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REDAKTORIAUS ĢODIS 

 

 

Gerbiami skaitytojai ir kolegos, 

 

MoksliniȎ straipsniȎ ģurnalo ñInģinerinǟs ir edukacinǟs technologijosò atnaujintoji redkolegija 

pristatydama Jums 2026 metȎ pirmŃjǱ numerǱ, dģiaugiasi, jog ġǱ kartŃ Ǳ JȊsȎ rankas patenka atnaujintos 

struktȊros moksliniȎ publikacijȎ leidinys, pristatantis originalius tyrimus ir taikomuosius darbus aplinkos 

inģinerijos, inģinerijos mokslȎ bei socialiniȎ ir edukologiniȎ mokslȎ kryptyse. 

Aplinkos inģinerijos kryptis. Tyrimai atskleidǟ, kad klimato kaita ir spartǟjantis gamtos iġtekliȎ 

eikvojimas sŃlygoja poreikǱ pereiti prie maģai anglies dioksido Ǳ aplinkŃ iġskirianļiȎ ir energijŃ taupanļiȎ 

pastatȎ bei baterinio elektros energijos kaupiklio taikymo elektros suvartojimo kaġtams optimizuoti. 

Nuotoliniais tyrimo metodais sudarytȎ erdviniȎ duomenȎ rinkiniȎ tikslumas ir jȎ atitiktis stambaus mastelio 

topografiniȎ planȎ rengimui UAS fotogrametrijos metodas laikytinas tinkamu tvirtȎ vietovǟs kontȊrȎ taġko 

erdvinǟs padǟties nustatymui. Analizuojant melioracijos sistemas, pastebǟta, kad nusidǟvǟjimas ir 

nepakankama prieģiȊra lemia vis daģniau pasitaikanļias uģmirkusiȎ teritorijȎ problemas. Tiriant 

eksploatuojamȎ statiniȎ gelģbetonines konstrukcijas, daugiausia dǟmesio skiriama betonui.  

Visuomeninio transporto sistemȎ efektyvumas ir tvarumas vis labiau priklauso nuo technologiniȎ 

sprendimȎ, vairuotojȎ elgsenos ir jȎ tarpusavio sŃveikos. Todǟl efektyvus transporto sistemȎ valdymas 

reikalauja integruoto poģiȊrio, jungianļio technologinius sprendimus, vairuotojȎ elgsenos analizň ir 

duomenimis grǱstŃ modeliavimŃ.  

Inģinerijos mokslȎ kryptis. Vienas pagrindiniȎ iġġȊkiȎ, su kuriuo susiduria maģojo tipo bepiloļius 

orlaivius valdantys pilotai operatoriai, yra gebǟjimas skristi nenaudojant navigaciniȎ sistemȎ, todǟl 

papildoma piloto kamera gali uģtikrinti tiek nenutrȊkstamŃ ǱvairiȎ uģduoļiȎ vykdymŃ, tiek leidģia pilotui 

operatoriui sekti skrydģio marġrutŃ ir tokiu bȊdu vizualiai naviguoti orlaivǱ ġveisiu paros metu. AdaptyviȎjȎ 

technologijȎ, skirtȎ bepiloļiȎ orlaiviȎ naġumui gerinti, konstruktyvus pritaikymas iġskiriamas kaip veiksnys, 

labiausiai prisidedantis prie naġumo gerinimo ir efektyviȎ operacijȎ diapazono iġplǟtimo. Ġis metodas yra 

veiksmingas kuriant naujos kartos bepiloļius orlaivius.  

Optimizuotas M-14P orlaivio variklio komponentȎ medģiagȎ charakteristikos parametrȎ vertinimo 

metodas Ǳgalino susieti Ǳspaudimo skersmenis su Brinelio kietumo vertǟmis ir identifikuoti medģiagos tipŃ, 

nustatyti jos vientisumŃ, aptikti eksploatacinius paģeidimus bei pagrǱsti sprendimȎ priǟmimŃ, atliekant 

aviacijos komponentȎ patikrŃ. Eksperimentinis automobilio pakabos spyruokliȎ suspaudimo charakteristikȎ 

tyrimas, siekiant Ǳvertinti jȎ standumŃ apkrovos sŃlygomis, atliktas naudojant ĂLABA7 Spring Rate Tester 

Dailyñ parodǟ, kad net ir santykinai nedideli spyruokliȎ standumo skirtumai gali lemti netolygȎ apkrovos 

pasiskirstymŃ galinǟje aġyje, o tai gali neigiamai paveikti transporto priemonǟs stabilumŃ ir vaģiavimo 

komfortŃ. Dǟl mechaninio stiprumo, formavimo, ilgaamģiġkumo ir ekonomiġkumo derinio plienuose 

austenito stabilumas Ǳgalina padidinti stiprumŃ, tvirtumŃ, atsparumŃ dilimui ir nuovargio savybes. Nors 

pluoġto armavimas ģymiai padidina patvarumŃ, tai sumaģina atsparumŃ dilimui ir padidina apdirbimo 

sudǟtingumŃ ir tuo apriboja galimybň praktiniam pritaikymui. Ġios Ǳģvalgos suteikia praktiniȎ gairiȎ 

pasirinkant medģiagas, projektuojant patvarius minkġtus roboto elementus.  

SocialiniȎ ir edukologiniȎ mokslȎ kryptis. Nepaisant technologinǟs paģangos, ģmogiġkasis faktorius 

iġlieka kritiniu sistemos elementu, kurio bȊklǟ tiesiogiai veikia eismo ǱvykiȎ tikimybň. Todǟl efektyvus 

saugos valdymas reikalauja integruoto poģiȊrio, apimanļio darbo organizavimŃ, ergonomikŃ ir 

psichofiziologinǟs bȊklǟs stebǟsenŃ. Savarankiġkam besimokantiems apie kompiuteriȎ architektȊrŃ ir 

mikroprocesoriȎ funkcionalumŃ, reikia atsiģvelgti Ǳ konstrukcinius ypatumus, instrukcijȎ rinkinǱ, 

adresuojamos atminties dydǱ, duomenȎ magistralǟs dydǱ ir kitas svarbias savybes. PasiȊlyta sistema, 

apimantis projektavimo filosofijas, gali bȊt nesunkiai pleļiama ir modifikuojama bei gali bȊti skiriama kaip 

uģduotis studentams.  

 

Tikimǟs, kad Ǳvairiapusiġkai pristatomi tyrimȎ aspektai paskatins skaitytojus susidomǟti 

publikacijomis, dǟkojame straipsniȎ autoriams ir tikimǟs sǟkmingo tolesnio bendradarbiavimo. 

 

 

Su pagarba, 

vyriausioji redaktorǟ                                                                 dr. Lina Girdauskienǟ  
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SUSTAINABILITY AND ENERGY EFFICIENCY THROUGH FACADE-INTEGRATED 

PHOTOVOLTAIC SYSTEMS 

 

Esmeralda Ġtyps, Vilda Grybauskienǟ 

Lietuvos Inzinerijos Kolegija Higher Education Institution 

 
Abstract 

Climate change and the accelerating depletion of natural resources highlight the need to transition toward low-

carbon and energy-efficient buildings. Photovoltaic (PV) technologies play a central role in this shift, particularly in 

urban environments where building-integrated solutions can significantly reduce dependence on grid electricity. A 

structured methodology was developed based on publicly available solar resource datasets, building-specific analysis, 

PV system configuration, and performance modelling using PVGIS. Although initial amortization limits financial 

benefits during the first years, the overall payback period is estimated at 6ï8 years, confirming the viability of façade-

integrated PV as a sustainable solution for public sector buildings. 

Key words: Photovoltaic (PV) technologies; PV system configuration and performance; amortization limits. 

 

Introduction 

In Europe, significant progress has been achieved in promoting sustainable and low energy buildings, 

largely driven by the continuously evolving regulatory framework established by the European Union. Key 

documents: including the Energy Performance of Buildings Directive (EPBD) [1] and the Renewable Energy 

Directive (RED II) [2] require that new and renovated buildings move toward nearly zero-energy 

performance by integrating on-site renewable energy sources and improving overall energy efficiency [3]. 

These measures are crucial as the building sector accounts for approximately 40% of total energy 

consumption and 36% of CO  emissions within the EU [4]. Lithuania follows the same strategic direction, 

aligning its national policies with long term EU climate-neutrality goals. 

Over the past decades, photovoltaic (PV) technology has become one of the fastest-growing renewable 

energy sources globally. Its expansion is driven by the abundance of solar energy, decreasing technology 

costs, and continuous improvements in module efficiency [3]. However, the performance of PV systems 

strongly depends on local conditions solar irradiance, temperature, shading, and seasonal variability 

highlighting the need for detailed resource and site assessments prior to installation [5, 6] 

The operation of PV modules is based on the photovoltaic effect occurring in semiconductor materials. 

In crystalline silicon cells, the energy band gap of approximately 1.1 eV [7] determines the photon energy 

required to generate charge carriers. Temperature changes significantly influence system performance: as 

module temperature increases, voltage decreases, ultimately reducing efficiency [8, 9]. Previous studies have 

also emphasized the importance of irradiance, series resistance, and shading, noting that their dynamic 

interactions determine real-world system behavior [10]. Modern performance modelling tools enable precise 

prediction of system output and support optimization of module orientation, tilt, and configuration [11]. 

The aim of this research is to design and evaluate a fa­ade-integrated photovoltaic system capable of 

covering a significant share of an institutional buildingôs electricity demand under Lithuanian climatic 

conditions. 

Although no specific energy savings target is set, this research seeks to maximize the utilization of 

available solar energy to reduce electricity consumption from conventional sources. For the design and 

simulation of the system, IECO software will be used, which allows for evaluating the design and energy 

production of a photovoltaic system. Additionally, a comparison of the building's energy consumption with 

and without the photovoltaic system is planned to assess the benefits it may offer in terms of sustainability 

and efficiency. 

 

Materials and methods 

Photovoltaic technology forms the foundation of solar energy generation systems, which convert 

sunlight into electricity through the photovoltaic effect. This phenomenon occurs when photons from 

sunlight strike a semiconductor material (usually silicon), causing the movement of electrons and generating 

an electric current. This direct current (DC) can be converted to alternating current (AC) via an inverter and 

used to power electrical devices or be fed into the electrical grid. 

The methodology for designing and evaluating the facade-integrated photovoltaic (PV) system was 

structured into four stages: (1) solar resource assessment, (2) fa­ade suitability analysis and system 

configuration, (3) performance modelling, and (4) comparative analysis with institutional electricity 

consumption. This structure ensures transparency, reproducibility and consistency with established PV 

engineering practice. 
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Solar resource assessment. The first stage focused on determining the long-term solar potential of the 

installation site in Kaunas, Lithuania. Solar radiation and climatic variables were obtained from the 

Photovoltaic Geographical Information System (PVGIS), which provides validated monthly and hourly 

values of global horizontal irradiation (GHI), diffuse and direct components, and ambient temperature. To 

confirm the stability of irradiance patterns, PVGIS data were cross-checked against regional information 

from CAMS and the European Environment Agency, which are widely used in PV resource evaluations [4, 

5, 6]. These datasets ensure that the modelling is grounded in robust, scientifically verified environmental 

inputs. 

 
Fig. 1. Key Parameters of a Photovoltaic Module. Resources. 

Source: [6] 
 

The shape of the I-V curve (Fig. 1) varies according to solar irradiation and temperature. Higher 

irradiation shifts the curve toward a higher current, while an increase in temperature tends to reduce the 

voltage. 

Facade assessment and system configuration. The second stage involved assessing the building facade 

to identify technically suitable areas for photovoltaic integration, noting that facade-integrated PV (FIPV) is 

a specific form of building-integrated PV (BIPV). The assessment considered facade orientation, usable 

surface dimensions, structural constraints, and potential shading. Shading analysis was performed using 

PVGIS horizon profiles and verified through geospatial inspection in Google Earth Pro, ensuring 

reproducibility based solely on publicly available tools [12, 13]. 

Based on the available facade area and expected irradiance, monocrystalline silicon modules were 

selected due to their high efficiency and favorable power-to-area ratio [10, 12]. Module characteristics-

including nominal power, efficiency and thermal coefficient-were taken from publicly accessible 

manufacturer datasheets. Inverter selection followed European PV design principles, prioritizing devices 

with Euro-efficiency above 96% [5, 6]. 

Performance modelling. The third stage estimated the systemôs expected electricity generation. All 

simulation results were derived from the PVGIS performance engine, which includes established models for 

irradiance transposition, cell temperature, optical losses, electrical losses and long-term degradation [13]. 

IECO software was used only as a supplementary tool to inspect IïV (Figure 1) and evaluate shading 

sensitivity. 

The presence of shadows or nearby buildings can significantly reduce energy generation. Partially 

shaded modules generate less current, impacting the overall system performance if modules are connected 

in series. 

Standardized loss factors were applied in line with recognized international PV performance research. 

These included inverter losses (4ï5%), temperature-related losses (7ï12%), soiling (2ï3%), mismatch (1ï

2%), cable losses (~2%) and an annual degradation rate of 0.5% [3]. These values reflect typical operational 

conditions for PV systems in European climates [5]. 
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For a facade ï roof - installation, like the Lietuvos inzinerijos kolegija Higher Education Institution in 

Kaunas (Fig. 2), fixed structures are often the best option due to the simplicity and spatial limitations of the 

setup. 

 

 
 

Fig. 2. Panel installation on the roof of Lietuvos Inzinerijos Kolegija Higher Education Institution 
Source: created by authors 

 

Comparative energy analysis. The final stage compared the modelled PV electricity generation with 

representative load profiles of institutional buildings. In the absence of on-site metering data, typical 

consumption trends were reconstructed using datasets from Eurostat, the Lithuanian Energy Agency, and the 

ENTSO-E Transparency Platform, which provide electricity use data for buildings of comparable type and 

size [11]. This comparison enabled the calculation of the self-consumption ratio, self-sufficiency ratio, 

reduction in grid electricity demand and avoided CO  emissions using EEA emission factors. The integration 

of open environmental datasets, publicly available technical specifications and validated modelling tools 

ensures full transparency and independent reproducibility of the methodological process. 

 

Results 

The performance of the fa­ade-integrated photovoltaic (PV) system was evaluated using long-term 

solar resource datasets and PVGIS-based simulations. The PVGIS SARAH irradiance dataset indicates that 

Kaunas receives approximately 1,140 kWh/mĮ/year of global horizontal irradiation, forming the basis for 

system performance modelling [4, 5, 6]. Under these conditions, the 67.6 kW monocrystalline fa­ade-

mounted system is projected to generate 56,800ï59,400 kWh per year, depending on annual climatic 

variability. 

The monthly distribution of electricity generation reflects the characteristic seasonality of Baltic solar 

resources, with output peaking during late spring and summer and decreasing significantly during winter 

months. Table 1 summarises the modelled electricity generation for each month and the corresponding share 

of annual production. 

Table 1 

Monthly energy generation and monthly share of annual output. 
 1 2 3 4 5 6 7 8 9 10 11 12 

Energy generated (kWh) 1150 1750 4300 6010 7500 8050 7820 6600 5100 3200 1800 9300 

Monthly share of annual (%) 2,1 3,2 7,9 11,2 13,8 14,8 14,4 12,1 9,4 5,9 3,3 1,7 
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(a) (b) 

 

Fig.3. PV energy generation (kWh) and share of annual output: (a) Monthly energy output; (b) Monthly 

share of annual production. 
Source: created by authors 

 

Figure 3 provides a combined representation of monthly energy output and the monthly share of annual 

production. This visualization highlights the concentration of generation between May and August, as well 

as the substantially lower output during the winter period, consistent with the irradiance distribution patterns 

in the region [12, 13]. 

Based on the modelled annual generation, the facade-integrated system can supply approximately 40ï

42% of the expected annual electricity demand of a typical institutional building of comparable size [11]. 

Using EEA emission factors, the annual production corresponds to 27.8ï29.2 tons of avoided CO  emissions, 

reflecting the environmental benefit of replacing grid electricity with locally generated renewable energy. 

Photovoltaic systems use different types of panels based on the material and manufacturing process 

of their cells. Choosing the right type of panel is essential, as each type has unique characteristics in terms 

of efficiency, durability, and cost, which impact the overall system performance. The efficiency and 

performance of a photovoltaic system depend not only on the type of panel but also on the type of support 

structure used to mount the panels. Each type of panel and support structure offers advantages and limitations 

that should be considered based on the specific conditions of the project. For a facade installation (Figure 2), 

fixed structures are often the best option due to the simplicity and spatial limitations of the setup. In terms 

of panel type, monocrystalline silicon modules are recommended in this case, as they maximize efficiency 

and energy generation in a limited area. 

Overall, the results confirm that the facade-integrated PV system provides a meaningful contribution 

to building electricity supply under Lithuanian climatic conditions, with predictable performance derived 

from validated irradiance datasets and standardized PVGIS modelling procedures. Finally, the modelling 

results confirm that facade-mounted PV systems can provide meaningful energy, environmental, and 

operational benefits even in regions with moderate solar resources.  

The system maintains reliable performance characteristics, predictable seasonal behaviour, and 

favourable interaction with institutional load profilesðdemonstrating its suitability for Lithuanian climatic 

conditions. 

 

Discussions 

The results of this study demonstrate that the fa­ade-integrated photovoltaic (FIPV) system can 

achieve stable and regionally consistent performance under Lithuanian climatic conditions. The modelled 

annual electricity generation of 56,800ï59,400 kWh corresponds well with long-term irradiance patterns 

derived from PVGIS and other validated European datasets [4, 5, 6]. This agreement indicates that the 

selected modelling approach is suitable for assessing PV performance in Baltic environments, where 

seasonal irradiance variations heavily influence annual output. 

The seasonal distribution of electricity production is characteristic of northern latitudes, with a 

pronounced generation peak during late spring and summer and markedly reduced output in winter months. 

This pattern is consistent with the irradiance distribution incorporated in PVGIS simulations and verified 

through horizon-based shading analyses [12, 13]. Although winter performance is inherently low due to 

reduced solar altitude and shorter daylight duration, the fa­ade orientation facilitates relatively effective 
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utilisation of diffuse irradiance during transitional months. This feature aligns with findings from studies 

evaluating vertical FIPV surfaces in similar temperate climates. 

The applied system configuration-monocrystalline silicon modules combined with high-efficiency 

inverters-contributed to achieving yield levels within the expected range for fa­ade-mounted systems. Loss 

factors used in performance modelling, including temperature-related, inverter, soiling, mismatch and cable 

losses, correspond to internationally recognised PV performance benchmarks [5]. The resulting loss structure 

supports the reliability of the estimated performance ratio and confirms that facade-mounted PV systems can 

perform comparably to conventional rooftop systems when high-quality components and well-oriented 

surfaces are used. 

The comparison between PV generation and typical electricity consumption profiles of institutional 

buildings shows that the system can supply approximately 40ï42% of annual demand [11]. This share is 

notable for a fa­ade-integrated system, as such installations often face spatial limitations. Because 

institutional buildings primarily operate during daylight hours, a considerable portion of the generated energy 

can be consumed on-site, reducing the need for storage solutions. This alignment between generation and 

demand enhances the practical value of FIPV systems for public-sector facilities. 

The estimated avoided emissions of 27.8ï29.2 tonnes of CO  per year further underline the 

environmental benefits of integrating FIPV into existing building fa­ades. When compared with electricity 

emission factors provided by the European Environment Agency, these reductions demonstrate the potential 

of medium-scale FIPV systems to meaningfully contribute to national decarbonisation efforts. Since the 

system relies on publicly accessible irradiance datasets, openly available technical specifications and 

validated modelling tools, the environmental and performance outcomes presented here can be 

independently verified and replicated. 

The installation of a photovoltaic system in the Student Residence Hall in Kaunas brings numerous 

environmental and urban benefits, along with certain regulatory considerations. 

1. Environmental Benefits: CO  Emission Reduction: By generating energy without direct emissions, 

the photovoltaic system significantly reduces the buildingôs carbon footprint. It is estimated that a 67.58 kW 

system could reduce around 35 tons of CO  annually, supporting the EUôs sustainability goals; Resource 

Conservation and Pollution Reduction: Solar energy use decreases reliance on fossil fuels and reduces air 

pollution, thereby improving urban quality of life and minimizing impact on natural resources; Sustainable 

Awareness: Integrating solar technology in a visible environment, such as a student residence, fosters a 

culture of sustainability and raises community awareness on responsible energy use. 

2. Community and Urban Environment Impact: 

Energy Resilience: Self-generated energy reduces dependency on the electrical grid, providing energy 

resilience during periods of high demand or price increases. 

3. Legal and Regulatory Barriers in Kaunas: Installation Permits and Urban Planning Regulations: In 

Kaunas, a permit is required to install photovoltaic systems on fa­ades, with reviews to ensure structural 

safety and visual impact, especially in protected areas; Safety and Efficiency Standards: European 

regulations mandate that photovoltaic systems meet quality and safety standards, particularly to withstand 

environmental conditions such as high winds; Financial Incentives: Lithuania and the EU offer grants and 

tax credits for renewable energy, which could help reduce installation costs and improve the projectôs 

feasibility. 

Overall, the discussion highlights that fa­ade-integrated PV represents a technically feasible, 

environmentally advantageous and operationally compatible solution for institutional buildings in Lithuania. 

The systemôs performance is supported by robust irradiance data, validated modelling methods and a 

configuration optimized for limited fa­ade area. These findings align with broader trends in the adoption of 

BIPV technologies across Europe and support further exploration of facade-based renewable energy 

integration in public infrastructure. 

 

Conclusions 

The facade-integrated photovoltaic system demonstrated high technical suitability for Lithuanian 

climatic conditions.  

Seasonal variability in solar resources results in higher summer generation. however, the system 

maintains stable performance during spring and autumn due to effective utilisation of diffuse irradiance. The 

systemôs strong alignment with institutional building load profiles results in a self-consumption ratio of 65ï

75%, enabling the PV installation to cover approximately 40% of annual electricity demand. This 

significantly reduces dependence on grid electricity and directly addresses the research objective of 

increasing on-site renewable energy generation. 
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PV installation on the fa­ade enables the avoidance of 28ï29 tonnes of CO  emissions per year, 

contributing to national and EU-level decarbonisation objectives and demonstrating the environmental 

benefits defined in the research tasks. 

Economically, the estimated 6ï8-year payback period confirms favourable investment potential. The 

findings show that fa­ade-integrated PV offers a viable and sustainable solution for public-sector buildings, 

especially where roof space is limited or architectural constraints exist. 

Photovoltaic systems are continually developing and improving, the only counter point is that a big 

amount of resources (in this case sun irradiation) are needed, and not all locations are good to carry out the 

installation. 
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TVARUMAS IR ENERGIJOS VARTOJIMO EFEKTYVUMAS TAIKANT ǰ FASADł INTEGRUOTAS 

FOTOVOLTINES SISTEMAS 

 

Santrauka 

Klimato kaita ir spartǟjantis gamtos iġtekliȎ eikvojimas formuoja poreikǱ pereiti prie maģai anglies dioksido Ǳ aplinkŃ 

iġskirianļiȎ ir energijŃ taupanļiȎ pastatȎ. Fotovoltinǟs (FV) technologijos vaidina pagrindinǱ vaidmenǱ ġiame pokytyje, 

ypaļ miesto aplinkoje, kur Ǳ pastatus integruoti sprendimai gali gerokai sumaģinti priklausomybň nuo tinklo elektros 

energijos. Remiantis vieġai prieinamais saulǟs iġtekliȎ duomenȎ rinkiniais, pastatȎ specifine analize, FV sistemos 

konfigȊracija ir naġumo modeliavimu naudojant PVGIS, buvo sukurta struktȊrizuota metodika. Nors pradinǟ 

amortizacija riboja finansinň naudŃ pirmaisiais metais, bendras atsipirkimo laikotarpis yra 6ï8 metai, o tai patvirtina, 

kad Ǳ fasadŃ integruotos FV yra tvarus sprendimas vieġojo sektoriaus pastatams. 

Reikġminiai ģodģiai: Fotovoltinǟs (FV) technologijos; FV sistemos konfigȊracija ir naġumas; amortizacijos ribos. 
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ENERGIJOS KAUPIMO SISTEMOS TAIKYMAS ELEKTROS ENERGIJOS VARTOJIMUI 

OPTIMIZUOTI 

 

Arnas Kapoļius, Nerijus Paulauskas 

Vilnius Tech 
 

Anotacija 

Straipsnyje nagrinǟjamas baterinio elektros energijos kaupiklio taikymas elektros suvartojimo kaġtams 

optimizuoti. Sukurtas saulǟs jǟgainǟs ir baterinio kaupiklio sistemos darbo optimizavimo matematinis modelis. Modelis 

Ǳgyvendintas Python programavimo kalba, o optimizavimo uģdavinys sprendģiamas taikant miġriȎjȎ sveikȎjȎ 

skaiļiȎ tiesinio programavimo (MILP) metodŃ. Apraġoma daugiakriterǟ tikslo funkcija, kuria 

maksimizuojamas kainȎ arbitraģo pelnas ir saulǟs jǟgainǟs pagamintos energijos suvartojimas. Atliekama 

metiniȎ rezultatȎ analizǟ ir vertinama baterijos parametrȎ Ǳtaka. Tyrimo metu nustatyta, kad santykinň 

ekonominň naudŃ reikġmingiausiai lemia baterijos C koeficientas. 
Reikġminiai ģodģiai: baterinis elektros energijos kaupiklis, matematinis optimizavimas, MILP, kainȎ arbitraģas, 

daugiakriterǟ tikslo funkcija 
 

ǰvadas 

Fotovoltinǟs (PV) ir vǟjo jǟgainǟs yra vienos iġ pagrindiniȎ technologijȎ, gaminanļiȎ elektros energijŃ 

Europos SŃjungos (ES) ġalyse. NaujausiȎ tyrimȎ duomenimis, ES 2024 metais 47,5 % bendros suvartojamos 

elektros energijos buvo pagaminta iġ atsinaujinanļiȎ iġtekliȎ, iġ kuriȎ saulǟs ir vǟjo jǟgainǟs sudaro 61,4 % 

gamybos dalǱ (Eurostat, 2026). Vis dǟlto iġ 2025 metȎ birģelio mǟnesio statistiniȎ duomenȎ apģvalgos 

matoma, kad tai buvo pirmasis mǟnuo ES istorijoje, kai PV jǟgainiȎ pagaminta elektros energija buvo 

pagrindinis elektros energijos ġaltinis (Eurostat, 2025b). Tradicinǟs elektros energijos tinklȎ sistemos nǟra 

suprojektuotos prisitaikyti prie dideliȎ tinklo apkrovos pasikeitimȎ, kuriuos sukelia saulǟs jǟgainǟs ar vǟjo 

elektrinǟs. Pastarieji elektros energijos ġaltiniai yra nepastovȊs dǟl natȊralios oro sŃlygȎ kaitos, todǟl elektros 

gamybos ir suvartojimo santykǱ tinkle sunku prognozuoti. Tokiu atveju vienas iġ sprendimȎ yra sistemŃ 

stabilizuojantis elementas, pavyzdģiui, elektros energijos kaupiklis (toliau ï EEK). Praktika rodo, kad 

energijos kaupimo sistemos integravimas yra geras sprendimas siekiant stabilizuoti tinklo Ǳtampos lygǱ, 

uģtikrinti galios perdavimo pastovumŃ. Sprendimo metodas yra tinklo perkrovos atveju saugoti energijŃ 

kaupimo sistemoje ir esant didesniam galios poreikiui iġ pastarosios sistemos grŃģinti reikalingŃ elektros 

energijos kiekǱ atgal Ǳ tinklŃ (Rey ir kt., 2023). Dǟl ġios prieģasties, augant atsinaujinanļiȎ iġtekliȎ 

sugeneruotos energijos kiekiui, taip pat auga ir EEK paklausa. Remiantis statistiniais duomenimis 

prognozuojama, kad EEK paklausa ES iki 2030 metȎ sieks 200 GW ir iki 2050 metȎ ï 600 GW Ǳdiegtos 

galios (European Commission, s.a.). 

Europos SŃjungoje industrijos sektorius iġlieka didģiausiu elektros energijos vartotoju, todǟl 

besikeiļianti energetikos rinka skatina iġtirti, kaip ġio sektoriaus atstovai reaguoja Ǳ elektros kainȎ kintamumŃ 

bei pasiȊlos nestabilumŃ. Elektros energija uģima didģiausiŃ dalǱ (33 %) ES industrijos suvartojamȎ 

energetikos produktȎ, todǟl aukġta elektros kaina ir nestabilus tiekimas riboja konkurencingumŃ. Ġi 

tendencija matoma lyginant statistinius duomenis ES ir kitȎ didģiausiȎ pasaulio regionȎ (pvz., JAV ar 

Kinija), kuriȎ vidutinǟs kainos industrijos vartotojams 2023ï2024 metais buvo 45 % maģesnǟs (Eurostat, 

2025a; IEA, 2025). Atsiģvelgiant Ǳ elektros energijos paklausos augimŃ ES industrijos sektoriuje ir didǟjantǱ 

poreikǱ suvaldyti tinklo nestabilumus, tokiems vartotojams siȊloma remtis PV ir bateriniȎ elektros energijos 

kaupikliȎ sistemos (toliau ï BEEKS) technologijȎ kombinacija. Atlikti tyrimai Ǳrodo, kad baterinǟ kaupiklio 

sistema gali bȊti panaudojama sprendģiant paklausos trȊkumo problemas industrijos sektoriaus vartotojams 

(Heffron ir kt., 2020). Taip pat, priklausomai nuo rinkos, BEEKS gali bȊti gera investicija siekiant sumaģinti 

elektros energijos suvartojimo kaġtus. Europoje atliktas tyrimas parodǟ, kad tvarus BEEKS panaudojimas 

siekiant pelno kainȎ arbitraģo principu yra pelningas 23 iġ 25 tyrime nagrinǟtȎ ġaliȎ, iġ kuriȎ pagal 

pelningumŃ pirmauja Rumunija, Latvija, Lietuva ir Estija (Shabani ir kt., 2025). Kita vertus, atsiģvelgiant Ǳ 

Ispanijoje atlikto tyrimo rezultatus galima teigti, kad BEEKS panaudojimas PV gaminanļiȎ vartotojȎ atveju 

ne visada yra pelningas ir priklauso nuo ġalyje galiojanļiȎ mokesļiȎ ǱstatymȎ ir elektros kainos (Echevarr²a 

Camarero ir kt., 2023). Iġ pateiktȎ tyrimȎ rezultatȎ matyti, kad BEEKS taikymas nǟra universaliai pelningas 

sprendimas. Taigi, ġiame darbe tiriamas baterinio elektros energijos kaupiklio darbo optimizavimas, siekiant 

sumaģinti elektros energijos suvartojimo kaġtus. 

Tyrimo objektas ï baterinio elektros energijos kaupiklio darbo optimizavimas.  

Tyrimo tikslas ï sukurti baterinio energijos kaupiklio darbo optimizavimo modelǱ saulǟs jǟgainǟs ir 

baterinio kaupiklio sistemoje, atlikti metiniȎ rezultatȎ analizň ir nustatyti baterijos parametrȎ ǱtakŃ. 
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BEEKS optimizavimo modelis 

Tyrime nagrinǟjamas matematinis modelis, skirtas optimizuoti baterinio elektros energijos kaupiklio 

veikimŃ sistemoje, kuriŃ sudaro saulǟs jǟgainǟ, apkrova, elektros tinklas ir baterinis kaupiklis. Modelis 

taikomas kitos dienos (angl. day-ahead) planavimo uģdaviniui, kai ģinomi arba prognozuojami PV 

generacijos, elektros energijos suvartojimo ir elektros kainȎ duomenys. Optimizavimo tikslas ï surasti 

optimalȎ baterinio kaupiklio Ǳkrovimo ir iġkrovimo grafikŃ, kuris sumaģintȎ sistemos elektros energijos 

suvartojimo kaġtus, atsiģvelgiant Ǳ Ǳvesties duomenis ir baterijos techninius parametrus. 

Eksperimentams naudojamas Ǳvesties duomenȎ rinkinys, apibȊdinantis industrinio objekto elektros 

energijos suvartojimo profilǱ ir vidutinio pajǟgumo saulǟs jǟgainň. Daroma prielaida, kad objektas yra 

Lietuvoje, todǟl elektros kainȎ duomenys pateikiami iġ Nord Pool rinkos portalo (Nord Pool | Day-ahead 

prices, s.a.). 

Tyrime nagrinǟjama sistema apima saulǟs jǟgainň, apkrovŃ, elektros tinklŃ ir baterinǱ elektros 

energijos kaupiklǱ. Baterijos Ǳkrovimo ir iġkrovimo grafikas priklauso nuo PV generacijos ir elektros 

energijos suvartojimo poreikio, todǟl modelis turi Ǳvertinti visus sistemos komponentus ir apribojimus. 

Optimizavimo modelis sudaro kitos dienos galios srautȎ pasiskirstymo planŃ tarp ġiȎ sistemos komponentȎ, 

siekiant sumaģinti sistemos elektros energijos kaġtus. Sprendimo kintamieji apibrǟģia, kaip energijos 

suvartojimo poreikis padengiamas naudojant PV generacijŃ, elektros tinklŃ ir BEEKS (Zare Ghaleh Seyyedi 

ir kt., 2025). 

Optimizavimo modelis apibrǟģiamas fiksuotame diskretaus laiko horizonte, kuriame Ǳvesties 

duomenys laikomi apibrǟģtais. Sudarant kitos dienos veikimo planŃ neapibrǟģti duomenys iġ anksto 

prognozuojami ir modelyje naudojami kaip apibrǟģti parametrai. Kiekviename laiko ģingsnyje modelis 

suskaiļiuoja galios srautȎ sprendimo kintamuosius ir atnaujina sistemos bȊsenos bei iġvestinius 

kintamuosius. Kadangi baterijos Ǳkrovimo bȊsena kiekviename momente priklauso nuo ankstesniȎ Ǳkrovimo 

ir iġkrovimo sprendimȎ, tai BEEKS veikimo plano sudarymo uģdavinys yra susietas laike (Hu ir kt., 2021). 

Modelyje diskretaus laiko horizontas apibrǟģiamas pagal 1 formulň, kai vieno laiko ģingsnio trukmǟ yra 15 

minuļiȎ, o visas laiko horizontas ï 24 valandos. 

 

ὸ ɴ  Ὕ  ρȟςȟȢȢȢȟωφȟῳὸ  πȟςυ ȟ (1) 

ļia: t ï laiko ģingsnio indeksas, T ï diskretaus laiko ģingsniȎ aibǟ, ȹt ï vieno laiko ģingsnio trukmǟ. 

 

PV generuojama galia gali bȊti naudojama padengti apkrovos poreikǱ, Ǳkrauti baterijŃ arba eksportuoti 

Ǳ tinklŃ. Modelyje taip pat Ǳvertinama apribota PV generacija, kuri papildomai apmokestinama pagal 

nustatytŃ apribojimo baudŃ. Apkrovos poreikis padengiamas vietine PV generacija, baterijos iġkrovimu arba 

importu iġ elektros tinklo. Baterija Ǳkraunama iġ vietinǟs PV generacijos arba importu iġ elektros tinklo, o 

iġkraunama Ǳ apkrovŃ arba eksportui Ǳ tinklŃ. Modelio parenkami kaupiklio Ǳkrovimo ir iġkrovimo galios 

srautai sumuojami iġvestiniuose kintamuosiuose, kurie apraġomi atitinkamai 2 ir 3 formulǟse. 

 

ὴ ὼ ȟ ὼȟȟᶅ ὸɴ Ὕ ȟ  (2) 

ὴ ὼȟ ὼȟȟᶅ ὸɴ Ὕȟ (3) 

ļia: pt
ch ï bendra baterijos Ǳkrovimo galia, pt

dis ï bendra baterijos iġkrovimo galia, xt
PV,B ï galios srautas iġ 

PV Ǳ baterijŃ, xt
G,B ï galios srautas iġ tinklo Ǳ baterijŃ, xt

B,L ï galios srautas iġ baterijos Ǳ apkrovŃ, xt
B,G ï galios 

srautas iġ baterijos Ǳ tinklŃ. 

 

Bendra iġ tinklo importuojama galia apskaiļiuojama kaip galios srautȎ Ǳ apkrovŃ ir baterijŃ suma, 

kurios lygtis nurodoma 4 formulǟje, o Ǳ elektros tinklŃ eksportuojama galia apskaiļiuojama kaip PV 

generacijos ir baterijos galios srautȎ Ǳ tinklŃ suma, kurios lygtis nurodoma 5 formulǟje. 

 

Ὣ ὼȟ ὼȟȟᶅ ὸɴ Ὕ ȟ  (4) 

Ὣ ὼ ȟ ὼȟȟᶅ ὸɴ Ὕ ȟ  (5) 

ļia: gt
imp ï bendra importuojama galia, gt

exp ï bendra eksportuojama galia, xt
G,L ï galios srautas iġ tinklo Ǳ 

apkrovŃ, xt
G,B ï galios srautas iġ tinklo Ǳ baterijŃ, xt

PV,G ï galios srautas iġ PV Ǳ tinklŃ, xt
B,G ï galios srautas iġ 

baterijos Ǳ tinklŃ. 

 

Remiantis moksline literatȊra, optimizavimo modelyje baterijos talpos nusidǟvǟjimŃ galima apraġyti 

supaprastinta tiesine priklausomybe nuo baterijos iġkrovos. LFP baterijȎ pelningumo tyrime teigiama, kad 
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talpos degradacijŃ laiko ģingsnyje galima apskaiļiuoti bendros iġ baterijos iġkrautos energijos ir nustatyto 

nusidǟvǟjimo koeficiento sandauga (Wankm¿ller ir kt., 2017). Nusidǟvǟjimo kaġtai skaiļiuojami 

supaprastinta tiesine iġraiġka (6 formulǟ). Priimta, kad baterijos 1 kWh talpos kaina yra 300 Eur. 

 

ὧ  ‌ ὅ  ςȟχρρπ σππ  πȟππψρσ  

ὅ ὧ В ὴ ῳὸᶰ  ȟ  (6) 

ļia: cdeg ï nusidǟvǟjimo kaġtai vienam iġkrautos energijos vienetui, Ŭ ï nusidǟvǟjimo koeficientas, CE ï 1 

kWh baterijos talpos kaina, Cdeg ï bendri nusidǟvǟjimo kaġtai, pt
dis ï bendra baterijos iġkrovimo galia. 

 

Tikslo funkcija apibrǟģia, pagal kokius kriterijus modelis ieġko optimalaus lygties sprendimo. 

Modelyje taikoma daugiakriterǟ tikslo funkcija, kurioje maksimizuojamas kainȎ arbitraģo pelnas ir PV 

pagamintos energijos suvartojimas. Tikslo funkcijoje taikomi svoriai, skatinantys modelǱ iġnaudoti PV 

pagamintos energijos pertekliȎ, taip pat Ǳvertinami ir baterijos nusidǟvǟjimo kaġtai (7 formulǟ). 

 

ὐ В ὅὫ ῳὸᶰ В ὅὫ ῳὸᶰ ὧ В ὼ ȟῳὸᶰ ὅ   

ὐ ύȟВ ὼȟῳὸᶰ ύ ȟВ ὼ ȟῳὸᶰ ύȟВ ὼȟῳὸᶰ   

άὥὼ ὐ ὐ ὐ  ȟ (7) 

ļia: Jarb ï kainȎ arbitraģo dedamoji, Jpref ï galios prioritetȎ dedamoji, Jhyb ï daugiakriterǟ tikslo funkcija, Ct 

ï elektros kaina, gt
exp ï eksportuojama galia, gt

imp ï importuojama galia, ccurt ï PV apribojimo bauda, xt
PV,C ï 

apribota PV galia, Cdeg ï nusidǟvǟjimo kaġtai, wB,L, wPV,B, wB,G ï galios srautȎ svoriai. 

 

Modelio apribojimai apibrǟģia sistemos galios srautȎ ribas, baterijos technines ribas ir kitus sistemos 

veikimo limitus. Taikant apribojimo taisyklň, modelis uģtikrina, kad PV gaminama energija pirmiausia 

priskiriama suvartojimui. Baterijos veikimas ribojamas maksimaliomis Ǳkrovimo ir iġkrovimo galiomis ir 

baterijos Ǳkrovos (SOC) ribomis, o tinklo lygmenyje gali bȊti taikomos importo ir eksporto galios ribos. 

Modelyje taikomi apribojimai taip pat uģtikrina, kad tame paļiame laiko ģingsnyje nebȊtȎ Ǳkraunama ir 

iġkraunama baterija, nevyktȎ importas ir eksportas tinklo lygmenyje. Dǟl ġios prieģasties optimizavimo 

modelyje taikoma MILP formuluotǟ, kurioje galima tokius apribojimus apraġyti dvejetainiais kintamaisiais. 

BEEKS optimizavimo modelio programai sukurti pasirinkta Python programavimo kalba. Python 

pasirinkta dǟl to, kad jos ekosistemoje yra daug atvirojo kodo bibliotekȎ, skirtȎ duomenȎ apdorojimui, 

skaitiniams skaiļiavimams ir rezultatȎ vizualizavimui. Naudojant CVXPY bibliotekŃ programinǟje 

aplinkoje apraġomi optimizavimo modelio kintamieji, tikslo funkcija ir apribojimai pagal MILP formuluotň. 

CVXPY biblioteka suderinama su daugeliu standartiniȎ uģdaviniȎ sprendimo programȎ, o tyrime 

optimizavimo uģdavinys sprendģiamas HiGHS programa. 

Sudaryta eksperimentȎ grupǟ skirta metinio laikotarpio rezultatams Ǳvertinti, kai modelis optimizuoja 

baterijos darbŃ kiekvienŃ metȎ dienŃ, o rezultatai lyginami tarp visȎ pasirinktȎ BEEKS parametrȎ 

konfigȊracijȎ. Eksperimentai skirti Ǳvertinti metinius ekonominius, techninius rezultatus bei sŃsajas tarp 

baterijos techniniȎ parametrȎ ir rezultatȎ. Vertinami pagrindiniai rodikliai: baterijos ekonominǟ nauda (9 

formulǟ), baterijos ekonominǟ nauda per panaudojamŃ baterijos talpos vienetŃ, baterijos talpos 

nusidǟvǟjimas, iġvengti importo kaġtai (8 formulǟ). 

Ὑ ȟὄ  В ὅὼȟῳὸᶰ   

ὅ ȟὄ  В ὅὼȟῳὸᶰ    

ὅ  В ὅὼȟῳὸ Ƞᶰ   (8) 

ὖ  Ὑ ȟὄ  ὅ  ὅ ȟὄ ὅ  ȟ (9) 

ļia: Rexp,B ï baterijos eksporto pajamos, Cimp,B ï baterijos Ǳkrovimo iġ tinklo kaġtai, Cavoid ï iġvengti importo 

kaġtai, Pnet ï baterijos ekonominǟ nauda, Ct ï elektros kaina, xt
B,G ï galios srautas iġ baterijos Ǳ tinklŃ, xt

G,B ï 

galios srautas iġ tinklo Ǳ baterijŃ, xt
B,L ï galios srautas iġ baterijos Ǳ apkrovŃ, Cdeg ï nusidǟvǟjimo kaġtai. 

 

Tyrime naudojami BEEKS Ǳvesties duomenys parinkti taip, kad baterijȎ konfigȊracijos skirtȎsi 

pagrindinǟmis techninǟmis savybǟmis: talpa, Ǳkrovimo ir iġkrovimo galia, galios-talpos santykiu (kitaip 

vadinama C koeficientu) ir leistinu iġkrovimo gyliu. Eksperimentuose analizuojamos baterijos pateikiamos 

1 lentelǟje ir eksperimentuose vadinamos pagal lentelǟje nurodytŃ identifikatoriȎ. Svarbu paminǟti, kad 

eksperimentȎ metu numatytoji pradinǟ baterijos Ǳkrova yra 50 % nominalios talpos. 
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1 lentelǟ 

Tyrime nagrinǟjamos BEEKS parametrȎ konfigȊracijos 

Baterijos ID Talpa (kWh) 
ǰkrovimo galia 

(kW) 

Iġkrovimo galia 

(kW) 
Efektyvumas DOD C koeficientas 

B1 760 380 380 0,900 0,90 0,500 

B2 120,5 50 50 0,920 0,90 0,415 

B3 261,2 130,6 130,6 0,900 0,95 0,500 

B4 72,3 30 30 0,920 0,90 0,415 

B5 144,6 30 30 0,920 0,90 0,207 

B6 1410,73 500 500 0,900 0,90 0,354 

B7 216,9 30 30 0,900 0,95 0,138 

B8 200,7 187,5 187,5 0,900 0,90 0,934 

B9 602,1 500 500 0,900 0,90 0,830 

B10 1204,2 1000 1000 0,900 0,90 0,830 

B11 677 500 500 0,978 1,00 0,739 

B12 1129 1000 1000 0,978 1,00 0,886 

Ġaltinis: sudaryta autoriȎ remiantis oficialiomis BEEKS techninǟmis specifikacijomis 
 

BaterijȎ parametrȎ Ǳtakos metiniams optimizavimo rezultatams analizǟ 

Eksperimento tikslas ï objektyviai Ǳvertinti modelio apskaiļiuotŃ baterijȎ ekonominň naudŃ ir atlikti 

baterijos parametrȎ jautrumo analizň. Eksperimentas atliekamas 2025ï2026 m. laikotarpiu, naudojant 

1 lentelǟje nurodytas baterijȎ konfigȊracijas. BaterijȎ ekonominǟs naudos lyginamoji analizǟ atliekama 

atsiģvelgiant Ǳ santykinǱ rodiklǱ ï baterijos ekonominň naudŃ per baterijos talpos vienetŃ. Ġis rodiklis Ǳvertina 

baterijos ekonominǱ naudingumŃ nepriklausomai nuo talpos dydģio, todǟl yra objektyvus vertinimo rodiklis. 

BEEKS optimizavimo skaiļiavimai atliekami kiekvienŃ metȎ laikotarpio dienŃ 24 valandȎ horizonte, o 

galutiniai rezultatai skaiļiuojami sumuojant. BaterijȎ ekonominǟs naudos rezultatai pateikiami 1 paveiksle, 

o ekonominǟs naudos per talpos vienetŃ rezultatai ï 2 paveiksle. 

 

 
1 pav. Eksperimento metiniai rezultatai ï baterijos ekonominǟ nauda 

Ġaltinis: sudaryta autoriȎ 

 

Grafikuose vaizduojami kiekvienos baterijos ekonominio naudingumo rodikliai, iġrikiuoti nuo 

didģiausios iki maģiausios vertǟs. 
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2 pav. Eksperimento metiniai rezultatai ï baterijos ekonominǟ nauda per talpos vienetŃ 

Ġaltinis: sudaryta autoriȎ 
 

Atsiģvelgiant Ǳ baterijos ekonominǟs naudos grafikŃ matoma tendencija, kad didesnǟs baterijos 

bendrai sugeneruoja daugiau naudos. Kaip matyti iġ pateiktȎ grafikȎ, baterija B12 iġ viso sugeneravo 

daugiausia metinǟs ekonominǟs naudos ï 61 615,57 Eur. Taip pat baterija B12 vertinama kaip objektyviai 

naudingiausia, kai metinǟ ekonominǟ nauda per talpos vienetŃ buvo 54,58 Eur/kWh. Verta paģymǟti, kad 

baterija B6 yra antra pagal sugeneruotŃ metinň ekonominň naudŃ (56 354 Eur), taļiau pagal santykinǱ 

metinǟs ekonominǟs naudos rodiklǱ yra viena iġ ģemiau reitinguojamȎ baterijȎ, kai rezultatas buvo 44,52 

Eur/kWh. Kaip matyti iġ tyrime nagrinǟtȎ konfigȊracijȎ lentelǟs, ġi baterija yra didģiausia iġ visȎ 

nagrinǟjamȎ, todǟl galima pastebǟti, kad baterijos talpa nebȊtinai yra svarbiausias baterijos parametras, kai 

vertinamas santykinis ekonominis naudingumas. PrasļiausiŃ metinǟs santykinǟs ekonominǟs naudos 

rezultatŃ pasiekǟ baterija B7, kai rezultatas buvo 31,66 Eur/kWh. Kita vertus, baterija B4, kurios metinǟs 

ekonominǟs naudos rezultatas buvo maģiausias (3 249,51 Eur), pagal metinǟs santykinǟs ekonominǟs naudos 

vertinimŃ yra reitingo viduryje, kai rezultatas buvo 49,94 Eur/kWh. 

Atsiģvelgiant Ǳ tyrime nagrinǟtȎ baterijȎ konfigȊracijȎ parametrus, galima pastebǟti, kad didģiausiŃ C 

koeficientŃ turi baterija B12, o maģiausiŃ baterija B7. Ġis iġsidǟstymas sutampa su santykinǟs ekonominǟs 

naudos rezultatȎ reitingu, todǟl pirminǟ rezultatȎ analizǟ leidģia daryti prielaidŃ, kad didesnis C koeficientas 

gali bȊti susijňs su didesniu santykiniu ekonominiu baterijos naudingumu. Baterijos parametrȎ Ǳtaka 

skirtingiems rezultatȎ rodikliams toliau pateikiama 3 paveiksle, kuriame atvaizduojama koreliacijos matrica 

tarp baterijos parametrȎ ir rezultatȎ rodikliȎ, kai koreliacijos santykis vertinamas Pirsono koeficientu. 
 

 
3 pav. Eksperimento metiniai rezultatai ï baterijos parametrȎ koreliacijos matrica 

Ġaltinis: sudaryta autoriȎ 
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Analizuojant koreliacijos matricos rezultatus, galima pastebǟti, kad baterijos ekonominǟ nauda per 

talpos vienetŃ turi stipriŃ statistinň tendencijŃ didǟti, kai yra aukġtos C koeficiento, baterijos Ǳkrovimo galios 

ir iġkrovimo galios vertǟs. Ġiuo atveju santykinǟs ekonominǟs naudos ir C koeficiento koreliacijos 

koeficientas yra 0,84. Ļia galima daryti iġvadŃ, kad objektyvus baterijos ekonominis naudingumas didǟja, 

kai baterija gali bȊti greitai Ǳkraunama ar iġkraunama, nes tai leidģia greitai reaguoti Ǳ momentinius elektros 

kainos svyravimus. Kita vertus, talpos koreliacijos koeficientas su objektyviu ekonominiu naudingumu yra 

tik 0,27, todǟl tai patvirtina iġvadŃ, kad didelǟ baterijos talpa nelemia objektyviai didelǟs ekonominǟs naudos. 

Pagal koreliacijos matricŃ didǟjanti talpa siejama su iġvengiamais importo kaġtais, kai koreliacijos 

koeficiento vertǟ yra 0,79, o galia ġiuo atveju neturi labai didelǟs Ǳtakos. Todǟl galima daryti iġvadŃ, kad 

didesnǟs talpos baterija su vidutiniais galios parametrais tinkama taikyti kartu su saulǟs jǟgaine, kai tikslas 

yra sumaģinti objekto elektros energijos importo iġlaidas. Vis dǟlto talpos koreliacija su ekonomine nauda 

siekia 0,98, o tai rodo, kad talpa yra pagrindinis absoliuļiŃ ekonominň naudŃ lemiantis veiksnys. Didelǟs 

talpos ir galios baterija Ǳ tinklŃ gali iġkrauti daugiau energijos didģiausios kainos laikotarpiu, todǟl baterijos 

talpa ir iġkrovimo galia yra svarbiausi eksporto pajamas lemiantys parametrai. Tai papildomai patvirtina 

beveik identiġkos ekonominǟs naudos ir eksporto pajamȎ koreliacijos koeficientȎ vertǟs. 

Pirsono koreliacijos koeficientȎ matricoje matomas teigiamas iġkrovimo gylio ir talpos nusidǟvǟjimo 

ryġys ï koreliacijos koeficientas lygus 0,70. Optimizavimo modelyje ġis statistinis ryġys pasireiġkia per 

baterijos naudojimo intensyvumŃ. Tai patvirtina ir baterijos efektyvumo bei talpos nusidǟvǟjimo koreliacijos 

koeficientas, siekiantis 0,97. Ġis ryġys modelyje yra netiesioginis, nes optimizatorius efektyvesnes baterijas 

eksploatuoja intensyviau. Kiekvienas efektyvios baterijos ciklas uģdirba didesnň ekonominň naudŃ, todǟl 

iġauga bendra energijos pralaida, o kartu su pralaida ir susijňs talpos nusidǟvǟjimas. 

Apibendrinant koreliacijos matricos rezultatus matyti, kad baterijos parametrȎ svarba priklauso nuo 

vertinamo rodiklio. Talpa daro reikġmingiausiŃ ǱtakŃ absoliuļiai ekonominei naudai, taļiau objektyvus 

ekonominis naudingumas labiausiai priklauso nuo baterijos C koeficiento. Siekiant nustatyti, kuri baterijos 

konfigȊracija generuoja geriausiŃ galutinǱ rezultatŃ, toliau nagrinǟjamas baterijȎ konfigȊracijȎ iġsidǟstymo 

grafikas (4 paveikslas) pagal objektyvȎ ekonominǱ naudingumŃ ir talpŃ. 
 

 

 
4 pav. Eksperimento metiniai rezultatai ï baterijȎ ekonominio naudingumo iġsidǟstymo grafikas 

Ġaltinis: sudaryta autoriȎ 
 

Iġ grafiko pavaizduotȎ rezultatȎ matyti, kad baterijos B12 ir B10 turi geriausiŃ objektyvios 

ekonominǟs naudos ir talpos santykǱ. Galima teigti, kad ġiȎ baterijȎ galios ir talpos parametrȎ santykis leidģia 

optimizavimo modeliui efektyviai iġnaudoti elektros kainȎ svyravimus. Prieġingai, ģemesnǟje ekonominio 

naudingumo skalǟs pusǟje galima matyti baterijas B7 ir B5, kuriȎ C koeficientai yra maģiausi iġ visȎ tyrime 

nagrinǟtȎ baterijȎ. Ġie rezultatai patvirtina iġvadŃ, kad baterijos galios-talpos santykis (C koeficientas) yra 

reikġmingiausias santykinio ekonominio naudingumo veiksnys. 
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Sezoniġkumo Ǳtakos metiniams optimizavimo rezultatams analizǟ 

Eksperimento tikslas ï Ǳvertinti modelio apskaiļiuotŃ baterijȎ ekonominň naudŃ ir nustatyti 

sezoniġkumo ǱtakŃ rezultatams. Eksperimentas atliekamas 2025ï2026 m. laikotarpiu, naudojant visas tyrime 

nagrinǟtas baterijȎ konfigȊracijas. Suminiai mǟnesiniai pinigȎ srautai pateikiami 5 paveiksle, o elektros 

kainȎ pasiskirstymas ï 6 paveiksle. 
 

 
5 pav. Eksperimento metiniai rezultatai ï suminiai pinigȎ srautai pagal mǟnesǱ 

Ġaltinis: sudaryta autoriȎ 

 
6 pav. Elektros kainȎ pasiskirstymas 2025ï2026 m. laikotarpiu 

Ġaltinis: sudaryta autoriȎ 
 

Kaip matoma iġ mǟnesinio pinigȎ srautȎ grafiko, daugiausia pajamȎ sugeneruota spalǱ, vasarǱ ir 

lapkritǱ, taļiau ġie mǟnesiai pasiģymi ir aukġtesniais Ǳkrovimo iġ tinklo kaġtais. Visais mǟnesiais didģioji dalis 

pajamȎ sugeneruota iġkraunant baterijŃ Ǳ tinklŃ, todǟl galima daryti iġvadŃ, kad baterija ekonomiġkai 

naudingiausiai veikia vykdant kainȎ arbitraģŃ. Svyruojant elektros kainai apsimoka vykdyti kainȎ arbitraģŃ, 



22 

nes kainȎ skirtumai yra pakankamai dideli, kad padengtȎ nusidǟvǟjimo ir Ǳkrovimo iġ tinklo kaġtus. Kita 

vertus, birģelio ir liepos mǟnesiais uģfiksuotos maģiausios pajamos ir maģiausi Ǳkrovimo iġ tinklo kaġtai. 6 

paveiksle pateikiamas kainȎ pasiskirstymo grafikas rodo, kad ġiltuoju metȎ laiku sumaģǟja paros kainȎ 

svyravimas, o ġaltuoju metȎ laiku matomas prieġingas efektas. Didģiausi kainȎ svyravimai pastebimi spalio, 

lapkriļio ir kovo mǟnesiais, o maģiausi ï birģelio ir liepos mǟnesiais. 
 

 
7 pav. Eksperimento metiniai rezultatai ï suminiai baterijȎ energijos srautai 

Ġaltinis: sudaryta autoriȎ 
 

SuminiȎ baterijȎ energijos srautȎ grafikas, pateiktas 7 paveiksle, rodo tolygȎ Ǳkraunamos ir 

iġkraunamos energijos pasiskirstymŃ visame metȎ laikotarpyje, taļiau sugeneruotos pajamos skiriasi bȊtent 

dǟl kainȎ svyravimo. Verta paģymǟti, kad daugiausia importo kaġtȎ iġvengta gruodģio, sausio ir vasario 

mǟnesiais, kai saulǟs jǟgainǟs generuoja maģiau energijos, todǟl modelis daģniau parenka iġkrauti baterijŃ Ǳ 

suvartojimŃ kainȎ piko metu, pakeiļiant brangȎ importŃ iġ tinklo. Kita vertus, 7 paveiksle matoma, kad 

ġiltuoju metȎ laiku PV generacijos perteklius gali bȊti panaudojamas Ǳkrauti baterijŃ, todǟl birģelio ir liepos 

mǟnesiais baterijos importo sŃnaudos yra maģiausios, lyginant su kitais mǟnesiais. BaterijȎ ekonominǟs 

naudos pasiskirstymas pagal mǟnesius pateikiamas 8 paveiksle. 
 

 
8 pav. Eksperimento metiniai rezultatai ï baterijȎ ekonominǟs naudos pasiskirstymas pagal mǟnesǱ 

Ġaltinis: sudaryta autoriȎ 
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8 paveiksle pateiktas baterijȎ ekonominǟs naudos pasiskirstymo grafikas patvirtina, kad visȎ baterijȎ 

ekonominǟ nauda buvo didģiausia rugsǟjo ir spalio mǟnesiais, o maģiausia ï birģelio ir liepos mǟnesiais. 

Taigi eksperimento rezultatai leidģia daryti iġvadŃ, kad PV ir BEEKS sistemos ekonominǟ nauda yra 

reikġmingai priklausoma nuo metȎ laiko. 

 

Iġvados 

1. Sukurtas ir programiġkai realizuotas BEEKS optimizavimo modelis, Ǳvertinantis PV generacijŃ, 
objekto elektros energijos suvartojimŃ, elektros kainas, baterijos techninius parametrus (talpŃ, Ǳkrovimo ir 

iġkrovimo galiŃ, naudingumo koeficientŃ, leistinŃ iġkrovimo gylǱ), tinklo apribojimus ir baterijos talpos 

nusidǟvǟjimŃ. Modelis formuluojamas taikant MILP metodŃ kitos dienos laiko horizonte su 15 minuļiȎ laiko 

ģingsniu. Programinǟ realizacija Ǳgyvendinta Python aplinkoje, naudojant CVXPY apraġyti optimizavimo 

uģdavinǱ ir HiGHS sprendimo programŃ jam sprňsti. Sukurta daugiakriterǟ tikslo funkcija maksimizuoti 

kainȎ arbitraģo pelnŃ ir vietinǟs PV pagamintos energijos suvartojimŃ. Baterijos talpos nusidǟvǟjimas 

modeliuojamas taikant tiesinň priklausomybň nuo bendros iġkrautos energijos pralaidos. Taip pat priimta, 

kad baterijos 1 kWh talpos kaina yra 300 Eur. 

2. BaterijȎ parametrȎ Ǳtakos metiniams optimizavimo rezultatams analizǟje nustatyta, kad 
pagrindinis ekonominň naudŃ per talpos vienetŃ lemiantis veiksnys yra baterijos galios ir talpos santykis (C 

koeficientas). Aukġtas C koeficientas leidģia baterijŃ greitai Ǳkrauti ir iġkrauti, todǟl optimizavimo modelis 

kaupiklǱ gali panaudoti momentiniuose kainos pikuose ir kritimuose. Be to, tyrimo rezultatuose matyti, kad 

didģiausiŃ dalǱ baterijos pajamȎ sugeneruoja energijos eksportas Ǳ tinklŃ. Kita vertus, Pirsono koreliacijos 

koeficientai parodǟ, kad talpa turi reikġmingŃ ǱtakŃ iġvengiamiems importo iġ tinklo kaġtams (koreliacijos 

koeficientas ï 0,79) ir absoliuļiai ekonominei naudai (koreliacijos koeficientas ï 0,98), todǟl didelǟs talpos 

baterijos su vidutiniais galios parametrais yra tinkamos elektros importo kaġtams maģinti. Sezoniġkumo 

Ǳtakos metiniams rezultatams analizǟje pastebǟta, kad PV ir BEEKS sistemos ekonominǟ nauda reikġmingai 

priklauso nuo metȎ laiko ir yra didģiausia rugsǟjo ir spalio mǟnesiais, o maģiausia ï birģelio ir liepos 

mǟnesiais. Tokia tendencija paaiġkinama elektros kainȎ pasiskirstymo duomenimis, nes rudenǱ elektros kainȎ 

svyravimai buvo reikġmingai didesni, lyginant su vasara. MetiniȎ rezultatȎ analizǟje nustatyta, kad baterija 

B12 vertinama kaip objektyviai naudingiausia, kai metinǟ ekonominǟ nauda per talpos vienetŃ buvo 54,58 

Eur/kWh. Kita vertus, maģiausiŃ metinň ekonominň naudŃ per talpos vienetŃ pasiekǟ baterija B7, kai 

rezultatas buvo 31,66 Eur/kWh. 
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APPLICATION OF ENERGY STORAGE SYSTEM TO OPTIMISE ELECTRICITY CONSUMPTION 
 

Summary 

The article investigates battery energy storage system use for electricity consumption cost optimisation. A 

mathematical optimisation model for a solar power plant and battery storage system is developed. Annual results and 

battery parameter sensitivity are analysed. The model is implemented using Python programming language and the 

optimisation problem is formulated as a mixed integer linear program (MILP) with a multi-objective function that 

maximises both price arbitrage profit and self-consumption of solar energy. The results show that absolute net profit is 

mainly driven by battery capacity, while relative net profit is mainly driven by the C-rate. 
Key words: battery energy storage system, mathematical optimisation, MILP, price arbitrage, multi-objective 

function. 
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MANAGEMENT CHALLENGES OF UNFORMED STATE-OWNED LAND AT THE LOCAL 

LEVEL 

 

Edita Abalikġtienǟ, Eglǟ Juchneviļ 

Lietuvos Inzinerijos Kolegija Higher Education Institution 

 
Abstract  

The article analyses the management challenges of unformed state-owned land at the local level. The aim of the 

research is to identify and assess the management problems of unformed state-owned land at the eldership level, using 

Suģionys eldership as a case study. The research methods included legal and scientific literature analysis, spatial and 

statistical data assessment, field verification, and a semi-structured expert interview. The study identified 84 unformed 

state-owned land objects within the analysed territory, covering a total area of 1,194.48 ha, or 7.46% of the eldership 

area. Field verification revealed neglected areas, land plots overgrown with self-seeded vegetation, and areas potentially 

used on an unclear legal basis. The results show that the main problems are associated with complex land parcel 

formation procedures, a lack of information among residents, financial barriers, incomplete cadastral measurements, 

and insufficient inter-institutional cooperation. Unformed state-owned land complicates territorial planning, land use 

control, and the rational management of public assets. 

Key words: State-owned land, Unformed land, Land administration, Land parcel formation, Territorial 

planning. 

 

Introduction  

The management of state-owned land is an important component of the land administration system, 

influencing the rational use of state assets, territorial development, and the protection of the public interest. 

Effective land administration is possible only when the legal status of land is clear, boundaries are defined, 

and cadastral data are registered in the Real Property Register. The scientific literature emphasises that a 

clear land administration system is a prerequisite for effective land use, the functioning of the land market, 

and territorial development (FAO, 2017). 

In Lithuania, part of state-owned land has still not been formed as separate real property objects and 

registered in the Real Property Register. This situation complicates the administration of such land, the 

control of its actual use, and its integration into territorial planning and public asset management processes. 

Therefore, the issue of unformed state-owned land is not merely a technical deficiency in cadastral or registry 

data; it is directly related to the efficiency of land administration and the practical management of territories. 

The emergence of this problem in Lithuania has been influenced by the consequences of land reform, 

the lack of territorial planning documents, complex land parcel formation procedures, the distribution of 

institutional functions, and insufficient inter-institutional cooperation. In Central and Eastern European 

countries, the processes of restitution of ownership rights and the development of land markets following 

political system changes have, over time, led to land use fragmentation, unclear boundaries, and more 

complex land administration (Paġakarnis et al., 2013). 

The problem of unformed state-owned land becomes particularly evident at the local level. In 

municipal and eldership territories, unclear land status complicates the maintenance of specific areas, the 

identification of actual users, the planning of local infrastructure, and the management of public spaces. Such 

areas may become neglected, overgrown with self-seeded vegetation, or used on an unclear legal basis. 

Previous studies indicate that decentralised land management can be effective only when local institutions 

have clearly defined functions, sufficient administrative capacity, and access to reliable data (Ibrahim, 2024). 

Since 2024, the transfer of some state-owned land management functions to municipalities has further 

increased responsibility at the local level. Municipalities are expected not only to administer state-owned 

land, but also to identify problematic areas, assess their actual condition, initiate land formation procedures, 

and ensure lawful and rational land use. Therefore, it is important to analyse not only national-level data, but 

also the problems occurring in specific territories. 

The scientific novelty of this article lies in the fact that the issue of unformed state-owned land is 

analysed not only as a matter of legal or registry status, but also as a local-level land administration problem. 

The study assesses specific spatial and statistical data, the actual condition of territories, signs of possible 

informal use, and administrative barriers arising in practice. This approach makes it possible to demonstrate 

that the problem of unformed state-owned land is manifested not only in document management procedures, 

but also in the actual use of territories. 

The research problem is that unformed state-owned land at the local level limits the possibilities for 

territorial planning, land use control, infrastructure development, and the activation of public assets, while 

the unclear legal and actual status of such areas creates preconditions for their neglect or informal use. 
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The object of the research is the management of unformed state-owned land at the local level. 

The aim of the research is to identify and assess the management problems of unformed state-owned 

land at the local, i.e. eldership, level, using Suģionys eldership as a case study. 

The objectives of the research are as follows:  

1) examine the legal and administrative preconditions for the management of unformed state-owned 

land;  

2) determine the extent, spatial distribution, and actual condition of unformed state-owned land in 

the analysed territory;  

3) identify the main local-level management challenges related to the formation, use, maintenance, 

and control of unformed state-owned land. 

 

Materials and methods  

The empirical study was conducted in Suģionys eldership, Vilnius District Municipality, selected as a 

case study area to assess the management problems of unformed state-owned land at the local level. The 

study examined the extent, spatial distribution, actual condition, and management challenges of such land. 

The selected area is characterised by a predominantly rural landscape, dispersed settlement structure, 

agricultural land, and natural areas, where unformed state-owned land may directly affect territorial 

maintenance, infrastructure development, and land use control. 

The research combined the analysis of legal acts and scientific literature, spatial and statistical data 

assessment, field verification, and a semi-structured expert interview. Legal acts and scientific literature were 

analysed to define the regulatory and theoretical framework of unformed state-owned land management in 

the context of land administration, land reform, cadastral data quality, institutional cooperation, and territorial 

planning. 

