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Abstract. This study addresses the urgent issue of improving the durability of Stone Mastic Asphalt pavements, where a key
technological challenge is binder drainage at high manufacturing temperatures. Existing solutions based on costly imported
stabilizing additives create significant economic barriers to their widespread use. The objective of this research was to develop
and scientifically validate an optimal formulation for a cost-effective composite stabilizing additive based on locally available
raw materials, including cellulose fiber from waste paper and polymer fiber from industrial waste. To solve this multifactorial
optimization problem, the method of multiple regression analysis was employed. The experimental basis for the modeling was
derived from laboratory tests on 16 additive formulations with varying component proportions. The independent variables
(factors) included the percentages of synthetic fiber, cellulose, and a thermal stabilizer, as well as the final dosage of the addi-
tive in the asphalt mix. The dependent variables (responses) were key performance indicators such as binder drainage, tensile
strength at 0 °C, and compressive strength at 50 °C. As a result of the study, three linear regression models describing the
“composition-property” relationships were developed. The high predictive capability of the models was confirmed by stati-
stical metrics; the coefficient of determination R* for all equations exceeded 0.90, indicating a high degree of explained va-
riance. Based on these models, an optimization problem with specified criteria and constraints was solved, allowing for
the analytical determination of the optimal ranges for component content. Verification of the predictions against strong
agreement showed a nearly perfect match between calculated and experimental data. A scientifically validated and patented
final additive composition was developed, which ensures compliance with asphalt concrete standards and serves as a compe-
titive alternative to existing analogues.
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PerpeccuonHoe Moe/inpoBaHue B 3a/1a4e ONTHMH3ALMN PelenTyphbl
cTaduiInsupyoumei 100aBKH 1JI e0eHOYHO-MACTHYHOT0 ac(aabTo0eTOHA
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Pedepart. AKTyasbHOCTD HCCIIEOBAHUS 00YCIIOBIICHA HEOOXOJMMOCTBIO MOBBIIICHHS JJOJITOBEYHOCTH JJOPOXKHBIX HOKPBITHH
U3 11e0CHOYHO-MAaCTUYHOTO achaibTOOETOHA, KIIFOYEBOH TEXHOIOIHYECKON MPOOIEMOi TIpU MPOU3BOJICTBE KOTOPOT'O SBISET-
Csl CTeKaHHe OMTYMHOTO BSDKYLIETO IPH BBICOKHX Temieparypax. CyIecTBYOIINE PELICHUs, OCHOBAHHBIC HA NPHMEHEHUU
JIOPOTOCTOSIINX MMIIOPTHBIX CTAOMIM3UPYIOMHNX J00aBOK, CO3/AI0T 3HAUUTEIbHBIE IKOHOMUYECKHE Oapbepsl Ul UX MIAPO-
Koro BHenpeHus. Llenpro HacTosmiel paboThl SBISUIMCH pa3paboTKa M HAaydHOE OOOCHOBAaHHME ONTHMAJbHOW PELeNnTyphI
SKOHOMHYECKHA H(PPEKTUBHONH KOMIO3ZHUIIMOHHON CTaOMIM3upyIomeil 100aBKM Ha OCHOBE MOCTYITHOTO MECTHOTO CBIPBS,
BKJTIOYAIOIIETO I[[EJUTI0JIO3HOE BOJIOKHO M3 MaKyJaTyphl H MOJMMEPHOE BOJIOKHO U3 IPOMBIIUICHHBIX OTXOJ0B. J{iIs perreHus
MOCTaBJICHHONH MHOTO(aKTOPHOI ONTHMH3AIMOHHOM 33a1a4y ObII MPUMEHEH METOJ MHOXECTBEHHOTO PErpEeCCHOHHOIO aHa-
nu3a. DKCIEPUMEHTANbHOM 0a30i A MOIEIUPOBAHUS TOCIYXHUIM Pe3yibTaThl JaOOpaTOPHBIX UCHbITaHHH 16 cocTaBoOB
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Cmpoumenbcmeo

