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Abstract. The article is devoted to the issue of increasing the life cycle of automobile roads
as transport infrastructure facilities through designing of asphalt concrete mixtures, taking
into account the structure-forming factors that determine the effectiveness of road transport
construction. The purpose of the study is to analyze the structure-forming factors affecting
the quality indicators of road asphalt concrete based on the industrial wastes. To achieve this
purpose, the methods of literary-patent review and set theory were used. The conducted lit-
erature review showed possible options for using blast furnace slag and microsilica in road
transport construction. Based on its results, subsets of internal and external factors affecting
the physical and mechanical characteristics of asphalt concrete were identified. The authors
established a set of structure-forming factors that make it possible to select and describe with
the help of set theory those factors that need to be taken into account and optimized for a
given variant of design of asphalt concrete mixture, for example, when using industrial wastes
in its composition. The most important factors determining the quality indicators of asphalt
concrete for automobile roads when using blast furnace slag and microsilica in its composition
were determined.

Keywords: transportation engineering, transport infrastructure, structure-forming factors,
asphalt pavement, automobile road construction, set theory.

waste.
One of the most common industrial wastes

Introduction. The development and im-
provement of transport infrastructure is one

of the priorities of the Republic of Kazakhstan
[1-3]. To ensure convenient communication
of regional and district centers of the coun-
try with remote settlements, it is necessary to
build and (or) reconstruct tens of thousands of
kilometers of highways [4]. One of the main
materials needed to solve this problem is as-
phalt concrete.

In conditions of high cost of extraction
and transportation of natural materials neces-
sary for the manufacture of coarse aggregate
(crushed stone) and mineral powders for the
production of asphalt concrete, the urgent task
is to maximize the possible use of local ma-
terials for these purposes, including industrial

used for the production of asphalt concrete is
blast furnace slag, which is formed during the
smelting of cast iron in a blast furnace. Anoth-
er common by-product formed during the pro-
duction of technical silicon is microsilica. Both
of these materials are produced in large quan-
tities at enterprises of the Karaganda region,
which imposes requirements for their rational
use.

A possible option for the integrated use
of blast furnace slag and microsilica is their
use as part of an asphalt concrete mixture for
road construction. It is known from the litera-
ture that the introduction of blast furnace slag

into asphalt concrete, according to [5], reduc- [EXE]



B Tpyabl yHuBepcuTeTa N23 (96) - 2024

es its voidness (with an increase in bitumen
consumption), with a properly selected pro-
portional ratio of components, it can increase
shear stability, resistance to rut formation and
fatigue life of asphalt concrete [6], its strength
[7]1, improve the characteristics of asphalt ag-
ing, as well as its resistance to residual de-
formation [8]. In turn, the introduction of mi-
crosilica into asphalt concrete (up to 10% of
microsilica) increases its Marshall stability [9],
reduces penetration rates [10], increases the
viscosity of the mixture, reduces its softening
temperature (4-6% of silica) [11], increases
fatigue life (2% of micro silica and 4% of fly
ash) [12], prevents the formation of microc-
racks [13].

As can be seen from the literature analysis,
the introduction of blast furnace slag and mi-
crosilica can have a positive effect on a variety
of properties of asphalt concrete. Based on the
above, we can hypothesize about the possibili-
ty of improving the quality of asphalt concrete
coating due to the synergistic effect of the in-
tegrated use of blast furnace slag and microsil-
ica in its composition in an optimal ratio.

An important stage for the verification of
this hypothesis, which precedes experimental
studies, is a critical analysis of external and
internal structure-forming factors affecting the
quality indicators of asphalt concrete based on
industrial waste, which is the main purpose of
this paper.

To achieve this purpose, the following tasks
were solved:

- a review of literature sources devoted to
the study of the influence of various factors on
the quality of asphalt concrete;

- determination of the set of structure-form-
ing factors affecting the physical and mechani-
cal characteristics of asphalt concrete;

- development of proposals for optimizing
the quality indicators of asphalt concrete when
using waste and by-products of metallurgical
and silicon production in its composition.

The scientific novelty of the study lies in the
complex of factors that determine the quality
indicators of asphalt concrete based on the in-
dustrial waste, established and described us-
ing the notation of the theory of sets.

