interest in this subject over the last three decades is 
due to two circumstances. From the fundamental point of 
view the magnetocaloric effect is a sensitive tool for the 
investigation of magnetic and magnetostructural 
transformations, since it is directly related to the entropy of 
the system. From the applied point of view, a significant 

share of the world consumption of electric energy falls on 
the production of artificial cold and on air conditioning, and 
the transition to solid-state magnetic cooling technologies 
that do not use gaseous refrigerants with a high greenhouse 
potential could yield a gain both in energy efficiency and in 
environmental safety [16, 17]. 

3.5. Comparative assessment and open questions 
The comparison of the two groups of materials shows 

that they are limited by different factors. In Ni–Mn–Z 
Heusler alloys the transition temperature is controlled over a 
wide range by the composition, but the reversibility of the 
effect is restricted by the hysteresis and by the brittleness of 
the intermetallic compound. In MnAs the transition lies 
close to room temperature by its very nature and the field 
sensitivity of the transformation is high, but the working 
point can be shifted only by substitution or by external 

pressure. Common to both groups is the principal 
methodological problem: the values of ΔSm obtained from 
the Maxwell relation cannot be regarded as a reliable 
characteristic of a first-order transition, and the published 
values of ΔTad have been measured, for the most part, in 
fields that are insufficient to complete the transition. 
Consequently, a direct comparison of materials from data of 
different origin is at present of limited validity, and the cyclic 

rather than the single-shot value of the effect should be 
adopted as the criterion of practical suitability. 

4. Conclusion 

1. The analysis of published data shows that the most 
realistic candidates for the role of the working body of a 
room-temperature magnetic refrigerator remain materials 

with a first-order magnetostructural transition near 300 K 
that combine a high sensitivity of the transition temperature 
to the field with a moderate hysteresis. These requirements 
are met to the greatest extent by Heusler alloys of the Ni–
Mn–Z families and by the MnAs compound. 

2. The indirect method based on the Maxwell relation is 
convenient for the primary screening of materials, but in the 

region of a first-order transition it may overestimate the 
effect by 20–30 %; the values obtained in this way should 
therefore be verified by direct measurements. 

3. Most of the published direct measurements have been 
performed in fields of up to 2 T, which is insufficient for the 
complete completion of the transition in the materials 
considered; the accumulation of direct ΔTad data in fields 
above 5–10 T is a priority experimental task. 

4. Since the suitability of a material for a device is 
determined by the cyclic and not by the single-shot value of 
the effect, the study of the reversibility of the effect under 
repeated field cycling should be regarded as an equally 
necessary part of the characterisation of a magnetocaloric 
material. 

References  

[1] Warburg E. Über die thermische und elektrische 
Nachwirkung. Annalen der Physik. 1881;13:141–164. 

[2] Giauque W.F., MacDougall D.P. Attainment of 
temperatures below 1° absolute by demagnetization of 
Gd₂(SO₄)₃·8H₂O. Physical Review. 1933;43:768. 

[3] Brown G.V. Magnetic heat pumping near room 

temperature. Journal of Applied Physics. 1976;47:3673–
3680. 

[4] Pecharsky V.K., Gschneidner K.A. Giant 
magnetocaloric effect in Gd₅(Si₂Ge₂). Physical Review 
Letters. 1997;78:4494–4497. 

[5] Bean C.P., Rodbell D.S. Magnetic disorder as a 
first-order phase transformation. Physical Review. 
1962;126:104–115. 

[6] Goodenough J.B., Kafalas J.A. Comparison of the 

properties of MnAs and MnAs₁₋ₓPₓ. Physical Review. 
1967;157:389–395. 

[7] Wada H., Tanabe Y. Giant magnetocaloric effect 
of MnAs₁₋ₓSbₓ. Applied Physics Letters. 2001;79:3302–
3304. 

[8] Gama S. et al. Pressure-induced colossal 
magnetocaloric effect in MnAs. Physical Review Letters. 
2004;93:237202. 

[9] Tegus O. et al. Transition-metal-based magnetic 
refrigerants for room-temperature applications. Nature. 
2002;415:150–152. 

[10] Hu F.X. et al. Influence of negative lattice 
expansion and metamagnetic transition on magnetic entropy 
change in the compound LaFe₁₁.₄Si₁.₆. Applied Physics 
Letters. 2001;78:3675–3677. 

[11] Fujita A. et al. Itinerant-electron metamagnetic 

transition and large magnetocaloric effects in La(FeₓSi₁₋ₓ)₁₃ 
compounds. Physical Review B. 2003;67:104416. 

[12] Krenke T. et al. Inverse magnetocaloric effect in 
ferromagnetic Ni–Mn–Sn alloys. Nature Materials. 
2005;4:450–454. 

[13] Liu J. et al. Giant magnetocaloric effect driven by 
structural transitions. Nature Materials. 2012;11:620–626. 

[14] Ullakko K. et al. Large magnetic-field-induced 

strains in Ni₂MnGa single crystals. Applied Physics Letters. 
1996;69:1966–1968. 



Journal Engineer           ISSN: 3030-3893         Volume:4| Issue:3| 2026 
 

 
                                                                 167      September, 2026 
https://doi.org/10.56143/3030-3893-2026-3-163-167 A bridge between science and innovation 

 

[15] Tishin A.M., Spichkin Y.I. The Magnetocaloric 
Effect and its Applications. Bristol: CRC Press, 2003. 

[16] Franco V. et al. Magnetocaloric effect: from 
materials research to refrigeration devices. Annual Review 
of Materials Research. 2012;42:305–342. 

[17] Lyubina J. Magnetocaloric materials for energy 
efficient cooling. Journal of Physics D: Applied Physics. 

2017;50:053002. 
[18] Batdalov A.B. et al. Magnetocaloric effect and 

features of the critical behaviour in manganites. Journal of 
Experimental and Theoretical Physics. 2016;149(5):1011. 

Information about the author 

Fozil Khasanov Tashkent State Transport 
University, PhD, Associate 
Professor 

E-mail: 
fozilhasanov777@gmail.com  
https://orcid.org/0009-0004-
6301-9822   

 

  

mailto:fozilhasanov777@gmail.com
https://orcid.org/0009-0004-6301-9822
https://orcid.org/0009-0004-6301-9822


Journal Engineer           ISSN: 3030-3893          Volume:4| Issue:3| 2026 
 

 
    September, 2026 168 

    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2026-3-168-174 

 

Received: 31 July 2026  Accepted: 11 September 2026  Published: 30 September 2026 

Complex chemical admixture intended for improving the properties  

of concrete mixture 

 

O. Berdiev1 a, O. Zafarov1, E. Urishbaev2 
1Jizzakh Polytechnic Institute, Jizzakh, Uzbekistan 

2Tashkent Institute of Architecture and Civil Engineering, Tashkent, Uzbekistan 

 

Abstract: This paper presents the results of an experimental study on the composition and performance of a 
multifunctional admixture developed for concrete mixtures using an S-3 superplasticizer based on 
polynaphthalene sulfonates. The proposed admixture incorporates S-3 superplasticizer, ferrosilicon 
production waste, a blend of B115 technical-grade tall pitch and oleic acid, calcium hydrosulfoaluminate, 
and basalt powder. The study evaluates the effect of the developed composite admixture on the 
workability and water demand of fresh concrete mixtures, as well as on the physical and mechanical 
performance of hardened concrete. The obtained results demonstrate that the incorporation of the 
admixture improves the workability of the concrete mixture and reduces its water requirement, while 

contributing to the formation of a denser cementitious structure. The use of the developed composition 
provides favorable conditions for increasing concrete strength and improving its long-term performance 
characteristics. In addition, incorporating industrial by-products into the admixture offers a practical 
approach to the more efficient utilization of secondary raw materials and supports resource-efficient 
concrete production. 

Keywords: concrete, concrete mixture, multifunctional admixture, S-3 superplasticizer, polynaphthalene sulfonate, 
ferrosilicon production waste, tall pitch, oleic acid, calcium hydrosulfoaluminate, basalt powder, 
workability, water demand, concrete strength, performance characteristics 

 

1. Introduction 

Nowadays, the rapid development of transport 
infrastructure in the Republic of Uzbekistan, as well as the 
expansion of activities related to the construction, 
reconstruction, and major rehabilitation of highways, is 
regarded as one of the important priorities of state policy. 

The construction of modern highways, major transport 
routes, bridges, and other artificial structures aimed at 
improving transport and logistics capabilities across the 
country is placing increasingly stringent requirements on the 
quality of materials used in road construction. In particular, 
the use of cement concretes with high strength, resistance to 
water and freeze–thaw effects, abrasion resistance, and long-
term service stability is becoming increasingly important. 

The service life and operational reliability of road pavements 
largely depend on the structural characteristics of concrete, 
the raw-material components used, and the interaction 
between the admixture components. Therefore, the 
scientifically based optimization of concrete composition, 
utilization of the combined effects of mineral and chemical 
components, optimization of cement consumption, and 
improvement of the physical–mechanical and performance 

characteristics of concrete are among the pressing scientific 
and practical challenges of today. In particular, the use of 
complex admixtures provides an opportunity to produce 
high-quality pavement concrete by improving the 
workability of the concrete mixture, reducing its water 
demand, and controlling the setting and compaction 
processes. Under the sharply continental climatic conditions 
of Uzbekistan, road pavements are exposed to various 
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natural and operational factors throughout the year. Sharp 
fluctuations in air temperature, repeated wetting and drying 
cycles, freeze–thaw cycles, atmospheric precipitation, solar 

radiation, as well as repeated dynamic and static loads 
generated by vehicular traffic may cause various 
deformation processes within the structure of concrete 
pavements. In addition, the movement of heavy vehicles, 
abrasive wear, and exposure to certain aggressive 
environments may adversely affect the strength, structural 
integrity, and service life of concrete. Therefore, the 
development of new concrete compositions and technologies 
capable of ensuring the resistance of pavement concrete to 

high loads and climatic effects is of particular scientific 
importance [1]. Efficient utilization of local mineral raw 
materials and industrial wastes, including their incorporation 
into concrete as active or functional components, is another 
important approach to addressing these challenges. Such an 
approach not only makes it possible to improve specific 
properties of concrete but also promotes the rational 
utilization of secondary resources, reduces production costs, 

and enhances the environmental efficiency of construction-
material production. From this perspective, the development 
of a new generation of road concretes based on complex 
mineral–chemical admixtures represents a relevant research 
direction [2]. 

A number of regulatory and legal documents aimed at 
modernizing the construction sector in the Republic, 
introducing modern and innovative technologies, efficiently 

utilizing the local raw-material base, and increasing the 
production volume and quality of construction materials 
have been adopted. In particular, the Presidential Decree of 

https://orcid.org/0009-0009-9656-2350
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the Republic of Uzbekistan No. PF-60 dated January 28, 
2022, entitled “On the Development Strategy of New 

Uzbekistan for 2022–2026,” and Presidential Decree No. 
PF-6119 dated November 27, 2020, entitled “On Approval 

of the Strategy for Modernization, Accelerated and 

Innovative Development of the Construction Sector for 

2021–2025,” define priority tasks to be implemented in 

these areas. Accordingly, improving the composition of 
concrete used in road construction, determining the effect of 
complex admixtures on physicochemical processes in 
cementitious systems, and evaluating their influence on the 
strength and performance characteristics of concrete 
constitute important scientific and practical objectives. In 
particular, the development and practical implementation of 
complex admixtures capable of improving the technological 

properties of fresh concrete mixtures while simultaneously 
increasing the density, strength, water impermeability, 
freeze–thaw resistance, and abrasion resistance of hardened 
concrete offer considerable potential [3].  