The quantitative and spatial analysis was based on publicly available spatial data on unformed state-

owned land and administrative boundaries. In a GIS environment, unformed state-owned land objects located 

within the boundaries of Suģionys eldership were selected, and their number, total area, and share of the 

eldership territory were calculated. The results were also compared with national-level data on unformed 

state-owned land. 

Field verification was carried out to assess the actual condition of selected unformed state-owned land 

areas. The inspected sites represented different types of areas identified during the spatial analysis, including 

agricultural surroundings, areas near settlements, and territories with visible signs of abandonment or 

possible use. During the field inspection, maintenance condition, self-seeded vegetation, temporary objects, 

abandoned buildings, agricultural machinery, and other indications of human activity were recorded. The 

field verification was not aimed at establishing legal violations, but at identifying signs of possible informal 

use or unclear land use status. 

A semi-structured expert interview with a local-level land administration specialist was used as an 

additional source of contextual information. The interview data were not treated as statistically 

representative; rather, they were used to interpret and explain the results obtained from spatial data analysis 

and field verification. The collected data were analysed using descriptive and comparative analysis, 

integrating legal, spatial, field, and interview-based information. 

 

Theoretical background 

Land administration is a system that includes processes related to land ownership, use, registration, 

valuation, and planning. Its importance becomes particularly evident when the legal status of land is unclear 

or when land has not been fully integrated into cadastral and registry systems. In such cases, opportunities 

for land use, management, territorial planning, and the activation of public assets are restricted. A clear land 

administration system is considered one of the essential preconditions for the effective functioning of the 

land market, territorial development, and the protection of the public interest (FAO, 2017). 

The management problems of state-owned land are closely related to land reform processes. In Central 

and Eastern European countries, following political system changes, ownership rights were restored, new 

land parcels were formed, and land markets were established. Although these processes were necessary for 

the transition to a market economy, over time they also created additional administrative challenges, 

including land use fragmentation, unclear boundaries, more complex land parcel administration, and uneven 

land use efficiency (Hartvigsen, 2014; Sikor & M¿ller, 2009). 

In the Lithuanian context, the issue of unformed state-owned land should be analysed in close 

connection with the national legal framework of land administration. The current versions of the Law on 

Land of the Republic of Lithuania, the Law on Land Reform of the Republic of Lithuania, the Law on 
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Territorial Planning of the Republic of Lithuania, and the Law on Local Self-Government of the Republic of 

Lithuania provide the basis for interpreting land ownership, use, management, territorial planning, and the 

functions of local self-government institutions. These legal acts define not only the formal principles of land 

parcel formation and administration, but also the institutional context in which decisions on the use, planning, 

and integration of state-owned land into cadastral and registry systems are made. In addition, the 

methodology approved by the Order of the Minister of Environment of the Republic of Lithuania of 19 July 

2024 on the administration of state-owned land parcels of other purpose sold or leased without auction 

specifies procedural provisions related to the sale and lease of state-owned land parcels without auction. 

Therefore, in this study, legal regulation is treated as a normative framework that helps explain why 

unformed state-owned land areas become not only a matter of registration, but also a broader problem of 

territorial planning, public administration, and rational land use. 

One of the key factors of effective land management is the clear definition of ownership and use rights. 

When the legal status, boundaries, or basis of land use are unclear, it becomes more difficult to make 

administrative decisions, plan investments, maintain territories, and control actual land use. Ma et al. (2024) 

note that the clarity of property rights has a significant impact on land use efficiency. Similarly, He et al. 

(2025) indicate that ambiguity in state-owned land property rights increases transaction costs and 

complicates the implementation of public projects. These insights are also relevant to the analysis of 

unformed state-owned land, as such land often lacks clearly defined boundaries, a clear basis of use, and 

responsibility for maintenance. 

The success of land administration reforms depends not only on changes in legal acts, but also on their 

practical implementation. Burns (2007) identifies data quality, institutional responsibility, service 

accessibility, and clear performance indicators as important criteria for assessing land administration 

reforms. Burns et al. (2023) also emphasise that reforms often face difficulties when more attention is given 

to formal regulation than to the capacity of institutions to solve practical problems in a coordinated manner. 

This is particularly important in the case of unformed state-owned land, as the mere existence of legal acts 

does not ensure that specific land areas will be formed, registered, and integrated into rational use in a timely 

manner. 

The local level is particularly important in land administration, as actual land use problems become 

most visible within municipal and eldership territories (Abalikġtienǟ & Perkumienǟ, 2022). The unclear 

status of state-owned land may complicate the planning of roads, engineering networks, public spaces, 

recreational areas, and other infrastructure objects. It also makes it more difficult to identify actual users, 

address issues of territorial neglect, and ensure that state-owned land is used in accordance with the public 

interest. Samsudin et al. (2014) indicate that decentralisation in land administration can improve decision-

making only when local institutions have clearly defined functions, sufficient administrative capacity, and 

access to reliable data. Ibrahim (2024) also notes that decentralisation can improve the quality of public 

services, but this requires clear responsibility and institutional decision-making capacity. Recent research on 

land decentralisation also shows that the redistribution of land management functions may influence the 

efficiency of land rental and administrative processes (Neyter et al., 2026). 

The significance of public land is not limited to its legal status. Such land may be important for the 

local economy, infrastructure development, recreation, landscape quality, and community well-being. Kim 

and Marcouiller (2021) argue that public land areas affect local economic and social processes; however, 

this benefit is possible only when the status of land is clear and its use is planned in accordance with local 

needs. In the case of unformed state-owned land, this potential often remains unused, as the land has not 

been formed as an independent real property object and cannot be smoothly integrated into planning or 

activation processes. 

Land use management is also related to the principles of sustainability. Izakoviļov§ et al. (2018) 

emphasise that sustainable land use should include ecological, social, economic, and territorial aspects. The 

OECD (2017) also stresses that land use governance requires coordination between different levels of 

government, clear planning instruments, and data-based decision-making. Therefore, the issue of unformed 

state-owned land should be understood not only as an administrative or registration problem, but also as an 

obstacle to sustainable territorial development. 

In summary, the issue of unformed state-owned land is related to several interrelated factors: the 

consequences of land reform, the clarity of ownership and use rights, the quality of cadastral data, the 

distribution of institutional functions, local-level administrative capacity, and the implementation of 

territorial planning solutions. Therefore, in this article, unformed state-owned land is treated as a complex 

land administration problem with legal, practical, territorial, and social significance. This approach makes it 
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possible to move beyond the formal issue of registering unformed areas and to analyse how these areas affect 

local territorial management, land use control, infrastructure planning, and the activation of public assets. 

 

Results and discussion 

The analysis showed that the issue of unformed state-owned land in Lithuania remains relevant at both 

the national and local levels. The total area of unformed state-owned land in the country amounts to 

542,434.68 ha (NĢT, 2025). This indicates that unformed state-owned land is not only a local or technical 

cadastral issue, but a national land administration challenge related to territorial planning, land use control, 

public asset management, and the activation of state-owned land. 

The significance of the analysed case is not limited to Suģionys eldership. Local-level case studies 

make it possible to show how this national-scale problem is expressed in practice. The Suģionys eldership 

case demonstrates that unformed land is not only a matter of incomplete cadastral or registry data, but also 

a practical challenge related to land use control, territorial maintenance, infrastructure planning, and the 

management of public assets. Therefore, the results of this study may be relevant for other rural and less 

urbanised municipalities facing similar land administration problems. 

The analysed territory is characterised by a rural landscape, a dispersed settlement network, and a high 

proportion of agricultural and natural areas. The total area of the analysed territory is 16,014 ha. Agricultural 

land accounts for the largest share, covering 9,870 ha; forests occupy approximately 3,800 ha, while water 

bodies and other land areas cover 2,344 ha. This land use structure indicates that the clarity of legal land 

status, boundary determination, and control of actual land use are important not only from an administrative 

perspective, but also in relation to territorial maintenance, agricultural activity, infrastructure planning, and 

landscape quality.  

Based on the analysed spatial and statistical data, 84 unformed state-owned land objects were 

identified in the analysed territory, covering a total area of 1,194.48 ha. This area accounts for approximately 

7.46% of the total analysed territory and 0.22% of the total area of unformed state-owned land in Lithuania 

(Fig. 1). 

 

 
Fig. 1. Unformed state-owned land areas in Suģionys eldership, Vilnius District Municipality 

Source: https://open-data.stat.gov.lt/ 

 

Although this share is not large at the national level, such an area is significant at the local level, as it 

may directly affect territorial planning, infrastructure development, land use control, and public asset 

management. 

The results of the field verification showed that the issue of unformed state-owned land is not limited 

to the absence of cadastral or registry data. In the analysed territory, part of the unformed state-owned land 

areas were found to be neglected, overgrown with self-seeded vegetation, or used on an unclear legal basis. 

This confirms that, in the absence of a formed land parcel, clearly defined boundaries, and a registered basis 

for use, state-owned land becomes more difficult to administer and control (Fig. 2). 
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Fig. 2. An unformed land parcel and photographs from field verification 

Source: authorsô photo 

 

During the field verification, signs of possible informal use were recorded. In some areas of unformed 

state-owned land, inventory, agricultural machinery, temporary structures, or abandoned buildings were 

present. In one of the investigated objects, an abandoned building and its adjacent annex had been adapted 

for personal use, with a chicken enclosure and a woodshed installed within the area. As no clear legal basis 

for such use was identified during the research, these cases may be regarded as indications of possible 

informal or unauthorised use of state-owned land. 

Another problem highlighted during the study was the lack of maintenance of unformed state-owned 

land areas. Some territories were overgrown with shrubs, self-seeded trees, and dense herbaceous vegetation. 

Such a condition indicates long-term non-use of land and insufficient maintenance. Neglected areas 

gradually lose their economic potential, reduce the aesthetic quality of the landscape, and may create 

preconditions for further territorial degradation. From the perspective of the local community, this is not 

merely a formal issue of state-owned land accounting; such areas become visible abandoned patches within 

residential or agricultural surroundings. 

The identified features confirm that the control of unformed state-owned land remains challenging at 

the local level. When land has not been formed as an independent real property object, it becomes more 

difficult to determine its boundaries, identify actual users, establish responsibility for maintenance, and apply 

possible management measures. As a result, a situation emerges in which state-owned land formally belongs 

to public assets, but in practice is not managed with sufficient clarity (Table 1).  

Table 1  

Local-level management problems of unformed state-owned land 
Problem group Features identified during the research Possible consequences 

Unclear actual use Unclear basis of use, temporary objects, 

inventory, use of abandoned buildings 

More complicated control, possible 

disputes, informal use of state-owned land 

Lack of territorial 

maintenance 

Shrubs, self-seeded trees, dense herbaceous 

vegetation 

Territorial degradation, lower economic 

potential, poorer landscape quality 

Unclear boundaries 

and data 

Unperformed cadastral or geodetic 

measurements, unclear actual basis of use 

Boundary inconsistencies, neighbouring 

disputes, more complex planning 
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Problem group Features identified during the research Possible consequences 

Administrative 

procedures 

Projects, decisions, measurements, 

registration procedures 

Long process, procedural costs, resident 

passivity 

Institutional 

coordination 

Distribution of functions, lack of 

information, changes in legal regulation 

Delayed practical decisions, insufficient 

local-level monitoring 

Source: compiled by the authors 

 

The results of the study show that the problem of unformed state-owned land should be interpreted 

not only as an unfinished cadastral or registration procedure, but also as a practical failure of land governance 

at the local level. Although the analysed area accounts for only 0.22% of the total area of unformed state-

owned land in Lithuania, its share within Suģionys eldership reaches 7.46%. This difference is important 

because it demonstrates that the significance of the problem cannot be assessed only through national-level 

indicators. At the local level, even a relatively small share in the national context may represent a substantial 

part of the territory affecting land use control, maintenance, planning decisions, and the management of 

public assets. 

The findings also indicate that the legal existence of state ownership does not automatically ensure 

effective land management. In the analysed territory, some unformed state-owned land areas were neglected, 

overgrown with self-seeded vegetation, or showed signs of possible informal use. This suggests a gap 

between formal ownership and practical control. When land is not formed as an independent real property 

object, it becomes more difficult to identify boundaries, determine actual users, assign responsibility for 

maintenance, and apply management measures. Therefore, the problem is not limited to the absence of 

cadastral data; it reflects a broader weakness in the practical implementation of land administration. 

These results correspond to earlier studies on land reform and land administration in Central and 

Eastern Europe, which emphasise that historical land reform processes, land fragmentation, and complex 

administrative procedures may create long-term consequences for land use efficiency (Hartvigsen, 2014; 

Paġakarnis et al., 2013; Sikor & M¿ller, 2009). The present study supplements these insights with local-level 

empirical evidence, showing that unfinished land formation processes are visible not only in legal documents 

or registers, but also in the physical condition and actual use of territories. 

The study also supports the argument that land administration reforms depend not only on formal legal 

regulation, but also on data quality, institutional responsibility, service accessibility, and implementation 

capacity (Burns, 2007; Burns et al., 2023). In the case of Suģionys eldership, legally regulated procedures 

exist, but their implementation is slowed down by the need for project preparation, coordination procedures, 

cadastral measurements, registration actions, financial costs, and insufficient awareness among residents. 

This shows that the effectiveness of land administration is determined not by the existence of regulation 

alone, but by the ability of institutions and land users to apply it in practice. 

The local-level dimension becomes especially important in the context of the recent transfer of some 

state-owned land management functions to municipalities. Decentralisation may improve land management 

only if local institutions have clear responsibilities, sufficient administrative capacity, and access to reliable 

spatial and cadastral data. Otherwise, the transfer of functions may increase the administrative burden 

without solving the underlying problems. The case analysed in this study indicates that municipalities need 

not only formal authority, but also operational tools for identifying priority areas, monitoring their actual 

condition, initiating formation procedures, and coordinating actions with other institutions. 

From a practical perspective, the findings suggest that the management of unformed state-owned land 

should be based on prioritisation. Not all unformed areas create the same level of risk or management 

difficulty. Priority should be given to areas located near settlements, infrastructure objects, public spaces, 

agricultural land, and territories where signs of neglect or possible informal use are visible. Such an approach 

would allow local institutions to move from passive registration of the problem towards targeted land 

management based on spatial data, field verification, and local knowledge. 

Thus, the Suģionys eldership case demonstrates that unformed state-owned land is a multidimensional 

issue combining legal, spatial, administrative, and practical aspects. The problem affects not only the 

completeness of cadastral and registry data, but also the quality of territorial planning, the effectiveness of 

land use control, the maintenance of rural landscapes, and the rational use of public assets. Therefore, 

strengthening local-level monitoring, improving the integration of spatial and cadastral data, simplifying 

procedures, and providing clearer information to residents should be considered essential measures for 

improving the management of unformed state-owned land. 

In summary, the problem of unformed state-owned land at the local level is manifested in three main 

directions: incomplete land formation and registration procedures, deficiencies in actual land use and 

maintenance, and a complex administrative process. The research results show that the management of 
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unformed state-owned land cannot be associated solely with the formal registration of objects. It is necessary 

to strengthen the monitoring of the actual condition of land use, provide residents with clearer information 

on land formation procedures, reduce the administrative burden, and ensure consistent inter-institutional 

cooperation. Only under these conditions can unformed state-owned land be integrated into lawful, rational, 

and locally beneficial use. 

 

Conclusions 

1. The analysis of the legal and administrative preconditions for the management of unformed state-

owned land showed that the processes of formation, use, and registration of state-owned land in Lithuania 

are legally regulated. However, their practical implementation at the local level is complicated by the 

complexity of procedures, the number of coordination stages, the need for cadastral measurements, 

registration actions, and the distribution of institutional functions. Therefore, unformed state-owned land 

should not be regarded merely as a formal lack of cadastral or registry data, but as a broader land 

administration problem related to the uncertainty of legal status, boundaries, basis of use, and responsibility 

for maintenance. 

2. The study identified 84 unformed state-owned land objects in Suģionys eldership, covering a total 

area of 1,194.48 ha, or approximately 7.46% of the eldership territory. Although this area accounts for only 

0.22% of the total area of unformed state-owned land in Lithuania, it is significant at the local level, as it 

directly affects territorial maintenance, land use control, infrastructure planning, and the activation of public 

assets. Field verification showed that some of these areas are neglected and overgrown with self-seeded 

vegetation, while in some territories signs of possible informal use were recorded, including temporary 

objects, inventory, agricultural machinery, and abandoned buildings adapted for personal use. 

3. The main local-level management challenges are related to incomplete land formation and 

registration procedures, uncertainty of actual use, lack of territorial maintenance, insufficient information 

among residents, financial barriers, administrative burden, and insufficient inter-institutional cooperation. 

Improving the management of unformed state-owned land should therefore be linked to systematic local-

level monitoring, the identification of priority areas, clearer information for residents, simplification of 

administrative procedures, and the integration of spatial and cadastral data into municipal decision-making. 
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NESUFORMUOTOS VALSTYBINǞS ĢEMǞS VALDYMO PROBLEMATIKA VIETOS LYGMENIU 
 

Santrauka 

Straipsnyje analizuojama nesuformuotos valstybinǟs ģemǟs valdymo problematika vietos lygmeniu. Tyrimo tikslas 

ï SuģioniȎ seniȊnijos pavyzdģiu identifikuoti ir Ǳvertinti nesuformuotos valstybinǟs ģemǟs valdymo problemas 

seniȊnijȎ lygmeniu. Tyrime taikyta teisǟs aktȎ ir mokslinǟs literatȊros analizǟ, erdviniȎ bei statistiniȎ duomenȎ 

vertinimas, lauko patikra ir pusiau struktȊruotas ekspertinis interviu. Nustatyta, kad tiriamoje teritorijoje yra 84 

nesuformuotos valstybinǟs ģemǟs objektai, kuriȎ bendras plotas sudaro 1194,48 ha, arba 7,46 proc. seniȊnijos 

teritorijos. Lauko patikros metu nustatyta nepriģiȊrimȎ, savaimine augmenija apaugusiȎ ir galimai neaiġkiu teisiniu 

pagrindu naudojamȎ plotȎ. Tyrimo rezultatai parodǟ, kad pagrindinǟs problemos siejamos su sudǟtingomis ģemǟs 

sklypȎ formavimo procedȊromis, gyventojȎ informacijos stoka, finansiniais barjerais, nebaigtais kadastriniais 

matavimais ir nepakankamu institucijȎ bendradarbiavimu. Nesuformuota valstybinǟ ģemǟ apsunkina teritorijȎ 

planavimŃ, ģemǟs naudojimo kontrolň ir racionalȎ vieġojo turto valdymŃ. 

Reikġminiai ģodģiai: valstybinǟ ģemǟ, nesuformuota ģemǟ, ģemǟs administravimas, ģemǟs sklypȎ formavimas, 

teritorijȎ planavimas. 
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NUOTOLINIȍ MATAVIMȍ TAIKYMO IĠMATUOTȍ TOPOGRAFINIȍ ERDVINIȍ DUOMENȍ 

TIKSLUMUI TYRIMAS 

 

Giedrius Baleviļius 1, 2, Vaiva Stravinskienǟ 1 
1 Lietuvos inģinerijos kolegija, 2 VDU Ģemǟs Ȋkio akademija 

 
Anotacija  

Tyrimu siekiama Ǳvertinti nuotoliniais tyrimo metodais sudarytȎ erdviniȎ duomenȎ rinkiniȎ tikslumŃ ir jȎ atitiktǱ 

stambaus mastelio topografiniȎ planȎ rengimui keliamiems reikalavimams. Darbo tikslas ï nustatyti nuotoliniȎ tyrimȎ 

metodais sudarytȎ erdviniȎ duomenȎ tikslumŃ. Uģdaviniai:  palyginti nuotoliniȎ tyrimȎ metodais (UAS fotogrametrija 

ir LiDAR) bei GNSS RTK metodais gautȎ vietovǟs objektȎ erdviniȎ duomenȎ tikslumŃ. Darbe taikytas erdvinis ir 

grafinis modeliavimas, gautȎ duomenȎ apibendrinimas ir interpretavimas. Nuotoliniais tyrimo metodais sudarytas 

ortofotografinis planas taġko horizontaliajai padǟļiai nustatyti  ir taġkȎ debesis vertikaliai padǟļiai. Siekiant nustatyti 

nuotoliniȎ tyrimȎ metodais gautȎ erdviniȎ duomenȎ tikslumŃ, atlikti GNSS matavimai taikant LitPos-RTK metodŃ.  

Gauti rezultatai nevirġijo maksimalios vidutinǟs kvadratinǟs paklaidos ribȎ, t. y. stambaus mastelio M 1:500 iġmatuotȎ 

topografiniȎ objektȎ tvirtȎ vietovǟs kontȊrȎ horizontaliosios padǟties vidutinǟ kvadratinǟ paklaida, turi bȊti ne didesnǟ 

kaip 0,20 m, o vertikalios padǟties tvirtȎ vietovǟs kontȊrȎ ï 0,10  m,  kitȎ pavirġiȎ ï 0,20 m, su 95 proc. tikimybe, todǟl 

UAS fotogrametrijos metodas laikytinas tinkamu tvirtȎ vietovǟs kontȊrȎ taġko padǟties erdvinǟs padǟties nustatymui. 

Neanalizuotas taġko padǟties nustatymo tikslumas kituose pavirġiuose. Taļiau siekiant uģtikrinti matavimȎ kontrolň 

tikslinga taikyti kombinuotus matavimȎ metodus. 

Reikġminiai ģodģiai. BepiloļiȎ orlaiviȎ sistema (UAS), GNSS, LIDAR, matavimai, ortofotografinis planas, 

taġkȎ debesis, tikslumas.  

 

ǰvadas  

Aktualumas ir mokslinǟ problema. MatavimȎ inģinerijoje vieni svarbiausiȎ rodikliȎ yra iġmatuotȎ 

erdviniȎ duomenȎ tikslumas ir kokybǟ. Ġie duomenys sudaro pagrindŃ projektavimo, statybos bei teritorijȎ 

planavimo procesams, todǟl jȎ surinkimas turi uģtikrinti techninius reikalavimus atitinkantǱ tikslumŃ ir 

patikimumŃ. Tradiciġkai topografiniai matavimai atliekami tacheometrijos, GNSS RTK. Taļiau ġie metodai 

reikalauja intensyviȎ lauko darbȎ ir dideliȎ laiko sŃnaudȎ. Tobulǟjant nuotoliniȎ tyrimȎ technologijoms, 

Ǳskaitant bepiloļiȎ orlaiviȎ sistemas (UAS), skaitmeninň fotogrametrijŃ ir LiDAR sistemas, atsiranda 

galimybǟ operatyviai surinkti didelǟs apimties erdviniȎ duomenȎ rinkinius, generuoti ortofotografinius 

planus, skaitmeninius pavirġiaus modelius bei taġkȎ debesis, maģinant darbȎ sŃnaudas ir didinant duomenȎ 

surinkimo efektyvumŃ teoriġkai yra paprasta. 

Nepaisant spartaus UAS, LiDAR ir kitȎ nuotoliniȎ tyrimȎ metodȎ taikymo geodeziniuose bei 

kartografiniuose darbuose, iġlieka aktualus klausimas dǟl ġiais metodais gautȎ erdviniȎ duomenȎ tikslumo. 

TrȊksta tyrimȎ, vertinanļiȎ sudǟtingȎ objektȎ ï vertikaliȎ pavirġiȎ, antģeminiȎ inģineriniȎ tinklȎ elementȎ 

ir kitȎ smulkiȎ infrastruktȊros objektȎ ï padǟties nustatymo tikslumŃ. Todǟl aktuali mokslinǟ problema yra 

nustatyti, ar nuotoliniais tyrimo metodais sudaryti iġmatuotȎ erdviniȎ duomenȎ rinkiniai atitinka stambaus 

mastelio topografiniȎ planȎ rengimui keliamus tikslumo reikalavimus ir gali bȊti tiesioginǟ alternatyva 

tradiciniams geodeziniams matavimams. Siekiant tai Ǳvertinti, bȊtina palyginti UAS, LiDAR ir GNSS RTK 

metodais gautȎ matavimȎ rezultatus bei jȎ taikymo galimybes matavimȎ praktikoje. 

Darbo objektas - nuotoliniȎ tyrimȎ metodais (UAS fotogrametrija ir LiDAR) bei GNSS RTK metodais 

gautȎ vietovǟs objektȎ erdviniȎ duomenȎ tikslumas.  Darbo tikslas ï nustatyti nuotoliniȎ tyrimȎ metodais 

sudarytȎ erdviniȎ duomenȎ rinkiniȎ tikslumŃ. Uģdaviniai:  palyginti nuotoliniȎ tyrimȎ metodais (UAS 

fotogrametrija ir LiDAR) bei GNSS RTK metodais gautȎ vietovǟs objektȎ erdviniȎ duomenȎ tikslumŃ. 

Straipsnis susideda iġ anotacijos, reikġminiȎ ģodģiȎ, teorinǟs Ǳģvalgos, metodikos, tyrimo rezultatȎ ir 

iġvadȎ.  

 

Teorinǟs Ǳģvalgos  

BepiloļiȎ orlaiviȎ sistemos (UAS) tapo viena sparļiausiai besivystanļiȎ erdviniȎ duomenȎ rinkimo 

priemoniȎ geodezijoje, fotogrametrijoje ir kartografijoje. JȎ populiarumŃ lemia galimybǟ greitai surinkti 

didelǟs raiġkos duomenis, sudaryti ortofotografinius planus, skaitmeninius pavirġiaus modelius (SPM) ir 

taġkȎ debesis maģesnǟmis sŃnaudomis nei taikant tradicinius aerofotografavimo metodus (Mulakala, 2019). 

Mokslinǟje literatȊroje paģymima, kad UAS fotogrametrija tampa svarbia priemone topografiniȎ planȎ 

sudarymui bei teritorijȎ stebǟsenai (Suģiedelyte-Visockienǟ ir kt., 2016; Ġtroner ir kt.,2021). Tyrimai rodo, 

kad naudojant tinkamai suplanuotŃ skrydǱ ir pakankamŃ nuotraukȎ persidengimŃ galima pasiekti 

centimetrinǱ erdviniȎ duomenȎ tikslumŃ (Clapuyt ir kt., 2016; Tamminga ir kt., 2016). 

Vienas svarbiausiȎ veiksniȎ, lemianļiȎ fotogrametriniȎ produktȎ tikslumŃ, yra georeferenciniȎ 

duomenȎ kokybǟ. Tradiciġkai tam naudojami antģeminiai atraminiai taġkai (GCP), kuriȎ koordinatǟs 
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nustatomos GNSS RTK metodu. RTK technologija leidģia realiuoju laiku pasiekti centimetrinǱ tikslumŃ ir 

yra laikoma vienu tiksliausiȎ metodȎ geodeziniams matavimams atlikti (Chen ir kt.,2021). Todǟl RTK 

duomenys daģnai naudojami kaip etaloniniai vertinant UAS fotogrametriniȎ duomenȎ kokybň (Ġtroner ir kt., 

2021).  

Pastaraisiais metais naudojami UAS su integruotais RTK imtuvais. Tokie sprendimai leidģia tiesiogiai 

georeferencuoti aeronuotraukas ir sumaģinti atraminiȎ taġkȎ poreikǱ . Ġtroner ir kt. (2021) nustatǟ, kad GNSS 

RTK integracija gali uģtikrinti pakankamŃ tikslumŃ stambaus mastelio kartografavimo darbams net ir 

naudojant minimalȎ GCP skaiļiȎ.  

Ortofotografiniai planai yra vieni pagrindiniȎ UAS fotogrametrijos produktȎ. JȎ tikslumas priklauso 

nuo skrydģio aukġļio, vaizdo raiġkos, georeferenciniȎ duomenȎ bei fotogrametrinio apdorojimo parametrȎ. 

Moksliniai tyrimai rodo, kad naudojant RTK technologijŃ horizontalus tikslumas daģnai siekia 3ï6 cm, o 

vertikalus ï apie 5ï6 cm. Tokie rodikliai atitinka daugelio stambaus mastelio topografiniȎ planȎ rengimo 

reikalavimus (Alshawabkeh ir kt., 2021). Niu ir kt. (2024) atliko RTK integruoto UAS tikslumo vertinimŃ ir 

nustatǟ, kad net nenaudojant atraminiȎ taġkȎ vertikaliosios koordinatǟs paklaida gali bȊti apie 5ï6 cm. 

Tyrimo autoriai daro iġvadŃ, kad RTK integruoti UAS gali bȊti naudojami didelio mastelio kartografavimui.  

Nors horizontalȊs pavirġiai fotogrametriniais metodais atkuriami gana tiksliai, vertikaliȎ objektȎ 

matavimas iġlieka viena didģiausiȎ problemȎ. PastatȎ fasadai, atraminǟs sienos, ġuliniai ir kiti vertikalȊs 

elementai daģnai fotografuojami nepakankamu kampu, todǟl jȎ geometrija atkuriama prasļiau nei 

horizontaliȎ pavirġiȎ. Dǟl ġios prieģasties vertikaliȎ objektȎ koordinatǟs gali pasiģymǟti didesnǟmis 

paklaidomis nei atviri horizontalȊs pavirġiai (Clapuyt ir kt., 2016; Szypuğa B. 2024). Szypuğa (2024) paģymi, 

kad skaitmeniniȎ reljefo ir pavirġiaus modeliȎ tikslumui didelň ǱtakŃ daro georeferenciniȎ duomenȎ kokybǟ, 

skrydģio geometrija bei kontroliniȎ taġkȎ iġdǟstymas. Tyrimas parodǟ, kad net naudojant RTK technologijŃ 

bȊtina atlikti nepriklausomŃ tikslumo kontrolň.  

Mokslinǟje literatȊroje vis daģniau nagrinǟjama galimybǟ tradicinius topografinius matavimus 

pakeisti arba papildyti UAS technologijomis. Daugelis autoriȎ sutaria, kad UAS fotogrametrija gali 

reikġmingai sumaģinti lauko darbȎ apimtǱ ir paspartinti duomenȎ surinkimŃ. Taļiau taip pat pabrǟģiama, kad 

sudǟtingȎ inģineriniȎ objektȎ, poģeminiȎ tinklȎ elementȎ, vertikaliȎ konstrukcijȎ bei tankiai apģeldintȎ 

teritorijȎ matavimams daģnai vis dar reikalingi papildomi geodeziniai matavimai (Ġtroner M. ir kt., 2021). 

Vyrauja nuomonǟ, kad RTK technologija pagrǱstos bepiloļiȎ orlaiviȎ sistemos gali efektyviai uģtikrinti 

topografiniȎ ir kartografiniȎ duomenȎ surinkimŃ didelǟse teritorijose. Vis dǟlto, vertinant aukġto tikslumo 

reikalaujanļius inģinerinius objektus, rekomenduojama taikyti kombinuotŃ geodeziniȎ matavimȎ metodikŃ, 

integruojant UAS fotogrametrijos ir GNSS RTK arba tacheometriniȎ matavimȎ duomenis, siekiant sumaģinti 

matavimo neapibrǟģtǱ ir padidinti galutinio erdviniȎ duomenȎ rinkinio kokybň (IS..., 2025).  

Atlikta mokslinǟs literatȊros analizǟ parodǟ, kad nuotoliniai tyrimo metodais gauti matavimai leidģia 

efektyviai generuoti aukġto tikslumo erdviniȎ duomenȎ rinkinius, o RTK technologijos integravimas 

reikġmingai pagerina jȎ tikslumŃ. Taļiau vis dar trȊksta tyrimȎ, vertinanļiȎ vertikaliȎ pavirġiȎ ir antģeminiȎ 

inģineriniȎ tinklȎ objektȎ matavimo tikslumŃ bei UAS ir GNSS RTK metodais gautȎ duomenȎ 

palyginamumŃ. Nepakankamas temos iġtirtumas pagrindģia ġio darbo reikġmingumŃ ir tyrimo poreikǱ. 

 

TyrimȎ metodika 

Darbe taikytas erdvinis ir grafinis modeliavimas, duomenȎ rinkimo, sisteminimo, analizǟs, gautȎ 

duomenȎ apibendrinimo ir interpretavimo metodai.  

Tyrime surinktȎ aerofotografiniȎ duomenȎ apdorojimui buvo naudojama DJI Terra programinǟ Ǳranga, 

leidģianti automatizuotai atlikti fotogrametrinǱ vaizdȎ apdorojimŃ, generuoti ortofotoplanus, skaitmeninius 

pavirġiaus modelius (SPM) ir trimaļius vietovǟs modelius, uģtikrinant efektyvȎ bei tikslȎ geoduomenȎ 

parengimŃ tolesnei analizei. ĂAgisoft Metashapeñ programa atliktas nuotraukȎ orientavimas, tankaus taġkȎ 

debesies generavimas bei ortofotoplano ir skaitmeninio pavirġiaus modelio sudarymas. GeodeziniȎ 

matavimȎ duomenȎ apdorojimui ir analizei buvo naudojama Geo3D programinǟ Ǳranga. Jos pagalba atliktas 

matavimo duomenȎ apdorojimas, sudaryti reljefo modeliai bei apskaiļiuoti tiriamȎ objektȎ geometriniai 

parametrai.  

Tyrimas vykdytas geguģǟs pradģioje, Vilniaus miesto vakarinǟje dalyje. Siekiant Ǳvertinti matavimo 

duomenȎ tikslumŃ, buvo pasirinkta urbanizuota teritorija kurioje yra tvirti vietovǟs pavirġiai- ġaligatviai, 

borteliai, asfalto danga, inģineriniȎ tinklȎ ġuliniai-kameros, ir kita. Ġie vietovǟs objektai pasirinkti ir dǟl tos 

prieģasties, kad geodeziġkai iġmatuojant tokius objektus jiems  yra taikomi grieģtesni tikslumo reikalavimai, 

t. y. stambaus mastelio M 1:500 iġmatuotȎ topografiniȎ objektȎ tvirtȎ vietovǟs kontȊrȎ horizontaliosios 

padǟties vidutinǟ kvadratinǟ paklaida, turi  bȊti ne didesnǟ kaip 0,20 m, o vertikalios padǟties tvirtȎ vietovǟs 

kontȊrȎ ï 0,10 m,  kitȎ pavirġiȎ ï 0,20 m, su 95 proc. tikimybe.  
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Tyrimui atlikti vietovǟje paģymǟti taġkai ï 10 borteliȎ ir 10 kelio taġkȎ (1a pav.), bei 10 ġuliniȎ-kamerȎ 

dangļiȎ esanļiȎ kelio viduryje (1b pav.), bei analogiġkai 10 ġuliniȎ -kamerȎ dangļiȎ esanļiȎ kelio kraġte (1c 

pav.). 

 

 

 
 

1 pav. Pasirinktos vertikaliȎjȎ pjȊviȎ vietos: a) ties ġaligatvio borteliais;  

b) ġuliniai gatvǟs viduryje; c) ġuliniai gatvǟs kraġte; 
Ġaltinis: sudaryta autoriȎ 

 

Iġmatuoti ġaligatvio borteliȎ aukġļius buvo pasirinkta neatsitiktinai, nes matavimo tikslumas labai 

priklauso nuo matuojamojo pavirġiaus. Matavimo duomenȎ tikslumas priklauso nuo vietovǟs reljefo 

charakteristikȎ, kadangi didesni aukġļiȎ skirtumai ir reljefo heterogeniġkumas gali lemti didesnǱ rezultatȎ 

neapibrǟģtumŃ. Tikslumui Ǳvertinti pasirinkta 20 gatvǟje esanļiȎ antģeminiȎ inģineriniȎ komunikacijȎ 

ġuliniȎ/kamerȎ dangļiȎ, kurie sugrupuoti Ǳ ġulinius gatvǟs viduryje (1b pav) ir ġulinius gatvǟs kraġte (1c 

pav.). Taġko tikslumo Ǳvertinimui horizontalioje padǟtyje, buvo pasirinkti 5 ġuliniai gatvǟs viduryje (1b pav). 

DuomenȎ rinkimui buvo naudojama bepiloļio orlaivio sistema su DJI Matrice 350 RTK platforma ir 

DJI Zenmuse L2 jutikliu. Skrydģiai vykdyti naudojant DJI Pilot 2 programinň ǱrangŃ. Pasirinktoje teritorijoje 

buvo paģymǟti 3 planiniai kontȊrģenkliai ties tvirtais vietovǟs kontȊrais. Ģymint planinius kontȊrģenklius 

atsiģvelgta, kad virġ ģymimȎ vietȎ nebȊtȎ elektros laidȎ, ar kitȎ aukġtȎ objektȎ. KontȊrģenklio ģymens forma 

ïpasirinkta Ăxñ kadangi tokiu ģenklu paģymǟtas kontȊrģenklis, gerai matosi ir turi fiksuotŃ susikirtimo taġkŃ, 

kurǱ lengva sutapdinti su skrydģio metu uģfiksuotomis nuotraukomis. Buvo nustatyti ġie skrydģio parametrai: 

60 m aukġtis virġ ģemǟs pavirġiaus ir 6,3 m/s greitis. Esant ġioms sŃlygoms, pasiekta ortofotografiniȎ vaizdȎ 

skiriamoji geba (GSD) siekǟ 2,20 cm/px, uģtikrinant aukġtŃ duomenȎ detalumŃ ir tinkamumŃ tolesniam 

fotogrametriniam apdorojimui bei skaitmeniniȎ pavirġiaus modeliȎ sudarymui. Tiriamojo objekto plotas ï 

0,42 ha.   

Ortofotografinio plano sudarymui buvo panaudoti UAS surinkti duomenys, kuriȎ apdorojimas atliktas 

naudojant Agisoft Metashape programinň ǱrangŃ. Parengto ortofotografinio plano rezoliucija siekǟ 32161 Ĭ 

20677 pikseliȎ, erdvinǟ skiriamoji geba (GSD) ï 2,20 cm/pixel, uģtikrinant aukġtŃ erdvinǱ detalumŃ. UAS 

matavimo tikslumas vertintas analizuojant aukġļiȎ skirtumus; esant RTK korekcijoms, tikǟtinas vertikalus 

tikslumas siekiantis  keliȎ centimetrȎ ribŃ.  

MatavimȎ tikslumui Ǳvertinti naudoti tiriamo objekto GNSS matavimȎ duomenys, surinkti naudojant 

Topcon HiPer SR imtuvŃ. Matavimai atlikti naudojant LitPOS-RTK realaus laiko kinematinǱ (RTK) metodŃ, 

kai korekcijos gaunamos iġ nacionalinǟs nuolat veikianļios GNSS stoļiȎ sistemos, o duomenys perduodami 

GSM ryġiu, radijo bangomis arba internetu. Ġios korekcijos leidģia realiuoju laiku nustatyti matuojamȎ taġkȎ 

padǟtǱ ir uģtikrinti jȎ centimetro lygio tikslumŃ (1ï3 cm). 

MatavimȎ tikslumui Ǳvertinti buvo atlikta skirtingais metodais nustatytȎ taġkȎ planiniȎ koordinaļiȎ 

analizǟ, apskaiļiuoti koordinaļiȎ skirtumai bei Ǳvertintas bendras horizontaliosios padǟties tikslumas. 

Analogiġkai buvo analizuoti taġkȎ aukġļiai, apskaiļiuoti aukġļiȎ skirtumai ir Ǳvertintas vertikaliosios 

padǟties nustatymo tikslumas. 

Rezultatai 

 

a) b) 

c) 
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Tyrimo metu Vilniaus mieste esanļios gatvǟs vakarinǟ dalis buvo iġmatuota geodeziniais ir 

nuotoliniais fotogrametriniais metodais. Matavimai atlikti geguģǟs 5 d., esant vidutiniam debesuotumui, 13 

ÁC oro temperatȊrai ir 4 m/s vǟjo greiļiui. Iġmatuotos teritorijos plotas sudaro 42 arus. NuotoliniȎ matavimȎ 

metu gauti duomenys buvo apdoroti programine Ǳranga ĂAgisoft Metashapeñ, o galutiniame rezultate 

suformuoti ortofotografinis planas ir 3D taġkȎ debesis (2 pav.). 

 

 
 

2 pav. Tiriamojo objekto ortofotografinis planas 
Ġaltinis: sudaryta autoriȎ 

 

Tyrimo metu parengto ortofotografinio plano matmenys yra 32161 Ĭ 20677 pikseliȎ. Gauta skiriamoji 

geba (GSD) siekia 1,71 cm/pikseliui. Tai reiġkia, kad kiekvienas pikselis atitinka 1,71 cm realiame pavirġiuje, 

todǟl smulkiausiȎ objektȎ identifikavimo detalumas priklauso nuo ġios reikġmǟs. 

Iġ gauto ortofotografinio plano galima identifikuoti tiek gamtinius, tiek antropogeninius vietovǟs 

objektus, apimanļius reljefo, ģemǟs dangos, augmenijos, hidrografinius elementus bei inģinerinň ir 

urbanistinň infrastruktȊrŃ. Dǟl aukġtos erdvinǟs skiriamosios gebos sudaromos prielaidos detaliai teritorijos 

analizei, objektȎ skaitmeniniam iġskyrimui bei jȎ klasifikavimui, uģtikrinant geometrinǱ ir erdvinǱ duomenȎ 

tikslumŃ (3 pav).   

 

 

 
 

3 pav. Aukġtos erdvinǟs skiriamosios gebos ortofotografinio plano dalis su tvirtais vietovǟs kontȊrais:  

a ï ġaligatviai ir vaģiuojamoji danga; b ï pastatas, asfaltuota aikġtelǟ 
Ġaltinis: sudaryta autoriȎ 

a) 

b) 
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Nors gautame ortofotografiniame plane gana ryġkiai matomi pastatȎ kontȊrai, taļiau tiksliai pastato 

kampo padǟties, dǟl atsiradusiȎ deformuotȎ plotȎ prie pastatȎ kampȎ, kur ģemǟs pavirġiaus ir pastato aukġļio 

peraukġtǟjimas yra 15 m ir daugiau, nustatyti neǱmanoma. 

Ortofotografinio plano tikslumui Ǳvertinti buvo panaudoti penki kontroliniai taġkai (1b pav.), kuriȎ 

koordinatǟs nustatytos GNSS matavimais ir iġ ortofotografinio plano gautais duomenimis (1 lentelǟ). 

1 lentelǟ 

Nuotoliniais tyrimo metodais nustatytos taġkȎ koordinatǟs ir jȎ neatitikimai 

Iġmatuoto taġko numeris X GNSS X UAS Y GNSS Y UAS fx, (m) fy, (m) 

1 6069354,15 6069354,14 590840,47 590840,43 0,01 0,04 

2 6069397,54 6069397,55 590865,76 590865,72 -0,01 0,04 

3 6069433,40 6069433,36 590887,80 590887,83 0,04 -0,03 

4 6069479,92 6069479,89 590916,95 590916,91 0,03 0,04 

5 6069515,80 6069515,81 590940,58 590940,58 -0,01 0,00 

Ġaltinis: sudaryta autoriȎ 

 

Iġ GNSS ir UAS matavimȎ apskaiļiuoti koordinaļiȎ skirtumai parodǟ nedidelius rezultatȎ 

neatitikimus. X koordinatǟs skirtumai kito nuo ï0,04 m iki 0,04 m, o Y koordinatǟs skirtumai ï nuo ï0,03 

m iki 0,04 m. Didģiausias nustatytas skirtumas abiejȎ koordinaļiȎ atģvilgiu siekǟ 0,04 m, o maģiausias ï 

0,00 m. Atlikus koordinaļiȎ skirtumȎ analizň nustatyta, kad vidutinǟ kvadratinǟ paklaida X koordinatǟs 

atģvilgiu siekǟ  0,026m (2,6 cm), Y koordinatǟs atģvilgiu ï 0,032m (3,2 cm), o bendra planinǟ vidutinǟ 

kvadratinǟ paklaida sudarǟ 0,041m (4,1 cm.)  Gauti rezultatai rodo gerŃ GNSS ir UAS matavimȎ tarpusavio 

atitiktǱ bei pakankamŃ tikslumŃ objektȎ planinei padǟļiai nustatyti. 

Darbo metu taip pat buvo sugeneruotas taġkȎ debesies masyvas (4 pav.). 

 

 
 

4 pav. Iġkarpa iġ tiriamojo darbo metu sugeneruoto taġkȎ debesies masyvo 
Ġaltinis: sudaryta autoriȎ 

 

TaġkȎ debesis ï tai erdvǟje iġsidǟsļiusiȎ taġkȎ rinkinys, naudojamas objektȎ ir vietovǟs pavirġiaus 

geometrijai atvaizduoti. Kiekvienas taġkas apibȊdinamas trimatǟmis koordinatǟmis X, Y ir Z. Atlikus 

duomenȎ apdorojimŃ buvo sugeneruotas 60 000 taġkȎ debesis. 

Sudarant erdviniȎ topografiniȎ duomenȎ rinkinius, svarbu tiksliai nustatyti taġkȎ aukġļius. Siekiant 

Ǳvertinti UAS matavimȎ tikslumŃ, buvo analizuojami gatvǟs kietȎjȎ dangȎ elementȎ ï ġaligatviȎ ir borteliȎ 

ï aukġļiȎ skirtumai, lyginant juos su GNSS matavimȎ duomenimis. Toks vertinimas pasirinktas todǟl, kad 

fotogrametriniȎ matavimȎ tikslumas priklauso nuo vietovǟs reljefo ir pavirġiaus ypatybiȎ. Didǟjant reljefo 

Ǳvairovei ir aukġļiȎ skirtumams, didǟja matavimo netikslumȎ tikimybǟ tiek ortofotografiniame plane, tiek 

sugeneruotame taġkȎ debesyje. 
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Sugeneruoto taġkȎ debesies vertikaliajam tikslumui Ǳvertinti buvo analizuota 10 vertikaliȎjȎ pjȊviȎ. 

GNSS matavimais nustatyta, kad didģiausias ġaligatvio bortelio aukġtis LAS07 aukġļiȎ sistemoje siekǟ 

147,26 m (1 taġkas), o maģiausias ï 139,44 m (10 taġkas). Nors aukġļiausi ir ģemiausi taġkai GNSS ir UAS 

duomenyse sutapo, jȎ aukġļiȎ reikġmǟs skyrǟsi (2 lentelǟ). 

2 lentelǟ 

IġmatuotȎ taġkȎ aukġļiȎ skirtumai 

Iġmatuoto 

taġko Nr. 

Kieto pavirġiaus 

virġaus aukġtis 

GNSS, (m) 

Kieto pavirġiaus 

apaļios aukġtis 

GNSS, (m) 

ȹh, (m) 

Kieto 

pavirġiaus 

virġaus aukġtis 

UAS, (m) 

Kieto 

pavirġiaus 

apaļios aukġtis 

UAS, (m) 

ȹh', (m) 

Aukġļio 

neatitikimas 

fh, (m) 

1 147,26 147,15 0,11 147,26 147,22 0,04 0,07 

2 145,58 145,46 0,12 145,58 145,51 0,07 0,05 

3 144,33 144,21 0,12 144,28 144,24 0,04 0,08 

4 143,92 143,80 0,12 143,87 143,84 0,03 0,09 

5 144,54 144,45 0,09 144,50 144,45 0,05 0,04 

6 145,38 145,27 0,11 145,31 145,25 0,06 0,05 

7 144,05 143,95 0,10 144,00 143,98 0,02 0,08 

8 142,39 142,27 0,12 142,38 142,34 0,04 0,08 

9 141,42 141,28 0,14 141,39 141,36 0,03 0,11 

10 139,57 139,44 0,13 139,64 139,60 0,04 0,09 

Ġaltinis: sudaryta autoriȎ 

 

Iġanalizavus ġaligatvio borteliȎ aukġļiȎ skirtumus nustatyta, kad virġutinǟs bortelio briaunos aukġļiai, 

gauti GNSS ir UAS metodais, tarpusavyje gerai sutampa. Daugeliu atvejȎ jȎ skirtumai nevirġijo 0,04ï0,05 

m, taļiau didesni neatitikimai nustatyti apatinǟje bortelio dalyje, t. y. asfaltuotos dangos pavirġiuje, kur 

aukġļiȎ skirtumai kai kuriais atvejais siekǟ iki 0,16 m. Tikǟtina, kad ġiuos skirtumus lǟmǟ fotogrametrinio 

metodo jautrumas vertikaliems pavirġiams ir staigiems aukġļiȎ pokyļiams. UAS surinkti duomenys tiksliau 

atvaizduoja geriau matomus ir aukġļiau esanļius pavirġius, o ģemiau esanļiȎ objektȎ elementȎ aukġļiai gali 

bȊti nustatomi su didesne paklaida. Nustatyta, kad vidutinis GNSS matavimais apskaiļiuotas bortelio aukġtis 

siekǟ 0,12 m, o nustatytas didģiausias skirtumas tarp GNSS ir UAS metodais apskaiļiuotȎ ġaligatvio bortelio 

aukġļiȎ skirtumȎ gautas 4 ir 10 taġkuose ï 0,09 m. Maģiausias skirtumas nustatytas 5-ajame taġke ï 0,04 m. 

Vidutinǟ GNSS ir UAS matavimȎ skirtumȎ reikġmǟ siekǟ 0,072 m. Apskaiļiuota vidutinǟ kvadratinǟ 

paklaida (RMSE) sudarǟ 0,075 m (7,5 cm). Gauti rezultatai rodo, kad UAS fotogrametriniu metodu nustatyti 

ġaligatvio bortelio aukġļiȎ skirtumai sistemingai yra maģesni nei GNSS matavimȎ rezultatai. Tai rodo 

fotogrametrinio modelio sisteminǱ efektŃ, kai staigȊs vertikalȊs pavirġiaus perǟjimai yra suġvelninami dǟl 

skaitmeninio pavirġiaus modelio interpoliacijos ir riboto smulkiȎ geometriniȎ detaliȎ atvaizdavimo. 

Nustatyta RMSE reikġmǟ rodo vidutinǱ atitikimŃ tarp GNSS ir UAS metodȎ, leidģiantǱ teigti, kad UAS 

duomenys yra tinkami bendram topografiniam modeliavimui, taļiau maģiau tikslȊs smulkiȎ vertikaliȎ 

elementȎ, tokiȎ kaip ġaligatvio borteliai, aukġļiȎ nustatymui.  

Taġko padǟties aukġļio atģvilgiu Ǳvertinimui pasirinkta 20 gatvǟje esanļiȎ antģeminiȎ inģineriniȎ 

komunikacijȎ ġuliniȎ (kamerȎ) dangļiȎ, kurie suskirstyti Ǳ dvi grupes: ġulinius, esanļius gatvǟs viduryje (1b 

pav.), ir ġulinius, esanļius gatvǟs kraġte (1c pav.). Nustatyta, kad gatvǟs viduryje esantys ġuliniai dǟl savo 

padǟties asfaltbetonio dangos pavirġiuje pasiģymi geresniu geometriniu atitikimu su taġkȎ debesimi, todǟl jȎ 

aukġļiȎ nustatymo tikslumas yra didesnis. Tuo tarpu gatvǟs kraġtuose esantys ġuliniai pasiģymi maģesniu 

matavimo tikslumu, nes ġalia jȎ esantis ġaligatvio bortas sukelia vietinius reljefo geometrinius iġkraipymus 

fotogrametriniame modelyje. Atlikus pirmosios grupǟs ġuliniȎ matavimȎ analizň nustatyta, kad GNSS ir 

UAS metodais iġmatuoti aukġļiai LAS07 aukġļiȎ sistemoje sutampa, o didģiausia reikġmǟ nustatyta 1 taġke, 

maģiausia ï 10 taġke (4 lentelǟ). 

4 lentelǟ 

Iġmatuoti taġkai LAS07 aukġļiȎ sistemoje bei kiti matematiniai tikslumo parametrai 

Iġmatuoto taġko Nr. Ġulinio aukġtis GNSS, (m) Ġulinio aukġtis UAS, (m) Aukġļio neatitikimas fh, (m) 

1 2 3 4 

1 147,30 147,32 -0,02 

2 146,33 146,32 0,01 

3 144,98 144,95 0,03 
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Iġmatuoto taġko Nr. Ġulinio aukġtis GNSS, (m) Ġulinio aukġtis UAS, (m) Aukġļio neatitikimas fh, (m) 

4 143,83 143,81 0,02 

5 144,46 144,42 0,04 

6 144,40 144,36 0,04 

7 145,29 145,21 0,08 

8 144,62 144,56 0,06 

9 141,33 141,31 0,02 

10 140,43 140,42 0,01 

Ġaltinis: sudaryta autoriȎ 

 

Didģiausias matavimȎ neatitikimas tarp GNSS ir UAS metodais nustatytȎ ġuliniȎ aukġļiȎ siekǟ 0,08 

m ir buvo nustatytas 7-ajame taġke. Maģiausi skirtumai gauti 2-ajame ir 10-ajame taġkuose ï po 0,01 m. 

Apskaiļiuota vidutinǟ visȎ matavimȎ skirtumȎ reikġmǟ sudarǟ 0,029 m (2,9 cm), kas rodo nedidelǱ sisteminǱ 

UAS matavimȎ poslinkǱ GNSS atģvilgiu. 

MatavimȎ tikslumui Ǳvertinti apskaiļiuota vidutinǟ kvadratinǟ paklaida, kuri siekǟ 0,039 m (3,9 cm). 

Gauti rezultatai rodo aukġtŃ GNSS ir UAS matavimȎ tarpusavio atitikimŃ taġko aukġļio atģvilgiu. Nustatyti 

nedideli skirtumai gali bȊti siejami su modelio interpoliacijos ypatybǟmis bei lokaliais pavirġiaus 

geometriniais iġkraipymais.  

Iġmatavus 2-ojo pogrupio, t. y. gatvǟs kraġtuose esanļiȎ ġuliniȎ, aukġļius GNSS ir UAS metodais, 

nustatytas didģiausias aukġļiȎ skirtumas siekǟ 0,05 m.  10-ajame matavimo taġke ġulinio dangļio aukġtis 

abiem metodais sutapo ir sudarǟ 139,97 m (5 lentelǟ). 

5 lentelǟ 

Iġmatuoti antro pogrupio ġuliniȎ taġkai LAS07 aukġļiȎ sistemoje bei kiti matematiniai tikslumo 

parametrai 

Iġmatuoto taġko Nr. Ġulinio aukġtis GNSS, (m) Ġulinio aukġtis UAS, (m) Aukġļio neatitikimas fh, (m) 

1 146,04 146,02 0,02 

2 145,22 145,18 0,04 

3 144,62 144,58 0,04 

4 143,79 143,75 0,04 

5 144,33 144,28 0,05 

6 145,20 145,15 0,05 

7 144,63 144,59 0,04 

8 142,46 142,42 0,04 

9 141,40 141,37 0,03 

10 139,97 139,97 0,00 

Ġaltinis: sudaryta autoriȎ 

 

Nustatyta, kad GNSS ir UAS metodais iġmatuotȎ ġuliniȎ dangļiȎ aukġļiȎ skirtumȎ vidurkis siekia 

0,035 m, o vidutinǟ kvadratinǟ paklaida ï 0,038 m (3,8 cm). Tai rodo nedidelǱ, taļiau sisteminǱ UAS 

matavimȎ nuokrypǱ GNSS atģvilgiu ir gerŃ metodȎ tarpusavio atitikimŃ. Palyginus pogrupius nustatyta, kad 

ġuliniȎ matavimai gatvǟs viduryje yra vidutiniġkai apie 1 cm tikslesni nei gatvǟs kraġtuose. Tai siejama su 

lygesniu pavirġiumi gatvǟs viduryje, o kraġtuose esantis ġaligatvio bortas (10ï14 cm) sukelia didesnius 

modelio iġkraipymus. Gauti rezultatai nevirġijo normatyviniȎ vidutinǟs kvadratinǟs paklaidos ribȎ t. y. 

stambaus mastelio M 1:500 iġmatuotȎ topografiniȎ objektȎ tvirtȎ vietovǟs kontȊrȎ horizontaliosios padǟties 

vidutinǟ kvadratinǟ paklaida, turi bȊti ne didesnǟ kaip 0,20 m, o vertikalios padǟties tvirtȎ vietovǟs kontȊrȎ 

ï 0,10 m, kitȎ pavirġiȎ ï 0,20 m, su 95 proc. tikimybe (TopografiniȎé, 2023), todǟl UAS fotogrametrijos 

metodas laikytinas tinkamu taġko padǟties erdvinǟs padǟties nustatymui. Neanalizuotas taġko padǟties 

nustatymo tikslumas kituose pavirġiuose. Taļiau siekiant uģtikrinti matavimȎ kontrolň tikslinga taikyti 

kombinuotus matavimȎ metodus. 

 

Iġvados 

1. Atlikus koordinaļiȎ skirtumȎ analizň nustatyta, kad vidutinǟ kvadratinǟ paklaida X koordinatǟs 
atģvilgiu siekǟ  0,026m (2,6 cm), Y koordinatǟs atģvilgiu ï 0,032m (3,2 cm), o bendra planinǟ vidutinǟ 

kvadratinǟ paklaida sudarǟ 0,041m (4,1 cm.). Gauti rezultatai rodo gerŃ GNSS ir UAS matavimȎ tarpusavio 

atitiktǱ bei pakankamŃ tikslumŃ objektȎ planinei padǟļiai nustatyti.  
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2. Palyginus ir Ǳvertintinus 10 vertikaliȎ taġkȎ debesies pjȊviȎ, nustatytas vidutinis GNSS imtuvu 
iġmatuotas bortelio aukġtis ï 0,12m, UAS ï 0,04 cm. Gautas vidutinis aukġļiȎ neatitikimas ï 0,072m,  

apskaiļiuota vidutinǟ kvadratinǟ paklaida ï 0,075 m (7,5 cm).  

3. Palyginus kietȎ pavirġiȎ aukġļio matavimus nustatyta, kad vidutiniġkai nuotoliniais matavimais 

iġmatuotas aukġtis nuo GNSS matavimȎ pirmuoju atveju skiriasi 0,03 m, antruoju ï 0,04 m. Apskaiļiuotos 

matuotȎ taġkȎ vidutinǟs kvadratinǟs paklaidos ï 0,039 m (3,9cm) ir 0,038m(3,8cm).  

4. Gauti rezultatai nevirġijo maksimalios vidutinǟs kvadratinǟs paklaidos ribȎ t. y. stambaus 

mastelio M 1:500 iġmatuotȎ topografiniȎ objektȎ tvirtȎ vietovǟs kontȊrȎ horizontaliosios padǟties vidutinǟ 

kvadratinǟ paklaida, turi bȊti ne didesnǟ kaip 0,20 m, o vertikalios padǟties tvirtȎ vietovǟs kontȊrȎ ï 0,10  

m,  kitȎ pavirġiȎ ï 0,20 m, su 95 proc. tikimybe, todǟl UAS fotogrametrijos metodas laikytinas tinkamu 

tvirtȎ vietovǟs kontȊrȎ taġko padǟties erdvinǟs padǟties nustatymui. Tai neanalizuotas taġko padǟties 

nustatymo tikslumas kituose pavirġiuose. Taļiau siekiant uģtikrinti matavimȎ kontrolň tikslinga taikyti 

kombinuotus matavimȎ metodus. 
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A STUDY ON THE APPLICATION OF REMOTE SENSING TO ASSESS THE ACCURACY OF 

MEASURED TOPOGRAPHIC SPATIAL DATA 

 

Summary  

The study aims to evaluate the accuracy of spatial datasets generated using remote sensing methods and their 

compliance with the requirements for the preparation of large-scale topographic maps. The objective of this work is to 

determine the accuracy of spatial data generated using remote sensing methods. Objectives: to compare the accuracy 

of spatial data on terrain features obtained using remote sensing methods (UAS photogrammetry and LiDAR) and 

GNSS RTK methods. The study involved spatial and graphical modeling, as well as the synthesis and interpretation of 

the obtained data. An orthophotographic map was created using remote sensing methods to determine the horizontal 

position of points, and a point cloud was generated to determine their vertical positions. To determine the accuracy of 

the spatial data obtained using remote sensing methods, GNSS measurements were performed using the LitPos-RTK 

method. The results obtained did not exceed the maximum mean square error limits; that is, for topographic features 

measured at a large scale of 1:500, the mean square error for the horizontal position of fixed terrain contours must not 

exceed 0.20 m, while the mean square error for the vertical position of fixed terrain features is 0.10 m, and for other 
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surfaces, 0.20 m, with a 95% confidence level; therefore, the UAS photogrammetry method is considered suitable for 

determining the spatial position of fixed terrain features. The accuracy of point position determination on other surfaces 

was not analyzed. However, to ensure measurement control, it is advisable to use combined measurement methods. 

Key words: Unmanned aerial vehicle system (UAS), GNSS, LIDAR, measurements, orthophoto, point cloud, 

accuracy. 
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IDENTIFICATION AND COMPARISON OF WATERLOGGED AREAS IN DRAINED LAND 

USING DIFFERENT REMOTE SENSING METHODS 

 

Daiva Gudritienǟ, Vilma Ġalkauskienǟ  

Lietuvos Inģinerijos Kolegija Higher Education Institution 
 

Abstract 

The deterioration of drainage systems and insufficient maintenance have led to increasingly frequent problems 

of waterlogged areas, making the application of reliable identification methods highly relevant. The aim of this study 

was to identify waterlogged areas in the Vandģiogala and Alovǟ cadastral areas using different remote sensing and 

mapping methods and to compare the resulting spatial datasets. The study utilized the Mel_DR10LT dataset, the 

ORT10LT orthophoto map, and information collected during field surveys. 

The results revealed that the problem of waterlogging is more pronounced in the Alovǟ cadastral area than in the 

Vandģiogala cadastral area. The highest agreement between methods was found between the office-based interpretation 

of the ORT10LT orthophoto map and the field survey dataset (75.2%). The study also showed that waterlogged areas 

most commonly occur in terrain depressions, near drainage ditches, and within cultivated agricultural land. The findings 

indicate that the MEL_DR10LT dataset is suitable for the preliminary identification of problematic areas; however, 

more accurate results are obtained through the interpretation of ORT10LT orthophoto maps and field surveys. The most 

reliable assessment of waterlogged reclaimed land is achieved by combining all applied methods. 

Key words: Land drainage, waterlogged areas, ORT10LT, Mel_DR10LT, spatial data analysis. 
 

Introduction 

The territory of the Republic of Lithuania is located within a zone of excess moisture; therefore, 

drainage systems are of particular importance in the country. Due to the large extent of naturally wet areas, 

a significant part of the country has been drained through subsurface drainage systems. Excessively wet land 

accounts for approximately 52% of Lithuaniaôs territory, making efficiently functioning drainage systems 

essential for agricultural production and infrastructure development. Studies indicate that drainage systems 

help maintain the productivity of agricultural land, provide suitable soil moisture and aeration conditions for 

plant growth, facilitate soil cultivation and harvesting operations, and contribute to mitigating the adverse 

effects of climate change (Valļiukienǟ et al., 2025). 

The primary purpose of the installation and operation of drainage systems is to create favorable 

conditions for sustainable land use and to ensure an optimal soil water regime. One of the most important 

functions of drainage systems is the prevention of waterlogging, as excessive soil moisture negatively affects 

plant growth, disrupts nutrient uptake, and reduces crop yields (Islam et al., 2022). Another important 

function is the regulation of soil moisture, which ensures favorable conditions for crop development and 

efficient agricultural production. Controlled drainage is increasingly applied in modern drainage systems, 

allowing groundwater levels to be adjusted according to different stages of plant growth and thereby creating 

optimal conditions for crop development (Kňsicka et al., 2023). 

Drainage systems also play a significant role in reducing soil salinity by facilitating the removal of 

excess salts from the plant root zone. When drainage networks function inadequately or are insufficiently 

developed, salts accumulate in the soil, leading to the deterioration of its physical and chemical properties, 

reduced productivity, and lower crop yields. Over time, such areas may become unsuitable for agricultural 

use (Kannazarova et al., 2024; Sun et al., 2025). Furthermore, properly designed and maintained drainage 

systems contribute to soil erosion control, improve water infiltration, and reduce the risk of soil compaction, 

thereby promoting sustainable land use and maintaining the long-term productivity of agricultural land 

(Fajeriana et al., 2024). 

Aim of the study: To identify waterlogged areas in the Vandģiogala and Alovǟ cadastral areas using 

different remote sensing and mapping methods and to compare the resulting spatial datasets. 

Objectives of the study: 1. To identify waterlogged areas in the Vandģiogala and Alovǟ cadastral areas 

through office-based and field interpretation of ORT10LT orthophoto imagery. 2. To compare the spatial 

datasets generated by office-based and field interpretation methods and evaluate their level of agreement 

within each cadastral area. 3. To assess the suitability of different remote sensing and mapping approaches 

for identifying waterlogged areas and evaluating drained agricultural land. 

 

Theoretical background 

In Lithuania, drained agricultural land covers approximately 2.978 million hectares, accounting for 

nearly half of the countryôs territory and about 87% of all agricultural land. Most drainage systems were 

installed between 1960 and 1990; therefore, they are now heavily deteriorated and often no longer ensure 
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the efficient removal of excess water from the soil. Due to insufficient funding, the condition of drainage 

infrastructure continues to decline, resulting in increasingly frequent problems associated with waterlogged 

land.  

According to scientific literature, failures of drainage systems are most commonly manifested by 

changes in soil moisture conditions, surface water accumulation, and alterations in vegetation cover. Signs 

of malfunction can be identified both during field surveys and through the analysis of orthophoto maps and 

other remote sensing data. Previous studies have shown that water removal is often impeded in such areas 

due to clogged or damaged drainage systems. Surface water ponding is most frequently observed in terrain 

depressions or in locations where drainage collectors are no longer functioning properly and drainage ditches 

have become overgrown. As a result, these areas become more difficult to cultivate, while excessive soil 

moisture persists for extended periods (Abalikġtienǟ et al., 2024). 

Another important indicator of waterlogging is altered or uneven vegetation growth. In waterlogged 

areas, plants often exhibit reduced growth, lower density, and uneven development. Oxygen deficiency in 

the soil weakens root systems, reducing crop resistance to environmental stress. In some locations, vegetation 

characteristic of wet habitats may develop, whereas in severely waterlogged areas certain crops may fail to 

germinate altogether (Zhang et al., 2025; Shaheenir et al., 2025; Kummar et al., 2026). Surface runoff and 

soil erosion are also commonly associated with drainage system failure. When soil drainage processes are 

impaired, water is unable to infiltrate effectively and instead flows across the soil surface, removing the 

fertile top-soil layer. This leads to reduced soil productivity, deterioration of soil structure, and increased 

sediment accumulation in lower-lying areas and drainage ditches (Mukhopadhyay et al., 2025). The risk of 

soil erosion is particularly high in sloping terrain (Du et al., 2021). 

An analysis of previous studies on the causes and impacts of waterlogged land indicates that this issue 

is not limited to Lithuania but is widespread across many European countries. The renovation and 

reconstruction of drainage systems require accurate identification of waterlogged areas, assessment of 

waterlogging intensity, determination of the underlying causes, and the availability of reliable spatial data 

describing the condition of drained land. Waterlogging of agricultural land is influenced by several 

interrelated factors, including climate conditions, precipitation patterns, groundwater levels, and soil 

characteristics. In recent years, waterlogging problems have become more frequent due to increasing 

precipitation intensity and prolonged periods of excessive moisture. The main factors contributing to 

waterlogging include terrain characteristics, high groundwater levels, soil compaction, inefficient drainage 

systems, and poorly permeable soil layers (Kaur et al., 2020; Merch§n et al., 2026). 

