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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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AHHOTALMA

BBepeHme. OpaKUVOHHBIN COCTaB KAMEHHOTO HaNoJIHMTENA achanbTOOETOHHOW CMECU U PEXMMbI MPUFOTOBNEHMSA BAXKYLLErO
CUCTEMbI «BUTYM — MUHepasibHbI MOPOLIOK» OKa3blBAOT 3HAUMTENbHOE BAIMSHUE Ha SKCTJTyaTaLMOHHbIe XapaKTepUCTUKN acdanb-
TOGETOHHBIX CMecel. YUunTbiBas, 4To 06bemM HanoNHuTenNs acdansTo6eTOHHbIX cMecel focTuraet 96% no macce unu 87% no obbemy
cmecy, a 06bem CBA3yHoLLEro cocTaBnseT fo 4% no macce unu 1o 13% no o6bemy, B npoLiecce NprUrotoBfieHUs achpansTo6eTOHHOM
CMecu CTpeMATCA AOOUTLCA ee OAHOPOAHOCTM 1 06ecneynTb NOHOE NOKPbITUE HAMONHKTENA CBA3yloLWMM. OAHAKO NPU HeJoCTaTKe
CBA3YIOLLEro OCTalOTCA MYCTOThl, KOTOPbIE MPUBOAAT K YBeNMyeHuo BogonornoueHns. Matepmuanbi u metogbl. Ha ocHoBaHuM
ONTMNYECKUX NCCNenoBaHnin GPakLMOHHOMO COCTaBa CTaHAAPTHOW acdanbTOOETOHHOM CMecy onpegeneHbl nowaan MexxpasHoro
B3aMMOJEeCTBUA MeXay KaMeHHbIM HarnoIHUTeNeM 1 GUTYMOM, CornacytoLmecs ¢ pesyrbTaTtamu Apyrux nccnegosareneid. Ha oc-
HOBe aHanM3a 3KCNepUMeHTasbHbIX Y TEOPETUYECKMX UCCNIe[0BaHNI YCTaHOBEHbI 3aBUCUMOCTY KO3dduLeHTa B3aumoaencTensa
B CUCTEME «BUTYM — MUHEPanbHbI MOPOLLIOK» OT AUCMEPCUOHHOMO COCTaBa, TeMNepPaTypbl U CTerneHn HanonHeHus. PesynbraTbl
1 o6cyKaeHme. AHanv3 nosyYeHHbIX JaHHbIX JOKa3bIBAEeT, YTO B3aMMOAENCTBME OUTYMa 1 MUHEPANbHOIO NMOPOLLKa NoAUYNHAETCA
onpeaeneHHbIM 3aKOHOMEPHOCTAM U 3aBUCUT OT 0OGbEMHOO pacnpeaeneHmns no pasmepam 4acTul Bo Gpakumax MUHEpPanbHOro
MOpPOLLKa, UTo onpefenseT niowaib MexdasHo NOBEPXHOCTI B3aMMOAENCTBYA; TeMMepaTypbl CMELLEHUSA U CTENEHW HaMNOSTHEHNSA
KOMMO3MLUN — ONTUMasbHble YCNioBuUA: TemnepaTtypa oT 160 °C go 170 °C, o6bemHas gons 0,17-0,2. 3aknoueHme. BoibpaHHyio
peuenTypy acoanbTo6eTOHHON CMecK, KoTopas UcCieoBanach B paboTe 1 CoaepnT 06beMHYI0 JOMI0 MUKPOMOPOLLKa Ha YPOBHE
0,258, HeOOXOAVMO OTKOPPEKTUPOBATb B CTOPOHY YBENMUYEeHWs Maccbl 6UuTyma o 2,0 Kr € TeM, YTo6bl MoMacTb B ONTVMYM M0 B3avMO-
[eNCTBMIO MUHePasibHOro NopoLLKa 1 6uTyma. MonyyeHHble pe3ynbTaThl MO3BOJIAT CKOPPEKTUPOBATb COCTaB acPpansTOOETOHHOM
CMeCH C LieNbio MOBbILLEHUSA ee SKCMyaTaLMOHHbIX XapaKTepUCTUK.

KJTIOMEBDIE CJIOBA: nopuncTocTb KaMeHHbIX MaTepuanos, agresuna 6utyma, agcopbuma 6utyma yactmuamm, MMHepanbHbIi no-
POLIOK, YNIOTHEHHaA achanbTobeTOHHaA CMeCb, MOAENMPOBaHNE CTPYKTYpbl acdanstobeToHa

BNNAFOAAPHOCTW: CraTba NocBALLeHa CBETNOM NaMATU HALLEro KOJJIer JOKTopa TEXHUYECKUX HaykK, npodeccopa ApTeMeHKo
AnekcaHgpa AnekcanapoBuya, paboTasLiero B CapaToBCKOM rOCyAapCTBEHHOM TEXHNUYECKOM YHuBepcuTeTe nmeHu K0.A. TarapuHa.
ABTOpbI CTaTbM BblpaxatoT eMy NPU3HaTeNbHOCTb 3a MPOBEAEHHbIe KOHCYNbTAaLUN NPy ee NOATrOTOBKe.

