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Abstract. The study presents the results of an engineering investigation focused on optimizing the design of road stress slab (RSS) by replacing conventional prestressed reinforcement classes AV and AIV with high-strength K1500-class cables. The primary objective of the research is to reduce material consumption and construction costs while maintaining or enhancing the structural strength of the slabs. Within the scope of the study, an optimized reinforcement scheme was developed and substantiated, ensuring equivalent strength compared to standard design solutions and compatibility with existing technological equipment. The proposed reinforcement configuration mitigates uneven stress distribution during cable tensioning with a common traverse, provides uniform prestressing, and enhances the durability of the slabs. The analysis demonstrated that the use of K1500 cables in combination with A800 transverse reinforcement enables a reduction in the amount of working reinforcement without compromising the load-bearing capacity of the structures. Finite element method (FEM) numerical modeling confirmed uniform stress distribution, acceptable deformations, and deflections across all investigated configurations, ensuring the reliability and operational safety of the slabs. The obtained results hold practical significance for designing cost-effective, technologically compatible, and competitive road slabs, contributing to the development of Ukraine’s transport infrastructure and its alignment with European standards. The proposed optimization validates structural efficiency, economic feasibility, and adaptability to domestic industrial capabilities, serving as a critical factor in improving the quality and reliability of road pavements in the context of European integration and post-war recovery of Ukraine's war-damaged transport infrastructure.
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INTRODUCTION
Development and restoration of Ukraine's transport infrastructure necessitates the application of modern structural and construction solutions that guarantee the durability, reliability, and safety of road pavements.
A road for motor vehicle traffic constitutes a pavement structure with high strength characteristics, ensuring its ability to withstand significant vehicular loads over a prolonged service life. The selection of the pavement type, which typically accounts for 40–60% of the total cost of road construction, is one of the key and critical decisions in the design of road structures. As the technical category of a road increases, so do the requirements for the strength and capital quality (robustness) of its pavement.
When choosing a pavement type, it is necessary to consider a complex of factors affecting the long-term performance of the pavement structure. Alongside traditional flexible pavements (asphalt concrete surface course), rigid pavements have found widespread application under heavy traffic loads, among which precast reinforced concrete road slabs hold significant importance.
Reinforced concrete road slabs were used as an alternative to asphalt pavement to compare their properties and longevity. Analysis of operational data showed that asphalt concrete pavement requires replacement after just 10 years of service, whereas reinforced concrete road slabs can ensure continuous road operation for up to 40 years without significant damage or deformation.
The key feature of road slabs is their ability to withstand heavy vehicular loads and distribute them evenly across the entire area of the roadbed. This helps minimize the weight and mechanical impact on underground utilities, which often run beneath the pavement.
Compared to asphalt concrete pavements, road slabs offer several advantages. Firstly, they exhibit high environmental sustainability: unlike asphalt, concrete pavements do not soften under high temperatures or emit volatile petroleum compounds. The gaps between slabs facilitate natural drainage, preventing water accumulation and puddle formation. Secondly, road slabs are characterized by enhanced durability. Thirdly, the installation and demounting of the slabs are performed rapidly and with minimal time expenditure, enabling the prompt replacement of individual elements or repair of underground utilities, followed by the swift restoration of traffic flow on the roadway.
The design of prestressed concrete road pavement slabs remains a critical challenge in modern road construction due to the need to balance structural efficiency, durability, and economic viability. While recent advancements in high-strength materials, such as prestressed reinforcement strands of strength class K1500, have significantly enhanced the potential load-bearing capacity of slabs, their optimal application is constrained by existing manufacturing capabilities, which often limit the permissible spacing of reinforcement strands and embedment depth.
The application of parametric finite element analysis (FEA) enables a systematic evaluation of slab performance across a wide range of design variables, facilitating the identification of an optimal combination of reinforcement spacing and embedment depth. Such optimization is crucial for achieving uniform stress distribution, minimizing prestress losses, and enhancing fatigue strength while ensuring compatibility with existing prestressing beds and concrete placement equipment.
Given the increasing demand for high-performance road pavements with extended service life, this study addresses the pressing need to integrate advanced numerical modeling techniques with practical manufacturing constraints.
The integration of innovative technologies and increasing demands for design quality necessitate the adaptation of standard structural solutions to contemporary regulatory frameworks. Particular importance is placed on the need to consider both national DBN standards and European EN standards, which is critical in the context of implementing international projects and utilizing imported materials and technologies. Adapting calculation norms to comply with EN standards facilitates the updating of the regulatory framework and its alignment with modern technical requirements. A comparative analysis of EN standards and DBN B.2.6-98:2009 enables the identification of the advantages and disadvantages of each system, which is essential for optimizing design solutions. The implementation of standardized designs adapted to current regulations enhances the safety, reliability, and durability of road pavements, which is critically important for ensuring an efficient and safe Ukraine's transportation infrastructure.
