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ABSTRACT
Introduction. The fractional composition of the stone filler in asphalt concrete mixtures and the preparation modes of the binder in 
the "bitumen – mineral powder" system have a significant impact on the performance characteristics of asphalt concrete mixtures. 
Considering that the filler volume of asphalt concrete mixtures reaches 96% by weight or 87% by volume of the mixture, and the 
binder volume is up to 4% by weight or up to 13% by volume. During the preparation of the asphalt concrete mixture, efforts are 
made to achieve its homogeneity and ensure complete coverage of the filler with binder. However, a lack of binder leaves voids, 
which lead to increased water absorption. Materials and methods. Based on optical studies of the fractional composition of 
a standard asphalt concrete mixture, the areas of interphase interaction between the stone filler and bitumen were determined, 
consistent with the results of other researchers. Based on the analysis of experimental and theoretical studies, the dependences of 
the interaction coefficient in the "bitumen – mineral powder" system on the dispersion composition, temperature, and filling degree 
were established. Results and discussion. Analysis of the obtained data proves that the interaction between bitumen and mineral 
powder follows certain patterns and depends on the volumetric particle size distribution within the mineral powder fractions, which 
determines the interfacial surface area of interaction. The optimal conditions for mixing temperature and composition filling are: 
temperature from 160 °C to 170 °C, volume fraction of 0.17–0.2. Conclusion. The selected asphalt concrete mixture formulation, 
which was studied in this study and contains a volume fraction of micropowder at the level of 0.258, must be adjusted upwards by 
increasing the bitumen mass to 2.0 kg in order to achieve the optimum interaction between mineral powder and bitumen. The ob-
tained results allow for adjustments to the asphalt concrete mixture composition in order to improve its performance characteristics.

KEYWORDS: porosity of aggregates, bitumen adhesion, bitumen adsorption by particles, mineral powder, compacted asphalt 
concrete mixture, asphalt concrete structure modeling
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Анализ фракционного состава каменного наполнителя 
асфальтобетонной смеси и оценка режимов 

приготовления вяжущего системы 
«битум – минеральный порошок»

AННОТАЦИЯ
Введение. Фракционный состав каменного наполнителя асфальтобетонной смеси и режимы приготовления вяжущего 
системы «битум – минеральный порошок» оказывают значительное влияние на эксплуатационные характеристики асфаль-
тобетонных смесей. Учитывая, что объем наполнителя асфальтобетонных смесей достигает 96% по массе или 87% по объему 
смеси, а объем связующего составляет до 4% по массе или до 13% по объему, в процессе приготовления асфальтобетонной 
смеси стремятся добиться ее однородности и обеспечить полное покрытие наполнителя связующим. Однако при недостатке 
связующего остаются пустоты, которые приводят к увеличению водопоглощения. Материалы и методы. На основании 
оптических исследований фракционного состава стандартной асфальтобетонной смеси определены площади межфазного 
взаимодействия между каменным наполнителем и битумом, согласующиеся с результатами других исследователей.  На ос-
нове анализа экспериментальных и теоретических исследований установлены зависимости коэффициента взаимодействия 
в системе «битум – минеральный порошок» от дисперсионного состава, температуры и степени наполнения. Результаты 
и обсуждение. Анализ полученных данных доказывает, что взаимодействие битума и минерального порошка подчиняется 
определенным закономерностям и зависит от объемного распределения по размерам частиц во фракциях минерального 
порошка, что определяет площадь межфазной поверхности взаимодействия; температуры смешения и степени наполнения 
композиции – оптимальные условия: температура от 160 оС до 170 оС, объемная доля 0,17–0,2. Заключение. Выбранную 
рецептуру асфальтобетонной смеси, которая исследовалась в работе и содержит объемную долю микропорошка на уровне 
0,258, необходимо откорректировать в сторону увеличения массы битума до 2,0 кг с тем, чтобы попасть в оптимум по взаимо-
действию минерального порошка и битума. Полученные результаты позволяют скорректировать состав асфальтобетонной 
смеси с целью повышения ее эксплуатационных характеристик.