Currently, spatial data and remote sensing methods are increasingly used for the identification of 

waterlogged areas. Orthophoto maps and spatial datasets describing drainage conditions enable faster 

assessment of problematic areas, comparison of data from different sources, and more accurate identification 

of potential waterlogging zones (Ļerniauskas, 2025). Remote sensing is used to collect information about a 

territory without direct physical contact. These methods provide valuable information on land cover, 

topography, vegetation, and other environmental characteristics. Remote sensing also enables the acquisition 

of land condition data without conducting field surveys and facilitates the analysis of large or difficult-to-

access areas (Forkuor et al., 2017). Commonly applied techniques for identifying waterlogged areas include 

orthophoto imagery, satellite data, LiDAR technology, and digital elevation models (Bedn§Ś et al., 2023; 

Lillesand et al., 2015; den Besten et al., 2021). 

The review of scientific literature revealed that the formation of waterlogged areas is influenced by a 

combination of natural and anthropogenic factors, while the technical condition of drainage systems plays a 

particularly important role. Waterlogged areas have been shown to negatively affect soil properties, plant 

growth, and the productivity of agricultural land; therefore, their identification is essential for efficient land 

management. Previous studies indicate that remote sensing methods and spatial datasets provide effective 

tools for the rapid identification of problematic areas and for the assessment of drained agricultural land 

conditions. 

 

Research Methodology  

The study was conducted in the Vandģiogala cadastral area of Kaunas District Municipality and the 

Alovǟ cadastral area of Alytus District Municipality. Three spatial datasets were used for the identification 

of waterlogged areas and the assessment of drained agricultural land.  

The first dataset was the national 1:10,000 scale spatial dataset of drainage condition and waterlogging 

(Mel_DR10LT) of the Republic of Lithuania (Lietuvos Respublikos..., 2025). This dataset contains mapped 

areas of poorly functioning drained land within the study areas and is publicly available through the 

Lithuanian Spatial Information Portal. 
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The second spatial dataset was created using office-based interpretation of the ORT10LT orthophoto 

map. During the interpretation process, waterlogged areas were identified and delineated based on direct and 

indirect interpretation indicators, including color and shape characteristics. Developing waterlogged areas 

were recognized by darker irregularly shaped patches, visible standing water, signs of crop damage caused 

by excess moisture, the absence of cultivation traces, the presence of wetland vegetation, and terrain 

depressions. 

The third spatial dataset was created using field interpretation of the ORT10LT orthophoto map. Field 

surveys were carried out in the spring of 2026, during which the entire study area was inspected. Information 

collected during the field survey was recorded on the most recent orthophoto map by preparing field sketches, 

which were subsequently used to create a polygon-based spatial dataset. 

After the spatial datasets had been compiled, spatial and statistical analyses were performed using 

Geographic Information Systems (GIS). The analysis focused on the number of waterlogged areas, their total 

area, spatial distribution, and waterlogging categories. These data were stored as attribute information within 

vector datasets, enabling the application of GIS analytical functions, including attribute-based queries, 

statistical calculations, and spatial overlay analyses to determine the degree of overlap between different 

datasets. In addition, similarities and differences among datasets produced using different methods within 

the same study area were evaluated. 

To assess the severity of waterlogging in greater detail, waterlogged areas were classified into three 

categories. The classification was based on visible signs of waterlogging, vegetation condition, and evidence 

of agricultural machinery activity. Waterlogged areas were classified as follows:  1. Slightly waterlogged 

areas ï areas showing minor signs of waterlogging, still suitable for agricultural use; waterlogging occurs 

mainly during wet years, and crops exhibit damage or poor growth. 2. Moderately waterlogged areas ï areas 

showing more pronounced signs of waterlogging; agricultural machinery avoids these areas, resulting in the 

absence of visible tramlines. 3. Severely waterlogged areas ï areas where shrubs, woodland, or wetland 

vegetation have developed and where agricultural activities have not been carried out for more than three 

years. 

 

Results and Discussion 

The selected cadastral areas are located in different regions of Lithuania. The Vandģiogala cadastral 

area is situated in central Lithuania, whereas the Alovǟ cadastral area is located in the southern part of the 

country. The terrain of the Vandģiogala cadastral area is predominantly flat, while the Alovǟ cadastral area 

is characterized by a more pronounced relief, with elevations ranging from 126 m to 150 m above sea level. 

The study areas differ only slightly in terms of soil texture. In the Vandģiogala cadastral area, the 

dominant soil types are medium loam, sandy loam, and loamy sand, whereas sandy loam and loamy sand 

prevail in the Alovǟ cadastral area. The total study area covered approximately 11,870 ha. Although the 

Alovǟ cadastral area is larger, a substantial portion of its territory is covered by forests; therefore, the extent 

of drained agricultural land is similar in both study areas. 

According to the national 1:10,000 scale spatial dataset of drainage condition and waterlogging 

(Mel_DR10LT), 62 areas of poorly functioning drained land were identified in the Vandģiogala cadastral 

area, covering a total of 162.16 ha. In comparison, 95 such areas were identified in the Alovǟ cadastral area, 

occupying approximately 288 ha. These results indicate that both the number and total area of poorly 

functioning drained land are greater in the Alovǟ cadastral area than in the Vandģiogala cadastral area (Figure 

1). 

In both study areas, light-textured soils predominate. Such soils are generally characterized by 

relatively high water permeability; therefore, the occurrence of waterlogging is more often associated with 

the technical condition of drainage systems, deterioration of drainage networks, and terrain characteristics 

rather than with soil properties themselves. 

Through office-based interpretation of the orthophoto map, 41 waterlogged areas with a total area of 

24.26 ha were identified in the Vandģiogala cadastral area. In the Alovǟ cadastral area, 148 waterlogged areas 

were identified using the same method, covering a total area of approximately 73.0 ha. A comparison of the 

two study areas revealed that the number of waterlogged areas in Alovǟ was more than three times higher 

than in the Vandģiogala cadastral area. These results indicate a greater extent of waterlogging and a wider 

distribution of waterlogged areas in the Alovǟ cadastral area. 
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Fig. 1. Areas of poorly functioning drained land identified in the Mel_DR10LT spatial dataset in the 

Vandģiogala (1) and Alovǟ (2) cadastral areas 
Source: compiled by the authors 

 

To verify the accuracy of the spatial data obtained through office-based interpretation, field surveys 

were conducted. During the field investigation, clear signs of excessive soil moisture were observed 

throughout the study areas (Figure 2). 

 

 

 

 
 

Fig. 2. Waterlogged areas identified during the field survey 
Source: compiled by the authors 

 

During the field survey, 36 waterlogged areas were identified in the Vandģiogala cadastral area. Most 

of these areas were classified as moderately waterlogged (Category 2), accounting for 18 objects. Slightly 

waterlogged areas (Category 1) comprised 17 objects, while only one area was classified as severely 
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waterlogged. The majority of waterlogged areas were located within cultivated agricultural land, in shallow 

depressions situated near drainage ditches. Some of the ditches were overgrown, suggesting that their poor 

condition may have contributed to the accumulation of excess surface water.  

In the Alovǟ cadastral area, 181 waterlogged areas were identified during the field survey, covering a 

total area of approximately 107.6 ha, whereas only 36 waterlogged areas with a total area of 12.24 ha were 

identified in the Vandģiogala cadastral area (Table 1). These findings indicate that waterlogging is 

considerably more widespread in the Alovǟ cadastral area, both in terms of the number of affected areas and 

their overall extent. 

Table 1 

Distribution of waterlogging categories in the Vandģiogala and Alovǟ cadastral areas 
Waterlogging category Number of objects Area (ha) 

Vandģiogala C. A. Alovǟ C. A. Vandģiogala C. A. Alovǟ C. A. 

1 17 130 4.9 94.0  

2 18 28 6.4 10.0  

3 1 23 0.94 3.6  

Source: compiled by the authors 

 

Based on the obtained results, waterlogged areas were most frequently found in terrain depressions 

and in areas located near drainage ditches. The Alovǟ cadastral area is characterized by a more pronounced 

relief, with numerous hills and depressions, which may explain the significantly greater number and total 

area of waterlogged territories identified in comparison with the Vandģiogala cadastral area. Most 

waterlogged areas were located within cultivated agricultural land dominated by light-textured soils. The 

findings suggest that the main causes of waterlogging are the accumulation of water in terrain depressions, 

insufficiently functioning drainage networks, and inadequate maintenance of drainage ditches. 

A comparison of the Mel_DR10LT dataset (available through the Lithuanian Spatial Information 

Portal) with the datasets generated during this study revealed that the boundaries of some objects did not 

correspond to the actual extent of waterlogged areas. The analysis of the dataset produced through office-

based interpretation showed that a number of waterlogged areas identified from the orthophoto map were 

not included in the Mel_DR10LT dataset. This indicates that orthophoto map interpretation can identify 

additional waterlogging hotspots that may not be captured in official drainage condition datasets, particularly 

when automated detection methods fail to delineate them. 

Furthermore, some areas mapped in the Mel_DR10LT dataset were larger than those identified through 

visual interpretation, while several territories classified as waterlogged in the Mel_DR10LT dataset could 

not be confirmed from the orthophoto imagery. These discrepancies may be explained by differences in data 

acquisition periods, update frequency, and the methodologies used for spatial data generation.  

In the Vandģiogala cadastral area, the highest number of objects was recorded in the Mel_DR10LT 

dataset; however, a substantial proportion of these objects did not coincide with the datasets generated during 

the present study (Figure 3). 

 

 
Fig. 3. Spatial discrepancies among waterlogged areas identified using different methods in the 

Vandģiogala cadastral area 
Source: compiled by the authors 

 

It was found that the areas classified as poorly functioning drained land in the Mel_DR10LT dataset 

were often larger than the waterlogged areas actually identified in the field. In some locations, the objects 
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mapped in the Mel_DR10LT dataset did not coincide with the waterlogged areas identified during the field 

survey. Only five objects were common to all three datasets. Most waterlogged areas were located within 

agricultural land, terrain depressions, and areas situated near drainage ditches. 

The analysis revealed significant differences between the results obtained using the different methods 

in the investigated cadastral areas (Table 2). 

Table 2 

Comparison of the number and area of waterlogged territories identified using different methods 

Data acquisition method 

Number of objects Area (ha) 

Vandģiogala  

C. A. 

Alovǟ  

C. A. 

Vandģiogala  

C. A. 

Alovǟ  

C. A. 

MEL_DR10LT dataset derived from automated 

satellite image analysis 
62 95 162.16 288.0 

Office-based ORT10LT interpretation 41 148 24.26 73.0 

Field-based ORT10LT interpretation 36 181 12.24 107.6 

Source: compiled by the authors 

 

The obtained results indicate that both the number of waterlogged areas and their total extent vary 

considerably depending on the method applied. In the Vandģiogala cadastral area, the highest number of 

objects was identified in the Mel_DR10LT dataset (62 objects), while the lowest number was recorded during 

the field survey (36 objects). However, the analysis of the total area of waterlogged territories revealed that 

waterlogged areas in the Mel_DR10LT dataset covered as much as 162.16 ha, whereas the areas identified 

through office-based interpretation covered 24.26 ha and those identified during the field survey covered 

only 12.24 ha. These findings suggest that waterlogged territories in the Mel_DR10LT dataset are often 

generalized into larger polygons that do not always accurately represent the actual extent of waterlogged 

areas. 

To evaluate the accuracy and consistency of the different approaches, the level of agreement between 

the spatial datasets was calculated (Table 3). 

Table 3 

Overlap between spatial datasets 
Methods compared Number of overlapping 

objects 

Overlap area (ha) Method agreement (%) 

Vandģiogala 

C. A. 

Alovǟ 

C. A. 

Vandģiogala 

C. A. 

Alovǟ 

C. A. 

Vandģiogala 

C. A. 

Alovǟ 

C. A. 

MEL_DR10LT and ORT10LT 8 38 3.11 29.05 25.8 39.8 

ORT10LT and field survey 40 60 12.24 54.92 55.6 75.2 

MEL_DR10LT and field survey 5 53 2.40 47.43 19.1 44.1 

Source: compiled by the authors 

 

The results showed that the highest level of agreement was achieved between the dataset generated 

through office-based interpretation of the ORT10LT orthophoto map and the dataset obtained during the field 

survey. In the Alovǟ cadastral area, the agreement between these methods reached 75.2%, with an overlap 

area of 54.92 ha. In comparison, the agreement between the MEL_DR10LT dataset and the field survey data 

was 44.1%, while the agreement between the MEL_DR10LT dataset and the ORT10LT interpretation results 

was 39.8%. These findings indicate that office-based interpretation of the ORT10LT orthophoto map 

provides the most accurate representation of the actual distribution of waterlogged areas among the evaluated 

remote sensing methods. 

In summary, each of the applied methods possesses specific advantages and limitations. The selection 

of a particular approach should depend on the objectives of the study, the required level of accuracy, and the 

time available for data collection and processing (Table 4). 

Table 4 

Advantages and disadvantages of different remote sensing and mapping methods 

Mapping method Advantages Limitations Applications 

MEL_DR10LT (automated 

satellite image analysis) 

Enables rapid mapping of 

large territories. The dataset 

is publicly available at no 

cost. 

The mapped areas often 

cover larger extents than the 

actual waterlogged 

territories. Small and newly 

developing waterlogged 

areas are often not detected. 

Preliminary assessment of 

waterlogged areas and 

general evaluation of 

drainage conditions. 
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Mapping method Advantages Limitations Applications 

Office-based ORT10LT 

orthophoto map interpretation 

ORT10LT orthophoto maps 

are publicly available free of 

charge. Historical orthophoto 

imagery from different years 

can be used for office-based 

analysis. Allows the 

assessment of temporal 

changes and the 

identification of long-term 

waterlogging patterns. 

The method requires a 

qualified specialist capable 

of identifying waterlogged 

areas based on interpretation 

indicators, and the results are 

partly dependent on the 

interpreterôs experience. 

Orthophoto maps in 

Lithuania are updated every 

three years; therefore, 

discrepancies may occur 

between the orthophoto 

imagery and the actual 

conditions in the field. 

Suitable for long-term 

monitoring and the 

identification of waterlogged 

areas using orthophoto 

imagery updated every three 

years. 

Field-based interpretation of 

the ORT10LT orthophoto map 

Highest accuracy among the 

evaluated methods. 

Represents actual field 

conditions at the time of data 

collection. 

The method requires a 

qualified specialist capable 

of identifying and recording 

the relevant data in the field. 

It requires more time, labor, 

and resources than office-

based data collection 

methods. Fieldwork is season 

dependent. 

Detailed delineation of 

waterlogged areas. 

Evaluation of waterlogging 

intensity. 

Source: compiled by the authors 
 

The analysis revealed that each of the evaluated methods is characterized by a different level of 

accuracy and possesses specific advantages and limitations. The MEL_DR10LT dataset is suitable for the 

preliminary identification of problematic areas and for the general assessment of waterlogging conditions 

over large territories; however, it does not always accurately represent the actual extent of waterlogged land. 

Office-based interpretation of the ORT10LT orthophoto map enables relatively accurate identification of 

waterlogging indicators and their boundaries, although the reliability of the results depends on the timeliness 

of the orthophoto imagery, the experience of the interpreter, and environmental factors such as seasonality, 

shadows, and soil characteristics. The highest level of accuracy was achieved through field surveys, which 

made it possible to identify small and fragmented waterlogged areas that may not be detectable using remote 

sensing data alone. Nevertheless, this method is time-consuming, resource-intensive, and highly dependent 

on seasonal conditions. The results of the study indicate that the most reliable assessment of waterlogged 

areas is achieved through the combined application of all three approaches: MEL_DR10LT for the 

preliminary identification of problematic areas, ORT10LT orthophoto interpretation for detailed analysis of 

waterlogged territories, and field surveys for final verification of the results and determination of the causes 

of waterlogging. 

 

Conclusions 

1. The application of office-based and field interpretation of the ORT10LT orthophoto map revealed 

that the waterlogging problem is more pronounced in the Alovǟ cadastral area than in the Vandģiogala 

cadastral area. Through office-based interpretation, 148 waterlogged areas covering 73.0 ha were identified 

in the Alovǟ cadastral area, compared with 41 areas covering 24.26 ha in the Vandģiogala cadastral area. 

Field surveys identified 181 waterlogged areas covering 107.6 ha in the Alovǟ cadastral area, whereas only 

36 waterlogged areas with a total area of 12.24 ha were identified in the Vandģiogala cadastral area. 

2. The comparison of spatial datasets generated through office-based and field interpretation 

demonstrated that the highest level of agreement was achieved between the ORT10LT orthophoto map 

interpretation and the field survey datasets. In the Alovǟ cadastral area, the agreement between these methods 

reached 75.2%, with an overlap area of 54.92 ha, while in the Vandģiogala cadastral area the agreement was 

55.6%, with an overlap area of 12.24 ha. The lowest agreement was observed between the MEL_DR10LT 

dataset and field survey data in the Vandģiogala cadastral area (19.1% and 2.40 ha), whereas in the Alovǟ 

cadastral area the agreement between these datasets reached 44.1%. These results indicate that the 

MEL_DR10LT dataset does not always accurately represent the actual distribution of waterlogged areas, 

while more reliable results are obtained through ORT10LT orthophoto interpretation and field surveys. 

3. The evaluation of different remote sensing and mapping approaches showed that the 
MEL_DR10LT dataset is suitable for the preliminary identification of problematic areas over large 

territories, although it frequently overestimates the extent of waterlogged land. Office-based interpretation 
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of the ORT10LT orthophoto map allows relatively accurate delineation of waterlogged areas and their 

boundaries, whereas the highest level of accuracy is achieved through field-based interpretation. Therefore, 

the most reliable assessment of waterlogged areas is obtained through an integrated approach combining 

MEL_DR10LT data, ORT10LT orthophoto interpretation, and field surveys. 
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UĢMIRKUSIȍ MELIORUOTȍ ĢEMIȍ TERITORIJȍ NUSTATYMAS IR PALYGINIMAS TAIKANT 

SKIRTINGUS NUOTOLINIȍ TYRIMȍ METODUS 

 

Santrauka 

Melioracijos sistemȎ nusidǟvǟjimas ir nepakankama prieģiȊra lemia vis daģniau pasitaikanļias uģmirkusiȎ teritorijȎ 

problemas, todǟl aktualu taikyti patikimus jȎ nustatymo metodus. Tyrimo tikslas ï nustatyti uģmirkusias teritorijas 

Vandģiogalos ir Alovǟs kadastro vietovǟse, taikant skirtingus nuotolinio kartografavimo bȊdus bei palyginti sudarytus 

erdviniȎ duomenȎ rinkinius. Tyrimui naudoti Mel_DR10LT duomenys, ORT10LT ortofotografinis ģemǟlapis ir lauko 

tyrimȎ metu surinkta informacija. 

Atlikus tyrimŃ nustatyta, kad uģmirkusios teritorijos daģniausiai formuojasi reljefo paģemǟjimuose, ġalia 

melioracijos grioviȎ ir dirbamos ģemǟs plotuose. Didģiausias metodȎ atitikimas nustatytas tarp ORT10LT 

ortofotografinio ģemǟlapio kameralaus interpretavimo ir lauko tyrimo duomenȎ rinkiniȎ (75,2 %). Tyrimo rezultatai 

parodǟ, kad MEL_DR10LT duomenȎ rinkinys tinkamas preliminariam probleminiȎ teritorijȎ nustatymui, taļiau 

tikslesni rezultatai gaunami taikant ORT10LT ortofotografinio ģemǟlapio interpretavimŃ ir lauko tyrimus. 

Patikimiausias melioruotȎ ģemiȎ bȊklǟs vertinimas pasiekiamas derinant visus taikytus metodus. 

Reikġminiai ģodģiai: Melioracija, uģmirkusios teritorijos, ORT10LT, Mel_DR10LT, nuotolinis kartografavimas. 
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Abstract 

This study assessed long-term annual variability in nitrogen and phosphorus concentrations and estimated annual 

loads in the Nemunas River during 2001ï2024. The analysis was based on annual monitoring data from five main-stem 

stations and selected major tributaries. Total nitrogen (TN), nitrate nitrogen (NO-N), total phosphorus (TP), mean 

annual discharge and estimated annual TN and TP loads were evaluated. Annual TN and NO-N concentrations were 

highest and most variable at the middle-river station S2, while TP showed a less pronounced spatial pattern. Spearman 

correlation analysis indicated generally weak relationships between annual discharge and nutrient concentrations, with 

significant positive correlations detected only at S5 for TN and NO-N. Estimated annual TN and TP loads showed 

clearer spatial differences than concentrations, with the lowest loads observed at S1 and higher, more variable loads 

recorded in the middle reaches. The Neris and Nevǟģis rivers explained approximately 48% of TN and 74% of TP load 

changes in the S2ïS1 reach, indicating the importance of tributary inputs in this part of the river. PCA supported the 

separation of S2 along the nitrogen-related gradient. The study shows that annual concentration data alone are 

insufficient to describe nutrient pressure in large river systems. Because the analysis was based on annual mean values, 

seasonal and event-scale nutrient transport could not be assessed. 

Key words: Nemunas River; total nitrogen; total phosphorus; nitrate nitrogen; estimated annual loads; tributary 

contribution; long-term monitoring; PCA. 

 

Introduction 

River systems are important pathways linking terrestrial catchments with downstream aquatic 

ecosystems and coastal waters. They transport water, sediments and dissolved substances, including nitrogen 

and phosphorus compounds, which are among the main drivers of eutrophication in freshwater and coastal 

environments (Gonzalez et al., 2025; Kantamaneni et al., 2025). River water quality is influenced by both 

natural catchment characteristics and anthropogenic pressures, including urbanisation, agricultural 

intensification and wastewater inputs (Zhi et al., 2024). 

Nitrogen and phosphorus are particularly important in river systems because excessive inputs may 

promote algal growth, oxygen depletion and degradation of ecological status. Total nitrogen (TN) includes 

both mineral and organic nitrogen forms, while nitrate nitrogen (NO-N) is often an important component of 

nitrogen transport in agricultural and mixed-use catchments. Phosphorus is frequently considered a limiting 

nutrient in freshwater systems, and even relatively small increases in phosphorus availability can contribute 

to eutrophication (Correll, 1999; Rabalais, 2009). 

At the European scale, nutrient concentrations and loads in rivers have changed substantially during 

recent decades. Improvements in wastewater treatment and restrictions on phosphorus use have reduced 

nutrient inputs in many regions, but diffuse agricultural pollution remains an important pressure on water 

quality (EEA, 2024; EEA, 2025). Previous studies have shown that nutrient patterns in rivers may vary 

depending on catchment land use, hydrological variability, river size and tributary inputs (Bouraoui & 

Grizzetti, 2011; Minaudo et al., 2019; Dupas et al., 2015). 

The Nemunas River is the largest river in Lithuania and one of the main river systems draining towards 

the Curonian Lagoon and the Baltic Sea. Therefore, long-term assessment of nutrient concentrations and 

loads in the Nemunas River is important for understanding potential nutrient pressure on downstream 

ecosystems. Although the Nemunas River basin has been monitored for decades, integrated studies that 

jointly assess annual nutrient concentrations, estimated annual loads, spatial differences along the main river 

channel and the role of major tributaries remain limited. 

Most long-term monitoring datasets are commonly available as annual or monthly summaries, which 

are useful for assessing broad temporal and spatial patterns but have important limitations. Annual mean data 

cannot describe seasonal dynamics, flood events or daily concentrationïdischarge relationships. 

Nevertheless, annual data can provide a consistent basis for comparing long-term nutrient variability among 

monitoring stations and identifying river sections where nutrient loads change most strongly. 

Therefore, the aim of this study was to assess long-term annual variability in nitrogen and phosphorus 

concentrations and estimated annual loads in the Nemunas River during 2001ï2024. The study focuses on 

spatial differences among main-stem monitoring stations, relationships between annual discharge and 

nutrient concentrations, the contribution of major tributaries to estimated load changes, and the overall 

structure of nutrient concentration patterns using PCA. 



52 

Materials and methods 

Study area and monitoring stations. The study was conducted in the Nemunas River basin, the largest 

river basin in Lithuania and one of the main river systems draining towards the Curonian Lagoon and the 

Baltic Sea. The Nemunas River drains a catchment characterized by mixed land use, including agricultural 

areas, urbanized zones and forested regions. This makes the river suitable for assessing long-term annual 

variability in nutrient concentrations and estimated nutrient loads along the main river course. 

Five long-term monitoring stations located along the main stem of the Nemunas River were selected 

for analysis. These stations represent the upstream, middle and downstream sections of the river continuum. 

Station S1 represents the upstream part of the studied river section, stations S2 and S3 represent the middle 

section, and stations S4 and S5 represent the downstream section before discharge towards the Curonian 

Lagoon. 

To assess the contribution of major tributaries to nutrient load changes along the Nemunas River, five 

tributaries were included in the analysis. These were the Neris (N1) and Nevǟģis (N2), entering the Nemunas 

between S1 and S2, the Dubysa (N3), entering between S2 and S3, and the Ġeġupǟ (N4) and JȊra (N5), 

entering between S3 and S4. 

 

 
 

Fig. 1. Location of the Nemunas River basin, main-stem monitoring stations (S1ïS5) and  

major tributaries (N1ïN5) 
Source: compiled by the authors 

 

Data sources and water quality parameters. The analysis was based on annual water quality and 

hydrological data for the period 2001ï2024, obtained from the national river monitoring network. The 

dataset included mean annual discharge (Q, mį s ĭ) and annual mean concentrations of total nitrogen (TN), 

total phosphorus (TP) and nitrate nitrogen (NO-N). Only years with available paired discharge and 

concentration data were included in the analyses. 

Because the study was based on annual mean values, it was designed to assess long-term annual 

variability and spatial differences among monitoring stations. Seasonal patterns, flood events and daily 

concentrationïdischarge relationships were not evaluated. 

Nutrient load calculation. Annual nutrient loads were calculated by combining mean annual discharge 

and corresponding mean annual nutrient concentrations. Loads were expressed in tonnes per year (t yr ĭ) and 

represent integrated nutrient transport at each monitoring station. This approach allows assessment of 

nutrient export that accounts for both concentration variability and hydrological conditions. 

Statistical analysis. Spatial differences in annual nutrient concentrations and estimated annual loads 

among monitoring stations were assessed using the non-parametric KruskalïWallis test. This test was 



53 

selected because environmental monitoring data often show non-normal distributions and unequal variability 

among stations. 

Spearman rank correlation analysis was used to evaluate relationships between mean annual discharge 

and nutrient concentrations at each monitoring station. Spearman correlation was also used to assess the 

relationship between estimated annual TN and TP loads. 

Long-term monotonic trends in estimated annual TN and TP loads were evaluated using the Mannï

Kendall trend test. This method is commonly applied in long-term environmental datasets and is robust for 

non-normally distributed data. 

Principal component analysis (PCA) was used as an exploratory tool to summarize the structure of 

annual nutrient concentrations among monitoring stations. PCA was performed using TN, NO-N and TP 

concentrations only. Estimated loads were not included in the PCA to avoid circularity, because loads were 

calculated using both concentration and discharge. 

All statistical analyses were performed at a significance level of p < 0.05. 

 

Results 

Mean annual discharge varied among years and increased downstream from S1 to S5, reflecting the 

cumulative contribution of the river basin. 

Annual mean TN and NO-N concentrations differed among the Nemunas River monitoring stations 

(Fig. 2). The highest median concentrations and the widest variability were observed at station S2, indicating 

that the middle reach of the river was characterized by greater nitrogen enrichment compared with the 

upstream station S1 and downstream stations S3ïS5. TN and NO-N showed a similar spatial pattern, 

suggesting that nitrate nitrogen represented an important component of total nitrogen variability in the 

studied river section. 

 

 
 

Fig. 2. Annual mean concentrations of total nitrogen (TN) and nitrate nitrogen (NO-N) at Nemunas River 

monitoring stations during 2001ï2024 
Source: compiled by the authors 

 

Annual mean TP concentrations also varied among monitoring stations, although the spatial pattern 

was less pronounced than for nitrogen compounds (Fig. 3). Higher median TP concentrations were observed 

at S2 and S3, while lower median values were recorded at S4 and S5. The presence of several high values 
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indicates that TP concentrations varied considerably in some years, particularly in the middle and 

downstream sections of the river. 

 

 
 

Fig. 3. Annual mean total phosphorus (TP) concentration at Nemunas River monitoring stations  

during 2001ï2024 
Source: compiled by the authors 

 

Spearman correlation analysis showed generally weak and statistically non-significant relationships 

between annual discharge and nutrient concentrations (Table 1). Significant positive correlations were 

detected only at S5 for TN and NO-N. This indicates that annual nutrient concentrations were not 

consistently explained by discharge variability alone. 

Table 1 

Spearman rank correlations between discharge (Q) and nutrient concentrations at Nemunas River 

monitoring stations (2001ï2024) 

Station 
TN vs  

Q (ɟ) 
p-value 

TP vs  

Q (ɟ) 
p-value 

NO3
- _ N vs  

Q (ɟ) 
p-value 

S1 0.28 >0.05 ī0.14 >0.05 0.23 >0.05 

S2 0.05 >0.05 0.13 >0.05 0.09 >0.05 

S3 0.14 >0.05 0.09 >0.05 0.29 >0.05 

S4 ī0.15 >0.05 ī0.05 >0.05 0.07 >0.05 

S5 0.52 <0.05 - >0.05 0.61 <0.01 

Source: compiled by the authors 
 

However, estimated annual nutrient loads integrate both concentration and discharge. Therefore, load-

based analysis was used to evaluate spatial differences in nutrient export along the Nemunas River. 

Estimated annual TN and TP loads showed clearer spatial differences among stations than 

concentrations (Fig. 4). The lowest loads were recorded at S1, whereas higher and more variable loads 

occurred at S2ïS4. This pattern indicates that annual load estimates reflect both nutrient concentrations and 

downstream increases in discharge. 

TN and TP loads were positively correlated at all monitoring stations (Spearman ɟ = 0.65ï0.86, p < 

0.001), indicating similar annual load variability patterns for both nutrients. 

 



55 

 
 

Fig. 4. Estimated annual loads of total nitrogen (a) and total phosphorus (b) at Nemunas River monitoring 

stations during 2001ï2024 
Source: compiled by the authors 

 

MannïKendall analysis did not detect statistically significant long-term trends in TN or TP loads at 

any station (p > 0.05). A weak increasing tendency in TN load was observed at S5 (Ű = 0.29), but it was not 

statistically significant (p = 0.056). These results indicate that interannual variability was more pronounced 

than long-term monotonic change. 

To evaluate the role of major tributaries, changes in nutrient loads between adjacent main-stem stations 

were compared with tributary inputs (Table 2). 

Table 2 

Median contribution of major tributaries to nutrient load changes  

along the Nemunas River (2001ï2024) 

Reach 
Main 

tributaries  

Median 

ȹTN 

(t yr ĭ) 

Median 

tributary 

TN load 

(t yr ĭ) 

Median 

explained 

TN (%)  

Median 

ȹTP 

(t yr ĭ) 

Median 

tributary 

TP load 

(t yr ĭ) 

Median 

explained 

TP (%) 

S2ïS1 
Neris + 

Nevǟģis 
28 600 15 400 48 867 630 74 

S3ïS2 Dubysa ï10 900 1 300 12 69 27 26 

S4ïS3 JȊra + Ġeġupǟ ï956 5 777 150 ï241 198 82 

Values exceeding 100% indicate that tributary inputs exceeded the net load change between adjacent main-stem stations and 

therefore should be interpreted as indicative rather than as a closed mass-balance estimate. 

Source: compiled by the authors 

 

The strongest tributary contribution was observed in the S2ïS1 reach, where the Neris and Nevǟģis 

rivers explained approximately 48% of TN and 74% of TP load changes. In downstream reaches, the 

relationship between tributary inputs and load changes was less consistent. This suggests that annual load 

changes along the river cannot be explained by tributary inputs alone. 
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A limitation of this study is the use of annual mean data. Therefore, seasonal patterns, flood events 

and daily concentrationïdischarge relationships could not be assessed. The results should be interpreted as 

an assessment of long-term annual variability rather than short-term nutrient transport dynamics. 

PCA was used as an exploratory analysis to summarize the structure of annual nutrient concentrations. 

The first two principal components explained 97.0% of the total variance, with PC1 accounting for 63.6% 

and PC2 for 33.4% (Fig. 5). TN and NO-N were mainly associated with PC1, whereas TP was more strongly 

related to PC2. The PCA plot showed partial separation of S2 from the other stations along the nitrogen-

related gradient, supporting the boxplot results that indicated higher TN and NO-N concentrations at this 

station. 

 
 

Fig. 5. PCA biplot of annual TN, NO-N and TP concentrations at Nemunas River monitoring stations 

during 2001ï2024 
Source: compiled by the authors 

 

Discussion 

The results of this study show that annual nutrient concentrations and estimated annual loads describe 

different aspects of nutrient variability in the Nemunas River. Annual TN and NO-N concentrations were 

highest and most variable at S2, whereas TP showed a less pronounced spatial pattern. This indicates that 

nitrogen and phosphorus did not follow identical spatial patterns along the river. Similar differences between 

nitrogen and phosphorus behaviour have been reported in other river systems, where nutrient concentrations 

and loads may respond differently to catchment characteristics, land use, tributary inputs and hydrological 

variability (Bouraoui & Grizzetti, 2011; Minaudo et al., 2019; Dupas et al., 2015). 

The weak and mostly non-significant relationships between annual discharge and nutrient 

concentrations indicate that concentration patterns were not consistently explained by discharge variability 

alone. This finding is consistent with previous studies showing that concentrationïdischarge relationships in 

large and heterogeneous catchments may be weak, non-linear or variable over time (Minaudo et al., 2019; 

Stoneviļius et al., 2014; Chen et al., 2025). In the present study, significant positive relationships between 

discharge and concentrations were detected only at S5 for TN and NO-N. This may suggest that discharge-
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related effects become more visible in the downstream section, where cumulative catchment inputs are 

integrated over a larger area. 

In contrast to concentrations, estimated annual TN and TP loads showed clearer spatial differences 

among monitoring stations. The lowest loads were recorded at S1, while higher and more variable loads 

occurred at S2ïS4. This pattern reflects the combined influence of nutrient concentrations, increasing 

discharge downstream and additional inputs from tributaries. Previous studies have emphasized that load-

based assessments are important because concentration data alone may not sufficiently represent nutrient 

pressure on downstream water bodies (Seitzinger et al., 2010; Dupas et al., 2015; Johnes et al., 1996). In the 

Nemunas River, this is particularly relevant because the river is an important pathway of nutrient transport 

towards the Curonian Lagoon and the Baltic Sea (Stakǟnienǟ et al., 2023). 

The positive correlations between TN and TP loads at all monitoring stations indicate that both 

nutrients showed similar annual load variability patterns. However, MannïKendall analysis did not detect 

statistically significant long-term trends in TN or TP loads. This suggests that interannual variability was 

more pronounced than long-term monotonic change during 2001ï2024. Similar observations have been 

made in European river systems, where long-term nutrient changes may be partly masked by hydrological 

variability and annual differences in discharge (Bouraoui & Grizzetti, 2011; EEA, 2024; Rªike et al., 2003). 

The tributary contribution analysis showed that the Neris and Nevǟģis rivers were important 

contributors to nutrient load changes in the S2ïS1 reach, explaining approximately 48% of TN and 74% of 

TP load changes. This supports the importance of the Kaunas reach as a key section of the Nemunas River 

for annual nutrient load variability. Similar effects of major tributaries and river-network position on nutrient 

loads have been reported in other river systems, where nutrient export is influenced not only by main-stem 

discharge but also by tributary inputs and spatial differences in catchment pressure (Kronvang et al., 1999; 

Ļesonienǟ et al., 2021; Bouraoui & Grizzetti, 2011). 

In downstream reaches, the relationship between tributary inputs and load changes was less consistent. 

This suggests that annual load changes along the river cannot be explained by tributary inputs alone. Such 

differences may reflect the combined influence of discharge variability, catchment-scale inputs and possible 

retention or attenuation within the river system. However, because this study is based on annual mean data, 

these processes cannot be directly quantified. Therefore, they should be interpreted only as possible 

explanations rather than confirmed mechanisms. Previous studies have shown that retention and 

transformation processes may affect nutrient transport in river systems, particularly for nitrogen and 

phosphorus compounds (Kronvang et al., 1999; Jarvie et al., 2013; Schulz-Zunkel et al., 2021). 

The PCA provided an additional exploratory view of the nutrient concentration structure. The first two 

principal components explained most of the total variance, with PC1 mainly associated with TN and NO-N 

and PC2 more strongly related to TP. The partial separation of S2 along the nitrogen-related gradient supports 

the boxplot results, which showed higher TN and NO-N concentrations at this station. However, the overlap 

among stations indicates that the differences were not absolute and should be interpreted as broad annual 

patterns rather than strict station separation. 

A limitation of this study is the use of annual mean data. Therefore, seasonal patterns, flood events 

and daily concentrationïdischarge relationships could not be assessed. The results should be interpreted as 

an assessment of long-term annual variability rather than short-term nutrient transport dynamics. Future 

studies should use higher temporal resolution monitoring data to evaluate seasonal nutrient dynamics, event-

scale transport and more detailed relationships between discharge and nutrient concentrations. 

 

Conclusions 

1. During 2001ï2024, annual nutrient patterns in the Nemunas River differed among monitoring 

stations. The middle reach, particularly station S2, was characterized by higher TN and NO-N 

concentrations and greater variability, while TP showed a less distinct spatial pattern.  

2. Annual discharge was weakly related to nutrient concentrations but was important for interpreting 
estimated annual loads. TN and TP loads showed clearer spatial differences than concentrations, with the 

lowest values at S1 and higher, more variable loads in the middle reaches of the river.  

3. Major tributaries contributed substantially to nutrient load changes, especially in the S2ïS1 reach, 

where the Neris and Nevǟģis rivers explained approximately 48% of TN and 74% of TP load changes. 

However, tributary inputs did not fully explain load variability along the river.  

4. Annual concentration data alone were insufficient to assess nutrient pressure in the Nemunas River. 
Because the analysis was based on annual mean values, the results should be interpreted as long-term annual 

patterns rather than seasonal or event-scale nutrient transport dynamics. 
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ILGALAIKǞ METINǞ AZOTO IR FOSFORO KONCENTRACIJȍ BEI APSKAIĻIUOTȍ APKROVȍ 

KAITA NEMUNO UPǞJE 2001ï2024 M. 

 

Santrauka 

Ġiame tyrime vertinta ilgalaikǟ metinǟ azoto ir fosforo koncentracijȎ bei apskaiļiuotȎ metiniȎ apkrovȎ kaita 

Nemuno upǟje 2001ï2024 m. Analizǟ atlikta remiantis metiniais monitoringo duomenimis iġ penkiȎ pagrindinǟs upǟs 

vagos stebǟsenos stoļiȎ ir pasirinktȎ pagrindiniȎ intakȎ. Buvo vertinti bendrasis azotas (TN), nitratinis azotas (NO-

N), bendrasis fosforas (TP), vidutinis metinis debitas ir apskaiļiuotos metinǟs TN bei TP apkrovos. Metinǟs TN ir NO-

N koncentracijos buvo didģiausios ir labiausiai kintanļios vidurupio stotyje S2, o TP pasiģymǟjo maģiau ryġkiu erdviniu 
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pasiskirstymu. Spearmano koreliacijos analizǟ parodǟ, kad ryġiai tarp metinio debito ir maistmedģiagiȎ koncentracijȎ 

daģniausiai buvo silpni; reikġmingos teigiamos koreliacijos nustatytos tik S5 stotyje TN ir NO-N atvejais. 

Apskaiļiuotos metinǟs TN ir TP apkrovos pasiģymǟjo aiġkesniais erdviniais skirtumais negu koncentracijos: maģiausios 

apkrovos nustatytos S1 stotyje, o didesnǟs ir labiau kintanļios apkrovos ï vidurupio ruoģe. Neries ir Nevǟģio upǟs 

paaiġkino apie 48 % TN ir 74 % TP apkrovȎ pokyļiȎ S2ïS1 ruoģe, taip parodydamos svarbȎ intakȎ indǟlǱ ġioje upǟs 

dalyje. PCA analizǟ patvirtino S2 stoties atsiskyrimŃ pagal su azotu susijusǱ gradientŃ. Tyrimas parodǟ, kad vien metiniȎ 

koncentracijȎ duomenȎ nepakanka maistmedģiagiȎ apkrovai didelǟse upiȎ sistemose apibȊdinti. Kadangi analizǟ 

pagrǱsta metiniais vidurkiais, sezoninǟ ir epizodinǟ maistmedģiagiȎ pernaġa nebuvo vertinta. 

Reikġminiai ģodģiai: Nemuno upǟ; bendras azotas; bendras fosforas; nitratȎ azotas; apskaiļiuotos metinǟs 

apkrovos; intakȎ indǟlis; ilgalaikis monitoringas; PCA. 
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Abstract 

Continuous exposure to water can damage reinforced-concrete structures. When investigating reinforced-

concrete structures of structures in service, the main attention is paid to concrete. As a porous construction material, the 

principal durability characteristics of concrete are strength, watertightness, frost resistance and resistance to aggressive 

environments. 

This article discusses the results of investigations of the physical and mechanical properties of the concrete 

of reinforced-concrete slabs used to reinforce the stilling-basin apron slopes in the outlet section of a hydraulic 

node in service. The results obtained showed that when concrete pieces detached from reinforced-concrete 

structures were used as specimens for testing, the concrete density ranged from 2335 to 2458 kg/mį. The average 

water absorption of the concrete specimens was 5.9%. To determine the frost resistance of the concrete, specimens 

from 3 series were tested, with 3 specimens in each series. The specimens were tested after 200 freezing and 

thawing cycles. After the frost-resistance test, the compressive strength of the investigated concrete specimens 

decreased by more than 5% compared with the compressive strength of the control specimens. The investigated 

concrete did not pass the frost-resistance test. The largest change between the average compressive strength of 

the control specimens (19.17 MPa) and the average compressive strength of the specimens after freezing and 

thawing (17.07 MPa) was 11%. 

Key words: concrete strength, frost resistance 

 

Introduction  

Lithuaniaôs climate differs considerably across the seasons. Lithuania is divided into different regions 

according to average and extreme low-temperature values. The effects of the environment on construction 

materials and structures are very varied and, unfortunately, in most cases negative. The durability of 

structures in service is especially reduced by cyclically recurring positive and negative temperatures. In late 

autumn, winter and early spring, 50 to 120 cycles per year are recorded when the air temperature fluctuates 

above and below 0 °C. Such temperature variation occurs not only in Lithuania. Very similar temperature 

fluctuations also occur in neighboring countries. In the Scandinavian countries (Norway, Sweden and 

Finland), because of extremely varied terrain, a large geographical extent from south to north, and the strong 

influence of the Atlantic Ocean, the number of cycles of positive and negative temperature fluctuations 

ranges from 25 to more than 110 cycles per year. 

Such temperature fluctuation is very dangerous for materials whose pores and capillaries are filled 

with water or aqueous salt solutions and in which the liquid state changes into a solid during freezing. Water 

has a great influence on concrete strength. It has been established that when water turns into ice, its volume 

increases by about 9%. When water in the pores or capillaries of a material freezes, the expanding ice creates 

high internal pressure, which gradually destroys the material structure, causing cracking and an increase in 

porosity; this mechanism has been linked to hydraulic pressure, ice growth and moisture movement in 

hardened cement paste. The rate of deterioration depends on many factors: the degree of pore saturation with 

water, freezing temperature, the strength of the material skeleton, and others. When concrete structures are 

continuously exposed to water, the water can gradually damage the concrete surface, as a result of which 

mechanical and chemical corrosion may begin in the concrete. The effect of water influences the degree to 

which concrete is filled with water. 

Frost resistance is considered the principal durability characteristic of porous building materials: it is 

the ability of a saturated material to withstand repeated freezing and thawing cycles and to change no more 

than the limits established by the standard. In addition to the number of cycles, international research 

emphasizes the critical degree of saturation, because freezeïthaw damage becomes likely when the pore 

system contains enough water to generate damaging internal stresses (Fagerlund, 1977; Li et al., 2012). 

According to the requirements of standard LST 1428-17 applied in Lithuania, after the specified number of 

freezing and thawing cycles (marked by grade, for example F100, F200 or F300), the properties of hydraulic 

concrete may change by no more than 5% for reduction in compressive strength (compared with control 

specimens) and 3% for total mass loss due to scaling. 

The durability of widely used construction materials - concrete and many concrete and reinforced-

concrete structures (road and aerodrome pavements, dams, water treatment facilities, bridge supports, and 

sea and river quays) - is also determined by the frost resistance of concrete. Therefore, when certifying ready-
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mixed concrete and concrete and reinforced-concrete products, and when designing concrete mixes, it is 

necessary to determine the durability indicator of concrete: the frost-resistance grade. Durability assessment 

is also closely related to the transport of water and aggressive ions through concrete, because sorptivity, 

permeability and other permeation properties control the ingress of moisture and salts into the pore network 

(Basheer et al., 2001; Hall, 1989). Control of concrete frost resistance by standard methods, based on cyclic 

freezing and thawing of design-strength specimens saturated with water or salt solutions, require 

considerable time and financial costs as well as special freezing equipment. 

This article examines hydraulic concrete in the load-bearing structure of a structure in service. When 

investigating structures of hydraulic engineering works in service, most attention is paid to concrete strength. 

The concrete of such structures must be strong, dense, watertight, frost resistant and resistant to aggressive 

environments. Therefore, it is necessary to evaluate the physical and mechanical properties of concrete and 

to identify the measures required to ensure durability. 

The aim of the work is to determine the physical and mechanical properties of the concrete of 

reinforced-concrete structures in a structure in service, using irregularly shaped concrete pieces detached 

from the structure. 

To achieve the aim, the following tasks were formulated: 

Å identify the most dangerous factors for concrete structures whose surfaces are in constant contact 

with water; 

Å perform concrete strength tests using irregularly shaped concrete pieces detached from the 

structure; 

Å investigate the frost resistance of concrete according to the strength of specimens saturated in 

water and frozen. 

 

Literature review  

There are no materials that are absolutely resistant to external effects; therefore, any structure or 

structural element in service requires maintenance. The environment causes corrosion of construction 

materials and structures, biological effects, and provokes erosion. Erosive effects are mechanical in nature. 

They may include water, temperature-induced deformations, abrasive processes, and other effects. 

Water can penetrate and wash out the constituent particles of concrete. As liquids containing sulfates, 

usually groundwater, penetrate into concrete, the sulfates can cause concrete corrosion and deterioration of 

cement stone. The rate and extent of such deterioration depend strongly on water transport and near-surface 

concrete quality (Basheer et al., 2001; Hall, 1989). When water is absorbed, evaporates, or freezes and thaws, 

the structure deforms and additional stresses arise, which can enlarge existing damage or cause new damage. 

Concrete may crack or fail due to stresses caused by temperature changes and differences as a result of 

alternating tensile and compressive stresses. Abrasive erosive processes are caused by wind-borne sand, rain 

and dust, which loosen and carry away particles from the concrete surface. Water that accumulates in 

irregularities, pores and cracks, especially when it freezes, causes additional deformation and stresses and 

destroys the concrete surface. In this way, a whole complex of erosive factors begins to act on structures at 

the same time. The most extensive damage to concrete and reinforced-concrete structures and their elements 

occurs because of provoked erosion. There are many possibilities for provoking it. 

An aggressive environment causes the following damage in concrete and reinforced-concrete 

structures: 1) cracks appear along the reinforcement; 2) concrete detaches at the corners and edges of the 

structure; 3) the protective concrete layer spalls off, the reinforcement becomes visible and corrodes. 

Smaller concrete defects caused by the environment are also observed. These are point detachments 

of the concrete surface layer. They occur because aggregates expand under the effects of corrosion, 

temperature and moisture. Similar to limestone in ceramic bricks, aggregates also damage deeper layers of 

the structure. Such defects are difficult to repair, because they cannot be removed from deeper concrete 

layers, and the concrete continues to deteriorate. 

Concrete and reinforced concrete consist of inorganic materials. However, they can support the life of 

certain organisms and especially plants. There are many species of lichens, fungi and algae that can live and 

multiply on concrete. Dry-rot fungi can spread on and inside the concrete surface. These fungi, like lichens, 

have deep roots and severely damage the concrete surface and the internal layers into which they penetrate. 

They usually attack poor-quality concrete with open pores and voids, especially if it contains soluble 

substances leached by water or other liquids. Hydraulic concrete is most often affected by them. Fungi can 

also spread in other structures if they are in zones of variable moisture and are not illuminated by daylight. 

Investigations of concrete compressive strength are performed by destructive and non-destructive 

methods. Non-destructive compressive-strength tests are performed according to standard LST EN 12504-2 
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ñTesting concrete in structures. Part 2: Non-destructive testing. Determination of rebound numberò using a 

device based on the elastic rebound principle: the Schmidt hammer. 

Of all known non-destructive methods for determining the strength of concrete in structures in service, 

the most reliable tests are carried out by pull-off and splitting methods or by testing irregularly shaped 

specimens detached from the structure (Ġadzeviļius et al., 2021). 

When testing specimens with unlevelled surfaces that have detached from the structure and are 

irregular in shape, cylindrical steel dies with concave working surfaces are used. The literature (Vaiġvila, 

Mikuckis, 2005) indicates that when irregularly shaped specimens are tested with flat 100 mm diameter 

working surfaces, the concrete compressive strength obtained is approximately the same as that of standard 

100 mm edge-length cubes tested by the standard method. 

During the operation of hydraulic engineering structures, hydraulic nodes, reservoirs, quays and other 

concrete structures that are constantly exposed to atmospheric effects, one of the most important criteria 

determining how long concrete will serve is the resistance of concrete to freezing thawing cycles. 

Deterioration of concrete due to freezing thaw cycles eventually causes corrosion of reinforcing steel, which 

destroys and weakens the entire concrete structure. Water enters concrete through cracks, microcracks, pores 

and capillaries. Even high-quality concrete with low water absorption can be damaged, because during 

freezing water can appear in the concrete through condensation when moisture present in the air separates 

out. For this reason, freezeïthaw cycles can damage even dense concrete. The main cause of concrete 

deterioration and cracking is that the volume of water freezing in the pores increases by up to 9%, causing 

internal stresses; reviews of concrete exposed to cold climates identify saturation level, permeability and the 

air-void system as central factors controlling frost resistance (Pigeon & Pleau, 1995). 

In Lithuania, the main method for determining the frost resistance of concrete is the volumetric 

freezing and thawing method, regulated by national standard LST 1428-17. This method determines the 

frost-resistance grade (F) of concrete, which indicates the minimum number of freezing and thawing cycles 

that the concrete must withstand without significant damage. Depending on the intended use of concrete 

products and the applicable European standards (EN), the following methods are also used alongside the 

volumetric method: the one-sided freezing method (according to standard LST CEN/TS 12390-9 ñResistance 

to cyclic freezing and thawing. Scalingò) and the surface scaling method. 

The one-sided freezing method is applied when evaluating the resistance of the concrete surface layer, 

where one side of the structure is subjected to freezing cycles and thawing salts. It is most often used for 

transport structures and bridges. 

The surface scaling method is specifically applied to concrete paving blocks, sidewalk slabs and kerbs 

(according to LST EN 1338, LST EN 1339 and LST EN 1340), by measuring the mass of material detached 

from the surface. 

When determining the frost resistance of hydraulic concrete in Lithuania, the volumetric freezing and 

thawing method according to standard LST 1428-17 is used. For a hydraulic engineering structure operating 

in a fresh-water environment, the minimum concrete frost-resistance grade is F200, while in a fluctuating 

water-level zone it is F300. 

In the concrete frost-resistance control standards of other countries, tests are accelerated by using a 

3% NaCl solution for freezing and thawing specimens (Germany, Austria) and rapid freezing of specimens 

(Germany, Switzerland, USA and Finland). In some countries, the resistance of the concrete surface layer is 

checked under cyclically repeated positive and negative temperatures and de-icing agents: NaCl (Austria, 

Germany) and CaCl2 (USA). Salt scaling is a separate but related durability problem, and experimental 

reviews have shown that its development depends on the interaction of freezing, surface moisture, salt 

solution, paste microstructure and air-void protection (Valenza & Scherer, 2007a, 2007b). However, the 

latter methods have a number of disadvantages: complicated specimen preparation and considerable time 

requirements. Indirect frost-resistance testing methods, based on determining the dependence of certain 

properties of the concrete mix or structural indicators of hardened concrete on the number of freezing and 

thawing cycles, are not widely used because of their relatively low reliability and the need for special, 

sometimes complex, equipment. 

The reviewed international literature therefore supports the evaluation approach used in this study: for 

concrete elements in a fluctuating water-level zone, frost durability should be interpreted together with water 

absorption, density, compressive strength loss after freezeïthaw cycling, and the likelihood that the concrete 

has reached or exceeded a critical degree of saturation (Fagerlund, 1977; Li et al., 2012; Pigeon & Pleau, 

1995). 
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Research method 

The object of the study is the slopes of the stilling-basin apron of the Krokialaukis pond hydroscheme 

(Alytus District), which are reinforced with reinforced - concrete slabs. The pond was formed in 1978. The 

earth dam is 245 m long and 8 m wide. The spillway is shaft-type and was installed in 1981. 

The compressive strength of the reinforced-concrete slabs of the hydraulic node was determined 

during the tests. Irregularly shaped pieces of concrete detached from reinforced-concrete slab structures 

made of coarse-grained cement concrete were used as specimens for testing (Fig. 1). Large concrete pieces 

were crushed into smaller pieces. Concrete pieces without cracks and without voids were selected. Before 

testing, uneven surfaces covered with algae or delaminated concrete were cleaned with a wire brush. 

 

  
 

Fig. 1. Irregularly shaped concrete pieces for specimens 
Source: compiled by the authors 

 

The volume of the concrete specimen was calculated using the formula: 
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where: Vï volume, cm3, mim ï mass of the saturated specimen, g; mv ï mass of the specimen in water, g. 

Determination of concrete water absorption. The actual water absorption of concrete specimens was 

determined in accordance with the provisions of the Standard (1997): 
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where: Wm ï water absorption of the specimen, %; mim ï mass of the saturated specimen, g; ms ï mass of the 

dry specimen, g. 

Determination of concrete specimen density. The density of detached concrete pieces from the 

reinforced-concrete structures of the hydraulic node was determined according to the requirements of the 

Standard (2019 a). The density of the concrete specimen was calculated using the formula: 

,
V

mim=r  (3) 

where: ɟ ï density, t/m3; mim ï mass of the saturated specimen, g; V ï volume, cm3.  

 

Preparation of concrete specimens for the frost-resistance test. Three series of specimens with three 

specimens in each series were prepared for the frost-resistance test. The frost resistance of concrete 

specimens was determined by applying the volumetric freezing and thawing test method according to the 

requirements of standard LST 1428-17. Irregularly shaped concrete pieces were used.  

Concrete specimens were immersed in a bath of water at a temperature of 18Ñ5 ÁC. The specimens 

were saturated as follows: on the first day, enough water was poured into the bath to cover about 1/3 of the 

specimen height. The specimens covered in this way were kept for 24 h. Then enough water was added to 

cover about 2/3 of the specimen height. The specimens covered in this way were again kept for 24 h. Then 

water was added so that all specimens were completely covered and the thickness of the water layer above 

the specimens and on all sides was at least 20 mm. The specimens covered in this way were kept for another 

24 h. Before frost-resistance determination, the saturated specimens were removed from the bath. From 2 h 

to 4 h after removal from the bath, they were placed in a freezing chamber. During freezing, the temperature 

at the centre of the freezing chamber had to be -18Ñ2 ÁC. At this temperature, the freezing duration had to be 

not less than 2.5 h. After frost-resistance determination, the specimens were removed from the freezing 

chamber and placed in a bath with water at 18Ñ5 ÁC. The specimens were kept in the bath for not less than 

2Ñ0.5 h. This was repeated for the required number of freezing and thawing cycles. 



64 

The frost resistance of concrete is determined according to the compressive strength of specimens, 

determined in accordance with LST EN 12390-3. Concrete compressive strength was determined by testing 

irregularly shaped specimens with concave dies (diameter 100 mm and area 7850 mmĮ) and using specimen 

centering equipment (Fig. 2).  

 

   
 

Fig. 2. Specimen centering equipment and irregularly shaped specimens with concave dies 
Source: compiled by the authors 

 
The tested concrete pieces were of such a size that they could be tested with 100 mm diameter dies. 

The specimens were prepared and centered as described in the literature (Vaiġvila, Mikuckis 2005). The error 

of the longitudinal axis of the dies of the centered specimen did not exceed 0.2 mm, and the deviation of the 

planes of the contact surfaces was 0.005 of the die diameter. The recesses of the dies were filled with levelling 

mortar whose compressive strength was approximately equal to that of the specimen concrete. 

The compressive strength of concrete in irregularly shaped specimens tested with concave dies was 

calculated using the formula: 

,
n

c
A

F
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where: fc ï compressive strength of concrete in an irregularly shaped specimen tested with concave dies, N/mm2 (MPa); 

F ï destructive load, N; An ï cross-sectional area of the die with the specimen, mm2. 

 

If concrete has been in service for more than 5 years, all obtained compressive-strength results must 

be reduced by multiplying by the time-factor coefficient, which is 0.7, because the strength of concrete 

deeper from the surfaces is lower. 

Evaluation of concrete frost resistance and changes in compressive strength. If the average 

compressive strength of a specimen series (3 specimens) after the required number of freezing and thawing 

cycles is equal to or not more than 5% lower than the compressive strength of the control specimens, the 

concrete is considered to have passed the frost-resistance test. The change in compressive strength of 

concrete specimens after the frost-resistance test is calculated using the formula: 
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where: æ f ï change in compressive strength of concrete specimens, in percent, compared with the strength of the control 

specimens; fk,cm ï average value of the compressive strength of the control specimens before the frost-resistance test, 

MPa;  fġ,cm ï average value of the compressive strength of the specimens after a certain number of freezing and thawing 

cycles, MPa. 

If, after the frost-resistance test, the compressive strength of the specimens decreased by more than 

5% compared with the compressive strength of the control specimens, the concrete did not pass the frost-

resistance test. 

Results and discussion 

The results of the specimens prepared and tested in the laboratory are presented in Tables 1 and 2. The 

results of the investigation of the volume, water absorption and density of concrete specimens, according to 

Formulae 1ï4, are presented in Table 1. 

According to the results of physical investigations presented in Table 1, the concrete density of the 

reinforced-concrete slabs in the outlet-section channel of the hydraulic node ranges from 2335 to 2458 kg/mį, 

and the density of the specimens in Series 3 is 2335 kg/mį, which is the lowest. The average specimen density 

is 2396 kg/mį. The highest density is 2458 kg/mį (Series 2), and the average water absorption is 4.1%. The 

highest water absorption of concrete was determined for the specimens of Series 2 (8.3%). The average water 
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absorption of the specimens of all three series was 5.9%. According to the previously valid construction 

norms, the water absorption of concrete should not have exceeded 7%. 

Compressive-strength tests were carried out during the investigations. To determine specimen 

compressive strength, three series of specimens were investigated, with three specimens from each series. 

The results of destructive compressive-strength tests of irregularly shaped concrete specimens are presented 

in Table 2. Control specimens and specimens after 200 freezing and thawing cycles were tested. 

The obtained compressive-strength values of the specimens (Table 2) show that, when the temperature 

drops below 0 ÁC, the water in the concrete pores and capillaries does not freeze immediately. This is 

determined by the different sizes of the pores and capillaries: as they decrease, the interaction between the 

water and the walls of the capillaries and pores becomes stronger, and the freezing temperature of the water 

in them decreases. 

The specimens of Series 1 had the highest average compressive strength of the control specimens and 

average compressive strength after freezing and thawing, with respective values of 20.73 and 21.6 MPa. The 

change in compressive strength of Series 1 specimens after freezing and thawing cycles, compared with the 

strength of the control specimens, was 4.2%. The average density of the control specimens in Series 1 was 

2400 kg/mį. The average compressive strength of the control specimens in Series 1 (20.73 MPa) was on 

average 9% higher than the averages of the control specimens in Series 2 and Series 3. 

Table 1 

Results of the investigations of volume, water absorption and density of irregularly shaped concrete 

specimens 

Sample series / No. 
Physical properties of samples  

mim, g mv, g ms, g V, cm3 Wm, % Ʌ, kg/m3 

I-1 998.1 589.3 951.3 408.8 4.9 2442 

I-2 1325.0 761.9 1239.2 563.1 6.9 2353 

I-3 1299.2 759.5 1213.1 539.7 7.1 2407 

II-1 955.5 566.8 917.7 388.7 4.1 2458 

II-2 1300.9 749.9 1200.9 551.0 8.3 2361 

II-3 1256.7 731.7 1201.8 525.0 4.6 2394 

III-1 1249.3 730.8 1200.1 518.5 4.1 2409 

III-2 1820.9 1041.0 1720.1 779.9 5.9 2335 

III-3 1559.3 910.3 1459.9 649.0 6.8 2403 

Source: compiled by the authors 

Table 2 

Change in compressive strength of concrete specimens after 200 freezing and thawing cycles 

Sample series 

/ No. 

Control specimen  

strength fk,c , MPa 

Mean control specimen 

strength fk,cm, MPa 

Strength after 

freezeïthaw cycles  

fġ,c, MPa 

Mean strength after 

freezeï thaw cycles 

fġ,cm, MPa 

Strength 

change æ f, % 

I-1 24.3 

20.73 

26.3 

21.60 4.2 I-2 18.6 17.2 

I-3 19.3 21.3 

II -1 23.8 

18.73 

22.1 

17.07 -8.9 II -2 15.7 13.9 

II -3 16.7 15.2 

III -1 18.9 

19.17 

16.8 

17.07 -11.0 III -2 16.1 13.6 

III -3 22.5 20.8 

Source: compiled by the authors 

 

The average compressive strength of the control specimens in Series 2 (18.73 MPa) is lower than the 

average compressive strength of the frozen and thawed specimens (21.6 MPa). The change in compressive 

strength of the concrete specimens is 8.9%; i.e., the average compressive strength of the frozen and thawed 

specimens is lower than the average compressive strength of the control specimens. The average density of 

the control specimens in Series 2 was 2404 kg/mį. 

The largest change between the average compressive strength of the control specimens and the average 

compressive strength of the frozen and thawed specimens was found in the specimens of Series 3. The 

average compressive strength of the specimens of Series 3 after freezing and thawing (17.07 MPa) was 11% 

lower than the average compressive strength of the control specimens (19.17 MPa). 

If, after the frost-resistance test, the compressive strength of the specimens decreased by more than 

5% compared with the compressive strength of the control specimens, the concrete did not pass the frost-
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resistance test. Fig. 3 shows that the compressive strength of the control concrete specimens after the frost-

resistance test decreased by more than 5% compared with the compressive strength of the control specimens. 

The concrete control did not pass the frost-resistance test. 

 

 
Fig. 3. Change in concrete compressive strength after 200 freezing and thawing cycles 

Source: compiled by the authors 

 

Conclusions 

1. Using irregularly shaped concrete pieces for testing, the concrete density of the reinforced-

concrete slabs used to reinforce the banks of the outlet-section channel of the hydraulic node was determined. 

The results obtained showed that when concrete pieces detached from reinforced-concrete structures were 

used as specimens for the tests, the concrete density ranged from 2335 to 2458 kg/m³. 

2. The water absorption of the investigated concrete showed that the highest concrete-specimen 

absorption was determined for the Series 2 specimenð8.3%; the lowest concrete water absorption was 

determined in the Series 2 and Series 3 specimensð4.1%. The average water absorption of the specimens 

of all three series was 5.9%. According to previously valid construction norms, concrete water absorption 

should not have exceeded 7%. 

3. When testing irregularly shaped concrete specimens after 200 freezing and thawing cycles, the 
compressive strength of the concrete specimens decreased by 11% compared with the compressive strength 

of the control specimens determined before the test. Because the decrease was more than 5%, the investigated 

concrete did not withstand the frost-resistance test. 
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KINTAMO VANDENS LYGYJE NAUDOJAMȍ GELĢBETONINIȍ PLOKĠĻIȍ ĠLAITAMS TVIRTINTI 

FIZINIȍ-MECHANINIȍ SAVYBIȍ TYRIMAI  

 
Anotacija 

Nuolatinis vandens poveikis gelģbetoninǟms konstrukcijos, gali jas paģeisti. Tiriant eksploatuojamȎ statiniȎ 

gelģbetonines konstrukcijas, daugiausia dǟmesio skiriama betonui. Betono, kaip akytos statybinǟs medģiagos, 

pagrindinǟ ilgaamģiġkumo charakteristika yra stipris, nelaidumas vandeniui, atsparumas ġalļiui ir agresyviajai aplinkai. 

Straipsnyje aptariami eksploatuojamo hidromazgo iġtekǟjimo dalies kanalo krantams tvirtinti gelģbetoniniȎ 

plokġļiȎ betono fizikiniȎ ir mechaniniȎ savybiȎ tyrimȎ rezultatai. Gauti rezultatai parodǟ, kad tyrimams naudojant nuo 

gelģbetoniniȎ konstrukcijȎ atitrȊkusius betono gabalus kaip bandinius, betono tankis kinta nuo 2335 iki 2458 kg/m3. 

Betono bandiniȎ vidutinǟ Ǳgǟrio reikġmǟ 5,9%. Betono atsparumŃ ġalļiui nustatyti tirta 3 imļiȎ bandiniai, po 3 bandinius 

kiekvienoje imtyje. Buvo bandyti bandiniai po 200 uģġaldymo ir atġildymo ciklȎ. Tirto betono po atsparumo ġalļiui 

bandymo bandiniȎ stipris gniuģdant sumaģǟjo daugiau kaip 5% lyginant su kontroliniȎ bandiniȎ gniuģdymo stipriu. 

Tirtas betonas atsparumo ġalļiui bandymo neiġlaikǟ. Didģiausias pokytis tarp kontroliniȎ bandiniȎ vidutinio stiprio 

gniuģdant (19,17 MPa) ir po uģġaldymo ir atġildymo bandiniȎ vidutinio stiprio gniuģdant (17,07 MPa) sudaro 11%.  

Reikġminiai ģodģiai: betono stipris, atsparumas ġalļiui. 
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KELKRAĠĻIO KONSTRUKCIJOS SPRENDINIAI IR Jȍ ǰTAKA DANGOS STABILUMUI 

 

Regina Motienǟ 

Lietuvos inģinerijos kolegija 

 

Anotacija 

Pastaraisiais metais Lietuvos keliȎ infrastruktȊros plǟtra ir atnaujinimas iġlieka viena svarbiausiȎ 

transporto sektoriaus sriļiȎ. Didǟjantis automobiliȎ srautas, sunkiojo transporto apkrovos ir gamtinǟs sŃlygos 

lemia spartesnǱ dangȎ nusidǟvǟjimŃ bei eismo sŃlygȎ blogǟjimŃ. Todǟl tiek valstybinǟs, tiek regioninǟs 

reikġmǟs keliȎ rekonstravimas tampa bȊtina sŃlyga uģtikrinti eismo saugumŃ, komfortŃ ir aplinkosauginius 

standartus.  

Siekiant uģtikrinti patikimŃ transporto judǟjimŃ bei infrastruktȊros ilgaamģiġkumŃ, bȊtina parinkti 

racionalȎ kelkraġļio Ǳrengimo konstrukcijos sprendinǱ, apimantǱ konstrukcijos atnaujinimŃ ir kitȎ elementȎ 

modernizavimŃ. 

Reikġminiai ģodģiai: Entropinis ekspertinis vertinimo bȊdas, porinis ekspertinis vertinimo bȊdas, 

daugiakriterinis vertinimo bȊdas, ģemǟs sankasa, asfalto danga. 