Theoretical and experimental studies in this field are 
being conducted at the accredited scientific laboratory 
“Testing of Construction Products” of Jizzakh 
Polytechnic Institute and at the research laboratories of the 

Department of Construction Materials and Products. 
Comprehensive research activities are being carried out in 
these laboratories to investigate the composition and 
properties of construction materials, develop new composite 
materials, and determine the effects of mineral and chemical 
admixtures on the properties of concrete. As a result of the 
theoretical investigations and experimental studies 
conducted, a number of scientific developments have been 
developed aimed at improving the composition of concrete 

intended for road construction, increasing the efficiency of 
complex admixtures, and enhancing the principal physical–
mechanical and performance characteristics of concrete. 
These developments provide a scientific and practical basis 
for increasing the strength and service life of modern road 
pavements, efficiently utilizing local and secondary raw 
materials, and improving construction-material production 
technologies. 

Literature review 

Increasing the strength, durability, and operational 
stability of concrete is one of the key directions in modern 
construction materials science. In particular, concretes 
intended for highways require higher performance indices 
compared to conventional concretes due to operating under 
constant traffic loads, moisture, freeze-thaw cycles, repeated 
temperature fluctuations, and abrasive actions. In this regard, 

numerous scientific studies have been conducted on 
modifying concrete composition using chemical and mineral 
additives [4]. 

Superplasticizers based on polycondensation products, 
notably S-3 type additives based on 
polynaphthalenesulfonate, play a significant role in 
improving the technological properties of concrete mixtures. 
These superplasticizers reduce the mutual attraction of 

cement particles and help maintain them in a dispersed state. 
Consequently, the workability of the concrete mixture 
increases, making it possible to reduce the water content 
while maintaining a consistent consistency. The reduction in 
the water-cement ratio serves to decrease the capillary 
porosity of the hardened cement paste, thereby improving 
the strength and density characteristics of the concrete. 

The use of mineral additives is noted in the literature as 

one of the effective methods for controlling the structure 

formation process of concrete. In particular, finely dispersed 
materials rich in silicon dioxide react with calcium 
hydroxide formed during cement hydration, leading to the 
formation of additional calcium-silicate-hydrate 
compounds. Such a process can lead to the densification of 
the concrete structure, a reduction in porosity, and an 
increase in strength. From this perspective, utilizing mineral 

waste generated from metallurgy and ferroalloy production 
enterprises as secondary raw materials in concrete 
composition is considered one of the promising directions. 

The issue of utilizing ferrosilicon production waste in 
the composition of building materials has also been widely 
studied in recent years. The fine dispersity of these waste 
products and the active siliceous components in their mineral 
composition make it possible to use them in cementitious 

composites. The introduction of such materials into the 
cement system can fill the gaps between particles, increase 
structural density, and influence the formation process of 
hydration products. At the same time, the use of industrial 
waste is important from the standpoint of reducing the 
demand for natural mineral resources and increasing the 
efficiency of waste recycling. 

The use of organic components with hydrophobic 

properties to increase the resistance of concrete to moisture 
has also been extensively covered in scientific literature. 
Specifically, substances based on higher fatty acids can 
affect the capillary structure of cementitious materials, 
restricting the penetration of water into the concrete. The 
presence of organic compounds in tall oil pitch shows the 
possibility of using it in combination with oleic acid as a 
component that regulates the hydrophobic properties of the 
concrete composition. However, determining the optimal 

amount of such organic components is important, as their 
excessive application can negatively affect the strength 
indices of the concrete. 

Components based on calcium hydrosulfoaluminate 
belong to the category of mineral modifiers that actively 
influence the setting and structure formation processes of 
cement. As a result of their reactions in the cement system, 
hydration products with a crystalline structure can be 

formed, and the densification of the cement paste can be 
observed. The use of such components makes it possible to 
control the early-age curing process of concrete, accelerate 
structural formation, and in some cases limit deformation 
processes. 

The role of basalt-based mineral powders in the concrete 
composition also deserves special attention. The high 
mechanical stability and mineral composition of basalt allow 

it to be crushed and used as a finely dispersed component. 
Basalt powder can act as a micro-filler in the concrete 
composition, reducing voids in the cement matrix and 
increasing the density of the composite structure. At the 
same time, the use of basalt-based materials expands the 
opportunities for the efficient use of local mineral raw 
materials [5].  

As seen from the analyzed scientific sources, the 

individual effects of superplasticizers, mineral additives, and 
hydrophobic components on concrete properties have been 
sufficiently studied. However, research combining several 
functional components within a single complex additive, 
determining their interaction, and their combined effect on 
the structural and operational properties of concrete is 
relatively scarce. In particular, a comprehensive evaluation 
of the effectiveness of a multi-component system consisting 

of S-3 superplasticizer, ferrosilicon production waste, a 
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mixture of tall oil pitch and oleic acid, calcium 
hydrosulfoaluminate, and basalt powder for road concretes 
remains a pressing issue.Therefore, this study focuses on 
investigating the possibilities of improving the technological 
properties of concrete mixtures, reducing water demand, 
densifying the concrete structure, and increasing its strength 
and operational performance by combining components with 

various functional properties within a single complex 
additive. This approach has both scientific and practical 
significance, not only in terms of obtaining high-quality road 
concretes, but also in reusing industrial waste and efficiently 
utilizing local mineral resources. 

2. Research methodology 

In order to develop a complex additive composition for 
high-strength and high-operational-stability heavyweight 
concrete, a modified concrete mixture based on an 
interrelated system of mineral and chemical components was 
prepared. Components that control the rheological, 
structural, and operational properties of the concrete mixture 
through various mechanisms were introduced into the 

complex additive composition [7]. The components used in 
the study and their mass fractions in the complex additive 
were determined as follows: 

- S-3 superplasticizer based on 

polynaphthalenesulfonates — 52%. This component 
serves to increase the workability of the concrete mixture, 
reduce water demand, and optimize the water-cement ratio 
by improving the dispersion of cement particles. As a result, 

conditions are created for reducing the capillary porosity of 
the hardened cement paste and increasing the density and 
strength of the concrete structure; 

- Ferrosilicon production waste — 25%. This 
component actively participates in the cement system as a 
finely dispersed mineral additive, promoting the formation 
of additional binding compounds due to pozzolanic 
reactions. As a result, the microstructure of the cement paste 
becomes denser, porosity decreases, and the strength, water 

impermeability, and resistance of concrete to aggressive 
environments are improved; 

- Calcium hydrosulfoaluminate — 12%. This 
component influences the hydration and hardening processes 
of cement, helping to balance volumetric changes occurring 
during the curing period. As a result, favorable conditions 
are created for reducing internal stresses, limiting the 
formation of microcracks, and forming an integrated 

structure of the cement paste; 
- Dust waste from basalt production — 8%. This 

material, with particle sizes ranging from 0.1 to 100 μm, was 
used as a micro-filler component. Its finely dispersed 
particles fill the voids in the cement matrix, ensuring a dense 
packing of particles. Consequently, conditions are created 
for increasing the density, structural integrity, and 
mechanical strength of concrete; 

- A mixture of B115 technical grade tall oil pitch and 

oleic acid — 3%. The mixture was prepared in a 7:3 mass 
ratio and used as a hydrophobic component in the concrete 
composition. This component is aimed at restricting the 
penetration of moisture through the capillary channels of 
concrete, reducing water absorption, and increasing the 
resistance of concrete to water and freeze-thaw cycles. 

The total mass fraction of the components in the 

complex additive is 100%. The structural components were 
selected taking into account not only their individual 

functional properties, but also their mutual compatibility and 
combined effect. While the S-3 superplasticizer serves to 
control the water demand of the concrete mixture, the 
mineral components increase the microstructural density of 
the cement matrix. The hydrophobic component, in turn, is 
aimed at limiting the penetration of moisture into the 
concrete structure. Thus, the complex additive is designed to 

simultaneously affect the technological, physico-
mechanical, and operational indices of concrete. 

In obtaining heavy concretes with high operational 
properties, controlling the internal structure and porosity 
indices of concrete is of great importance. The presence of 
excess water in the concrete composition leads to an increase 
in the number of capillary pores during the hardening 
process of the cement paste. This situation, in turn, reduces 

the strength and density of concrete, facilitating the 
penetration of moisture and aggressive environments into 
the material. Consequently, the destruction of the concrete 
structure under the influence of freeze-thaw cycles, wetting-
drying processes, and repeated mechanical loads can 
accelerate. 

Therefore, the main direction of the research 
methodology consisted of optimizing the amount of water in 

the concrete mixture, ensuring effective dispersion of 
cement particles, reducing porosity using mineral micro-
fillers, and limiting capillary wetting through a hydrophobic 
component. The functional roles of the components making 
up the complex additive were selected in a mutually 
complementary manner, aimed at simultaneously improving 
several important properties of concrete [6]. 

Most traditional chemical or mineral additives are aimed 
at improving a specific property of concrete. When it is 

necessary to control several indicators simultaneously, the 
need arises to use various additives separately. Such an 
approach can complicate the technology of introducing 
additives into the concrete composition, require ensuring 
compatibility between components, and affect the economic 
efficiency of the production process. 

To eliminate this problem, the principle of combining 
components with various functional properties within a 

single finely dispersed complex additive was adopted in the 
study. The proposed composition is aimed at reducing the 
water demand of the concrete mixture, improving 
workability, densifying the microstructure of the cement 
paste, lowering capillary porosity, and increasing the 
strength and water resistance indices of hardened concrete. 

In evaluating the effectiveness of the complex additive, 
the workability and water demand of the concrete mixture, 

as well as the density, compressive strength, water 
absorption, water impermeability, and frost resistance of the 
hardened concrete were adopted as the main control 
indicators. By comparing the experimental results with the 
control concrete composition, the effect of the complex 
additive on each indicator was determined. 

The developed complex additive is designed to combine 
the mechanisms of chemical plasticization, mineral 

modification, micro-filling, volumetric stabilization, and 
hydrophobization. This approach creates a technological 
basis for obtaining high-strength heavyweight concrete with 
a dense structure and stability against external 
environmental influences. In addition, the use of ferrosilicon 
and basalt production waste makes it possible to involve 
secondary raw materials in the production process of 
building materials and efficiently utilize resources. 
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3. Results and Discussion 

As a result of the experimental studies conducted, it was 
determined that the developed complex additive has a 
positive effect on the technological properties of the concrete 

mixture as well as the physical-mechanical and operational 
indices of the hardened concrete. As a result of the effective 
dispersion of cement particles by the S-3 superplasticizer in 
the complex composition, the mobility and workability of 
the concrete mixture increased, making it possible to reduce 
water consumption by 20–25% while maintaining the 
required consistency. The decrease in the water-cement ratio 
leads to a reduction in the volume of capillary pores formed 
in the hardened cement paste and the formation of a denser 

microstructure. 
As a result of the densification of the cement matrix, 

along with an increase in the compressive strength of 
concrete, its resistance to water penetration and repeated 
freeze-thaw cycles also improves. At the same time, the 
formation of a dense and low-porosity structure increases the 
resistance of concrete to external environmental influences, 
creating conditions for the long-term stable operation of 

structures [7]. 
In the studies, it was observed that the combined use of 

the S-3 superplasticizer with components that control the 
hardening process has a positive effect on the initial 
hydration processes of cement. As a result, the rate of 
strength formation of concrete at an early age increases. This 
feature makes it possible to shorten the duration of the 
technological cycle, release molds faster, and increase 

production efficiency in the manufacture of precast 
reinforced concrete products. At the same time, the 
intensification of the technological process creates an 
opportunity to use energy resources more efficiently by 
reducing the need for heat treatment. 