КЛЮЧЕВЫЕ СЛОВА: пористость каменных материалов, адгезия битума, адсорбция битума частицами, минеральный по-
рошок, уплотненная асфальтобетонная смесь, моделирование структуры асфальтобетона
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INTRODUCTION

The process of asphalt concrete mixtures (ACMs) design 
is primarily focused on selecting the granulometric com-

position of the stone material – the filler – that ensures 
maximum filling of the mixture volume. This provides 
the pavement with resistance to loads and deformations 
occurring during service. Generally, the filler content 
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It is necessary to determine the surface area of parti-
cles of different shapes and sizes to evaluate the film thick-
ness for a selected ACM recipe, which represents a serious 
challenge within existing research methods. Quite often, 
such measurements are performed by analyzing particles 
from light microscopy photographs. However, it should 
be noted that microscopic images allow visualization of 
only two-dimensional projections of particles, therefore, 
the dimensions of irregularly shaped particles could be 
described by several parameters and aspects: maximum or 
minimum diameter (linear size), maximum length, mini-
mum length, volume, surface area, etc. Consequently, 
sizes obtained by different methods would differ. Figure 1 
illustrates possible answers to the question of what con-
stitutes particle size, expressed in the form of equivalent 
spheres. At the same time, there are no erroneous re-
sults – each answer is subjectively correct, as it reflects 
a physically measurable aspect [2, 9, 10].

The theory of the equivalent sphere states, that by 
measuring certain characteristics of a particle, it is as-
sumed that they correspond to those of a sphere; then 
a universal number (the diameter of this sphere) is cal-
culated. This number characterizes the given particle. 
This example clearly demonstrates that there is no need 
to describe the particle size with three or more numeri-
cal values, which, of course, would express the size more 
accurately but are complex and inconvenient when de-
signing mixtures.

Proposed calculation procedure allows, in a short 
time, to model a presumably optimal particle size distri-
bution by operating solely with the mass fraction ratios of 
the initial components in the mixture.

MATERIALS AND METHODS

Studies of the stone material particles in asphalt 
concrete mixtures (ACMs) using the equivalent sphere 
method were conducted after dispersion analysis of each 
asphalt concrete fraction (crushed stone, screenings, 
sand, mineral powder). A standard ACM was taken as 
the research object, with its composition displayed in 
Table 1.

Since each fraction mass in the mixture is strictly 
dosed, it is possible to approximately estimate the number 
of spheres with equivalent surface area per each size group 
(ni), as well as their total surface area (si), by knowing the 
dispersion composition and material density (ρ).

By summing the areas of each fraction, the estimated 
surface area of the stone material particles in an asphalt 
concrete mixture of a given mass (S) is obtained. The 
following classical geometric formulas were used in the 
calculations:

volume of the i-th sphere: Vi = π∙(Di
3)/6

mass of the i-th sphere: mi = ρ∙Vi = ρ∙π∙(Di
3)/6 

number of spheres in each fraction: ni = ki ∙Mi /mi,

reaches 94–96% by weight or 85–87% by volume of the 
mixture. Subsequent compaction at high temperatures, 
when the binder – bitumen – is in a fluid state, makes 
it possible to generally meets modern requirements for 
road pavements. However, analysis of existing regulatory 
documents and practical studies indicates that pavements 
exhibit certain deficiencies that manifest under adverse 
conditions and lead to their deterioration. Primarily, this 
concerns such a standardized characteristic as water ab-
sorption.

The current state of the art in this research area is 
generally reflected in the list of references [1–21]. The 
well-known domestic works in the direction of the pres-
ent article are present in references [1–12]. The authors’ 
own publications are illustrated by works [13, 14]. Foreign 
publications are represented in the list [14–21]. 