J00aBKHU C BapbUPYEMBIM COJCP)KAHUEM KOMIIOHEHTOB. B KauecTBe HE3aBUCHMBIX NMEpEeMEHHBIX ((aKTOPOB) paccMaTpHBa-
JIMCB TIPOLICHTHBIE J0JIH CHHTETHYECKOTrO BOJIOKHA, LIEJUTI0I03b], TEPMOCTA0MIN3aTOPA, & TAKXKE UTOrOBas JI03UPOBKA J00aBKH
B acanpToOETOHHON cMecu. B kadecTBe 3aBHCHUMBIX MEPEMEHHBIX (OTKIMKOB) OBLIM BHIOpAHBI KIIIOYEBBIE SKCILTYyaTalllOH-
HBIE IIOKA3aTeNH, TaKUEe KaK CTEKaHHE BSDKYIIETo, Ipefiel IPOYHOCTH mpH pacTshkeHuu mnpu 0 °C u mpenen NpoYHOCTH NpH
cxaruu npu 50 °C. B pesynprare ucciienoBaHus ObUTM IOCTPOCHBI TPU JMHEHHbBIE PEerpeCCUOHHBIC MOJIEIH, ONUCHIBAIOIIHE
3aBHCHMOCTH «COCTaB — CBOWCTBO». BBICOKas NMpPOrHOCTHYECKas CIOCOOHOCTh MoJieleil MONTBEpIK/IeHa CTaTUCTHYECKUMH
MeTprkami. KosguumenT gerepmuHamin R 11s Beex ypaBHeHui npesbici 0,90, 4TO CBHAETENBCTBYET O BHICOKO CTere-
HU 00BICHEHHOH aucriepcun. Ha ocHOBe MOJTy4eHHBIX MOAeIel Oblia pelieHa 3a1ada ONTHMHU3ALHUHY C 3aJaHHBIMU KPUTEPHsI-
MH ¥ OTPaHUYEHUSIMH, YTO MO3BOJMIO AHAJIUTHYECKH OIPEICIIUTh ONTHUMAJIBHBIC JWANa3oHbl COJEPIKaHUsS KOMIIOHEHTOB.
Bepudukanus nporHo3oB Ha KOHTPOJIBHBIX COCTaBax I0Ka3ala MPAKTHYECKHU MOJHOE COBMAJCHUE PACUCTHBIX U IKCIIEPUMEH-
TaJbHBIX JaHHBIX. HayuHO 000CHOBAH M 3allaTCHTOBAH MTOTOBBIH COCTAaB H00ABKH, 00OECIICYNBAIOIIMI HOPMATHBHbIC TTOKa3a-
Tenu acdabToOETOHA U ABIIIOIMICA KOHKYPEHTOCIIOCOOHO! anbTepHATHBOI! aHaIoraM.

Knrouesble ciopa: mebeHouHO-MacTHUHBIN acanbrodeTon (ILIMA), crabunusupymonias no0aBKa, CTEKaHHE BSIKYIIETO,
MIPOMBIILIJICHHBIE OTXO/IbI, PErPECCHOHHBIH aHAIM3, MATEMATHYECKOE MOCIHPOBAHNE, ONITUMH3ALIUS COCTaBa
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Introduction and research objective

One of the key technologies aimed at impro-
ving the operational reliability and durability of
road pavements is the use of stone mastic asphalt.
Its frame structure, formed from high-strength cu-
bical crushed stone, combined with a high content
of bituminous binder, provides high resistance to
rutting and the effects of climatic factors. How-
ever, this advantage is associated with a critical
technological limitation, the tendency of the as-
phalt mixture to segregate and drain the binder at
high production and laying temperatures. This
phenomenon leads to a violation of the homogenei-
ty of the material structure and, as a consequence,
to a decrease in its durability.