Based on laboratory experiments, 52% of the S-3 
superplasticizer in the complex additive composition was 
determined as the optimal value. At this ratio, the required 

workability of the concrete mixture is ensured, and along 
with a decrease in water consumption, it was observed that 
the most optimal results are achieved in the strength, water 
impermeability, and frost resistance indices of the hardened 
concrete. However, an increase in the amount of S-3 beyond 
the optimal value should be evaluated taking into account its 
interaction with other components of the complex system. 

The other components of the complex additive also 
perform an important functional role in geological and 

structural formation. While the participation of ferrosilicon 
production waste as a finely dispersed mineral component 
helps to densify the cement matrix, basalt dust serves as a 
micro-filler to reduce voids between particles. Calcium 
hydrosulfoaluminate is aimed at ensuring the volumetric 
stability of the structure during the hardening process, 
whereas the mixture of B115 tall oil pitch and oleic acid acts 
as a hydrophobic component limiting the capillary wetting 

of concrete. 
The functional complementarity of the components 

within the complex additive makes it possible to control the 
technological properties of oaths/concrete mixtures and 
improve the operational indices of the hardened concrete. 
The proposed composition creates favorable conditions for 
reducing the water demand of the mixture, ensuring the 
necessary workability, increasing the density of the cement 

matrix, and forming a high-strength structure. 

The obtained results show that it is possible to improve 
the quality indices of high-strength heavy concretes through 
the use of the complex additive. In particular, as a result of 
the decrease in the water-cement ratio, the effect of finely 
dispersed mineral components as a micro-filler and active 
additive, and the restriction of moisture penetration by the 
hydrophobic component, a complex action mechanism is 

formed to increase the density and operational stability of 
concrete. These results demonstrate the prospects of 
applying the developed additive in the production of 
highways, reinforced concrete structures, and concrete 
products operating under high operational loads. 

Proposed Compositions of the Complex Admixture 

for Concrete Mixtures 
During the experimental studies, several compositional 

variants of a complex admixture intended for high-strength 
heavy concrete were developed. The main objective of the 
study was to determine the changes in the technological 
properties of the concrete mixture, as well as in the physical, 
mechanical, and performance characteristics of hardened 
concrete, resulting from variations in the mass proportions 
of the admixture components. 

The complex admixture investigated in this study 

consisted of an S-3 superplasticizer based on 
polynaphthalene sulfonates, ferrosilicon production waste, 
calcium hydrosulfoaluminate, finely dispersed dust waste 
generated during basalt production, as well as a mixture of 
B115-grade tall pitch and oleic acid. These components were 
incorporated to perform specific functional roles, including 
improving the workability of the concrete mixture, reducing 
water demand, increasing the density of the cement matrix, 
limiting capillary porosity, and enhancing the resistance of 

concrete to environmental effects. 
In the experimental program, the mass proportions of the 

components were varied within specified ranges, and their 
effects on the workability and water–cement ratio of the 
concrete mixture, as well as on the compressive strength, 
water impermeability, and frost resistance of hardened 
concrete, were evaluated. The results obtained for each 
composition were compared, providing a basis for 

determining the optimum composition of the complex 
admixture [8]. 

The experimental compositions of the complex 
admixture and the mass proportions of their individual 
components are presented in Table 1. Based on a 
comprehensive analysis of the obtained results, Composition 
3 was identified as the most appropriate variant in terms of 
improving the technological properties of the concrete 

mixture and the physical, mechanical, and performance 
characteristics of hardened concrete. 

In the identified optimum composition, the synergistic 
interaction of the components ensured the required 
workability of the concrete mixture, reduced water 
consumption, and promoted the formation of a denser 
cement matrix. At the same time, this composition created 
favorable conditions for increasing the strength, water 

impermeability, and frost resistance of concrete. Therefore, 
Composition 3 was adopted as the optimum complex 
admixture composition recommended for producing heavy 
concrete with enhanced performance characteristics. 
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Table 1  

Samples of the Proposed Complex Admixture 

Compositions for Concrete Mixtures 

 

 

Comp

ositio

n No. 

Components, wt. % 

 

S-3 

Super

plasti

cizer 

 

Ferros

ilicon 

Produ

ction 

Waste 

 

Calci

um 

Hydro

sulfoa

lumin

ate 

Basalt 

Dust 

Waste 

(0.1–

100 

μm)) 

B115 

Tall 

Pitch–

Oleic 

Acid 

(7:3) 

1 48 28 12 9 3 

2 50 26 12 9 3 

3 

(opti

mal) 

52 25 12 8 3 

4 54 24 11 8 3 

5 56 22 11 8 3 

H1 45–60 20–30 10–15 5–10 2–5 

 

Table 2 

Physical, Mechanical, and Performance Properties of 

Concrete with the Proposed Complex Admixture 

Parameters 
Mix 

1 

Mix 

2 
Mix 3 

Mix 

4 

Mix 

5 

Concrete 

mixture 

slump, cm 

 

15 

 

16 

 

17 

 

16 

 

15 

Compressive 

strength, 

MPa (28 

days) 

 

68.5 

 

71.2 

 

74.8 

 

72.4 

 

70.6 

Flexural 

strength, 

MPa 

 

7.2 

 

7.6 

 

8.1 

 

7.8 

 

7.4 

Water 

impermeabili

ty grade 

 

W12 

 

W14 

 

W16 

 

W14 

 

W12 

Frost 

resistance, 

cycles 

F300 F400 F500 F400 F300 

Water 

absorption, 

% 

3.8 3.4 3.1 3.3 3.6 

Test results of concrete samples modified with a 

complex additive. During the experimental tests, concrete 
samples modified with a complex additive were prepared 
based on various compositions given in Table 2. The 

prepared samples were tested under established laboratory 
conditions, and their main physical-mechanical and 
operational indicators were compared. In the research, 
compressive and bending strength of concrete, water 
impermeability, water absorption, and frost resistance were 
adopted as the main evaluation criteria. 

A comprehensive analysis of the obtained experimental 

results showed that composition No. 3 provided the most 
optimal results. This composition consists of a mixture of 
52% S-3 superplasticizer, 25% ferrosilicon production 
waste, 12% calcium hydrosulfoaluminate, 8% basalt dust, 
and 3% tall pitch-oleic acid of brand B115. 

It was found that when using this composition, the 
compressive and bending strength indicators of concrete 
increased, the water impermeability property improved, and 

water absorption decreased. Also, the resistance of concrete 
to repeated freeze-thaw effects increased, and a higher result 
was recorded compared to other compositions in terms of 
frost resistance indicator [9]. 

The high efficiency of composition No. 3 is explained by 
the mutually complementary effect of the complex additive 
components. While the S-3 superplasticizer increased the 
workability of the concrete mixture and allowed for a 

reduction in the water-cement ratio, the fine disperse 
particles of ferrosilicon waste and basalt dust reduced the 
voids in the cement matrix, serving to form a denser 
structure. Calcium hydrosulfoaluminate helped ensure 
structural stability during the hardening process, while the 
mixture of tall pitch and oleic acid enhanced the hydrophobic 
properties of the concrete. 

Based on the experimental results, composition No. 3 
was accepted as the optimal complex additive composition 

for obtaining heavy concrete with high strength and 
improved operational properties. The use of this composition 
is considered promising for the production of high-durability 
concretes for road pavements, transport structures, and 
concrete structures subject to complex environmental 
influences. 

Physical and mechanical properties of concrete prepared 
on the basis of the complex additive. In order to determine 

the effect of the proposed complex additive on the physical-
mechanical and operational indicators of concrete, 
experimental tests of concrete samples were carried out 
according to compositions numbered 1–5. In the research, 
standard-sized samples were prepared to evaluate the main 
strength and operational properties of concrete [10]. 

To determine the compressive strength of concrete, 
cube-shaped samples with dimensions of 100×100×100 mm 

were prepared and kept under normal hardening conditions 
for 28 days. Experimental tests were organized in 
accordance with the requirements of current regulatory 
documents GOST 10180-2012, GOST 10181-2014, GOST 
12730.5-2018, GOST 12730.3-2020, and GOST 10060-
2012. The workability of the concrete mixture was 
determined based on the slump test indicator. 

Evaluation of compressive strength was carried out 

using a MATEST C109N hydraulic press. The water 
impermeability properties of concrete were determined 
using a MATEST C435 testing device, and frost resistance 
indicators using an ARCTIKO LAF 700 freezing chamber. 
When it was necessary to study the microstructural state of 
concrete and the interaction mechanism of complex additive 
components with the cement stone in more depth, a 
TESCAN MIRA3 scanning electron microscope (SEM) was 

used. 
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Analysis of the experimental results showed that the use 
of the complex additive, alongside improving the 
technological properties of the concrete mixture, also has a 
positive effect on the structural state of the hardened 
concrete. In particular, due to the dispersing effect of the S-
3 superplasticizer in the additive, the workability of the 
concrete mixture improved, creating the opportunity to 

reduce the water-cement ratio while maintaining the 
required consistency. This limited the formation of capillary 
pores in the cement stone, creating conditions for the 
formation of a relatively dense and stable microstructure. 

The fine disperse particles of mineral components 
helped fill the voids in the cement matrix and densify the 
structure. As a result, the compressive strength and water 
impermeability properties of the concrete improved. 

Furthermore, as a result of the effect of the hydrophobic 
component, it was observed that the water absorption of 
concrete decreased, and the penetration of moisture into the 
material through capillary paths was restricted. These factors 
also created favorable conditions for increasing the 
resistance of concrete to the effects of freeze-thaw cycles. 

Among the tested compositions, concrete samples 
prepared on the basis of composition No. 3 demonstrated the 

highest indicators. In this composition, the mutually 
coordinated effect of the S-3 superplasticizer, ferrosilicon 
production waste, calcium hydrosulfoaluminate, basalt dust, 
and the mixture of B115 tall pitch–oleic acid was observed. 
As a result, concrete samples of this composition recorded 
high compressive strength and water impermeability 
indicators, while water absorption recorded relatively low 
values. Also, in terms of frost resistance, this composition 
showed superior results compared to other experimental 

variants [11]. 
The experimental test results confirmed that the 

developed complex additive allows for the comprehensive 
improvement of the physical-mechanical and operational 
properties of concrete by controlling the workability of the 
concrete mixture, reducing the water-cement ratio, and 
densifying the microstructure of the cement stone. Based on 
the obtained results, composition No. 3 was recommended 

as the most optimal composition for heavy concretes where 
high strength and operational stability are required. 

4. Conclusion 

Based on the conducted theoretical research and 
experimental tests, the composition of a complex additive 
aimed at improving the physical-mechanical and operational 

properties of high-strength heavy concretes was developed, 
and its effectiveness was evaluated. The study utilized an S-
3 superplasticizer based on polynaphthalenesulfonates, 
ferrosilicon production waste, calcium hydrosulfoaluminate, 
fine disperse dust waste from basalt production, and a 
mixture of brand B115 tall pitch and oleic acid. 