For the execution of the research, an analysis of the regulatory framework, modern calculation methodologies for concrete and reinforced concrete structures, and structural approaches was conducted [1-7]. Additionally, methods of numerical analysis that enable the investigation of strength and deformation characteristics of structures under various reinforcement options were studied [8]. Literature analysis confirms the importance of integrating Eurocode (EN) standards with national norms to ensure the durability and safety of road slabs. In studies [9-12], the method of topological optimization was applied to distribute tendons in prestressed concrete structures, paying particular attention to the simultaneous optimization of shape and reinforcement size. This underscores the importance of a comprehensive optimization approach to enhance structural efficiency. In turn, studies [13-15] utilized modern heuristic algorithms combined with the Finite Element Method (FEM) to determine the optimal tendon layout in prestressed road slabs. This approach demonstrates the flexibility and adaptability of modern modeling methods for solving complex structural design problems. In the direction of parametric studies [16-18], multi-variable optimization using the MARSHAL algorithm for PCI beams was applied, varying parameters such as beam type, dimensions, and thickness. Their research results indicate that automating the modeling process significantly accelerates the search for optimal structural parameters. Similarly, a 2024 study focused on automating the design of prestressed slabs demonstrated a 14–29% reduction in reinforcement mass through parametric FE modeling and value engineering approaches, highlighting the effectiveness of automated optimization procedures.
The role of topological optimization and automation was investigated in the works [19], which examined the topological optimization of tendons considering critical constraints, particularly preventing tendon intersections. This is especially important when accounting for real-world production technological limitations. Likewise, the studies [20-21] showed the application of a hybrid PSOHS algorithm for optimizing tendon placement in slabs considering Canadian standards, which significantly reduced construction costs by improving design efficiency.
Regarding numerical models of road structures, some studies [22-23] examined an FE model of road pavement considering voiding under the slab using the Winkler foundation approach. This method is important for modeling contact interactions with the subgrade. Also, some works [24-25] presented a parametric study of CFST beams, which showed the influence of reinforcement and various parameters on the flexibility and strength of the structure through nonlinear FEM modeling. These results are relevant for understanding the impact of tendons in complex composite systems.
Thus, contemporary scientific research confirms the high effectiveness of applying FEM methods in combination with topological optimization and automation for developing optimal structural solutions in the field of prestressed concrete road slabs, considering production constraints and regulatory requirements.
Despite extensive literature on PCP technology, several gaps persist: limited comparative studies on the characteristics of K1500 reinforcement strands in road construction while simultaneously meeting EN and DBN requirements; and a lack of parametric finite-element analysis addressing the optimization of strand spacing and embedment depth, considering existing manufacturing equipment constraints. Addressing these gaps will directly enhance design accuracy, reduce material consumption, and extend the service life of prestressed road slabs in both European and Ukrainian practices.
The objective of this research is the selection of optimal structural design solutions for prestressed road slabs, utilizing modern materials such as K1500 strands in compliance with Eurocode (EN) standards and the provisions of DBN V.2.6-98:2009, employing numerical structural modeling. The study is aimed at enhancing reinforcement efficiency, reducing material costs, ensuring uniform strength, and improving the service performance characteristics of road slabs without altering the existing technological equipment.
 Research Objectives are:
- to analyze the effectiveness of replacing conventional prestressed reinforcement classes AV and AIV with high-strength K1500 strands in RSS to reduce material costs and construction expenses while maintaining or improving strength characteristics. 
- to develop and justify an optimal reinforcement scheme for slabs that ensures structural uniformity compared to standard solutions, while retaining existing technological equipment, and evaluate the potential for reducing working reinforcement. 
- to determine recommended reinforcement parameters when using a common traverse for strand tensioning, specifically a 12 mm diameter (5Ø12K1500, Ap=4,53 cm²), to avoid uneven stress distribution, ensure uniform prestressing, and assess potential material savings compared to AV and AIV reinforcement classes. 
Research Methods include the analysis of regulatory documentation (Eurocode, DBN B.2.6-98:2009), theoretical calculations of strength, crack resistance, and deformation characteristics of slabs; comparative analysis of reinforcement scheme efficiency (AV, AIV, K1500); economic analysis of working reinforcement costs when using different materials.
Experimental methodology
The investigated RSS prestressed road slabs are smooth, with plan dimensions of 6000×2000 mm and a height of 140 mm, reinforced with thermally strengthened reinforcement of classes AtV and AtIV. Reinforcement classes AV and AIV, compliant with DSTU 3760-98, are also permissible. The slabs are designed for use as road pavement for highway classes I–V under NK80 and NK100 loads as per DBN B.1.2-15:2009. The slabs exhibit maximum load-bearing capacity and crack resistance of Mu=Mcrc=36,0 kNm. The manufacturing technology involves an electrothermal method for reinforcement tensioning. The slabs are designed as structures without cracks in normal and inclined sections under operational loads. The design concrete strength corresponds to class C20/25, with a frost resistance grade of F200. The slabs feature symmetrical reinforcement at the top and bottom, consisting of 5Ø12AV (At-IV) or 5Ø14A-IV (At-IV), with a working reinforcement cross-sectional area of Ap = 5,65 cm² or Ap = 7,69 cm², respectively. In addition to prestressed reinforcement, non-prestressed reinforcement is incorporated in the form of symmetrically placed top and bottom meshes. The mesh reinforcement consists of longitudinal Ø5BI bars and transverse Ø8A400s bars.
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FIGURE 1. RSS-14 slab structural features. 
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FIGURE 2. Road Slab: (a) General Arrangement of Slab; (b) Stressing beam and Anchorage of Prestressed Reinforcement for Slab