The traditional solution to this problem is the
introduction of special stabilizing additives, usual-
ly of a fibrous nature, into the mixture. Today, the
market is dominated by granulated additives based
on imported cellulose, the cost of which signifi-
cantly increases the cost of asphalt concrete. In the
context of the need for import substitution and cost
optimization in road construction, as well as within
the framework of the concept of sustainable deve-
lopment, the scientific task of creating alternative
stabilizers is becoming relevant. A promising di-
rection is the development of composite additives
based on available local raw materials, including
with the involvement of industrial waste in the
economic turnover.

The purpose of this study is to develop and sci-
entifically substantiate the optimal formulation of
such a multicomponent stabilizing additive. The
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scientific hypothesis is that the complex relation-
ships between the composition of the additive and
the physical and mechanical properties of asphalt
concrete can be described with high accuracy by
mathematical models. This approach allows mo-
ving from the empirical method of component se-
lection to a targeted analytical search for the opti-
mal solution. The method of multiple regression
analysis, which has proven its effectiveness in
solving similar multifactorial problems in materials
science, was chosen as the main tool for testing the
hypothesis and achieving the set goal.

Analysis of the current state of the issue

The introduction of fibrous additives is a wide-
ly studied and applied in practice method for modi-
fying the properties of asphalt mixtures. An analy-
sis of modern scientific literature shows that fibers
in asphalt concrete perform two main, but distinct,
roles: stabilization and reinforcement [1, 2, 3].
The first function is to stabilize the asphalt mix-
ture, which is especially critical for compositions
with a high binder content, such as stone mastic
asphalt. The second function is to reinforce the
asphalt concrete matrix in order to improve its me-
chanical characteristics and increase durability.

To perform the stabilizing function, which con-
sists in preventing the drainage of the binder, natu-
ral fibers, primarily cellulose, have found the wi-
dest application. Studies also confirm the effec-
tiveness of natural fibers, for example, sisal, coco-
nut, jute, bamboo and others [4—11]. However, the
dominant position of cellulose fibers in industrial
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applications is due to a combination of technolo-
gical and economic factors. A developed industrial
base for the processing of wood and waste paper
ensures their mass availability and economic feasi-
bility. An important aspect is also the high degree
of product standardization. Industrial methods for
producing cellulose make it possible to produce
fiber with stable and predictable physical characte-
ristics, such as geometry and purity, which is criti-
cally important for ensuring the quality of the as-
phalt mixture. These factors, in combination with
many years of successful application experience,
have secured for cellulose the status of a basic and
most studied component for solving the stabiliza-
tion problem [12, 13].

The reinforcing function is aimed at improving
the complex of mechanical properties of asphalt
concrete, including resistance to fatigue failure,
rutting and low-temperature cracking. For this pur-
pose, synthetic polymer fibers, such as polyester,
polypropylene or aramid, are mainly used [14—-19].
Possessing high tensile strength and modulus of
elasticity, they form a spatial reinforcing frame in
the volume of asphalt concrete. This three-
dimensional network contributes to a more effec-
tive redistribution of internal stresses from traffic
and temperature effects, slowing down the nucle-
ation and propagation of microcracks.

The analysis shows that for a comprehensive
improvement of the properties of asphalt concrete,
a scientifically sound approach is the creation of
composite additives that combine stabilizing and
reinforcing functions. Such hybrid systems should
combine the high absorption capacity of cellulose
components with the mechanical strengthening
effect of synthetic polymers. This approach allows
to achieve a complex effect, in which one compo-
nent provides technological stability of the mixture
at the production stage, and the other increases the
operational reliability and durability of the pave-
ment. This approach is of particular relevance
when using industrial and secondary materials as
raw materials, which allows not only to obtain a
product with desired properties, but also to solve
important economic and environmental problems.
It was this approach that formed the basis for the
development of a composite stabilizing additive,
the concept and preliminary studies of which were
presented earlier in [20, 21]. Within the framework
of this article, the main attention is paid to the
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problem of optimizing its component composition.
The goal is not an empirical selection, but a scien-
tific substantiation of rational ranges of component
content using mathematical modeling methods.

