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Abstract. The article presents a new method for calculating the mineral composition of asphalt concrete mixtures aimed at improving both strength and density. The approach evaluates all possible combinations of crushed stone, sand, and mineral powder with the help of a computer algorithm based on nested cycles, selecting the option that most closely matches the theoretical dense mixture curve defined by DSTU B.V.2.7-119:2011. By minimizing deviations from the standard curve and maximizing packing density, the method significantly enhances the physical and mechanical properties of asphalt concrete: the average density increases, residual porosity decreases, and compressive strength shows stable growth under different temperature conditions. A key advantage is the automation of calculations, which reduces processing time to less than one second and substantially raises the efficiency of mixture design. Importantly, these improvements are achieved without modifying existing technological processes of mixture preparation and compaction. The method also ensures accurate adjustment of the grain composition when components fall outside standard limits, providing high reproducibility and reliability of results. 
Keywords: mineral composition; asphalt concrete; strength; density; compressive strength; porosity 
INTRODUCTION
The selection of the granulometric composition of the mineral part of asphalt concrete mixtures remains one of the key tasks of modern road construction, since it is the structure of the mineral skeleton that largely determines the bearing capacity, durability and resistance to climatic and operational factors. Conceptually, the goal of selecting dense mixtures is to ensure the most compact packing of grains of different fractions: large grains form a strength framework, medium and small grains reduce porosity, and mineral powder together with a binder compact the structure at the micro level, reducing water saturation and optimizing bitumen consumption. The historical foundations of ‘dense’ gradation date back to Fuller and Thompson's laws of proportion [1], which showed the dependence of strength and density on grain size distribution, which led to numerous modifications for asphalt concretes [2].
Modern design practice is based on the Superpave/AASHTO regulatory approaches and the European EN 13108 series, which specify gradation ranges, void structure criteria (Va, VMA, VFA), and restrictions on the content of dust-like particles (dust-to-binder), ensuring the reproducibility of properties and the comparability of laboratory and field test results [3–6]. These documents serve as a framework within which a ‘working’ gradation curve is selected to achieve the required performance characteristics of asphalt concrete.
Along with standard methods, the Bailey method is widely used in engineering practice as a tool for forming a ‘stone’ skeleton through systematic relationships between key sieve fractions. Recent studies show that adapting this method to local materials increases resistance to rutting and allows for more accurate determination of the optimal binder content, especially when using alternative fillers [7–10].
In recent years, there has been considerable interest in the development of improved methods for selecting the particle size distribution, which take into account both modern requirements for asphalt concrete (high resistance to rutting, crack resistance at low temperatures, durability under the influence of moisture and salt) [8,9], and the characteristics of local mineral materials [7,10]. This confirms the relevance of the search for new methods capable of ensuring more accurate control of the mineral component structure and increasing the efficiency of binder use.
Asphalt concrete [11] and its modern varieties [12] are mainly used in the upper layers of non-rigid road pavements. In addition to mechanical stress, this material is affected by the environment. Therefore, it must be strong, dense and water-resistant, and accordingly frost-resistant [13]. Obtaining strong asphalt concrete using standard technology involves the following stages: designing the composition of the asphalt concrete mixture, preparing the mixture at the plant (mixing hot components: crushed stone, sand, mineral powder and bitumen) and compacting it on the road. The quality of the asphalt concrete components and the technological parameters must comply with the applicable regulatory documents. The resulting asphalt concrete must be as dense as possible, as its strength and durability depend on this. The design stage of the asphalt concrete mixture is particularly important, as it is at this stage that the mineral particles, which vary in size and shape, form a dense packing. Bitumen acts as a binding material.
The design of the mixture includes calculating the composition of the mineral part and determining the amount of bitumen. While the amount of bitumen is usually determined experimentally in laboratory conditions using a standard method [14], the composition of the mineral part is calculated using an analytical method based on the known granulometric compositions of mineral materials: crushed stone, artificial and natural sand, and mineral powder [15].
The optimal ratio between the components is established in such a way that the complete passes of the mixture on standard sieves meet the requirements of DSTU B.V.2.7-119:2011. The standard limits for each sieve determine the permissible range of deviations from the values of the theoretical curve of a dense mixture. This theoretical curve is the average line between the standard limits. The mixture of the mineral part of asphalt concrete meets the requirements of DSTU if its indicators are within the established limits. However, it is optimal for the values of complete passes on all sieves to be as close as possible to the average line. Such a mixture of mineral materials will have maximum density.
The calculation using the existing method is carried out in tabular form, as a rule, in accordance with [15]. The proportion of coarse-grained components (crushed stone) is determined as the ratio of the average value of the total residue established by the standard to the actual total residue on the control sieve. The proportion of mineral powder is calculated as the ratio of the minimum standard total passage on a 0.071 mm sieve to the actual total passage of powder. The proportion of sand is determined as the difference between one (100%) and the sum of the proportions of coarse-grained components and mineral powder.
The existing method has the following disadvantages: firstly, if the crushed stone or other mineral material is unfractionated, it is difficult to select a control sieve, which affects the accuracy of the calculation; secondly, this method does not always provide a satisfactory result. In addition, it requires a significant amount of time for calculations, even when using spreadsheets.
Thus, the problem lies in the insufficient effectiveness of existing methods for determining the composition of the mineral part, which do not always ensure that the mixture corresponds to the theoretical curve of a dense mixture. This necessitates the search for new calculation methods.
The proposed method is based on the purpose of increasing the strength of asphalt concrete due to the higher density of the mineral skeleton by improving the existing method of determining the composition of the mineral part. As a result, the indicators of such a composition should be as close as possible to the values of the theoretical curve of a dense mixture, which corresponds to the average line of the standard.
RESEARCH METHOD
The goal is achieved by calculating the composition of the mineral part of asphalt concrete, taking into account the analysis of all possible combinations of components.
If the calculation gives acceptable options (i.e., all values of the total passes of the mixture on twelve standard sieves are within the standard), the one that meets the condition is selected:

		(1)
where i – is the ordinal number of the sieve, ε – is the deviation from the centre line.
That is, so that the full passes of the calculated mixture are as close as possible to the average line. The average line is a curve that passes through the average values of the standard limits (Fig. 1).
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FIGURE 1. Deviations from standard limits

If there is no exact option that meets the standard limits, the one that provides the minimum sum of squares of deviations outside the standard is selected, i.e. the following condition is met:


		(2)

where ∆ – is the deviation beyond the limits.
In this case, the option closest to the standard limits allows for analysis of changes in the grain composition of a particular component.
The algorithm for calculating the mineral composition of asphalt concrete using the proposed method is presented in the form of a flowchart in Fig. 2.
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FIGURE 2. Block-scheme of the program (main elements)
Nested loops are used to search through all possible combinations of components. Next, deviations from standard limits and the average line are analyzed, followed by the selection of the optimal option. This algorithm is implemented in an application computer program. For modern personal computers, the calculation time is insignificant: for example, for a mixture of four components, it is no more than 1 second.
RESEARCH RESULTS
Comparison of the results of existing and proposed methods for calculating the mineral composition of asphalt concrete for obtaining durable asphalt concrete.
Table 1 shows an example of calculating the composition of fine-grained dense asphalt concrete type B with continuous granulometry using the existing method based on the grain composition of crushed stone, sand and mineral powder. The volume fractions of these components in the mixture are respectively: 0.44; 0.45; 0.11. The summary of squares of deviations from the mean line is 48.2. The proposed method provides the following volume fractions of crushed stone, sand and mineral powder: 0.41; 0.47; 0.12. The summary of squares of deviations from the mean line is 18.6, which is 2.5 times less than with the existing method.