During the experimental process, five composition 
variants were compared, and their impact on the workability 

of the concrete mixture and the main physical-mechanical 
and operational indicators of the hardened concrete was 
determined. According to the research results, composition 
No. 3—consisting of a complex additive composed of 52% 
S-3 superplasticizer, 25% ferrosilicon production waste, 
12% calcium hydrosulfoaluminate, 8% basalt dust, and 3% 
of a mixture of brand B115 tall pitch-oleic acid—was 
designated as the most optimal composition. 

The application of this composition allowed for the 
formation of a denser microstructure of the cement stone, 
along with improving the workability of the concrete 
mixture and reducing the water-cement ratio. As a result, the 
compressive strength of the concrete reached up to 74.8 
MPa, and the bending strength up to 8.1 MPa. Furthermore, 
the water impermeability grade of the concrete was 

increased to W16, the frost resistance indicator to F500, and 
water absorption was reduced to 3.1%. These indicators 
demonstrate the effectiveness of the complex additive in 
increasing the density, strength, and resistance of concrete to 
external environmental influences. 

The research results showed that the components of the 
complex additive have a functionally complementary effect. 
The S-3 superplasticizer served to improve the rheological 

properties of the concrete mixture and reduce water demand, 
the ferrosilicon waste and basalt dust to densify the cement 
matrix, calcium hydrosulfoaluminate to ensure structural 
stability, and the tall pitch-oleic acid mixture to increase the 
hydrophobic properties of the concrete. As a result, the 
formation of a high-density, strong, and durable concrete 
structure resistant to external environmental impacts was 
achieved. 

It is promising to apply the developed complex additive 
in the preparation of road and airfield pavements, transport 
and hydraulic structures, bridge structures, and reinforced 
concrete elements operating under high mechanical and 
climatic loads. Especially in structures operating under the 
influence of temperature fluctuations, moisture, and repeated 
traffic loads, the use of this concrete composition can serve 
to increase their operational reliability. 

Also, the use of ferrosilicon and basalt production waste 

in the composition of the complex additive makes it possible 
to involve industrial waste as a secondary raw material in the 
production process of building materials. This is of 
significant practical importance in terms of reducing the use 
of natural resources, optimizing material compositions, 
mitigating the problem of waste disposal, and increasing the 
ecological and economic efficiency of concrete production. 
The research results showed that the proposed complex 

additive is an effective technological solution for obtaining 
heavy concretes requiring high strength, water 
impermeability, and frost resistance. The indicators of 74.8 
MPa compressive strength, 8.1 MPa bending strength, W16 
water impermeability, and F500 frost resistance confirm the 
high operational potential of the developed concrete 
composition. 

References  

[1] Berdiyev O., Kurbanov Z., Tilavov E., Rasulova 
N., Boboqulova S., Jumanov I., Ametov R., O‘Roqboyev O., 
Parsaeva N., Botirov B. The calculation of reinforced 
concrete conical dome shells considering concrete creep. 
E3S Web of Conferences. 2024. Vol. 587. Article 03001. 

DOI: 10.1051/e3sconf/202458703001 
[2] Rakhimov M.A., Rakhimova G.M., Suleimbekova 

Z.A. Modification of Concrete Railway Sleepers and 
Assessment of Its Bearing Capacity. International Journal of 
GEOMATE. 2021. Vol. 20, Issue 77. P. 40-48. 

[3] Asmatulayev B., Asmatulayev R., Asmatulayev 
N., Bakirbayeva A. Construction of durable road rolled 
concrete based on belite slag cement and binders. 

International Journal of GEOMATE. 2023. Vol. 24, Issue 
104. P. 27-35. 



Journal Engineer           ISSN: 3030-3893          Volume:4| Issue:3| 2026 
 

 
    September, 2026 174 

    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2026-3-168-174 

 

[4] GOST 10181–2014. Concrete mixes. Test 
methods. - M.: Standartinform, 2015. - 36 p. 

[5] GOST 24211–2008. Additives for concretes and 
mortars. General specifications. - M.: Standartinform, 2009. 
- 20 p. 

[6] GOST 7473-2010. Concrete mixes. 
Specifications. - M.: Standartinform, 2012. - 18 p. 

[7] Hong Y., Tian W., Dong H., Li J. Research on 
Crack Classification Method of Cement Concrete Pavement. 
Journal of Physics: Conference Series. 2020. Vol. 1622. 
Article 012120. DOI: 10.1088/1742-6596/1622/1/012120. 

[8] GOST 10060-2012. Concretes. Methods for 
determination of frost resistance. - M.: Standartinform, 
2013. 

[9] GOST 12730.3-2020. Concretes. Methods for 

determination of water absorption. - M.: Standartinform, 
2020. 

[10] GOST 12730.5-2018. Concretes. Methods for 
determination of water impermeability. - M.: 
Standartinform, 2019. 

[11] GOST 10180-2012. Concretes. Methods for 
determination of strength using control samples. - M.: 
Standartinform, 2013. 

Information about the author 

Oblokul 

Berdiev 

Candidate of Technical 
Sciences, Professor at the 
Department of Building 

Materials and Structures, 
Jizzakh Polytechnic Institute  
https://orcid.org/0009-0009-
9656-2350 

Olmos Zafarov  Doctor of Technical Sciences, 
Professor, Head of the 
Department of Building 
Materials and Structures, 

Jizzakh Polytechnic Institute 

Elbek 

Urishbaev 

Basic Doctoral Student at the 
Tashkent Institute of 
Architecture and Civil 
Engineering 
E-mail: 
elbek.uzb.1990@gmail.com 
Tel.:+99891 566 49 49 

 

  

https://orcid.org/0009-0009-9656-2350
https://orcid.org/0009-0009-9656-2350
mailto:elbek.uzb.1990@gmail.com


Journal Engineer           ISSN: 3030-3893         Volume:4| Issue:3| 2026 
 

 
                                                                 175      September, 2026 
https://doi.org/10.56143/3030-3893-2026-3-175-179 A bridge between science and innovation 

 

Received: 3 August 2026  Accepted: 14 September 2026  Published: 30 September 2026 

A risk-oriented approach to the development of transport systems with 

embedded information technologies  
 

I.N. Kavaliova1 a, A.N. Panov2 b, E.Yu. Romashova2 c,  

U.A. Ziyamukhamedova3 d, L.N. Marchenko4 e, Y.S. Podgornaya5 f,  

V.V. Podgornaya6 g 

1The State Scientific Institution "V. A. Belyi Metal-Polymer Research Institute of National Academy of Sciences of 

Belarus", Gomel, Belarus 
2Mechanical Engineering Research Institute of the Russian Academy of Sciences (IMASH RAN), Moscow, Russia 

3Tashkent State Transport University, Tashkent, Uzbekistan 
4Francisk Skorina Gomel State University, Gomel, Belarus 

5State Scientific Institution "Institute of Mathematics of the National Academy of Sciences of Belarus", Minsk, 

Belarus 
6Higher Educational Establishment of the Federation of Trade Unions of Belarus «International University 

«MITSO» Gomel Branch, Gomel, Belarus 

 

Abstract: The article explores the process of transformation of methodological approaches to ensure safety and 
reliability of transport systems - from deterministic, tolerance, statistical and probabilistic paradigms to 
a complex risk-oriented concept, integrated into the life cycle of creating transport objects. The proposed 
approach aims to achieve a balanced "quality - cost - risk" ratio, which creates the preconditions for 
increasing the competitiveness of the machine complex products through increased efficiency of 
intellectual activity in the design stages, production and operation of technical systems. The analysis of 
current problems was carried out, prospective directions of methodology were considered, as well as 

models and methods for justifying the permissibility of design-technological risks. Examples of the 
implementation of risk-oriented strategies and tactics at different stages of the life cycle of transport 
systems are given. 

Keywords: risk-oriented concept, life cycle, digital twins, mathematical model, rail transport, technological systems, 
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1. Introduction 

The development of rail transport as an integral part of 
the system of machine science and mechanical engineering 
has historically focused on solving a complex of 
interconnected tasks: optimizing resource consumption in all 
stages of the creation of machinery, Ensuring the required 
level of reliability and safety of technical systems and 
technological processes, studying cause-and-effect 
relationships of degradation phenomena (including analysis 
of damage mechanisms of both individual elements and 

complex technical complexes), as well as automating the 
processing of datasets to reduce the time to market for new 
products. The creation and application of intelligent systems 
is of particular importance in modern times, which 
inevitably generates new classes of risk and requires the 
development of adequate methods to manage them [1-4]. 

As a priority for the development of transport systems, 
and in particular its key component - rail transport, the 

further development and implementation of a risk-based 
approach is currently being considered. The evolution of 
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methodology, which has been in full development since the 
early 2000s, involves a gradual shift from traditional 
deterministic, tolerant, statistical, and probabilistic methods 
(including predictions of reliability) to holistic risk 
assessment and management. This paradigm has been 
reflected in both basic scientific research and applied 
industry development - from the implementation of unique 

projects to the organization of serial production within the 
full life cycle of technical objects [4]. 

The particular relevance and specificity of a risk-based 
approach for the railway industry is due to:  

- increased requirements for the safety of the transport 
process;  

- the complexity and interdependence of infrastructure 
facilities and rolling stock;  

- Long service life and the need for risk management at 
all stages of the life cycle: from conception, design and 
manufacturing to repair and disposal;  

- the existence of a regulatory framework based mainly 
on deterministic and statistical paradigms, with the 
simultaneous need to optimize maintenance costs. 

d  https://orcid.org/0000-0001-5005-0477    
e  https://orcid.org/0000-0003-2425-1720  
f  https://orcid.org/0009-0008-4299-4265  
g  https://orcid.org/0009-0008-3597-5648 
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The aim of this work is to analyze existing methods and 
develop conceptual models and methodologies for applying 
a risk-based approach in order to ensure an acceptable level 
of risks when increasing the productivity of intellectual 
activities in the process of building transport systems. The 
solution to this problem aims at optimizing the "quality-cost-
risk" relationship and achieving an acceptable level of risk 

(i.e. acceptable probability and integral damage) for failures 
at different stages of the life cycle of transport systems. 

2. Research methodology 

The following areas of study are identified in the context 
of the life cycle of transport systems and related risks [4]:  

- normalization and standardization of terminology, 
including the conceptual range in the field of artificial 
intelligence, as well as regulating the application of 
information systems at all stages of the life cycle;  

- numerical modeling of physical processes as a tool to 
reduce resource costs and accelerate the preparation of new 
technology production;  

- the duality of risks arising from the interaction of 

hardware and information subsystems;  
- risk management based on the application of built-in 

monitoring systems for degradation processes. 
There is now an intensive introduction of integrated 

information systems in the technical complex [3, 5] as a 
means to increase the productivity of intellectual activity - 
both during the design phase and during operation. The main 
source of risks leading to natural, man-made and social 

damage is inappropriate or insufficiently reliable 
information (figure 1). 

 
Fig. 1. Presentation of the risk analysis structure of a 

process using a hybrid system based on a risk-based 

design and process approach: challenges, threats, 

vulnerabilities and damages 

To implement risk-oriented thinking, a hyperbolic model 
developed by the authors is proposed that describes the 
relationship between potential damage and an acceptable 
probability of non-compliance (figure 2). The underlying 
principle is that significant damage should be less likely to 
materialize than less significant damage. This ensures that 
an acceptable or required probability of identified damage is 
achieved. To facilitate risk analysis in practical activities, 

including management of the life cycle of a socio-technical 
system, continuous hyperbolic dependence can be presented 
as a step function (score on the parameters "probability - 

priority/damage significance"), which allows for the ranking 
of priorities and their corresponding acceptable probabilities 
of discrepancies. Accordingly, a system for identifying the 
scores of significance of consequences is introduced in the 
design and technology and other documentation. 