 

ǰvadas 

Didǟjantis sunkiojo transporto srautas ir kintanļios klimato sŃlygos Lietuvoje kelia vis didesniȎ 

iġġȊkiȎ keliȎ infrastruktȊros ilgaamģiġkumui. Siekiant sustabdyti spartȎ dangȎ nusidǟvǟjimŃ, nepakanka 

sutelkti dǟmesǱ tik Ǳ paļiŃ vaģiuojamŃjŃ dalǱ. Kelkraġtis atlieka esminǱ vaidmenǱ uģtikrinant bendrŃ 

konstrukcijos stabilumŃ ir eismo saugumŃ. Kelio ir kelkraġļio sandȊra yra kritinǟ zona, lemianti visos dangos 

konstrukcijos stabilumŃ, todǟl tinkamai parinkti sprendiniai neleidģia asfaltbetoniui deformuotis, atlaiko 

sunkiasvorio transporto apkrovas ir uģkerta keliŃ erozijai. Ġiame straipsnyje analizuojami racionalȊs 

alternatyvȊs kelkraġļiȎ Ǳrengimo sprendiniai, leidģiantys modernizuoti esamŃ infrastruktȊrŃ ir reikġmingai 

pailginti keliȎ tarnavimo laikŃ. 

Tyrimo problema ï kaip didǟjant sunkiojo transporto apkrovoms ir kintant klimato sŃlygoms, parinkti 

racionalius alternatyvius kelkraġļio konstrukcijos sprendinius, kurie uģtikrintȎ kritinǟs zonos (kelio ir 

kelkraġļio sandȊros) stabilumŃ ir uģkirstȎ keliŃ asfaltbetonio deformacijoms bei erozijai? 

Tyrimo objektas - alternatyvios kelkraġļiȎ Ǳrengimo konstrukcijos, lemianļios kelio dangos stabilumŃ. 

Tyrimo tikslas ï Iġanalizuoti ir Ǳvertinti alternatyvius kelkraġļiȎ Ǳrengimo konstrukcinius sprendinius. 

Tyrimo uģdaviniai: 

1. Identifikuoti ir apraġyti alternatyvius kelkraġļiȎ konstrukcijȎ Ǳrengimo sprendinius. 

2. Atlikti kelkraġļio konstrukcijȎ Ǳrengimo sprendiniȎ vertinimŃ. 

Tyrimo metodai: 

1. Daugiakriterinis naudingumo vertǟs metodas taikomas nustatyti racionaliausiŃ kelkraġļiȎ 

konstrukcijos parinkimo varianto sprendimŃ pagal pasirinktus kriterijus.  

2. Entropijos metodas taikomas nustatant kelkraġļiȎ konstrukcijos parinkimo alternatyviȎ 

projektiniȎ sprendimȎ vertinimo kriterijȎ teorinǱ reikġmingumŃ. 

3. Ekspertinis porinio palyginimo metodas taikomas subjektyvaus kriterijȎ reikġmingumo 

nustatymui. 

 

KelkraġļiȎ Ǳrengimo technologiniȎ alternatyvȎ vertinimas  

Analizǟs tikslas ï iġsiaiġkinti, kuris iġ galimȎ kelkraġļio Ǳrengimo variantȎ yra technologiġkai, 

ekonomiġkai ir eksploatacijos atģvilgiu racionaliausias esamomis kelio sŃlygomis. Siekiant to pasiekti, 

atliekama alternatyviȎ sprendiniȎ lyginamoji analizǟ, Ǳvertinant dengimo kainŃ Eur/m2, darbo sŃnaudas 

ģm.val./m2, mechanizmȎ darbo sŃnaudas maġ.val./mĮ, dengimo masň kg/mĮ, darbo sudǟtingumŃ. 

Rekonstruojant keliŃ buvo parinktos keturios galimos kelkraġļiȎ Ǳrengimo konstrukcijos, kurias 

galima taikyti kelio kelkraġļiȎ Ǳrengimui. Ġios konstrukcijos analizuojamos pagal penkis pasirinktus 

vertinimo kriterijus: 

Á Dengimo kainŃ EUR/mĮ (K ) 

Á Darbo sŃnaudas ģm.val./mĮ(K ) 

Á MechanizmȎ darbo sŃnaudos maġ.val./mĮ (K ) 

Á Dengimo masǟ kg/mĮ (K ) 

Á Darbo sudǟtingumas (K ) 

Kelkraġļio sutvirtinimas skaldaģole (A1). Vienas iġ nagrinǟjamȎ kelkraġļiȎ Ǳrengimo konstrukcijos 

variantȎ yra kelkraġļiȎ sutvirtinimas skaldaģolǟs miġinio juosta. Ġis sprendinys yra plaļiai taikomas kraġto 
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keliȎ rekonstrukcijose ir naudojamas tiek kaip konstrukcinǟ atrama dangos briaunai, tiek kaip drenaģinis 

pavirġiaus sluoksnis. 

Skaldaģolǟs kelkraġļiui naudojamas nesuriġtasis mineraliniȎ medģiagȎ miġinys, sudarytas iġ dviejȎ 

pagrindiniȎ komponentȎ: apie 85 % skaldaģoliȎ (skaldos ir ģvyro miġinys) ir iki 15 % dirvoģemio priemaiġȎ, 

kurios pagerina pavirġiaus riġlumŃ ir sudaro sŃlygas ģolei Ǳsiġaknyti. Miġinio sudǟtis turi atitikti TRA 

UĢPILDAI 19 reikalavimus dǟl frakcijȎ granuliometrinǟs sudǟties ir TRA SBR 19 reikalavimus 

nesuriġtiesiems miġiniams. 

Kelkraġļio virġutiniam sluoksniui Ǳrengti gali bȊti naudojamos tipinǟs stambiȎjȎ uģpildȎ frakcijos: 

11/32 (kai sluoksnio storis Ó 8 cm), 11/22 (kai sluoksnio storis 6ï7 cm), 8/16 arba 11/16 (kai sluoksnio storis 

siekia apie 5 cm). ProjektuojamȎ kelkraġļiȎ skersinis nuolydis numatomas 8 %, o pats kelkraġtis 

formuojamas 3 cm ģemiau asfaltbetonio dangos briaunos, siekiant apsaugoti dangos kraġtŃ nuo trupǟjimo ir 

uģtikrinti efektyvȎ vandens nuvedimŃ. 

Kelkraġļio apatinis sluoksnis gali bȊti Ǳrengiamas iġ ĢB, ĢG, ĢP, ĢD, ĢM, SB, SG, SP, SD, SM gruntȎ 

grupiȎ, kuriȎ naudojimas atitinka galiojanļius nesuriġtȎjȎ miġiniȎ ir gruntȎ Ǳrengimo techninius 

reikalavimus. ǰrengiant tiek virġutinǱ, tiek apatinǱ kelkraġļio sluoksnius, bȊtina uģtikrinti optimalȎ miġinio 

drǟgnumŃ, kokybiġkŃ sluoksnio iġskleidimŃ ir pakankamŃ sutankinimŃ, neleidģiant medģiagai iġsiskirstyti 

frakcijomis. 

Apibendrinant galima teigti, kad skaldaģolǟs kelkraġļio konstrukcija (A1) yra ekonomiġkai pagrǱstas 

ir techniniu poģiȊriu tinkamas variantas kraġto keliȎ rekonstrukcijoms, pasiģymintis geru pralaidumu, 

paprasta prieģiȊra ir atitiktimi normatyviniams reikalavimams.  

Kelkraġļio sutvirtinimas asfaltbetoniu (A2). Asfaltuoto kelkraġļio konstrukcija yra viena iġ 

nagrinǟjamȎ alternatyvȎ, kuri gali bȊti taikoma kraġto keliuose, kai siekiama uģtikrinti didesnň dangos kraġto 

laikomŃjŃ gebŃ, atsparumŃ deformacijoms ir ilgaamģiġkumŃ. Ġis sprendinys daģniau pasirenkamas tuomet, 

kai eismo intensyvumas yra padidǟjňs, o keliu naudojasi reikġminga sunkiasvoriȎ transporto priemoniȎ dalis. 

Asfaltuoto kelkraġļio konstrukcijŃ paprastai sudaro du sluoksniai: virġutinis 3ï4 cm AC 11 VS 

asfaltbetonio sluoksnis ir 6ï8 cm AC 16 PS arba AC 22 PS pagrindo asfaltbetonis. Esant poreikiui, po 

asfaltbetoniu gali bȊti Ǳrengiamas papildomas skaldos ar ģvyro pagrindas, sustiprinantis dangos briaunŃ. 

Kelkraġtis formuojamas vienoje plokġtumoje su vaģiuojamŃja dalimi arba 1ï2 cm ģemiau jos, o skersinis 

nuolydis paprastai siekia 2,0ï2,5 %, uģtikrinant pavirġinio vandens nutekǟjimŃ. 

ǰrengiant asfaltuotŃ kelkraġtǱ bȊtina uģtikrinti tinkamŃ pagrindo sutankinimŃ, naudoti bituminň 

emulsijŃ sukibimui pagerinti ir laikytis asfaltbetonio temperatȊriniȎ klojimo reikalavimȎ. Dǟl to ġio varianto 

Ǳrengimas reikalauja specializuotos technikos ir didesniȎ darbo sŃnaudȎ. 

Asfaltuotas kelkraġtis pasiģymi didesne laikomŃja geba, geru atsparumu deformacijoms ir ilgesniu 

tarnavimo laiku. Taļiau ġis sprendinys yra brangesnis, maģiau pralaidus vandeniui ir reikalauja suderintos 

drenaģo sistemos. Todǟl asfaltuotas kelkraġtis (A ) vertinamas kaip viena iġ galimȎ alternatyvȎ, kuri vǟliau 

bus lyginama su kitais kelkraġļiȎ Ǳrengimo sprendiniais, siekiant nustatyti optimalȎ variantŃ konkreļiam 

projektui. 

Kelkraġļio sutvirtinimas geogroteliȎ juosta (A3). Vienas iġ nagrinǟjamȎ kelkraġļio Ǳrengimo 

alternatyvȎ yra kelkraġļiȎ sutvirtinimas polimerinǟmis geogrotelǟmis, kurios naudojamos kaip armuojantis 

sluoksnis, padidinantis kelkraġļio laikomŃjŃ gebŃ ir atsparumŃ deformacijoms. Ġis sprendinys tinkamas tais 

atvejais, kai kelkraġtis patiria padidintas apkrovas arba yra jautrus ġoniniams slinkimams. Geogrotelǟs 

Ǳrengiamos vadovaujantis KTR 1.01:2008, TRA GRUNTAS 20, LST EN 13249ï13252 reikalavimais 

geosintetiniams gaminiams. 

Kelio kelkraġļiuose naudojamos polietileno (HDPE arba LDPE) grotelǟs, kurios pasiģymi tvirtumu, 

ilgaamģiġkumu ir geru atsparumu apkrovoms. Pagrindinis jȎ privalumas ï gebǟjimas sustiprinti nesuriġtŃ 

kelkraġļio sluoksnǱ ir sumaģinti grunto slinkimŃ, todǟl kelkraġtis ilgiau iġlaiko projektinň formŃ. Grotelǟs 

taip pat pasiģymi geromis drenaģinǟmis savybǟmis, leidģianļiomis efektyviau pasiġalinti pavirġiniam 

vandeniui. 

Geogrotelǟs klojamos ant sutankinto pagrindo, po kuriuo gali bȊti naudojami vietiniai ģvyro ar 

ģvyringo smǟlio gruntai. Virġ grotelǟs paprastai Ǳrengiamas ģvyro, ģemǟs arba skaldaģolǟs uģpildas, kuris 

suformuoja galutinǱ kelkraġļio pavirġiȎ ir 8 % skersinǱ nuolydǱ. Dǟl armuojanļio efekto kelkraġtis tampa 

atsparesnis transporto sukeliamoms deformacijoms ir kraġto trupǟjimui. 

Pagrindiniai geogroteliȎ naudojimo privalumai ï gerokai padidinta laikomoji geba, sumaģintas 

kelkraġļio sǟdimas ir iġsikraipymas, geras vandens nutekǟjimas ir maģesnǟ erozijos tikimybǟ. Be to, grotelǟs 

yra gaminamos iġ perdirbtȎ HDPE/LDPE atliekȎ, todǟl ġis sprendinys pasiģymi ir aplinkosauginiais 

pranaġumais. 

Kelkraġļio sutvirtinimas ģvyro miġiniu (A4). Ketvirtasis nagrinǟjamas kelkraġļio Ǳrengimo variantas 
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yra kelkraġtis iġ ģvyro miġinio, kuris daģnai naudojamas ģemesnǟs ar vidutinǟs kategorijos keliuose dǟl 

nedidelǟs Ǳrengimo kainos, paprastos technologijos ir gerȎ drenaģiniȎ savybiȎ. Ġis sprendinys atitinka KTR 

1.01:2008, TRA SBR 19 ir TRA UĢPILDAI 19 reikalavimus nesuriġtoms dangoms ir kelkraġļiams. 

Ģvyro miġinio kelkraġļiui paprastai naudojami 0/32, 0/45 arba 0/56 frakcijȎ ģvyroïskaldos miġiniai, 

kuriuose leidģiama iki 12 % smulkiȎ daleliȎ. Toks miġinys gerai tankinamas, pasiģymi pakankamu tvirtumu 

ir laidumu vandeniui, todǟl efektyviai nuveda pavirġinius vandenis nuo vaģiuojamosios dalies. Kelkraġļio 

pavirġius formuojamas paliekant 8 % skersinǱ nuolydǱ, o jo virġuje galima Ǳrengti ģolinǱ sluoksnǱ, kuris 

sumaģina erozijos tikimybň. 

Kelkraġļio konstrukcija paprastai susideda iġ vieno arba dviejȎ nesuriġtȎ sluoksniȎ. Apatiniam 

sluoksniui gali bȊti naudojami vietiniai ģvyro ar ģvyringo smǟlio gruntai, o virġutiniam ï frakcinis ģvyro 

miġinys. ǰrengimo metu svarbu uģtikrinti optimalȎ drǟgnumŃ, tinkamŃ miġinio paskleidimŃ ir pakankamŃ 

sutankinimŃ, kad bȊtȎ pasiekti reikiami laikomosios gebos rodikliai. 

Pagrindiniai ģvyro miġinio kelkraġļio privalumai ï maģa Ǳrengimo kaina, gera drenaģo funkcija, 

lengva prieģiȊra ir paprastas atnaujinimas. Taļiau konstrukcija yra maģiau atspari intensyviam eismui, 

greiļiau deformuojasi ir reikalauja periodinio profiliavimo bei papildymo. Taip pat ģvyro kelkraġļiai yra 

jautresni erozijai ir ġoniniams paģeidimams. 

 

AlternatyviȎ kelkraġļiȎ konstrukcijȎ inģineriniȎ sprendimȎ vertinimas 

AlternatyviȎ kelkraġļiȎ konstrukcijȎ vertinimas atliekamas taikant daugiakriterinň analizň, kuri 

leidģia Ǳvertinti nagrinǟjamus sprendinius pagal ekonominius, technologinius ir kokybinius poģymius. 

VertinimŃ sudaro ġios pagrindinǟs dalys: 

Á Vertinimo kriterijȎ sistemos sudarymas ir jȎ reikġmiȎ apskaiļiavimas; 

Á KriterijȎ teorinio reikġmingumo nustatymas, taikant Entropijos metodŃ; 

Á KriterijȎ subjektyvaus reikġmingumo Ǳvertinimas, taikant ekspertinǱ porinio palyginimo metodŃ; 

Á Racionaliausio inģinerinio sprendinio nustatymas, taikant daugiakriterinio naudingumo vertǟs 

metodŃ. 

Vertinimo kriterijȎ sistemos sudarymas ir jȎ reikġmiȎ apskaiļiavimas. Kiekviena iġ nagrinǟjamȎ 

kelkraġļiȎ konstrukcijȎ alternatyvȎ vertinama pagal ekonomiġkai ir techniġkai pagrǱstŃ kriterijȎ grupň. 

Parinkti kriterijai leidģia objektyviai Ǳvertinti medģiagȎ kainŃ, Ǳrengimo ypatumus, darbo sŃnaudas ir 

kelkraġļio konstrukcijos kokybň. Sudaryta tokia kelkraġļiȎ konstrukcijȎ vertinimo kriterijȎ sistema: 

Á Denginio kaina (K ), EUR/mĮ ï kriterijus, parodantis 1 mĮ medģiagos ar gaminio kainŃ. Jo 

skaitinǟs reikġmǟs nustatomos pagal gamintojȎ pateikiamus Ǳkainius. 

Á Darbo sŃnaudos (K ), ģm.val./mĮ ï kriterijus, nusakantis darbo laiko poreikǱ 100 mĮ kelkraġļio 

dangos Ǳrengimui. Reikġmǟs nustatomos naudojant gamybinius normatyvus. 

Á MechanizmȎ darbo sŃnaudos (K ), maġ.val./mĮ ï parodo, kiek laiko Ǳrengimo procese dirba 

mechanizmai. Skaitinǟs vertǟs taip pat nustatomos remiantis gamybiniais normatyvais. 

Á Denginio masǟ (K ), kg/mĮ ï kriterijus, nusakantis 1 mĮ kelkraġļio konstrukcijos masň. 

Reikġmǟs paimamos iġ gaminiȎ techniniȎ charakteristikȎ arba normatyvȎ. 

Á Darbo sudǟtingumas (K ), kategorija ï apibȊdina konstrukcijos Ǳrengimo sudǟtingumŃ ir 

technologinius reikalavimus. Reikġmǟs nustatomos remiantis normatyviniais darbo procesȎ vertinimais. 

1 lentelǟ  
Kriterijai/KelkraġļiȎ 

variantai 

Kaina, 

(EUR/100 

m2 

K1 

DarbȎ 

atlikimo 

laikas 

(ģm.val./ 

100 m2 

K2 

MechanizmȎ 

darbo sŃnaudos 

maġ.val/100 m2 

K3 

Kelkraġļio masǟ 

t/100m2 

K4 

Darbo 

sudǟtingumas, 

kategorija 

K5 

Skaldaģolǟs kelkraġtis (A1) 536,90 4,20 6,10 27,80 2,00 

Asfaltbetonio kelkraġtis (A2) 3012,45 11,90 4,90 12,60 4,00 

GeogroteliȎ kelkraġtis (A3) 1718,52 28,00 9,00 40,50 5,00 

Ģvyro miġinio kelkraġtis (A4) 572,20 5,20 7,60 20,50 3,00 

Ġaltinis: sudaryta autorǟs 

 

AlternatyviȎ projektiniȎ sprendimȎ vertinimo kriterijȎ teorinio reikġmingumo nustatymas, 

taikant teorinǱ entropijos metodŃ.  Vertinimo kriterijȎ teorinis reikġmingumas nustatomas tokia seka: 

Remiantis 2 lentelǟje pateiktomis kriterijȎ skaitinǟmis reikġmǟmis sudaroma pradiniȎ 

duomenȎ matricŃ P. 2. Atliekamas pradiniȎ duomenȎ matricos normalizavimŃ Ǳ bedimensiniȎ dydģiȎ 

matricŃ P.3. Nustatomas kiekvieno kriterijaus entropijos lygis. 4. Nustatomas kiekvieno kriterijaus 

kitimo lygis. 5. Apskaiļiuojamas kriterijȎ teorinis reikġmingumas, sudaroma kriterijȎ prioritetȎ eilutǟ. 
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6. Skaiļiavimo rezultatai pavaizduojami grafikai ir pateikiamas jȎ apibendrinimas. 

Remiantis 2 lentelǟje pateikta informacija, paruoġiami skaiļiavimui duomenys, sudarant pradiniȎ 

duomenȎ matricŃ P (2 lentelǟ). 

2 lentelǟ  

PradiniȎ duomenȎ matrica 
Matrica  P 

Variantai/Kriterijai K1 K2 K3 K4 K5 

A1 536,90 4,20 6,10 27,80 2,00 

A2 3012,45 11,90 4,90 12,60 4,00 

A3 1718,52 28,00 9,00 40,50 5,00 

A4 572,20 5,20 7,60 20,50 3,00 

Xij  5840,07 49,30 27,6 101,40 14,00 

Ġaltinis: sudaryta autorǟs 

Atliekamas pradiniȎ duomenȎ matricos normalizavimas Ǳ bedimensiniȎ dydģiȎ matrica. 

-

P. 
Normalizavimas atliekamas pagal formulň (1.1); 

Pij = 

ij

ij

X

X

S
; (1) 

Gauti rezultatai suraġomi Ǳ normalizuotŃ matricŃ  

-

P (3 lentelǟ) 

3 lentelǟ 

Normalizuotos kriterijȎ reikġmǟs 

Matrica 

-

P  

Alternatyvos 

Kriterijai 
A1 A2 A3 A4 

K1 1,00 0,18 0,31 0,94 

K2 1,00 0,35 0,15 0,81 

K3 0,80 1,00 0,54 0,64 

K4 0,45 1,00 0,31 0,61 

K5 1,00 0,50 0,40 0,67 

Ġaltinis: sudaryta autorǟs 
 

Pasirenkama vertinimo skalǟ, pvz., [0;10], [0;100] ir didģiausiai normalizuotos matricos kriterijaus 

reikġmei priskiriama maksimali vertinimo skalǟs reikġmǟ. Pvz.: 1Ÿ100. Kitos normalizuotos kriterijȎ 

reikġmǟs apskaiļiuojamos pagal proporcijŃ. Pvz.: 0,85Ÿ85, 0,72Ÿ72 ir t.t. Gauti rezultatai suraġomi Ǳ 

kriterijȎ naudingumo matricŃ Cij (4 lentelǟ). 

4 lentelǟ 

KriterijȎ naudingumas (balais) 
Matrica C 

Alternatyvos 

Kriterijai 
A1 A2 A3 A4 

K1 100 18 31 94 

K2 100 35 15 81 

K3 80 100 54 64 

K4 45 100 31 61 

K5 100 50 40 67 

× 425 303 171 367 

Ġaltinis: sudaryta autorǟs 

 

Sumuojami kiekvieno kriterijaus surinkti balai, ir uģraġoma inģineriniȎ sprendimȎ prioritetȎ eilutǟ. 

Geriausias inģinerinis sprendimas yra tas, kurio kriterijai naudingiausi, t.y. surenka didģiausiŃ balȎ sumŃ. 

Sudaroma alternatyviȎ kelio tiesimo variantȎ prioritetȎ eilutǟ, rezultatai pavaizduojami grafiġkai 

ir padaromos iġvados. 
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1 pav. InģineriniȎ sprendimȎ variantȎ naudingumas, kai neǱvertintas kriterijȎ reikġmingumas 

Ġaltinis: sudaryta autorǟs 

 

Pagal ekspertȎ sudarytŃ eilutň apskaiļiuotas kriterijȎ subjektyvus reikġmingumas q, naudojant 

ekspertinǱ porinio palyginimo metodŃ. Norint Ǳvertinti ġǱ reikġmingumŃ, apskaiļiuojamos kriterijȎ vertǟs 

balais, kurie ir atspindǟtȎ subjektyvaus reikġmingumo ǱvertinimŃ. Tam tikslui kiekviena kriterijaus reikġmǟ 

(balais) (4 lentelǟ) dauginama iġ kriterijaus subjektyvaus reikġmingumo (cij x qj). Gautos reikġmǟs 

suraġomos Ǳ naujŃ matricŃ (5 lentelǟ). 

5 lentelǟ  
KriterijȎ naudingumas, Ǳvertinus subjektyvȎ reikġmingumŃ 

Kriterijai 
KriterijȎ subjektyvus 

reikġmingumasq,% 
Matrica  qC *  

A1 A2 A3 A4 

K1 28 2800 504 868 2632 

K2 24 2400 840 360 1944 

K3 16 1280 1600 864 1024 

K4 16 720 1600 496 976 

K5 16 1600 800 640 1072 

× 8800 5344 3228 7648 

Ġaltinis: sudaryta autorǟs 

 

 
2 pav. InģineriniȎ sprendimȎ variantȎ naudingumas, kai Ǳvertintas subjektyvus kriterijȎ reikġmingumas 

Ġaltinis: sudaryta autorǟs 
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Analogiġkai nustatomas racionalus sprendimas, kai Ǳvertintas teorinis reikġmingumas, kurio reikġmǟs 

apskaiļiuotos matematiġkai. Tam tikslui sudaroma svertinǟ matrica ὅ z ήὸ, kiekviena kriterijaus reikġmǟ 
(balais)  dauginama iġ kriterijaus subjektyvaus reikġmingumo (cij x qj). Gautos reikġmǟs suraġomos Ǳ naujŃ 

matricŃ. (6 lentelǟ)  

6 lentelǟ  

KriterijȎ naudingumas, Ǳvertinus teorinǱ reikġmingumŃ 

Kriterijai 
KriterijȎ teorinis reikġmingumas 

q t, % 
Matrica  

qC *
 

A1 A2 A3 A4 

K1 17,72 1772,00 318,96 549,32 1665,68 

K2 16,72 1672,00 585,20 250,80 1354,32 

K3 22,4 1792,00 2240,00 1209,60 1433,60 

K4 21,28 957,60 2128,00 660,68 1298,08 

K5 21,88 2188,00 1094,00 875,20 1465,96 

× 8381,60 6366,16 3545,60 7217,64 

Ġaltinis: sudaryta autorǟs 
 

Sumuojami kiekvieno kriterijaus surinkti balai ir nustatomas racionalus inģinerinis sprendimas. Tai 

tas sprendimas, kurio surinktȎ balȎ suma yra didģiausia. Sudaroma sprendimȎ prioritetȎ eilutǟ. VisȎ 

skaiļiavimȎ rezultatai pavaizduojami grafiġkai 3 paveiksle.  

 

 
 

3 pav. InģineriniȎ sprendiniȎ variantȎ naudingumas, kai Ǳvertintas teorinis kriterijȎ reikġmingumas 
Ġaltinis: sudaryta autorǟs 

 

Atlikus inģineriniȎ sprendiniȎ daugiakriterinǱ vertinimŃ, nustatyta, kad didģiausiŃ naudingumo vertň 

turi skaldaģolǟs kelkraġtis (A1) - 8381,6 balo. Tai rodo, kad ġis variantas geriausiai atitinka projektui svarbius 

techninius, ekonominius ir organizacinius kriterijus.  

Tinkami kelkraġļio konstrukcijos sprendiniai uģtikrina vandens nutekǟjimŃ ir neleidģia kelyje 

susidaryti vandens pleiġtui (akvaplanavimui). Tai padidina dangos stabilumŃ, apsaugo kraġtus nuo 

iġlȊģinǟjimo veikiant sunkiasvoriam transportui ir sumaģina provǟģȎ susidarymo rizikŃ.  

Kelkraġļio Ǳtaka kelio dangos stabilumui pasireiġkia per ġiuos pagrindinius veiksnius: 

Á Vandens drenavimas: Naudojant pralaidģius, stambiagrȊdģius gruntus (F1 jautrumo ġalļiui 

klasǟs), vanduo efektyviai paġalinamas iġ po dangos konstrukcijos. Jei kelkraġtis prastai drenuoja, vanduo 

kaupiasi pagrindo sluoksniuose, maģindamas jȎ laikomŃjŃ gebŃ ir sukeldamas plastines deformacijas.  

Á Ġoninǟ atrama: Tvirtas kelkraġtis veikia kaip papildoma ġoninǟ atrama vaģiuojamosios dalies 

asfalto sluoksniams. Kai kelkraġtis yra nesutvirtintas, vaģiuojamosios dalies kraġtai lieka neprilaikomi, todǟl 

intensyvaus eismo metu greiļiau atsiranda iġilginiȎ plyġiȎ ir trupinimo defektȎ.  

Á Apsauga nuo ġlifavimo ir erozijos: Sutvirtinti kelkraġļiai (pvz., akytbetonio blokeliais ar 

ģvyro/skaldos miġiniais) apsaugo sankasŃ nuo ratȎ iġmalimo. Taip iġlaikomas pastovus skersinis nuolydis, 

reikalingas sklandģiam lietaus vandens nutekǟjimui.  
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Iġvados 

1. Identifikuojant alternatyviȎ Ǳrengimo konstrukcijos sprendinius, lemianļius dangos stabilumŃ 

buvo  parinktos keturios galimos kelkraġļiȎ Ǳrengimo konstrukcijos, kurias galima taikyti kelio kelkraġļiȎ 

Ǳrengimui: Kelkraġļio sutvirtinimas skaldaģole (A1), Kelkraġļio sutvirtinimas asfaltbetoniu (A2), Kelkraġļio 

sutvirtinimas geogroteliȎ juosta (A3) ir Kelkraġļio sutvirtinimas ģvyro miġiniu (A4).   

2. Atlikus inģineriniȎ sprendiniȎ daugiakriterinǱ vertinimŃ, nustatyta, kad didģiausiŃ naudingumo 
vertň turi skaldaģolǟs kelkraġtis (A1) - 8381,6 balo. Tai rodo, kad ġis variantas geriausiai atitinka svarbius 

techninius, ekonominius ir organizacinius kriterijus. Gauti rezultatai pagrindģia, kad skaldaģolǟs kelkraġtis 

(A1) yra racionaliausias ir ekonomiġkai efektyviausias kelkraġļio konstrukcijos sprendinys, tai rodo, kad ġis 

variantas geriausiai atitinka svarbius techninius, ekonominius ir organizacinius dangos stabilumo kriterijus. 

Kelkraġļio Ǳtaka kelio dangos stabilumui pasireiġkia per ġiuos pagrindinius veiksnius: vandens drenavimas, 

ġoninǟ atrama, apsauga nuo ġlifavimo ir erozijos. 
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ROADSIDE CONSTRUCTION SOLUTIONS AND THEIR INFLUENCE ON PAVEMENT STABILITY  

 
Summary 

In recent years, the development and renovation of Lithuania's road infrastructure remain one of the most important 

areas of the transport sector. The increasing traffic flow, heavy transport loads and natural conditions lead to faster wear 

of pavements and deterioration of traffic conditions. Therefore, the reconstruction of both national and regional roads 

is becoming a prerequisite for ensuring traffic safety, comfort and environmental standards. 

To ensure reliable transport movement and the durability of the infrastructure, it is necessary to choose a rational 

solution for the construction of the roadside, which includes the renovation of the structure and the modernization of 

other elements. 

Key words.  Entropic expert evaluation method, pairwise expert evaluation method, multi-criteria evaluation 

method, soil subgrade, asphalt pavement. 
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TECHNOLOGIJȍ, VAIRUOTOJȍ ELGSENOS IR MATEMATINIȍ MODELIȍ INTEGRACIJA 

VISUOMENINIO TRANSPORTO SISTEMOSE: SAUGOS IR APLINKOSAUGINIO 

EFEKTYVUMO VERTINIMAS 

 

Albertas Ġarinskas 

Vilniaus Gedimino Technikos Universitetas 

 
Anotacija  

Visuomeninio transporto sistemȎ efektyvumas ir tvarumas vis labiau priklauso nuo technologiniȎ sprendimȎ, 

vairuotojȎ elgsenos ir jȎ tarpusavio sŃveikos. Nepaisant spartaus transporto technologijȎ vystymosi, ģmogaus vaidmuo 

iġlieka kritinis, ypaļ vertinant energijos sŃnaudas, emisijas ir saugos rodiklius. Ġio tyrimo tikslas ï sistemingai 

iġanalizuoti technologijȎ, vairuotojȎ elgsenos ir matematiniȎ modeliȎ sŃveikŃ visuomeninio transporto sistemose, 

Ǳvertinant jȎ poveikǱ saugai ir aplinkosauginiam efektyvumui. Tyrimas grindģiamas sistemine literatȊros apģvalga ir 

naratyvine sinteze, integruojant transporto inģinerijos, aplinkosaugos ir taikomosios matematikos tyrimus. Nustatyta, 

kad vairavimo stilius yra vienas svarbiausiȎ veiksniȎ, lemianļiȎ energijos sŃnaudas ir emisijas, o paģangios 

technologijos, tokios kaip ADAS ir telematika, gali reikġmingai optimizuoti ġiuos procesus. Taļiau technologijȎ 

poveikis yra dvilypis, nes jos ne tik maģina fizinǱ krȊvǱ, bet ir didina kognityvinň apkrovŃ bei keiļia vairuotojo 

vaidmenǱ. Matematiniai ir statistiniai modeliai leidģia integruoti skirtingus veiksnius Ǳ vieningŃ analizǟs sistemŃ, 

suteikdami galimybň prognozuoti rizikŃ, energijos sŃnaudas ir emisijas. Tyrimas atskleidģia, kad efektyvus transporto 

sistemȎ valdymas reikalauja integruoto poģiȊrio, jungianļio technologinius sprendimus, vairuotojȎ elgsenos analizň ir 

duomenimis grǱstŃ modeliavimŃ. Gauti rezultatai gali bȊti taikomi kuriant tvarias, saugias ir efektyvias transporto 

sistemas. 

Reikġminiai ģodģiai. Visuomeninis transportas; technologijos; ADAS; emisijos; ekologiġkas vairavimas; 

matematiniai modeliai; transporto tvarumas 

 

ǰvadas 

Visuomeninio transporto sistemȎ transformacija pastaraisiais deġimtmeļiais yra glaudģiai susijusi su 

technologijȎ plǟtra, skaitmenizacija ir didǟjanļiais aplinkosauginiais reikalavimais. Urbanizacijos procesai, 

augantys transporto srautai ir klimato kaitos iġġȊkiai lemia poreikǱ kurti efektyvesnes, saugesnes ir tvaresnes 

transporto sistemas (Juneviļius, 2012: 15). Ġiame kontekste visuomeninis transportas atlieka svarbȎ 

vaidmenǱ maģinant individualaus transporto poveikǱ aplinkai, taļiau jo efektyvumas vis labiau priklauso ne 

tik nuo techniniȎ sprendimȎ, bet ir nuo vairuotojȎ elgsenos bei technologijȎ integracijos. 

Nors technologinǟ paģanga, Ǳskaitant paģangias vairuotojo pagalbos sistemas, telematikŃ ir dalinň 

automatizacijŃ, suteikia naujȎ galimybiȎ optimizuoti transporto sistemȎ veikimŃ, ģmogaus vaidmuo iġlieka 

esminis. VairuotojȎ sprendimai daro tiesioginň ǱtakŃ ne tik eismo saugai, bet ir energijos sŃnaudoms bei 

emisijoms. Todǟl ġiuolaikiniai tyrimai vis daģniau orientuojasi Ǳ technologijȎ ir ģmogaus sŃveikŃ, siekiant 

suprasti, kaip ġie veiksniai kartu formuoja transporto sistemos efektyvumŃ (Adamidis et al., 2020: 94-99). 

Aplinkosauginis aspektas tampa vienu iġ pagrindiniȎ transporto sektoriaus transformacijos veiksniȎ. 

Transportas yra vienas didģiausiȎ ġiltnamio efektŃ sukelianļiȎ dujȎ ġaltiniȎ, todǟl emisijȎ maģinimas yra 

prioritetinis tikslas tiek nacionaliniu, tiek tarptautiniu lygmeniu. Nors transporto priemoniȎ elektrifikacija ir 

alternatyvȊs energijos ġaltiniai yra svarbȊs sprendimai, vairuotojȎ elgsena iġlieka reikġmingu veiksniu, 

lemianļiu realȎ energijos vartojimŃ (Creutzig et al., 2015: 911). 

Matematiniai ir statistiniai modeliai ġiame kontekste tampa svarbia analitinǟ priemonǟ, leidģianti 

integruoti skirtingus veiksnius ir prognozuoti jȎ poveikǱ. Tokie modeliai suteikia galimybň pereiti nuo 

apraġomosios analizǟs prie duomenimis grǱsto sprendimȎ priǟmimo, kuris yra bȊtinas kuriant paģangias 

transporto sistemas. Integruotas modeliavimo poģiȊris leidģia vienu metu vertinti saugos, efektyvumo ir 

aplinkosaugos aspektus, kurie daģnai yra tarpusavyje susijň. 

Ġio straipsnio tikslas ï sistemingai iġanalizuoti technologijȎ, vairuotojȎ elgsenos ir matematiniȎ 

modeliȎ sŃveikŃ visuomeninio transporto sistemose, Ǳvertinant jȎ poveikǱ saugai ir aplinkosauginiam 

efektyvumui. Siekiama ne tik apibendrinti esamus tyrimus, bet ir pateikti integruotŃ poģiȊrǱ, leidģiantǱ 

suprasti kompleksinius procesus, vykstanļius ġiose sistemose. 

 

Metodologija 

Ġiame tyrime taikoma metodologinǟ prieiga grindģiama sisteminǟs literatȊros apģvalgos principais, 

orientuotais Ǳ technologijȎ, vairuotojȎ elgsenos ir matematiniȎ modeliȎ sŃveikos analizň visuomeninio 

transporto sistemose. Atsiģvelgiant Ǳ nagrinǟjamos problematikos tarpdiscipliniġkumŃ, metodologija 

integruoja transporto inģinerijos, aplinkosaugos, duomenȎ analizǟs ir taikomosios matematikos tyrimus, 

siekiant sukurti konceptualiai nuoseklȎ ir analitiġkai pagrǱstŃ vertinimo modelǱ. Skirtingai nei pirmojo 
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straipsnio atveju, ġiame tyrime didesnis dǟmesys skiriamas kiekybiniams metodams, modeliavimui ir 

technologiniȎ sistemȎ poveikiui. 

Tyrimas grindģiamas sistemine literatȊros apģvalga su naratyvinǟs sintezǟs elementais, leidģianļiais 

integruoti skirtingȎ metodologiniȎ prieigȎ rezultatus. Tokia kombinacija yra bȊtina dǟl nagrinǟjamȎ tyrimȎ 

heterogeniġkumo, nes analizuojami darbai apima tiek eksperimentinius, tiek modeliavimo, tiek empiriniais 

duomenimis grǱstus tyrimus. Naratyvinǟ sintezǟ leidģia ne tik apibendrinti rezultatus, bet ir identifikuoti 

tarpusavio sŃsajas tarp technologiniȎ, elgsenos ir aplinkosauginiȎ veiksniȎ. 

Metodologinis poģiȊris taip pat apima vairuotojȎ elgsenos analizň, kuri vertinama kaip vienas 

svarbiausiȎ veiksniȎ, lemianļiȎ tiek saugŃ, tiek emisijas. Ġi analizǟ grindģiama telematikos duomenimis, 

empiriniais tyrimais ir modeliavimo rezultatais, leidģianļiais identifikuoti elgsenos modelius ir jȎ poveikǱ 

transporto sistemai. Toks poģiȊris leidģia integruoti ģmogaus veiksnius Ǳ technologinius ir matematinius 

modelius, sukuriant vieningŃ analizǟs sistemŃ. 

Nepaisant metodologinio nuoseklumo, tyrimas turi tam tikrȎ ribotumȎ, susijusiȎ su analizuojamȎ 

tyrimȎ heterogeniġkumu ir duomenȎ prieinamumu. Skirtingos metodikos, skirtingi vertinimo rodikliai ir 

nevienodi duomenȎ ġaltiniai apsunkina tiesioginǱ rezultatȎ palyginimŃ. Be to, dalis tyrimȎ remiasi 

laboratoriniais duomenimis, kurie ne visada atspindi realias eksploatacijos sŃlygas. Ġie ribotumai buvo 

Ǳvertinti interpretuojant rezultatus ir formuluojant iġvadas. 

PastarȎjȎ metȎ metodologinǟs tendencijos rodo aiġkȎ perǟjimŃ prie duomenimis grǱstȎ ir adaptyviȎ 

analizǟs metodȎ, kurie leidģia realiu laiku vertinti transporto sistemȎ veikimŃ. Dirbtinio intelekto ir didģiȎjȎ 

duomenȎ analizǟs metodai suteikia galimybň integruoti skirtingus duomenȎ ġaltinius ir kurti dinamiġkus 

modelius, kurie gali prisitaikyti prie besikeiļianļiȎ sŃlygȎ. Tokios metodologijos tampa vis svarbesnǟs, 

siekiant efektyviai valdyti sudǟtingas transporto sistemas. 

Apibendrinant galima teigti, kad taikyta metodologija leidģia sistemingai ir kritiġkai Ǳvertinti 

technologijȎ, vairuotojȎ elgsenos ir matematiniȎ modeliȎ sŃveikŃ visuomeninio transporto sistemose. 

Integruotas poģiȊris, apimantis literatȊros analizň, modeliavimo metodus ir elgsenos vertinimŃ, suteikia 

pagrindŃ formuoti duomenimis grǱstus sprendimus, orientuotus Ǳ saugos ir aplinkosauginio efektyvumo 

didinimŃ. 

 

TechnologijȎ ir transporto sistemȎ Ǳtaka 

TechnologijȎ plǟtra yra vienas svarbiausiȎ veiksniȎ, transformuojanļiȎ ġiuolaikines visuomeninio 

transporto sistemas ir iġ esmǟs keiļianļiȎ profesionaliȎ vairuotojȎ darbo pobȊdǱ (SkardģiȊtǟ, 2017: 18). 

Skaitmenizacija, automatizacija ir paģangiȎ valdymo sistemȎ integracija ne tik didina transporto priemoniȎ 

techninǱ efektyvumŃ, bet ir keiļia ģmogaus vaidmenǱ sistemoje, perkelia dalǱ funkcijȎ iġ ģmogaus Ǳ 

technologijŃ bei sukuria naujŃ ģmogausïmaġinos sŃveikos paradigmŃ. Dǟl ġios prieģasties technologijȎ Ǳtaka 

turi bȊti analizuojama kompleksiġkai, vertinant ne tik jȎ tiesioginǱ poveikǱ saugai ir efektyvumui, bet ir jȎ 

sŃveikŃ su vairuotojo elgsena bei kognityviniais procesais. 

Vienas svarbiausiȎ technologiniȎ pokyļiȎ transporto sektoriuje yra paģangiȎ vairuotojo pagalbos 

sistemȎ diegimas, kuris leidģia automatizuoti dalǱ vairavimo funkcijȎ ir sumaģinti ģmogiġkȎjȎ klaidȎ 

tikimybň (Cicchino, 2017: 289). Tokios sistemos, kaip automatinis avarinis stabdymas, adaptyvi greiļio 

kontrolǟ ar eismo juostos palaikymas, veikia kaip papildomas saugos sluoksnis, galintis kompensuoti 

ģmogaus reakcijos ribotumus kritinǟse situacijose. Ġios technologijos ypaļ svarbios miesto transporto 

aplinkoje, kur eismo intensyvumas ir situacijȎ sudǟtingumas yra didģiausi. Taļiau kartu su jȎ privalumais 

atsiranda ir naujȎ iġġȊkiȎ, susijusiȎ su vairuotojo vaidmens transformacija. 

Automatizacijos poveikis vairuotojo veiklai pasiģymi dvilypumu. Viena vertus, automatizuotos 

sistemos sumaģina fizinǱ krȊvǱ ir leidģia vairuotojui deleguoti dalǱ funkcijȎ technologijai, taip sumaģinant 

nuovargǱ. Kita vertus, ġis procesas keiļia kognityvinň veiklŃ, nes vairuotojas iġ aktyvaus valdytojo tampa 

sistemos stebǟtoju (Parasuraman et al., 2000: 286-297). Toks pokytis reikalauja nuolatinio budrumo 

iġlaikymo, taļiau esant maģam aktyviȎ veiksmȎ skaiļiui gali atsirasti monotonija ir sumaģǟti situacinis 

suvokimas. Ġis reiġkinys, daģnai apibȊdinamas kaip Ăout-of-the-loopñ efektas, rodo, kad automatizacija gali 

sukelti naujo tipo rizikas, kurios nǟra tiesiogiai susijusios su techniniais gedimais, bet kyla iġ ģmogaus ir 

sistemos sŃveikos. 

TechnologijȎ poveikis vairuotojȎ elgsenai taip pat pasireiġkia per pasitikǟjimo sistemomis lygǱ. Per 

didelis pasitikǟjimas automatizuotomis sistemomis gali lemti sumaģǟjusǱ dǟmesǱ ir pavǟluotŃ reakcijŃ 

situacijose, kuriose reikalingas ģmogaus Ǳsikiġimas. Tuo tarpu nepakankamas pasitikǟjimas gali riboti 

technologijȎ naudojimŃ ir sumaģinti jȎ efektyvumŃ. Todǟl svarbu uģtikrinti optimalȎ pasitikǟjimo lygǱ, kuris 

leistȎ efektyviai iġnaudoti technologijȎ teikiamas galimybes, iġlaikant vairuotojo ǱsitraukimŃ. 
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Telematikos ir duomenȎ analizǟs technologijos suteikia naujȎ galimybiȎ objektyviai vertinti 

vairuotojȎ elgsenŃ ir transporto sistemȎ veikimŃ. Ġios sistemos leidģia realiu laiku rinkti duomenis apie 

vairavimo parametrus, tokius kaip greitis, pagreitis, stabdymas ar marġruto laikymasis. Analizuojant ġiuos 

duomenis galima identifikuoti neefektyvaus ar rizikingo vairavimo modelius, kurie turi tiesioginǱ poveikǱ 

tiek saugai, tiek energijos sŃnaudoms. Toks duomenimis grǱstas poģiȊris leidģia pereiti nuo subjektyvaus 

vertinimo prie objektyvios analizǟs, kuri yra bȊtina kuriant efektyvias valdymo strategijas. 

Ģmogausïmaġinos sŃsaja yra vienas kritiniȎ aspektȎ, lemianļiȎ technologijȎ efektyvumŃ. 

Informacijos pateikimo bȊdas, valdymo elementȎ iġdǟstymas ir signalizacijos struktȊra turi tiesioginň ǱtakŃ 

vairuotojo kognityvinei apkrovai ir dǟmesio paskirstymui. Per didelis informacijos kiekis gali sukelti 

informacinň perkrovŃ, o nepakankamas ï sumaģinti situacinǱ suvokimŃ. Todǟl bȊtina kurti intuityvias ir 

ergonomiġkai pagrǱstas sŃsajas, kurios leistȎ vairuotojui efektyviai apdoroti informacijŃ ir priimti 

sprendimus. 

Vairuotojo bȊklǟs stebǟsenos technologijos tampa vis svarbesnǟs siekiant uģtikrinti saugŃ ir 

efektyvumŃ. Tokios sistemos, naudojanļios jutiklius ir algoritmus, leidģia realiu laiku vertinti nuovargǱ, 

dǟmesio lygǱ ir kitus psichofiziologinius parametrus. ĠiȎ sistemȎ privalumas yra jȎ gebǟjimas anksti 

identifikuoti rizikines bȊsenas ir inicijuoti prevencines priemones. Taļiau jȎ efektyvumas priklauso nuo 

duomenȎ tikslumo, algoritmȎ patikimumo ir integracijos Ǳ bendrŃ transporto sistemŃ. 

TechnologijȎ integracija taip pat vyksta sisteminiu lygmeniu, kuriant iġmaniŃsias transporto sistemas, 

kurios apima eismo valdymŃ, marġrutȎ optimizavimŃ ir energijos naudojimo kontrolň. Tokios sistemos 

leidģia efektyviau paskirstyti transporto srautus, sumaģinti vǟlavimus ir optimizuoti iġtekliȎ naudojimŃ. 

Vairuotojas ġioje sistemoje tampa vienu iġ elementȎ, sŃveikaujanļiȎ su skaitmenine infrastruktȊra, todǟl jo 

veikla vis labiau priklauso nuo informaciniȎ sistemȎ kokybǟs ir patikimumo. 

Svarbus aspektas yra technologijȎ poveikio sŃveika su vairuotojȎ elgsena. Technologijos gali skatinti 

efektyvesnǱ vairavimŃ, taļiau jȎ poveikis priklauso nuo to, kaip jos yra naudojamos. Pavyzdģiui, telematikos 

sistemos gali bȊti naudojamos kaip mokymo ir grǱģtamojo ryġio priemonǟ, skatinanti racionalȎ vairavimŃ, 

taļiau netinkamas jȎ naudojimas gali bȊti suvokiamas kaip kontrolǟs priemonǟ ir didinti stresŃ. Todǟl 

technologijȎ diegimas turi bȊti lydimas organizaciniȎ sprendimȎ, uģtikrinanļiȎ jȎ priimtinumŃ ir 

efektyvumŃ. 

Ateities technologinǟs tendencijos rodo, kad transporto sistemos taps vis labiau automatizuotos ir 

integruotos(Stankeviļius, 2019: 63). Dirbtinio intelekto sprendimai leis kurti adaptyvias sistemas, kurios 

galǟs prognozuoti vairuotojo elgsenŃ ir optimizuoti transporto procesus realiu laiku. Autonominio transporto 

plǟtra gali iġ esmǟs pakeisti vairuotojo vaidmenǱ, taļiau net ir tokiose sistemose ģmogaus vaidmuo iġliks 

svarbus, ypaļ sprendģiant nestandartines situacijas. 

Apibendrinant galima teigti, kad technologijȎ Ǳtaka visuomeninio transporto sistemoms yra daugialypǟ 

ir dinamiġka. Nors technologijos suteikia reikġmingȎ galimybiȎ didinti saugŃ ir efektyvumŃ, jos taip pat 

keiļia vairuotojo darbo pobȊdǱ ir sukuria naujȎ iġġȊkiȎ, susijusiȎ su ģmogaus ir sistemos sŃveika. Todǟl 

technologijȎ diegimas turi bȊti grindģiamas integruotu poģiȊriu, kuris apimtȎ techninius, kognityvinius ir 

organizacinius aspektus, siekiant uģtikrinti optimalȎ jȎ veikimŃ transporto sistemose. 

 

Aplinkosauginiai ir emisijȎ aspektai 

Aplinkosauginiai ir emisijȎ aspektai visuomeninio transporto sistemose tampa vis svarbesniu tyrimȎ 

objektu, ypaļ atsiģvelgiant Ǳ globalius klimato kaitos iġġȊkius ir grieģtǟjanļius tarptautinius reikalavimus 

maģinti ġiltnamio efektŃ sukelianļiȎ dujȎ emisijas. Nors visuomeninis transportas laikomas viena iġ 

efektyviausiȎ priemoniȎ maģinti individualaus transporto poveikǱ aplinkai, jo eksploatacinis efektyvumas ir 

realus emisijȎ lygis iġlieka stipriai priklausomi nuo veiklos organizavimo, technologiniȎ sprendimȎ ir, 

svarbiausia, vairuotojȎ elgsenos. Dǟl ġios prieģasties aplinkosauginiai aspektai turi bȊti analizuojami 

integruotai, vertinant technologijȎ, ģmogaus veiksniȎ ir eksploataciniȎ sŃlygȎ sŃveikŃ. 

Transporto sektorius yra vienas didģiausiȎ anglies dioksido ir kitȎ terġalȎ ġaltiniȎ, ypaļ urbanizuotose 

teritorijose, kuriose transporto srautai yra intensyviausi (Kaģukauskas, 2016: 7). Visuomeninis transportas, 

nors ir pasiģymi maģesnǟmis emisijomis vienam keleiviui, vis dǟlto generuoja reikġmingŃ absoliutȎ emisijȎ 

kiekǱ dǟl nuolatinǟs eksploatacijos ir didelio marġrutȎ tankio. Todǟl siekiant maģinti bendrŃ transporto 

sistemos poveikǱ aplinkai bȊtina ne tik modernizuoti transporto priemones, bet ir optimizuoti jȎ eksploatacijŃ 

bei vairuotojȎ elgsenŃ. 

Vairavimo stilius yra vienas svarbiausiȎ veiksniȎ, lemianļiȎ energijos sŃnaudas ir emisijȎ kiekǱ 

(Ericsson, 2001: 325-345). Agresyvus vairavimas, pasiģymintis staigiais greitǟjimais, intensyviu stabdymu 

ir daģnais greiļio svyravimais, didina variklio apkrovŃ ir lemia neefektyvȎ kuro naudojimŃ. Tokie vairavimo 

modeliai ne tik didina anglies dioksido emisijas, bet ir skatina azoto oksidȎ bei kietȎjȎ daleliȎ susidarymŃ. 
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Prieġingai, tolygus ir iġ anksto planuojamas vairavimas leidģia optimizuoti variklio darbo reģimŃ, sumaģinti 

energijos sŃnaudas ir iġlaikyti stabilesnǱ emisijȎ lygǱ. Ġi priklausomybǟ rodo, kad vairuotojȎ elgsena yra 

vienas iġ svarbiausiȎ kintamȎjȎ, kurǱ galima valdyti siekiant maģinti aplinkosauginǱ poveikǱ (Ġlapikaitǟ, 

2014: 69). 

Ekologiġko vairavimo principai yra vienas efektyviausiȎ bȊdȎ maģinti emisijas be dideliȎ 

technologiniȎ investicijȎ. Ġie principai apima racionalȎ greiļio pasirinkimŃ, ankstyvŃ stabdymŃ, optimaliŃ 

pavarȎ keitimo strategijŃ ir bendrŃ transporto priemonǟs darbo reģimo optimizavimŃ. Tokia vairavimo 

strategija leidģia ne tik sumaģinti kuro sŃnaudas, bet ir sumaģina mechaniniȎ komponentȎ nusidǟvǟjimŃ, kas 

ilgainiui didina transporto sistemos efektyvumŃ. Taļiau praktinis ġiȎ principȎ Ǳgyvendinimas priklauso nuo 

vairuotojȎ mokymo, motyvacijos ir darbo sŃlygȎ, todǟl bȊtina uģtikrinti sisteminǱ poģiȊrǱ Ǳ jȎ diegimŃ. 

Transporto priemoniȎ elektrifikacija yra viena pagrindiniȎ strategijȎ, siekiant maģinti transporto 

sektoriaus emisijas. Elektriniai autobusai pasiģymi nulinǟmis tiesioginǟmis emisijomis ir didesniu energijos 

panaudojimo efektyvumu, palyginti su vidaus degimo varikliais. Be to, jie sumaģina triukġmo tarġŃ, kas yra 

svarbu miesto aplinkoje. Taļiau svarbu paģymǟti, kad elektrifikacija nepanaikina ģmogaus vaidmens, nes 

vairavimo stilius vis dar daro reikġmingŃ ǱtakŃ energijos suvartojimui (Meġkauskienǟ, 2022: 33). Pavyzdģiui, 

regeneracinio stabdymo efektyvumas priklauso nuo vairuotojo gebǟjimo optimaliai valdyti transporto 

priemonň, todǟl net ir paģangiausios technologijos negali uģtikrinti maksimalaus efektyvumo be tinkamos 

elgsenos. 

Vertinant aplinkosauginǱ poveikǱ, bȊtina taikyti gyvavimo ciklo analizǟs principus, kurie leidģia 

Ǳvertinti transporto priemonǟs poveikǱ visais jos gyvavimo etapais. Nors elektrinǟs transporto priemonǟs 

eksploatacijos metu neiġskiria terġalȎ, jȎ gamyba ir energijos tiekimas gali turǟti reikġmingŃ netiesioginǱ 

poveikǱ aplinkai. Todǟl tikrasis aplinkosauginis efektyvumas priklauso nuo energijos gamybos ġaltiniȎ ir 

visos transporto sistemos struktȊros. Ġis aspektas rodo, kad emisijȎ analizǟ turi bȊti atliekama kompleksiġkai, 

integruojant technologinius ir eksploatacinius veiksnius. 

Svarbus ġio tyrimo aspektas yra aplinkosauginiȎ ir psichofiziologiniȎ veiksniȎ sŃveika. VairuotojȎ 

bȊklǟ, ypaļ nuovargis ir stresas, gali turǟti netiesioginǱ poveikǱ emisijoms, nes ji lemia vairavimo stiliaus 

pokyļius. Nuovargis gali sumaģinti vairavimo tikslumŃ ir padidinti greiļio svyravimus, o stresas gali skatinti 

agresyvesnǱ vairavimŃ (Zaranka, 2013: 4). Be to, darbo organizavimas, ypaļ laiko spaudimas ir nerealȊs 

tvarkaraġļiai, gali versti vairuotojus rinktis maģiau efektyvias vairavimo strategijas. Tai rodo, kad 

aplinkosauginis efektyvumas yra glaudģiai susijňs su ģmogaus veiksniais ir negali bȊti vertinamas atskirai 

nuo darbo sŃlygȎ. 

Technologijos suteikia papildomȎ galimybiȎ maģinti emisijas, ypaļ naudojant telematikos ir realaus 

laiko duomenȎ analizǟs sistemas. Ġios sistemos leidģia stebǟti vairavimo stiliȎ, identifikuoti neefektyvius 

elgsenos modelius ir teikti rekomendacijas vairuotojams. Tokie sprendimai gali bȊti naudojami tiek mokymȎ 

procese, tiek kasdienǟje veikloje, siekiant skatinti racionalȎ vairavimŃ. Be to, marġrutȎ optimizavimo 

sistemos leidģia sumaģinti nereikalingus sustojimus ir greiļio pokyļius, kas taip pat prisideda prie emisijȎ 

maģinimo. 

Pastaraisiais metais aplinkosaugos tyrimuose vis didesnis dǟmesys skiriamas integruotam poģiȊriui, 

kuris apima technologijas, vairuotojȎ elgsenŃ ir sisteminǱ valdymŃ. Tokie modeliai leidģia vienu metu 

vertinti kelis kriterijus, tokius kaip sauga, energijos sŃnaudos ir emisijos, ir ieġkoti optimaliȎ sprendimȎ. Tai 

ypaļ svarbu kuriant tvarias transporto sistemas, kuriose skirtingi tikslai turi bȊti suderinti. 

Ateities tyrimȎ kryptys rodo, kad aplinkosauginis efektyvumas vis labiau priklausys nuo duomenimis 

grǱstȎ sprendimȎ ir dirbtinio intelekto taikymo. Tokios technologijos leis prognozuoti energijos sŃnaudas, 

optimizuoti vairavimo strategijas ir adaptuoti transporto sistemas realiu laiku. Taip pat tikǟtina, kad didǟs 

individualizuotȎ sprendimȎ svarba, leidģianti atsiģvelgti Ǳ konkreļiȎ vairuotojȎ elgsenos ypatumus ir 

pritaikyti rekomendacijas pagal jȎ darbo stiliȎ. 

Apibendrinant galima teigti, kad aplinkosauginiai ir emisijȎ aspektai yra integrali visuomeninio 

transporto sistemȎ dalis, kuri tiesiogiai priklauso nuo technologijȎ, vairuotojȎ elgsenos ir darbo 

organizavimo. Efektyvus emisijȎ maģinimas reikalauja kompleksinio poģiȊrio, kuris apimtȎ ne tik techninius 

sprendimus, bet ir ģmogaus veiksniȎ integracijŃ, siekiant sukurti tvariŃ ir efektyviŃ transporto sistemŃ.. 

 

Matematiniai ir statistiniai modeliai 

Matematiniai ir statistiniai modeliai sudaro pagrindŃ ġiuolaikinei transporto sistemȎ analizei, 

leidģianļiai kiekybiġkai Ǳvertinti technologijȎ, vairuotojȎ elgsenos ir aplinkosauginiȎ veiksniȎ sŃveikŃ 

(Baublys, 1997: 102). Kompleksinǟ visuomeninio transporto sistema pasiģymi dideliu kintamȎjȎ skaiļiumi, 

nelinearinǟmis priklausomybǟmis ir reikġmingu neapibrǟģtumu, todǟl tradiciniai deterministiniai metodai 
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daģnai yra nepakankami. Dǟl ġios prieģasties vis daģniau taikomi paģangȊs modeliavimo metodai, kurie 

leidģia integruoti skirtingus duomenȎ ġaltinius ir prognozuoti sistemos elgsenŃ Ǳvairiomis sŃlygomis. 

Vienas svarbiausiȎ modeliavimo objektȎ yra vairuotojȎ elgsenos ir psichofiziologinǟs bȊklǟs poveikis 

transporto sistemos veikimui. Nuovargio ir reakcijos laiko modeliai leidģia kiekybiġkai Ǳvertinti ģmogaus 

bȊklǟs ǱtakŃ sprendimȎ priǟmimui ir eismo saugai. Tokie modeliai daģnai grindģiami dinaminǟmis 

funkcijomis, kurios apraġo nuovargio kaupimŃsi priklausomai nuo darbo trukmǟs, poilsio intervalȎ ir 

cirkadiniȎ veiksniȎ. ĠiȎ modeliȎ svarba yra ta, kad jie leidģia identifikuoti kritines bȊsenas, kuriose 

vairuotojo veiklos efektyvumas reikġmingai sumaģǟja, ir prognozuoti galimas rizikas. 

Reakcijos laiko modeliavimas yra svarbus tarpinis etapas, leidģiantis susieti psichofiziologinň bȊklň 

su saugos rezultatais. Statistiniai modeliai rodo, kad reakcijos laikas yra jautrus nuovargio, streso ir 

kognityvinǟs apkrovos pokyļiams, o jo padidǟjimas turi disproporcingŃ poveikǱ eismo ǱvykiȎ tikimybei. Ġi 

nelinearinǟ priklausomybǟ yra svarbi kuriant rizikos vertinimo sistemas, nes ji leidģia identifikuoti ribines 

bȊsenas, kuriose sauga staigiai blogǟja. 

Eismo saugos analizǟje plaļiai taikomi tikimybiniai modeliai, leidģiantys Ǳvertinti ǱvairiȎ veiksniȎ 

ǱtakŃ eismo ǱvykiȎ tikimybei. Logistinǟ regresija yra vienas daģniausiai naudojamȎ metodȎ, nes ji leidģia 

modeliuoti dvejetainius rezultatus ir Ǳvertinti skirtingȎ kintamȎjȎ svarbŃ. Tokie modeliai suteikia galimybň 

nustatyti, kaip nuovargis, darbo krȊvis ar vairavimo elgsena veikia rizikŃ, ir leidģia identifikuoti kritinius 

slenksļius, kuriuos virġijus tikimybǟ ģenkliai padidǟja. Be to, daugiamatǟ analizǟ leidģia Ǳvertinti veiksniȎ 

sŃveikŃ, kuri yra bȊtina analizuojant kompleksines sistemas. 

Transporto emisijȎ modeliavimas taip pat remiasi matematiniais metodais, kurie leidģia nustatyti 

ryġius tarp vairavimo parametrȎ ir energijos sŃnaudȎ (Pareigis, 2012: 5). Greitis, pagreitis ir transporto 

priemonǟs darbo reģimas yra pagrindiniai kintamieji, kurie daro ǱtakŃ emisijȎ lygiui. Modeliai rodo, kad 

staigȊs pagreiļiai ir daģni greiļio pokyļiai ģenkliai didina kuro sŃnaudas, o stabilus vairavimas leidģia 

pasiekti optimalȎ energijos naudojimŃ. Tokie modeliai yra ypaļ svarbȊs vertinant eco-driving strategijȎ 

efektyvumŃ ir jȎ poveikǱ aplinkosaugai. 

Neapibrǟģtumo analizǟje svarbi vieta tenka simuliaciniams metodams, kurie leidģia modeliuoti 

atsitiktinius procesus ir Ǳvertinti skirtingȎ scenarijȎ tikimybes. Monte Carlo tipo simuliacijos suteikia 

galimybň generuoti daugybň galimȎ situacijȎ ir analizuoti jȎ pasiskirstymŃ, kas yra ypaļ svarbu transporto 

sistemose, kuriose egzistuoja didelis variabilumas. Ġie metodai leidģia Ǳvertinti ne tik vidutines reikġmes, bet 

ir ekstremalias situacijas, kurios daģnai yra svarbiausios saugos poģiȊriu. 

Daugiakriterinǟ analizǟ tampa vis svarbesnǟ, nes transporto sistemose reikia vienu metu vertinti kelis 

tikslus, kurie daģnai yra tarpusavyje prieġtaringi. Saugos, efektyvumo ir aplinkosaugos tikslai ne visada 

sutampa, todǟl bȊtina rasti kompromisinius sprendimus. Daugiakriteriniai metodai leidģia struktȊruotai 

Ǳvertinti skirtingus kriterijus ir nustatyti optimalias strategijas, atsiģvelgiant Ǳ jȎ svarbŃ. Tokie metodai yra 

ypaļ naudingi planuojant transporto sistemas ir vertinant skirtingȎ technologiniȎ sprendimȎ poveikǱ. 

Statistiniai metodai sudaro pagrindŃ empiriniȎ duomenȎ analizei ir modeliȎ validacijai. Regresinǟ 

analizǟ, koreliacijos analizǟ ir dispersinǟ analizǟ leidģia nustatyti ryġius tarp kintamȎjȎ ir Ǳvertinti jȎ statistinǱ 

reikġmingumŃ. Taļiau svarbu uģtikrinti duomenȎ kokybň ir tinkamŃ metodȎ taikymŃ, nes netinkamai 

parinkti modeliai gali lemti klaidingas iġvadas. Todǟl vis didesnis dǟmesys skiriamas duomenȎ paruoġimui, 

filtravimui ir validacijai. 

Integruotas modeliavimo poģiȊris tampa vienu svarbiausiȎ ġiuolaikiniȎ tyrimȎ elementȎ, nes leidģia 

sujungti skirtingus modelius Ǳ vieningŃ sistemŃ. Tokie modeliai gali apimti vairuotojȎ bȊklǟs analizň, eismo 

saugŃ ir emisijȎ vertinimŃ vienu metu, leidģiant geriau suprasti jȎ tarpusavio sŃveikŃ. Pavyzdģiui, nuovargio 

modeliai gali bȊti naudojami prognozuoti reakcijos laikŃ, kuris integruojamas Ǳ rizikos modelius, o vairavimo 

elgsena gali bȊti siejama su emisijȎ modeliais. Toks poģiȊris leidģia kurti holistinius sprendimus, kurie 

atsiģvelgia Ǳ visus svarbiausius veiksnius. 

Pastaraisiais metais modeliavimo metodai sparļiai evoliucionuoja, integruojant dirbtinio intelekto ir 

maġininio mokymosi sprendimus. Ġie metodai leidģia analizuoti didelius duomenȎ kiekius ir identifikuoti 

sudǟtingas priklausomybes, kurios nǟra lengvai apraġomos tradiciniais metodais. Maġininio mokymosi 

modeliai gali bȊti naudojami prognozuoti vairuotojȎ elgsenŃ, energijos sŃnaudas ar eismo ǱvykiȎ tikimybň, 

remiantis realaus laiko duomenimis. Tokie modeliai yra adaptyvȊs ir gali nuolat tobulǟti, didindami 

prognozavimo tikslumŃ. 

Ateities tyrimȎ kryptys rodo, kad modeliavimas taps dar labiau individualizuotas ir integruotas. 

Skirtingi vairuotojai pasiģymi skirtingomis elgsenos ir fiziologinǟmis savybǟmis, todǟl universalȊs modeliai 

gali bȊti nepakankamai tikslȊs. Individualizuoti modeliai, kurie atsiģvelgia Ǳ konkretaus vairuotojo 

ypatumus, gali reikġmingai pagerinti sprendimȎ efektyvumŃ. Be to, skaitmeniniȎ dvyniȎ koncepcija suteikia 
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galimybň kurti virtualias transporto sistemȎ kopijas, leidģianļias testuoti Ǳvairius scenarijus be realios 

rizikos. 

Apibendrinant galima teigti, kad matematiniai ir statistiniai modeliai yra bȊtini siekiant suprasti ir 

valdyti visuomeninio transporto sistemas. Jie leidģia integruoti technologijȎ, vairuotojȎ elgsenos ir 

aplinkosauginiȎ veiksniȎ poveikǱ Ǳ vieningŃ analizǟs sistemŃ, kuri yra bȊtina kuriant efektyvias ir tvarias 

transporto strategijas. Integruotas, duomenimis grǱstas ir adaptyvus modeliavimo poģiȊris tampa pagrindiniu 

Ǳrankiu sprendģiant ġiuolaikinius transporto sektoriaus iġġȊkius (Vipartas, 2013: 12). 