Materials and methods of research

The stabilizing additive included four main
components, which are locally available and se-
condary raw materials [22]. As a cellulose fiber
that performs the function of a binder absorbent,
crushed waste paper of the MS-7B grade was used.
The source of synthetic polymer fiber, which forms
a spatial reinforcing frame, was non-returnable
waste from the production of artificial fur and non-
woven fabrics. To prevent thermo-oxidative aging
of bitumen on the surface of fibers and agglomera-
tion of granules during storage, a thermal stabi-
lizer, the antioxidant “Diafen FP” (IPPD), was in-
troduced into the composition. The binder for
granulating the dry components was road bitumen
of the BND 60/90 grade.

To determine the optimal ratio of components,
an experiment plan was implemented, which in-
cluded the preparation and testing of 16 control
compositions of the additive. The following were
varied as independent variables (factors): the con-
tent of synthetic fiber (x;), crushed waste paper
(x2), thermal stabilizer (x3;), bitumen (x;) and
the dosage of the final additive in the asphalt
mixture (xs).

The effect of the additive was evaluated by the
results of the analysis of the physical and mechani-
cal parameters of the control asphalt mixture
SMA-15 according to STB 1033 (Republic of Be-
larus), the granulometric composition of which
is presented in Fig. 1. The mixture was prepared
using bitumen BND 90/130 in the amount of 6.6 %
over the mass of the mineral part. The following
indicators were measured as dependent variables
(responses): binder drainage (y) (determined by
the classical Schellenberg method), tensile strength
at 0 °C (P,) and compressive strength at 50 °C (P,).
The preparation of samples and the conduct of tests
were carried out in accordance with the require-
ments of the STB 1115 standard.

To establish quantitative relationships between
the formulation factors and the properties of as-
phalt concrete, the method of multiple linear re-
gression was used [23].
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Fig. 1. Aggregate gradation of the control SMA-15 mixture

This statistical approach allows describing the
linear relationship between the studied property
and several factors. The general form of the model
used can be represented by the equation:

y=B,+BX,+B,X,+.+BX,+c. (1)

In this equation, the dependent variable (y) rep-
resents the predicted indicator (for example, binder
drainage), and the independent variables Xj.. X,
correspond to the formulation factors. The reg-
ression coefficients B;...B, quantitatively characte-
rize the degree of influence of each factor on the
response, B, is the free term of the equation, and €
denotes the random error of the model.

The calculations were performed in the Python
environment using the scikit-learn library. An im-
portant methodological aspect when working with
compositional data is the prevention of multicol-
linearity, which arises from the linear relationship
between the predictors. Since the sum of the com-
ponents of the additive is 100 %, the bitumen
content (x4) was excluded from the number of in-
dependent variables, since its value is uniquely
determined through the other components by the
formula:

@

Thus, variables x;, x», x3 and x5 were used as
predictors in the models. The adequacy and predic-
tive ability of the obtained regression equations
were evaluated by generally accepted statistical
metrics, namely by the coefficient of determination
(R?) and the root mean square error (RMSE).

xy =100 —x; —x, —x3.

Results and their discussion

The results of physical and mechanical tests
of 16 experimental compositions of asphalt mix-
ture modified with the developed additive are
summarized in Table 1.