With a view to harmonizing and ensuring the universal 
application in managed environments of information 

systems for "second nature" objects - techniques and 
technologies - a series of international and national standards 
are being developed, defining:  

— Terminology and conceptual provisions (for example 
ISO/IEC 22989:2022);  

— Impact assessment processes (ISO/IEC 38507:2022);  
— Requirements for the organization’s management 

system (ISO/IEC FDIS 42001);  

— Risk identification methodology (ISO/IEC 
22894:2022). 

 
Fig. 2. Fundamental five-component model of 

optimization of "probability - damage" - "quality - 

value" - "variation - damage" dependencies 

National standards are also being developed to apply 
terms and definitions correctly. In particular, GOST R 57188 
presents a terminology apparatus for modeling physical 
processes, and GOST R 57412 identifies applicable 
electronic models in the processes of product development, 
production and operation. Standards are developed in the 
supply chain to ensure that technical systems with embedded 
software complete their life cycle stages efficiently and 

effectively. Thus, the GOST series P 57700 regulates 
software certification and validation systems. 

2.1 Regulatory framework and standardization of 

modelling 

It should be noted that the methods of interlinked risk 
management of physical and information systems are still 
insufficient for widespread practical application. Moreover, 
the term "artificial intelligence" (AI) is still not definitively 

defined even in ISO/IEC 22989. In the standards STB 1694 
and STB 2582 (developed with the authors of this article) for 
the English term "artificial intelligence" is proposed the 
phrase "means of supporting intellectual activity" (MSIA), 
which, in our view, more accurately reflects the essence of 
this concept. This interpretation is not misleading, as it is 
with AI as a kind of "miracle," but makes a valid analogy 
with the means to support human physical activity - the 
creation of machines (such as machine tools) and tools that 

enhance productivity. 
Currently, to reduce development and production lead 

times [1-4], for example, within the GOST series P 15,000, 
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a set of standards regulating the implementation of 
numerical modeling of technical products has been 
developed. An analysis of these documents leads to the 
following conclusions.  

The GOST series R 57700 defines requirements for 
numerical modeling systems, including software 
certification and validation processes. In particular, GOST R 

57700.10 regulates the processes of verification and 
validation of numerous models of complex structural 
elements in the elastic area, as well as requirements for 
software of computer models used in product development 
and acceptance, qualification, series and other tests, as well 
as at later stages of the life cycle. 

The classification of computer models is presented in 
GOST R 57700.22, general provisions on the use of digital 

twins of articles - in GOST R 57000.37. This standard 
introduces the following key concepts:  

— Model adequacy - compliance of the model with the 
modelled article (process, phenomenon) according to the 
substantiated list of characteristics;  

— Digital product model - a system of mathematical and 
computer models, as well as electronic product documents, 
describing the structure, functionality, and behavior of a 

product being developed or operated at various stages of the 
life cycle, for which, based on the results of digital and (or) 
other tests for GOST 16504 have been evaluated for 
compliance with the requirements; 

— Digital product twins - a system consisting of the 
digital model of the product and bilateral information links 
with the product (if any) and/or its component parts;  

— Model is the entity that reproduces a real-world 
phenomenon, object, or property of an object;  

— Mathematical model - a model in which information 
about the modeling object is presented as mathematical 
characters and expressions. 

2.2 Hybrid systems risk analysis issues 

Because all socio-technical systems are subject to 
degradation processes, the entire life cycle - from marketing 
research to disposal - should be considered in assessing 
adequacy risks. Risk analysis includes steps to assess threat, 

damage and vulnerability scenarios. To ensure universal 
application, a series of international and national standards 
are being developed that define the terminology apparatus, 
concepts, impact assessment processes, management system 
requirements, and risk identification methodology for 
information technology applications. 

The full risk analysis of technical systems using 
electronic models requires further development of 

appropriate methodologies and methods that take into 
account the stages of assessing threat, damage and 
vulnerability scenarios.  

At the present stage of development, experimental tests 
are partly replaced or supplemented by calculation models. 
The use of such models makes it possible to predict the 
behavior of machines and systems in service conditions, 
assess their strength, durability, energy efficiency and safety, 

and conduct scenario analysis without the need to perform 
expensive or potentially dangerous physical tests. 

The most important task is to define the conditions of use 
of digital twins, which allow experiments to be replaced by 
calculated models, taking into account the completeness, 
accuracy, and reliability of the results obtained. The key 
point is to select an appropriate criterion for evaluating 
model results. Researchers have pointed out the lack of a 

hierarchical framework for regulatory and technical 

documents that allow and regulate the application and scope 
of digital technologies. Thus, there is an objective need to 
describe the conditions of application of calculation models 
in regulatory and technical documentation, justification and 
legitimization of digital tests. Decisions to replace physical 
tests with calculation models must be made based on 
identification of local damage zones using documents in 

which risk indicators depend on assigned points (figure 2), 
to determine the significance of risks in deciding whether to 
conduct a physical experiment, computational simulation, or 
a combination thereof. The risk assessment for a point 
system is based on conventional approaches but requires 
verification and analysis of the effects of changing operating 
conditions [3, 6]. 

In order to achieve an acceptable level of risks for 

technical systems with embedded software, a graphical 
process risk analysis model using a hybrid (material and 
information) system based on a risk-oriented project-
processing approach has been proposed (figure 3). The 
model takes into account challenges, threats, vulnerability 
and damage. Each of the subsystems - physical (machinery, 
design) and information (software) - is characterized by its 
own risks of non-compliance. 

 
Fig. 3. Graphical risk analysis model of the technical 

system with hybrid - material and information - 

subsystem 

It is necessary to consider a series of scenarios for 
identifying both the individual vulnerabilities of the 
hardware and information subsystems, and their mutual 
vulnerability due to the mutual influence of threats and 

vulnerabilities in each. A separate issue is the need to re-
perform risk analysis because information systems may have 
adaptive functions; moreover, both stakeholder requirements 
and regulatory requirements change in the operation of 
technical systems. As a result, the vulnerabilities of hybrid 
systems are also transforming, necessitating a reassessment 
of whether an acceptable level of risk has been reached. For 
risk management of technical systems with built-in software, 

it is proposed to use the series of standards STB 1506, STB 
2582 developed with the participation of authors, as well as 
the methodology of risk analysis FMEA. 

In implementing a risk-based approach, the most 
important step is to synthesize design and engineering 
activities in the supply chain to reduce vulnerability. The 
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decision to allocate resources for technological 
improvements is determined by the degree of 
unacceptability of potential damage. The relationship 
between risk management at the strategic, operational, 
programmatic and project levels should be considered, since 
the acceptability of integrated risks is determined by the 
configurator, i.e. a system of a higher level than the one 

under consideration [7-10]. 
Risk-oriented thinking allows for the consideration of 

ways to reduce product and process risks by diagnosing and 
monitoring degradation processes, thereby preventing 
critical situations from occurring. Thus, acceptable risk is 
achieved without increasing product strength inventories - at 
the expense of timely prevention of adverse events. Figure 4 
presents a developed model for achieving acceptable 

damage by preventing excessive risk through diagnostics 
and monitoring.  

 
Fig. 4. Model for preventing excessive damage by 

diagnosing and monitoring degradation processes by 

changing the significance of consequences 

Excessive damage can be prevented and reduced to an 
acceptable or negligible level by diagnosing and monitoring 
degradation processes using appropriate types and variations 
of measurement systems. The extrinsic hyperbolic 
"probability-damage" dependence is characteristic of a 
monitoring system. The parabolic dependence "quality - 

value" depends on the size of the damage and its 
significance, with the steepness of this dependence 
increasing as the significance of the damage increases. The 
acceptability of variation in product or process 
characteristics is reduced depending on the significance of 
damage and priorities. In conditions of high uncertainty, 
congestion and service life, an additional system of 
diagnostics and monitoring can reduce the cost of product 

creation and achieve replacement of excessive operational 
risk with acceptable.  

3. Conclusion 

The analysis confirms that the shift to a risk-oriented 
paradigm in transport engineering, and particularly in the 
railway industry, is an objective necessity. This necessity 

stems from the increasing complexity of technical systems, 
the integration of intelligent components, and the need to 
optimize costs while maintaining safety. Development of the 
methodological base, including harmonization of 
terminology, improvement of normative documentation and 
development of practical methods for risk assessment and 
management of hybrids (material-information) systems, 

provides a framework for achieving acceptable risk levels at 
all stages of the life cycle. Especially important are the 
validation and verification of digital models, the definition 
of conditions for their application in place of field tests, as 
well as the consideration of risk dualism when interaction 
between physical and information components. The models 
and approaches proposed in the work, including the 

hyperbolic "probability-damage" dependence, a point 
system for assessing the significance of risks and the concept 
of preventing excessive damage by means of monitoring, 
can serve as a basis for further research and practical 
implementation of risk-oriented design in transport 
engineering. 
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Abstract: The present study addresses the scientific and engineering problem of developing and localizing a 
manufacturing technology for cast center plates for freight railway wagons operating on 1520 mm gauge 
railways, based on the production facilities of JSC “Foundry and Mechanical Plant” (Tashkent). The 
relevance of the research is determined by the need to establish local manufacturing of safety-critical 

freight wagon components using the available production equipment and commercially available grades 
of cast steel while ensuring compliance with the requirements of the applicable regulatory and technical 
documentation. According to GOST 34468-2018, the manufacture of cast center plates and center-plate 
seats is specified using steel grades 20FL, 20G1FL, 20GL, 20L, and 25L in accordance with GOST 977. 
For steel grade 25L, the carbon content shall not exceed 0.25%. The mechanical properties of cast center 
plates shall comply with the requirements of GOST 977. For cast center plates manufactured from the 
specified steel grades, the bearing and thrust surfaces shall have a hardness of at least 143 HB. In the 
present study, steel grades 20L and 25L are considered as the primary materials for localized production. 
These grades are characterized by lower cost compared with 20FL, 20G1FL, and 20GL, provided that 

the finished components meet the requirements of GOST 34468-2018 and GOST 977. The selection of 
a casting process is обусловлен by the absence of dedicated forging or stamping facilities for center plate 
production at JSC “Foundry and Mechanical Plant” and by the availability of an operating foundry 
capable of manufacturing center plates in sand-clay moulds. The technological capabilities of the plant 
include a 6-ton-capacity induction furnace manufactured by Otto Junker, an automatic moulding line 
manufactured by Kunkel Wagner, a normalizing furnace manufactured by JSC “Kerammash,” laboratory 
equipment for quality control of the metal and finished castings, as well as metal-cutting equipment for 
subsequent machining operations. The objective of the study is to develop and provide a scientific and 

engineering justification for a localized manufacturing technology for cast center plates made of steel 
grades 20L and 25L using the existing production facilities of JSC “Foundry and Mechanical Plant” while 
ensuring compliance with the requirements of GOST 34468-2018. Particular attention is paid to the 
selection of the appropriate steel grade, optimization of the gating and feeding system, ensuring adequate 
mould filling and controlled solidification of the casting, minimizing the risk of casting defects, 
development of appropriate heat-treatment parameters, and experimental verification of the 
manufactured components against the applicable regulatory requirements. 