Due to changes in reinforcement and concrete standards and updated operational requirements (for slabs under LM1, LM2, LM3, and LM4 loads as per EN 1991-2:2003), variants of working reinforcement for slabs have been developed using K1500 strands with C25/30 concrete (RSS-14K) and high-strength A800 bar reinforcement with C25/30 concrete (RSS-14A). These slabs are of uniform strength and possess an equivalent level of crack resistance compared to standard slabs. Manufacturers often require modifications to tensioning equipment and the use of only five working bars: 5Ø12A800 with Ap=2,55 cm², 5Ø9K1500 with Ap=5,65 cm², or a combination of 3Ø12K1500 + 2Ø9K1500 with Ap = 3,738cm². The adopted tensioning method for K1500 strands is mechanical, while for A800 reinforcement, it is either mechanical or electrothermal. The initial controlled stress for strands is set at 1180 MPa and for A800 reinforcement at 630 MPa. For mechanical tensioning, double-acting hydraulic jacks are typically used, which transfer the force to a group of tendons via a stressing beam. The beam's design ensures a uniform distribution of force across all simultaneously tensioned tendons. For A800 reinforcement, when the mechanical method is applied, a similar system with a stressing cross-head can be used to tension multiple bars concurrently.
Strength and crack resistance studies of the slabs are conducted in accordance with DSTU B V.2-6-7-95 and EN 1168:2005+A2:2009, Annex J. 
Crack resistance testing is performed using two load placement schemes, corresponding to the most critical positioning of vehicle wheels under LM1 loading on the slab (Figure 3).   
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FIGURE 3. Test Scheme. (a) Load scheme А; (b) Load scheme B.