Table 1

Physical and mechanical properties of asphalt concrete mixture depending on the composition and content of additives
Content of the component in the supplement, % Content of additive Indicators
No Synthetic Shredded Heat stabilizer Bitumen, ;1 tl}eﬂllmxtl'n'e. Binder Tensile |Compressive
. % of the mine- . strength strength at
polymer waste | waste paper | (Diafpen FP) [ (BND 60/90) ral part drainage, % at 0°C. MPa | 50 °C. MPa
1 59 20 9 12 0.1 0.32 2.14 0,92
2 37 37 12 14 0.1 0,29 2,01 0,88
3 31 60 6 0.2 0,14 1.98 0,88
4 46 40 0.2 0,26 2,08 0.9
5 66 10 12 12 0.3 0,34 2,23 0,99
6 20 63 3 14 0.3 0.13 2,12 0,93
7 40 48 6 6 0.4 0.14 2.21 0,99
8 44 39 9 0.4 0.15 2,2 0,97
9 18 61 9 12 0.5 0.11 2,18 0,94
10 38 36 12 14 0.5 0,16 2.23 0,98
11 69 22 3 6 0.6 0,19 243 1,12
12 48 38 6 0.6 0.11 2,36 1,02
13 52 33 3 12 0,7 0,16 2.41 1,06
14 40 40 6 14 0.7 0.1 2.39 1,04
15 42 41 9 8 0.8 0,08 2,39 1,08
16 24 58 12 6 0.8 0,07 2.26 1,01
482 [ Hayka
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A preliminary qualitative analysis of the data
shows the absence of obvious monotonic depen-
dencies between individual formulation factors and
the final properties of the mixture. For example, an
increase in the content of one component does not
lead to an unambiguous increase or decrease in
strength characteristics throughout the entire range
of compositions. This confirms the complex, multi-
factorial nature of the system under study and justi-
fies the need to use mathematical modeling me-
thods to identify hidden patterns. This dataset
served as an empirical basis for constructing re-
gression models.

Based on the experimental data presented in
Table 1, multiple linear regression models were
built that describe the dependence of the studied
properties of asphalt concrete on the formulation
factors.

The model for predicting binder drainage (y)
has the form:

y=0.0023x, —0.0028x, —0.0051x; —

©)
—0.2836x; +0.3467.

The coefficient of determination R* = 0,928,
the root mean square error RMSE = 0,028 %.

The model for predicting the tensile strength
limit (P,) has the form:

P.=0.0065x, —0.0047x, +

4
+0.0085x; +0.2941x; +1.7488. @

The coefficient of determination R> = 0.906,
the root mean square error RMSE = 0.053 MIla.

The model for predicting the compressive
strength limit (P,) has the form:

P.=0.0041x, —0.0029x, +0.0067x; +
+0.2588x; +0.6877.

The coefficient of determination R> = 0.909,
the root mean square error RMSE = 0.032 MIla.

The high values of the coefficient of determi-
nation, exceeding 0.9 for all three models, indicate
their high predictive ability and adequacy in the
studied range of factors. The analysis of the reg-
ression coefficients allows us to give a physical
interpretation of the influence of each component.
In equation (3), the negative signs at the predictors
X, (waste paper) and x; (thermal stabilizer) confirm
their stabilizing effect, which is consistent with the
theoretical ideas about the absorption capacity of
cellulose. The largest absolute value coefficient at
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the variable x5 (—0.2836) quantitatively proves that
the total dosage of the additive is the dominant fac-
tor in reducing binder drainage.

The analysis of equations (4) and (5) reveals
the different roles of the fibrous components in the
formation of strength characteristics. The positive
coefficients at the variable x; (synthetic fiber) in
both models confirm its reinforcing function,
which consists in creating a spatial frame that in-
creases the strength of asphalt concrete. At the
same time, the negative coefficients at the variable
x, (waste paper) indicate that the cellulose fiber,
while effectively performing a stabilizing role,
does not make a positive contribution to strength,
acting as a softer inclusion in the composite struc-
ture. Thus, the obtained models are not only
a forecasting tool, but also quantitatively confirm
the scientific hypothesis about the separation of
functions between the components of the deve-
loped additive.