Keywords: center plate, freight railway wagon, 1520 mm gauge, production localization, 20L steel, 25L steel, 

casting, sand-clay mould, induction furnace, gating and feeding system, heat treatment, mechanical 
properties, GOST 34468-2018 

 

1. Introduction 

Railway transport is one of the key components of the 
transport infrastructure supporting large-scale freight 
transportation. The reliability and operational safety of the 

freight wagon fleet largely depend on the quality and service 
reliability of critical components subjected to significant 
static and dynamic loads. [3] 

One of the critical components of a freight wagon’s 
central support assembly is the center plate. This component 
provides interaction between the wagon body and the bogie, 
transfers operational loads, and enables mutual rotation of 

 
a  https://orcid.org/0009-0006-1808-489X  

the running-gear elements as the wagon moves through 
curved sections of track. [4] 

For freight wagons operating on 1520 mm gauge 
railways, the technical requirements for center plates are 
regulated by GOST 34468-2018, “Center Plates for Freight 
Wagons of 1520 mm Gauge Railways. General Technical 
Conditions.” The standard specifies requirements for the 
design, materials, manufacturing quality, acceptance, and 
inspection methods for center plates and center-plate seats. 
[1] 

An important task in modern railway vehicle 
manufacturing and wagon repair is to reduce dependence on 
external supplies of critical spare parts and to establish local 
manufacturing technologies. For the Republic of 

https://orcid.org/0009-0006-1808-489X
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Uzbekistan, this task is particularly important in developing 
an independent production base to support the maintenance 
and operation of the freight wagon fleet for 1520 mm gauge 
railways. 

This study examines the feasibility of localizing center-
plate production at JSC “Foundry and Mechanical Plant” in 
Tashkent. The enterprise has an operating foundry equipped 

with modern melting, moulding, heat-treatment, laboratory, 
and metal-cutting equipment. The existing production base 
provides the prerequisites for mastering center-plate 
manufacturing without establishing a separate stamping 
facility. 

A major factor in selecting the manufacturing 
technology is the absence of stamping equipment required 
for producing forged or stamped center plates at the 

enterprise. At the same time, the plant has the technological 
capability to produce steel castings in sand-clay moulds. 
Therefore, a cast design of the center plate is proposed for 
production localization. 

The choice of the casting technology is determined not 
only by the availability of appropriate equipment but also by 
the requirements of the regulatory documentation. GOST 
34468-2018 permits the manufacture of cast center plates 

and center-plate seats from steel grades 20FL, 20G1FL, 
20GL, 20L, and 25L in accordance with GOST 977. Thus, 
the casting method is normatively permissible, provided that 
the specified requirements for material, mechanical 
properties, hardness, geometry, and component quality are 
satisfied. [1] 

Of particular interest is the possibility of using the 
relatively inexpensive cast-steel grades 20L and 25L instead 
of 20FL, 20G1FL, and 20GL. From the standpoint of 

production localization, the use of 20L and 25L may reduce 
the cost of the metallic charge and the finished component; 
however, the economic advantage must be considered 
together with compliance with the regulatory requirements 
for the quality and operational performance of the center 
plate. 

The use of 25L steel requires particular control of its 
chemical composition, since GOST 34468-2018 limits the 

carbon content of this grade to no more than 0.25%. The 
mechanical properties of cast center plates shall comply with 
GOST 977. [2] 

Accordingly, the main scientific and engineering 
problem is not merely the selection of a less expensive steel 
grade, but also establishing whether a cast center plate made 
of 20L and 25L steels can be produced that satisfies the 
requirements of GOST 34468-2018 using the existing 

equipment of JSC “Foundry and Mechanical Plant”. 
A 6-ton-capacity Otto Junker induction furnace is 

proposed for melting. Moulding is to be performed on an 
automatic Kunkel Wagner moulding line using sand-clay 
moulds. After casting, normalization is proposed in a furnace 
manufactured by JSC “Kerammash”, followed by machining 
using the plant’s existing metal-cutting equipment. 

For quality assurance, the enterprise has laboratory 

facilities capable of analyzing the chemical composition and 
physical and mechanical characteristics of the metal and 
monitoring the quality of finished products. The availability 
of this equipment makes it possible to establish a complete 
manufacturing cycle for the center plate directly at the local 
production site. 

An essential element in technology development is 
ensuring the quality of the cast metal. In the production of 

large steel castings, the possibility of shrinkage cavities and 

porosity, gas defects, non-metallic inclusions, hot cracks, 
and other defects must be considered. Therefore, the 
technology should account for the relationship between the 
chemical composition of the steel, melting parameters, 
pouring temperature, gating and feeding system design, 
mould-filling conditions, and solidification behavior. [6, 7, 
8] 

Particular attention should be paid to optimizing the 
gating and feeding system of the center plate. The 
component geometry, massive sections, and changes in 
cross-section may produce thermal nodes where conditions 
favorable for shrinkage defects can develop. Consequently, 
the rational design of metal delivery and feeding should be 
substantiated by analytical and experimental methods. [6, 7, 
8] 

Computer simulation of mould filling and metal 
solidification is a modern tool for addressing this problem. 
A computational approach makes it possible, before 
manufacturing a pilot batch, to evaluate the temperature 
field, filling sequence, solidification direction, and potential 
zones of shrinkage-defect formation. [9, 10] 

Thus, the development of a localized center-plate 
manufacturing technology should be based on a 

comprehensive investigation of the following 
interrelationships: [6, 8, 9] 

steel grade → chemical composition → melting 
parameters → pouring temperature → gating and feeding 
system → mould filling → solidification → casting defects 
→ heat treatment → microstructure → mechanical 
properties → finished-component quality. 

Research Objective 

The objective of the study is to develop and scientifically 

and technically substantiate a localized technology for 
manufacturing cast center plates for 1520 mm gauge freight 
wagons from 20L and 25L steels at JSC “Foundry and 
Mechanical Plant” (Tashkent), using the existing foundry, 
heat-treatment, laboratory, and machining equipment while 
ensuring compliance with GOST 34468-2018. 

Research Tasks 

To achieve this objective, the following tasks must be 

addressed: 
1. Analyze the structural and regulatory 

requirements for center plates of 1520 mm gauge freight 
wagons. 

2. Analyze the requirements of GOST 34468-2018 
and GOST 977 for materials used in cast center plates. 

3. Substantiate the feasibility of using 20L and 25L 
steels as the primary materials for localized production. 

4. Conduct a comparative analysis of 20L, 25L, 
20FL, 20G1FL, and 20GL steels in terms of cost, chemical 
composition, castability, and required mechanical 
properties. 

5. Develop a technological flow for manufacturing 
the center plate at JSC “Foundry and Mechanical Plant”. 

6. Determine rational melting parameters for 20L 
and 25L steels in the 6-ton Otto Junker induction furnace. 

7. Develop or optimize the gating and feeding system 
for casting the center plate in a sand-clay mould. 

8. Investigate mould filling and metal solidification. 
9. Identify potential zones for shrinkage and other 

casting defects. 
10. Develop heat-treatment schedules for the castings 

using the JSC “Kerammash” normalization furnace. 
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11. Investigate the chemical composition, 
microstructure, and mechanical properties of 20L and 25L 
steels after casting and heat treatment. 

12. Determine the hardness of the bearing and thrust 
surfaces of the center plate. 

13. 13. Perform dimensional and non-destructive 
inspection of finished components. 

14. Experimentally verify compliance of the 
manufactured center plates with GOST 34468-2018. 

15. Conduct a technical and economic comparison of 
the localized casting technology with alternative stamped-
center-plate manufacturing. 

16. Determine the economic efficiency of using 20L 
and 25L steels under localized production conditions. 

2. Research methodology 

Analysis of GOST 34468-2018 Requirements for 

Center-Plate Materials and Manufacturing Method 

GOST 34468-2018 provides for the manufacture of 
center plates by various methods, including cast production. 
For cast center plates and center-plate seats, the standard 

specifies steel grades 20FL, 20G1FL, 20GL, 20L, and 25L 
in accordance with GOST 977. For 25L steel, the carbon 
content shall not exceed 0.25%. The mechanical properties 
of cast center plates shall comply with GOST 977. Thus, the 
regulatory framework permits the use of 20L and 25L steels 
for the component under consideration. At the same time, 
inclusion of a steel grade in the list specified in GOST 
34468-2018 does not, by itself, mean that every 

manufactured component automatically meets all 
requirements of the standard. Compliance must be 
confirmed by inspection and test results for the specific 
products. [2] 

Accordingly, this study considers the use of 20L and 25L 
steels as the principal scientific hypothesis: with an 
appropriate selection of chemical composition, melting 
parameters, gating and feeding system, and heat treatment, 
20L and 25L steels may be used to produce cast center plates 

complying with GOST 34468-2018 while reducing the 
material component of production cost. 

Rationale for Selecting the Casting Technology 

The selection of the casting technology for 
manufacturing the center plate is determined by a 
combination of technical and economic factors. [4, 5] 

JSC “Foundry and Mechanical Plant” has an operating 
foundry comprising: 

− a 6-ton Otto Junker induction furnace; 

− an automatic Kunkel Wagner moulding line; 

− equipment for producing and preparing sand-clay 
moulds; 

− a normalization furnace manufactured by JSC 
“Kerammash”; 

− laboratory equipment for metal quality control; 

− metal-cutting equipment for machining castings. 
Thus, implementation of the casting technology does not 

require the establishment of a fundamentally new production 
unit. 

The proposed technological sequence is as follows: 

preparation of charge materials → charge loading → melting 
in the induction furnace → chemical-composition control → 
composition adjustment → temperature control → metal 
tapping → preparation of the sand-clay mould → mould 
assembly → pouring → solidification → shakeout → casting 

cleaning → visual and instrumental inspection → 
normalization → machining → final center-plate inspection. 

The use of the automatic Kunkel Wagner moulding line 
makes it possible to ensure stable mould geometry and 
reproducibility of moulding parameters. The existing 6-ton 
Otto Junker induction furnace enables industrial melting of 
steel for pilot and subsequent serial production of center 

plates. The availability of the JSC “Kerammash” 
normalization furnace allows heat treatment to be 
incorporated into a single localized production cycle. 

Rationale for Selecting 20L and 25L Steels 

The main focus of the study is to assess the feasibility of 
using 20L and 25L steels instead of the more expensive 
grades 20FL, 20G1FL, and 20GL. [4, 6] 

In accordance with GOST 34468-2018, all of the listed 

grades are specified for the manufacture of cast center plates. 
Therefore, the comparison should be based on a combination 
of operational and economic indicators. 

The economic advantage of 20L and 25L steels should 
not be assessed solely by the cost per tonne of steel, but by 
the final cost of the center plate: 

C_cp = C_met + C_melt + C_mould + C_heat + C_mach 
+ C_ins + C_ovh, 

where C_cp is the cost of the finished center plate; 
C_met is the cost of the metallic charge; C_melt is melting 
cost; C_mould is moulding cost; C_heat is heat-treatment 
cost; C_mach is machining cost; C_ins is inspection cost; 
and C_ovh is overhead cost. 

This approach will make it possible to quantify the 
economic effect of production localization. 

Production Facilities of JSC “Foundry and 

Mechanical Plant” 

The study uses the existing production infrastructure of 
JSC “Foundry and Mechanical Plant”. 