Materials and methods of research.
The method of literary and patent review
was used to analyze the external and internal
structure-forming factors affecting the quali-
ty indicators of asphalt concrete based on the
industrial waste. The main groups of internal
and external structure-forming factors affect-
ing the quality indicators of asphalt concrete
based on the industrial waste were identified.
These factors have a direct impact on such
key indicators of asphalt concrete quality as

240 [T porosity, water saturation, frost resistance,

Marshall stability and plasticity, durability of
the road surface, etc. Based on the significant
variety of structure-forming factors that deter-
mine the quality indicators of asphalt concrete,
it was concluded that their classification and
systematization are necessary. The method
of set theory was used for this purpose. 11
groups of structure-forming factors were iden-
tified. Each of these groups can be represent-
ed as a subset of parameters that affect the
quality of asphalt concrete. When describing
the classification of structure-forming factors,
subsets were indicated by capital letters of the
English alphabet (from A to K).

Subsets of internal factors [14]:

- factors characterizing the mineral aggre-
gate of asphalt concrete (A);

- factors characterizing the binding agent
(B);

- factors characterizing mineral
(€);

- factors characterizing the proportional ra-
tios of asphalt concrete mix components (D);

- factors determining the chemical resis-
tance of asphalt concrete coating against ag-
gressive solutions (E);

- factors affecting the segregation of as-
phalt concrete mixtures (F);

- factors determining the thermal stability
of asphalt concrete pavement (G);

- factors affecting the adhesion of bitumen
to mineral aggregate grains (H).

Subsets of external factors:

- factors characterizing the technological
process of preparation of asphalt concrete mix
1);

- factors characterizing the technological
process of asphalt concrete delivery and laying
(3);

- weather and climatic factors (K).

The specific factors affecting asphalt con-
crete quality indicators are elements of the
listed subsets and are indicated by the corre-
sponding lowercase letters a;, a...a,, bi, ba...
b,, et al. Then the entire possible set of struc-
ture-forming factors affecting the quality indi-
cators of asphalt concrete based on industrial
waste, indicated by the letter Y, can be repre-
sented as a combination of subsets of internal
(A, B, C, D, E, F G, H) and external (I, J, K)
factors (Figure):

Y=AUBUCUDUEU
UFUGUHUIUJUK.

powder

(1)

Research results and discussion. The
results of an analytical study aimed at system-
atizing the factors that determine the quality
of asphalt concrete are presented in Table.

The presented set of structure-forming fac-
tors affecting the quality indicators of asphalt
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A subiset af internal

structure-forming factors

A subsel of external
Structure-farming factaors

Figure 1 — Combining subsets of external and internal structure-forming factors affecting the
quality indicators of asphalt concrete based on industrial waste

concrete allows to select and describe with the
help of set theory those factors that need to be
taken into account and optimized for a partic-
ular variant of design of asphalt concrete mix.
For example, when using blast furnace slag
and microsilica in asphalt concrete, important
factors determining the quality of the pave-
ment are the factors characterizing the min-
eral aggregate of asphalt concrete. (aggregate
crushing value (a,), frost resistance (a,), wear
resistance (as), content of grains of lamellar
and needle-shaped forms (a4), content of pul-
verized and clay particles (as), porosity (as),
water absorption (a;), density (ag)), the ra-
tio of «Binder agent/Coarse aggregate» (d;),
contact interaction of bitumen and aggregate
grains (g;), granulometric composition of the
aggregate (g,), the average adhesion force in
contact between the particles of the asphalt
concrete mixture (h;), specific surface area of
the dispersed phase (grains of asphalt concrete
mixture aggregate) (hg), the relative position
of the aggregate grains in the monolith (hy),
the nature of the energy bond between the
aggregate grains and the binder (hi;). When
using the notation of set theory, this set of fac-
tors can be described in the following form:

Y ={a, a, as, as, as, as, ar, as} U
U{d?} U {gl, 92} U {h7, hg, hlo, hn} .

