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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.

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 

waste.
One of the most common industrial wastes 

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-
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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], 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 
its 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 powder 

(C);
- 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 
(I);

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

- 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 a1, a2…an, b1, b2…
bn, 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 A B C D E

F G H I J K

, , , , ,

, , , , , ,

= 	 (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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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 (a1), frost resistance (a2), wear 
resistance (a3), content of grains of lamellar 
and needle-shaped forms (a4), content of pul-
verized and clay particles (a5), porosity (a6), 
water absorption (a7), density (a8)), the ra-
tio of «Binder agent/Coarse aggregate» (d3), 
contact interaction of bitumen and aggregate 
grains (g1), granulometric composition of the 
aggregate (g2), the average adhesion force in 
contact between the particles of the asphalt 
concrete mixture (h7), specific surface area of 
the dispersed phase (grains of asphalt concrete 
mixture aggregate) (h8), the relative position 
of the aggregate grains in the monolith (h10), 
the nature of the energy bond between the 
aggregate grains and the binder (h11). When 
using the notation of set theory, this set of fac-
tors can be described in the following form: 

	 { , , , , , , , }

{ } { , } { , , , } .

Y a a a a a a a a

d g g h h h h

1 2 3 4 5 6 7 8

3 1 2 7 8 10 11

,

, , ,

= 	 (2)

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 

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 

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

№ Factors group (letter 
designation of a subset)

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

1 Factors characterizing the 
mineral aggregate of asphalt 
concrete (A)

Aggregate crushing value – a1

Frost resistance – a2

Wear resistance – a3

Content of grains of lamellar and needle-shaped forms – a4

The content of pulverized and clay particles – a5

Porosity – a6

Water absorption – a7

Density – a8

2 Factors characterizing the 
binding agent (B)

Penetration – b1

Softening temperature – b2

Kinematic viscosity – b3

Dynamic viscosity – b4

Brittleness temperature – b5

3 Factors characterizing 
mineral powder (C)

Granulometric composition – c1 
Porosity – c2

Bitumen capacity – c3

Humidity – c4

Hydrophobicity – c5

Activity – c6

The content of water-soluble compounds – c7

The content of one and a half oxides – c8

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

The ratio of «Binder agent/Mineral powder» – d1

The ratio of «Binder agent/Sand» – d2

The ratio of «Binder agent/Coarse aggregate» – d3

Dosing accuracy in the preparation of the mixture – d4

The mass fraction of all components in the composition of the mixture – d5

5 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 – e1

The degree of water saturation and swelling of asphalt concrete in an aggressive 
solution – e2

The diffusion coefficient characterizing the rate of penetration of the solution 
into the coating material – e3

Resistance to aggressive environment of large and fine mineral aggregate, which 
is part of asphalt concrete – e4

6 Factors affecting the 
segregation of asphalt 
concrete mixtures (F)

Uneven mixing and dosage errors – f1

Delamination during unloading from the mixer and loading into storage hot bins 
– f2

Delamination during storage in hot bins – f3

Layering during the delivery of the mixture and unloading into the hopper of the 
paver – f4

Variation of aggregate properties in one batch – f5

Variation of binder agent properties in one batch – f6

Stratification in the distribution on the finished base surface – f7

Violation of the rhythmic delivery of the mixture – f8
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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).

7 Factors determining the 
thermal stability of asphalt 
concrete pavement (G)

Contact interaction of bitumen and aggregate grains – g1

Granulometric composition of the aggregate – g2

Plasticity of asphalt concrete – g3

Structural and rheological type of bitumen – g4

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

Size, shape, surface character and relative location of mineral particles – h1

The ratio of the content of free and adsorbed bitumen in the structure of asphalt 
concrete – h2

The thickness of the bitumen film on the surface of aggregate grains – h3

Topography, microrelief and surface cleanliness of aggregate grains – h4

Rheological and adhesive properties of bitumen – h5

Structural and rheological type of bitumen – h6

The average adhesion force in contact between the particles of the asphalt 
concrete mixture – h7

Specific surface area of the dispersed phase (grains of asphalt concrete mixture 
aggregate) – h8

Thickness of the contact zone – h9

The relative position of the aggregate grains in the monolith – h10 
The nature of the energy bond between the aggregate grains and the binder – h11