TABLE 1. Calculation of the particle size distribution of asphalt concrete mix using the existing method and the result of calculation using the proposed method
	Calculation using the existing method

	Material
	Volume of the fraction in a mixture
	Content by mass, % of mineral grains larger than this
size, mm (total residue)
	Summary of squares of deviations Σε2

	
	
	15
	10
	5
	2.5
	1.25
	0.63
	0.315
	0.14
	0.071
	

	Crushed stone
	 
 
 
	0
	8.2
	68.9
	99.0
	99.7
	99.7
	99.7
	99.7
	100
	48.2

	Sand
	
	0
	0
	0
	9.6
	28.4
	58.9
	76.2
	91.2
	96,2
	

	Mineral powder
	
	0
	0
	0
	0
	0
	0.1
	0.3
	5.5
	24.3
	

	Limits according to Ukrainian standard
	0
	from 0 to10
	from 
25 to 35
	from  
36 to 49
	from  
48 to 63
	from 
60 to 75
	from 
71 to 84
	from 
80 to 89
	from 
84 to91
	

	Crushed stone
	0.44
	0
	3.6
	30.3
	43.6
	43.9
	43.9
	43.9
	43.9
	44.0
	

	Bran
	0.45
	0
	0.0
	0.0
	4.3
	12.8
	26.5
	34.3
	41.0
	43.3
	

	Mineral powder
	0.11
	0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.6
	2.7
	

	Total
	0
	3.6
	30.3
	47.9
	56.6
	70.4
	78.2
	85.5
	90.0
	

	Result of calculation using the proposed method

	Crushed stone
	0.41
	0
	3.4
	28.2
	40.6
	40.9
	40.9
	40.9
	40.9
	41.0
	18.6

	Bran
	0.47
	0
	0.0
	0.0
	4.5
	13.3
	27.7
	35.8
	42.9
	45.2
	

	Mineral powder
	0.12
	0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.7
	2.9
	

	Total
	0
	3.4
	28.2
	45.1
	54.2
	68.6
	76.7
	84.4
	89.1
	



Using the method [16], the packing density of mineral material mixtures calculated using existing and proposed methods was determined experimentally. For these methods, the packing density is 74.2 % and 76.9 %, respectively. Thus, approximation to the average line according to the criterion of the minimum summary of squares of deviations (Σε2) ensures the densest packing of mineral materials.

TABLE 2. Physical and mechanical properties of asphalt concretes [1], the composition of which is calculated using the existing method and the proposed method
	Asphalt concrete manufactured according to
	The existing method
	Proposed method

	Average density, kg/m3
	2,393
	2,402

	Residual porosity, % by volume
	2.59
	2.22

	Compressive strength, MPa, at a temperature of 20 °C
	6.19
	6.41

	Compressive strength, MPa, at a temperature of 50 °C
	1.90
	1.98



The test results shown in Table 2 indicate that optimizing the mineral composition of asphalt concrete using the proposed method makes it possible to obtain asphalt concrete with higher density, lower porosity and higher strength characteristics. The peculiarity of this method is that it achieves such results without changing the existing technological regulations at the stages of preparation and compaction of the asphalt concrete mixture.
CONCLUSIONS
1. The proposed method for calculating the composition of the mineral part of the asphalt concrete mixture ensures the production of asphalt concrete with greater strength due to the formation of the densest possible mineral skeleton, which is achieved by bringing the granulometric curve of the mixture as close as possible to the theoretical curve of a dense mixture (the average line of the DSTU B.V.2.7-119:2011 standard). Using the example of fine-grained asphalt concrete, this is confirmed by an increase in the packing density of mineral materials from 74.2 % (using the existing method) to 76.9 % (using the proposed method). As a result, asphalt concrete demonstrates improved physical and mechanical properties: average density of 2,402 kg/m³ (compared to 2,393 kg/m³), residual porosity of 2.22 % (compared to 2.59 %), compressive strength at a temperature of 20 °C – 6.41 MPa (compared to 6.19 MPa) and at 50 °C – 1.98 MPa (compared to 1.90 MPa).
2. Automation of calculations based on searching through all possible combinations of components (using nested cycles) significantly reduces calculation time to less than 1 s for a mixture of four components on modern personal computers, allowing the selection of the optimal option from among many that meet the requirements of the standard.
3. In the absence of options that fully comply with the standard limits, the method offers the closest option based on the criterion of the minimum summary of squares of deviations outside the limits (Σ∆²), which facilitates further analysis and adjustment of the grain composition of individual components of the mineral mixture to achieve the normative indicators.	
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