AnAa UMUTUPOBAHUA:
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HUTenA acPpanbTOOETOHHON CMeCK U OLEHKa PEXMMOB MPUFOTOBNEHNA BAXKYLLETO CUCTEMbI «OUTYM — MUHEPASTbHbIN MOPOLLIOKY.
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INTRODUCTION position of the stone material — the filler — that ensures

maximum filling of the mixture volume. This provides
The process of asphalt concrete mixtures (ACMs) design ~ the pavement with resistance to loads and deformations
is primarily focused on selecting the granulometric com- occurring during service. Generally, the filler content
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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 um.

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
(n,), as well as their total surface area (s,), by knowing the
dispersion composition and material density (p).

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: V, = m:(D})/6

mass of the i-th sphere: m, = p-V, = p-m:(D})/6

number of spheres in each fraction: n,= kM /m,,
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Fig. 1. Equivalent sphere diameters [2]

Table 1. Composition of asphalt concrete mixture
Grade | 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

where k, m, — proportion and mass of the i-th size
group, M, — mass of the fraction;

surface area of a sphere: s = 7t D?

surface area of the i-th fraction:

Si=nf'?T'Dl?=ki'Mi'?T'D[-2/

_ki"M;-m-D}-6
- p-m: D}

/mi

with a stone material density p ~ 2700 kg/m? this sim-
plifies to:
6:10%  kpM; ki M;
5; = N N A
2700 D; D;

the total surface area of all fractions § = ¥s..

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 D, on the histograms — for example, in the
range of 50—70 um, the average equivalent diameter was
taken as (50+70)/2 = 60 um.

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

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 Ca>" and Mg?* cations, which contributes
to a more intensive transition of bitumen into a struc-
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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]:

Kint®

n=ngexp [ ()

where: 7 —effective viscosity of the suspension, Pa-s;

1, — effective viscosity of the dispersion medium, Pa-s;

K, — coeflicient accounting for the interaction of
solid particles with the dispersion medium and among
themselves;

@ — maximum volume concentration of the filler,
m?/m?;

® — volume concentration of the filler, m*/m?.

In the polydisperse system represented by the MP
fraction (Fig. 6), the average equivalent diameter is de-

termined as:

1 1
deq = K; — 0018 0073 0237 0489 0,184 —
Zi=1p_l. 0,0035 ' 0,0075 ' 0,015 ' 0,035 ' 0,06

) (2)

= — = 0,021lmm = 21um

47,35

The maximum volume concentration of the filler with
deq is determined (Fig. 8), using the dependence obtained
in work [8], considering /g(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 p, = 1.03 g/cm’,

Oy = 2.7 g/cm’.
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Table 2. Results of the fractional composition analysis

Share in total Specific surface area
Material M, kg k. D, mm s, m? S, m? o of the fraction,
i i i i area, % 2
m*/kg
0.354 13.5 24
0.405 11 34
Crushed stone 417 0.177 9 18 8.5 0.25 0.2
fraction 5-15
0.048 6.5 0.7
0.01 4 0.2
0.238 4.5 5.1
sand from 0.437 3.5 12.1
crushing 43.6 0.257 25 10 31.8 0.9 0.73
screenings 0.044 15 2.8
0.017 0.9 1.8
0.047 04 1.2
0.365 0.27 14.2
: 0.373 0.22 18
Fine natural 475 49 145 103
sand 0.148 0.16 9.7
0.045 0.115 4.1
0.016 0.1 1.7
0.184 0.06 323
0.489 0.035 147.3
mgfra' powder | 475 0237 0.015 156.8 557 86.2 117.3
0.073 0.0075 166.6
0.018 0.0035 54.2
Bitumen grade
BND 60/90 32 646
0.7
0-6 [' \
0.5 .%
wn
53
. 04
2
R7)
S 03
4
>
0.2
0.1
0 .
i - Fig. 7. Dependence of
130 150 Temperature, °C : the dynamic viscosity of
=3¢= Shear rate 100 s-1 =@= Shear rate 500 s-1 bitumen n on tempera-
=8= Shear rate 1000 s-1 ture at shear rates of 100,
500, 1000 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:

n =g exp(a-Kpe) =19 exp(Kpe)®,  (3)
0]

where a= m .

From (3) we obtain: xp(Kjp,;) = &/ Nyer> then

Kine = ln(ex'p (Kint)) = ln[a\/ nrel]- 4)

Based on the results of experiments with filled systems,
equation (4) makes it possible to determine K, — 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)

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

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

Filling degree, % T=130°C T=150°C T=170°C n,,
(volume fraction) n, Pas - n, Pas - n, Pa:s - 130°C 150 °C 170°C
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 34 3.12 54
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 24 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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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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