A proper distribution of the binder, which means 
a continuous film, formed by bitumen, covering all par-
ticles of the stone material, is out for in the production 
of ACMs. Otherwise, in the case of insufficient bitumen 
content, complete coverage of each particle with a bi-
tumen film does not occur, which facilitates moisture 
penetration through uncovered areas, stripping of the 
bitumen film, and subsequent deterioration of the as-
phalt concrete pavement. On the other hand, an excess 
of bitumen leads to its displacement from regions of in-
creased stress (during compaction) and the formation of 
zones with lower density of stone material distribution, 
which impairs the strength and durability of the asphalt 
concrete pavement. 

At first glance, when analyzing the composition of 
asphalt concrete components, it can be noted that the 
binder – bitumen – is a hydrophobic material and cannot 
absorb water without special treatment. The situation is 
different with fillers – crushed stone, sand, and mineral 
powder. These stone materials have surface pores and are 
capable of water absorption. The industrial technology of 
asphalt mixture preparation provides that, during mixing 
at high temperature, bitumen should completely cover 
the surfaces of particles, be adsorbed into the pores, and 
prevent external moisture from entering the mixture after 
paving and compaction. 

It should be noted that such a high filling degree with 
a minimum amount of binder requires an assessment of 
capability for a continuous film formation on the surface 
of filler particles and an analysis of the asphalt concrete 
characteristics in the case of its insufficiency. Further-
more, it is necessary to take into account that the bitumen 
film covering the particles is unevenly distributed in thick-
ness due to the uneven surface topography of the particles 
and their size and nature [1]. The effective volume of the 
filler increases, due to the adsorptive interaction between 
bitumen and mineral particles in ACMs. Particles rang-
ing in size from 3 to 10 mm have their thickness of the 
adsorption layer varying within 1.2–17 μm. 
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where ki, mi – proportion and mass of the i-th size 
group, Mi – mass of the fraction;

surface area of a sphere: s = π∙D2

surface area of the i-th fraction:

with a stone material density ρ ~ 2700 kg/m3 this sim-
plifies to:

; 

the total surface area of all fractions S = ∑si.

The dispersion composition of each ACM fraction 
was studied using electron micrographs obtained from a 
light microscope. Image analysis was performed in the 
“DG Analyzer 1.5” software, which supports binariza-
tion of images – i.e., setting thresholds for light and 
dark areas in the picture and analyzing the resulting 
objects (Fig. 2). The software provides statistical pro-
cessing results in both numerical and graphical forms. 
The program calculates the relative number of white 
pixels, perimeter and area of microstructural elements, 
average reduced diameters of elements, and detects the 
orientation of light areas. 

The dispersion composition of the ACM, consist-
ing of various fractions of stone material, is displayed in 
Figures 3–6.

RESULTS AND DISCUSSION

The theoretical estimation results of the ACM frac-
tions surface areas are displayed in Table 2. The average 
size range value for each volume fraction were selected 
as diameters Di on the histograms – for example, in the 
range of 50–70 μm, the average equivalent diameter was 
taken as (50+70)/2 = 60 μm. 

Obtained calculation results are consistent with the 
data from works [4, 7, 8, 11, 12], indicating that the for-
mation of the interphase boundary “bitumen – stone 
particles” in ACMs is achieved due to the mineral powder 
(MP).

Fig. 1. Equivalent sphere diameters [2]

Table 1. Composition of asphalt concrete mixture 
Grade I Type B

No. Material Content, %

1 Crushed stone fraction 5–15 41.7

2 Sand from crushing screenings 43.7

3 Fine natural sand 4.7

4 Mineral powder MP-1 4.7

5 Bitumen grade BND 60/90 5.2

Total 100.0

http://nanobuild.ru/ru_RU/


http://nanobuild.ru	 info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2026; 18 (2): 
180–191

ISSN 2075-8545 (online) 

CONSTRUCTION MATERIALS SCIENCE

184

The infusion of mineral powder into bitumen in-
creases the viscosity of the latter and the strength of 
the pavement. As the MP concentration increases, the 
thickness of the bitumen film between mineral grains 
decreases, and the binder gradually transitions into 
a structured state. With increasing MP concentration, 
the bitumen film thickness between mineral grains de-
creases, and the binder progressively converses into 
a structured state [4].