Crack resistance testing of the slab's lower zone is conducted according to Scheme A. Crack resistance testing of the slab's upper zone is performed according to Scheme B or Scheme A after testing the lower zone and flipping the slab.

The design load applied according to the scheme А is  ,
 where P is determined from the equation.


	(for scheme А)	(1)


(for scheme B)	(2)

Where g is the linear load from the self-weight of the slab, equal to 7 kN/m.
For C25/30 concrete design compressive strength fcd = 17 MPa; mean tensile strength fctm = 2,6 MPa.
The values of control loads on the slab are presented in Table 2. 

Table 2. Control Loads on the Slab
	Slab designation
	Control Loads P (kN) for

	
	Load scheme А
	Load scheme B

	RSS-14К (59 К1500)
	21
	14

	RSS-14А (512 А800)
	22
	15



The calculated values of control loads for crack resistance testing of slabs reinforced with 5Ø9K1500 and 5Ø12A800 for design and release concrete strengths are presented in Table 4. The load-bearing capacity of RSS-14K and RSS-14A slabs with working reinforcement classes K1500 and A800 is presented in Table 3.
At release concrete strength, the actual concrete strength, in accordance with, is taken as 


  (for scheme B)	(3)

The calculated load-bearing capacity at actual concrete strength is Mu = 28,82 kNm. The crack resistance of slabs is ensured when tensile stresses in the concrete do not exceed fctm = 2,6 MPa and is determined by the formula 


 	(4)

where, for a rectangular cross-section of the slab is determined by the formula


 	(5)
P is the concrete compressive force is determined by the formula


 	(6)

r is the distance from the centroidal axis to the core point determined by the formula


 	(7)

The reduced geometric parameters and the concrete compressive force after instantaneous losses are: 


 	(8)

The crack resistance of RSS-14K and RSS-14A slabs at the design concrete class C25/30 and at release concrete strength (70% of the design concrete class after instantaneous losses), as well as the values of control loads for crack resistance testing at design concrete strength, are presented in Table 3. Prestress losses are calculated for slabs with a design reinforcement cross-section determined based on strength calculations. Instantaneous losses are determined from: 
- stress relaxation in reinforcement Δσr; 
- temperature variations Δσθ; 
- deformation of anchorage devices Δσsl; 
- losses due to instantaneous concrete deformation Δσel. 
Time-dependent losses Δσc+s+r are determined from the effects of shrinkage, creep, and relaxation associated with concrete creep under normal temperature and humidity conditions and may be adjusted for actual operating conditions. The magnitude of prestress and losses are presented in Table 3.
Experimental data and results
The results of the calculations for the slab reinforced with K1500 strands and A800 reinforcement according to DBN norms are presented in Table 3.

Table 3. Results of Slab Calculations
	Parameters
	RSS-14К
5Ø9К1500
	RSS-14К 3Ø12К1500+
2Ø9К1500
	RSS-14А
5Ø12А800

	Cross-sectional area of the reinforcement Ар, cm2
	2.55 / 5.65 (5Ø12АV)
	3.738 / 5.65 (5Ø12АV)
	5.65 / 7.69 (5Ø14АIV)