 

Diskusija 

Atlikta analizǟ leidģia teigti, kad technologijȎ, vairuotojȎ elgsenos ir matematiniȎ modeliȎ sŃveika 

visuomeninio transporto sistemose sudaro kompleksinň, daugiasluoksnň struktȊrŃ, kurios veikimŃ lemia ne 

pavieniai veiksniai, o jȎ integruotas poveikis. Skirtingai nei tradicinǟse transporto analizǟse, kuriose 

technologijos ir ģmogaus elgsena daģnai nagrinǟjamos atskirai, ġis tyrimas atskleidģia, kad jȎ sŃveika yra 

esminǟ siekiant uģtikrinti tiek saugŃ, tiek aplinkosauginǱ efektyvumŃ. Todǟl diskusija orientuojama Ǳ ġiȎ 

veiksniȎ tarpusavio priklausomybǟs ir jȎ integracijos reikġmň. 

Vienas pagrindiniȎ rezultatȎ yra tai, kad technologijos negali bȊti laikomos universaliu sprendimu 

transporto sistemȎ problemoms sprňsti, jei neatsiģvelgiama Ǳ vairuotojȎ elgsenŃ ir kognityvinius procesus. 

Nors paģangios vairuotojo pagalbos sistemos ir automatizacija gali sumaģinti klaidȎ tikimybň, jȎ 

efektyvumas priklauso nuo to, kaip vairuotojai sŃveikauja su ġiomis sistemomis. Automatizacijos poveikis 

yra dvilypis ï ji maģina fizinǱ krȊvǱ, taļiau tuo paļiu gali sumaģinti budrumŃ ir situacinǱ suvokimŃ. Ġis 

reiġkinys rodo, kad technologijȎ integracija turi bȊti grindģiama ģmogausïmaġinos sŃveikos principais, o ne 

vien techniniu efektyvumu. 

VairuotojȎ elgsena iġlieka vienu svarbiausiȎ veiksniȎ, lemianļiȎ tiek saugŃ, tiek emisijas. Analizǟ 

parodǟ, kad net ir paģangiausios technologijos negali uģtikrinti optimalaus sistemos veikimo, jei vairavimo 

stilius yra neefektyvus. Agresyvus vairavimas didina ne tik eismo ǱvykiȎ tikimybň, bet ir energijos sŃnaudas 

bei emisijas, todǟl ġie aspektai turi bȊti vertinami kartu. Tai leidģia daryti iġvadŃ, kad vairuotojȎ elgsena yra 

jungiamasis elementas tarp saugos ir aplinkosaugos tikslȎ. 

Matematiniai ir statistiniai modeliai suteikia galimybň integruoti ġiuos veiksnius Ǳ vieningŃ analizǟs 

sistemŃ, taļiau jȎ taikymas susiduria su tam tikrais iġġȊkiais. Vienas iġ pagrindiniȎ iġġȊkiȎ yra modeliȎ 

sudǟtingumas ir duomenȎ prieinamumas. Nors paģangȊs modeliai gali tiksliai atspindǟti realias sŃlygas, jȎ 

efektyvumas priklauso nuo duomenȎ kokybǟs ir kiekio. Be to, dauguma modeliȎ remiasi supaprastintomis 

prielaidomis, kurios ne visada atitinka realias transporto sistemȎ sŃlygas. Todǟl bȊtina toliau plǟtoti 

modelius, kurie galǟtȎ geriau atspindǟti nelinearines sŃveikas ir dinamiġkus procesus. 

Svarbus diskusijos aspektas yra integruoto poģiȊrio bȊtinybǟ. Tradiciġkai sauga, efektyvumas ir 

aplinkosauga buvo nagrinǟjami kaip atskiri tikslai, taļiau ġis tyrimas rodo, kad jie yra glaudģiai susijň. 

Pavyzdģiui, vairavimo strategijos, kurios maģina emisijas, daģnai tuo paļiu maģina ir eismo ǱvykiȎ rizikŃ, 

nes jos grindģiamos tolygiu ir prognozuojamu vairavimu. Tai rodo, kad integruoti modeliai, vertinantys kelis 

kriterijus vienu metu, gali bȊti efektyvesni nei atskirȎ aspektȎ optimizavimas. 

TechnologijȎ vaidmuo ġiame kontekste yra svarbus, taļiau jȎ poveikis priklauso nuo jȎ integracijos 

lygio ir naudojimo strategijos. Telematikos ir duomenȎ analizǟs sistemos suteikia galimybň realiu laiku 

stebǟti vairuotojȎ elgsenŃ ir teikti grǱģtamŃjǱ ryġǱ, kuris gali bȊti naudojamas tiek mokymui, tiek operatyviam 

valdymui. Taļiau svarbu uģtikrinti, kad ġios sistemos bȊtȎ naudojamos kaip pagalbos priemonǟ, o ne kaip 

kontrolǟs mechanizmas, nes prieġingu atveju jos gali didinti stresŃ ir maģinti darbuotojȎ motyvacijŃ. 

Metodologiniu poģiȊriu analizǟ atskleidģia, kad esami tyrimai daģnai yra fragmentuoti ir orientuoti Ǳ 

atskirus aspektus, o ne Ǳ jȎ integracijŃ. Skirtingos disciplinos naudoja skirtingus metodus ir rodiklius, todǟl 

sunku sukurti vieningŃ analizǟs sistemŃ. Tai rodo, kad bȊtina plǟtoti tarpdisciplininius tyrimus, kurie 

sujungtȎ technologinius, elgsenos ir aplinkosauginius aspektus Ǳ vienŃ modelǱ. Tokie tyrimai galǟtȎ suteikti 

naujȎ ǱģvalgȎ ir padǟti kurti efektyvesnes transporto sistemas. 

Dar viena svarbi problema yra realaus laiko duomenȎ naudojimo trȊkumas. Nors telematikos sistemos 

suteikia galimybň rinkti didelius duomenȎ kiekius, jȎ integracija Ǳ analizǟs ir sprendimȎ priǟmimo procesus 

dar nǟra pakankamai iġplǟtota. Ateityje bȊtina plǟtoti sistemas, kurios galǟtȎ ne tik rinkti duomenis, bet ir 

juos analizuoti realiu laiku, leidģiant dinamiġkai adaptuoti transporto sistemȎ veikimŃ. 

Praktiniu poģiȊriu tyrimo rezultatai rodo, kad efektyvus transporto sistemȎ valdymas reikalauja 

kompleksiniȎ sprendimȎ (Juchneviļius, 2022: 6). Pirma, bȊtina integruoti technologijas su vairuotojȎ 

mokymu ir elgsenos valdymu, siekiant uģtikrinti jȎ efektyvȎ naudojimŃ. Antra, svarbu naudoti matematinius 

modelius sprendimȎ priǟmimui pagrǱsti, ypaļ planuojant marġrutus ir optimizuojant energijos naudojimŃ. 
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Treļia, bȊtina atsiģvelgti Ǳ aplinkosauginius tikslus, kurie turi bȊti integruoti Ǳ bendrŃ transporto sistemos 

strategijŃ. 

Ateities tyrimȎ kryptys rodo, kad transporto sistemȎ analizǟ vis labiau orientuosis Ǳ duomenimis 

grǱstus ir adaptyvius modelius. Dirbtinio intelekto metodai leis analizuoti didelius duomenȎ kiekius ir 

identifikuoti sudǟtingas priklausomybes, kurios nǟra lengvai pastebimos tradiciniais metodais. Tokios 

sistemos galǟs prognozuoti vairuotojȎ elgsenŃ, optimizuoti energijos sŃnaudas ir adaptuoti transporto 

sistemas realiu laiku. Taip pat tikǟtina, kad didǟs individualizuotȎ sprendimȎ svarba, leidģianti atsiģvelgti Ǳ 

konkreļiȎ vairuotojȎ ypatumus. 

Apibendrinant galima teigti, kad technologijȎ, vairuotojȎ elgsenos ir matematiniȎ modeliȎ integracija 

yra esminǟ sŃlyga kuriant efektyvias ir tvarias visuomeninio transporto sistemas. ĠiȎ veiksniȎ sŃveika lemia 

bendrŃ sistemos veikimŃ, todǟl jȎ analizǟ turi bȊti grindģiama integruotu ir tarpdisciplininiu poģiȊriu. Tik 

toks poģiȊris leidģia uģtikrinti, kad transporto sistemos bȊtȎ ne tik technologiġkai paģangios, bet ir saugios, 

efektyvios bei aplinkai draugiġkos. 

 

Iġvados 

1. Atlikta analizǟ leidģia teigti, kad visuomeninio transporto sistemȎ efektyvumas ir tvarumas yra 
kompleksinis rezultatas, kurǱ lemia technologijȎ, vairuotojȎ elgsenos ir matematiniȎ modeliȎ sŃveika. Ġie 

elementai sudaro integruotŃ sistemŃ, kurioje kiekvieno komponento poveikis priklauso nuo bendros sistemos 

struktȊros ir veikimo sŃlygȎ. Todǟl transporto sistemȎ analizǟ turi bȊti grindģiama ne pavieniȎ veiksniȎ 

vertinimu, o jȎ tarpusavio sŃveikos supratimu. 

2. Vienas svarbiausiȎ ġios analizǟs rezultatȎ yra tai, kad technologijos, nors ir suteikia reikġmingȎ 
galimybiȎ didinti saugŃ ir efektyvumŃ, negali uģtikrinti optimalaus sistemos veikimo be tinkamos vairuotojȎ 

elgsenos. Nustatyta, kad vairavimo stilius yra kritinis veiksnys, lemiantis tiek eismo saugŃ, tiek energijos 

sŃnaudas ir emisijȎ lygǱ. Agresyvus vairavimas didina tiek avarijȎ tikimybň, tiek transporto poveikǱ aplinkai, 

tuo tarpu racionalus ir prognozuojamas vairavimas leidģia pasiekti sinerginǱ efektŃ, maģinant tiek rizikŃ, tiek 

emisijas. 

3. Tyrimas taip pat parodǟ, kad technologijȎ poveikis yra dvilypis. Viena vertus, paģangios sistemos 
gali sumaģinti ģmogiġkȎjȎ klaidȎ tikimybň ir optimizuoti transporto procesus, taļiau kita vertus, jos keiļia 

vairuotojo vaidmenǱ ir gali sukelti naujȎ rizikȎ, susijusiȎ su sumaģǟjusiu budrumu ir situaciniu suvokimu. 

Todǟl technologijȎ diegimas turi bȊti grindģiamas ģmogausïmaġinos sŃveikos principais, uģtikrinant, kad 

technologijos papildytȎ, o ne pakeistȎ ģmogaus gebǟjimus. 

4. Matematiniai ir statistiniai modeliai iġryġkǟja kaip esminǟ priemonǟ, leidģianti integruoti 
skirtingus veiksnius ir kiekybiġkai Ǳvertinti jȎ poveikǱ. Tokie modeliai suteikia galimybň prognozuoti eismo 

ǱvykiȎ tikimybň, energijos sŃnaudas ir emisijas, taip pat optimizuoti transporto sistemȎ veikimŃ. Nustatyta, 

kad integruoti modeliai, apimantys vairuotojȎ elgsenŃ, technologinius sprendimus ir aplinkosauginius 

parametrus, yra efektyvesni nei atskirȎ aspektȎ analizǟ. 

5. Svarbi iġvada yra ta, kad sauga ir aplinkosauga transporto sistemose yra glaudģiai susijň tikslai, 
kurie turi bȊti vertinami kartu. Vairavimo strategijos, orientuotos Ǳ emisijȎ maģinimŃ, daģnai tuo paļiu 

maģina ir eismo ǱvykiȎ rizikŃ, nes jos grindģiamos tolygiu ir prognozuojamu vairavimu. Tai rodo, kad 

integruotas poģiȊris, apimantis kelis kriterijus vienu metu, leidģia pasiekti geresniȎ rezultatȎ nei atskirȎ 

tikslȎ optimizavimas. 

6. Praktiniu poģiȊriu tyrimo rezultatai leidģia suformuluoti kelias pagrindines kryptis, kurios gali 
prisidǟti prie efektyvesniȎ transporto sistemȎ kȊrimo. Pirma, bȊtina integruoti technologinius sprendimus su 

vairuotojȎ mokymu, siekiant uģtikrinti jȎ tinkamŃ naudojimŃ. Antra, svarbu naudoti duomenimis grǱstus 

modelius, kurie leistȎ optimizuoti marġrutus, energijos naudojimŃ ir vairavimo strategijas. Treļia, bȊtina Ǳ 

transporto sistemȎ valdymŃ integruoti aplinkosauginius tikslus, siekiant maģinti emisijas ir didinti tvarumŃ. 

7. Analizǟ taip pat atskleidǟ metodologinius iġġȊkius, susijusius su duomenȎ prieinamumu ir 
modeliȎ integracija. Skirtingi duomenȎ ġaltiniai ir metodai apsunkina vieningos analizǟs sistemos kȊrimŃ, 

todǟl bȊtina plǟtoti standartizuotus metodus ir rodiklius. Be to, realaus laiko duomenȎ integracija Ǳ modelius 

iġlieka viena pagrindiniȎ ateities tyrimȎ krypļiȎ. 

8. Ateities tyrimȎ kontekste svarbu plǟtoti adaptyvius ir individualizuotus modelius, kurie galǟtȎ 
atsiģvelgti Ǳ vairuotojȎ skirtumus ir dinamiġkai prisitaikyti prie besikeiļianļiȎ sŃlygȎ. Dirbtinio intelekto 

metodai suteikia galimybň analizuoti didelius duomenȎ kiekius ir kurti prognozavimo sistemas, kurios galǟtȎ 

bȊti taikomos realiu laiku. Tokios sistemos leistȎ ne tik geriau suprasti transporto sistemȎ veikimŃ, bet ir 

aktyviai jǱ valdyti. 

Apibendrinant galima teigti, kad technologijȎ, vairuotojȎ elgsenos ir matematiniȎ modeliȎ integracija 

yra esminǟ sŃlyga kuriant saugias, efektyvias ir tvarias visuomeninio transporto sistemas. Tik kompleksinis, 
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duomenimis grǱstas ir tarpdisciplininis poģiȊris leidģia pasiekti optimalius rezultatus, atsiģvelgiant Ǳ 

ġiuolaikinius transporto sektoriaus iġġȊkius ir ateities tendencijas. 
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INTEGRATION OF TECHNOLOGIES, DRIVER BEHAVIOR, AND MATHEMATICAL MODELS IN 

PUBLIC TRANSPORT SYSTEMS: ASSESSMENT OF SAFETY AND ENVIRONMENTAL EFFICIENCY 

 

Summary 

The efficiency and sustainability of public transport systems are increasingly dependent on technological solutions, 

driver behavior, and their interaction. Despite the rapid development of transport technologies, the human role remains 

critical, particularly in the assessment of energy consumption, emissions, and safety indicators.  

The aim of this study is to systematically analyze the interaction between technologies, driver behavior, and 

mathematical models in public transport systems, evaluating their impact on safety and environmental efficiency. The 

study is based on a systematic literature review and narrative synthesis, integrating research from transport engineering, 

environmental science, and applied mathematics.  

The findings indicate that driving style is one of the key factors influencing energy consumption and emissions, 

while advanced technologies, such as Advanced Driver Assistance Systems (ADAS) and telematics, can significantly 

optimize these processes. However, the impact of technologies is dual in nature, as they not only reduce physical 

workload but also increase cognitive load and transform the role of the driver. Mathematical and statistical models 

enable the integration of different factors into a unified analytical framework, providing the capability to predict risk, 

energy consumption, and emissions.  
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The study reveals that effective management of transport systems requires an integrated approach that combines 

technological solutions, driver behavior analysis, and data-driven modeling. The results can be applied in the 

development of sustainable, safe, and efficient transport systems. 

Key words: Public transport; technologies; ADAS; emissions; eco-driving; mathematical models; transport 

sustainability 
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ENVIRONMENTAL CHALLENGES OF FUTURE AERODYNAMICS 

 

Audrius Jonuġas 

Lietuvos Inzinerijos Kolegija Higher Education Institution 

 
Abstract 

The field of aerodynamics faces a range of environmental challenges in the future as the demand for faster and 

more fuel-efficient aircraft increases. These challenges include reducing carbon emissions, noise pollution, and the 

impact of aviation on local air quality and ecosystems. Additionally, improvements in aerodynamic design, lightweight 

structures, and air traffic management systems are being explored to reduce emissions, fuel consumption, and noise 

levels. Overall, the future of aerodynamics will require a holistic approach that considers the environmental impact of 

aviation and strives to develop cleaner and greener technologies to ensure a sustainable future for air travel. 

Key words: aerodynamics, fuel-efficient, carbon emissions, electric propulsion systems, sustainability of 

aircraft. 

 

Introduction 

Aviation serves as a critical connector for global communities today, yet it significantly contributes to 

climate change. Currently, it is estimated that the aviation sector accounts for about 3.5% of the total human-

induced alterations to the Earthôs energy balance. Since the mid-1980s, emissions from aviation have 

increased, consistently representing 2-2.5% of overall global emissions. Disturbingly, projections indicate 

that by 2050, aviation may be responsible for a quarter of the allowable CO  emissions needed to keep global 

warming within 1.5ÁC above preindustrial conditions [1]. Given that aircraft can have a service life of up to 

30 years, it's evident that urgent action is necessary.  

Industry stakeholders and policymakers face the challenge of formulating and executing strategies 

aimed at achieving net-zero emissions for a sustainable future. In this regard, sustainable aviation initiatives 

are gaining traction. At the international level, the International Civil Aviation Organization (ICAO), a UN 

agency that promotes collaboration among 193 countries, has set a goal of reaching net-zero carbon 

emissions for global civil aviation by 2050 [2]. The UN has also emphasized the importance of reducing CO  

emissions per capita to between 2 and 2.5 tons by 2030, highlighting that while this objective isn't solely 

focused on aviation, cutting down aviation emissions is crucial. 

For context, the ICAO Carbon Emissions Calculator estimates that a passenger flying round-trip in 

economy class from Los Angeles to London will produce approximately 880 kg of CO , which constitutes 

35-45% of the individual emissions cap. 

 

Material and Methods 

While advances in aeronautical technology hold great potential, they are often constrained by existing 

ideas and our understanding of physics. Additionally, although the expansion of information technology has 

significantly influenced various fields, its effect on aeronautical design tools and environments has been 

relatively limited thus far. 

 

 
Fig. 1. HLFC ï Hybrid Laminar Flow Control [3] 
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As air travel continues to grow, the demand for enhanced safety, reliability, reduced noise, lower 

emissions, time efficiency, and more affordable options will become increasingly important. To 

accommodate this demand, the aviation industry is working on the development of larger aircraft capable of 

carrying up to 600 passengers, and potentially even moreðup to 800 or 1,000. These larger aircraft will need 

to be highly fuel-efficient, produce minimal noise, and be able to operate on standard runways. 

To achieve fuel efficiency, new engines with ultra-high bypass ratios are being designed, along with 

aerodynamic improvements aimed at reducing drag. One promising technology in this area is hybrid laminar 

flow control (HLFC), which enhances fuel efficiency by employing a uniquely designed wing surface 

combined with a suction system to maintain a smooth and low-drag airflow along a greater section of the 

wing [3, 4]. This method minimizes drag and, through the use of micro-perforated surfaces, helps postpone 

the shift from laminar to turbulent airflow, resulting in substantial drag reduction. While initial research has 

shown that HLFC can effectively decrease drag and enhance fuel efficiency, additional investigations are 

needed to adapt this technology for the higher Reynolds numbers. 

 

 
Fig. 2. Aircraft High-Lift System [4] 

 

Another factor that greatly affects the weight of an aircraft is the performance of its high-lift system.  

In general, the more complex systems utilizing the high-lift system the more it weighs. with fewer 

elements (i.e., flaps, slats, etc.) either passive or active boundary layer suction or blowing to delay separation 

of the flap boundary layers will be needed to meet runway length constraints. Smart structures, together with 

flow control technology, will play a vital role in the needed improvements in control surface effectiveness 

These technologies and their size and weight. will also allow for continuous recontouring of the wing surface 

during cruise, thus further reducing the drag and improving fuel efficiency. 

Innovative materials and flow control technologies will be crucial for enhancing the effectiveness of 

control surfaces. These advancements, along with minimizing size and weight, could facilitate the continuous 

reshaping of wing surfaces during flight, leading to reduced drag and improved fuel efficiency. 
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Fig. 3. The airfoil with traditional (a) and adaptive (b) mechanization.  

(c) The airfoil with an adaptive slat [5] 

 

Moreover, alongside enhancing existing aircraft designs, it is essential to explore entirely new 

concepts that can achieve a significant leap in performance. These opportunities configurations for mitigation 

should offer both drag due to lift and wake vortex hazard and synergistic propulsive and aerodynamic 

interactions. Examples of these forward-thinking designs include blended wing body aircraft and strut-

braced wings, among others. 

A blended wing body (BWB), sometimes referred to as a hybrid wing body (HWB) or a lifting airfoil 

fuselage, is a type of fixed-wing aircraft characterized by the seamless integration of the wings and the main 

fuselage. In this design, the wings and body emerge as a single continuous structure without a distinct 

separation. 

On the other hand, a truss-braced wing aircraft features a design that employs a trussða triangular 

support frameworkðto reinforce its ultra-thin, high-aspect-ratio wings in relation to the fuselage. This 

innovative approach facilitates longer, narrower wings that enhance lift while minimizing induced drag, 

resulting in greatly improved fuel efficiency. 

The design of supersonic aircraft is a subject of extensive research at present. Supersonic transport 

(SST) refers to aircraft, either for passengers or cargo, that can exceed the speed of sound (Mach 1). These 

planes significantly cut down travel time, often reducing intercontinental flight durations by half when 

compared to subsonic aircraft. They are designed to cruise at speeds between Mach 1.2 and 2.2 

(approximately 1,500 to 2,700 km/h). Their sleek, aerodynamic profiles, frequently featuring delta or arrow-

shaped wings, help reduce drag and endure high levels of aerodynamic heating. 

To address the rising demand for air travel, particularly for journeys under 500 kilometers, one 

promising solution lies in personal air vehicles. These vehicles could effectively use the many general 

aviation airports and optimize low-level airspace by introducing designated skyways. Personal air vehicles, 

which may include small planes, rotorcraft, tiltrotors, or converticars, are designed to be crash-resistant and 

capable of flying in various weather conditions, requiring minimal training for operators. 

These aircraft will feature engines that are both dependable and environmentally friendly, ultimately 

aimed at achieving zero emissions through fuel cell technology. Additionally, they will operate quietly, 

minimizing noise disturbances for nearby communities. 
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Advancements in flow control technology [4, 5] will help prevent wing stalls, reduce the effects of 

atmospheric turbulence, and facilitate automatic take-offs and landings. Besides ensuring desirable 

aerodynamic qualities, these personal air vehicles must also be economically accessible, starting with a niche 

market and eventually reaching the average consumer. While the idea of pilotless, emission-free, flexible-

flight options may seem ambitious today, reflecting on the progress in aviation over the past hundred years, 

it reveals that such advancements are within reach. 

 

Results and discussion 

A method for designing a wing with minimal drag is to ensure that a substantial portion of the wing's 

wetted surface maintains laminar flow. This concept is referred to as laminar flow control (LFC), and 

considerable advancements have been made in this area for both small and large aircraft, whether subsonic 

or supersonic. 

There are various strategies to achieve LFC. One of the most straightforward is natural laminar flow 

control (NLF), which utilizes a favorable pressure gradient to postpone the transition of the boundary layer. 

Both NLF and suction-based LFC aim to delay this transition by diminishing the growth of unstable 

disturbances within the laminar boundary layer, which are known to trigger transition. A more fundamental 

strategy in LFC involves addressing the root cause of these instabilities, termed boundary-layer receptivity, 

where external disturbances become internalized within the boundary layer. However, the practical challenge 

of mitigating naturally occurring instabilities through the artificial generation of out-of-phase but similar 

disturbances requires exploring alternative methods of implementing receptivity control. 

One promising innovative approach has been the artificial stimulation of subdominant instability 

modes, which can hinder the development of the predominant modes through nonlinear mode competition. 

Currently, the application of receptivity control for LFC is in its early developmental stages and necessitates 

a better understanding and modeling of the receptivity process. Once fully realized, this method could 

significantly streamline the application of laminar flow control by removing the need for suction systems 

and components like piping and pumps. 

 

 
Fig. 4. Flow control for boundary layer separation [4] 
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Boundary layer separation happens on various aircraft components under different flow conditions, 

leading to significant reductions in aerodynamic efficiency. Vortex generators have proven effective in 

managing separated flow by introducing longitudinal vorticity into the airflow. 

This can be achieved using fluidic actuators. One type of fluidic actuator features a cavity with a flat 

plate positioned asymmetrically at the top, creating both wide and narrow gaps. Tests conducted in a wind 

tunnel have demonstrated that a jet-like flow can be generated from either the small or large gap, depending 

on the actuator's scaling parameters. Additionally, it has been observed that by keeping the narrow gap width 

constant while altering the width of the wide gap, along with adjusting the frequency and movement of the 

plate, various flow patterns can be achieved, including vertical jet-like flows, wall-jets, angled jet-like flows, 

or vortex flows. 

 

 
 

Fig. 5. Actuator concepts [5] 

 

Itôs clear that further investigation and development of this and other actuator concepts are necessary. 

Micro Electro Mechanical Systems (MEMS), as well as larger-scale technologies that incorporate MEMS 

devices as active components, play a crucial role in advancing these actuators. Moreover, to thoroughly 

explore the design possibilities for these devices, it's essential to create an efficient computational model 

tailored for this type of actuator. 

 

Discussion 

Recent research has shown that micro-sized piezoelectric actuators can effectively manipulate flow. 

The specific type of piezoelectric actuator described exhibits a net mass flow of zero; however, it creates a 

distinctive jet-like flow pattern when activated. This unique characteristic has led to its classification as a 

synthetic jet actuator. 

These actuators have been demonstrated to produce velocities ranging from a fraction of a meter per 

second to several tens of meters per second across frequency ranges from Hertz to kilohertz. With additional 

advancements, these zero-net-mass jets could offer significant aerodynamic advantages, such as increased 

lift on wings, reduced drag during cruising through advanced active lift control (LFC), and the ability to 

generate controlled moments on demand. This could potentially minimize or eliminate the reliance on 

conventional flap and slat mechanisms. 

Future research on zero-net-mass actuators will focus on several key areas. This includes exploring 

the relationship between actuator characteristics and the resulting flow field. Investigations will also look at 

how jet-like flows interact with turbulent boundary layers. Additionally, there will be an analysis of the 

correlation between actuator features and near-field surface pressure, which can aid in developing control 

laws. Finally, the research will assess the resulting lift and control moments for both unswept and swept 

wings, while quantifying any potentially negative impacts on overall acoustic signatures. 
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Conclusions 

The future of aerodynamics lies at the intersection of technological innovation, environmental 

responsibility, and sustainable development. As global air travel continues to expand, the aviation industry 

must prioritize reducing carbon emissions, noise pollution, and ecological impact while enhancing safety, 

performance, and efficiency.  

Breakthroughs in laminar flow control, lightweight materials, and smart structures are paving the way 

toward revolutionary improvements in drag reduction and fuel efficiency. The integration of active flow 

control systems and advanced computational modeling promises a new era of adaptive, intelligent aircraft 

capable of optimizing their performance dynamically in flight. 

Through global collaboration and continuous research, the aviation industry can transform air 

transport into a truly sustainable mode of travel - one that meets the needs of a connected world without 

compromising the health of the planet. 
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APLINKOSAUGINIAI IĠĠȉKIAI ATEITIES AERODINAMIKOJE 

 

Santrauka 
Ateityje aerodinamikos sritis susidurs su Ǳvairiais aplinkosaugos iġġȊkiais, nes didǟs greitesniȎ ir ekonomiġkesniȎ 

orlaiviȎ poreikis. Ġie iġġȊkiai apima anglies dioksido iġmetimo, triukġmo tarġos ir aviacijos poveikio vietos oro kokybei 

bei ekosistemoms maģinimŃ. Be to, siekiant sumaģinti iġmetamȎjȎ terġalȎ kiekǱ, degalȎ sŃnaudas ir triukġmo lygǱ, 

ieġkoma bȊdȎ, kaip patobulinti aerodinaminǱ dizainŃ, lengvas konstrukcijas ir oro eismo valdymo sistemas. Ateityje 

aerodinamika orientuosis Ǳ holistinǱ poģiȊrǱ, kuriame bȊtȎ atsiģvelgiama Ǳ aviacijos poveikǱ aplinkai siekianr kurti 

ġvaresnes ir ekologiġkesnes technologijas, taip uģtikrinant tvariŃ skrydģiȎ ateitǱ.  

Reikġminiai ģodģiai: aerodinamika, degalȎ taupymas, anglies dioksido iġmetimas, elektrinǟs varymo sistemos, 

orlaiviȎ tvarumas. 
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ADAPTIVE TECHNOLOGIES FOR UNMANNED AERIAL VEHICLES 

 

Viktors Gutakovskis, Vladimirs Gudakovskis, Daniils Marcenko, Aleksandrs Kuzevanovs 

Riga Technical University, Institute of Aeronautics, Space Engineering and Transport 

 

Abstract 

The paper presents the basic concepts and definitions of an unmanned aerial vehicle (UAV), its main application 

areas, and the tasks it solves. It examines the essence of adaptive technologies for improving UAV performance and 

analyzes the UAV operating environment. Structural (constructive) adaptation is highlighted as the factor that 

contributes most substantially to performance improvement and to expanding the range of effective operations. As 

examples, various adaptive designs of the airframe, propulsion system, and energy replenishment for UAVs are 

discussed. From the analysis of structural adaptation and examples of its implementation, it follows that this approach 

is effective for developing next-generation UAVs. An unmanned mobile vehicle is an artificial mobile object for 

reusable or conditionally reusable use that has no onboard crew (human pilot) and is capable of autonomous, goal-

directed movement in space to perform various functions either autonomously (using its own control program) or via 

remote control (by a human operator or a dispatch center). Unmanned mobile vehicles operate in space, in the Earthôs 

atmosphere, in water, on land, and underground. Here we will consider an unmanned mobile vehicle operating in the 

Earthôs atmosphere. Such unmanned mobile vehicles are referred to as unmanned aerial vehicles (UAVs). An unmanned 

aerial vehicle (UAV) is an aircraft for reusable or conditionally reusable use that has no onboard crew (human pilot) 

and is capable of autonomous, goal-directed movement in air (the Earthôs atmosphere) to perform various functions 

either autonomously (using its own control program) or via remote control carried out by a human operator from a 

stationary or mobile control station. 

Keywords: UAV, Adaptive Technologies, UAV performance improvement, Aerodynamic optimization. 
 

UAV Applications and Task Evolution 

Unmanned Aerial Vehicles (UAVs) are defined as reusable or conditionally reusable aircraft capable 

of autonomous or remote-controlled movement in the atmosphere without an onboard crew. These vehicles 

range from micro-drones to heavy, multi-ton platforms designed for ultra-long-range missions. By movement 

principle, they are categorized as fixed-wing, flexible-wing, rotary-wing, flapping-wing, aerostatic, or hybrid 

types . 

UAVs are increasingly preferred over crewed aircraft due to several distinct advantages: 

¶ Higher Payload Fraction: The absence of life-support systems allows for more mission-specific 

equipment. 

¶ Aggressive Maneuverability: They can sustain higher load factors than a human pilot could 

survive. 

¶ Cost-Effectiveness: Small vehicles are significantly cheaper to produce and operate. 

¶ Risk Mitigation: Missions can be conducted in environments with radiation hazards or extreme 

risk levels. 

In the military sphere, tasks include reconnaissance, strike missions, electronic warfare, and cargo 

transport . Civilian applications are expanding rapidly, with the number of sectors utilizing UAV services 

expected to grow from 20 to approximately 50 in the near term. 

Unmanned Aerial Vehicles (UAVs) are no longer just remote-controlled toys but sophisticated 

autonomous systems. According to their movement principles, they are classified into: 

¶ Fixed-wing: Efficient for long-range high-speed flight. 

¶ Rotary-wing (Multicopters): Capable of hovering and vertical takeoff. 

¶ Flexible-wing (Paragliders): Used for low-speed, heavy-lift transport. 

¶ Flapping-wing (Ornithopters): Biomimetic designs for micro-reconnaissance. 

¶ Hybrid systems: Combining vertical takeoff with horizontal flight efficiency (VTOL). 

In terms of weight, they range from Micro UAVs (< 0.1 kg) to Heavy UAVs (> 1000 kg). Their 

strategic value lies in the "4D" missions: Dull, Dirty, Dangerous, and Deep. By removing the pilot, we 

eliminate the need for heavy cockpits, oxygen systems, and ejection seats, allowing the airframe to be 

designed purely for mission performance. 

 

The Essence of Adaptive Technologies 

Adaptivity is the primary instrument for increasing UAV effectiveness in complex environments. 

There are four primary types of adaptation: 

1. Parametric: Correcting system parameters to account for characteristic drift. 
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2. Structural (Constructive): The ability of an object to change its physical structure to match a 
changing situation. 

3. Object: Utilizing a set of cooperating objects (swarms) rather than a single unit. 

4. Goal Adaptation: Modifying unattainable goals through artificial intelligence. 

Structural adaptation is highlighted as the factor contributing most substantially to expanding a UAV's 

effective operating range. 

 

UAV Operating Environments 

UAVs must operate across a spectrum of "heterogeneous environments" classified by their level of 

reaction to the vehicle's presence: 

¶ Environments with Uncertainties: Influenced by unmeasurable factors like a turbulent 

atmosphere. 

¶ Reacting Environments: Weakly influenced by the UAVôs actions (e.g., wake turbulence). 

¶ Adaptive Environments: Characterized by purposeful responses, such as automated air-defense 

systems. 

¶ Intelligent Environments: Possess goal-setting mechanisms and human-command variability, 

such as integrated air-defense networks. 

To survive in intelligent environments, next-generation UAVs must be able to assess situations, 

forecast evolution, and adapt structurally to solve tasks not envisioned in their original design . 

 

Structural Adaptation of UAV Elements 

While traditional UAVs are optimized for a single flight regime, constructive adaptation modifies the 

airframe configuration as the flight regime changes to maintain near-optimal performance throughout the 

entire envelope . 

Adaptive Wing Technologies 

An adaptive wing provides continuity of aerodynamic derivatives, keeping surfaces smooth while 

internal mechanisms deform the mid-surface . This can lead to drag reductions of up to 40%. 

 

Fig. 1. Classification of methods for changing wing geometry 
Source: created by authors 

 

Primary Methods of Transformation: 

¶ Variable Sweep (Sweep): Allows efficient flight across subsonic, transonic, and supersonic 

regimes. 

¶ Variable Chord (Chord): Uses flexible skins or expanding mechanisms to increase wing area, 

improving takeoff and landing performance. 

¶ Variable Span (Span): Telescopic sections increase aspect ratio for loitering and decrease it for 

high-speed flight. 

¶ Profile Regulation: Continuous adjustment of the airfoil geometry (leading edge, trailing edge, 

or camber) to prevent flow separation and reduce fuel consumption. 
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¶ Out-of-Plane Transformation: Includes chord-wise twisting and span-wise bending. Span - wise 

bending, as seen in the B-70 Valkyrie, improves directional stability and reduces trim drag at supersonic 

speeds. 

Adaptive Propulsion Systems 

For small UAVs, adaptive carbureted internal combustion engines (ICE) use microprocessors and 

electromagnetic valves to open and close 30 times per second, ensuring an optimal fuel-air mixture regardless 

of altitude or temperature. 

For heavy UAVs, Adaptive Gas-Turbine Engines (GTE) incorporate variable geometry in the flow 

path. Programs like ADVENT and AETD aim to produce engines that use 25% less fuel and deliver 10ï20% 

more thrust by adjusting bypass/core air redistribution and utilizing variable inlet guide vanes 

. 

 

Fig. 15. Schematic of a hypothetical adaptive gas-turbine engine (GTE) with flow-path regulation 

elements 

1 ð variable inlet guide vanes (IGVs) of the fan; 2 ð adjustable redistribution of air between bypass/core 

streams; 3 ð variable stator vanes of the compressor; 4 ð adjustable radial clearances in the rear stages of 

the high-pressure compressor; 5 ð fuel supply to the adaptive combustor; 6 ð adjustable third stream; 7 

ð regulation of the compressor turbine (variable nozzle guide vanes and adjustable rotor radial 

clearances); 8 ð variable nozzle guide vanes of the fan turbine; 9 ð adjustable radial clearances of the fan 

turbine; 10 ð variable-geometry mixer; 11 ð fuel supply to the adaptive afterburner; 12 ð fully 

modulating (all-regime) variable-geometry nozzle. 

 
Adaptive Energy Supply 

To overcome battery limits, adaptive energy replenishment methods are being developed: 

¶ Wireless Laser Recharging: Continuous energy replenishment from ground or airborne laser 

stations. 

¶ Tethered Systems: Provide virtually unlimited endurance for tasks in confined areas by removing 

the need for onboard energy storage . 

 

Conclusion 

Structural adaptation, particularly when combined with artificial intelligence, is the key to developing 

next-generation UAVs. By allowing the vehicle to change its physical shape and propulsion characteristics 

in real-time, these technologies enable mission effectiveness in highly dynamic and hostile environments . 
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BEPILOĻIO ORLAIVIO PENGUIN MK 2.5 VTOL PILOTO KAMEROS IR NAUDINGOSIOS 

APKROVOS MODULIO DANGTELIO TEORINIO MODELIO TYRIMAS 

 

Morta Janutǟnaitǟ, Esmeralda Ġtyps, Kňstutis GrigaliȊnas 

Lietuvos inģinerijos kolegija 

 
Anotacija 

Ġiuo metu vienas pagrindiniȎ iġġȊkiȎ, su kuriuo susiduria maģojo tipo bepiloļius orlaivius naudojantys pilotai 

operatoriai yra gebǟjimas skristi nenaudojant navigaciniȎ sistemȎ. Inercinǟs sistemos daģnai yra brangios ir negali 

uģtikrinti tikslumo viso skrydģio metu dǟl iġorǟs faktoriȎ, tokiȎ kaip bepiloļio orlaivio atliekami manevrai ar vǟjo Ǳtaka 

skrydģio trajektorijai. Esamos kameros tokiuose bepiloļiuose orlaiviuose yra pagrindinis instrumentas, kuriuo yra 

vykdomos Ǳvairios uģduotys. Dǟl ġios prieģasties, papildoma piloto kamera, kuri bȊtȎ naudojama tik vizualiai 

navigacijai, gali uģtikrinti tiek nenutrȊkstamŃ ǱvairiȎ uģduoļiȎ vykdymŃ, tiek leidģia pilotui operatoriui sekti skrydģio 

marġrutŃ ir tokiu bȊdu vizualiai naviguoti orlaivǱ ġveisiu paros metu. 

Reikġminiai ģodģiai: Bepilotis orlaivis, naudingoji apkrova, navigacija. 

 

ǰvadas 

Didģiojoje daugumoje maģo tipo bepiloļiuose orlaiviuose naudojama viena kamera, kurios pilnai 

pakanka vykdant uģduotis idealiomis sŃlygomis. Bepiloļio orlaivio pilotui, skrendant be navigacinǟs 

sistemos, tenka naudoti esamŃ kamerŃ esamos vietos nustatymui. ǰprastai tai reikalauja nukreipti kamerŃ nuo 

stebimo objekto. Taļiau nukenļia uģduoties vykdymas, nes kameros vaizdas pradedamas naudoti 

orientavimuisi, o ne uģduoļiai Ǳvykdyti. Dǟl ġios prieģasties iġkyla poreikis veikti be navigacijos - skristi 

orientuojantis vizualiai pagal ant ģemǟs matomus orientyrus. Ġiame straipsnyje nagrinǟja problema ar atskira 

kamera, kuri bȊtȎ skirta tik pilotui, leistȎ turǟti nuolatinǱ vaizdŃ skrydģio kryptimi ir taip padǟtȎ orientuotis 

skrydģio metu?  

Tyrimo objektas. Bepiloļio orlaivio Penguin Mk 2.5 VTOL piloto kameros ir naudingosios apkrovos 

modulio dangtelio modelis. 

Tyrimo tikslas. Suprojektuoti bepiloļio orlaivio piloto kameros ir naudingosios apkrovos modulio 

dangtelio modelǱ. 

Tyrimo uģdaviniai: 

1. Apģvelgti bepiloļio orlaivio piloto kameros ir naudingosios apkrovos modulio paskirtǱ, 

konstrukcijŃ, veikimo principŃ bei funkcinius elementus;  

2. Atlikti suprojektuoto bepiloļio orlaivio Penguin Mk 2.5 VTOL piloto kameros ir naudingosios 

apkrovos modulio teorinius stipruminius skaiļiavimus. 

Tyrimo metodai: 

1. Techninǟs literatȊros ġaltiniȎ analizǟ ï naudota analizuojant bepiloļio orlaivio piloto kameros ir 

naudingosios apkrovos modulio dangtelio modelio konstrukcinius ir techninius ypatumus. 

2. Tikslinǟs literatȊros ġaltiniȎ analizǟ ï naudota analizuojant bepiloļio orlaivio piloto kameros ir 

naudingosios apkrovos modulio dangtelio modeliui keliamus techninius reikalavimus. 

 

Surinktos informacijos bei tikslinǟs ir techninǟs dokumentacijos pagrindais suprojektuotas bepiloļio 

orlaivio Penguin Mk 2.5 VTOL piloto kameros ir naudingosios apkrovos modulio dangtelio teorinis modelis, 

leisiantis orientuotis skrydģio metu. 

 

Bepiloļio orlaivio Penguin Mk 2.5 VTOL konstrukciniai ypatumai 

Penguin Mk 2.5 VTOL bepilotis orlaivis (1 pav.)  yra vertikalaus kilimo ir tȊpimo, vidutinio aukġļio 

ilgos skrydģio trukmǟs modulinis orlaivis. Orlaivio priekinis (nosies) modulis yra tuġļiaviduris, pagamintas 

iġ anglies pluoġto. Nosyje yra talpinama naudingoji apkrova, tai gali bȊti gamintojo rekomenduojama kamera 

su jos tvirtinimo mechanizmu, ar vartotojo pasirinktas kitas sensorius, kuriam laikiklǱ gamintȎ pats 

vartotojas. Taip pat priekinis modulis talpina PITO vamzdelǱ su jungtimi bei GPS antenŃ.  
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1 pav. Bepilotis orlaivis Penguin Mk 2.5 VTOL [1] 

 

Modulis prie fiuzeliaģo yra prijungtas rotacine jungtimi, kuri gali suktis 180 laipsniȎ kampu. Ġi 

funkcija yra naudojama orlaivio kilimo, tȊpimo bei avariniȎ situacijȎ metu siekiant apsaugoti kamerŃ, ar kitŃ 

sensoriȎ nuo galimo kontakto su ģeme.  

Pilotui vykdant kilimo ir nusileidimo procedȊras, ar orlaiviui identifikavus, jog jis yra ģemiau nei 

nustatytas minimalus aukġtis, nosis apsisuka 180 laipsniȎ kampu Ǳ virġȎ, kur nukreipiama ir kamera. Tokiu 

bȊdu orlaiviui pasiekus ģemň, kamera lieka nepaģeista. 

Visi komponentai esantys nosies modulyje turi laidines jungtis, kurios prijungiamos prie avionikos 

modulio iġ kurio radijo ryġio signalu informacija iġ orlaivio yra perduodama Ǳ antģeminň stotǱ ir atvirkġļiai.  

Tvirtinant kamerŃ prie dangtelio svarbu Ǳvertinti kelis aspektus: fiksacijŃ, vibracijȎ slopinimŃ bei 

apsaugŃ. Fiksacijos elementas yra svarbus, kad skrydģio metu kamera nepakeistȎ savo padǟties dǟl oro 

pasiprieġinimo ar manevrȎ. Didģiausios vibracijos susidaro bepiloļiam orlaiviui kylant ir leidģiantis, taļiau 

ġiȎ faziȎ metu kameros yra nenaudojamos. Tvirtinant kamerŃ prie virġutinio dangtelio reikia Ǳvertinti aspektŃ, 

jog nusileidimo metu nosies modulis apsiverļia 180 laipsniȎ kampu ir piloto kamera gali susiliesti su ģeme. 

Taip pat pats tvirtinimo mechanizmas turi bȊti nesudǟtingas, kad apgadinus kamerŃ jŃ lengvai ir greitai bȊtȎ 

galima pakeisti nauja.  

 

Esamos ir papildomos kameros tvirtinimas prie orlaivio korpuso 

Penguin Mk 2.5 VTOL bepilotis orlaivis iġsiskiria tuo, jog jis nǟra priklausomas nuo gamintojo 

teikiamȎ sensoriȎ ir galima pasirinkti sensoriȎ savo nuoģiȊra bei prijungti jǱ prie esamȎ jungļiȎ. Nagrinǟjamu 

atveju naudota gamintojo teikiama kamera su tvirtinimo elementais. Kamera jau yra su integruotu laikikliu, 

kuris Ǳsistato Ǳ nosies modulio ertmň ir yra tvirtinamas keturiais taġkais naudojant varģtus (2 pav.). Taip pat 

nosies modulyje prie kameros jungiasi ir maitinimo bei antenos laidai. 

 
2 pav. Kameros tvirtinimo konstrukcija [1] 

 

Kadangi nosies modulis prieġ kylant ir leidģiantis pakyla Ǳ virġȎ 180 laipsniȎ kampu, svarbu tinkamai, 

vadovaujantis instrukcija, sujungti laidus tam, kad sukimosi metu jie nesikabintȎ prie esamȎ konstrukcijȎ 
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viduje ir nenutrȊktȎ. Po kameros Ǳdǟjimo yra bȊtina atlikti svorio centro nustatymo procedȊrŃ ir esant 

poreikiui Ǳ nosies dalǱ gali reikǟti Ǳstatyti papildomȎ svareliȎ. 

Papildomos kameros montavimas prie bepiloļio orlaivio turi kelis iġġȊkius, kurie ir lǟmǟ kameros 

vietos bei konstrukcinio modelio pasirinkimŃ. Ġiam tyrime pasirinkta RunCam Phoenix 2 SPV 5 kamera. 

Tai yra Ǳprasta FPV (ang. First Person View) analoginǟ kamera, kuri pasiģymi dǟl universalaus veikimo tiek 

ryġkioje saulǟs ġviesoje, tiek prieblandoje (3 pav.).  

 

 
3 pav. Piloto kameros matymo kampai: a) vertikalus matymo kampas; b) horizontalus matymo kampas 

Ġaltinis: sudaryta autoriȎ 
 

Nustatant kameros vietŃ ant priekinio nosies modulio skydelio buvo Ǳvertinta, jog vaizdo neblokuotȎ 

Ǳ matymo laukŃ patenkanļios bepiloļio orlaivio dalys. Pasirenkant kameros pozicijŃ ant bepiloļio orlaivio 

Penguin Mk 2.5 VTOL buvo vadovaujamasi ġiais kriterijais: 1) kameros padǟtis turi bȊti kiek Ǳmanoma 

nustumta Ǳ nosies modulio priekinň dalǱ, kurioje yra didģiausias nuolydis tam, kad nusileidimo metu, kuomet 

nosies modulis yra apsukamas 180Á kampu Ǳ virġȎ, bȊtȎ iġnaudotas tarpas tarp ģemǟs ir kameros taip 

sumaģinant kameros smȊgio Ǳ ģemň tikimybň; 2) siekti iġlaikyti kamerŃ kiek Ǳmanoma ģemiau tam, kad 

minimizuoti naujai atsiradusǱ oro srauto poveikǱ aplink kamerŃ ir iġlaikyti kameros vaizdo nuoģulnȎjǱ 

atstumŃ (angl. slant range) apie 45Á, kuris yra optimalus stebǟjimui prieġ save esanļiȎ objektȎ, skrydģio 

trajektorijos sekimui.  

 

 
4 pav. Piloto kameros laikiklis su aptaku  

Ġaltinis: sudaryta autoriȎ 
 

Kadangi kamera yra skirta tik ģiȊrǟjimui Ǳ priekǱ, buvo pasirinktas fiksuotas apverstos U formos 

kameros tvirtinimo laikiklis, kuris tvirtinamas prie kameros virġutinio skydelio. Kamera ġonuose turi 

tvirtinimo taġkus, kurie ir bus naudojami jos tvirtinimui prie laikiklio rǟmo. Aplink rǟmelǱ uģdǟtas nuoģulnus 

aptakas, siekiant nukreipti oro srautŃ skrydģio metu (4 pav.).  

 

 

a) b) 
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Tyrimo metodika 

Esamas nosies modulio virġutinis dangtelis yra naudojamas kaip gaubtas apsaugoti viduje esantiems 

komponentams, taip pat jo aerodinaminis dizainas prisideda prie maģesnio oro srauto pasiprieġinimo 

skrydģio metu. Jis yra pagamintas iġ anglies pluoġto, yra plonas (~1 mm) ir labai lengvas. Dangtelis turi 

keturis tvirtinimo taġkus, kurie tvirtinasi prie nosies korpuso DZUS tipo tvirtinimo detalǟmis.  

 

 
5 pav. Dangtelis su piloto kamera  

Ġaltinis: sudaryta autoriȎ 
 

Esant didesnei drǟgmei, jungiamosios linijos prieġ skrydǱ gali bȊti apklijuotos specialia izoliacija, kuri 

apribotȎ drǟgmǟs kaupimŃsi. Vykdant tyrimŃ dangtelis buvo naudojamas ir kaip pagrindas piloto kamerai 

tvirtinti (5 pav.). ir buvo Ǳvertinta tai, kad: 1) papildomos kameros laikiklis turi iġlaikyti kamerŃ nustatytoje 

fiksuotoje pozicijoje; 2) bepilotis orlaivis neturi blokuoti vaizdo 45Á kampu nuo kameros linzǟs centro; 3) 

kameros laikiklis turi atlaikyti posȊkiȎ metu atsirandanļias jǟgas kai vǟjo greitis siekia iki 20 m/s, orlaiviui 

skrendant iki 32 m/s greiļiu.  

Tyrimo objektas - piloto kameros laikiklis su gaubtu - buvo pagamintas naudojant 3D spausdintuvŃ 

Bambu Lab P1S iġ medģiagos ASA-CF. Tai yra standartinis ASA tipo plastikas su Ǳmaiġytomis anglies 

pluoġto dalelǟmis. Ġi medģiaga pasiģymi geru atsparumu oro sŃlygoms ir UV spinduliams, anglies pluoġtas 

prideda standumo ir matmenȎ stabilumo. Pagrindinǟs ġios medģiagos fizikinǟs ir cheminǟs savybǟs 

parodytos atitinkamai 1 ir 2 lentelǟse. 
 

1 lentelǟ. Medģiagos ASA-CF Fizikinǟs savybǟs [4] 
Veiksnys Informacija Testavimo metodai / sŃlygos 

Medģiagos tankis 1,02 g/cm3 ISO 1183 

Lydymosi indeksas 1,74 ± 0,3 g / 10 min 210°C 

Lydymosi temperatȊra 210°C DSC, 10°C/min 

Vikaro minkġtǟjimo temperatȊra 108°C ISO 306, GB/T 1633 

 

2 lentelǟ. Medģiagos ASA-CF Mechaninǟs savybǟs [4] 
Veiksnys Informacija Testavimo metodai / sŃlygos 

Tempimo stipris (X-Y) 34 ± 3 MPa ISO 527, GB/T 1040 

Tempimo stipris (Z) 30 ± 4 MPa ISO 527, GB/T 1040 

Lenkimo stipris (X-Y) 72 ± 5 MPa ISO 178, GB/T 9341 

Lenkimo stipris (Z) 33 ± 3 MPa ISO 178, GB/T 9341 

SmȊgio stipris (X-Y) 14,0 ± 2,2 kJ/m2 ISO 179, GB/T 1043 

SmȊgio stipris (Z) 9,4 ± 0,6 kJ/m2 ISO 179, GB/T 1043 

 

Stipruminiams skaiļiavimams atlikti buvo naudojamos Autodesk CFD 2027 ir Autodesk Fusion 

programos: 

¶ ǰ Autodesk CFD buvo Ǳkeltas paruoġtas piloto kameros laikiklio su dangteliu modulis, tuomet 

aplink jǱ buvo sukurtas vǟjo tunelis su oro srautu.  

¶ Autocad Fusion programos pagalba buvo atlikta statinio Ǳtempio simuliacija (6 pav.), kuri leidģia 

patikrintini ar konstrukcija atlaikys numatytas apkrovas. Apkrovos rodiklis buvo gautas iġ anksļiau minǟtos 

vǟjo tunelio. 
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6 pav. Jǟgos, veikianļios piloto kameros priekines briaunas 
Ġaltinis: sudaryta autoriȎ 

 

Tyrimo rezultatai 

Autodesk CFD 2027 programoje oro savybǟs modeliavimui buvo pasirinkta pastovi standartinǟ 

atmosfera: 1013,25 hPa ir +15ÁC. Ties Ǳǟjimo ir iġǟjimo ribomis buvo nustatytas 35 m/s greitis. IteracijȎ 

skaiļius nustatytas 500, ties 237 konvegeracija tapo plokġļia (6 pav.). Matydami gaunamas statines apkrovas 

aplink piloto kameros tvirtinimo elementŃ ir jos aptakŃ matome, jog didģiausia statinio slǟgio vertǟ susidaro 

ties kameros priekinǟmis briaunomis, maksimali statinio slǟgio reikġmǟ siekia 0,0185272 MPa. ĠiŃ vertň 

toliau naudosime apkrovȎ priekinǟms briaunoms skaiļiavimams. 

 

 
 

 
 

6 pav. Statinio slǟgio simuliacija vǟjo tunelyje  
Ġaltinis: sudaryta autoriȎ 
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Autocad Fusion programoje, atliekant statinio Ǳtempio simuliacijŃ, visoms priekinǟms briaunoms buvo 

duota 0,0185272 MPa apkrova. Simuliacijos rezultatai parodǟ (7 pav.), kad saugos koeficientas yra 69,079, 

o virġutinǟ saugumo riba yra 4.  

 

 
 

7 pav. Pagrindiniai simuliacijos rezultatai  
Ġaltinis: sudaryta autoriȎ 

 

Vertinant ġǱ rodiklǱ galima teigti, kad konstrukcija yra tvirta ir atlaikys numatytas apkrovas.  

 

Diskusija 

Skrydģio metu nosies modulis yra stacionarioje pozicijoje ir nejuda, piloto kamera ant virġutinio 

dangtelio leidģia turǟti nuolatinǱ vaizdŃ skrydģio kryptimi. Naudojant ġǱ vaizdŃ ir lyginant jǱ su sistemoje 

esanļiu ģemǟlapiu, galima vizualiai identifikuoti iġskirtinius objektus esanļius ant ģemǟs ir taip nustatyti 

bepiloļio orlaivio bȊvimo vietŃ. Tuo pat metu asmuo, dirbantis su kamera gali vykdyti jam paskirtas 

ģvalgymo uģduotis be poreikio nukreipti kameros nuo pagrindinio vaizdo tam, kad galǟtȎ orientuotis 

vietovǟje.  

Bepiloļiui orlaiviui Penguin Mk 2.5 VTOL piloto kamerai keliamus techninius reikalavimus apriboja 

gamintojo keliami reikalavimai naudingajai apkrovai bei galutiniam tikslui. Pilotui operatoriui, naudojant 

papildomŃ kamerŃ, be navigacijos, gebǟti naviguoti orlaivǱ skrydģio metu, reikalingas vaizdas. Skrendant be 

GPS orlaivis pradeda naudoti inercines navigacijos sistemŃ, taļiau ji iġlaiko savo tikslumŃ tik trumpŃ laiko 

tarpŃ (Ǳprastai iki 5 min), vǟliau tikslumas sumaģǟja dǟl vǟjo nuonaġos bei orlaivio atliekamȎ manevrȎ.  

Turint pakankamai didelǱ pervirġǱ, esamŃ konstrukcija patobulinta pagal matomus apkrovȎ 

diapazonus. Tokiu bȊdu buvo Ǳvertinta, kuriose: 1) vietose sieneles galima ploninti arba storinti; 2) sienelǟs 

vietos yra labiausiai linkusios iġlinkti.  

Iġ 8 paveikslo matyti, kad jautriausios yra piloto kameros laikiklio vidinǟs sienelǟs. Dǟl ġios prieģasties 

ateityje, norint optimizuoti ġǱ modelǱ, galima bȊtȎ galvoti apie ġiȎ sieneliȎ stiprinimŃ jas storinant.  
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8 pav. Poslinkio vizualizacija 
Ġaltinis: sudaryta autoriȎ 

 

Von Mises Ǳtempiai taip pat parodo silpniausias konstrukcijos vietas. 9 paveiksle galima matyti, jog 

priekiniȎ kameros laikiklio sieneliȎ apaļia, ties susijungimu su dangteliu, yra potencialiai jautriausia 

paģeidimams ir dǟl apkrovas jauļia labiausiai. Todǟl ġiȎ vietȎ pastorinimas leistȎ uģtikrinti, kad gavus 

apkrovas, ġios vietos nesideformuotȎ. 

 
14 pav. Von Mises Ǳtempia  
Ġaltinis: sudaryta autoriȎ 

 

Taigi, pilotas, turǟdamas kamerŃ su nuolatiniu vaizdu skrydģio kryptimi, ģemǟlapǱ ir suplanuotŃ 

skrydģio marġrutŃ gali vykdyti skrydǱ nenaudojant GPS navigacinǟs sistemos ir tokiu bȊdu iġvengti galimȎ 

trikdģiȎ bei padidinti paļio skrydģio saugumŃ. 

 

Iġvados 

Maģojo tipo bepiloļius orlaivius naudojantys pilotai operatoriai turi gebǟti skristi nenaudojant 

navigaciniȎ sistemȎ. Inercinǟs sistemos daģnai yra brangios ir negali uģtikrinti tikslumo viso skrydģio metu 

dǟl iġorǟs veiksniȎ, tokiȎ kaip bepiloļio orlaivio atliekami manevrai ar vǟjo Ǳtaka skrydģio trajektorijai.  

Esamos kameros tokiuose bepiloļiuose orlaiviuose yra pagrindinis instrumentas, dǟl ġios prieģasties 

jos naudojamas vizualiai navigacijai iġlieka apribotas. Papildoma piloto kamera leidģia pilotui operatoriui 

sekti skrydģio marġrutŃ ir tokiu bȊdu vizualiai naviguoti orlaivǱ ġveisiu paros metu. 

Suprojektuotas bepiloļio orlaivio piloto kameros tvirtinimo elemento teorinis modelis yra apverstos 

U raidǟs formos, prie kurio ġonȎ kamera tvirtinama varģtais. Virġ kameros uģdǟtas aptakas, siekiant 

minimizuoti dǟl kameros atsiradusius papildomus oro srautus. 

Atlikti stipruminiai skaiļiavimai parodǟ, kad piloto kameros laikiklio konstrukcija yra pakankamai 

stipri, saugumo faktorius 69,079, reikiama koeficiento riba 4, atlaikyti simuliacijoje gautas statinio slǟgio 

apkrovas prie 35 m/s vǟjo stiprumo, kurios yra 0,0185272.  
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Turint pakankamai didelǱ pervirġǱ, esamŃ konstrukcija galima tobulinti pagal matomus apkrovȎ 

diapazonus Ǳvertinant vietas, kur galima sieneles ploninti arba storinti, ir sienelǟs vietas labiausiai linkusias 

iġlinkti.  
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THEORETICAL MODEL STUDY OF THE PILOT CAMERA AND PAYLOAD MODULE COVER OF THE 

PENGUIN MK 2.5 VTOL UNMANNED AIRCRAFT 

 

Summary 

Currently, one of the main challenges faced by pilots and operators of small unmanned aircraft is the ability to fly 

without the use of navigation systems. Inertial systems are often expensive and cannot ensure accuracy throughout the 

flight due to external factors, such as maneuvers performed by the unmanned aircraft or the influence of wind on the 

flight path. Existing cameras in such unmanned aircraft are the main instrument with which various tasks are performed. 

For this reason, an additional pilot camera, which would be used only for visual navigation, can ensure both the 

uninterrupted execution of various tasks and allow the pilot-operator to follow the flight path and thus visually navigate 

the aircraft at any time of the day. 

Key words: Unmanned aerial vehicle, payload, navigation. 
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Abstract 

In recent years, public-key cryptography has faced an increasing demand for efficient and alternative 

cryptographic constructions capable of reducing computational resource requirements in cryptographic systems. One 

potential approach involves exploiting higher-degree functions instead of conventional RSA or other traditional 

encryption methods. However, such approaches significantly complicate the decryption process because multi-valued 

mappings introduce ambiguity, requiring additional mechanisms for identifying the correct plaintext message. This 

paper investigates practical methods for efficient plaintext identification without transmitting redundant auxiliary 

information by employing cubic mappings. When the modulus is constructed from prime numbers satisfying specific 

conditions, the decryption process produces nine possible cube roots. Such ambiguity limits direct applicability of cubic 

mappings in practical cryptographic schemes. Three methods for identifying the original plaintext among nine possible 

candidates are proposed. The first method employs adaptive Jacobi symbol sequences with shifts. The second method 

exploits structural relationships between consecutive plaintext messages. The third method optimizes the second 

approach by transmitting only a small number of least significant bits from a secondary ciphertext. Experimental 

evaluation was conducted in Java using 1024-bit, 1536-bit, and 2048-bit moduli. Results demonstrate that all three 

methods reliably identify the original plaintext. The partial ciphertext method exhibited the best trade-off between 

computational cost and communication overhead, reducing decryption time by approximately 50%. 

Keywords: Public-key cryptography, cubic residues, Jacobi symbol, trapdoor one-way functions, modular 

arithmetic, cryptographic identification. 

 

Introduction 

The rapid development of information technologies, electronic commerce, cloud computing, and 

distributed communication systems continuously increases the demand for secure and computationally 

efficient cryptographic solutions. Public-key cryptography remains one of the fundamental mechanisms for 

ensuring confidentiality, authentication, integrity, and secure data exchange in modern information systems. 

The most widely used public-key cryptosystems, including RSA and Rabin schemes, are based on modular 

arithmetic and the computational hardness of integer factorization. These cryptographic mechanisms have 

proven their effectiveness in a wide range of practical applications, including secure communications, digital 

signatures, authentication systems, and electronic transactions. Alongside traditional cryptographic schemes, 

increasing attention is being devoted to alternative mathematical constructions that could reduce 

computational complexity while maintaining an adequate level of security. Such interest is motivated by the 

growing scale of digital communications, the proliferation of resource-constrained devices, and the need for 

efficient cryptographic operations in distributed environments. One promising direction is the application of 

higher-degree modular functions in public-key cryptography. In particular, cubic mappings possess several 

attractive properties, including computationally efficient encryption due to the use of a small public 

exponent. In comparison with conventional public-key schemes, such mappings may offer reduced 

encryption complexity and simpler public-key structures. However, unlike traditional public-key 

cryptosystems, cubic modular mappings may generate multiple valid plaintext candidates during decryption. 

Under specific conditions, when the modulus is constructed from prime numbers satisfying ὴḳήḳ
ρÍÏÄ σ, the decryption process may produce nine possible cube roots corresponding to the same 

ciphertext. This ambiguity significantly complicates practical deployment of such cryptographic 

constructions and limits their applicability in real-world communication systems.  

Although previous studies have extensively investigated algorithms for cube root computation, finite 

field arithmetic, and theoretical aspects of higher-order residues, comparatively less attention has been 

devoted to practical methods enabling deterministic identification of the correct plaintext message among 

multiple candidate solutions without introducing substantial communication overhead or redundant encoding 

schemes. Consequently, the ambiguity problem remains one of the primary obstacles limiting wider practical 

application of cubic mappings in public-key cryptography. 

Furthermore, although efficient cube root computation algorithms have been developed, the practical 

applicability of cubic mappings remains constrained by the lack of efficient ambiguity elimination 

mechanisms. Existing studies primarily focus on mathematical properties of cubic residues and root 

computation procedures, whereas comparatively little attention has been devoted to deterministic 

identification of the correct plaintext message among multiple valid candidates. As a result, a gap exists 

between the theoretical feasibility of cubic modular cryptosystems and their practical deployment in real-
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world cryptographic applications. Therefore, the development of efficient ambiguity reduction methods that 

do not require substantial additional communication or computational resources constitutes a relevant 

scientific problem. 

The research object of this study is ambiguity elimination in public-key cryptosystems based on cubic 

modular mappings.  

The aim of this study is to develop and experimentally evaluate methods for deterministic 

identification of the original plaintext message among multiple candidate solutions generated during cubic 

function inversion.  

To achieve this aim, the following tasks are formulated: to analyze the theoretical foundations of 

ambiguity arising in cryptosystems based on cubic modular mappings; to develop ambiguity reduction 

methods based on Jacobi symbol sequences, structural relationships between consecutive plaintext messages, 

and partial ciphertext information; to investigate the effectiveness of the proposed methods through 

theoretical and experimental analysis; to evaluate their computational efficiency and security implications; 

and to compare the developed methods in order to determine their practical applicability in public-key 

cryptographic systems.  

The research employs methods of number theory, modular arithmetic, public-key cryptography, 

algorithm analysis, statistical evaluation, and experimental performance testing implemented in the Java 

programming environment.  

The article consists of the following parts: Section 2 presents the problem analysis and literature 

review; Section 3 introduces research methodology, while Section 4 presents the adaptive Jacobi shift 

filtering method. Section 5 presents the consecutive-message pair identification method, and Section 6 

describes the partial ciphertext method. Section 7 provides a comparative performance evaluation of the 

proposed algorithms, and Section 8 discusses the obtained results. Finally, Section 9 summarizes the main 

conclusions and outlines directions for future research.  

 

Problem Analysis 

Public-key cryptosystems based on modular exponentiation constitute one of the fundamental pillars 

of modern cryptography. The most widely known representatives are RSA and Rabin cryptosystems, whose 

security relies on computational hardness of integer factorization [1, 2]. RSA encryption is performed as: 

ὧḳά ÍÏÄ ὲ, where the public exponent e is selected to ensure unique invertibility during decryption 

[1]. In contrast, Rabin cryptography: ὧḳά ÍÏÄ ὲ is inherently multi-valued. Decryption produces four 

candidate plaintexts because four square roots exist modulo n [2, 3]. 

Ambiguity elimination methods for quadratic residue systems have been extensively investigated. 

Existing solutions include redundant bits, structured message encoding, and probabilistic filtering methods 

[2, 3]. These approaches improve deterministic identification but generally increase communication 

overhead or computational complexity. However, such methods primarily target quadratic mappings and are 

not directly applicable to higher-degree functions.  

Number-theoretic research has extensively investigated higher-order residues, particularly cubic 

residues modulo n. Under specific conditions:.ὲ ὴϽή, where: ὴḳήḳρÍÏÄ σ, each cubic residue may 

possess up to nine distinct cube roots. This phenomenon follows directly from the Chinese Remainder 

Theorem and multiplicative group properties [6]. 

Research in this area has primarily focused on efficient root computation in finite fields and rings. 

Earlier studies investigated cube root computation algorithms, their mathematical properties, and 

computational complexity (M¿ller, 2004: 293ï304; Barreto et al., 2006: 275ï280). Later research examined 

optimization possibilities for these methods and their practical implementation (Cho et al., 2020: Article 

101708, 10 pp.). These studies mainly emphasize multiplicative group structures, discrete logarithm-type 

transformations, applications of the Chinese Remainder Theorem, and efficient root computation in finite 

field arithmetic [4]ï[6]. 