To visually demonstrate the predictive ability
of the developed models, graphs comparing
the experimental and predicted values for each
of the studied properties were plotted (Fig. 2). On
these graphs, the experimentally measured va-
lues are plotted on the x-axis, while the values
calculated using equations (3-5) are plotted on
the y-axis. The diagonal line represents an ideal
coincidence between the prediction and the expe-
riment.

As can be seen from the presented figure,
for all three models, the experimental points are
tightly grouped along the line of ideal coincidence.
This arrangement of points is a graphical con-
firmation of the high values of the coefficient
of determination (R* > 0.9) and indicates a low
prediction error. This allows us to conclude that
the developed models are adequate and can be
used as a reliable tool for solving the optimization
problem.

The process of optimizing the composition con-
sisted in finding such a combination of formulation
factors that would simultaneously satisfy the system
of given criteria. The value of binder drainage, which
should not exceed 0.15 %, was taken as the main li-
miting criterion. An additional limitation was the ten-
sile strength limit, which should be in the range from
1.5 to 3.5 MPa. The objective function of the optimi-
zation was to maximize the compressive strength
limit at 50 °C, which provides increased resistance to
plastic deformation.
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Fig. 2. Comparison of experimental and predicted values for:
a — the binder drainage model (y); b — the tensile strength model (P,); ¢ — the compressive strength model (P,)

The use of the obtained regression models (3-5)
made it possible to move from the analysis of dis-
crete experimental points to the study of a conti-
nuous response surface and to solve the optimi-
zation problem analytically. The process of finding
the optimal composition was divided into two
stages.

At the first stage, using equation (3), the region
of admissible solutions was determined. For this,
the equation was transformed into an inequality that
determines the main limitation on binder drainage:

0.0023x, —0.0028x, —0.005 Lx, —

(6)
—0.2836x; +0.3467<0.15.

An analysis of this inequality allows us to draw
key conclusions about the direction of optimi-
zation. To fulfill it, it is necessary to increase the
values of the variables with negative coefficients,
namely the content of waste paper (x;), thermal
stabilizer (x;) and the total dosage of the addi-
tive (xs). On the contrary, an increase in the con-
tent of synthetic fiber (x;), which has a positive
coefficient, complicates the fulfillment of this con-
dition.

To visualize this dependence, a response sur-
face was constructed for binder drainage depen-
ding on the content of two key fibrous components
(x; and x,) with fixed values of the other factors at
a level close to the optimal one (Fig. 3). The red
line on the graph indicates the boundary cor-
responding to the criterion y = 0.15 %. The area
to the left of this line represents the desired region
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of admissible solutions, within which a further
search for the optimum in terms of strength charac-
teristics was carried out.
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Fig. 3. Response surface for binder drainage (y) as a function
of fiber components content (at x; =9 %, x5 = 0.8 %)

At the second stage, within this found region of
admissible solutions, a search was made for the
point at which the function of the compressive
strength limit P, (equation 5) reaches its maximum,
with the simultaneous observance of the limitation
for the function of the tensile strength limit P,
(equation 4). An analysis of equation (5) shows
that to maximize strength, it is necessary to in-
crease the content of synthetic fiber (x;), thermal
stabilizer (x;) and dosage (xs), but at the same time
reduce the content of waste paper (x;).

A joint analysis of these requirements reveals
a key technological contradiction. To minimize
binder drainage, a high content of waste paper (x,)
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is required, while to maximize strength, it is neces-
sary to reduce it. This means that there is no solu-
tion in which all indicators reach an extremum, and
the task is reduced to finding a balanced compro-
mise. To find it, a series of computational expe-
riments was carried out. In the course of these ex-
periments, the dosage of the additive (xs5) was
fixed at high, but technologically justified levels
(0.6-0.8 %), since it has a positive effect on all
target indicators. Further, by varying the content of
X1, x; and x; in their experimental ranges, with the
help of models (3-5), the predicted response values
were calculated. From the obtained array of solu-
tions, those that satisfied all the restrictions were
selected. Among them was the solution that pro-
vides the maximum value of P..