As a result, the distance between particles decreases 
to a level at which the properties of the “bitumen – par-
ticles” system are determined by the interaction energy 
of the adsorption-solvation layers of the organic binder 
on the MP surface [4]. Furthermore, MP obtained from 
marble and dolomite rocks possesses a high positive 
potential with a large number of adsorption centers in 
the form of Ca2+ and Mg2+ cations, which contributes 
to a more intensive transition of bitumen into a struc-

Fig. 2. “Sand” image (25 times magnification)

Fig. 3. Histogram of volume fraction versus particle diameter for crushed stone

Source image Binary image

Equivalent diameter, mm
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Fig. 4. Histogram of volume fraction versus particle diameter for crushing screenings

Fig. 5. Histogram of volume fraction versus particle diameter for sand

Equivalent diameter, mm

Equivalent diameter, �m
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Fig. 6. Histogram of volume fraction versus particle diameter for MP-1 mineral powder

tured state with the formation of chemisorption bonds. 
These bonds enable firm retention of bitumen films on 
the surface, thereby increasing the strength of the asphalt 
binder [5]. 

The infusion of mineral powder into bitumen at high 
temperature leads to the formation of a suspension with 
a polyfractional composition. The suspension is a mixture 
of substances in which the solid phase is distributed as 
finest particles in the liquid phase in a suspended (non-
settled) state [6]. The viscosity of such a system depends 
on the ratio of the volume concentrations of the filler 
particles (MP) and the liquid phase, the shape of the solid 
particles, their size distribution, the viscosity of the liquid 
medium (bitumen), and the nature of the interaction be-
tween the solid and liquid phases.

The analysis of mechanisms determining the rheo-
logical characteristics of the MP suspension in bitumen 
was performed. A model representing particles as spheres 
and based on the data obtained from dispersion analysis 
(Fig. 6) was used for the analysis. A rotational viscometer 
Rheotest RV2.1 was used for carrying out testing of sus-
pensions at temperatures of 130–170°C, corresponding 
to the bitumen and MP mixing regimes. 

The Mooney equation was used to calculate the vis-
cosity of the “bitumen – solid spherical particles” system. 
The equation shows satisfactory coherence with experi-
mental data for concentrated suspensions [8, 9]:

,� (1)

where: η –effective viscosity of the suspension, Pa·s; 
η0 – effective viscosity of the dispersion medium, Pa·s; 
Кint – coefficient accounting for the interaction of 

solid particles with the dispersion medium and among 
themselves; 

Фmax – maximum volume concentration of the filler, 
m3/m3; 

Ф – volume concentration of the filler, m3/m3. 
In the polydisperse system represented by the MP 

fraction (Fig. 6), the average equivalent diameter is de-
termined as:

� (2)

The maximum volume concentration of the filler with 
deq is determined (Fig. 8), using the dependence obtained 
in work [8], considering lg(21) = 1.32. This equivalent di-
ameter corresponds to a maximum volume concentration 
of the filler ~ 0.42 (Fig. 8), which, when converted to mass 
concentration, gives the	 bitumen : MP ratio = 43 : 57, 
assuming densities of bitumen and MP  ρb = 1.03 g/cm3, 
ρMP = 2.7 g/cm3.