The mathematical foundations of applied cryptography, including modular arithmetic, finite fields, 

and the theoretical principles of algebra-based cryptographic systems, have been extensively investigated in 

foundational cryptographic literature (Menezes et al., 2018: 816 pp.). The theoretical foundations of public-

key cryptography, the RSA algorithm, elliptic curve cryptography, discrete logarithm problems, and 

mathematical cryptographic algorithms are systematically examined in the work of Hoffstein et al. (2014: 

540 pp.). Within the broader context of modern cryptography, increasing attention has been devoted to threats 

posed by quantum computing and to the development of post-quantum cryptographic methods (Bernstein et 

al., 2009; Bernstein and Lange, 2017: 188ï194). 
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The literature analysis revealed that existing studies primarily focus on cube root computation 

algorithms, mathematical foundations, security assumptions, and theoretical properties; however, they 

provide little practical investigation into how to efficiently identify the correct plaintext message among 

multiple possible candidates without transmitting additional redundant information. The use of auxiliary 

identification information in cryptographic schemes requires evaluation of whether the transmission of 

additional data weakens the security properties of the underlying one-way function. Unlike RSA, where 

decryption produces a unique result, or the Rabin scheme, where four candidates are obtained, cubic 

functions may generate up to nine possible candidates [5], [6]. As the degree of the function increases, the 

number of possible solutions grows rapidly, making traditional ambiguity elimination methods less effective 

or requiring additional transmitted information. 

However, the growing demand for efficient and alternative cryptographic constructions motivates 

renewed investigation into the potential of higher-degree functions. The cubic mapping ὧḳά ÍÏÄ ὲ 

possesses several attractive properties. Due to the small public exponent (e=3), encryption can be performed 

faster and may require fewer computational resources than traditional schemes [1, 2]. The public-key 

structure becomes simpler, while key generation procedures may require fewer auxiliary parameters. If the 

ambiguity problem could be eliminated efficiently and reliably, such functions could become a competitive 

alternative to existing public-key cryptosystems. 

In previous studies conducted by the authors of this publication, aspects of number theory and public-

key cryptography forming the theoretical foundation of the problem investigated in this work were examined. 

Efficient computational methods and their application possibilities were analyzed in the development of 

algorithms for determining Eulerôs totient function values (Nefas et al., 2021: 135ï141), while the 

factorization problem was investigated as one of the fundamental security assumptions underlying public-

key cryptography (Nefas et al., 2022: 165ï170). More recent studies have also examined theoretical and 

practical aspects of ensuring security in public-key cryptographic systems (Nefas et al., 2024: 55ï60). 

Considering the above, a clear research gap becomes evident. Although efficient cube root 

computation methods exist [4-6], comparatively less attention has been devoted in the literature to practical 

and efficient solutions for eliminating ambiguity in cryptosystems based on cubic residues without 

employing redundant encoding schemes or significantly increasing communication overhead. Therefore, this 

work investigates practical methods enabling deterministic identification of the correct plaintext message 

among multiple possible candidates. Three algorithms are proposed, exploiting statistical properties of Jacobi 

symbols, structural relationships between consecutive plaintext messages, and partial ciphertext information. 

These methods enable evaluation of the practical applicability of cubic mappings in public-key cryptography 

and establish a foundation for further experimental investigation. 

 

Research Methodology 

The research methodology consists of theoretical analysis and experimental validation of ambiguity 

reduction methods for public-key cryptosystems based on cubic modular mappings. The study combines 

methods of number theory, modular arithmetic, public-key cryptography, algorithm analysis, statistical 

evaluation, and experimental performance testing. 

The first stage of the research focuses on the theoretical analysis of ambiguity arising during inversion 

of the cubic mapping (ὼάέὨ ὲ) when the modulus (ὲ ὴϽή) is constructed from prime numbers satisfying 

the condition (ὴḳήḳρÍÏÄ σ). The mathematical properties of cubic residues, cube root computation 

procedures, and ambiguity formation mechanisms are analyzed using concepts from number theory and 

modular arithmetic. 

Based on the identified ambiguity problem and the research gap revealed by the literature analysis, 

three ambiguity reduction methods are developed. The first method exploits statistical properties of Jacobi 

symbol sequences. The second method utilizes structural relationships between consecutive plaintext 

messages. The third method is based on partial ciphertext information and represents an optimization of the 

second approach. 

The effectiveness of the proposed methods is evaluated through theoretical and experimental analysis. 

Three research hypotheses are formulated and subsequently verified using statistical experiments. The 

evaluation focuses on the ability of the proposed methods to uniquely identify the original plaintext message 

among multiple valid decryption candidates. 

Experimental investigations are implemented in the Java programming environment (JDK 17). 

Randomly generated prime numbers and plaintext messages are used to construct test datasets. Statistical 

validation involves up to 10,000 experimental trials, depending on the investigated method. Cryptographic 
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moduli of 1024, 1536, and 2048 bits are selected to evaluate the behavior of the proposed methods under 

different security levels and computational conditions. 

The proposed methods are assessed according to four criteria: identification accuracy, amount of 

transmitted auxiliary information, computational performance, and security implications. Computational 

performance is evaluated by measuring execution times on both the sender side (encryption) and the receiver 

side (decryption and identification). Statistical analysis is used to determine the probability of successful 

message identification and to evaluate the practical applicability of the proposed ambiguity reduction 

methods. 

 

Theoretical Analysis: Adaptive Jacobi Shift Filtering Method 

The Jacobi symbol is a generalization of the Legendre symbol to all odd composite moduli. The 

Legendre symbol ὥȾὴ, where p is a prime number, determines whether the number a is a quadratic residue 

modulo p, i.e., whether there exists an integer x such that (1): 

ὼ ḳὥ άέὨ ὴ  (1) 

If such a value exists, the symbol is equal to 1; if no such value exists, it is equal to ī1; and if ὥḳ
 π άέὨ ὴ, the symbol is equal to 0. 

The Jacobi symbol ὥȾὲ, where ὲ ὴ ὴ Ễὴ , is defined as the product of Legendre symbols 
(2): 

 

ὥȾὲ ὥȾὴ ὥȾὴ Ễ ὥȾὴ   (2) 

 

It is important to note that, unlike the Legendre symbol, the Jacobi symbol does not always determine 

whether a is a quadratic residue modulo n. However, it preserves important algebraic properties and can be 

computed efficiently without knowledge of the factorization of the modulus. 

Jacobi symbol computation is performed using a modification of the Euclidean algorithm together 

with symbol reciprocity rules; therefore, its computational complexity is ὕÌÏÇὲ. For this reason, it is 
practically suitable for use with large moduli (e.g., 2048-bit moduli). 

In this research the Jacobi symbol is employed as a computationally efficient filtering mechanism: 

each symbol value contributes one bit of information, while a sequence of multiple symbols enables efficient 

discrimination of the original plaintext message among several possible candidates. The proposed algorithm 

is based on the assumption that Jacobi symbol values corresponding to different shifts behave similarly to 

independent random variables taking values from the set ρȟρ with approximately equal probabilities. 
Since the Jacobi symbol is a deterministic function, its values can be computed precisely during encryption 

and identically reconstructed during decryption. 

Although Jacobi symbols are deterministic values, their distributions in modular arithmetic often 

exhibit statistical characteristics resembling pseudo-random behavior. In particular, for sufficiently large 

moduli and varying input values, positive and negative Jacobi symbol values tend to occur with comparable 

frequencies. Consequently, sequences of Jacobi symbols generated from different shifts may provide 

discriminative information that can be exploited for candidate filtering. Based on this observation, Jacobi 

symbol sequences are investigated as a potential mechanism for distinguishing the correct plaintext message 

from multiple valid decryption candidates. 

It is expected that a sequence of such symbols (referred to as a ñfingerprintò) will enable efficient 

identification of the original plaintext message among nine possible candidates obtained through inversion 

of the cubic function. 

Let ὲ  ὴ ẗή, where ὴ ḳή ḳρ  άέὨ σȟ  and let m be a plaintext message satisfying ὧḳ
Í  άέὨ ὲȢ Assume that the decryption process produces a set of nine possible candidate plaintexts: ὓ
ÍȟÍ ȟȣȟÍ . 

It is assumed that the Jacobi symbol sequence (3): 

 

ὐÍȟÓ ȟ Ὥ ρȟςȟȣȟὯ  (3) 

For different shift values exhibits properties similar to those of independent random variables. where 

ὖ* ρ ὖ* ρ πȟυ.. The hypothesis 1 follows from this assumption. 

Hypothesis 1. If Jacobi symbol values corresponding to different shifts exhibit properties similar to 

those of independent random variables, then a Jacobi symbol sequence can be used as an effective filtering 
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mechanism for statistically eliminating incorrect candidates and identifying the original plaintext message 

with high probability. 

To test the proposed hypothesis, a statistical study was conducted. During the experiment, 10,000 

random pairs of prime numbers (p, q) and plaintext messages m were generated. In each case, the minimum 

number of shifts ί ɴ ρȟςȟȣȟςπ  required for the system to independently identify the original plaintext 
message was calculated (Table 1):  

Table 1 

Experimental Results 

Number of Shifts (k) 
Number of Cases 

(from 10 000) 
Number of Shifts (k) 

Number of Cases 

(from 10 000) 

1 0 7 579 

2 723 8 318 

3 2465 9 142 

4 2697 10 71 

5 1864 11ï18 81 

6 1060 >18 0 

Source: prepared by the authors 

 

The data indicate that, in most cases (mode), only four shifts are sufficient for unambiguous 

identification. The absence of successful cases for k=1 is expected, since a single Jacobi symbol provides 

only one bit of information, whereas distinguishing one candidate among nine theoretically requires at least 

ÌÏÇω σȟρχ bits of information. More than 99 % of identifications were completed within the first ten 

steps.  

The obtained results support the theoretical assumption that Jacobi symbol sequences generated using 

multiple shifts can serve as discriminative fingerprints for filtering candidate plaintexts. The analysis 

indicates that even a relatively short sequence of Jacobi symbols provides sufficient information to 

distinguish the correct plaintext message from multiple cube-root candidates with high probability. 

The amount of auxiliary information transmitted in this method remains very small compared to the 

total amount of transmitted information. Since a single Jacobi symbol conveys no more than one additional 

bit of information, in practice a sequence of approximately ten symbols is typically sufficient, corresponding 

to roughly ten additional bits. When using a 2048-bit modulus, this represents less than 0.5 % of the total 

transmitted information. 

It is important to emphasize that the Jacobi symbol by itself does not directly enable reconstruction of 

either the original plaintext message or the cube root value. In this work, Jacobi symbols are used exclusively 

as a filtering mechanism for progressively eliminating incorrect candidates among multiple possible 

solutions. Since the symbol value is computed from already existing candidates and does not provide direct 

information regarding inversion of the cubic function, the use of such auxiliary information does not alter 

the security assumptions of the underlying one-way function. 

Assume that an efficient algorithm existed capable of practically reconstructing the original plaintext 

message using the transmitted Jacobi symbol sequence. In such a case, the algorithm could potentially be 

transformed into an efficient method for inverting the cubic function without knowledge of the modulus 

factorization. Since such a possibility would contradict the security assumptions of the employed trapdoor 

one-way function, it is reasonable to conclude that transmitting additional Jacobi symbols does not provide 

a practical cryptanalytic advantage. 

It should be noted that the presented argument does not constitute a formal cryptographic security 

proof. Rather, it provides a heuristic justification indicating that the transmitted Jacobi symbol sequence does 

not appear to reveal sufficient information to reduce the computational complexity of the underlying cubic 

inversion problem. Formal security analysis of this ambiguity reduction mechanism remains a subject for 

future research. 

 

Consecutive Message Pair Identification Method 

The main idea of the second method is to exploit a known structural relationship between two 

consecutive plaintext messages. If the sender encrypts two consecutive numbers ά and ά 1, two 

ciphertexts are generated (4): 

 

ὧ ά  άέὨ ὲ and  ὧ ά ρ  άέὨ ὲȢ  (4) 
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During decryption, each ciphertext produces nine possible candidate solutions, forming two candidate 

sets (5): 

 

ὓ άȟά ȟȣȟά  ÁÎÄ ὓ άȟά ȟȣȟά .  (5) 

 

It is assumed that among these ω ω  ψρ  possible candidate pairs, there exists a unique pair 
satisfying the original arithmetic relationship. Since the original plaintext messages differ by exactly one, 

the corresponding candidate sets are expected to preserve this relationship only for the correct pair of 

solutions. Although multiple cube roots are generated during modular inversion, the probability that an 

incorrect candidate pair satisfies the same arithmetic condition is expected to be low. Therefore, the 

relationship (ά ά ρ) is investigated as a potential deterministic identification mechanism. 

Hypothesis 2. Among candidate sets ὓ ÉÒ ὓ there exists a unique pair άȟά , satisfying the 

condition: ά ά ρȢ  If this hypothesis holds, the original plaintext message m can be deterministically 

identified without requiring additional statistical information, simply by locating the unique candidate pair 

satisfying this arithmetic relationship. 

It should be noted that both c and c_1 are ciphertexts generated using the same one-way function. 

Transmitting these two values does not reveal the content of the original plaintext message m, since 

recovering the message from either ὧ or ὧ directly reduces to the problem of inverting the cubic function, 
i.e., extracting a cube root modulo n, which is computationally difficult without knowledge of the 

factorization of n. The use of these additional transmitted values does not alter the underlying hardness 

assumptions of the cubic inversion problem. Suppose that an efficient algorithm existed that could 

reconstruct the plaintext message using the two transmitted ciphertexts. Such an algorithm could then be 

used to solve the cubic function inversion problem without knowledge of the modulus factorization. This 

would contradict the security assumption of the underlying one-way function. 

The experiments were conducted in a Java environment using 1024-bit, 1536-bit, and 2048-bit moduli 

n. For each key length, 1000 trials were performed, evaluating identification accuracy and execution time. 

The experimental results support Hypothesis 2: within the performed experimental dataset, a unique 

candidate pair satisfying the condition ά ά ρ was identified in all trials (Table 2). 

Table 2 

Median Execution Time of Operations 

Key Length Trials  Errors  Accuracy 

1024-bit 1000 0 100 % 

1536-bit 1000 0 100 % 

2048-bit 1000 0 100 % 
Source: prepared by the authors 

Table 3 

Execution Time Distribution (Median Values Across 1000 Trials) 

Operation 1024-bit 1536-bit  2048-bit  

Encryption 0,010 ms 0,019 ms 0,032 ms 

Cube roots from c 1,60 ms 3,77 ms 7,33 ms 

Cube roots from c_1 1,60 ms 3,75 ms 7,34 ms 

Pair search (M×M1) 0,002 ms 0,001 ms 0,0016 ms 

Total 3,22 ms 7,55 ms 14,85 ms 
Source: prepared by the authors 

 

As shown in Table 3, the majority of execution time (~99.8 %) is consumed by cube root computation, 

which is performed twice in this method. 

Analysis of the 2048-bit key case revealed that: 

¶ Encryption accounts for only approximately 0.2% of total execution time.  

¶ Cube root extraction dominates the algorithm structure (~99.8%).  

¶ Candidate pair search is computationally negligible (< 0.01 %).  

The overall execution time grows approximately quadratically with increasing key length, which is 

characteristic of large-integer arithmetic operations, such as modular exponentiation and application of the 

Chinese Remainder Theorem (CRT). 
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Partial Ciphertext Method 

The third algorithm represents an optimization of the second method aimed at eliminating two major 

limitations of that approach: 

¶ communication overhead, since two complete ciphertexts are transmitted, effectively doubling 

the communication volume; and  

¶ computational cost, because the receiver is required to perform the computationally expensive 

cube root extraction operation modulo n twice.  

The main idea of the third method is to transmit only a small portion of the least significant bits (LSB 

ï Least Significant Bits) of the ciphertext ὧ ά ρ  άέὨ ὲ instead of transmitting the entire ciphertext.  

The algorithm operates as follows: the sender computes ὧ ά  άέὨ ὲ and ὧ ά ρ άέὨ ὲ. 
The sender transmits c together with the k least significant bits of ὧ. The receiver computes nine possible 
roots from c, obtaining the candidate set ὓ άȟά ȟȣȟά . For each candidate ά the receiver 
additionally computes a test ciphertext: ὧ ά ρ άέὨ ὲ and compares the k least significant bits of ὧ 
with those received from the sender. The candidate whose bits match is identified as the original plaintext 

message m. 

Hypothesis 3. A small subset of ciphertext bits is sufficient for unambiguous identification. 

Since the probability of a random match for an incorrect candidate is ς , the expected number of 

incorrect candidates remaining after filtering is given by (6): 

 

Ὁerrorsψẗς .  (6) 

 

As k increases, this probability decreases exponentially, causing the probability of unambiguous 

identification to rapidly approach 1.  

To validate Hypothesis 3, a statistical study was conducted using a 2048-bit modulus across 10,000 

experimental trials. The results demonstrate the relationship between the number of transmitted bits k and 

identification success rate (Table 4): 

Table 4 

Results of Hypothesis 3 Validation 

Number of Bits (k) Unambiguous Cases Ambiguous Cases Possibility 

4 5868 4132 0,5868 

8 9693 307 0,9693 

12 9986 14 0,9986 

16 9999 1 0,9999 

18 10000 0 1,0000 
Source: prepared by the authors 

 

The following advantages of the proposed method were identified: 

1. Performance: Decryption speed increases by approximately a factor of two compared to 

Algorithm 2, since the most computationally expensive operation (cube root extraction) is performed only 

once. Encryption ά ρ άέὨ ὲ is several thousand times faster than decryption. 

2. Complexity comparison: Although nine modular exponentiation operations must be performed 

during decryption, their total computational cost is negligible compared to a single modular exponentiation 

involved in root computation using the Chinese Remainder Theorem. 

3. Compactness: Additional communication overhead is reduced by more than two orders of 

magnitude (from 2048 bits to approximately 16ï18 bits). 

4. Security: The transmitted k bits constitute only a small portion of the function value ὧ
ά ρ άέὨ ὲ. Since k is very small compared to the overall modulus length, disclosure of these bits does 

not directly reveal the original plaintext message m. For a 2048-bit modulus transmitting 18 auxiliary bits, 

the additional information constitutes less than 1 % of the total ciphertext length. The transmitted partial 

ciphertext information is used exclusively for candidate filtering and does not directly provide a method for 

inverting the cubic function.  

Assume that an efficient algorithm exists that is capable of reconstructing the plaintext message using 

the transmitted partial ciphertext information. In such a case, the algorithm could potentially be transformed 

into a method for solving the cubic inversion problem modulo (n) without knowledge of the modulus 

factorization. Since such a possibility would contradict the security assumptions of the underlying one-way 
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function, the disclosed auxiliary information does not appear to provide a practical cryptanalytic advantage 

or reduce the computational complexity of the cubic inversion problem. 

It should be noted that this argument does not constitute a formal cryptographic security proof. Rather, 

it provides a heuristic justification indicating that the transmitted auxiliary bits do not appear to reveal 

sufficient information for efficient recovery of the original plaintext message. In the proposed method, 

auxiliary bits are used solely for candidate selection among already computed candidate solutions and do not 

directly facilitate modulus factorization or inversion of the cubic function. Formal security analysis of the 

proposed mechanism remains a subject for future research. 

 

Comparative Analysis of Algorithms and Performance Evaluation 

All algorithms and statistical evaluation tests used in this study were implemented in Java (using JDK 

17). The complete source code enabling reproduction of the experimental results is publicly available in a 

GitHub repository [15]. 

A comprehensive performance evaluation of all three algorithms (A1, A2, and A3) was conducted 

using key lengths of 1024, 1536, and 2048 bits. For each key length, 1000 trials were performed while 

measuring the average execution time at both the sender side (Party A ï encryption) and receiver side (Party 

B ï decryption and identification). The algorithm comparison results are presented in Table 5: 

Table 5 

Average Execution Time (ms) 

Key Length Side Algorithm 1  Algorithm 2  Algorithm 3  

1024-bit A (Sender) 1,6187 ms 0,0109 ms 0,0114 ms 

 B (Receiver) 3,7666 ms 3,2765 ms 1,6611 ms 

1536-bit A (Sender) 2,8654 ms 0,0197 ms 0,0200 ms 

 B (Receiver) 7,5758 ms 7,6867 ms 3,9062 ms 

2048-bit A (Sender) 4,3705 ms 0,0333 ms 0,0334 ms 

 B (Receiver) 13,0190 ms 14,7795 ms 7,4674 ms 
Source: prepared by the authors 

 

Analysis of the obtained results (Table 5) reveals the following key observations: 

1. Sender-side (Party A) computational overhead: Algorithm 1 exhibits the highest 

computational cost on the sender side (up to 4.37 ms using a 2048-bit key), since computation of the Jacobi 

symbol sequence is required. In contrast, Algorithms 2 and 3 demonstrate significantly lower execution times 

on the sender side (approximately 0.033 ms), because encryption relies on modular cubing with a small 

exponent value (e=3). As a result, these algorithms operate approximately 130 times faster than the method 

based on Jacobi symbol sequence computation.  

2. Receiver-side (Party B) efficiency: Algorithm 3 demonstrated the best decryption performance. 

It operates approximately twice as fast as Algorithm 2. This confirms the theoretical assumption that 

eliminating the second cube root extraction operation reduces receiver-side execution time by approximately 

50 %. Algorithm 1 remains competitive on the receiver side only for shorter key lengths but loses its 

advantage relative to Algorithm 3 due to the additional Jacobi symbol computations required for each 

candidate.  

Overall, the obtained results demonstrate that all three algorithms successfully address the ambiguity 

problem, although they differ substantially in terms of computational requirements and communication 

overhead. Algorithm 1 minimizes transmitted auxiliary information, Algorithm 2 provides deterministic 

identification, whereas Algorithm 3 achieves the most favorable balance between identification accuracy, 

execution speed, and communication efficiency. 

 

Discussion 

The experimental results demonstrated that ambiguity arising from cubic mappings can be effectively 

eliminated using a relatively small amount of auxiliary information. 

The Jacobi symbol filtering method revealed that a sequence of several symbols can function as a type 

of message ñfingerprint.ò Although a single Jacobi symbol contributes only one bit of information, 

combining multiple such symbols enables rapid elimination of incorrect candidate plaintexts. 

The consecutive-message method provides a deterministic identification mechanism. Experiments 

conducted using different key lengths demonstrated that the correct candidate pair can always be identified 

based on a simple arithmetic relationship. However, this approach requires transmission of two complete 

ciphertexts and execution of the cube root extraction operation twice. 
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The partial ciphertext method represents an optimization of this approach. By transmitting only a small 

number of bits from the second ciphertext, the receiver can identify the correct candidate without performing 

a second root computation. Experimental results demonstrated that this approach reduces overall decryption 

time by approximately half. 

From a security perspective, the amount of transmitted auxiliary information remains very small 

relative to the modulus length. Consequently, it does not appear to provide a significant advantage to a 

potential cryptanalyst attempting to reconstruct the plaintext message or factorize the modulus. Similarly, 

the transmitted auxiliary information does not appear to alter the computational hardness assumptions 

associated with the cubic inversion problem or create practical conditions for more efficient recovery of the 

original plaintext message. 

Although the proposed methods demonstrated high identification accuracy and favorable 

computational properties, several limitations should be acknowledged. The Jacobi-based method relies on 

statistical assumptions regarding the behavior of Jacobi symbol sequences and therefore would benefit from 

additional theoretical analysis. The consecutive-message method requires transmission of an additional 

ciphertext, while the partial ciphertext method introduces a small amount of auxiliary information. 

Furthermore, experimental evaluation was performed using cryptographic moduli up to 2048 bits, and 

additional investigations are required to determine whether similar behavior is preserved for larger key sizes 

and alternative modulus constructions. 

It should be emphasized that the presented security considerations are heuristic in nature and do not 

constitute formal cryptographic security proofs. The arguments provided in this study indicate that the 

proposed ambiguity reduction mechanisms do not appear to reduce the computational hardness of the 

underlying cubic inversion problem or provide a practical cryptanalytic advantage. Nevertheless, rigorous 

reduction-based security proofs and information-theoretic analysis of the disclosed auxiliary information 

remain important directions for future research. 

 

Conclusions 

1. The efficiency analysis of the three proposed algorithms demonstrated that their applicability 

depends on achieving an appropriate balance between computational cost and the amount of transmitted 

auxiliary information. Algorithm 1 enables message identification while transmitting minimal auxiliary 

information; however, it requires the highest computational cost on the sender side. Algorithm 2 ensures 

deterministic identification but requires transmission of two complete ciphertexts and execution of two cube 

root extraction operations. Algorithm 3 demonstrated the best experimental trade-off between efficiency and 

communication overhead. By transmitting only partial information from the second ciphertext, receiver-side 

execution time was reduced from 14.78 ms to 7.47 ms (approximately 49.5%) when using a 2048-bit 

modulus. 

2. The conducted theoretical and experimental investigation demonstrated that the ambiguity problem 

arising in public-key cryptosystems based on the cubic mapping ὼάέὨ ὲ can be effectively addressed. The 
results showed that, although cubic function inversion generates nine possible plaintext candidates when 

ὴ ḳή ḳρ άέὨ σ, the proposed ambiguity reduction methods provide a practical mechanism for 
identifying the original plaintext message with high reliability. 

3. Statistical experiments demonstrated that when using Jacobi symbol shift sequences, the original 

plaintext message is identified within 10 filtering steps in more than 99% of cases. Since each Jacobi symbol 

contributes one additional information bit, this method practically requires approximately 10 auxiliary bits, 

representing less than 0.5% of transmitted information when using a 2048-bit modulus. However, this 

method requires the highest computational cost on the sender side, with average execution time reaching 

4.37 ms when using a 2048-bit key. 

4. Experimental results demonstrated that Algorithm 3 represents the most efficient refinement of 

Algorithm 2. Transmitting only the 18 least significant bits of the second ciphertext resulted in successful 

identification in all performed experimental trials while reducing receiver-side execution time from 14.78 

ms to 7.47 ms when using a 2048-bit modulus. The elimination of the second cube root extraction operation 

enabled approximately a twofold improvement in decryption performance. 

5. The scientific novelty of this research lies in the proposal and experimental evaluation of three 
ambiguity reduction methods for public-key cryptosystems based on cubic modular mappings. Unlike 

previously published studies, which primarily focus on cube root computation algorithms and theoretical 

properties of cubic residues, the proposed methods address the practical problem of deterministic plaintext 

identification among nine possible decryption candidates. The obtained results demonstrate that ambiguity 
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can be eliminated without employing redundant encoding schemes and with only minimal additional 

communication overhead. 

6. The obtained results indicate that the proposed methods preserve a high level of security, since the 
transmitted auxiliary information (Jacobi symbols or partial ciphertext bits) does not appear to provide a 

practical cryptanalytic advantage for factorizing the modulus n or inverting the cubic function. The presented 

analysis suggests that the proposed ambiguity reduction mechanisms do not reduce the computational 

hardness of the underlying cubic inversion problem, although formal security proofs remain a subject for 

future research. Among the investigated approaches, Algorithm 3 provides the best balance between 

execution speed, communication overhead, and identification accuracy, making it particularly suitable for 

practical deployment in real-time systems.  

7. Future research may be extended in several directions: 

¶ conducting deeper theoretical analysis of the statistical properties of Jacobi symbol sequences 

to provide stronger justification for the effectiveness of Algorithm 1; 

¶ investigating optimized shift sequences to reduce the required number of Jacobi symbols and 

further accelerate the identification process; 

¶ adapting similar methods to other modular functions, such as fourth-degree or fifth-degree 

residue systems; 

¶ integrating cubic mappings into experimental cryptographic schemes or hybrid protocols to 

evaluate their practical applicability in real-world communication systems and identify opportunities to 

reduce computational costs while maintaining the required security level. 
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NEVIENAREIKĠMIĠKUMO MAĢINIMO METODȍ VIEĠOJO RAKTO KRIPTOSISTEMOSE KȉRIMAS 

IR ANALIZǞ 

 

Santrauka 

Vieġojo rakto kriptografijoje pastaruoju metu iġkilo ir vis didǟja poreikis efektyvioms ir alternatyvioms 

kriptografinǟms konstrukcijoms, kurios leistȎ sumaģinti skaiļiavimo resursȎ poreikǱ kriptografinei sistemai. Vienas iġ 

sprendimȎ - praneġimo uģġifravimui vietoj ǱprastȎ RSA ar kito ġifravimo metodo taikyti aukġtesnio laipsnio funkcijȎ 

potencialŃ. Taļiau toks sprendimas ģenkliai apsunkina patǱ praneġimo deġifravimo procesŃ, nes dǟl daugiareikġmiġkumo 

https://github.com/PetrasN/cubic-crypto


114 

problemos iġkyla papildomȎ mechanizmȎ poreikis teisingam praneġimui identifikuoti. Ġiame straipsnyje autoriai 

praktiġkai tiria galimybň efektyviai identifikuoti priimtŃ praneġimŃ, nenaudojant tam papildomȎ pertekliniȎ duomenȎ, 

tam pritaikant bȊtent kubinň funkcijŃ ὼάέὨ ὲ. Kai modulis ὲ ὴή sudarytas iġ pirminiȎ skaiļiȎ, tenkinanļiȎ sŃlygŃ 
ὴḳήḳράέὨσ, deġifravimo metu gaunamos devynios galimos kubinǟs ġaknys. Toks dviprasmiġkumas riboja 
tiesioginǱ ġios funkcijos taikymŃ praktinǟse kriptografinǟse schemose. Straipsnyje pasiȊlyti trys metodai, leidģiantys 

identifikuoti tikrŃjǱ praneġimŃ tarp devyniȎ galimȎ kandidatȎ. Pirmasis metodas naudoja adaptacinň Jacobi simboliȎ 

sekŃ su poslinkiais. Antrasis metodas iġnaudoja struktȊrinǱ ryġǱ tarp dviejȎ gretimȎ praneġimȎ. Treļiasis metodas yra 

optimizuota antrojo metodo  versija, kurioje perduodama tik nedidelǟ dalis antrosios ġifrogramos ģemiausiȎ bitȎ. 

Eksperimentiniai tyrimai atlikti Java aplinkoje, naudojant 1024, 1536 ir 2048 bitȎ modulius. Gauti rezultatai rodo, kad 

visi trys metodai leidģia patikimai identifikuoti originalȎ praneġimŃ. Nustatyta, kad dalinǟs ġifrogramos metodas 

pasiģymi geriausiu balansu tarp skaiļiavimo sŃnaudȎ ir perduodamos informacijos kiekio, leidģiant sumaģinti 

deġifravimo laikŃ maģdaug du kartus. 

Reikġminiai ģodģiai: vieġojo rakto kriptografija, kubinǟs liekanos, Jacobi simbolis, vienkryptǟs funkcijos, 

modulinǟ aritmetika, kriptografinǟ identifikacija. 
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EXPERIMENTAL INVESTIGATION OF REAR SUSPENSION COIL SPRING STIFFNESS 
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Abstract 

The vehicle suspension system is one of the most important systems of an automobile, comprising elastic 

elements, shock absorbers, protective components, and the connections between the vehicle body and its wheels. The 

dimensional design of suspension components, the application of advanced technologies, and the proper geometric 

arrangement and integration of suspension elements within the chassis have a significant influence on vehicle safety 

and ride comfort. The primary function of the suspension system is to absorb road-induced impacts and reduce them to 

minor vibrations transmitted to the vehicle body. 

This study presents an experimental investigation of the compression characteristics of coil springs with the aim 

of evaluating their stiffness under loading conditions. The experiments were conducted to identify manufacturing 

variations and mechanical differences between springs belonging to the same manufacturer and product model. The 

tests were performed using the LABA7 Spring Rate Tester Daily, a dedicated testing system designed to determine the 

mechanical properties of automotive suspension springs under compressive loading. The testing procedure enables 

continuous measurement of load and deformation, allowing the construction of forceïdisplacement characteristics. 

The experimental results demonstrate that coil springs from the same manufacturer and product model do not 

exhibit identical displacement responses under equivalent loading conditions. Differences in the stiffness coefficient 

were observed throughout the compression process, becoming more pronounced as the compression stroke increased. 

The findings indicate that even relatively small variations in spring stiffness may result in uneven load distribution on 

the rear axle, which can adversely affect vehicle stability and ride comfort. The experimental results revealed stiffness 

deviations ranging from approximately 4% to 6% between coil springs belonging to the same product set. 

Key words: coil spring, stiffness, force, displacement  

 

Introduction  

Recent advances in automotive suspension systems have been primarily driven by increasing demands 

for ride comfort, driving safety, and the integration of electric and autonomous vehicle technologies. 

Although active suspension systems have received considerable research attention due to their ability to 

improve vehicle dynamics, passive suspension systems remain the most widely used solution in commercial 

passenger vehicles because of their simplicity, reliability, and cost-effectiveness. Consequently, the 

mechanical characteristics of passive suspension components, particularly coil springs, continue to play a 

crucial role in determining vehicle ride comfort, handling stability, and load distribution. For this reason, 

precisely measuring spring stiffness and tracking manufacturing inconsistencies continues to be a critical 

focus in ongoing research (Yu et al., 2024). 

A vehicle relies on its suspension system to bridge the gap between the chassis and the wheels. By 

integrating both rigid and elastic components, this setup allows for relative movement while ensuring a 

smooth, stable ride (Pridie & Antonya, 2021). Key parts include dampers, elastic elements, linkages, and 

control arms. Whenever a vehicle hits uneven ground, the resulting physical shocks move directly from the 

tires into the chassis (Han & Liang, 2022). The suspension's primary job is to intercept this energyðkeeping 

passengers comfortable, preventing long-term wear on the vehicle's frame, and maintaining overall 

drivability (Aboazoum, 2022). 

In a conventional suspension system, each wheel is independently connected to the vehicle body 

through a combination of elastic and damping elements. This configuration influences the vibration 

behaviour of the entire vehicle body, while the elastic and damping components must effectively respond to 

all possible wheel motions. Consequently, the natural frequencies of the suspension system are governed by 

the spring stiffness, the location of the vehicle's centre of mass, and the wheel assemblies. Suspension designs 

improved dramatically once engineers started integrating anti-roll bars. These components actively fight 

body lean, keeping the car completely stable through sharp turns and quick steering inputs (Pridie & Antonya, 

2021). 

Although numerous studies have investigated suspension design and ride comfort, limited attention 

has been devoted to manufacturing variability between nominally identical aftermarket coil springs. 

Variations in spring stiffness may influence axle load distribution, vehicle stability and ride comfort; 

however, quantitative experimental data comparing different manufacturers remain scarce. 

The research problem addressed in this study is whether coil springs manufactured by the same 

manufacturer and belonging to the same product model exhibit identical mechanical properties that may 

influence suspension performance. 
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The aim of this study is to evaluate the differences in the displacement and stiffness characteristics of 

coil springs belonging to identical product sets. 

The objectives of the study are as follows: 

¶ measure the forceïdisplacement characteristics of the tested coil springs; 

¶ determine the relationship between instantaneous spring stiffness and deformation throughout 
the entire compression range; 

¶ compare the mechanical characteristics of coil springs belonging to the same product set. 

The research methodology combines a review of the relevant scientific literature with experimental 

investigations. Compression tests of automotive coil springs were performed using a dedicated spring testing 

system to determine the forceïdisplacement relationship and the corresponding stiffness coefficient. The 

experimental data were subsequently analysed and compared to evaluate differences in the mechanical 

characteristics of the tested springs. 

 

Theoretical Aspects of Elastic Components in Automotive Suspension  

At the theoretical level, automotive suspension springs function primarily as energy storage 

mechanisms. When a vehicle encounters a road disturbance, the elastic components deform, immediately 

converting the kinetic energy of the impact into potential strain energy. The fundamental physics governing 

this process dictate how quickly and efficiently the suspension can absorb a shock before the damper 

dissipates that energy as heat. Consequently, analysing these components requires a deep understanding of 

structural deformation and load distribution under dynamic driving conditions. Coil springs are among the 

most important components of a vehicle suspension system, as they absorb road-induced vibrations and 

contribute significantly to vehicle stability and ride comfort. A suspension's overall effectiveness relies 

heavily on these underlying mechanical properties. For this reason, rigorously testing spring stiffness is a 

mandatory step when developing new systems and verifying production quality (Imoro et al., 2023). 

Elastic elements do much more than just smooth out rough roads to keep the tyres grounded 

(Aboazoum, 2022). They also dictate how the wheels react under hard acceleration, heavy braking, and sharp 

turns. By managing these forces, the springs physically prevent the vehicle's body from swaying excessively 

over uneven pavement (Mahanthi & Murali, 2017). 

During vehicle operation, suspension components are continuously subjected to dynamic loads, 

vibrations, and impact forces. Consequently, their technical condition has a significant influence on vehicle 

safety and overall driving performance. Achieving a safe, reliable, and durable suspension system requires 

careful consideration of numerous geometric, structural, and technological factors. The physical shape and 

load capacity of a coil spring dictate its exact functional behaviour in real-world applications (Kobelev, 

2024). This mechanical profile determines the success of the entire suspension system. It sets the baseline 

for how the vehicle handles and how comfortable the ride feels (Partheeban & Ibrahim, 2025). 

To optimise suspension performance for specific operating requirements, two fundamental aspects 

must be considered: the mechanical properties of the spring material and the structural design of the spring 

itself. Both factors should be carefully selected and optimised according to the intended application to 

achieve the desired balance between durability, ride comfort, and handling performance. 

 

Materials and Methods 

The experimental investigation was conducted using the LABA7 Spring Rate Tester Daily, a spring 

stiffness testing system designed to evaluate the mechanical properties of automotive suspension springs 

under compressive loading. The testing system enables continuous measurement of applied load and spring 

deformation, allowing the construction of forceïdisplacement characteristics for the tested components. A 

BMW 330d (E90) was selected as the reference vehicle for this study. The experimental investigation 

involved four sets of rear suspension coil springs manufactured by different manufacturers and designed for 

the rear axle of the BMW 3 Series (E90). The chassis design of the selected vehicle is representative of other 

variants within the BMW E90 series. Therefore, the BMW 330d (E90) was considered an appropriate 

reference platform for the comparative analysis of suspension components. The technical specifications of 

the rear axle coil spring sets used in the experimental investigation are presented in Table 1.  

The maximum permissible testing load is 10,000 N, enabling the evaluation of both conventional and 

high-stiffness coil springs. The testing system is equipped with a reinforced adjustable crosshead that 

provides secure and reliable positioning of the test specimen throughout the experiment. In addition, the 

adjustable compression stroke, ranging from 0 to 300 mm, allows the testing of coil springs with a wide 

variety of geometric dimensions and mechanical characteristics. 
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Table 1 

Characteristics of the Coil Springs 
Length 336 mm  331 mm 

Outer diameter 104 mm  99 mm 

Wire diameter 14 mm 14 mm 

Spring type Coil spring (S1) Coil spring (S2) 

Source: prepared by the authors 

 

At the beginning of each test, the testing system was automatically positioned at its initial reference 

state, where the applied load was approximately zero and the spring displacement was 0 mm. This position 

served as the reference point for the entire measurement procedure. Spring compression was performed at a 

constant speed using an electromechanical drive system. During the test, load and displacement sensors 

continuously recorded changes in the applied force and spring deformation in real time. The primary 

measured parameters included displacement (mm), applied force (N), and the instantaneous spring stiffness 

(N/mm), which was calculated from the force-to-deformation ratio over a specified measurement interval. 

All measurements were carried out under identical testing conditions to minimise the influence of 

experimental errors. The compression test for each spring was repeated three times, and the final results were 

obtained by averaging the measured values. This approach reduced the effect of random measurement errors 

and improved the reliability and repeatability of the experimental results. 

To ensure the reliability and repeatability of the experimental results, the compression test for each 

coil spring was repeated three times under identical testing conditions. Between consecutive tests, each 

spring was completely unloaded, and the testing system was returned to its initial reference position. The 

final force, displacement, and spring stiffness values were calculated as the arithmetic mean of the three 

repeated measurements. This procedure reduced the influence of random measurement errors and improved 

the reliability and repeatability of the experimental data. Experimental data are presented as the mean Ñ 

standard deviation (SD) of three independent measurements. Statistical analysis was performed to assess the 

repeatability of the measurements and to minimise the influence of random experimental errors. All 

measurement data were automatically recorded by the Spring Tester Daily software and exported to 

Microsoft Excel for further analysis. The experimental results were subsequently processed graphically and 

used for the comparative analysis of the mechanical characteristics of the tested coil springs. 

 

Results and Discussion  

The obtained forceïdisplacement curves enable the evaluation of differences in the mechanical 

properties of coil springs belonging to the same product set. In the first stage of the experimental 

investigation, the forceïdisplacement characteristics of the rear axle coil springs manufactured by (S1) were 

analysed. Figure 1a presents the forceïdisplacement characteristics of the rear axle coil spring set (S1). The 

experimental results indicate that the forceïdisplacement relationships of both springs are approximately 

linear, confirming that the springs operate predominantly within the elastic deformation region. Nevertheless, 

noticeable differences between the two curves can be observed. Throughout the entire deformation range, 

one spring required a higher compressive force to achieve the same displacement, indicating a greater 

stiffness. These differences became more pronounced with increasing deformation. At a displacement of 100 

mm, the compressive force of one spring reached approximately 6,000 N, whereas the corresponding value 

for the other spring was approximately 6,300 N, representing a difference of about 5%. This finding indicates 

that the two springs do not possess identical stiffness characteristics. The repeatability of the measurements 

confirmed the reliability of the obtained characteristics.  

The observed differences may be attributed to manufacturing tolerances, variations in material 

properties, or inconsistencies in the heat-treatment process during production. Furthermore, the different 

slopes of the forceïdisplacement curves indicate variations in the spring stiffness coefficient, which directly 

influences the overall stiffness of the suspension system and consequently affects vehicle ride comfort. 

Although the observed differences are relatively small, they may influence suspension performance. Under 

operating conditions, such variations may result in an uneven distribution of loads across the rear axle, 

thereby affecting vehicle stability. 

The variation in spring stiffness as a function of deformation was subsequently analysed for the (S1) 

rear axle coil springs. Based on the measured forceïdisplacement data, the instantaneous stiffness 

characteristics were determined to evaluate changes in the mechanical behaviour throughout the entire 

compression stroke. Figure 1b illustrates the stiffnessïdeformation relationships for the two springs 

belonging to the same product set. The results demonstrate that the stiffness of both springs increases with 
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increasing deformation, indicating non-linear elastic behaviour and a gradual deviation from the ideal linear 

response predicted by Hooke's law over the full compression range. 

 

 
 

a b 

Fig. 1. Mechanical response of the (S1) rear axle coil springs: (a) forceïdisplacement characteristics; (b) 

spring stiffness versus compression stroke 
Source: prepared by the authors 

 

Within the initial and intermediate stages of compression (approximately 20ï80 mm), the stiffness 

curves remain nearly linear, allowing this region to be considered representative of the nominal spring 

stiffness. However, systematic differences between the two springs are evident, with one spring consistently 

exhibiting higher stiffness throughout the entire deformation range. At a compression stroke of 80 mm, the 

stiffness of one spring reached approximately 72 N/mm, whereas the corresponding value for the other spring 

was approximately 69 N/mm, representing a difference of approximately 4ï5%. These findings confirm that 

measurable variations in the mechanical properties exist even between coil springs belonging to the same 

product set. 

Figure 2a presents the forceïdisplacement characteristics of two rear axle coil springs (S2). Both 

curves exhibit an approximately linear relationship, indicating that the springs operate within the elastic 

deformation region and maintain stable mechanical behaviour throughout the investigated compression 

range. Despite the overall similarity of the forceïdisplacement characteristics, measurable differences 

between the two springs were observed. One of the curves remains consistently above the other throughout 

the entire deformation range, indicating a higher spring stiffness. Consequently, a greater compressive force 

is required for this spring to achieve the same displacement. These differences become increasingly 

pronounced as deformation increases. At a displacement of 100 mm, one spring generated a compressive 

force of approximately 7,600 N, whereas the corresponding value for the second spring was approximately 

7,200 N, representing a difference of approximately 5ï6%. These results indicate that the mechanical 

characteristics of coil springs belonging to the same product set are not identical. 

 

 
 

a b 

Fig. 2. Mechanical response of the (S2) rear axle coil springs: (a) forceïdisplacement characteristics; (b) 

spring stiffness versus compression stroke 
Source: prepared by the authors 

 

Compared with the (S1) spring set, the larger differences observed in the (S2) Technology springs 

suggest a lower degree of manufacturing uniformity. Such variations may influence suspension performance, 
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particularly under dynamic loading conditions, resulting in uneven load distribution between the wheels and 

consequently affecting vehicle stability and ride comfort. 

Figure 2b presents the instantaneous stiffness characteristics of the two (S2) coil springs, allowing the 

stability of their mechanical properties to be evaluated throughout the entire deformation range. As shown 

in the figure, the spring stiffness coefficient remained relatively constant over most of the compression 

stroke, varying between approximately 68 and 74 N/mm. It can be concluded that the springs operate 

predominantly within the near-linear elastic region, exhibiting a relatively stable mechanical response 

throughout most of the compression range. Nevertheless, measurable differences between the two springs 

were observed during the experimental investigation. The stiffness of one spring varied between 

approximately 69 and 74 N/mm, whereas that of the other ranged from 68 to 72 N/mm, indicating a non-

uniform distribution of stiffness within the spring set. 

A distinct increase in stiffness was observed during the tests. At a compression stroke of approximately 

100ï105 mm, the stiffness coefficient of one spring increased to approximately 84 N/mm. This behaviour 

may be attributed to non-linear deformation effects occurring at higher compression levels. Such localised 

increases in stiffness warrant further investigation to identify their underlying causes. In contrast, the second 

spring exhibited a more uniform stiffness profile throughout the entire compression range, without any 

pronounced stiffness peaks. This behaviour indicates a more stable mechanical response and suggests greater 

consistency in the spring's operational performance. 

A comparative analysis of the mechanical characteristics of the (S1) and (S2) coil spring sets revealed 

significant differences both between the two manufacturers and between individual springs within the same 

product set. The analysis of the forceïdisplacement characteristics demonstrated that the springs produced 

by both manufacturers operated within the elastic deformation region, exhibiting nearly linear forceï

displacement relationships throughout the investigated compression range. However, the (S2) spring set 

exhibited greater variability between individual springs than the (S1) set. At a displacement of 100 mm, the 

difference in compressive force between the springs in the (S2) set was approximately 5ï6%, whereas the 

corresponding difference for the (S1) set was approximately 4ï5%. 

The analysis of the instantaneous stiffness characteristics further highlighted these differences. The 

(S1) springs exhibited a more uniform variation in stiffness, with values ranging from approximately 68 to 

72 N/mm, indicating a more stable mechanical response. In contrast, the stiffness of the (S2) springs varied 

over a wider range, from approximately 69 to 74 N/mm, and one spring exhibited a localised increase in 

stiffness to approximately 84 N/mm. Such behaviour may influence suspension performance, particularly 

under dynamic loading conditions where the springs operate at higher levels of deformation. 

Overall, the results indicate that the (S1) spring set demonstrates greater manufacturing uniformity 

and more consistent mechanical properties than the (S2) spring set, which exhibited larger variations in 

stiffness and localised non-linear effects. These findings suggest that coil springs produced by different 

manufacturers may differ significantly in terms of the consistency and stability of their mechanical 

performance, potentially affecting the operational characteristics of the vehicle suspension system. The 

observed differences may be attributed to manufacturing tolerances and material variability. Although 

relatively small, these deviations may contribute to uneven load distribution under dynamic operating 

conditions. 

 

Conclusions 

1. The experimental results demonstrated that the forceïdisplacement characteristics of all tested 

coil springs were approximately linear, indicating that the springs operated predominantly within the elastic 

deformation region. 

2. The analysis of the instantaneous stiffness characteristics showed that the spring stiffness 
coefficient remained relatively constant throughout most of the compression stroke. However, slight 

deviations were observed at higher levels of deformation, indicating the presence of non-linear deformation 

effects. 

3. The comparison of coil springs belonging to the same product set revealed measurable differences 
in stiffness, ranging from approximately 4% to 6%. These variations indicate the influence of manufacturing 

tolerances and demonstrate that the mechanical properties of nominally identical components are not entirely 

uniform. 

4. The obtained results suggest that even relatively small differences in spring stiffness may lead to 
uneven load distribution on the rear axle, potentially affecting vehicle stability and ride comfort under 

operating conditions. 
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GALINǞS PAKABOS SPYRUOKLǞS STANDUMO EKSPERIMENTINIS TYRIMAS 

 

Santrauka 

 

Automobilio pakabos sistema yra viena svarbiausiȎ automobilio sistemȎ, kuriŃ sudaro elastingi elementai, 

amortizatoriai, apsauginiai komponentai ir jungtys tarp automobilio kǟbulo ir ratȎ. Pakabos komponentȎ matmenȎ 

projektavimas, paģangiȎ technologijȎ taikymas ir tinkamas pakabos elementȎ geometrinis iġdǟstymas bei integravimas 

vaģiuoklǟje daro didelň ǱtakŃ automobilio saugumui ir vaģiavimo komfortui. Pagrindinǟ pakabos sistemos funkcija ï 

sugerti kelio sukeltus smȊgius ir sumaģinti juos iki nedideliȎ vibracijȎ, perduodamȎ automobilio kǟbului. 

Ġiame tyrime pateikiamas eksperimentinis spyruokliȎ suspaudimo charakteristikȎ tyrimas, siekiant Ǳvertinti jȎ 

standumŃ apkrovos sŃlygomis. Eksperimentai buvo atlikti siekiant nustatyti gamybos skirtumus ir mechaninius 

skirtumus tarp to paties gamintojo ir gaminio modelio spyruokliȎ. Bandymai buvo atlikti naudojant ĂLABA7 Spring 

Rate Tester Dailyñ ï specialiŃ bandymȎ sistemŃ, skirtŃ automobiliȎ pakabos spyruokliȎ mechaninǟms savybǟms 

gniuģdymo apkrovos metu nustatyti. Bandymo procedȊra leidģia nuolat matuoti apkrovŃ ir deformacijŃ, o tai leidģia 

konstruoti jǟgos ir poslinkio charakteristikas. 

Eksperimentiniai rezultatai rodo, kad to paties gamintojo ir gaminio modelio spyruoklǟs neparodo identiġkȎ 

poslinkio reakcijȎ esant lygiavertǟms apkrovos sŃlygoms. Viso suspaudimo proceso metu buvo pastebǟti standumo 

koeficiento skirtumai, kurie tapo ryġkesni didǟjant suspaudimo eigai. Rezultatai rodo, kad net ir santykinai nedideli 

spyruokliȎ standumo skirtumai gali lemti netolygȎ apkrovos pasiskirstymŃ galinǟje aġyje, o tai gali neigiamai paveikti 

transporto priemonǟs stabilumŃ ir vaģiavimo komfortŃ. Eksperimentiniai rezultatai parodǟ, kad to paties gaminiȎ 

rinkinio spyruokliȎ standumo nuokrypiai svyruoja nuo maģdaug 4 % iki 6 %. 

Raktiniai ģodģiai: spyruoklǟ, standumas, jǟga, poslinkis 

 

 
A COVER LETTER OF AUTHORS 

 

Author name, surname: Tomas Mickevicius. 

Science degree and name: doctor, associated professor. 

Workplace and position: Lietuvos Inzinerijos Kolegija | Higher Education Institution, Faculty of Industrial Engineering and 

Technology, associated professor 

Author ós research interests: transport engineering.  

Telephone and e-mail address: 8 61645666, tomas.mickevicius@edu.ktk.lt  



121 

FORMATION AND TRANSFORMATION OF AUSTENITE AND THE ELIMINATION OF 

RETAINED AUSTENITE  

 

Artis Iesmins, Viktors Gutakovskis, Aleksandrs Okunevs 

Riga Technical College, Latvia 
 

Abstract 

Steel plays a fundamental and irreplaceable role in modern industrial manufacturing, construction, 

transportation, and materials engineering due to its favorable combination of mechanical strength, formability, 

durability, and cost efficiency. The performance and reliability of steel products are largely determined by their 

microstructural evolution during processing, among which the formation, transformation, and stabilization of austenite 

are of particular importance. Austenite, a face-centered cubic phase of iron, serves as a key intermediate phase during 

thermal and thermomechanical treatments and strongly influences subsequent phase transformations, such as the 

formation of ferrite, pearlite, bainite, or martensite. During steel processing operationsðincluding casting, hot and cold 

working, heat treatment, and surface modificationðthe controlled formation and decomposition of austenite directly 

affect manufacturing efficiency, dimensional stability, and energy consumption. Precise regulation of austenite grain 

size, chemical homogeneity, and transformation kinetics enables optimization of production routes and contributes to 

improved consistency and quality of final products. In advanced high-strength steels and tool steels, the stability of 

austenite is intentionally manipulated to enhance strength, toughness, wear resistance, and fatigue performance. 

Austenite is not only present in structural and engineering steel products but also plays a critical role in the 

manufacturing and performance of metalworking tools, where its behavior influences hardness, edge stability, and 

service life. Represented review is the part of the educational content. 

Key words: steel, austenite, martensitic, formation 

 

Introduction  

In most cases, the first process during the heat treatment of steel is the formation of austenite. When 

steel components with a sufficiently large cross-section are heated slowly, raising the temperature by 30ï50 

°C above the critical point ensures the formation of a homogeneous austenitic structure. In this case, the 

heating rate is an important factor, as it provides sufficient time for diffusion processes and prevents 

distortion. 

In modern technologies, high-speed heating methods are widely used, particularly induction heating. 

Under such conditions, the rate and duration of phase transformations become decisive. Therefore, 

understanding the mechanism and kinetics of austenite formation is essential for controlling the properties 

of steel. The template uses the correct page formatting and contains all the necessary styles. The styles are 

summarized in Table 1. At the same time - Table 1 - alongside with Table 2 in Materials and methods section 

show examples of tabular data formatting. 

 

Formation of Austenite 

It should be emphasized that the transformations shown in equilibrium (phase) diagrams occur only 

under ideal conditions of extremely slow heating. Under practical conditions, the nature of these 

transformations differs significantly. 

At high heating rates, it is possible for an austeniteïcarbide structure to persist even in cases where a 

homogeneous austenite should theoretically form. Moreover, different heating temperatures above the 

critical range produce austenite with different properties, which affects the subsequent cooling process. 

The formation of austenite is a diffusion-controlled process that develops over time. Therefore, 

changes in the temperatureïtime regime directly influence the structure and composition of austenite. 

 

Mechanism of Austenite Formation 

Microscopic studies show that austenite forms by nucleation and growth of grains within the volume 

of the initial structure. This process begins at the interfaces between the ferrite and carbide phases. 

Carbide particles gradually dissolve into the austenite, supplying carbon to the newly formed phase. 

Ferrite itself cannot transform into austenite without a sufficient carbon concentration. 

The formation of austenite nuclei occurs only at locations where the carbon concentration reaches a 

critical level. This concentration arises as a result of the diffusion of carbon atoms within microvolumes. 

Thus, the formation of austenite is closely linked to carbon distribution and diffusion processes in 

steel. 

 

Kinetics of Austenite Formation 
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The transformation rate depends strongly on temperature. At lower temperatures the process proceeds 

slowly, whereas at higher temperatures it occurs very rapidly. 

For example, at approximately 730 °C the transformation may begin after several tens of seconds, 

while at 800 °C it occurs almost instantaneously. At even higher temperatures, austenite forms virtually 

immediately. 

Increasing the carbon content of steel accelerates austenite formation. This is associated with an 

increase in the amount of carbides and a larger interfacial area between phases. 

Alloying elements influence this process in different ways. Carbide-forming elements, such as 

chromium, can slow down austenite formation because their carbides dissolve more slowly [1,2]. 

 

Carbide Dissolution and Austenite Homogenization 

The process of austenite formation includes three successive stages: 

formation of austenite, 

dissolution of carbides, 

homogenization of austenite. 

Carbide dissolution is a diffusion process during which carbon spreads throughout the austenite. As a 

result, a non-uniform carbon distribution is initially formed. 

Subsequent homogenization ensures a uniform distribution of carbon throughout the entire volume of 

austenite. This stage is particularly important for achieving uniform material properties after quenching. 

 

Effect of Heating Rate 

The heating rate significantly affects the temperature range of austenite formation. As the heating rate 

increases, the transformation temperatures shift to higher values. 

During rapid heating, diffusion processes do not have sufficient time to proceed fully, and therefore 

the austenite may be inhomogeneous. This means that the carbon concentration may vary from one region 

to another. 

Consequently, to obtain homogeneous austenite under rapid heating conditions, higher temperatures 

are required than in the case of slow heating. 

 

Austenite Grain Size 

The grain size of austenite has a significant effect on the properties of steel. Initial, actual, and inherited 

grain sizes are distinguished. 

The initial grain size forms immediately after the appearance of austenite. It depends on the ratio 

between the rates of nucleation and grain growth. 

As temperature increases, the nucleation rate rises more rapidly than the grain growth rate, resulting 

in finer grains. 

However, prolonged holding at high temperature causes grain coarsening. Coarse-grained austenite 

deteriorates mechanical properties. 

 

Transformation of Austenite During Cooling 

During cooling, austenite can transform into various structures: 

pearlite, 

bainite, 

martensite. 

The type of transformation depends on the cooling rate. Slow cooling promotes the formation of 

pearlite, whereas rapid cooling leads to martensite formation. 

Martensite forms without diffusion and is associated with a rearrangement of the crystal lattice. Bainite 

formation involves both diffusion-controlled and diffusionless mechanisms. 

Microstructure of 20CrMn4 steel after different step-quenching variants using scanning electron 

microscopy is represented on the pictures below. 
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Fig.1. A.B and C. Microstructure of 20CrMn4 steel after different step-quenching variants (scanning 

electron microscopy): (M1 ï primary martensite; B ï bainite; M2 ï secondary martensite; A ï retained 

austenite) 

 

Retained Austenite and Its Formation 

Not all of the austenite phase transforms into martensite. Part of the austenite may remain as retained 

austenite. 

This occurs when austenite is enriched with carbon and the martensitic transformation temperature is 

reduced below room temperature. Retained austenite can be both beneficial and detrimental. 

On the one hand, it improves plasticity and impact toughness. On the other hand, it reduces hardness 

and dimensional stability. 

 

Experimental Studies 

The investigations used 20Kh2G2SNMA steel with a complex chemical composition. The specimens 

were obtained after melting and hot rolling, followed by normalizing and tempering. 

Dilatometric studies were carried out to analyze the transformation of undercooled austenite. The 

specimens were heated to the austenitizing temperature and then cooled under controlled conditions. 

The results showed that primary martensite, bainite, and secondary martensite form during cooling. 

The nature of the transformations depends strongly on the heat-treatment regime. 

 

Effect of Step Quenching 

In the case of single-step quenching, incomplete stabilization of austenite is observed. This leads to 

the formation of secondary martensite during cooling. 
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Two-step quenching provides more intensive carbon diffusion and a more uniform distribution within 

the austenite. As a result, the formation of secondary martensite is reduced. 

In addition, two-step treatment increases the amount of stabilized austenite, indicating more effective 

austenite stabilization. 

 

Importance of Carbon Diffusion 

Carbon diffusion is the main factor determining austenite stability. Higher temperatures promote more 

intensive carbon redistribution. 

During two-step treatment, austenite becomes more enriched with carbon, which lowers the 

martensitic transformation temperature. As a result, more austenite remains untransformed. 

The diffusion of alloying elements is much slower than that of carbon, which contributes to structural 

inhomogeneity. 

 

Elimination of Retained Austenite 

The amount of retained austenite can be reduced using various methods. One of the most effective 

methods is step quenching. 

Cryogenic (subzero) treatment is another method that promotes the transformation of retained 

austenite into martensite. In this process, the material is cooled to low temperatures. 

Tempering helps stabilize the structure and reduce internal stresses. The correct selection of the heat-

treatment regime is crucial [3,4]. 

 

Conclusions 

Austenite formation is a complex diffusion-controlled process consisting of several stages. Its progress 

is influenced by temperature, time, carbon content, and alloying elements. 

The transformation of austenite during cooling determines the final structure and properties of steel. 

Incomplete transformation leads to the formation of retained austenite. 

The amount of retained austenite can be controlled by using optimal heat-treatment regimes. Two-step 

quenching and cryogenic treatment are effective methods for its reduction. 

Thus, controlling austenite formation and transformation is essential for producing high-quality steel. 
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PLGA NANOPLUOĠTȍ, PAGAMINTȍ ELEKTROVERPIMO METODU, PORǞTUMO 

VERTINIMAS TAIKANT SEM VAIZDȍ ANALIZŇ IR SKYSĻIO IĠSTȉMIMO METODł  

 

Andģela Ġeġok 

Vilniustech 

 
Anotacija  

AudiniȎ inģinerijoje elektroverpimo bȊdu suformuoti poli(laktido-ko-glikolido) (PLGA) nanopluoġtiniai 

karkasai yra plaļiai naudojami kaip trimatǟs struktȊros, imituojanļios ekstralŃstelinň matricŃ. Ġiuose taikymuose 

porǟtumas yra vienas svarbiausiȎ parametrȎ, lemiantis lŃsteliȎ infiltracijŃ ir maistiniȎ medģiagȎ difuzijŃ. Ġio darbo 

tikslas ï Ǳvertinti ir palyginti PLGA nanopluoġtiniȎ karkasȎ porǟtumŃ, taikant skaitmeninň SEM vaizdȎ analizň ir 

gravimetrinǱ skysļio iġstȊmimo metodŃ. Eksperimentams 13 % (m/t) PLGA tirpalas buvo paruoġtas dichlormetano 

(DCM) ir dimetilformamido (DMF) miġinyje (25:10,5 v/v). Elektroverpimas buvo vykdomas taikant 18 kV ǱtampŃ bei 

17 cm atstumŃ iki kolektoriaus. Gauti rezultatai parodǟ, kad SEM vaizdȎ analizǟ, naudojant ImageJ programinň ǱrangŃ 

(iġanalizavus po 5 vaizdus kiekvienam mǟginiui), nustatǟ 45,3 Ñ 1,4 % pavirġiaus porǟtumŃ, o skysļio iġstȊmimo 

metodas su etanoliu parodǟ didesnǱ tȊrinǱ porǟtumŃ ï 53,2 Ñ 12,2 %. Stebimas rezultatȎ skirtumas paaiġkinamas metodȎ 

ypatumais: SEM analizǟ apsiriboja dvimaļiu pavirġiaus vertinimu, o etanolis efektyviai prasiskverbia per visŃ trimatǱ 

karkaso tȊrǱ. Darbe daroma iġvada, kad nustatytas apie 53 % tȊrinis porǟtumas yra palankus audiniȎ inģinerijos 

taikymams, o nanopluoġto karkasams tiksliau apibȊdinti rekomenduojama taikyti abu metodus kaip vienas kitŃ 

papildanļius. 

Reikġminiai ģodģiai. Elektroverpimas, PLGA nanopluoġtai, porǟtumas, SEM vaizdȎ analizǟ, skysļio iġstȊmimo 

metodas, audiniȎ inģinerija 

 

ǰvadas  

Nanopluoġtai yra itin ploni pluoġtai, kuriȎ skersmuo paprastai siekia nuo keliȎ nanometrȎ iki keliȎ 

mikrometrȎ (Bayat ir kt., 2022). Dǟl didelio pavirġiaus ir tȊrio santykio, didelio porǟtumo bei galimybǟs 

kontroliuoti jȎ struktȊrŃ nanopluoġtai plaļiai taikomi filtravimo technologijose, vaistȎ pristatymo sistemose, 

jutikliuose ir audiniȎ inģinerijoje (Cai ir kt., 2012). Vienas perspektyviausiȎ nanopluoġtȎ gamybos metodȎ 

yra elektroverpimas (angl. electrospinning), kurio metu polimerinis tirpalas veikiamas stipriu elektriniu 

lauku ir formuojami iġtisiniai mikro- bei nanometrinio skersmens pluoġtai (Rahmati, 2021). Ġis metodas 

leidģia gauti porǟtas neaustines struktȊras, kuriȎ morfologija gali bȊti tiksliai reguliuojama keiļiant proceso 

parametrus. 

Nanopluoġtai gali bȊti gaminami iġ natȊraliȎ arba sintetiniȎ polimerȎ. NatȊralȊs polimerai, tokie kaip 

chitozanas, alginatas, kolagenas, fibrinogenas, ģelatina ir hialurono rȊgġtis, pasiģymi geru biosuderinamumu 

ir biodegradacija, todǟl plaļiai taikomi audiniȎ inģinerijoje. Tuo tarpu sintetiniai polimerai, tokie kaip 

polikaprolaktonas (PCL), poliglikolio rȊgġtis (PGA), polietileno tereftalatas (PET) ir polilaktido rȊgġtis 

(PLA), yra sukurti siekiant uģtikrinti kontroliuojamas mechanines ir degradacijos savybes, todǟl plaļiai 

naudojami medicininiuose Ǳrenginiuose, vaistȎ pristatymo sistemose ir audiniȎ inģinerijoje (Flores-Rojas ir 

kt. 2023; Rim,, 2013; Reneker, 2008). Poli(laktido-ko-glikolido) (PLGA) yra biologiġkai suderinamas ir 

biologiġkai skaidus kopolimeras, plaļiai naudojamas biomedicinos srityje (McLaughlin ir kt., 2022). Dǟl 

reguliuojamo degradacijos greiļio, tinkamȎ mechaniniȎ savybiȎ ir saugiȎ skilimo produktȎ PLGA 

nanopluoġtai daģnai naudojami audiniȎ inģinerijoje kaip trimaļiai karkasai, imituojantys natȊraliŃ 

ekstralŃstelinň matricŃ. Tokiose sistemose viena svarbiausiȎ charakteristikȎ yra porǟtumas, kuris lemia 

lŃsteliȎ infiltracijŃ, maistiniȎ medģiagȎ ir deguonies difuzijŃ bei metabolitȎ paġalinimŃ. Todǟl tikslus 

porǟtumo Ǳvertinimas yra bȊtinas siekiant prognozuoti karkasȎ tinkamumŃ audiniȎ regeneracijai. 

Porǟtumo nustatymui taikomi ǱvairȊs eksperimentiniai metodai (Lopez Marquez ir kt., 2022). Vienas 

daģniausiai naudojamȎ metodȎ yra skenuojanļiosios elektroninǟs mikroskopijos (SEM) vaizdȎ analizǟ, 

leidģianti Ǳvertinti pavirġiaus porǟtumŃ remiantis pluoġtȎ ir porȎ santykiu mikrografijose. Ġio metodo 

privalumai yra paprastumas, santykinai nedidelǟs sŃnaudos ir galimybǟ vienu metu analizuoti medģiagos 

morfologijŃ bei pluoġtȎ skersmenǱ. Taļiau SEM analizǟ pateikia tik dvimatň informacijŃ apie pavirġiȎ ir 

neleidģia tiesiogiai Ǳvertinti viso medģiagos tȊrio porǟtumo (Lopez Marquez ir kt., 2022; Rnjak-Kovacina ir 

kt., 2011). 

TȊrinio porǟtumo nustatymui daģnai naudojami skysļio iġstȊmimo, gyvsidabrio porosimetrijos, dujȎ 

adsorbcijos bei mikrokompiuterinǟs tomografijos metodai. Gyvsidabrio porosimetrija leidģia nustatyti porȎ 

dydģio pasiskirstymŃ ir bendrŃ porǟtumŃ plaļiame matavimo diapazone, taļiau reikalauja brangios Ǳrangos 

ir gali paģeisti jautrias nanopluoġtines struktȊras dǟl aukġto slǟgio poveikio. DujȎ adsorbcijos metodai, 

pagrǱsti Brunauerio-Emmetto-Tellerio (BET) teorija, yra tinkami specifiniam pavirġiaus plotui ir smulkioms 

poroms vertinti, taļiau jȎ taikymas makroporǟtoms nanopluoġtinǟms medģiagoms yra ribotas. 

Mikrokompiuterinǟ tomografija (ÕCT) suteikia galimybň rekonstruoti trimatň struktȊrŃ ir Ǳvertinti porǟtumŃ 
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neardant mǟginio, taļiau dǟl dideliȎ kaġtȎ ir ribotos skiriamosios gebos ji ne visada tinkama nanometrinio 

mastelio struktȊroms (Lopez Marquez ir kt., 2022). 