Table 1 

Technological Equipment Used for Production 

Localization 

Technologica

l Operation 

Equipment Primary Purpose 

Melting Otto Junker 
induction 
furnace, 6 t 

Steel melting 

Moulding Kunkel Wagner 
automatic 
moulding line 

Production of 
sand-clay moulds 

Heat 
treatment 

JSC 
“Kerammash” 
normalization 
furnace 

Normalization of 
castings 

Inspection Laboratory 
equipment 

Chemical 
composition and 
properties 

Machining Metal-cutting 
machines 

Achieving final 
dimensions 

Non-
destructive 
testing 

To be specified Inspection of 
internal/surface 
defects 

Thus, the proposed process assumes maximum 

utilization of the plant’s existing equipment. 
This is one of the key principles of localization: the 

technology is developed not by establishing an entirely new 
production facility, but by adapting the existing 
technological infrastructure to manufacture a new safety-
critical component. 



Journal Engineer           ISSN: 3030-3893         Volume:4| Issue:3| 2026 
 

 
                                                                 183      September, 2026 
https://doi.org/10.56143/3030-3893-2026-3-180-185 A bridge between science and innovation 

 

Materials and Methods 

The study involves two principal steel grades—20L and 
25L. At the first stage, the chemical composition of each heat 
is determined. For 25L steel, particular attention must be 
paid to carbon content because GOST 34468-2018 limits it 
to no more than 0.25%. 

The analysis should include carbon, silicon, manganese, 

sulfur, phosphorus, chromium, nickel, copper, and other 
elements in accordance with the applicable requirements for 
the selected steel grade. [2] 

After obtaining pilot castings, the following 
characteristics are to be investigated: chemical composition, 
mechanical properties, hardness, microstructure, geometric 
parameters, surface quality, internal defects, and the results 
of heat treatment. 

Proposed Experimental Research Methodology 

The study should be conducted according to the 
following sequence. 

Stage 1. Investigation of the Existing Technology 

The following parameters are determined: 

• casting mass; 

• mass of gating elements; 

• mass of risers; 

• yield of sound castings; 

• pouring temperature; 

• chemical composition; 

• moulding parameters; 

• existing gating-system design; 

• type and quantity of rejected castings. 
Stage 2. Simulation 

The following are calculated: 

• mould filling; 

• temperature field; 

• solidification time; 

• solidification direction; 

• potential shrinkage zones; 

• probability of porosity formation. 
Stage 3. Optimization 

Based on the simulation results, the following 
parameters are adjusted: [9, 10] 

• gating-channel dimensions; 

• number of feeders; 

• riser locations; 

• metal-entry locations; 

• dimensions of system elements. 
Stage 4. Manufacture of Pilot Castings 

Pilot center plates are manufactured from 20L and 25L 
steels. 

Stage 5. Heat Treatment 
The castings are subjected to normalization using the 

JSC “Kerammash” furnace. 

Stage 6. Property Characterization 

The following properties are determined: 

• ultimate tensile strength; 

• yield strength; 

• elongation; 

• reduction of area; 

• impact toughness; 

• hardness; 

• microstructure. 
Stage 7. Finished-Component Inspection 

The following inspections are performed: 

• dimensional inspection; 

• visual inspection; 

• surface inspection; 

• non-destructive testing; 

• inspection of working surfaces. 
Stage 8. Comparison with GOST Requirements 

The obtained results are compared with the regulatory 
requirements of GOST 34468-2018 and GOST 977. [1, 2] 

Scientific Hypothesis 

The scientific hypothesis of this study is that the use of 
20L and 25L steels in combination with an optimized casting 

technology using sand-clay moulds, a rational gating and 
feeding system, and normalization will make it possible to 
produce a center plate for a 1520 mm gauge freight wagon 
that complies with GOST 34468-2018. At the same time, the 
use of the less expensive 20L and 25L grades compared with 
20FL, 20G1FL, and 20GL is expected to reduce the material 
component of the product cost. This hypothesis requires 
experimental verification based on a comprehensive set of 

indicators: [6, 7] 

 
where the normative values of mechanical properties and 

geometric tolerances shall be determined from the relevant 
sections of GOST 34468-2018 and GOST 977 for the 
specific center-plate design. 

Expected Scientific Novelty 

The expected scientific novelty of the study consists in: 
1. establishing rational parameters for manufacturing 

center plates from 20L and 25L steels in sand-clay moulds; 
2. determining the relationship between gating and 

feeding system parameters and defect formation in the cast 
preform; 

3. determining the effect of melting and heat-
treatment parameters on the structure and mechanical 
properties of the center-plate metal; [4, 5] 

4. experimentally confirming the feasibility of 
producing a center plate from 20L and/or 25L steel that 
complies with GOST 34468-2018; 

5. developing a technological basis for localized 

center-plate production using the existing production 
facilities of JSC “Foundry and Mechanical Plant”. [4, 5] 

Practical Significance 

The practical significance of the study lies in 
establishing a technological basis for organizing the 
production of cast center plates for 1520 mm gauge freight 
wagons in the Republic of Uzbekistan. 

The use of the existing equipment of JSC “Foundry and 

Mechanical Plant” minimizes the need for capital investment 
in a new production complex. 

The technology based on the available: 

• 6-ton Otto Junker induction furnace; [4, 5] 

• automatic Kunkel Wagner moulding line; 

• JSC “Kerammash” normalization furnace; 



Journal Engineer           ISSN: 3030-3893          Volume:4| Issue:3| 2026 
 

 
    September, 2026 184 

    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2026-3-180-185 

 

• laboratory facilities; 

• metal-cutting equipment 
makes it possible to organize the complete technological 

cycle for manufacturing the component at a single 
production site. 

The expected economic effect may be achieved through: 

• use of more readily available steel grades; 

• use of existing foundry equipment; 

• elimination of the need to establish stamping 
production; 

• reduction of external supplies; 

• reduction of transportation costs; 

• shorter delivery times; 

• organization of serial production. 

3. Conclusion 

The study addresses the scientific and engineering 
problem of localizing the production of center plates for 
1520 mm gauge freight wagons at JSC “Foundry and 
Mechanical Plant” in Tashkent. 

The principal technological solution considered is the 
manufacture of the center plate by casting in a sand-clay 
mould, followed by normalization and machining. 

The choice of the casting method is determined by the 
availability of the required production facilities at the 
enterprise and the absence of stamping production. At the 
same time, cast center plates are provided for by GOST 
34468-2018, which allows this method to be considered 
normatively permissible when the specified requirements for 
the finished component are met. [1] 

20L and 25L steels were selected as the principal 

materials for the study. Their use for manufacturing cast 
center plates is provided for by GOST 34468-2018. For 25L 
steel, particular attention must be paid to compliance with 
the carbon-content limit of no more than 0.25%. [1, 2] 

The proposed technology is oriented toward maximum 
utilization of the plant’s existing equipment: the 6-ton Otto 
Junker induction furnace, the automatic Kunkel Wagner 
moulding line, the JSC “Kerammash” normalization 

furnace, laboratory equipment, and metal-cutting machines. 
The main direction of further research is experimental 

verification of the feasibility of producing high-quality cast 
center plates from 20L and 25L steels that comply with 
GOST 34468-2018, as well as determination of their 
production cost-effectiveness. [6, 7, 11] 

A final assessment of the proposed technology should be 
based on a comparative analysis of the chemical 

composition, mechanical properties, hardness, 
microstructure, dimensional accuracy, surface quality, 
internal defects, and cost of the manufactured components. 
[6, 11] 

References  

[1] GOST 34468-2018. Center Plates for Freight 
Wagons of 1,520 mm Gauge Railways. General Technical 
Conditions. 

[2] GOST 977. Steel Castings. General Technical 
Conditions. 

[3] GOST 33211-2014. Freight Main-Line Railway 
Wagons. Strength and Dynamic Performance Requirements. 

[4] Olshevskiy A., Kim C.W., Yang H., Olshevskiy A. 
Wear simulation for the centre plate arrangement of a freight 
car // Vehicle System Dynamics. 2015. Vol. 53, No. 6. P. 
856–876. DOI: 10.1080/00423114.2015.1023319. 

[5] Muradian L.A., Podosonov D.O. Improving TBO 
of freight car bogies. Geometry model of center pad wear // 
Science and Transport Progress. 2017. DOI: 

10.15802/stp2017/92533. 
[6] Makino T., Shimokawa Y., Yamamoto M. Fatigue 

Property and Design Criterion of Cast Steel for Railway 
Bogie Frames // Materials Transactions. 2019. Vol. 60, No. 
6. P. 950–958. DOI: 10.2320/matertrans.Z-M2019814. 

[7] Yu L.Y., Zhao Y.X. Fatigue Limit Measurement 
of the Cast Steel for Chinese Railway Rolling Wagon Bogie 
Frames // Advanced Materials Research. 2010. Vols. 118–

120. P. 121–125. DOI: 
10.4028/www.scientific.net/AMR.118-120.121. 

[8] Campbell J. Complete Casting Handbook: Metal 
Casting Processes, Metallurgy, Techniques and Design. 2nd 
ed. Oxford: Butterworth-Heinemann, 2015. 1054 p. ISBN 
978-0-444-63509-9. DOI: 10.1016/C2014-0-01548-1. 

[9] Campbell J. Casting Practice: Guidelines for 
Effective Production of Reliable Castings // ASM 

Handbook. Vol. 15: Casting. ASM International, 2008. P. 
497–505. DOI: 10.31399/asm.hb.v15.a0005277. 

[10] DasGupta R. Common Defects in Various Casting 
Processes // ASM Handbook. Vol. 15: Casting. ASM 
International, 2008. P. 1192–1202. DOI: 
10.31399/asm.hb.v15.a0005344. 

[11] Poweleit D. Selection and Evaluation of Steel 
Castings // ASM Handbook. Vol. 15: Casting. ASM 
International, 2008. P. 975–986. DOI: 

10.31399/asm.hb.v15.a0005330. 
[12] Shape Casting of Steel // ASM Handbook. Vol. 15: 

Casting. ASM International, 2008. P. 926–948. DOI: 
10.31399/asm.hb.v15.a0005299.  