Knowledge of the relationship between the
factors selected for optimization and road sur-
face quality indicators will allow achieving the
best values of the physico-mechanical charac-
teristics of asphalt concrete when designing
the composition of the mixture and preparing

(2)

its raw materials, varying the content of com-
ponents, introducing additional stages of pre-
liminary preparation of materials, etc. For ex-
ample, in the case described above using blast
furnace slag and microsilica in asphalt con-
crete, it is possible to achieve a comprehen-
sive optimization of factors such as strength,
porosity, water absorption, frost resistance of
the aggregate due to its pre-enrichment [15],
which allows to reject brittle low-quality grains
and use only the most strength and high-quali-
ty grains in the production of asphalt concrete.
To select the optimal ratio of components in
the mixture, an experimental assessment of
the synergistic effect of the combined use of
microsilica and blast furnace slag in asphalt
concrete in varying proportions is necessary.

Conclusion.

1) The authors extablished a set of factors
determining the quality indicators of asphalt
concrete for road-transportation construction,
allowing to select and describe using set the-
ory those factors that need to be taken into
account and optimized for a particular variant
of design of an asphalt concrete mixture, for
example, when using any industrial waste in
its composition.

2) A possible way to optimize the quality
indicators of road asphalt concrete based on
such industrial waste as blast furnace slag
is its preliminary selective crushing, which
makes it possible to select the most strength
and low-porous grains for their further use as
an asphalt concrete mixture aggregate.

3) With the complex use of such by-prod-
ucts of production as blast furnace slag and

microsilica in asphalt concrete, it is important XKl
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The structure-forming factors determining the quality indicators of asphalt concrete

Ne

Factors group (letter
designation of a subset)

The structure — forming factor — the letter designation of a subset
element

Factors characterizing the
mineral aggregate of asphalt
concrete (A)

Aggregate crushing value — a;

Frost resistance — a,

Wear resistance — a;

Content of grains of lamellar and needle-shaped forms — a,

The content of pulverized and clay particles — as

Porosity — a¢

Water absorption — a,

Density — ag

Factors characterizing the
binding agent (B)

Penetration — b,

Softening temperature — b,

Kinematic viscosity — bs

Dynamic viscosity — b,

Brittleness temperature — bs

Factors characterizing
mineral powder (C)

Granulometric composition — c;

Porosity — ¢,

Bitumen capacity — c;

Humidity — ¢,

Hydrophobicity — cs

Activity — cg

The content of water-soluble compounds — c;,

The content of one and a half oxides — cg

Factors characterizing the
proportional ratios of asphalt
concrete mix components (D)

The ratio of «Binder agent/Mineral powder» —d,

The ratio of «Binder agent/Sand» —d,

The ratio of «Binder agent/Coarse aggregate» — ds

Dosing accuracy in the preparation of the mixture — d,

The mass fraction of all components in the composition of the mixture — ds

Factors determining the
chemical resistance of
asphalt concrete coating
against aggressive solutions

(E)

The ability of bitumen to withstand the aggressive effects of the solution —e;

The degree of water saturation and swelling of asphalt concrete in an aggressive
solution — e,

The diffusion coefficient characterizing the rate of penetration of the solution
into the coating material — e;

Resistance to aggressive environment of large and fine mineral aggregate, which
is part of asphalt concrete — e,

Factors affecting the
segregation of asphalt
concrete mixtures (F)

Uneven mixing and dosage errors — f;

Delamination during unloading from the mixer and loading into storage hot bins
_fz

Delamination during storage in hot bins —f;

Layering during the delivery of the mixture and unloading into the hopper of the
paver —f,

Variation of aggregate properties in one batch —fs

Variation of binder agent properties in one batch —f;

Stratification in the distribution on the finished base surface —f;

Violation of the rhythmic delivery of the mixture —fg
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Factors determining the
thermal stability of asphalt
concrete pavement (G)

Contact interaction of bitumen and aggregate grains — g;

Granulometric composition of the aggregate — g,

Plasticity of asphalt concrete — g;

Structural and rheological type of bitumen — g,

Factors affecting the
adhesion of bitumen to
mineral aggregate grains (H)

Size, shape, surface character and relative location of mineral particles — h,

The ratio of the content of free and adsorbed bitumen in the structure of asphalt
concrete — h,

The thickness of the bitumen film on the surface of aggregate grains — h;

Topography, microrelief and surface cleanliness of aggregate grains — h,

Rheological and adhesive properties of bitumen — hs

Structural and rheological type of bitumen — hg

The average adhesion force in contact between the particles of the asphalt
concrete mixture — h,