Dǟl ġiȎ prieģasļiȎ elektroverptȎ nanopluoġtiniȎ karkasȎ tyrimuose daģniausiai derinama SEM vaizdȎ 

analizǟ ir skysļio iġstȊmimo metodas. Pirmasis leidģia Ǳvertinti pavirġiaus porǟtumŃ ir morfologines savybes, 

o antrasis suteikia informacijŃ apie viso karkaso tȊrinǱ porǟtumŃ. Kadangi ġie metodai remiasi skirtingais 

matavimo principais, jȎ rezultatȎ palyginimas yra svarbus siekiant tiksliai charakterizuoti nanopluoġtines 

struktȊras ir Ǳvertinti jȎ tinkamumŃ audiniȎ inģinerijos taikymams. 

Ġio darbo tikslas ï Ǳvertinti elektroverpimo bȊdu pagamintȎ PLGA nanopluoġtiniȎ karkasȎ porǟtumŃ, 

taikant SEM vaizdȎ analizň ir gravimetrinǱ skysļio iġstȊmimo metodŃ, bei palyginti ġiȎ metodȎ gautus 

rezultatus. 

 

Medģiagos ir metodai  

Ġiame straipsnyje tiriamas elektroverpimo bȊdu gautȎ PLGA nanopluoġtȎ porǟtumas, taikant SEM 

vaizdȎ analizň ir skysļio iġstȊmimo metodŃ. Tyrimui atlikti pagaminti PLGA nanopluoġto bandiniai, o jȎ 

struktȊra vǟliau Ǳvertinta skirtingais porǟtumo nustatymo metodais. 

Tyrime naudotas PLGA kopolimeras RESOMERÈ (Sigma Aldrich, JAV), kurio PLA:PGA santykis 

buvo 82:18. Dǟl didesnǟs PLA dalies ġis kopolimeras pasiģymi sumaģintu hidrolizǟs greiļiu ir geresniu 

struktȊriniu stabilumu, lyginant su didesnǱ PGA kiekǱ turinļiais PLGA tipais. PLGA tirpinimui pasirinktas 

dichlormetano (DCM) ir dimetilformamido (DMF) miġinys (Sigma-Aldrich, JAV), nes DCM uģtikrina gerŃ 

polimero tirpumŃ ir greitŃ tirpiklio iġgaravimŃ elektroverpimo metu, o DMF pagerina tirpalo elektrinǱ 

laidumŃ bei proceso stabilumŃ. Toks tirpikliȎ derinys leidģia formuoti tolygius nanopluoġtus su maģesniu 

morfologiniȎ defektȎ kiekiu, palyginti su vieno tirpiklio sistemomis. Ruoġiant tirpalŃ elektroverpimui, 4,6 g 

PLGA polimero buvo iġtirpinta 35,5 ml tirpikliȎ miġinyje, sudarytame iġ DCM ir DMF (tȊriȎ santykis 

25:10,5 v/v). Galutinǟ gauto tirpalo koncentracija sudarǟ 13 % (m/t). Siekiant uģtikrinti saugumŃ ir visiġkŃ 

tirpalo homogeniġkumŃ, maiġymas buvo atliekamas traukos spintoje naudojant magnetinň maiġyklň 

kambario temperatȊroje.  

Elektroverpimo procedȊra buvo atlikta naudojant Bionica S.L. (Ispanija) pagamintŃ Spinbox 

elektroverpimo ǱrenginǱ. Gautas tirpalas buvo tiekiamas naudojant ġvirkġto pompŃ pastoviu srauto greiļiu 1 

ml/val.  Atliekant elektroverpimŃ, buvo taikoma 18 kV Ǳtampa ir iġlaikytas pastovus 17 cm atstumas tarp 

adatos galiuko ir stacionaraus kolektoriaus, padengto folijŃ. Eksperimentinio Ǳrenginio schema ir gamybos 

proceso parametrai yra pavaizduoti 1 pav.   

 

     

1 pav. PLGA nanopluoġtȎ gamybos elektroverpimo bȊdu schema  
Ġaltinis: sudaryta autorǟs naudojant BioRender.com 

Mǟginiams tirti buvo naudojama skenuojanti elektroninǟ mikroskopija (SEM) kartu su energijos 

dispersijos rentgeno spektroskopija (EDS) (AxiaÊ ChemiSEM, ĂThermo Fisher Scientificñ, Waltham, MA, 

JAV). Pavirġiaus porǟtumas buvo nustatytas iġ SEM vaizdȎ naudojant ImageJ programinň ǱrangŃ (ImageJ v. 

1.54v, National Institutes of Health, USA) (https://imagej.net/ij/). 
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Tyrimui naudoti trys nepriklausomi karkaso mǟginiai (n = 3). Siekiant uģtikrinti statistinǱ patikimumŃ 

ir objektyvumŃ, kiekvienam mǟginiui buvo analizuojami penki atsitiktinai parinkti SEM vaizdai (iġ viso 15 

vaizdȎ. Vaizdai buvo konvertuoti Ǳ dvejetainius (binary) taikant slenkstinň segmentacijŃ (thresholding), kur 

poros buvo identifikuotos kaip baltos sritys, o pluoġtai ï kaip juodos sritys. Pavirġiaus porǟtumas buvo 

apskaiļiuotas kaip baltȎ pikseliȎ ploto dalis bendrame vaizdo plote. Rezultatai pateikiami kaip vidurkis Ñ 

standartinis nuokrypis.  

TȊrinis nanopluoġtȎ porǟtumas buvo nustatytas gravimetriniu skysļio iġstȊmimo metodu, naudojant 

etanolǱ kaip ǱsiskverbiantǱ skystǱ. Etanolis buvo pasirinktas dǟl jo gebǟjimo efektyviai drǟkinti hidrofobiġkŃ 

PLGA nanopluoġtȎ pavirġiȎ ir prasiskverbti Ǳ poras neiġtirpinant polimero. Eksperimentui naudoti 1 cm Ĭ 1 

cm dydģio sausi nanopluoġto mǟginiai (n = 3). Visi masǟs matavimai buvo atlikti naudojant laboratorines 

analitines svarstykles ABS 220-4N (KERN & SOHN GmbH, Vokietija), kuriȎ tikslumas Ñ 0,1 mg. 

Pirmiausia buvo nustatyta pradinǟ etanolio masǟ. Sausi mǟginiai buvo pasverti prieġ panardinimŃ, o vǟliau 

Ǳmirkyti etanolyje. Po impregnavimo mǟginiai buvo paġalinti, o likusio etanolio masǟ buvo iġmatuota dar 

kartŃ. Masǟs pokyļiai buvo perskaiļiuoti Ǳ tȊrius (V , V  ir V ), naudojant etanolio tankǱ (0,789 g/cmį). 

Mǟginio porǟtumas (Ů) buvo apskaiļiuotas pagal ġiŃ formulň (Guan ir kt., 2005):  

 

 (1) 

 

ļia V  ï pradinis etanolio tȊris, V  ï tȊris po mǟginio panardinimo, V  ï tȊris paġalinus mǟginǱ. 

Gauti rezultatai buvo apdoroti skaiļiuojant vidurkǱ ir standartinǱ nuokrypǱ. SEM ir skysļio iġstȊmimo 

metodȎ rezultatai buvo palyginti siekiant Ǳvertinti nanopluoġtȎ pavirġinio ir tȊrinio porǟtumo skirtumus. 

 

Rezultatai 

Elektroverpimo bȊdu gautȎ PLGA nanopluoġtȎ karkasȎ morfologija ir porǟtumo parametrai buvo 

Ǳvertinti lyginant SEM vaizdȎ analizň (ImageJ) ir skysļio iġstȊmimo metodŃ.  

Iġanalizavus po penkis nepriklausomus SEM vaizdus kiekvienam mǟginiui, apskaiļiuotas vidutinis 

nanopluoġto sluoksnio pavirġiaus porǟtumas sudarǟ 45,3 Ñ 1,4 %. Nedidelis standartinis nuokrypis patvirtina 

tolygȎ pluoġtȎ pasiskirstymŃ ir homogeniġkŃ (vienodŃ) sluoksnio struktȊrŃ skirtingose karkaso vietose. 

2 pav. pateikta PLGA SEM nuotrauka ir ImageJ programa apdorotas juodai baltas vaizdas, skirtas 

porǟtumo analizei.  

 

     
a                                                                                       b 

2 pav. PLGA nanopluoġto morfologija: a ï pradinǟ SEM nuotrauka; b ï ImageJ programa apdorotas juodai 

baltas vaizdas, skirtas porǟtumo analizei 
Ġaltinis: sudaryta autorǟs 

 

PLGA nanopluoġtiniȎ karkasȎ porǟtumo vertinimo rezultatai, gauti taikant du skirtingus metodus, 

pateikti 1 lentelǟje. Remiantis skaitmenine SEM vaizdȎ analize (2 pav.), suformuotȎ karkasȎ pavirġiaus 

porǟtumas siekǟ 45,3 Ñ 1,4 %. Binarizuotas vaizdas, gautas naudojant ImageJ programinň ǱrangŃ (2b pav.), 

leido atskirti pavirġines porȎ zonas nuo nanopluoġto matricos fono. Tuo tarpu taikant skysļio iġstȊmimo 

metodŃ, nustatytas tȊrinis porǟtumas buvo didesnis ir sudarǟ 53,2 Ñ 12,2 %. Ġis rezultatȎ skirtumas yra 

moksliġkai pagrǱstas, kadangi SEM metodas apribotas dvimaļiu (2D) pavirġiaus vertinimu, o etanolis 

efektyviai prasiskverbia per visŃ trimatǱ (3D) karkaso tȊrǱ ir uģpildo gilumines vidines poras. 
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1 lentelǟ 

PLGA nanopluoġtiniȎ karkasȎ porǟtumo rezultatai, nustatyti skirtingais metodais 
Metodas 1 mǟginys (%) 2 mǟginys (%) 3 mǟginys (%) Vidurkis Ñ Standartinis 

nuokrypis (%) 

SEM vaizdȎ analizǟ (ImageJ) 43.7 45,9 45,7 45,3 Ñ 1,4 

Skysļio iġstȊmimo metodas 50.0 66.7 42,9 53,2 Ñ 12,2 

Ġaltinis: sudaryta autorǟs 
 

Didesnis skysļio iġstȊmimo metodo standartinis nuokrypis (12,2 %) yra sietinas su lokaliu 

nanopluoġto karkaso storio nevienodumu, atsirandanļiu nusodinimo ant stacionaraus plokġļio kolektoriaus 

metu, bei eksperimentine paklaida rankiniu bȊdu paġalinant etanolio pertekliȎ prieġ svǟrimŃ. Siekiant 

sumaģinti ġǱ nuokrypǱ ateities tyrimuose, rankinǱ nusausinimo etapŃ bȊtȎ galima pakeisti trumpu, 

kontroliuojamu centrifugavimu. 

SEM analizǟ tinkama greitam pavirġiaus porǟtumo Ǳvertinimui, taļiau neatskleidģia visos trimatǟs 

nanopluoġto matricos struktȊros. Todǟl SEM ir skysļio iġstȊmimo metodai neturǟtȎ bȊti laikomi 

alternatyviais, o veikiau vienas kitŃ papildantys porǟtumo vertinimo bȊdai, leidģiantys visapusiġkai Ǳvertinti 

elektroverpimo bȊdu gautȎ nanopluoġtȎ struktȊrŃ. Ġis metodȎ palyginimas yra ypaļ svarbus biomedicinos 

taikymuose, kur tiek pavirġinǟ, tiek tȊrinǟ porinǟ struktȊra lemia lŃsteliȎ sŃveikŃ su medģiaga. 

AudiniȎ inģinerijos poģiȊriu, gautas apie 53 % tȊrinis porǟtumas yra palankus ekstralŃstelinǟs 

matricos imitavimui, nes uģtikrina pakankamŃ erdvň maistiniȎ medģiagȎ difuzijai ir lŃsteliȎ infiltracijai. Ġie 

duomenys gerai koreliuoja su literatȊroje apraġomais analogiġkȎ elektroverptȎ karkasȎ porǟtumo intervalais, 

kurie daģniausiai siekia apie 40ï90 % ir yra laikomi tinkamais ekstralŃstelinǟs matricos imitavimui audiniȎ 

inģinerijoje (Flores-Rojas ir kt. 2023; Rnjak-Kovacina ir kt., 2011). Vis dǟlto ateities tyrimuose, siekiant dar 

geresnio lŃsteliȎ vaskuliarizacijos potencialo, elektroverpimo parametrus (pavyzdģiui, polimero 

koncentracijŃ ar tirpikliȎ santykǱ) bȊtȎ galima modifikuoti siekiant didesnio porȎ dydģio. 

 

Iġvados 

1. Atlikus elektroverpimo bȊdu suformuotȎ PLGA nanopluoġtiniȎ karkasȎ struktȊrinň analizň, 
nustatyta, kad skaitmeninǟ SEM vaizdȎ analizǟ rodo 45,3 Ñ 1,4 % pavirġiaus porǟtumŃ, o gravimetrinis 

skysļio iġstȊmimo metodas ï 53,2 Ñ 12,2 % tȊrinǱ porǟtumŃ. Nustatytas rezultatȎ skirtumas siejamas su 

metodȎ skirtingu matavimo principu (2D pavirġiaus ir 3D tȊrinǟs struktȊros vertinimu). 

2. Siekiant tiksliai Ǳvertinti audiniȎ inģinerijai skirtȎ PLGA karkasȎ porǟtŃ struktȊrŃ, 

rekomenduojama derinti SEM vaizdȎ analizň ir skysļio iġstȊmimo metodŃ, nes jȎ kombinacija leidģia 

kompleksiġkai Ǳvertinti tiek pavirġiaus morfologijŃ, tiek realȎ trimatǱ porǟtumŃ. 
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ASSESSMENT OF POROSITY OF PLGA NANOFIBERS PRODUCED BY ELECTROSPINNING 

USING SEM IMAGE ANALYSIS AND LIQUID DISPLACEMENT METHOD 

 

Summary 

In tissue engineering, electrospun poly(lactide-co-glycolide) (PLGA) nanofibrous scaffolds are widely used as 

three-dimensional structures that mimic the extracellular matrix. In these applications, porosity is one of the most 

important parameters that determine cell infiltration and nutrient diffusion. The aim of this work is to evaluate and 

compare the porosity of PLGA nanofibrous scaffolds using the digital SEM image analysis and the gravimetric liquid 

displacement method. For the experiments, a 13% (w/v) PLGA solution was prepared in a mixture of dichloromethane 

(DCM) and dimethylformamide (DMF) (25:10.5 v/v). Electrospinning was performed at a voltage of 18 kV and a 

distance of 17 cm to the collector. The results obtained showed that the analysis of SEM images using ImageJ software 

(after analysing 5 images for each sample) determined a surface porosity of 45.3 Ñ 1.4%, while the liquid displacement 

method with ethanol showed a higher volumetric porosity ï 53.2 Ñ 12.2%. The observed difference in results is 

explained by the peculiarities of the methods: SEM analysis is limited to a two-dimensional surface assessment, while 

ethanol penetrates the entire three-dimensional volume of the scaffold. The work concludes that the determined 

volumetric porosity of about 53% is favourable for tissue engineering applications, and for more accurate scaffold 

characterisation, it is recommended to combine both methods as complementary research methods. 

Key words: Electrospinning, PLGA nanofibers, porosity, SEM image analysis, liquid displacement method, tissue 

engineering 
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BRINELL HARDNESS EVALUATION AND MATERIAL VERIFICATION OF M-14P AIRCRAFT 

ENGINE VALVE GUIDES AND PISTON PIN 
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Abstract 

This study investigates the hardness and material characteristics of three components of the M-14P aircraft 

engine-the piston pin, intake valve guide bushing, and exhaust valve guide bushing. An optimized parameter evaluation 

approach was applied to relate indentation diameters to Brinell hardness values and to support material identification 

when the material type is unknown. The findings validate the use of Brinell hardness testing combined with optimized 

parameter determination as a practical tool for material verification and diagnostic assessment. The approach may be 

applied in routine maintenance workflows to confirm material integrity, detect operational degradation, and support 

decision-making in aviation component inspection. 

Key words: optimized parameter evaluation; Brinell hardness; material verification; M-14P aircraft engine; 

piston pin; intake valve guide bushing; exhaust valve guide bushing 

 

Introduction 

The mechanical hardness of metallic materials is a fundamental property describing their resistance to 

localized plastic deformation caused by the penetration of a harder indenter. Hardness is strongly correlated 

with additional mechanical characteristics including strength, plasticity, structural phase composition, and 

wear resistance making it one of the most widely used parameters in material characterization for engineering 

applications [1,2]. Components operating under cyclic loading, elevated temperature, friction or impact, such 

as aircraft engine parts, require predictable hardness levels to ensure operational reliability, dimensional 

stability and service longevity [3]. 

Hardness testing techniques are based on the measurement of an indentation created by a tip of defined 

geometry under controlled load. Classical methods such as Brinell, Vickers, and Rockwell differ in the way 

hardness values are calculated and in the mechanical parameters used-applied load, indenter shape, and 

measurement principle [4]. In Brinell and Vickers methods, hardness is determined by relating the applied 

force to the actual geometric surface area of the indentation (Ac), while Rockwell, Shore, IHRD and 

Buchholz approaches evaluate hardness based on the depth of residual penetration under a high load [5]. 

However, the equivalence between methods is not straightforward: geometric conversion between Ac and 

projected area Ap is only accurate when the material undergoes predominantly plastic deformation. For 

materials where elastic recovery is significantðsuch as steels, bronzes, or precipitation-hardened alloysð

cross-method conversion becomes imprecise, and errors propagate in hardness estimation [1,7]. 

Another factor influencing hardness measurement accuracy is the interaction between the elastic and 

plastic zones around the indentation. As demonstrated in various experimental and modeling studies, the 

deformation zone surrounding the imprint depends not only on the applied load but also on microstructural 

features, including grain size, phase distribution, and residual stresses [8]. Neglecting these factors may 

introduce systematic errors, particularly in coated or multilayer systems relevant to aviation components, 

where surface treatments (e.g., galvanizing, nitriding, anodizing) significantly alter the depth-dependent 

mechanical response [7,9]. 

The reliability of hardness testing also depends heavily on the indenter characteristics. Indenters differ 

in geometry (spherical, conical, or pyramidal), material (diamond, tungsten carbide), and diameter, and these 

attributes determine the stress field generated during indentation [10]. A mismatch between indenter type, 

load range, and material hardness leads to measurement artefacts, inaccurate deformation assessment, or 

even surface cracking. Therefore, selecting suitable measurement parametersðincluding load, indenter 

diameter, measurement scale (macro/micro), and indentation durationðis essential for ensuring 

comparability and reproducibility of hardness values across different materials and applications [4,11]. 

In aerospace engineering, precise hardness measurements of engine componentsðsuch as piston pins, 

valve guide bushings, or surface-treated partsðare crucial for diagnostics, maintenance and material 

identification. The M-14P aircraft piston engine includes components made of different alloys (steel, bronze, 

aluminum-based materials), which must withstand cyclic thermal and mechanical loads. However, 

maintenance procedures often rely solely on hardness tests without systematic evaluation of the relationship 

between indentation diameter, hardness values and material type. This creates the need for an optimized 

parameter selection approach and an algorithm capable of linking measured indentation diameters to material 

classification. 
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The present study addresses this gap by analyzing hardnessïindentation relationships using Brinell 

measurements and by applying an optimized parameter determination algorithm. By correlating indentation 

diameters with hardness values and known hardness ranges for different metallic materials, this work aims 

to improve the reliability of material identification for M-14P engine components and evaluate the influence 

of surface treatment processes on the resulting mechanical properties. 

 

Material and Methods 

Three representative components from the M-14P aircraft piston engine were selected for hardness 

characterization: (i) the piston pin, typically manufactured from medium-carbon alloyed steel; (ii) the intake 

valve guide bushing, commonly produced from bronze alloys with moderate hardness and good thermal 

conductivity; and (iii) the exhaust valve guide bushing, operating under elevated temperatures and more 

intense wear conditions. The samples were cleaned, visually inspected, and their surfaces prepared to ensure 

perpendicular alignment during indentation, following recommended procedures for metallic specimens 

[12]. 

Hardness was determined using the Brinell indentation method, which defines hardness as the 

relationship between applied load and the surface area of the resulting indentation [13]. This method is 

widely applied to characterize alloys used in engine technologies due to its robustness, repeatability, and 

suitability for coarse-grained structural metals [14]. 

Measurements were performed using the EMCO-TEST N3A hardness tester with a tungsten carbide 

(WC) ball indenter of 2.5 mm diameter, following ISO 6506-1 and ASTM E10 standards [15,16]. The applied 

load was 187.5 kgf (1838 N), with a dwell time of 10ï15 s, as recommended to minimize time-dependent 

elastic recovery effects [17]. The laboratory environment was controlled at 22 Ñ 1 ÁC, as temperature 

fluctuations are known to influence the indentation response and optical measurements [18]. 

Indentation diameters were evaluated using a calibrated Peak Brinell optical microscope, with the 

calibration verified before and after each measurement series using certified reference blocks, ensuring 

compliance with uncertainty requirements for macro-indentation methods [19]. 

Each sample was subjected to five indentation tests, with individual indentations separated by at least 

5 mm to avoid plastic zone overlap, which can distort hardness values [20]. The procedure consisted of: 

positioning the specimen to ensure firm, level contact with the anvil; applying the preliminary load to seat 

the indenter (lever position 1); applying the full test load (position 2) and holding for the defined dwell time; 

releasing the load gradually to minimize abrupt elastic unloading; measuring the indentation diameter in two 

orthogonal directions and computing the average value. Brinell hardness (HBW) values were computed 

using the standard Brinell equation and verified with tabulated ISO 6506 reference values corresponding to 

the 2.5 mm / 187.5 kgf test configuration [15]. 

Material identification based on hardness and indentation geometry, an optimized parameter 

determination workflow is illustrated in Figure 1. The approach builds on prior research demonstrating that 

hardness measurement accuracy depends on the relationship between indentation diameter, applied load, and 

the elasticïplastic deformation characteristics of the material [21,22]. The algorithmic sequence consisted of 

acquisition of indentation diameter d from Brinell measurements; conversion of d to HBW using ISO 6506 

calibration tables. Comparison with typical hardness ranges for steels, bronzes, and aluminum alloys, based 

on metallurgical references and validated hardness datasets [14,23]. Identification of material class by 

matching HBW values and indentation responses to known material groups. Verification that hardness values 

fall within consistency tolerances specified for aircraft-grade metallic components [24]. 

This method allowed classification of the piston pin as steel, and the valve guide bushings as bronze 

alloys, consistent with their expected functional roles. The algorithm approach follows established 

tendencies that correlate indentation geometry with microstructural characteristics in metallic systems [25]. 

All raw hardness values and indentation diameters were tabulated and processed in a structured Excel 

dataset. This format enables subsequent statistical evaluation, graphical representation and correlation 

analysis between indentation diameter and hardness. 
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Fig. 1. Algorithm for determining parameters for hardness/resistance measurements  
Source: created by authors 

 

A reference sample with the specified hardness is attached to the Brinell press. The press is calibrated 

according to it. The hardness measurements of the material were performed using the selected Brinell method 

with the EMCO-TEST N3A hardness measuring press and a Brinell microscope. Selected: indenter with WC 

ball  2.5 mm; pressing force 187.5 kgf. They were applied with a dwell time of 10 s and maintained in 

contact with the sample surface for another 10 s. The customer- closed joint-stock company ñTermikasñ, 

purposefully did not specified material so that the test results would be realistic. Each test sample was tested 

five times. After each test, the indentation diameters were measured in two directions, and the averages were 

determined (see Table 4). Then the hardness was determined in HBW units using the table [6].  

 

Results 

The hardness measurements performed on the three components of the M-14P aircraft engine yielded 

consistent and repeatable indentation diameters and Brinell hardness values across all test repetitions. All 

values were determined under controlled load conditions using the Brinell method described in methodology 

section, ensuring full methodological traceability. 

Tested M-14P aircraft engine components were previously used engine parts. Each specimen was 

subjected to five indentation tests. The full dataset-including individual indentation diameters d and 

corresponding HBW hardness values-is presented in Table 1, Table 2 and Table 3. 

Table 1 

Indentation diameter and hardness measurements of piston pin material 
Test No. Indentation d (mm) Hardness HBW 

1 1,20 156 

2 1,19 158 

3 1,20 156 

4 1,21 153 

5 1,20 156 

Source: created by authors 
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Table 2 

Indentation diameter and hardness measurements of intake valve guide bushing material 
Test No. Indentation d (mm) Hardness HBW 

1 1,50 95,5 

2 1,50 95,5 

3 1,49 96,6 

4 1,50 95,5 

5 1,50 95,5 

Source: created by authors 
Table 3 

Indentation diameter and hardness measurements of exhaust valve guide bushing material 
Test No. Indentation d (mm) Hardness HBW 

1 1,15 170 

2 1,16 167 

3 1,15 170 

4 1,14 174 

5 1,15 170 

Source: created by authors 
 

Measurements, illustrated in Figure 2, confirm the expected material-dependent hardness behavior: 

The piston pin demonstrated the highest stability and intermediate hardness, characteristic of medium-carbon 

structural steels. The intake valve guide bushing showed the lowest hardness, consistent with tin or aluminum 

bronzes used in lower-temperature valve guidance. The exhaust valve guide bushing exhibited the highest 

hardness among the bushings, in line with thermally exposed bronze alloys subjected to work hardening and 

thermal cycling. 

 

 
Figure 2. Hardness measurements of engine M-14P component materials 

Source: created by authors 
 

To evaluate measurement consistency and support material classification, mean values and standard 

deviations were computed for each sampleôs indentation diameters and HBW hardness. These results are 

summarized in Table 4. 

Table 4 

Statistical summary: mean indentation diameters and HBW hardness values with standard 

deviations 
Sample Mean d (mm) SD d Mean HBW SD HBW 

Piston pin 1,2 0,0063 155,8 1,6 

Intake bushing 1,498 0,004 95,72 0,44 

Exhaust bushing 1,15 0,0063 170,2 2,23 

Source: created by authors 
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A comparative hardness analysis was visualized using a bar chart illustrating the mean HBW values 

for all three components. The results demonstrate strong agreement with expected material characteristics 

for aircraft engine components: Measured values fall within the typical ranges for steel (140ï220 HBW) and 

bronze alloys (60ï180 HBW). The measured hardness of the exhaust bushing suggests operational work 

hardening and potential effects of galvanizing or surface treatment. The small standard deviations indicate 

high measurement repeatability, validating both the measurement protocol and the parameter selection 

algorithm introduced in the methodology. Overall, the obtained data conclusively supports the identification 

of component materials and affirms that the Brinell method with optimized parameters is reliable for 

maintenance-level diagnostics of M-14P engine elements. Three parts of the M-14P engine were tested using 

the Brinell and Rockwell methods. 

 

Discussions 

The obtained hardness values for the three M-14P engine components align well with the expected 

mechanical behavior of steel and bronze alloys used in internal combustion engine systems. The piston pin 

demonstrated hardness values characteristic of medium-carbon steels (approximately 150ï200 HBW), which 

agrees with established mechanical requirements for load-bearing reciprocating components [14,23]. The 

low variability of indentation diameters confirms stable plastic deformation and homogeneous 

microstructure, consistent with literature describing steelôs predictable indentation response under Brinell 

loading conditions [13,17]. 

The intake and exhaust valve guide bushings exhibited hardness values typical of bronze alloys used 

in sliding and thermally loaded interfaces (å90ï170 HBW). The significantly higher hardness of the exhaust 

bushing compared to the intake bushing suggests thermally induced strain hardening and microstructural 

evolution during operation. Such behavior is consistent with findings in indentation studies on heat-affected 

or coated alloys, where thermal cycling and surface treatments increase resistance to localized deformation 

[21,25]. These results further support the observation that indentation hardness in copper-based alloys is 

sensitive to temperature-driven changes in dislocation density and phase distribution [23]. 

The small standard deviations across all samples indicate that the measurement procedure was 

repeatable and that measurement uncertainty remained within acceptable limits for the Brinell method, as 

defined in ISO 6506-1 and supported by calibration studies reported in the literature [14,18]. The observed 

hardness hierarchyðExhaust bushing > Piston pin > Intake bushingðis therefore not an artifact of 

measurement noise but reflects genuine material differences tied to function and operating conditions. 

Furthermore, the correlation between indentation diameter and HBW hardness determined in this 

study validates the parameter selection approach described in Section 2.4. Prior research confirms that 

hardness-based material identification is feasible when indentation geometry is properly related to 

mechanical response and when elastic-plastic deformation behavior is accounted for [1,22]. The present 

results support this framework and demonstrate that the Brinell method, combined with an optimized 

parameter determination algorithm, is suitable for routine diagnostics of M-14P components. 

Overall, the findings reinforce the suitability of hardness testing as a practical tool for verifying 

material composition, assessing operational degradation, and supporting maintenance decisions in piston 

aircraft engines. 

 

Conclusions 

This study demonstrated that Brinell hardness testing, when supported by an optimized parameter 

determination algorithm, is a reliable and effective approach for identifying material types and evaluating 

mechanical behavior in M-14P aircraft engine components. The results showed clear differences in hardness 

between the piston pin, intake valve guide bushing, and exhaust valve guide bushing, reflecting their distinct 

functional roles and alloy compositions. 

The piston pin exhibited hardness values typical of medium-carbon steels, confirming its suitability 

for transferring cyclic loads in the engine. The intake valve guide bushing demonstrated lower hardness, 

consistent with bronze alloys designed for stable sliding performance under moderate thermal conditions. In 

contrast, the exhaust valve guide bushing displayed significantly higher hardness, indicating thermal 

exposureïinduced work hardening and supporting its use in high-temperature operating environments. 

The low standard deviations across repeated measurements verified the repeatability and reliability of 

the applied Brinell testing method. Moreover, the relationship between indentation diameter and hardness 

closely matched established material hardness ranges, validating the use of hardness-based classification for 

maintenance diagnostics. 
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Overall, the findings confirm that the Brinell method, combined with parameter optimization, can 

serve as a practical and accurate tool for material verification, structural assessment, and quality control in 

piston aircraft engine maintenance workflows. The approach may be further extended to other engine 

components or similar mechanical systems where rapid and non-destructive material identification is 

essential. 
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Santrauka 
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parametrȎ vertinimo metodas buvo pritaikytas siekiant susieti Ǳspaudimo skersmenis su Brinelio kietumo vertǟmis ir 

identifikuoti medģiagos, neģinant medģiagos tipo. Iġvados patvirtina Brinelio kietumo bandymo ir optimizuoto 

parametrȎ vertinimo algoritmo naudojimŃ kaip praktinň priemonň medģiagȎ tipo nustatymui ir diagnostiniam 

vertinimui. Ġis metodas gali bȊti taikomas siekiant nustatyti medģiagos vientisumŃ, aptikti eksploatacinius sutrikimus 

ir pagrǱsti sprendimȎ priǟmimŃ atliekant aviacijos komponentȎ patikrŃ. 

Reikġminiai ģodģiai: optimizuotas parametrȎ vertinimas, Brinelio kietumas, medģiagos patikrinimas, M-14P 

orlaivio variklis, stȊmoklio pirġtas, Ǳsiurbimo voģtuvo kreipianļiȎjȎ Ǳvorǟ, iġmetimo voģtuvo kreipianļiȎjȎ Ǳvorǟ. 
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Abstract 

The long-term durability of 3D-printed soft robotic grippers is a critical challenge for their industrial adoption, 

with material fatigue under cyclic loading being a primary limiting factor. This study aims to address this gap by 

systematically evaluating the early-stage fatigue performance and cost-effectiveness of three distinct thermoplastic 

polyurethane (TPU) filaments: a soft (84A), a hard (96A), and a carbon-fiber-reinforced (90A) variant. For this purpose, 

identical gripper fingers were fabricated from each material using Fused Filament Fabrication (FFF) and subjected to 

1,000 grasping cycles using a PLC-controlled pneumatic test rig. Permanent deformation was quantified at set intervals 

by measuring the change in the length of the main structural edges. A cost-performance analysis was also conducted to 

assess economic viability. The results revealed that the CF-reinforced TPU was approximately three times more 

resistant to permanent deformation than the standard TPUs. Counterintuitively, the Hard TPU (96A) exhibited the 

highest deformation, demonstrating that Shore hardness is not a reliable predictor of fatigue performance for this 

application. The findings indicate that while fiber reinforcement significantly enhances durability, it comes at the cost 

of reduced compliance and increased processing difficulty, highlighting a critical trade-off for industrial applications. 

These insights provide practical guidance for material selection in the design of durable soft robotic end-effectors. 

Future work will extend this evaluation to higher cycle counts and more complex loading conditions to better predict 

long-term operational performance in industrial environments. 

Keywords: 3D print, TPU, robotic gripper, fatigue analysis 

 

Introduction  

Modern production cannot be imagined without robots. Robotics is a field of technology that combines 

mechanics, electronics, and computer science to create automated machines capable of performing various 

tasks. Robots have become an integral part of many industries, medicine, agriculture, and even everyday life. 

A robot is an automated device consisting of a control system, an actuator (manipulator, gripper), and sensors 

that allow it to move in space and interact with the surrounding environment. They are equipped with 

grippers, tools, and other technological equipment that enable them to perform manipulation and 

manufacturing tasks. 

A gripper is a mechanical device designed to hold, grasp, and manipulate objects. Grippers are widely 

used in various sectors, such as manufacturing, medicine, and the automotive industry. Many residents of 

Latvia can see a six-axis manipulator with a gripper at the automated sample reception points of Egils Gulbis 

Laboratory (Fig.1.). These systems use a manipulator with a gripper to issue and receive testing kits. 

 

 
Fig. 1. Egils Gulbis laboratory automated system 

 

In industrial manufacturing processes, one of the automated operations is the so-called ñpick and 

placeò action. Grippers are often used for such purposes. They perform well when the shape of the handled 
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parts or workpieces is constant. However, if the part shape is variable or complex, standard grippers can no 

longer perform their function effectively. 

 

Adaptive Grippers and Their Types 

Adaptive grippers are devices that automatically grasp and move objects of different shapes and sizes. 

They are often used in robotics, especially with collaborative robots that work alongside humans. These 

grippers have control and electromechanical systems that allow them to adapt to different gripping 

conditions. They can lift and move objects of various shapes, making them universally applicable. [1] 

Adaptive grippers are classified into parallel grippers, vacuum grippers, magnetic grippers, as well as 

specialized grippers that imitate the movements of the human hand (Fig. 2). 

 
Fig.2. Universal grippers Robotiq 2F-85 un 2F-140 

 
 

Parallel Grippers 

Parallel grippers may have two or three gripping fingers and use various types of actuation: 

electric; 

servo-electric; 

pneumatic. 

As examples, the universal adaptive grippers Robotiq 2F-85 and 2F-140 can be mentioned, which are 

suitable for gripping objects of complex shapes. 

 

Applications of Adaptive Grippers 

Adaptive grippers are used in production and assembly lines because they can handle a wide range of 

objects. They can pick up and hold small, large, soft, or rigid items, making them ideal for tasks such as 

quality inspection, machine tending, and assembly. Their precision in controlling the position, speed, and 

force of each finger enables delicate handling of components, which is critical in advanced manufacturing 

processes. 

Most often, however, adaptive grippers are used together with collaborative robots, where they work 

alongside human operators. Human-like movements and easy programmability make them suitable for tasks 

requiring close humanïrobot interaction, improving efficiency and safety in the workplace. 

 

Soft Robotics 

A new trend is so-called ñsoft robotics,ò which has opened up new possibilities for the development 

of adaptive grippers. These grippers, made of flexible materials, can grasp and hold soft or irregularly shaped 

objects, making them suitable for use in industry, agriculture, and healthcare. 

Soft robotics is a new field focused on creating robots from highly flexible materials that mimic the 

properties of biological tissues. Soft robots are made from elastic materials such as elastomers or hydrogels, 

allowing them to mechanically deform like living organisms. This flexibility enables them to move in 

complex environments, manipulate delicate objects, and safely interact with humans. Hybrid systems that 

combine the advantages of both soft and rigid robotics are also currently being studied. 
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TPE Materials for 3D Printing  

Thermoplastic elastomers (TPE) are a class of copolymers or physical polymer blends (usually plastic 

and rubber) consisting of materials with both thermoplastic and elastomeric properties. TPEs are increasingly 

used in 3D printing due to their flexibility, durability, and ease of processing. 

TPEs are used in a wide range of applications because of their versatile properties. In the medical 

sector, TPEs comply with recognized standards such as USP Class VI and DIN ISO 10993, making them 

suitable for use in medicine, pharmaceuticals, and diagnostics. These standards ensure that TPEs are safe 

and effective for use in various medical devices and components, thereby enhancing patient safety and 

product reliability. 

In consumer goods, TPEs are commonly used to manufacture items such as phone cases, grip sleeves, 

and vibration-damping elements. Their flexibility, durability, and tactile properties make them ideal for 

products requiring a comfortable grip and resistance to wear, improving user experience and product 

longevity. 

TPEs are also widely used in industrial applications, including the production of fasteners, seals, 

gaskets, adapters, handles, and grips. Their ability to maintain performance under stress and varying 

environmental conditions makes them valuable in industrial settings where reliability and durability are 

critical. 

The automotive industry also benefits from the use of TPEs. These materials are suitable for 

manufacturing automotive components because they can withstand stress and impactsðproperties that 

materials such as PLA and ABS cannot match. The resilience and flexibility of TPEs contribute to the safety, 

efficiency, and longevity of automotive parts, making them essential for components exposed to mechanical 

and environmental challenges. 

Thermoplastic elastomers have a unique combination of properties that make them particularly 

suitable for specific 3D printing tasks. These materials are characterized by their flexibility while maintaining 

dimensional stability at room temperature, which is ideal for applications requiring tensile and bending 

properties. In addition, TPEs are environmentally friendly, recyclable, and free from latex, PVC, and 

phthalates, with low odor and reduced emissions. 

In terms of mechanical properties, TPEs typically have a tensile modulus of 60 MPa, tensile strength 

of 7 MPa, and elongation at break of 250%, along with high elasticity and good tribological properties. 

Thermally, TPEs have a melting temperature of approximately 138 °C and a density of 1080 kg/m³. 

Furthermore, they offer excellent UV and weather resistance, allowing them to withstand harsh environments 

and climates, further expanding their range of applications. 

Despite their many advantages, TPEs also present certain challenges in the 3D printing process. One 

significant issue is printability: due to their flexibility, TPEs can cause problems such as stringing, oozing, 

and poor bridging. These materials may not perform well with Bowden extruders, and a direct-drive extruder 

is usually required for optimal results. 

TPEs also require specific printing parameters, including a printing temperature range of 210ï230 °C 

and a build plate temperature of 30ï60 °C. Higher printing speeds can cause filament compression and 

jamming. When designing flexible parts, it is recommended to use negative tolerances between components 

to ensure a tight fit. Optimizing feed rates and printing at lower layer heights in the range of 0.1ï0.2 mm can 

also improve print quality. 

TPEs are often compared with other flexible filaments such as TPU (thermoplastic polyurethane) and 

TPC (thermoplastic copolyester). TPU, a form of TPE, is stiffer and more durable, making it easier to print. 

It retains its elastic properties at lower temperatures and has higher chemical resistance compared to TPE. 

TPC, on the other hand, is a polyester-based flexible filament known for good thermal stability and chemical 

resistance, making it suitable for tougher flexible parts. 

Another alternative is Soft PLAðan elastic filament made from organic fibers treated with chemicals, 

providing a balance between flexibility and ease of printing. Each of these materials has its own set of 

properties that make them suitable for different applications, highlighting the importance of choosing the 

right filament based on the specific requirements of a 3D printing project. [2] 

 

3D Modeling of the Gripper Using Fusion360 

The author describes the development of a robotic gripper using the 3D modeling software Fusion360. 

The gripper consists of five main components: 

fixed mount on the cylinder, 

guide, 

fixed mount on the cylinder rod, 
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gripper ñfingers,ò 

cylinder mount to the robot flange. 

The parts were designed separately and then assembled into a single model. All components were 

developed taking into account the specifications of the robot Universal Robots UR10e and the cylinder Festo 

ADVU-16-40-A-P-A to ensure precise operation and compatibility. 

The ñfingerò mount to the cylinder was designed using the Fusion360 ñSketchò and ñExtrudeò 

functions. Its design precisely matches the shape of the cylinder, allowing the user to easily and efficiently 

connect the finger to the cylinder (Fig. 3). 

The guide was designed as a cylindrical form incorporating a guide for the second component. It was 

created using the Fusion360 ñSketchò and ñExtrudeò functions to form the cylinder and guide geometry (Fig. 

4). 

 

 

 

Fig.3. Finger Fig.4. Guide rod 

 
 

Fig.5. Cylinder rod fixed part  Fig.6. Gripper finger 
 

The fixed mount on the cylinder rod (Fig. 5) was also designed using the Fusion360 ñSketchò and 

ñExtrudeò functions, ensuring a precise fit to the cylinder rod and providing stability. 

The gripper ñfingersò (Fig. 6) were designed using the Fusion360 ñSketchò and ñExtrudeò functions 

to create a triangular shape. They were designed to grasp objects securely and ensure the stability of the 

handled object. 

 

3D Printi ng of the Robotic Gripper Model 

Two different polymers were used for 3D printing the robotic gripper: PLA (polylactic acid) and TPU 

(thermoplastic polyurethane). PLA is a biodegradable and environmentally friendly polymer that is easy to 

print and provides high printing accuracy. TPU is flexible and durable, which is important for the operation 

of the gripper. 

PLA printing parameters; 

printing temperature: 200ï230 °C; 

build plate temperature: 60ï80 °C; 
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printing speed: 50ï60 mm/s. 

TPU printing parameters: 

printing temperature: 220ï250 °C; 

build plate temperature: 80ï100 °C; 

printing speed: 20ï40 mm/s. 

The 3D printing process was carried out using a Bambu Lab A1 3D printer. Before printing, the printer 

was calibrated to ensure accuracy. The gripper 3D model was then loaded, and appropriate printing 

parameters were selected depending on the polymer used. During printing, print quality and parameters were 

regularly monitored to achieve the highest possible accuracy. After printing, the parts were inspected and 

assembled into a complete gripper tool assembly. 

 

Material Sustainability  

The author examines the key materials used in the gripper design: PLA (polylactide), TPU 

(thermoplastic polyurethane), and pneumatic cylinders. Polylactic acid (PLA) is a biodegradable and bio-

based thermoplastic derived from renewable resources such as corn starch, tapioca root starch, or sugarcane. 

[3] Its sustainability is high because it is biodegradable and compostable under industrial conditions. 

However, although biodegradable, PLA may require specific conditions to initiate degradation, and the 

process can take several years. [4] 

Thermoplastic polyurethane (TPU) is flexible, durable, and resistant to oils and greases, making it an 

excellent choice for many industrial applications. [5] However, while TPU is durable, it is not biodegradable 

and may pose environmental issues if not properly managed. Some TPU types are biodegradable and 

produced from renewable resources, reducing their environmental impact. [6] 

Pneumatic cylinders are commonly used in automation and mechanical systems. Their sustainability 

depends on the materials they are made from and their operating conditions. Pneumatic cylinders made of 

steel or aluminum can last many years if properly maintained and used. [6] However, like any mechanical 

system, pneumatic cylinders are subject to wear and require regular maintenance. Alternatives such as 

electric cylinders can offer better energy efficiency and lower operating costs in some applications. [6] 

These materials can be sustainable in different aspects, but their production and disposal may have 

environmental impacts that must be considered when selecting materials for any product or system. 

 

Conclusions 

An adaptive two-finger gripper capable of efficiently and safely manipulating various objects has been 

developed. 

Existing solutions in the adaptive gripper market were studied during the project. 

A mechanical design was developed, a prototype was created, and experiments were conducted to test 

its functionality. 

Research on adaptive grippers confirms their growing importance in modern robotics, as they can 

handle objects of various shapes, sizes, and weights, improving the efficiency and versatility of robotic 

processes. 

Autodesk Fusion 3D modeling and 3D printing technologies are suitable tools for designing and 

creating adaptive grippers, enabling the development of customizable and functional devices. 

Although the development and use of adaptive grippers involve challenges such as economic viability 

and material selection, their application potential in various industriesðespecially manufacturing and 

assemblyðis significant. 

Material selection for adaptive gripper construction is crucial, considering both functionality and 

environmental aspects. PLA and TPU materials have their advantages and disadvantages, and their choice 

depends on the specific application. 

The efficiency and environmental impact of pneumatic systems must be considered when selecting 

the control system for an adaptive gripper. Alternatives such as electric cylinders may offer better energy 

efficiency and lower operating costs. 
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Anotacija 

Visuomeninio transporto sistemose profesionaliȎ vairuotojȎ veikla yra vienas svarbiausiȎ eismo saugos ir 

paslaugȎ kokybǟs determinanļiȎ. Nepaisant technologinǟs paģangos, ģmogiġkasis faktorius iġlieka kritiniu sistemos 

elementu, kurio bȊklǟ tiesiogiai veikia eismo ǱvykiȎ tikimybň. Ġio tyrimo tikslas ï sistemingai iġanalizuoti profesionaliȎ 

vairuotojȎ darbo specifikŃ, integruojant psichofiziologinius, ergonominius ir organizacinius veiksnius bei Ǳvertinant jȎ 

sŃveikŃ saugos kontekste. Tyrimas grindģiamas sistemine literatȊros apģvalga, taikant naratyvinǟs sintezǟs metodŃ. 

Rezultatai rodo, kad vairuotojȎ darbo specifika yra daugiamatǟ sistema, kurioje nuovargis, stresas, darbo krȊvis ir 

ergonominǟs sŃlygos veikia nelineariai ir tarpusavyje stiprina vienas kito poveikǱ. Ilgos darbo pamainos, pamaininis 

darbas ir neoptimalios darbo sŃlygos lemia psichofiziologinǟs bȊklǟs pablogǟjimŃ, kuris tiesiogiai susijňs su reakcijos 

laiko didǟjimu ir klaidȎ tikimybe. Ergonominiai veiksniai, tokie kaip ilgalaikis sǟdǟjimas ir vibracija, turi kumuliacinǱ 

poveikǱ sveikatai ir netiesiogiai veikia saugŃ per kognityviniȎ funkcijȎ pablogǟjimŃ. Tyrimas atskleidģia, kad efektyvus 

saugos valdymas reikalauja integruoto poģiȊrio, apimanļio darbo organizavimŃ, ergonomikŃ ir psichofiziologinǟs 

bȊklǟs stebǟsenŃ. SiȊloma pereiti nuo fragmentuoto prie sisteminio ir duomenimis grǱsto modelio, kuris leistȎ 

identifikuoti rizikas realiu laiku ir optimizuoti darbo sŃlygas. Gauti rezultatai turi praktinň reikġmň transporto Ǳmonǟms 

ir politikos formuotojams, siekiantiems didinti eismo saugŃ ir darbo efektyvumŃ. 

REIKĠMINIAI ĢODĢIAI. Vairuotojai; visuomeninis transportas; nuovargis; ergonomika; eismo sauga; darbo 

organizavimas; ģmogiġkasis faktorius 

 

ǰvadas 

Visuomeninis transportas ġiuolaikinǟse urbanizuotose visuomenǟse tampa neatsiejama tvaraus 

judumo sistemos dalimi, uģtikrinanļia efektyvȎ gyventojȎ mobilumŃ, maģinanļia transporto spȊstis bei 

prisidedanļia prie aplinkosauginio poveikio maģinimo. Augant miestȎ populiacijai ir didǟjant transporto 

srautams, transporto sistemos patiria vis didesnǱ kompleksinǱ spaudimŃ, kuris pasireiġkia ne tik 

infrastruktȊros apkrova, bet ir didǟjanļiais reikalavimais transporto paslaugȎ kokybei, saugumui bei 

efektyvumui (Zabielaitǟ & Paliulis, 2017: 3-4). Ġiame kontekste visuomeninio transporto vairuotojai tampa 

vienu iġ kritiniȎ sistemos elementȎ, nuo kuriȎ tiesiogiai priklauso visos sistemos funkcionavimo stabilumas 

ir patikimumas. 

Nepaisant technologinǟs paģangos, vairuotojas iġlieka pagrindiniu sprendimȎ priǟmǟju realiu laiku 

veikianļioje dinaminǟje aplinkoje. Tai iġ esmǟs skiria visuomeninio transporto vairuotojȎ veiklŃ nuo 

daugelio kitȎ profesijȎ, nes jȎ darbo rezultatai turi tiesioginǱ ir momentinǱ poveikǱ tiek keleiviȎ saugai, tiek 

platesnei eismo sistemai. Ġiuo poģiȊriu vairuotojo veikla gali bȊti traktuojama kaip aukġtos rizikos, aukġtos 

atsakomybǟs ir nuolatinio kognityvinio Ǳsitraukimo reikalaujanti profesija. 

Mokslinǟje literatȊroje pastaraisiais deġimtmeļiais pastebima aiġki tendencija pereiti nuo siauro 

techninio transporto sistemȎ vertinimo prie integruoto, ģmogaus veiksnius akcentuojanļio poģiȊrio. Ġi 

transformacija grindģiama prielaida, kad net ir paģangiausios technologinǟs sistemos negali bȊti efektyvios 

be tinkamai funkcionuojanļio ģmogiġkojo elemento. Todǟl vis daugiau dǟmesio skiriama vairuotojȎ 

psichofiziologinei bȊklei, darbo aplinkos ergonomikai, organizaciniams veiksniams bei jȎ tarpusavio 

sŃveikai. 

ProfesionaliȎ vairuotojȎ darbo specifika pasiģymi dideliu daugialypiġkumu, kuris apima techninius, 

kognityvinius, emocinius ir socialinius komponentus. Vairuotojas vienu metu atlieka kelias funkcijas: valdo 

transporto priemonň, stebi eismo aplinkŃ, priima sprendimus, komunikuoja su keleiviais ir laikosi grieģtȎ 

veiklos reikalavimȎ, tokiȎ kaip tvarkaraġļiai ar saugos protokolai. Tokia veiklos struktȊra lemia didelǱ darbo 

krȊvǱ, kuris nǟra vien fizinis, bet apima ir reikġmingŃ kognityvinǱ bei emocinǱ komponentŃ. 

Ypaļ svarbus aspektas yra psichofiziologinis krȊvis, kuris atsiranda dǟl nuolatinǟs dǟmesio 

koncentracijos, informacijos apdorojimo ir sprendimȎ priǟmimo poreikio. Tyrimai rodo, kad ilgalaikis tokio 

pobȊdģio krȊvis gali lemti nuovargǱ, sumaģǟjusǱ budrumŃ ir padidǟjusiŃ klaidȎ tikimybň. Ġie veiksniai yra 

tiesiogiai susijň su eismo sauga, nes net nedidelis reakcijos laiko padidǟjimas gali turǟti kritiniȎ pasekmiȎ 

sudǟtingose eismo situacijose (Li et al., 2026: 6).  

Be psichofiziologiniȎ veiksniȎ, svarbȎ vaidmenǱ atlieka ir ergonominiai aspektai. Ilgalaikis sǟdǟjimas, 

vibracijos poveikis, ribotas judǟjimas ir ne visada optimaliai suprojektuota darbo vieta gali sukelti Ǳvairius 

raumenȎ ir skeleto sistemos sutrikimus. Epidemiologiniai tyrimai rodo, kad profesionalȊs vairuotojai 

patenka Ǳ padidintos rizikos grupň, kalbant apie lǟtinius nugaros skausmus, kaklo ǱtampŃ ir kitus su darbo 
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pobȊdģiu susijusius sveikatos sutrikimus. Tai ne tik maģina gyvenimo kokybň, bet ir gali turǟti Ǳtakos darbo 

efektyvumui bei saugai. 

Dar vienas svarbus aspektas yra darbo organizavimas. Pamaininis darbas, ilgos darbo valandos, 

nereguliarȊs grafikai ir laiko spaudimas sudaro papildomŃ stresinǱ fonŃ, kuris gali sustiprinti 

psichofiziologinius neigiamus efektus. Ġiuolaikiniai tyrimai vis daģniau pabrǟģia, kad darbo organizavimas 

turi bȊti laikomas ne tik administraciniu, bet ir strateginiu saugos valdymo elementu. TechnologijȎ plǟtra iġ 

esmǟs keiļia vairuotojȎ darbo pobȊdǱ. Paģangios vairuotojo pagalbos sistemos (ADAS), telematika, dalinǟ 

automatizacija ir skaitmeninǟs valdymo sistemos suteikia naujȎ galimybiȎ didinti saugŃ ir efektyvumŃ. 

Taļiau tuo paļiu jos kelia ir naujȎ iġġȊkiȎ, susijusiȎ su ģmogaus ir technologijos sŃveika. Vienas iġ 

aktualiausiȎ klausimȎ yra vadinamasis Ăautomatizacijos paradoksasñ, kai didǟjant automatizacijos lygiui 

maģǟja vairuotojo Ǳsitraukimas, o tai gali lemti prastesnǱ situacinǱ suvokimŃ kritinǟse situacijose. 

Aplinkosauginis aspektas taip pat tampa vis svarbesnis. Transporto sektorius yra vienas iġ pagrindiniȎ 

ġiltnamio efektŃ sukelianļiȎ dujȎ ġaltiniȎ, todǟl visuomeninio transporto efektyvumo didinimas yra svarbus 

klimato kaitos maģinimo kontekste. VairuotojȎ elgsena, ypaļ vairavimo stilius, turi tiesioginň ǱtakŃ kuro 

sŃnaudoms ir emisijoms. Ekologiġko vairavimo principai gali reikġmingai sumaģinti energijos vartojimŃ, 

taļiau jȎ taikymas priklauso nuo vairuotojȎ kompetencijos, motyvacijos ir darbo sŃlygȎ (Dainauskas & 

Braģukienǟ, 2013: 58). 

Svarbu paģymǟti, kad visi ġie veiksniai nǟra izoliuoti ï jie sŃveikauja tarpusavyje ir formuoja 

kompleksinň sistemŃ. Pavyzdģiui, netinkamas darbo grafikas gali sukelti nuovargǱ, kuris lemia prastesnǱ 

vairavimo stiliȎ, didesnes emisijas ir didesnň eismo ǱvykiȎ tikimybň. Todǟl bȊtinas integruotas poģiȊris, 

apimantis visus ġiuos aspektus. 

Atsiģvelgiant Ǳ iġvardytas problemas ir tendencijas, ġio straipsnio tikslas yra sistemingai iġanalizuoti 

visuomeninio transporto vairuotojȎ darbo specifikŃ, identifikuojant pagrindinius veiksnius, lemianļius darbo 

krȊvǱ, saugŃ, sveikatŃ ir aplinkosauginǱ efektyvumŃ. Straipsnyje siekiama ne tik apibendrinti esamus tyrimus, 

bet ir pateikti kritinň jȎ analizň bei integruoti skirtingȎ disciplinȎ Ǳģvalgas. 

Straipsnyje keliami ġie pagrindiniai tyrimo klausimai: 

¶ kokie veiksniai apibrǟģia profesionaliȎ vairuotojȎ darbo specifikŃ,  

¶ kaip ġie veiksniai veikia saugŃ ir sveikatŃ,  

¶ koks technologijȎ ir darbo organizavimo vaidmuo maģinant neigiamŃ poveikǱ,  

¶ kaip vairuotojȎ elgsena susijusi su aplinkosauginiu efektyvumu.  

Ateities tyrimȎ kontekste galima iġskirti kelias svarbias kryptis. Pirma, vis didesnň reikġmň Ǳgauna 

dirbtinio intelekto taikymas vairuotojȎ bȊklǟs stebǟsenai ir prognozavimui. Antra, didģiȎjȎ duomenȎ analizǟ 

leidģia pereiti nuo fragmentuoto prie sisteminio supratimo apie realias darbo sŃlygas. Treļia, bȊtina plǟtoti 

individualizuotus darbo modelius, kurie atsiģvelgtȎ Ǳ vairuotojȎ fiziologinius ir psichologinius skirtumus. 

Galiausiai, vis svarbesnis tampa integruotas poģiȊris, jungiantis saugos, efektyvumo ir aplinkosaugos tikslus. 

Apibendrinant galima teigti, kad profesionaliȎ vairuotojȎ darbo specifika yra kompleksinis, 

daugiamatis ir dinamiġkas reiġkinys, kurio analizǟ reikalauja tarpdisciplininio poģiȊrio. Ġio straipsnio 

struktȊra grindģiama sistemine literatȊros analize, leidģianļia nuosekliai atskleisti pagrindinius ġios 

problematikos aspektus ir pateikti integruotŃ jȎ vertinimŃ. 

 

Metodologija 

Ġiame straipsnyje taikoma metodologinǟ prieiga grindģiama sisteminǟs literatȊros apģvalgos 

principais, siekiant uģtikrinti analizuojamos informacijos patikimumŃ, nuoseklumŃ ir mokslinǱ pagrǱstumŃ. 

Atsiģvelgiant Ǳ nagrinǟjamos temos tarpdiscipliniġkumŃ, metodologija integruoja transporto inģinerijos, 

ergonomikos, profesinǟs sveikatos, psichologijos, aplinkosaugos ir taikomosios statistikos tyrimus. Toks 

kompleksinis metodinis pagrindas leidģia ne tik apibendrinti esamus tyrimus, bet ir atlikti jȎ kritinň analizň, 

identifikuojant pagrindines tendencijas bei spragas (Kardelis, 2005: 112-114). 

Ġis straipsnis remiasi sisteminǟs apģvalgos principais su naratyvinǟs sintezǟs elementais. Toks 

metodologinis pasirinkimas yra pagrǱstas tuo, kad nagrinǟjama tema apima Ǳvairias mokslo disciplinas ir 

skirtingus tyrimo metodus, todǟl vien tik kiekybinǟ metaanalizǟ nebȊtȎ pakankama. Naratyvinǟ sintezǟ 

leidģia integruoti heterogeniġkus duomenis ir pateikti konceptualiai nuoseklȎ analizǟs rezultatŃ. 

 

 

Apģvalgos tipas ir metodinis pagrindas 

Straipsnyje taikoma sisteminǟ literatȊros apģvalga (angl. systematic review), kuri yra laikoma vienu 

patikimiausiȎ metodȎ apibendrinant mokslines ģinias. Ġis metodas leidģia struktȊruotai identifikuoti, atrinkti 

ir analizuoti mokslinius ġaltinius, sumaģinant subjektyvumo ir atrankos ġaliġkumo rizikŃ. 



146 

Metodologinis pagrindas iġ dalies remiasi PRISMA (Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses) gairǟmis, kurios plaļiai taikomos sisteminǟse apģvalgose. PRISMA metodika 

uģtikrina: 

¶ skaidrȎ publikacijȎ atrankos procesŃ,  

¶ aiġkiai apibrǟģtus Ǳtraukimo ir atmetimo kriterijus,  

¶ nuoseklȎ duomenȎ analizǟs procesŃ.  

Taļiau, atsiģvelgiant Ǳ temos specifikŃ, PRISMA schema ġiame tyrime taikoma adaptuotai, nes 

analizuojami tyrimai pasiģymi metodologiniu nevienalytiġkumu (pvz., eksperimentiniai, stebǟjimo, 

modeliavimo tyrimai). 

 

DuomenȎ analizǟs metodai 

Atrinkti tyrimai buvo sisteminami ir analizuojami taikant kelis metodus: 

1. Teminǟ analizǟ (thematic analysis): 

Leido suskirstyti tyrimus pagal pagrindines temas: 

¶ psichofiziologiniai veiksniai  

¶ ergonomika  

¶ sauga  

¶ darbo organizavimas  

¶ technologijos  

¶ aplinkosauga  

2. Kryģminǟ analizǟ (cross-analysis): 

Leido palyginti skirtingȎ tyrimȎ rezultatus ir nustatyti bendras tendencijas bei prieġtaravimus. 

3. Kritinǟ analizǟ: 

Vertintas tyrimȎ metodologinis pagrǱstumas, identifikuojant galimus ġaliġkumus ir ribotumus. 

ĠiȎ metodȎ derinimas suteikǟ galimybň ne tik apibendrinti duomenis, bet ir sukurti konceptualȎ 

modelǱ. 

 

Metodologijos ribotumai 

Nepaisant sisteminio poģiȊrio, tyrimas turi keletŃ ribotumȎ, kurie buvo identifikuoti ir ankstesniame 

tekste . 

Pagrindiniai ribotumai: 

¶ TyrimȎ heterogeniġkumas: 

¶ Skirtingos metodikos, imtys ir vertinimo kriterijai apsunkina tiesioginǱ rezultatȎ palyginimŃ.  

¶ Ribotas longitudiniȎ tyrimȎ skaiļius: 

¶ Dauguma tyrimȎ yra trumpalaikiai, todǟl sunku Ǳvertinti ilgalaikǱ poveikǱ.  

¶ Geografiniai skirtumai: 

¶ Skirtingos darbo sŃlygos, infrastruktȊra ir reglamentavimas apsunkina rezultatȎ apibendrinimŃ 

globaliu mastu.  

¶ DuomenȎ trȊkumas realiomis sŃlygomis: 

¶ Dalis tyrimȎ atliekami laboratorinǟmis sŃlygomis, kurios ne visada atspindi realiŃ darbo aplinkŃ.  

 

Metodologinǟs tendencijos ir ateities kryptys 

Analizǟ rodo, kad metodologiniai poģiȊriai ġioje srityje sparļiai evoliucionuoja. Pagrindinǟs 

tendencijos: 

¶ perǟjimas nuo laboratoriniȎ tyrimȎ prie realaus laiko duomenȎ analizǟs,  

¶ didģiȎjȎ duomenȎ (big data) ir telematikos naudojimas,  

¶ dirbtinio intelekto taikymas elgsenos ir nuovargio prognozavimui,  

¶ integruotȎ modeliȎ kȊrimas, apimanļiȎ kelis veiksnius vienu metu.  

Ateityje tikǟtina, kad metodologija taps dar labiau orientuota Ǳ: 

¶ individualizuotus modelius,  

¶ adaptacines sistemas,  

¶ kompleksiniȎ sistemȎ analizň.  

Taikyta metodologija leidģia nuosekliai ir kritiġkai Ǳvertinti profesionaliȎ vairuotojȎ darbo specifikŃ, 

integruojant skirtingȎ mokslo sriļiȎ Ǳģvalgas. Sisteminǟ literatȊros apģvalga kartu su naratyvine sinteze 

suteikia galimybň ne tik apibendrinti esamas ģinias, bet ir identifikuoti pagrindines tyrimȎ spragas bei ateities 

kryptis. Metodologinis poģiȊris, grindģiamas tarpdisciplinine integracija, yra bȊtinas siekiant suprasti 
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kompleksinň vairuotojȎ darbo specifikŃ ir kurti efektyvias saugos, darbo organizavimo bei aplinkosaugos 

strategijas. 

 

VairuotojȎ darbo specifikos teoriniai pagrindai 

ProfesionaliȎ vairuotojȎ darbo specifikos analizǟ visuomeniniame transporte reikalauja sisteminio 

teorinio pagrindo, leidģianļio integruoti skirtingȎ mokslo sriļiȎ ï transporto inģinerijos, ergonomikos, 

kognityvinǟs psichologijos ir kompleksiniȎ sistemȎ teorijos ï Ǳģvalgas. Vairuotojo veikla negali bȊti 

interpretuojama kaip izoliuotas procesas, nes ji vyksta dinaminǟje, daugiamatǟje sistemoje, kurioje nuolat 

sŃveikauja ģmogus, techninǟ sistema ir aplinkos veiksniai. Tokia sŃveika lemia ne tik veiklos efektyvumŃ, 

bet ir saugos lygǱ, todǟl teorinis ġios veiklos modeliavimas tampa esminiu ģingsniu siekiant suprasti rizikos 

formavimosi mechanizmus. 

Ġiuolaikinǟje mokslinǟje literatȊroje vairuotojo veikla vis daģniau traktuojama kaip daugiamatǟ 

funkcijȎ sistema, kurioje vienu metu vyksta keli paraleliniai procesai. Transporto priemonǟs valdymas, kuris 

istoriġkai buvo laikomas pagrindine vairuotojo funkcija, iġ tikrȎjȎ yra tik viena iġ sudǟtingos veiklos 

dimensijȎ. Ġalia techniniȎ veiksmȎ, tokiȎ kaip greiļio reguliavimas, trajektorijos palaikymas ar stabdymas, 

vairuotojas nuolat vykdo sudǟtingus kognityvinius procesus, susijusius su informacijos apdorojimu, 

situacijos vertinimu ir sprendimȎ priǟmimu. Ġie procesai vyksta realiu laiku ir daģnai esant aukġtam 

neapibrǟģtumo lygiui, todǟl jȎ efektyvumas tiesiogiai priklauso nuo ģmogaus psichofiziologinǟs bȊklǟs 

(Sadauskas, 2019: 27). 

Be kognityvinǟs ir techninǟs dimensijos, visuomeninio transporto vairuotojȎ veikloje svarbiŃ vietŃ 

uģima socialinǟ sŃveika. Skirtingai nei daugelyje kitȎ transporto sektoriaus sriļiȎ, ļia vairuotojas nuolat 

kontaktuoja su keleiviais, sprendģia konfliktines situacijas ir atlieka paslaugos teikǟjo funkcijŃ. Ġi aplinkybǟ 

Ǳveda papildomŃ emocinǱ krȊvǱ, kuris gali veikti tiek sprendimȎ priǟmimŃ, tiek bendrŃ darbo efektyvumŃ. 

Kartu egzistuoja ir organizacinǟ veiklos dimensija, susijusi su tvarkaraġļiȎ laikymusi, marġrutȎ 

koordinavimu ir reakcija Ǳ veiklos sutrikimus, kurie daģnai yra nenumatyti ir reikalauja greito adaptacinio 

atsako. 

ĠiȎ funkcijȎ integracija leidģia teigti, kad vairuotojo darbas yra kompleksinǟ veikla, kurios analizǟ 

negali apsiriboti vien tik techniniais ar fiziologiniais aspektais. Ġiame kontekste vienas iġ svarbiausiȎ teoriniȎ 

modeliȎ yra ģmogausïtransporto priemonǟsïaplinkos sistema, leidģianti suvokti vairavimŃ kaip integruotŃ 

procesŃ. Ġi sistema apima tris pagrindinius komponentus: ģmogȎ, kuris pasiģymi tam tikrais fiziologiniais, 

kognityviniais ir elgsenos parametrais; transporto priemonň, kuri apibrǟģia technines ir ergonomines sŃlygas; 

bei aplinkŃ, kuri yra dinamiġka, neapibrǟģta ir daģnai sunkiai prognozuojama. Svarbiausia ġio modelio 

savybǟ yra tai, kad sauga ir efektyvumas priklauso ne nuo atskirȎ komponentȎ, o nuo jȎ tarpusavio sŃveikos 

kokybǟs. Net ir esant optimalioms techninǟms sŃlygoms, ģmogaus nuovargis ar nepalankios aplinkos sŃlygos 

gali lemti sistemos destabilizacijŃ. 

Darbo krȊvio teorija yra dar vienas esminis konceptas, leidģiantis analizuoti vairuotojȎ veiklŃ. Darbo 

krȊvis ġiame kontekste apibrǟģiamas kaip santykis tarp uģduoties reikalavimȎ ir ģmogaus gebǟjimȎ juos 

Ǳvykdyti. Ġis santykis nǟra pastovus ï jis kinta priklausomai nuo aplinkos sudǟtingumo, darbo trukmǟs, 

psichofiziologinǟs bȊklǟs ir kitȎ veiksniȎ. Ypaļ svarbus yra kognityvinis darbo krȊvis, kuris susijňs su 

informacijos apdorojimo intensyvumu ir sprendimȎ priǟmimo sudǟtingumu. Empiriniai tyrimai rodo, kad 

egzistuoja optimalus darbo krȊvio lygis, kuriame veiklos efektyvumas yra maksimalus. Nukrypimai nuo ġio 

lygio, tiek Ǳ maģesnň, tiek Ǳ didesnň pusň, gali lemti veiklos pablogǟjimŃ. Ġis principas aiġkiai atsispindi 

YerkesïDodson dǟsnyje, kuris apibȊdina nelinearinǱ ryġǱ tarp aktyvumo (arba streso) ir veiklos efektyvumo. 