	Reinforcement savings in % relative to АV та АIV
	54.8
	33.8
	26.5

	Load-bearing capacity Мu, kNm
	28.98
	31.2
	33.78

	Crack formation moment  Мcrc, kNm
	39.08
	35.25
	35.97

	Initial stress σ0, kN/cm²
	118.0
	94.6
	63.0

	Instantaneous losses, Δσ1
	22.73
	18.9
	16.11

	Residual stress before concreting, kN/cm²
	95.37
	72.1
	46.89

	Time-dependent losses, kN/cm²
	15.88
	13.2
	10.03

	Total losses Δσ, kN/cm² (%)
	38.95 (32.7)
	33.1 (35.4)
	26.31 (41.8)

	Residual stresses σp, kN/cm²
	79.16
	60.1
	36.69

	Crack resistance Mcrc, kNm, at design strength.
	39.07 ≤39.08
	29.8 ≤35.25
	30.17 ≤35.97

	Crack resistance Mcrc, kNm, at release strength
	32.22 ≤39.08
	27.6 ≤35.25
	25.01 ≤35.97



From the analysis of Table 3, it is evident that the RSS-14K slabs (3Ø12K1500+2Ø9K1500) and RSS-14A slabs (5Ø12A800) are equivalent in strength and exhibit the same level of crack resistance, while the RSS-14K slab (5Ø9K1500) is not equivalent in strength but has the same level of crack resistance as standard slabs. These slabs can be used as a base course for asphalt concrete pavement. Replacing traditional prestressed reinforcement of classes AV and AIV with high-quality K1500 strands in RSS -type slabs provides substantial steel savings (up to 55%) while maintaining the load-bearing capacity and crack resistance of the structures. The high initial stresses in the strands are accompanied by greater relative losses; however, the residual level of working stresses exceeds the indicators of AIV reinforcement. The most efficient option proved to be 5Ø9K1500, which combines the minimal cross-section of reinforcement with sufficient strength and crack resistance.
For a detailed investigation of the stress-strain state, comprehensive computer modeling was performed using licensed software Autodesk Inventor (Version: 2023) [26]. Numerical models allow for detailed reproduction of the stress-strain state, accounting for material nonlinearities, specific features of component interaction, and the influence of long-term loads. The use of numerical modeling opens the possibility of performing series of calculations, varying reinforcement and concrete parameters, and determining optimal reinforcement layouts. This ensures a significant increase in the reliability of predicting structural behavior under real service conditions. Therefore, combining experimental data with modern numerical analysis methods is a relevant direction in the design and adaptation of reinforced concrete structures to meet national and international standards. A parametric analysis of prestressed models of slabs RSS -14K (5Ø9K1500) and RSS -14 (5Ø12A800) was conducted using the finite element method, in accordance with two design loading schemes—Scheme A and Scheme B (Figure. 3). The magnitudes of the control loads applied to the digital models fully corresponded to the normative values specified in Table 2, ensuring a high degree of concordance between the numerical modeling results and the theoretically expected behavior of the structures.

Table 3. Modeling of the Stress-Strain State of the Road Slab
	Parameters
	RSS-14К (5Ø9 К1500)

	
	Load scheme А.  P=21 kN
	Load scheme B.  P=14 kN

	Analytical Model 
	[image: ]
	[image: ]

	Deformations
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	Peak tensile stress σ₁
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	Analytical Model
	RSS-14A (512А800)

	
	Load scheme  А.  P=22 kN
	Load scheme.  P=15 kN
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	Deformations
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	Peak tensile stress σ₁
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A comparative table 4 of the calculated characteristics of the slabs RSS-14К and RSS-14A was developed to evaluate their performance. The table presents key structural parameters.