Information about the author 

Yerdaulet 

Abdukhalikov  

Lead Specialist, State 
Institution “Center for 
Improving the Efficiency of 
Projects and Procurement” 
under the Agency for 
Industrial Cooperation and 
Public Procurement 
E-mail: 
ye.abduxalikov@expertcent

er.uz  
Tel.: +998998410859 

Talgat Urazbaev  Associate Professor, 
Department of Materials 
Science and Mechanical 
Engineering, Tashkent State 
Transport University, PhD 

E-mail: 
talgat_1988.26@mail 
Tel.: +998974301088 
https://orcid.org/0009-0006-
1808-489X  

Bakhtiyor 

Abdunazarov  

Head of the Foundry 
Complex, JSC “Foundry and 
Mechanical Plant” 

mailto:ye.abduxalikov@expertcenter.uz
mailto:ye.abduxalikov@expertcenter.uz
mailto:talgat_1988.26@mail
https://orcid.org/0009-0006-1808-489X
https://orcid.org/0009-0006-1808-489X


Journal Engineer           ISSN: 3030-3893         Volume:4| Issue:3| 2026 
 

 
                                                                 185      September, 2026 
https://doi.org/10.56143/3030-3893-2026-3-180-185 A bridge between science and innovation 

 

E-mail: baxa_863@mail.ru  
Tel.: +998 91 166 23 34 

Odil Achildiev  Chief Metallurgist, JSC 
“Foundry and Mechanical 
Plant” 

E-mail: 

o.a._surxon@mail.ru  
Tel.: +998 77 371 40 49 

 

  

mailto:baxa_863@mail.ru
mailto:o.a._surxon@mail.ru


Journal Engineer           ISSN: 3030-3893          Volume:4| Issue:3| 2026 
 

 
    September, 2026 186 

    A bridge between science and innovation https://doi.org/10.56143/3030-3893-2026-3-186-190 

 

Received: 6 August 2026  Accepted: 17 September 2026  Published: 30 September 2026 

Study of the impact of heavy trucks on the smoothness of asphalt concrete 

pavement 
 

A. Urakov1 a, E. Ashurov2 b 
1Tashkent State Transport University, Tashkent, Uzbekistan 

2Termez State University of Engineering and Agrotechnologies, Termez, Uzbekistan 

 

Abstract: This article examines the significant increase in traffic flow on the 1315–1458 km section of the M-39 
“Almaty–Bishkek–Tashkent–Shahrisabz–Termez” highway located in the southern region of the 
republic, and investigates the effect of heavy freight vehicles on the smoothness of asphalt concrete 
pavement, particularly the formation of wheel-path rutting. The study analyses the elastic and plastic 
deformations occurring in the pavement under heavy truck loads, the deterioration of pavement 
smoothness and the reduction in pavement service life. The longitudinal roughness of the 1360–1425 km 
section was surveyed in both directions with the “TRASSA” mobile road laboratory complex and 
evaluated against the International Roughness Index (IRI). The mean measured index is 1.76 m/km in 

the Tashkent–Termez direction and 1.49 m/km in the Termez–Tashkent direction, while 8.4 % and 3.7 
% of the surveyed length respectively exceed the permissible value of 3 m/km established for category I 
roads; the maximum recorded value reaches 8.08 m/km. On this basis engineering recommendations 
were developed to improve the transport and operational condition of the pavement. 

Keywords: asphalt concrete pavement, smoothness, heavy truck, deformation, IRI, deflection, traffic flow 

 

1. Introduction 

At present, the increasing traffic volume on highways, 
especially the growth in the number of heavy trucks, has a 
significant impact on the operational condition of road 
pavements. The axle loads of heavy freight vehicles operating 
on national and international roads cause various deformations 
in asphalt concrete pavements, leading to a deterioration of the 
pavement smoothness indicators. 

The smoothness of a road pavement depends on several 

factors and is one of the main parameters determining traffic 
safety, fuel consumption, driving speed and passenger comfort. 
The deterioration of pavement smoothness results in increased 
vehicle operating costs and a reduction of the pavement service 
life [1]. 

Therefore, investigating the impact of heavy trucks on the 
smoothness of asphalt concrete pavement is considered one of 
the urgent scientific and practical issues in the field of highway 

engineering. The aim of the present work is to determine, from 
field measurements on an operating international highway, 
how the share of heavy trucks in the traffic flow is reflected in 
the longitudinal roughness of the asphalt concrete pavement, 
and to compare the measured values with the permissible 
standard indicators. 

 
 

 
 
 
 
 

2. Research methodology 

The methodology of this study is aimed at determining the 
impact of heavy trucks within the traffic flow on the 

smoothness of asphalt concrete pavement, evaluating the 
deformations formed in the pavement, and identifying the 
patterns of change in the smoothness indicators. 

The smoothness of the asphalt concrete pavement was 
evaluated on the basis of the International Roughness Index 
(IRI). A number of scholars have conducted research in this 
field, including O.A. Krasikov, E.V. Uglova, F.B. Matvienko, 
A.K. Birulya, A.P. Vasilev, I.S. Sadikov, A.X. Urakov and 
A.G. Yunusov [3]. 

Smoothness is a transport-operational indicator that 
characterises the levelness of a road pavement surface. 
Pavement smoothness is evaluated through the vertical 
vibrations generated during vehicle movement. In international 
practice, pavement smoothness is mainly determined using the 
IRI (International Roughness Index) indicator [2]. 

The longitudinal smoothness of highway pavements is 
assessed in accordance with IQN 05-2011 “Rules for 

diagnostics and evaluation of highway conditions” by 
comparing the measured values with the permissible standard 
indicators (Table 1); the road categories themselves are 
assigned in accordance with ShNQ 2.05.02-07 [6]. If the actual 
value of the smoothness indicator is less than or equal to the 
allowable value, the pavement is considered to meet the 
required operational standards in terms of smoothness [5]. 
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Table 1 

Permissible values of the longitudinal roughness index according to IQN 05-2011 

Traffic intensity, veh/day Road category Pavement type Longitudinal roughness index based on 
IRI, m/km 

more than 7000 I Capital 3.0 

3000–7000 II Capital 3.5 

1000–3000 III Capital 4.0 

1000–3000 III Lightweight 4.5 

500–1000 IV Lightweight 5.0 

200–500 IV Transitional 5.5 

less than 200 V Lower 6.0 

The reconstruction project of the 1315–1458 km (143 km) 
section of the international M-39 “Almaty–Bishkek–Tashkent–
Shahrisabz–Termez” highway, passing through the 
Surkhandarya region in the southern part of the republic, was 
implemented with international investment funds [9, 10]. 
Currently, the traffic flow along this road section is 
increasingly composed of foreign-made vehicles with high 
dynamic characteristics. 

In this area, the Sherabad Cement Plant and several 
Sherabad construction material quarries are located. The 
excessive axle loads of the transported cargo, which exceed the 
permissible axle load standards, as well as the formation of 
wheel-path rutting on the pavement surface, have resulted in 
noticeable pavement roughness and unevenness [4]. 

 
a) 

 
b) 

 
c) 

Fig. 1. Wheel-path rutting and pavement roughness deformations on the 1400–1420 km section of the M-39 “Almaty–

Bishkek–Tashkent–Shahrisabz–Termez” highway 

The process of the development of pavement smoothness 
deformations under the impact of heavy trucks within the 

traffic flow is occurring very rapidly on these highways. 
During the experimental studies carried out on the research 

section, investigations were conducted using the “TRASSA” 

mobile road laboratory complex, which is designed to evaluate 
the transport-operational characteristics of highways. The 

pavement condition was assessed on the basis of the 
International Roughness Index (IRI) indicator [2]. 

 

 
a) 

 
b) 

 
c) 

Fig. 2. “TRASSA” mobile road laboratory complex: a) general view; b) operator workstation; c) measuring 

equipment 

Using the FORD “TRASSA” mobile road laboratory 
complex, monitoring studies were conducted on the 1360–1425 
km (65 km) section of the M-39 “Almaty–Bishkek–Tashkent–

Shahrisabz–Termez” highway. As a result of these 
investigations, the following parameters were measured, 
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evaluated and simultaneously analysed in an electronic 
database: 

– geometric parameters (longitudinal and transverse 
smoothness, traveled road length); 

– longitudinal smoothness based on the International 
Roughness Index (IRI); 

– pavement structural strength using the DINA 4 (FWD) 

dynamic loading device, in accordance with MKN 52-2008 [7] 
and GOST 32729–2014 [8]; 

– traffic intensity and traffic flow composition. 
 
 
 
 
 

 

3. Results and discussion 

The results of the monitoring studies conducted on the 
1360–1425 km section of the M-39 “Almaty–Bishkek–
Tashkent–Shahrisabz–Termez” highway showed that as the 

proportion of heavy trucks in the traffic flow increases, the 
smoothness indicators of the asphalt concrete pavement 
deteriorate. The measurements cover 67.7 km of carriageway 
in each direction with a recording step of 100 m. 

Particularly in the southern regions, under high summer 
temperatures, the softening of the asphalt concrete pavement 
accelerates the formation of longitudinal ruts (wheel-path 
rutting). On roads with a high daily volume of heavy trucks, 
pavement deflection increases significantly. According to the 

results, the increase in the number of freight vehicles 
accelerates pavement unevenness and deformation processes 
[4]. 

Table 2 

Longitudinal roughness indicators measured on the 1360–1425 km section of the M-39 “Almaty–Bishkek–Tashkent–

Shahrisabz–Termez” highway 

Indicator Tashkent–Termez Termez–Tashkent 

Surveyed length, km 67.7 67.7 

Mean IRI, m/km 1.76 1.49 

Median IRI, m/km 1.54 1.31 

Maximum IRI, m/km 8.08 5.44 

Length with IRI > 3 m/km, % 8.4 3.7 

Length with IRI > 4 m/km, % 3.1 0.9 

Length with IRI > 5 m/km, % 1.2 0.3 

The measured roughness profiles are presented in Figures 
3–5. In the Tashkent–Termez direction the mean value of the 
index is 1.76 m/km and 8.4 % of the surveyed length exceeds 
the permissible value of 3 m/km established for category I 
roads; in the Termez–Tashkent direction the corresponding 

values are 1.49 m/km and 3.7 %. The maximum recorded value, 
8.08 m/km, is 2.7 times the permissible one. The asymmetry 
between the two directions corresponds to the predominant 
direction of loaded heavy vehicles moving from the Sherabad 
quarries and cement plant. 

 

 

Fig. 3. Longitudinal roughness along the Tashkent–Termez direction on the 1360–1425 km section of the M-39 “Almaty–

Bishkek–Tashkent–Shahrisabz–Termez” highway 
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Fig. 4. Longitudinal roughness along the Termez–Tashkent direction on the 1360–1425 km section of the M-39 “Almaty–

Bishkek–Tashkent–Shahrisabz–Termez” highway 

 

Fig. 5. Comparison of the longitudinal roughness in both directions on the 1360–1425 km section of the M-39 

“Almaty–Bishkek–Tashkent–Shahrisabz–Termez” highway 

The pavement smoothness of the carriageway was 
evaluated against the required International Roughness 
Index values, and the corresponding permissible limits are 
shown in Figures 3–5 as a dashed line. The sections where 
the measured index systematically exceeds this limit are 
concentrated in the zones of intensive heavy-vehicle loading, 
which confirms the connection between the traffic flow 
composition and the rate of deterioration of the pavement 

smoothness. 

4. Conclusion 

1. The research findings revealed that the increasing 
longitudinal pavement irregularities (wheel-path rutting) 
observed on the 1360–1425 km section of the M-39 
“Almaty–Bishkek–Tashkent–Shahrisabz–Termez” highway 

indicate the negative impact of heavy trucks within the 
traffic flow on the smoothness of the asphalt concrete 
pavement. Repeated exposure to high axle loads causes 
elastic and plastic deformations in the pavement structure, 
resulting in the deterioration of the pavement smoothness 
indicators. 

2. In the Tashkent–Termez direction 8.4 % of the 
surveyed length, and in the Termez–Tashkent direction 3.7 

%, do not meet the permissible roughness value of 3 m/km 
for category I roads; the mean values are 1.76 and 1.49 m/km 
respectively. The difference between the directions reflects 
the predominant direction of the loaded heavy vehicle flow. 

3. The studied highway is located in a hot climatic 
region, where not only the intensity of heavy freight 
transportation is increasing, but pavement deflection and 
deformation are also becoming more severe under such 

conditions. Therefore, during the design and operation of 
highways, it is essential to take into account the composition 
of the traffic flow, particularly the proportion of heavy 
trucks. 

4. For the sections where the permissible roughness 
value is exceeded, it is advisable to carry out axle-load 
control of heavy vehicles, to plan levelling layers within the 
maintenance programme, and to repeat the IRI survey after 
the repair works in order to evaluate their effectiveness. 
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