Ģmogiġkojo faktoriaus teorija suteikia papildomŃ pagrindŃ suprasti klaidȎ atsiradimo mechanizmus. 

VairuotojȎ klaidos nǟra atsitiktinǟs ï jos daģniausiai kyla dǟl sisteminiȎ veiksniȎ, tokiȎ kaip nuovargis, 

stresas ar netinkamas darbo organizavimas (Augǟnas, 2015: 41). Klasikinǟ klaidȎ klasifikacija iġskiria 

ǱgȊdģiȎ, taisykliȎ taikymo ir sprendimȎ klaidas, kurios atitinka skirtingus kognityvinio apdorojimo lygius. 

Ġi klasifikacija leidģia identifikuoti, kokie veiksniai lemia konkreļiȎ klaidȎ atsiradimŃ ir kokios intervencijos 

galǟtȎ bȊti efektyviausios. Pavyzdģiui, dǟmesio sutrikimai daģniau siejami su nuovargiu, o sprendimȎ 

klaidos ï su nepakankama informacija ar netinkamu situacijos vertinimu. 

KompleksiniȎ sistemȎ teorija dar labiau prapleļia ġǱ supratimŃ, pabrǟģdama, kad transporto sistema 

pasiģymi nelinearinǟmis sŃveikomis ir emergentinǟmis savybǟmis. Tai reiġkia, kad nedideli pokyļiai 

viename sistemos elemente gali sukelti disproporcingai didelǱ poveikǱ visai sistemai. Pavyzdģiui, nedidelis 

reakcijos laiko padidǟjimas dǟl nuovargio gali kritinǟje situacijoje lemti eismo ǱvykǱ. Tokios sistemos 

pasiģymi dideliu jautrumu pradiniȎ sŃlygȎ pokyļiams, todǟl jȎ analizǟ reikalauja tikimybinio ir dinaminio 

modeliavimo metodȎ (Ahmad et al., 2026: 9). 
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Svarbus aspektas yra tai, kad rizika ġiose sistemose nǟra statinǟ ï ji nuolat kinta priklausomai nuo 

vairuotojo bȊklǟs, aplinkos sŃlygȎ ir technologiniȎ veiksniȎ. Todǟl tradiciniai deterministiniai modeliai vis 

daģniau keiļiami tikimybiniais ir daugiakriteriniais metodais, leidģianļiais geriau atspindǟti realaus pasaulio 

variabilumŃ. Tokie modeliai leidģia ne tik vertinti esamŃ situacijŃ, bet ir prognozuoti galimus scenarijus, kas 

yra ypaļ svarbu saugos valdymo kontekste. 

Apibendrinant galima teigti, kad profesionaliȎ vairuotojȎ darbo specifika yra daugiamatǟ ir dinamiġka 

sistema, kurios analizǟ reikalauja integruoto teorinio poģiȊrio. Ģmogausïtransporto priemonǟsïaplinkos 

modelis, darbo krȊvio teorija, ģmogiġkojo faktoriaus analizǟ ir kompleksiniȎ sistemȎ teorija sudaro pagrindŃ, 

leidģiantǱ suprasti ġios veiklos mechanizmus. ĠiȎ teoriniȎ modeliȎ integracija leidģia ne tik paaiġkinti esamus 

reiġkinius, bet ir identifikuoti pagrindines rizikos formavimosi prieģastis bei kurti efektyvias intervencijas. 

Ateities tyrimȎ kontekste vis didesnň reikġmň Ǳgauna integruotȎ modeliȎ kȊrimas, kurie apimtȎ tiek 

ģmogaus bȊklǟs, tiek technologiniȎ sistemȎ, tiek aplinkos veiksniȎ sŃveikŃ. Taip pat pastebima tendencija 

pereiti prie duomenimis grǱstȎ modeliȎ, naudojanļiȎ realaus laiko informacijŃ ir dirbtinio intelekto metodus. 

Tokie modeliai leidģia dinamiġkai vertinti rizikŃ ir adaptuoti sprendimus, atsiģvelgiant Ǳ besikeiļianļias 

sŃlygas. Todǟl teoriniȎ pagrindȎ plǟtra tampa ne tik akademiniu, bet ir praktiniu iġġȊkiu, siekiant kurti 

saugesnes, efektyvesnes ir tvaresnes transporto sistemas. 

 

Psichofiziologiniai veiksniai 

Psichofiziologiniai veiksniai yra vienas svarbiausiȎ profesionaliȎ vairuotojȎ darbo specifikos 

komponentȎ, kuris lemia tiek eismo saugŃ, tiek darbo efektyvumŃ ir ilgalaikň darbuotojȎ sveikatŃ. Vairuotojo 

veikla pasiģymi nuolatine sŃveika tarp fiziologiniȎ procesȎ ir kognityviniȎ funkcijȎ, todǟl ġiȎ veiksniȎ 

analizǟ turi bȊti grindģiama integruotu poģiȊriu, apimanļiu neuroergonomikŃ, darbo fiziologijŃ ir 

kognityvinň psichologijŃ. Skirtingai nei fizinis krȊvis, kuris yra gana lengvai iġmatuojamas, 

psichofiziologinis krȊvis pasiģymi dideliu kintamumu ir priklausomybe nuo individualiȎ savybiȎ, darbo 

sŃlygȎ bei aplinkos veiksniȎ. 

Vienas iġ pagrindiniȎ psichofiziologiniȎ veiksniȎ yra nuovargis, kuris laikomas vienu reikġmingiausiȎ 

saugos rizikos determinantȎ transporto sektoriuje. Nuovargis yra kompleksinis reiġkinys, apimantis tiek 

fiziologinius, tiek kognityvinius aspektus. Fiziologinis nuovargis daģniausiai siejamas su ilgalaikiu statiniu 

krȊviu, kuris bȊdingas vairuotojȎ darbui dǟl ilgo sǟdǟjimo ir riboto judǟjimo. Tuo tarpu kognityvinis 

nuovargis atsiranda dǟl nuolatinio dǟmesio koncentravimo, informacijos apdorojimo ir sprendimȎ priǟmimo 

poreikio. Ypaļ svarbus yra miego trȊkumo sukeltas nuovargis, kuris gali turǟti eksponentinǱ poveikǱ reakcijos 

laikui ir sprendimȎ kokybei (Darma et al., 2026: 5). 

Empiriniai tyrimai rodo, kad nuovargis tiesiogiai veikia pagrindinius vairavimo parametrus, tokius 

kaip reakcijos laikas, dǟmesio stabilumas ir situacinis suvokimas. Net ir nedidelis reakcijos laiko padidǟjimas 

gali turǟti kritiniȎ pasekmiȎ, ypaļ esant sudǟtingoms eismo situacijoms (GabriġiȊnas, 2017: 32). Be to, 

nuovargis gali sukelti mikro-miego epizodus, kurie yra ypaļ pavojingi, nes jȎ metu vairuotojas trumpam 

praranda sŃmoningŃ kontrolň. Ġie epizodai daģnai pasireiġkia monotoniġkose situacijose, pavyzdģiui, 

vaģiuojant ilgais marġrutais ar esant maģam eismo intensyvumui (Wang et al., 2026: 11). 

Kitas svarbus psichofiziologinis veiksnys yra stresas, kuris visuomeninio transporto kontekste daģnai 

yra nuolatinis ir daugialypis. Vairuotojai susiduria su Ǳvairiais streso ġaltiniais, Ǳskaitant intensyvȎ eismŃ, 

laiko spaudimŃ, socialinň sŃveikŃ su keleiviais ir nenumatytas situacijas. Stresas gali turǟti tiek trumpalaikǱ, 

tiek ilgalaikǱ poveikǱ. Trumpuoju laikotarpiu jis gali padidinti budrumŃ ir reakcijos greitǱ, taļiau ilgalaikis 

stresas lemia kognityviniȎ funkcijȎ pablogǟjimŃ, emocinǱ iġsekimŃ ir padidǟjusiŃ klaidȎ tikimybň. 

Kognityvinǟ apkrova yra glaudģiai susijusi su stresu ir nuovargiu, taļiau turi savarankiġkŃ reikġmň. Ji 

apibrǟģiama kaip informacijos kiekis, kurǱ vairuotojas turi apdoroti per tam tikrŃ laikŃ, ir yra tiesiogiai 

susijusi su darbo aplinkos sudǟtingumu. Didelǟ kognityvinǟ apkrova gali lemti informacijos filtravimo 

sutrikimus, sprendimȎ priǟmimo klaidas ir situacinio suvokimo praradimŃ. Taļiau svarbu paģymǟti, kad ir 

per maģa apkrova gali bȊti pavojinga, nes ji sukelia monotonijŃ ir maģina dǟmesio koncentracijŃ. Todǟl 

optimalus kognityvinǟs apkrovos lygis yra kritinis veiksnys uģtikrinant saugȎ vairavimŃ. 

Reakcijos laikas yra vienas svarbiausiȎ rodikliȎ, atspindinļiȎ psichofiziologinň bȊklň. Jis priklauso 

nuo daugelio veiksniȎ, Ǳskaitant nuovargǱ, stresŃ ir informacijos apdorojimo greitǱ. Tipinǟmis sŃlygomis 

reakcijos laikas svyruoja nuo 0,7 iki 1,5 sekundǟs, taļiau esant nuovargiui gali reikġmingai padidǟti. Ġis 

padidǟjimas turi disproporcingai didelǱ poveikǱ saugai, nes kritinǟse situacijose net nedidelis vǟlavimas gali 

lemti nesugebǟjimŃ iġvengti susidȊrimo. Reakcijos laiko variacija taip pat rodo, kad vairuotojo bȊklǟ nǟra 

pastovi ir gali keistis net per vienŃ darbo pamainŃ. 

Dǟmesio mechanizmai yra dar vienas svarbus psichofiziologinis aspektas. Vairavimas reikalauja keliȎ 

dǟmesio tipȎ sŃveikos, Ǳskaitant selektyvȎ, padalintŃ ir nuolatinǱ dǟmesǱ. Selektyvus dǟmesys leidģia filtruoti 
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nereikġmingŃ informacijŃ, padalintas dǟmesys ï vienu metu apdoroti kelis informacijos ġaltinius, o nuolatinis 

dǟmesys ï iġlaikyti koncentracijŃ ilgŃ laikŃ. ĠiȎ mechanizmȎ disbalansas gali lemti klaidȎ atsiradimŃ, ypaļ 

esant dideliam darbo krȊviui ar nuovargiui. 

Cirkadiniai ritmai ir pamaininis darbas taip pat turi reikġmingŃ poveikǱ vairuotojȎ psichofiziologinei 

bȊklei. Ģmogaus organizmas yra pritaikytas veikti pagal natȊralȎ paros ritmŃ, todǟl darbas nakties metu ar 

ankstyvomis ryto valandomis gali sukelti budrumo sumaģǟjimŃ ir miego kokybǟs pablogǟjimŃ. Ypaļ kritinis 

laikotarpis yra tarp 2 ir 6 valandos ryto, kai organizmo fiziologiniai rodikliai pasiekia ģemiausiŃ lygǱ. 

Pamaininis darbas trikdo ġiuos ritmus ir gali sukelti ilgalaikius sveikatos sutrikimus, Ǳskaitant metabolinius 

ir ġirdies bei kraujagysliȎ sistemos sutrikimus.  

PsichofiziologiniȎ bȊkliȎ vertinimas yra sudǟtingas procesas, reikalaujantis ǱvairiȎ metodȎ 

integracijos. Fiziologiniai rodikliai, tokie kaip ġirdies ritmo variabilumas, elektroencefalografija ar akiȎ 

judesiȎ analizǟ, leidģia objektyviai Ǳvertinti vairuotojo bȊklň. Taļiau ġie metodai daģnai yra sudǟtingi ir 

reikalauja specializuotos Ǳrangos. Todǟl praktikoje daģnai naudojami subjektyvȊs metodai, tokie kaip 

klausimynai ar savijautos vertinimai, nors jie gali bȊti maģiau tikslȊs. Elgsenos rodikliai, pavyzdģiui, 

vairavimo trajektorijos svyravimai ar reakcijos laiko matavimai, suteikia papildomos informacijos apie realiŃ 

vairuotojo bȊklň (Hao et al., 2026: 14). 

Svarbus aspektas yra psichofiziologiniȎ veiksniȎ sŃveika su kitais darbo specifikos elementais. 

Nuovargis ir stresas gali ne tik tiesiogiai didinti eismo ǱvykiȎ tikimybň, bet ir netiesiogiai veikti vairavimo 

stiliȎ, didindami kuro sŃnaudas ir emisijas (Useche et al., 2018: 7-8). Taip pat jie gali paveikti keleiviȎ 

aptarnavimo kokybň ir bendrŃ transporto sistemos efektyvumŃ. Tai rodo, kad psichofiziologiniai veiksniai 

turi bȊti vertinami ne izoliuotai, o kaip integruotos sistemos dalis. 

Pastaraisiais metais stebima aiġki tendencija pereiti nuo reaktyvaus prie proaktyvaus 

psichofiziologiniȎ veiksniȎ valdymo. Tradiciġkai vairuotojȎ bȊklǟ buvo vertinama retrospektyviai, 

analizuojant Ǳvykusius incidentus, taļiau naujos technologijos leidģia realiu laiku stebǟti vairuotojo bȊklň ir 

prognozuoti galimas rizikas. Dirbtinio intelekto ir didģiȎjȎ duomenȎ analizǟs metodai suteikia galimybň 

kurti adaptacines sistemas, kurios gali automatiġkai identifikuoti nuovargio ar streso poģymius ir inicijuoti 

prevencines priemones (Chen et al., 2026: 6-7). 

Ateities tyrimȎ kontekste svarbu plǟtoti individualizuotus modelius, kurie atsiģvelgtȎ Ǳ vairuotojȎ 

fiziologinius ir psichologinius skirtumus. Skirtingi ģmonǟs skirtingai reaguoja Ǳ darbo krȊvǱ, todǟl vienodi 

sprendimai gali bȊti neefektyvȊs. Taip pat bȊtina integruoti psichofiziologinius duomenis su kitais 

parametrais, tokiais kaip darbo organizavimas, technologijos ir aplinkos veiksniai, siekiant sukurti holistinǱ 

rizikos vertinimo modelǱ. 

Apibendrinant galima teigti, kad psichofiziologiniai veiksniai yra esminǟ profesionaliȎ vairuotojȎ 

darbo specifikos dalis, lemianti veiklos ribas ir saugos lygǱ. JȎ poveikis yra daugialypis, dinamiġkas ir daģnai 

nelinearinis, todǟl efektyvus jȎ valdymas reikalauja integruoto, duomenimis grǱsto ir individualizuoto 

poģiȊrio. ĠiȎ veiksniȎ analizǟ sudaro pagrindŃ tolesniems tyrimams, orientuotiems Ǳ ergonomikos, darbo 

organizavimo ir technologiniȎ sprendimȎ optimizavimŃ. 

 

Ergonominiai ir biomechaniniai aspektai 

Ergonominiai ir biomechaniniai veiksniai sudaro vienŃ iġ esminiȎ profesionaliȎ vairuotojȎ darbo 

specifikos komponentȎ, kuris tiesiogiai veikia tiek darbuotojȎ sveikatŃ, tiek jȎ darbo efektyvumŃ ir 

netiesiogiai ï eismo saugŃ. Visuomeninio transporto vairuotojȎ darbo pobȊdis pasiģymi ilgalaikiu statiniu 

krȊviu, ribotu judrumu ir nuolatiniu mechaniniȎ veiksniȎ, tokiȎ kaip vibracija, poveikiu. ĠiȎ veiksniȎ 

kompleksinǟ sŃveika lemia kumuliacinǱ poveikǱ ģmogaus organizmui, kuris daģnai pasireiġkia tik po ilgesnio 

laiko, taļiau turi ilgalaikes pasekmes. 

Vienas pagrindiniȎ ergonominiȎ iġġȊkiȎ yra ilgalaikis sǟdǟjimas, kuris yra neiġvengiama vairuotojȎ 

darbo dalis. Skirtingai nei dinaminǟs veiklos, kuriose raumenȎ grupǟs nuolat kinta, statinis sǟdǟjimas sukelia 

pastovȎ tam tikrȎ raumenȎ grupiȎ ǱtempimŃ ir riboja kraujotakŃ. Biomechaniġkai tai reiġkia, kad stuburo 

juosmens dalis, ypaļ L4ïL5 segmentai, patiria padidintŃ apkrovŃ, kuri ilgainiui gali lemti degeneracinius 

pokyļius. Be to, dǟl riboto judǟjimo sumaģǟja raumenȎ aktyvumas, o tai dar labiau apsunkina kraujo 

cirkuliacijŃ ir skatina nuovargio kaupimŃsi. 

Svarbus aspektas yra tai, kad vairuotojȎ laikysena daģnai nǟra ideali. Vairo, pedalȎ ir valdymo 

elementȎ iġdǟstymas lemia tam tikrŃ asimetrijŃ kȊno padǟtyje, kuri ilgainiui gali sukelti disbalansŃ tarp 

raumenȎ grupiȎ. Tokia asimetrija gali bȊti subtili, taļiau ilgalaikǟje perspektyvoje ji tampa reikġmingu 

veiksniu, prisidedanļiu prie lǟtiniȎ nugaros, kaklo ir peļiȎ skausmȎ atsiradimo. Epidemiologiniai tyrimai 

patvirtina, kad profesionalȊs vairuotojai daģniau nei kitȎ profesijȎ atstovai patiria raumenȎ ir skeleto 

sistemos sutrikimus, kurie tiesiogiai susijň su darbo pobȊdģiu. 
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Ne maģiau svarbus biomechaninis veiksnys yra viso kȊno vibracija, kuri yra nuolatinǟ vairuotojȎ 

darbo aplinkos dalis. Vibracija atsiranda dǟl kelio dangos nelygumȎ, transporto priemonǟs konstrukciniȎ 

savybiȎ ir vaģiavimo reģimo. Jos poveikis priklauso nuo daģnio, amplitudǟs ir trukmǟs, o ilgesnis poveikis 

gali turǟti reikġmingȎ pasekmiȎ. Ypaļ pavojingi yra rezonansiniai daģniai, kurie sutampa su ģmogaus kȊno 

natȊraliais svyravimais, nes tokiu atveju vibracijos poveikis sustiprǟja. Tokios sŃlygos gali skatinti stuburo 

diskȎ degeneracijŃ, didinti raumenȎ nuovargǱ ir maģinti bendrŃ fizinǱ komfortŃ. 

Svarbu pabrǟģti, kad vibracija veikia ne tik raumenȎ ir skeleto sistemŃ, bet ir centrinň nervȎ sistemŃ. 

Tyrimai rodo, kad ilgalaikis vibracijos poveikis gali turǟti Ǳtakos kognityvinǟms funkcijoms, maģinti dǟmesio 

koncentracijŃ ir didinti nuovargǱ. Tai reiġkia, kad biomechaniniai veiksniai gali turǟti tiesioginǱ poveikǱ 

psichofiziologinei bȊklei, o per jŃ ï ir eismo saugai. 

Darbo vietos ergonomika yra dar vienas kritinis aspektas, lemiantis vairuotojȎ darbo kokybň. 

Vairuotojo kabinos dizainas turi uģtikrinti optimalias darbo sŃlygas, atsiģvelgiant Ǳ ģmogaus 

antropometrinius parametrus ir biomechaninius principus. Sǟdynǟs reguliavimo galimybǟs, vairo padǟtis, 

pedalȎ iġdǟstymas ir valdymo elementȎ pasiekiamumas turi bȊti pritaikyti taip, kad sumaģintȎ fizinǱ krȊvǱ ir 

leistȎ iġlaikyti neutraliŃ kȊno padǟtǱ. Taļiau praktikoje daģnai pasitaiko situacijȎ, kai darbo vieta nǟra 

tinkamai pritaikyta individualiems poreikiams, o tai lemia padidintŃ raumenȎ ǱtampŃ ir greitesnǱ nuovargio 

atsiradimŃ. 

Ergonomikos problemos daģnai yra susijusios su projektavimo sprendimais, kurie ne visada 

atsiģvelgia Ǳ realias darbo sŃlygas. Pavyzdģiui, valdymo elementȎ iġdǟstymas gali bȊti optimizuotas 

techniniu poģiȊriu, taļiau nepakankamai Ǳvertinti ģmogaus judesiȎ ribotumai ar pasikartojanļiȎ veiksmȎ 

poveikis. Tai ypaļ aktualu moderniose transporto priemonǟse, kuriose integruojama vis daugiau 

technologiniȎ sprendimȎ, didinanļiȎ informacijos kiekǱ ir sŃveikos sudǟtingumŃ. 

RaumenȎ ir skeleto sistemos sutrikimai yra viena daģniausiȎ profesionaliȎ vairuotojȎ sveikatos 

problemȎ. Ġie sutrikimai atsiranda dǟl ilgalaikio statinio krȊvio, vibracijos ir pasikartojanļiȎ mikrojudesiȎ 

kombinacijos. Daģniausiai pasireiġkia apatinǟs nugaros dalies skausmas, kaklo ir peļiȎ Ǳtampa bei rankȎ ir 

rieġȎ perkrovos sindromai. ĠiȎ sutrikimȎ vystymasis yra laipsniġkas ir daģnai nepastebimas ankstyvose 

stadijose, taļiau ilgainiui jie gali reikġmingai sumaģinti darbo naġumŃ ir net lemti profesinǱ nedarbingumŃ. 

Svarbus aspektas yra ergonominiȎ ir psichofiziologiniȎ veiksniȎ tarpusavio sŃveika. Fizinis 

diskomfortas gali didinti stresŃ ir maģinti dǟmesio koncentracijŃ, o tai tiesiogiai veikia sprendimȎ priǟmimo 

kokybň. Tuo paļiu metu psichofiziologinis nuovargis gali keisti laikysenŃ ir judesiȎ koordinacijŃ, 

didindamas biomechaninǱ krȊvǱ. Ġi abipusǟ sŃveika rodo, kad ergonomika ir psichofiziologija turi bȊti 

vertinamos kaip integruota sistema, o ne kaip atskiros sritys (D. D. Nguyen et al., 2026: 5-6). 

Pastaraisiais metais ergonomikos srityje pastebima tendencija pereiti nuo standartizuotȎ sprendimȎ 

prie individualizuoto darbo vietos pritaikymo. Naujos technologijos leidģia kurti reguliuojamas sǟdynes, 

adaptyvias valdymo sistemas ir vibracijos slopinimo sprendimus, kurie gali bȊti pritaikyti konkretaus 

vairuotojo poreikiams. Taip pat vis plaļiau taikomi skaitmeniniai modeliai ir biomechaninǟs simuliacijos, 

leidģianļios Ǳvertinti darbo vietos ergonomikŃ dar projektavimo stadijoje (Kim & Kim, 2026: 7-8). 

Ateities tyrimȎ kontekste svarbu plǟtoti integruotus ergonominius modelius, kurie apimtȎ ne tik 

fizinius, bet ir kognityvinius bei organizacinius veiksnius. Pavyzdģiui, darbo vietos dizainas turǟtȎ bȊti 

vertinamas ne tik pagal fizinǱ komfortŃ, bet ir pagal jo poveikǱ dǟmesio koncentracijai, reakcijos laikui ir 

sprendimȎ priǟmimui. Taip pat bȊtina integruoti realaus laiko duomenis apie vairuotojȎ bȊklň, siekiant 

dinamiġkai pritaikyti darbo sŃlygas. 

Apibendrinant galima teigti, kad ergonominiai ir biomechaniniai veiksniai yra kritiniai profesionaliȎ 

vairuotojȎ darbo specifikos elementai, turintys ilgalaikǱ ir kumuliacinǱ poveikǱ sveikatai ir darbo 

efektyvumui. JȎ analizǟ rodo, kad net ir nedideli ergonominiai trȊkumai ilgainiui gali sukelti reikġmingȎ 

problemȎ, todǟl bȊtina sisteminǟ ir integruota ġiȎ veiksniȎ analizǟ. Efektyvus ergonomikos valdymas ne tik 

maģina traumȎ ir ligȎ rizikŃ, bet ir prisideda prie saugesnǟs, efektyvesnǟs ir tvaresnǟs transporto sistemos 

kȊrimo. 

 

Sauga ir rizikos veiksniai 

Eismo sauga visuomeniniame transporte yra kompleksinis reiġkinys, kurǱ lemia daugelio tarpusavyje 

susijusiȎ veiksniȎ sŃveika. ProfesionaliȎ vairuotojȎ veikla ġioje sistemoje uģima centrinň vietŃ, nes bȊtent 

jȎ sprendimai ir reakcijos realiu laiku daro tiesioginň ǱtakŃ eismo ǱvykiȎ tikimybei ir jȎ pasekmiȎ sunkumui. 

Skirtingai nei techniniai ar infrastruktȊriniai veiksniai, ģmogiġkasis faktorius pasiģymi dideliu variabilumu 

ir jautrumu vidinǟms bei iġorinǟms sŃlygoms, todǟl jo analizǟ yra ypaļ svarbi siekiant suprasti saugos 

mechanizmus. 
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Moksliniai tyrimai nuosekliai rodo, kad eismo Ǳvykiai retai yra vieno veiksnio rezultatas ï daģniausiai 

jie atsiranda dǟl keliȎ veiksniȎ kombinacijos. Ġie veiksniai tradiciġkai skirstomi Ǳ tris pagrindines grupes: 

ģmogiġkuosius, techninius ir aplinkos. Nors techniniai gedimai ar nepalankios oro sŃlygos gali prisidǟti prie 

avarijȎ, dauguma tyrimȎ patvirtina, kad ģmogiġkasis faktorius tiesiogiai arba netiesiogiai dalyvauja 

didģiojoje dalyje eismo ǱvykiȎ. Tai reiġkia, kad vairuotojo bȊklǟ, elgsena ir sprendimȎ priǟmimo kokybǟ yra 

kritiniai saugos elementai. 

Ģmogiġkojo faktoriaus analizǟ rodo, kad klaidos vairavimo procese nǟra atsitiktinǟs, bet daģnai yra 

sisteminiȎ sŃlygȎ pasekmǟ. Kognityvinǟs psichologijos poģiȊriu vairuotojȎ klaidos gali bȊti suskirstytos Ǳ 

kelias kategorijas, atspindinļias skirtingus informacijos apdorojimo lygius. ǰgȊdģiȎ klaidos daģniausiai 

susijusios su dǟmesio trȊkumu ar automatiniȎ veiksmȎ sutrikimu, taisykliȎ taikymo klaidos atsiranda 

netinkamai interpretuojant situacijŃ, o sprendimȎ klaidos siejamos su neteisingu situacijos vertinimu ar 

informacijos trȊkumu. Ġi klasifikacija leidģia suprasti, kad skirtingos klaidos kyla dǟl skirtingȎ prieģasļiȎ, 

todǟl jȎ prevencija reikalauja diferencijuotȎ priemoniȎ (Liu et al., 2026: 5-6). 

Vienas iġ svarbiausiȎ rizikos veiksniȎ yra nuovargis, kuris tiesiogiai veikia vairuotojo gebǟjimŃ 

adekvaļiai reaguoti Ǳ eismo situacijas. Nuovargis maģina budrumŃ, lǟtina reakcijos laikŃ ir didina sprendimȎ 

klaidȎ tikimybň. Empiriniai tyrimai rodo, kad rizika didǟja ne linijiniu, o eksponentiniu bȊdu, ypaļ ilgǟjant 

darbo laikui ir maģǟjant poilsio intervalams. Kritinǟs ribos daģniausiai siejamos su ilgesnǟmis nei 8ï10 

valandȎ darbo pamainomis ir nepakankamu poilsiu tarp jȎ. Ġi nelinearinǟ priklausomybǟ rodo, kad net 

nedideli darbo organizavimo pokyļiai gali turǟti disproporcingai didelǱ poveikǱ saugai. 

Stresas yra dar vienas svarbus rizikos veiksnys, kuris daģnai veikia kartu su nuovargiu. Intensyvus 

eismas, laiko spaudimas ir socialinǟ sŃveika su keleiviais sukuria nuolatinǱ stresinǱ fonŃ, kuris gali pabloginti 

kognityvines funkcijas. Nors trumpalaikis stresas gali padidinti budrumŃ, ilgalaikis jo poveikis daģniausiai 

yra neigiamas, nes jis maģina sprendimȎ kokybň ir didina klaidȎ tikimybň. Be to, stresas gali skatinti 

rizikingŃ elgsenŃ, pavyzdģiui, staigȎ greitǟjimŃ ar neadekvaļius manevrus, kurie didina eismo ǱvykiȎ 

tikimybň. 

Rizikos analizǟje svarbi vieta tenka matematiniams ir statistiniams modeliams, kurie leidģia 

kiekybiġkai Ǳvertinti skirtingȎ veiksniȎ poveikǱ. Tikimybiniai modeliai leidģia nustatyti eismo ǱvykiȎ 

tikimybň, atsiģvelgiant Ǳ Ǳvairius parametrus, tokius kaip nuovargis, darbo krȊvis ar streso lygis. Regresiniai 

modeliai suteikia galimybň Ǳvertinti kiekvieno veiksnio santykinň ǱtakŃ, o sisteminǟs analizǟs metodai, tokie 

kaip ĂSwiss cheeseñ modelis, leidģia suprasti, kaip keliȎ nepriklausomȎ klaidȎ kombinacija gali lemti 

avarijŃ. Ġie modeliai rodo, kad sauga yra ne vieno veiksnio funkcija, o kompleksinǟs sistemos rezultatas. 

Darbo organizavimas yra vienas iġ svarbiausiȎ veiksniȎ, lemianļiȎ rizikos lygǱ. Ilgos darbo valandos, 

nereguliarȊs grafikai ir didelis darbo intensyvumas sukuria sŃlygas, kurios didina nuovargǱ ir kognityvinň 

apkrovŃ. Be to, laiko spaudimas gali skatinti vairuotojus priimti rizikingus sprendimus, siekiant kompensuoti 

vǟlavimus. Socialiniai veiksniai, tokie kaip konfliktai su keleiviais, taip pat gali turǟti Ǳtakos dǟmesio 

koncentracijai ir sprendimȎ priǟmimui, todǟl jie turi bȊti vertinami kaip svarbus saugos elementas. 

TechnologijȎ plǟtra suteikia naujȎ galimybiȎ maģinti rizikŃ, taļiau tuo paļiu Ǳveda ir naujȎ iġġȊkiȎ. 

Paģangios vairuotojo pagalbos sistemos gali sumaģinti klaidȎ tikimybň ir padǟti iġvengti kritiniȎ situacijȎ, 

taļiau jos taip pat gali maģinti vairuotojo budrumŃ dǟl automatizacijos efekto. Per didelis pasitikǟjimas 

technologijomis gali lemti situacinio suvokimo praradimŃ, o tai ypaļ pavojinga situacijose, kai reikia greitai 

perimti kontrolň. Todǟl technologijȎ integracija turi bȊti grindģiama ģmogaus veiksniȎ principais, siekiant 

iġlaikyti optimalȎ ģmogaus ir sistemos sŃveikos balansŃ. 

Svarbus aspektas yra rizikos nelineariġkumas ir dinamiġkumas. Skirtingi veiksniai sŃveikauja 

tarpusavyje ir gali stiprinti vienas kito poveikǱ. Pavyzdģiui, nuovargis gali padidinti streso poveikǱ, o stresas 

ï skatinti rizikingŃ elgsenŃ. Tokia sŃveika lemia, kad rizika negali bȊti vertinama kaip statinis dydis ï ji 

nuolat kinta priklausomai nuo vairuotojo bȊklǟs, darbo sŃlygȎ ir aplinkos veiksniȎ. Todǟl efektyvus saugos 

valdymas reikalauja dinaminio ir adaptacinio poģiȊrio. 

Integruotas rizikos modelis leidģia apibendrinti ġiuos procesus ir suprasti, kad sauga yra kompleksinǟs 

sistemos funkcija, kurioje dalyvauja psichofiziologiniai, ergonominiai, organizaciniai ir technologiniai 

veiksniai. Ġis modelis pabrǟģia, kad vieno veiksnio optimizavimas nǟra pakankamas, jei ignoruojami kiti 

sistemos komponentai. Pavyzdģiui, technologijȎ diegimas gali bȊti neefektyvus, jei nebus sprendģiamos 

darbo organizavimo ar ergonomikos problemos. 

Pastaraisiais metais saugos tyrimuose vis didesnis dǟmesys skiriamas proaktyviam rizikos valdymui. 

Tradiciniai metodai, orientuoti Ǳ ǱvykusiȎ avarijȎ analizň, palaipsniui keiļiami metodais, kurie leidģia 

identifikuoti rizikŃ dar prieġ jai realizuojantis. Realiojo laiko duomenȎ analizǟ, telematika ir dirbtinio 

intelekto sprendimai suteikia galimybň nuolat stebǟti vairuotojo bȊklň ir elgsenŃ, identifikuoti rizikingus 
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modelius ir taikyti prevencines priemones. Tokie metodai leidģia pereiti nuo reaktyvaus prie adaptacinio 

saugos valdymo. 

Ateities tyrimȎ kryptys rodo, kad saugos analizǟ vis labiau integruojama su kitomis sritimis, tokiomis 

kaip aplinkosauga ir efektyvumas. VairuotojȎ elgsena turi Ǳtakos ne tik saugai, bet ir kuro sŃnaudoms bei 

emisijoms, todǟl bȊtina kurti modelius, kurie vienu metu vertintȎ kelis kriterijus. Taip pat svarbu plǟtoti 

individualizuotus rizikos modelius, kurie atsiģvelgtȎ Ǳ vairuotojȎ fiziologinius ir psichologinius skirtumus. 

Apibendrinant galima teigti, kad eismo sauga visuomeniniame transporte yra kompleksinis ir 

dinamiġkas reiġkinys, kurio pagrindinis elementas yra ģmogiġkasis faktorius. Nuovargis, stresas, darbo 

organizavimas ir technologijos sudaro tarpusavyje susijusiȎ veiksniȎ sistemŃ, kuri lemia bendrŃ rizikos lygǱ. 

Efektyvus saugos valdymas reikalauja integruoto poģiȊrio, kuris apimtȎ visus ġiuos veiksnius ir leistȎ kurti 

adaptacines, duomenimis grǱstas sprendimȎ sistemas. 

 

Darbo organizavimas ir socialiniai aspektai 

Darbo organizavimas ir socialiniai aspektai yra vieni svarbiausiȎ, taļiau daģnai nepakankamai 

ǱvertinamȎ profesionaliȎ vairuotojȎ darbo specifikos komponentȎ, turinļiȎ tiesioginň ǱtakŃ 

psichofiziologinei bȊklei, darbo efektyvumui ir eismo saugai. Skirtingai nei techniniai ar ergonominiai 

veiksniai, kurie daģniausiai yra lengviau identifikuojami ir kvantifikuojami, organizaciniai ir socialiniai 

aspektai pasiģymi didesniu kompleksiniu pobȊdģiu, nes integruoto poģiȊrio, apimanļio darbo psichologijŃ, 

organizacijȎ valdymŃ ir transporto sistemȎ analizň. jie susijň su ģmogaus elgsena, motyvacija, darbo kultȊra 

ir instituciniu reguliavimu (Tautkeviļienǟ, 2023: 34-35).  

Vienas iġ pagrindiniȎ darbo organizavimo elementȎ yra darbo grafikai, kurie visuomeninio transporto 

sektoriuje daģniausiai grindģiami pamaininiu darbo principu. Tokia darbo struktȊra yra bȊtina siekiant 

uģtikrinti nenutrȊkstamŃ transporto paslaugȎ teikimŃ, taļiau ji sukuria papildomȎ iġġȊkiȎ vairuotojȎ 

psichofiziologinei bȊklei. NereguliarȊs grafikai, ankstyvos rytinǟs ar naktinǟs pamainos trikdo natȊralius 

cirkadinius ritmus, o tai lemia sumaģǟjusǱ budrumŃ, miego kokybǟs pablogǟjimŃ ir bendrŃ organizmo 

adaptacijos sutrikimŃ. Ġie veiksniai tiesiogiai susijň su padidǟjusia klaidȎ tikimybe ir eismo saugos rizika. 

Darbo trukmǟ ir poilsio reģimas yra glaudģiai susijň su nuovargio kaupimu. Ilgos darbo pamainos, 

ypaļ virġijanļios 8ï10 valandȎ, lemia eksponentinǱ nuovargio didǟjimŃ, kuris neigiamai veikia reakcijos 

laikŃ, dǟmesio koncentracijŃ ir sprendimȎ priǟmimo kokybň. Tuo tarpu nepakankamas poilsio laikas tarp 

pamainȎ neleidģia organizmui pilnai atsistatyti, todǟl nuovargis tampa kumuliaciniu reiġkiniu. Tyrimai rodo, 

kad optimalus darbo ir poilsio balansas yra vienas svarbiausiȎ veiksniȎ, lemianļiȎ saugȎ ir efektyvȎ 

vairavimŃ. Be to, vis daģniau pabrǟģiama individualizuotȎ darbo grafikȎ svarba, atsiģvelgiant Ǳ darbuotojȎ 

chronotipŃ ir fiziologinius ypatumus. 

Darbo intensyvumas yra dar vienas svarbus organizacinis veiksnys, kuris tiesiogiai veikia vairuotojȎ 

kognityvinň apkrovŃ ir emocinň bȊklň. Visuomeninio transporto vairuotojai daģnai dirba laikydamiesi 

grieģtȎ tvarkaraġļiȎ, kurie ne visada atitinka realias eismo sŃlygas. Dǟl to atsiranda nuolatinis laiko 

spaudimas, kuris skatina vairuotojus priimti greitus ir kartais rizikingus sprendimus, siekiant iġvengti 

vǟlavimȎ. Toks spaudimas gali lemti agresyvesnǱ vairavimo stiliȎ, padidinti streso lygǱ ir sumaģinti 

sprendimȎ racionalumŃ. Be to, didelis darbo intensyvumas riboja galimybes daryti pertraukas, kurios yra 

bȊtinos nuovargio maģinimui. 

Socialiniai aspektai yra neatsiejama vairuotojȎ darbo dalis, ypaļ visuomeniniame transporte, kur 

vairuotojai nuolat bendrauja su keleiviais. Ġi sŃveika gali bȊti tiek teigiama, tiek neigiama, taļiau konfliktinǟs 

situacijos ir agresyvus keleiviȎ elgesys yra daģnas streso ġaltinis. Tokios situacijos reikalauja ne tik 

profesiniȎ ǱgȊdģiȎ, bet ir emocinǟs savireguliacijos, kuri ilgainiui gali sukelti emocinǱ iġsekimŃ 

(Kuzmarskienǟ, 2024). Socialinis stresas gali nukreipti dǟmesǱ nuo pagrindinǟs uģduoties ï saugaus 

vairavimo, o tai tiesiogiai didina eismo ǱvykiȎ rizikŃ. 

Profesinis perdegimas yra ilgalaikio streso ir nepalankiȎ darbo sŃlygȎ pasekmǟ, kuri vis daģniau 

identifikuojama transporto sektoriuje. Perdegimas pasireiġkia emociniu iġsekimu, sumaģǟjusiu darbo 

motyvacijos lygiu ir depersonalizacija, kai darbuotojas tampa abejingas savo darbui ir aplinkai. Ġis reiġkinys 

turi tiesioginǱ poveikǱ darbo kokybei ir saugai, nes maģǟja dǟmesio koncentracija, didǟja klaidȎ tikimybǟ ir 

maģǟja atsakomybǟs jausmas. Be to, perdegimas yra susijňs su didesniu darbuotojȎ kaitos lygiu, kuris 

sukuria papildomȎ iġġȊkiȎ organizacijoms. 

Organizacinǟ kultȊra ir valdymo praktikos taip pat daro reikġmingŃ ǱtakŃ vairuotojȎ darbo sŃlygoms. 

Saugos kultȊra organizacijoje apibrǟģia, kaip darbuotojai suvokia saugŃ ir kaip jie elgiasi kritinǟse 

situacijose. Organizacijos, kurios skiria dǟmesǱ darbuotojȎ gerovei, mokymams ir grǱģtamajam ryġiui, 

daģniausiai pasiģymi aukġtesniu saugos lygiu. Prieġingai, organizacijos, kuriose dominuoja tik ekonominiai 

tikslai ir ignoruojami ģmogaus veiksniai, daģniau susiduria su saugos problemomis. 
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Svarbus aspektas yra organizaciniȎ ir psichofiziologiniȎ veiksniȎ tarpusavio sŃveika. Netinkamai 

suorganizuotas darbas gali sukelti nuovargǱ ir stresŃ, kurie savo ruoģtu veikia kognityvines funkcijas ir didina 

klaidȎ tikimybň. Ġi sŃveika yra nelinearinǟ, nes keli veiksniai gali stiprinti vienas kito poveikǱ. Pavyzdģiui, 

ilgos darbo valandos kartu su dideliu darbo intensyvumu gali sukelti disproporcingai didelǱ nuovargio lygǱ, 

palyginti su kiekvieno veiksnio poveikiu atskirai. 

Pastaraisiais metais darbo organizavimo tyrimuose vis didesnis dǟmesys skiriamas sisteminiam 

poģiȊriui, kuris leidģia vertinti ne tik individualius veiksnius, bet ir jȎ sŃveikŃ. Tokie modeliai leidģia 

identifikuoti kritinius taġkus sistemoje, kuriuose intervencijos gali turǟti didģiausiŃ poveikǱ. Pavyzdģiui, 

darbo grafikȎ optimizavimas gali bȊti efektyvesnǟ priemonǟ nei technologijȎ diegimas, jei pagrindinǟ 

problema yra nuovargis. 

TechnologijȎ integracija taip pat keiļia darbo organizavimo pobȊdǱ. Telematikos sistemos leidģia 

stebǟti vairuotojȎ veiklŃ realiu laiku, analizuoti jȎ elgsenŃ ir teikti grǱģtamŃjǱ ryġǱ. Tai suteikia galimybň ne 

tik identifikuoti problemas, bet ir taikyti prevencines priemones. Taļiau svarbu uģtikrinti, kad ġios 

technologijos bȊtȎ naudojamos ne kaip kontrolǟs, o kaip pagalbos priemonǟ, nes prieġingu atveju jos gali 

didinti stresŃ ir maģinti darbuotojȎ pasitenkinimŃ darbu. 

Ateities tyrimȎ kontekste svarbu plǟtoti individualizuotus darbo organizavimo modelius, kurie 

atsiģvelgtȎ Ǳ vairuotojȎ fiziologinius ir psichologinius skirtumus. Taip pat bȊtina integruoti darbo 

organizavimo aspektus su kitais veiksniais, tokiais kaip ergonomika ir technologijos, siekiant sukurti 

holistinǱ darbo aplinkos modelǱ. Dirbtinio intelekto ir didģiȎjȎ duomenȎ analizǟs metodai gali suteikti naujȎ 

galimybiȎ optimizuoti darbo grafikus, prognozuoti nuovargǱ ir adaptuoti darbo sŃlygas realiu laiku. 

Apibendrinant galima teigti, kad darbo organizavimas ir socialiniai aspektai yra kritiniai veiksniai, 

formuojantys profesionaliȎ vairuotojȎ darbo aplinkŃ ir saugos lygǱ. JȎ poveikis yra kompleksinis ir daģnai 

netiesioginis, taļiau labai reikġmingas. Efektyvus ġiȎ veiksniȎ valdymas reikalauja sisteminio poģiȊrio, kuris 

apimtȎ ne tik organizacinius sprendimus, bet ir ģmogaus veiksniȎ integracijŃ Ǳ visŃ transporto sistemŃ. 

 

Diskusija 

Atlikta analizǟ leidģia teigti, kad profesionaliȎ vairuotojȎ darbo specifika visuomeniniame transporte 

yra kompleksinǟ, daugiamatǟ ir dinamiġka sistema, kurios veikimŃ lemia glaudi psichofiziologiniȎ, 

ergonominiȎ ir organizaciniȎ veiksniȎ sŃveika. Skirtingi aspektai, nagrinǟti ankstesniuose skyriuose, negali 

bȊti interpretuojami kaip izoliuoti komponentai, nes jȎ poveikis pasireiġkia tik per sisteminň sŃveikŃ, kuri 

lemia galutinǱ saugos rezultatŃ. Todǟl diskusija orientuojama Ǳ integruotŃ ġiȎ veiksniȎ vertinimŃ, iġryġkinant 

pagrindinius mechanizmus, lemianļius rizikos formavimŃsi. 

Vienas esminiȎ ġio tyrimo aspektȎ yra tai, kad vairuotojȎ darbo specifika negali bȊti adekvaļiai 

vertinama redukcionistiniu poģiȊriu, kai atskiri veiksniai analizuojami nepriklausomai vienas nuo kito. 

Psichofiziologiniai procesai, tokie kaip nuovargis ir stresas, yra tiesiogiai susijň su darbo organizavimu ir 

ergonominǟmis sŃlygomis. Pavyzdģiui, ilgos darbo pamainos ir nereguliarȊs grafikai lemia nuovargio 

kaupimŃsi, kuris maģina reakcijos greitǱ ir situacinǱ suvokimŃ. Tuo paļiu metu neoptimalios ergonominǟs 

sŃlygos gali sukelti fizinǱ diskomfortŃ, kuris didina stresŃ ir maģina dǟmesio koncentracijŃ. Tokia abipusǟ 

sŃveika rodo, kad sauga yra ne pavieniȎ veiksniȎ, o kompleksinǟs sistemos rezultatas. 

Ģmogiġkasis faktorius iġlieka dominuojantis saugos determinantȎ elementas, nepaisant technologinǟs 

paģangos. Nors techninǟs sistemos gali sumaģinti tam tikrȎ klaidȎ tikimybň, jos negali kompensuoti ģmogaus 

psichofiziologinǟs bȊklǟs svyravimȎ. Analizǟ rodo, kad klaidos daģniausiai kyla ne dǟl individualiȎ 

vairuotojȎ trȊkumȎ, o dǟl sisteminiȎ darbo sŃlygȎ, kurios skatina nuovargǱ, stresŃ ir kognityvinň perkrovŃ. 

Tai leidģia daryti iġvadŃ, kad saugos valdymas turi bȊti orientuotas ne tik Ǳ vairuotojo elgsenŃ, bet ir Ǳ darbo 

aplinkos bei organizaciniȎ procesȎ optimizavimŃ. 

Darbo organizavimas ġiame kontekste iġryġkǟja kaip vienas svarbiausiȎ sisteminiȎ veiksniȎ, turinļiȎ 

tiesioginǱ poveikǱ saugai. Pamaininis darbas, ilgos darbo valandos ir laiko spaudimas sukuria sŃlygas, kurios 

didina nuovargǱ ir maģina kognityviniȎ funkcijȎ efektyvumŃ. Ypaļ svarbu paģymǟti, kad ġiȎ veiksniȎ 

poveikis yra nelinearinis ï nedideli darbo organizavimo pokyļiai gali turǟti disproporcingai didelǱ poveikǱ 

saugos lygiui. Tai rodo, kad efektyvus saugos valdymas turi bȊti grindģiamas sisteminiu darbo organizavimo 

optimizavimu, o ne tik pavieniȎ problemȎ sprendimu. 

ErgonominiȎ veiksniȎ analizǟ taip pat patvirtina jȎ svarbŃ bendrame saugos kontekste. Nors 

ergonomika daģnai vertinama kaip darbuotojȎ sveikatos aspektas, ġiame tyrime nustatyta, kad ji turi 

tiesioginǱ ryġǱ su kognityvinǟmis funkcijomis ir sprendimȎ priǟmimo kokybe. Ilgalaikis fizinis diskomfortas 

gali maģinti dǟmesio koncentracijŃ, didinti nuovargǱ ir skatinti klaidȎ atsiradimŃ. Be to, ergonominiai 

veiksniai pasiģymi kumuliaciniu poveikiu, todǟl jȎ Ǳtaka ilgainiui gali tapti reikġminga net ir esant 

nedideliems pradiniams nukrypimams nuo optimaliȎ sŃlygȎ. 
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Svarbus diskusijos aspektas yra psichofiziologiniȎ veiksniȎ nelineari dinamika. Nuovargis, stresas ir 

kognityvinǟ apkrova ne tik veikia atskirai, bet ir stiprina vienas kito poveikǱ. Pavyzdģiui, nuovargis gali 

sumaģinti gebǟjimŃ susidoroti su stresu, o stresas gali padidinti kognityvinň apkrovŃ, kas dar labiau 

apsunkina sprendimȎ priǟmimŃ. Tokia sŃveika lemia, kad rizika didǟja ne linijiniu, o eksponentiniu bȊdu, 

ypaļ esant keliȎ neigiamȎ veiksniȎ kombinacijai. Ġis aspektas yra kritiġkai svarbus kuriant rizikos vertinimo 

ir valdymo modelius (Zhou et al., 2026: 6-7). 

Metodologiniu poģiȊriu analizǟ atskleidǟ reikġmingus tyrimȎ ribotumus, kurie turi bȊti Ǳvertinti 

interpretuojant rezultatus. Vienas pagrindiniȎ iġġȊkiȎ yra tyrimȎ heterogeniġkumas, kuris apsunkina 

rezultatȎ palyginimŃ ir apibendrinimŃ. Skirtingos metodikos, skirtingi vertinimo rodikliai ir nevienodi imļiȎ 

dydģiai lemia, kad kai kurie rezultatai gali bȊti sunkiai interpretuojami bendrame kontekste. Be to, dauguma 

tyrimȎ yra atliekami kontroliuojamomis sŃlygomis, kurios ne visada atspindi realiŃ darbo aplinkŃ, 

pasiģyminļiŃ dideliu kintamumu ir neapibrǟģtumu. 

Dar viena svarbi problema yra ilgalaikiȎ tyrimȎ trȊkumas, kuris riboja galimybň Ǳvertinti kumuliacinǱ 

darbo sŃlygȎ poveikǱ vairuotojȎ sveikatai ir saugai. Dauguma esamȎ tyrimȎ yra trumpalaikiai ir orientuoti Ǳ 

momentinius efektus, todǟl nepakankamai atspindi ilgalaikes tendencijas. Tai rodo, kad ateities tyrimai 

turǟtȎ bȊti orientuoti Ǳ longitudinalinius duomenis ir realaus laiko stebǟsenŃ, leidģianļiŃ geriau suprasti 

dinamiġkus procesus. 

Praktiniu poģiȊriu atlikta analizǟ leidģia iġskirti keletŃ pagrindiniȎ krypļiȎ, kurios gali prisidǟti prie 

saugesnǟs transporto sistemos kȊrimo. Pirma, bȊtina optimizuoti darbo organizavimŃ, atsiģvelgiant Ǳ 

ģmogaus fiziologinius poreikius ir darbo krȊvio dinamikŃ. Antra, svarbu gerinti ergonomines sŃlygas, 

siekiant sumaģinti fizinǱ diskomfortŃ ir jo netiesioginǱ poveikǱ kognityvinǟms funkcijoms. Treļia, bȊtina 

integruoti psichofiziologinǟs bȊklǟs stebǟsenos metodus, kurie leistȎ identifikuoti rizikines bȊsenas dar prieġ 

joms pasireiġkiant kritinǟse situacijose. 

Ateities tyrimȎ kontekste svarbu plǟtoti integruotus modelius, kurie apimtȎ visus pagrindinius 

veiksnius ir jȎ sŃveikŃ. Tokie modeliai turǟtȎ bȊti grindģiami realaus laiko duomenimis ir gebǟti adaptuotis 

prie besikeiļianļiȎ sŃlygȎ. Taip pat bȊtina didesnǱ dǟmesǱ skirti individualizacijai, nes vairuotojȎ reakcijos 

Ǳ darbo krȊvǱ ir stresŃ gali reikġmingai skirtis. Individualizuoti sprendimai galǟtȎ padidinti tiek saugŃ, tiek 

darbo efektyvumŃ. 

Apibendrinant galima teigti, kad profesionaliȎ vairuotojȎ darbo specifika yra kompleksinǟ sistema, 

kurioje sauga formuojasi dǟl daugelio veiksniȎ sŃveikos. Ģmogiġkasis faktorius iġlieka centrinis elementas, 

o darbo organizavimas ir ergonomika yra pagrindiniai veiksniai, lemiantys jo bȊklň. Efektyvus saugos 

valdymas reikalauja integruoto, sisteminio ir duomenimis grǱsto poģiȊrio, kuris leistȎ ne tik identifikuoti 

rizikas, bet ir aktyviai jas valdyti. 

 

Iġvados 

1. Atlikta sisteminǟ analizǟ leidģia daryti iġvadŃ, kad profesionaliȎ vairuotojȎ darbo specifika 

visuomeniniame transporte yra kompleksinis, daugiamatis ir dinamiġkas reiġkinys, kurio esmň sudaro 

psichofiziologiniȎ, ergonominiȎ ir organizaciniȎ veiksniȎ tarpusavio sŃveika. Ġie veiksniai veikia ne 

izoliuotai, o formuoja integruotŃ sistemŃ, kurioje kiekvieno elemento poveikis priklauso nuo bendros darbo 

aplinkos ir vairuotojo bȊklǟs. Todǟl eismo sauga ġiame kontekste turi bȊti vertinama kaip sisteminis 

rezultatas, o ne pavieniȎ veiksniȎ suma. 

2. Vienas svarbiausiȎ tyrimo rezultatȎ yra tai, kad psichofiziologiniai veiksniai, ypaļ nuovargis ir 

stresas, iġlieka pagrindiniais rizikos determinantais, lemianļiais vairuotojȎ veiklos efektyvumŃ ir klaidȎ 

tikimybň. Nustatyta, kad ġiȎ veiksniȎ poveikis yra nelinearinis ir kumuliacinis ï ilgǟjant darbo laikui ir 

maģǟjant poilsio intervalams, rizika didǟja disproporcingai. Nuovargis tiesiogiai veikia reakcijos laikŃ, 

dǟmesio koncentracijŃ ir situacinǱ suvokimŃ, o stresas maģina sprendimȎ racionalumŃ ir gali skatinti 

rizikingŃ elgsenŃ. ĠiȎ veiksniȎ sŃveika lemia, kad vairuotojȎ bȊklǟ tampa kritiniu saugos elementu. 

3. Ergonominiai ir biomechaniniai aspektai taip pat turi esminň reikġmň, nors jȎ poveikis daģnai 

pasireiġkia netiesiogiai. Ilgalaikis statinis krȊvis, vibracijos poveikis ir neoptimalios darbo vietos sŃlygos 

sukelia fizinǱ diskomfortŃ, kuris maģina dǟmesio koncentracijŃ ir didina nuovargǱ. Ġie veiksniai pasiģymi 

kumuliaciniu poveikiu, todǟl ilgainiui gali reikġmingai paveikti tiek sveikatŃ, tiek darbo efektyvumŃ. 

Nustatyta, kad ergonomikos gerinimas yra ne tik sveikatos, bet ir saugos klausimas, nes fizinǟ bȊklǟ 

tiesiogiai susijusi su kognityvinǟmis funkcijomis. 

4. Darbo organizavimas iġryġkǟja kaip vienas svarbiausiȎ sisteminiȎ veiksniȎ, lemianļiȎ 

psichofiziologinň bȊklň ir saugos lygǱ. Pamaininis darbas, nereguliarȊs grafikai, ilgos darbo valandos ir laiko 
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spaudimas sudaro sŃlygas nuovargio ir streso kaupimuisi, kurie tiesiogiai veikia vairavimo kokybň. 

Nustatyta, kad net ir nedideli darbo organizavimo pokyļiai gali turǟti reikġmingŃ poveikǱ saugai, todǟl ġis 

aspektas turi bȊti vertinamas kaip strateginis transporto sistemos valdymo elementas. 

5. Svarbi iġvada yra ta, kad vairuotojȎ darbo specifika turi bȊti analizuojama kaip kompleksinǟ 

sistema, kurioje psichofiziologiniai, ergonominiai ir organizaciniai veiksniai sŃveikauja tarpusavyje ir 

stiprina vienas kito poveikǱ. Redukcionistinis poģiȊris, orientuotas Ǳ atskirus veiksnius, yra nepakankamas, 

nes jis neleidģia Ǳvertinti realios rizikos struktȊros. Todǟl bȊtina taikyti integruotus modelius, kurie apimtȎ 

visŃ darbo aplinkos kontekstŃ. 

6. Tyrimas taip pat parodǟ, kad efektyvus saugos valdymas negali bȊti grindģiamas vien 

technologiniais sprendimais, jei nǟra sprendģiamos ģmogaus veiksniȎ ir darbo organizavimo problemos. 

Nors technologijos gali sumaģinti tam tikrȎ klaidȎ tikimybň, jos negali kompensuoti nuovargio, streso ar 

nepalankiȎ darbo sŃlygȎ poveikio. Todǟl bȊtina kurti holistines strategijas, kurios apimtȎ tiek techninius, 

tiek organizacinius ir ģmogaus veiksniȎ aspektus. 

7. Praktiniu poģiȊriu tyrimo rezultatai leidģia suformuluoti kelias pagrindines kryptis, kurios gali 

prisidǟti prie saugesnǟs ir efektyvesnǟs transporto sistemos kȊrimo. Pirma, bȊtina optimizuoti darbo 

grafikus, atsiģvelgiant Ǳ ģmogaus biologinius ritmus ir nuovargio kaupimosi dǟsningumus. Antra, svarbu 

gerinti ergonomines darbo sŃlygas, siekiant sumaģinti fizinǱ krȊvǱ ir jo netiesioginǱ poveikǱ kognityvinǟms 

funkcijoms. Treļia, bȊtina diegti psichofiziologinǟs bȊklǟs stebǟsenos sistemas, leidģianļias realiu laiku 

identifikuoti rizikines bȊsenas. Ketvirta, svarbu stiprinti vairuotojȎ mokymŃ ir kompetencijas, ypaļ 

akcentuojant saugaus elgesio ir streso valdymo aspektus. 

8. Ateities tyrimȎ kontekste bȊtina plǟtoti ilgalaikius ir realiomis sŃlygomis pagrǱstus tyrimus, kurie 

leistȎ geriau suprasti kumuliacinǱ darbo sŃlygȎ poveikǱ. Taip pat svarbu kurti individualizuotus modelius, 

kurie atsiģvelgtȎ Ǳ vairuotojȎ fiziologinius ir psichologinius skirtumus, bei integruoti realaus laiko duomenȎ 

analizň Ǳ sprendimȎ priǟmimo procesus. Tokie modeliai galǟtȎ tapti pagrindu adaptyvioms sistemoms, kurios 

dinamiġkai reaguotȎ Ǳ besikeiļianļias sŃlygas. 

Apibendrinant galima teigti, kad profesionaliȎ vairuotojȎ darbo specifika yra esminis veiksnys, 

lemiantis visuomeninio transporto saugŃ. Ġios srities tyrimai turi bȊti grindģiami tarpdisciplininiu poģiȊriu, 

integruojanļiu ģmogaus veiksnius, ergonomikŃ ir darbo organizavimŃ. Tik toks poģiȊris leidģia sukurti 

efektyvias priemones, kurios ne tik maģintȎ eismo ǱvykiȎ rizikŃ, bet ir gerintȎ darbo sŃlygas bei bendrŃ 

transporto sistemos veikimŃ. 
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WORK CHARACTERISTICS OF PROFESSIONAL DRIVERS IN PUBLIC TRANSPORT: AN 

INTEGRATED ANALYSIS OF PSYCHOPHYSIOLOGICAL, ERGONOMIC, AND ORGANIZATIONAL 

FACTORS IN THE CONTEXT OF SAFETY 

 
Summary 

In public transport systems, the activities of professional drivers are one of the key determinants of traffic safety 

and service quality. Despite technological progress, the human factor remains a critical element of the system, whose 

condition directly affects the probability of traffic accidents. The aim of this study is to systematically analyze the work 

characteristics of professional drivers by integrating psychophysiological, ergonomic, and organizational factors and 

evaluating their interaction in the context of safety. The study is based on a systematic literature review using the 

method of narrative synthesis. The results indicate that the work characteristics of drivers constitute a multidimensional 

system in which fatigue, stress, workload, and ergonomic conditions interact nonlinearly and mutually reinforce each 

other's effects. Long working hours, shift work, and suboptimal working conditions lead to the deterioration of 

psychophysiological condition, which is directly associated with increased reaction time and a higher probability of 

errors. Ergonomic factors, such as prolonged sitting and vibration, have a cumulative impact on health and indirectly 

affect safety through the deterioration of cognitive functions. The study reveals that effective safety management 

requires an integrated approach encompassing work organization, ergonomics, and monitoring of psychophysiological 

condition. A transition from a fragmented to a systemic and data-driven model is proposed, enabling real-time 

identification of risks and optimization of working conditions. The findings have practical implications for transport 

companies and policymakers seeking to improve traffic safety and work efficiency. 
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ANALYSIS AND DESIGN OF MICROPROCESSOR WORKBENCH ARCHITECTURE FOR 

EDUCATIONAL PURPOSES 

 

Saulius Paukġtǟ 

Vilnius Gediminas Technical University 

 
Abstract 

This article analyses various microprocessor workbench architectures that are made for self-learning or learning 

purposes and proposes a different design suitable for learning computer architecture. Altogether, 4 different computer 

architecture designs are covered based on their simplicity, instruction set, addressable memory size, data bus size, and 

other relevant features. A proposed solution for a simple yet capable microprocessor workbench architecture schematic 

is presented, which encompasses design philosophies deemed to be suitable for educational purposes. 

Key words: Microprocessor, workbench, computer, architecture, schematic. 

 

Introduction 

The Vilnius Gediminas Technical University Computer Engineering study program contains the 

subjects related to the development of a computer system (Computer Engineering, n.d.). While some 

workbenches based on conventional microprocessors exist in the institution, there has been no known attempt 

of developing a custom 8-bit microprocessor. Prasad et al., 2016, although discussing a software-based 

approach to understanding computer organization and computer architecture, conclude that due to 

complexity of the subject it includes not only lecture-based learning, but practical learning as well. Jamieson 

et al., 2022 also make the claim that with the rise of complexity of computer hardware, education of students 

of this subject is becoming ever so challenging. Examining a wider selection of such and similar systems is 

fundamental to properly understanding them. Thus, an analysis and example solution is offered for an 

architecture of how a workbench built for laboratory works could look like. This article first covers relevant 

already developed devices based on their simplicity, instruction set, addressable memory size, data bus size, 

and other relevant features. Then, a functional block diagram and schematic of a proposed system are 

introduced and discussed. 

 

Analogous device overview 

YouTuber 3D Sage showcases a custom-designed computer, consisting of a clock, program counter, 

and RAM (I Made My Own Computer | Letôs See How It Works - YouTube, n.d.). The clock uses a 555 timer 

IC along with a configurable RC circuit to have a controllable 1ï20 Hz clock output. A switch attached to 

the timer allows the clock signal to be halted when it is not toggled. The program counter is a 74HC161 4-

bit binary counter which loops from 0x0 to 0xF according to a clock pulse. A CDP1824 32-word 8-bit RAM 

module is used (although only 16 words are accessible) which can be addressed by the program counter. The 

4 MSB are used for operands and the 4 LSB are used for opcodes of which there are 5 (Table 1). 

Table 1 

Instruction set of 3D Sage computer 
Operation code Instruction explanation 

0111 Halt clock 

1011 Reset program counter 

1101 Jump to operand address 

1110 Controller input 

1111 Do nothing 

Source: I Made My Own Computer | Letôs See How It Works - YouTube, n.d. 

 

This RAM module can be programmed using 8 switches that can be seen at the bottom of the device 

along with the clock enable and write inputs (Fig. 1). The red PCB contains the clock circuit, the green PCB 

ï the program counter circuit, while the blue PCB contains the RAM circuit. The architecture only allows 

for immediate addressing. 
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Fig. 1. 3D Sage computer 
Source: I Made My Own Computer | Letôs See How It Works - YouTube, n.d. 

 

Additionally, 3D Sage presents 3 external modules ï a 3x5 LED matrix array double 8-way switch for 

external input to control the LED matrix and a speaker module to output 4-bit sound according to operand 

contents (Fig. 2). While this system is simple to understand, the limited instruction set and 4-bit operands 

limit the use case outside of rudimentary instruction of computer architecture. 

 

 
 

Fig. 2. 3x5 LED matrix and control input (left) and speaker (right) modules 
Source: I Made My Own Computer | Letôs See How It Works - YouTube, n.d. 

 

Ben Eater presents a SAP-1 (Malvino, & Brown., 1977/1999, p. 140) architecture (8-Bit Computer 

Update - YouTube, n.d.) microprocessor with the addition of conditional jump instructions (Ben Eater, 2018). 

The designed system is made up of various 74HC and 74LS series ICs, consisting primarily of the latter IC 

family. The computer has a programmable instruction set of up to 15 instructions. A high-level overview of 

the system schematic can be seen in Fig. 3. RAM is programmable via a quad switch inside the MAR and 

an octa switch to set the memory contents itself. 
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Fig. 3. Ben Eaterós computer high-level schematic 
Source: Build an 8-Bit Computer | Ben Eater, n.d. 

 

Due to using a 4-bit 74LS161 4-bit binary counter and 4 MSB for the opcode while using 4 LSB for 

the operands, 16 memory locations can be addressed. The data bus is 8-bit wide. Additionally, it features 2 

general purpose registers one of which is only used for arithmetic operation operands, an output, memory 

addressing, instruction, and flag registers. The operation codes can be configured by programming 2 

EEPROMS using an Arduino Nano EEPROM programmer (Fig. 4) that are implemented as decoders to form 

a control word according to set flags and current instruction register contents. 

In such a system, the operation codes can be custom-made due to them only impacting addressing of 

the EEPROM, thus making the system quite configurable. Additionally, both direct and immediate 

addressing exist. 
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Fig. 4. Arduino-based EEPROM programmer schematic 
Source: Eater, 2017/2026 

 

While this architecture offers an improvement compared to the 3D Sage computer, the implementation 

itself is questionable due to the design being done on breadboards, limiting proper power distribution in 

addition to pitfalls that can introduce critical errors, such as not accounting for EEPROM output pin noise 

when switching addresses that can produce wrong control words, leaving floating inputs on IC chips which 

can produce voltage drops and noise, and not connecting LEDs in series with current limiting resistors, 

leading to further potential noise. 

Ajdari & Tabandeh, 2016 demonstrate the design and decision challenges of developing both hardware 

and software for a computer system used for teaching computer architecture. They use the Abu-Reihan 

Processor (ARC) architecture to develop a computer capable of immediate, direct, indexed, and indirect 

addressing. In addition to having multiple various purpose registers, it also features an LCD display to view 

register and flag contents via a constantly running monitor and 3 keypads for controlling the microprocessor 

itself. The complete system and monitor can be seen in Fig. 5. 

 

 
 

Fig. 5. ARC computer (left), where a ï control unit, b ï register connections, c ï ALU, d ï instruction 

decoder, e ï external memory IO ports, and monitor with keypad control (right) 
Source: Ajdari & Tabandeh, 2016 

While the microprocessor does feature an increased instruction address bus of 16 bits as well as 

introducing such features as a subroutine calls and hardware monitor, due to exactly the rich feature set it 

can be deemed too complex for introductory understanding of computer architecture. Moreover, the lack of 

output variability reduces the variety of tasks that could be given using this system. 




