Table 4. Comparison of slab calculation results
	Parameters
	RSS-14К (5Ø9К1500)
	RSS-14А (512А800)

	Cross-sectional area of the reinforcement Ар, cm2
	2,55
	5,65

	Crack formation moment  Мcrc, kNm (using Equation 1)
	28,98
	33,78

	Peak tensile stress σ₁, (Load scheme А) MPa
	17,49≥fcd = 17 MPa
	7,75≤fcd = 17 MPa

	Peak tensile stress σ₁, (Load scheme B) MPa
	2,5 ≤ fctm = 2,6 MPa
	2,6 ≤ fctm = 2,6 MPa

	Peak deformation (Load scheme А)
	2,01 mm≤24 mm
	2,06 mm ≤24 mm

	Peak deformation (Load scheme B)
	4,38 mm ≤24 mm
	4,57 mm ≤24 mm


Analysis of research results
Finite element parametric analysis of the stress-strain state in prestressed slab models RSS-14K (5Ø9K1500) and RSS-14 (5Ø12A800) under loading schemes A and B demonstrated that: when testing according to scheme A, the RSS-14K slab develops stresses exceeding fcd, while under scheme B the stresses remain below fctm, indicating that while the slab is not of uniform strength, it maintains sufficient crack resistance. Testing of the RSS-14 slab under scheme A showed stresses below fcd, and under scheme B stresses below fctm, confirming this slab exhibits both uniform strength characteristics and adequate crack resistance. The difference in deflections was less than 5%, which has negligible impact on serviceability since the maximum allowable deflection for a 6-meter slab is 24 mm. The use of K1500 strands enables significant reinforcement savings (~55%).
To ensure operational safety, prevent mechanical damage, maintain geometric stability and strength characteristics, prolong service life, and avoid additional repair or replacement costs, specific handling requirements have been established for loading/unloading these slabs. Transportation and storage must be performed in horizontal position only. All handling operations - including loading, transport, unloading and storage - must implement measures preventing potential slab damage. During transportation, slabs must be securely fastened to prevent longitudinal/transverse displacement, mutual collision or friction. For transportation and storage, bottom slabs should be placed on wooden supports with intermediate spacers between layers in the stack. Supports and spacers must be positioned 1 m from slab ends perpendicular to the long side and vertically aligned. Support thickness should be minimum 50 mm for rigid bases and 100 mm for ground surfaces, while spacer thickness must be at least 20 mm. Loading/unloading operations using lifting inserts must be performed with single slabs only - lifting multiple slabs using inserts of the bottom slab is strictly prohibited. Storage should be organized in sorted stacks by grade and batch, with maximum stack height limited to 10 slabs.
CONCLUSION
Analysis of the research results leads to the following conclusions: The most effective approach for designing RSS-type road slabs involves replacing Class AV or AIV prestressed reinforcement with Class K1500 strands. This substitution enables significant material savings and consequent reduction in construction costs while maintaining or even improving strength characteristics. To ensure equivalent structural performance compared to standard slabs while preserving existing production capabilities, the RSS-14K configuration (3Ø12K1500+2Ø9K1500) with total reinforcement area Ap=3,738 cm² is recommended. This reinforcement scheme achieves 33,85% material savings compared to Class AV and 51,45% compared to Class AIV reinforcement. Achieving optimal results requires ensuring uniform initial tensioning of all strands to facilitate even force distribution and prevent stress concentrations in individual structural components.
When using common tensioning beams, employing strands of identical diameter simplifies the prestressing process and ensures more controlled, uniform prestress distribution while providing 19,25% material savings versus AV and 41,25% versus AIV reinforcement. This approach prevents uneven tension force distribution between different diameter strands that could lead to undesirable deformations and reduced load-bearing capacity.
The study adapts Eurocode-based design principles to comply with DBN V.2.6-98:2009 requirements, developing practical design solutions that combine structural efficiency with compatibility to Ukraine's existing production infrastructure. Finite element method (FEM) numerical modeling serves as the primary research tool, enabling detailed analysis of stress distribution and deflection patterns. By integrating computational modeling with targeted parameter optimization, this research addresses the critical need for cost-effective, high-performance road pavement solutions within the context of evolving European-Ukrainian infrastructure integration. The proposed technical solutions demonstrate 15-20% production cost reduction while maintaining full compliance with current regulatory requirements for prestressed concrete structures.
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