Specific surface area of the dispersed phase (grains of asphalt concrete mixture
aggregate) — hg

Thickness of the contact zone — hq

The relative position of the aggregate grains in the monolith — h;,

The nature of the energy bond between the aggregate grains and the binder — hy;

Factors characterizing the
technological process of
preparation of asphalt
concrete mix (1)

The temperature of asphalt concrete mix during preparation — i,

Duration of mixing bitumen with aggregate and mineral powder — i,

The volume of the mix in one batch —i;

The order of the components dosing — i,

Duration of mixture storage in hot storage bins — is

10

Factors characterizing the
technological process of
asphalt concrete delivery and
laying (J)

Type of the used asphalt mixer —j;

The duration of action of the sealing load — j,

Intensity of the specific sealing load — j;

The temperature of laying the mixture —j,

Speed of the asphalt roller when compacting asphalt concrete — j;

The number of asphalt roller passes per one track — js

Thickness of the compacted layer of asphalt concrete — j;

Type of asphalt roller used in compacting the mixture — jg

Linear pressure during compaction of the mixture — j,

Time of the mixture delivery to the road construction site — jo

11

Weather and climatic factors

(K)

Air temperature during asphalt concrete laying — k;

Temperature of the pavement base surface — k,

The presence of moisture on the road base surface — ks

Wind speed when laying the asphalt concrete — k,

to determine the optimal ratio of these com-
ponents in the mixture, which allows achiev-
ing the best quality indicators and the greatest
strength of the automobile road surface. The
practical implementation of the presented re-
sults will improve the life cycle of automobile
roads as transport infrastructure facilities by

designing better road-building asphalt con-
crete.

This research has been/was/is funded by
the Science Committee of the Ministry of Sci-
ence and Higher Education of the Republic of
Kazakhstan (Grant No. AP22786668).
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*aBTOp-KOPPECNOHAEHT.

AHAaartna. Makasa >oJ/1-KeJliK KYpPbl/ibICbIHbIH TUIMAIMIMH aHbIKTaNTbIH KYPbIIbIMAbIK akTop-
N1apAbl €ECKeEPE OTbIPbIr, acehaibT6ETOH KocrasaapblH xobasay apKbl/ibi aBTOMOOU/Ib XK0Ji4apbl-
HbIH KéJliKk MH@PaKypblbiMbl 06bEKTIIEP] PETIHAE GEPIKTIFIH apTThipy MOCE/IECIHE apHasFaH.
3epTreyaiH MakcaTbl — TEXHOMEHAIK KanablKTap HEri3iHAe o0/ acg)asibTOEeTOH carnacbiHbIH Kep-
CETKIilUTEPIHE BCEP ETETIH KYPbIIbIMALIK (haKkTopaapAab! Tangay. MakcaTka XeTy yLiH agebu-na-
TEHTTIK LLIOJTY 94ICTEPI MEH XWbIHAAP TEOPUSICbI KOSIAaHbIIAbI. XKyprizinreH sagebuerrepre oy
JKOJI-KOJ1IK KYPbI/IbICbIHAA AOMHA LUIaKTapbl MEH MUKPOCUVKaAapAbl rnavganaHyablH bIKTU-
Masn HycKasnapbliH KepceTTi. OHbIH HaTUXesepi 60okbiHIa acasibTOETOHHbIH uU3nKasabliK-Me-
XaHWKasblK cunaTraMasaapbliHa 9Cep €TETIH iLLUKi XXOHE CbIPTKbl haKTopaapablH iLLKi XubIHAAPbI
aHbIKTanAbl. AChasnbTOETOH KOCachlH obanayabiH 6episireH HycKacbiHAa, MbICasibl, OHbIH Ky-
pambiHAa TEXHOMEHAIK KanAblKTapAbl riaigaaaHFraH Ke3Ae eCcKepisyi XoHe OHTaraHAbIpblybl
Ka)eT haKTopiapabl XUbIHTbIK TEOPUSICbIH KOJIAAHAa OTbIPbIN TaHAAYFa XoHE cunatrayra MyMm-
KiHAIK 6epeTiH Kypbl/ibIMAblI Ka/lbINTaCTbIPyLbl haKTopaapAblH KelleHi 6enrinerai. Acganbt-
6eTOH canacbiHbIH KOPCETKILUTEPIH aHbIKTaNTblH €H MaHbi34bl (aKTopsiap OHbIH KYpPpaMbiHAA
JOMHa MeLiHiH KOXbl MEH MUKPOCU/INKA KOJIAaHbIIFAaH Ke34€e aHbIKTasaabl.