This numerical search confirmed that the re-
gion of optimal solutions is localized in the region
characterized by a content of crushed waste paper
(x;) of about 40 % and higher, a thermal stabilizer
(x3) in the range from 6 to 9 % and a synthetic fiber
(x) of about 40 %.

For an analytical confirmation of the found op-
timal region and verification of the predictive abi-
lity of the models, a control calculation was per-
formed. For this, a composition was selected that is
in the center of the previously determined region:
the content of synthetic fiber x; = 42 %, crushed
waste paper x; = 41 %, thermal stabilizer x; =9 %
with a dosage of the additive in the mixture
x5= 0.8 %. Substituting these values into equations
(3), (4) and (5) gives the following predicted values.
The predicted binder drainage is y=0.06 %.
The predicted tensile strength limit is P, = 2.14 MPa,
and the predicted compressive strength limit
is P.=1.01 MPa.

The obtained calculated values fully satisfy the
given optimization criteria. A comparison of these
values with the experimental data for the compo-
sition No. 15, which is closest in formulation
(y = 0.08%, P, = 2.39 MPa, P. = 1.08 MPa),
demonstrates good convergence. This further con-
firms the adequacy of the developed models and
the correctness of determining the optimal ranges
of component content.

It should be noted that this study has a number
of methodological limitations. Firstly, the work is
of a laboratory nature, and the findings require
confirmation in the course of pilot-industrial tests.
Secondly, the applied method of multiple linear
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regression assumes a linear nature of the depen-
dencies, while the real physical and mechanical
processes in a wider range of factors may have a
non-linear character. Thirdly, the work was fo-
cused on key physical and mechanical indicators,
while such an important characteristic as fatigue
life was not included in the scope of this study.
These limitations, however, do not diminish the
value of the findings, but determine the directions
for further research.

CONCLUSIONS

The conducted research allows us to draw the
following conclusions.

1. The technical feasibility and practical feasi-
bility of creating an effective composite stabilizing
additive for stone mastic asphalt based on available
secondary raw materials, namely cellulose fiber
from waste paper and technogenic polymer fiber
from industrial waste, has been confirmed.

2. The method of multiple regression analysis
has established itself as a powerful and effective
scientific tool for solving multifactorial optimiza-
tion problems in construction materials science.
The constructed mathematical models with high
accuracy (R > 0.9) adequately describe the depen-
dence of the key properties of asphalt concrete on
the additive's formulation, which allows moving
from empirical selection to an analytical search for
optimal solutions.

3.0n the basis of mathematical modeling
and solving a multi-criteria optimization problem,
the optimal component composition of the stabili-
zing additive was scientifically substantiated and
determined, which ensures the fulfillment of stan-
dard requirements: cellulose fiber (3948 %), syn-
thetic polymer fiber (38-47 %), thermal stabili-
zer (6-9 %), bitumen (8—12 %).

4. The developed additive, protected by a pa-
tent [22], is recommended for use in asphalt mix-
tures with a high binder content in the amount of
0.3-0.8 % by weight of the mineral part. Its im-
plementation in the practice of road construction
provides a twofold economic effect. The direct
effect is to replace expensive imported raw mate-
rials with available industrial waste. The indirect,
long-term effect is associated with a potential
increase in the service life of the road surface by
improving its strength characteristics, which leads
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a decrease in repair and maintenance costs.

At the same time, its use contributes to the solution
of the environmental problem of utilization of in-
dustrial waste.

5. As promising areas for further research,

it is necessary to highlight the conduct of pilot-
industrial tests of the developed additive with the
construction of experimental sections and the sub-
sequent monitoring of their operational condition.
Of scientific interest is also the expansion of the
nomenclature of the studied operational characte-
ristics, in particular, the assessment of fatigue life,

as

well as the use of more complex non-linear

models for a more accurate description of the
“composition-property” system.

4.

10.
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