Equivalent diameter, �m
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Fig. 7. Dependence of 
the dynamic viscosity of 
bitumen η on tempera-
ture at shear rates of 100, 
500, 1000 s-1

Table 2. Results of the fractional composition analysis

Material Mi, kg ki Di, mm si, m
2 Si, m

2 Share in total 
area, %

Specific surface area 
of the fraction, 

m²/kg

Crushed stone 
fraction 5–15 41.7

0.354 13.5 2.4

8.5 0.25 0.2

0.405 11 3.4

0.177 9 1.8

0.048 6.5 0.7

0.01 4 0.2

Sand from 
crushing 
screenings

43.6

0.238 4.5 5.1

31.8 0.9 0.73

0.437 3.5 12.1

0.257 2.5 10

0.044 1.5 2.8

0.017 0.9 1.8

Fine natural 
sand 4.75

0.047 0.4 1.2

49 1.45 10.3

0.365 0.27 14.2

0.373 0.22 18

0.148 0.16 9.7

0.045 0.115 4.1

0.016 0.1 1.7

Mineral powder 
MP-1 4.75

0.184 0.06 32.3

557 86.2 117.3

0.489 0.035 147.3

0.237 0.015 156.8

0.073 0.0075 166.6

0.018 0.0035 54.2

Bitumen grade 
BND 60/90 5.2 646

Vi
sc

os
ity

, P
a·s

Temperature, °C
Shear rate 100 s-1
Shear rate 1000 s-1

Shear rate 500 s-1
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Fig. 8. Dependence of the maximum volume concentration of filler on particle diameter [8]

Equation (1) could be rewritten as:

,� (3)

where  .

From (3) we obtain: , then

.� (4)

Based on the results of experiments with filled systems, 
equation (4) makes it possible to determine Кint – the 
coefficient accounting for the interaction of solid MP par-
ticles with bitumen and among themselves. A comparison 
of the experimental and calculated (according to Eq. 4) 

values of the rheological characteristics of the “BND 
60/90 bitumen – MP” system is displayed in Table 3 and 
in Figures 9 and 10.

Analysis of the obtained data proves that the interac-
tion between bitumen and mineral powder follows certain 
regular patterns and depends on:
–	 the volumetric particle size distribution within the 

mineral powder fractions, which determines the in-
terfacial surface area of interaction;

–	 the mixing temperature and the filling degree of the 
composition – optimal conditions: temperature from 
160 °C to 170 °C, volume fraction 0.17–0.20.
Thus, the selected recipe of the asphalt concrete mix-

ture, which was investigated in this study and contains 
a volume fraction of MP-1 at the level of 0.258, should be 

Table 3. Viscosity of the disperse system “Bitumen – MP”

Filling degree, % 
(volume fraction)

Т = 130 oС Т = 150 oС Т = 170 oС ηrel

η, Pa·s Кint η, Pa·s Кint η, Pa·s Кint 130 oС 150 oС 170 oС

0 (0) 0.66 0 0.42 0 0.18 0 1 1 1

5 (0.05) 0.78 1.23 0.5 1.29 0.22 1.47 1.18 1.19 1.22

10 (0.10) 1.18 1.9 0.72 1.73 0.34 2.05 1.8 1.71 1.89

15 (0.15) 2.25 2.2 1.31 2.03 0.98 3.01 3.4 3.12 5.4

20 (0.20) 5.56 2.34 3.56 2.35 2.8 3.01 8.42 8.48 15.55

25 (0.25) 12.46 2 7.9 2 6.25 2.4 18.88 18.81 34.7

30(0.3) 28.2 1.5 18.4 1.5 15.1 1.8 42.7 43.8 83.9
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Fig. 9. Dependence of the viscosity of the “bitumen – MP” system on the filling degree

Fig. 10. Dependence of the interaction coefficient Кint on the filling degree and temperature of the “bitumen – MP” 
system
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adjusted by increasing the bitumen mass by approximately 
2.0 kg in order to reach the optimum interaction between 
the mineral powder and bitumen. 

CONCLUSION

1. Based on optical studies of the standard asphalt 
concrete mixture fractional composition, the areas of in-
terphase interaction between the stone filler and bitumen 

were determined, which are consistent with the results of 
other researchers. 

2. Based on the analysis of experimental and theoretical 
studies, the dependences of the interaction coefficient in the 
“bitumen – mineral powder” system on the dispersion com-
position, temperature, and filling degree were established. 

3. The composition of the asphalt concrete mixture 
could be adjusted, using the obtained results, in order to 
improve its performance characteristics.
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