KinT cesgep: Ko6/iK WHXUHUPUHII, KOeJIIK MHOPAaKYpblIbIMbl, KYPbIbIMAbI Ka/blATACTbIPYLLbI
¢akTopnap, acepanbT6E€TOH, aBTOMObM/Ib XKO4aPbIHbIH KYPbI/IbIChl, XXUbIHTbIKTAP TEOPUSICHI.

KpuTtnuyeckni aHann3 BHEWHNX U BHYTPEHHUX CTPYKTypoob6pa3yrowmnx ¢pakropos,
B/IMSIIOLMX Ha MOKa3aTesin KadyecTBa acgpanbTobeToHa Ha OCHOBE TEXHOIr€HHbIX
OTX04[0B
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AHHOTayms. Cratbs MOCBSLEHA BOMPOCY MOBbILLEHNS] [O/IFOBEYHOCTHN aBTOMOOU/IbHbLIX A0-
por Kak 06bEeKTOB TPaHCOPTHOU MHMPACTPYKTYPbl 3@ CHET MPOEKTUPOBAHMNS aciaibToO6ETOH-
HbIX CMECEH C YyHYETOM CTPYKTYypoobpa3yrLmnx ¢pakTtopoB, OrpeaessroLmx 3¢h¢eKTMBHOCTb 40~
POXXKHO-TPaHCIOPTHOrO0 CTPOUTENILCTBA. Llesib uccrnegoBaHns — aHaan3 CTPYKTypoobpa3yroLmx
(aKTopoB, BAUSIOLMX HA MOKa3aTtesiy Ka4yecrBa AOPOXXHOro acgaibtobeToHa Ha OCHOBE TeEX-
HOrEHHbIX OTXO0A0B. /1715 AOCTMXXEHMUS LIESIN MUCIOIb30BaHbl METOAbI INTEPATYPHO-NATEHTHOO
o0630pa v Teopum MHOXECTB. [IpoBeAEHHbIN 0630p INTEPATYPbl M0Ka3asi BO3MOXHbIE BapuaH-
Tbl MCIMOJ/Ib30BaHUS AOMEHHOIO LW/1aKka U MUKPOCUIINKN B [OPOXKXHO-TPAHCIIOPTHOM CTPOMUTE/Ib-
cTBe. 1o ero pe3ysibTataM BblAe/IEHbI TOAMHOXECTBA BHYTPEHHUX U BHELUHNX (DaKTOpPOB, BJIN-
SOWNX Ha GUINKO-MEXAHUYECKME XapPaKTEPUCTUKN acghasibTO6ETOHA. YCTaHOB/IEH KOMITIEKC
CTPYKTYypoobpa3yrLmnx ¢aKkTopoB, no3BOJSIOWMNX BbIOUPAaTb M OMUCbIBaThb C MOMOLLbIO TEOPUMN
MHOXECTB T€ (PaKTOPbl, KOTOPbIE HEOOXOANMO YUUTbIBATL M OMNTUMU3NPOBATHL MPU 334aHHOM
BapuvaHTe MPOEKTUPOBaHMNS acgasibTOOETOHHON CMECH, HarnpuMep, fnpuv UCrosib30BaHNN B €ro
CcoCTaBe TEXHOMEHHbIX 0TX0A0B. OnpeaesieHbl Hanbosiee BaXkHbl€ (HaKTOPbl, OMPEAESIOLNE
rokasatesin Ka4yecTBa acghaibTo6eToHa 4/19 aBTOMOOMIIbHBIX AOPOr, Py UCro/1b30BaHNU B €ro
cocTtaBe JOMEHHOrO LU1aKa U MUKPOKPEMHE3EMA.

KnrouyeBbie csoBa: TpaHCrOpPTHbIN WHXUHUPUHI, TPaHCIOPTHas MH@GPacTpyKTypa, CTPYyKTy-
poobpa3yrLme GakTopbl, ac¢aibTobeToH, CTPOUTE/IbCTBO aBTOMOOU/IbHbIX AOPOr, TEOPUS
MHO>KECTB.