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

The temperature of asphalt concrete mix during preparation – i1

Duration of mixing bitumen with aggregate and mineral powder – i2

The volume of the mix in one batch – i3

The order of the components dosing – i4

Duration of mixture storage in hot storage bins – i5

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

Type of the used asphalt mixer – j1

The duration of action of the sealing load – j2

Intensity of the specific sealing load – j3

The temperature of laying the mixture – j4

Speed of the asphalt roller when compacting asphalt concrete – j5

The number of asphalt roller passes per one track – j6

Thickness of the compacted layer of asphalt concrete – j7

Type of asphalt roller used in compacting the mixture – j8

Linear pressure during compaction of the mixture – j9

Time of the mixture delivery to the road construction site – j10

11 Weather and climatic factors 
(K)

Air temperature during asphalt concrete laying – k1

Temperature of the pavement base surface – k2

The presence of moisture on the road base surface – k3

Wind speed when laying the asphalt concrete – k4
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Аңдатпа. Мақала жол-көлік құрылысының тиімділігін анықтайтын құрылымдық фактор-
ларды ескере отырып, асфальтбетон қоспаларын жобалау арқылы автомобиль жолдары-
ның көлік инфрақұрылымы объектілері ретінде беріктігін арттыру мәселесіне арналған. 
Зерттеудің мақсаты – техногендік қалдықтар негізінде жол асфальтбетон сапасының көр-
сеткіштеріне әсер ететін құрылымдық факторларды талдау. Мақсатқа жету үшін әдеби-па-
тенттік шолу әдістері мен жиындар теориясы қолданылды. Жүргізілген әдебиеттерге шолу 
жол-көлік құрылысында домна шлактары мен микросиликаларды пайдаланудың ықти-
мал нұсқаларын көрсетті. Оның нәтижелері бойынша асфальтбетонның физикалық-ме-
ханикалық сипаттамаларына әсер ететін ішкі және сыртқы факторлардың ішкі жиындары 
анықталды. Асфальтбетон қоспасын жобалаудың берілген нұсқасында, мысалы, оның құ-
рамында техногендік қалдықтарды пайдаланған кезде ескерілуі және оңтайландырылуы 
қажет факторларды жиынтық теориясын қолдана отырып таңдауға және сипаттауға мүм-
кіндік беретін құрылымды қалыптастырушы факторлардың кешені белгіленді. Асфальт-
бетон сапасының көрсеткіштерін анықтайтын ең маңызды факторлар оның құрамында 
домна пешінің қожы мен микросилика қолданылған кезде анықталды.

Кілт сөздер: көлік инжинирингі, көлік инфрақұрылымы, құрылымды қалыптастырушы 
факторлар, асфальтбетон, автомобиль жолдарының құрылысы, жиынтықтар теориясы.

Критический анализ внешних и внутренних структурообразующих факторов, 
влияющих на показатели качества асфальтобетона на основе техногенных 
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Аннотация. Статья посвящена вопросу повышения долговечности автомобильных до-
рог как объектов транспортной инфраструктуры за счет проектирования асфальтобетон-
ных смесей с учетом структурообразующих факторов, определяющих эффективность до-
рожно-транспортного строительства. Цель исследования – анализ структурообразующих 
факторов, влияющих на показатели качества дорожного асфальтобетона на основе тех-
ногенных отходов. Для достижения цели использованы методы литературно-патентного 
обзора и теории множеств. Проведенный обзор литературы показал возможные вариан-
ты использования доменного шлака и микросилики в дорожно-транспортном строитель-
стве. По его результатам выделены подмножества внутренних и внешних факторов, вли-
яющих на физико-механические характеристики асфальтобетона. Установлен комплекс 
структурообразующих факторов, позволяющих выбирать и описывать с помощью теории 
множеств те факторы, которые необходимо учитывать и оптимизировать при заданном 
варианте проектирования асфальтобетонной смеси, например, при использовании в его 
составе техногенных отходов. Определены наиболее важные факторы, определяющие 
показатели качества асфальтобетона для автомобильных дорог, при использовании в его 
составе доменного шлака и микрокремнезема.

Ключевые слова: транспортный инжиниринг, транспортная инфраструктура, структу-
рообразующие факторы, асфальтобетон, строительство автомобильных дорог, теория 
множеств.
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