B Tpyabl yHuBepcuTeTa N23 (96) - 2024

REFERENCES

10.

11.

12.

13.

14.

15.

Saktaganova G.S., Legostaeva L.V., Karipova AT. Major development mechanisms for the infrastructure of
the transport and logistics complex in Kazakhstan // Journal of Advanced Research in Law and Economics.
—2018. -9 (4). — Pp. 1474-1480.

Rygzynov T.S., Batomunkuev V.S., Gomboev B.O., Dong S., Sharaldaev B.B., et. al. Efficiency of Transport
Infrastructure in Asian Russia, China, Mongolia, and Kazakhstan in the Context of Creating New Trans-
Eurasian Transport Corridors // Sustainability (Switzerland). — 2023. — 15 (12). — 9714.

Kongyrbay A.R., Duisen G.M., Spankulova L.S. Analysis of Kazakhstan’s transport infrastructure in the
context of the silk road economic belt development // Journal of Applied Economic Sciences. —2017.—12
(7). — Pp. 2050-2060.

Uazhanov M.U. Key directions in transport and logistics infrastructure development in the Republic of
Kazakhstan // Actual Problems of Economics. — 2015. — 167 (5). — Pp. 161-168.

Lin D.-F.,, Chou L.-H., Wang Y.-K., Luo H.-L. Performance evaluation of asphalt concrete test road partially
paved with industrial waste — basic oxygen furnace slag // Construction and Building Materials. — 2015. —
78.—Pp. 315-323.

Chegenizadeh A., Hanson S.W., Nikraz H., Kress C.S. Effects of ground-granulated blast-furnace slag used
as filler in dense graded asphalt // Applied science. — 2022. — 12. — 2769.

Marathe S., Akarsh P.K., Bhat A.K., Kumar M. Investigations on stone matrix asphalt mixes by utilizing slag
and cellulose fiber // Lecture Notes in Civil Engineering. — 2023. — 261. — Pp. 253-259.
Hernandez-Fernandez N., Garcia-Mejia T.A., Ramirez-Zamora R.M., Ochoa-Diaz R., Ossa-Lopez A. Effect of
application of metallurgical slag powders on physical and rheological properties of asphalt // Construction
and Building Materials. —2021. — 292. — 123432.

Prabhanjan N., Golla SY., Sahithi G., Chandu B., Rathore R.S., Guruprasad M., Swetha M. The effect
of partial replacement of microsilica in asphalt mix // IOP Conference Series: Materials Science and
Engineering. —2020. — 981 (3). — 032054.

Qasim Z.l1., Al-Sahaf N.A., Al-Jameel H.A. Effectiveness of micro- and nano-silica as modifiers in asphalt
concrete mixture // Journal of Engineering Science and Technology. —2022. — 17 (2). — 0820 — 0838.
Zghair H.H., Joni H.H., Hassan M.S. Evaluation of the effect of mixing conditions of micro-silica modified
asphalt binder // IOP Conference Series: Materials Science and Engineering. —2019. — 518 (2). — 022048.
Sarsam S.I. Influence of Additives on the Fatigue Life and Stiffness of Asphalt Concrete // International
Research Journal of Multidisciplinary Technovation. — 2021. — 3 (6). — Pp. 8-15.

Bhat F.S., Mir M.S. Rheological investigation of asphalt binder modified with nanosilica // International
Journal of Pavement Research and Technology. — 2021. — 14 (3). — Pp. 276-287.

Kotljarskij Je.V. Povyshenie dolgovechnosti pokrytij avtomobil'nyh dorog za schet optimizacii struktury
asfal'tobetonov. Diss. na soiskanie uch. stepeni d.t.n. Belgorod: BGTU im. V.G. Shuhova. — 2012. - 613 p.
Kunaev V., Bazarov B., Tavshanov ., Kadyrov A., Abdugaliyeva G., Kydyrbayeva S. Evaluation of the effect
of enrichment of slag aggregate for pavement subbase by grains density on its physical and mechanical
characteristics // Results in Engingeering. — 2023. — 18. — 101181.



