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Abstract

Introduction. The disposal of automotive tires typically involves landfilling, stockpiling, or incineration. As a result, this
causes soil and atmospheric pollution. Scientists have long and actively discussed the recycling of tire rubber as one of
the approaches to solving environmental problems. It is known that the use of rubber crumb in composites can reduce
their weight and thermal conductivity. However, materials based on unsaturated polyester containing rubber waste have
been insufficiently studied. There are contradictions in the assessment of their mechanical and thermal insulation
properties. Moreover, the optimal rubber content in the composite is unknown. The presented work addresses these gaps.
The research objectives include the development and analysis of new materials based on unsaturated polyester with
justification for the required proportion of rubber waste.

Materials and Methods. During the processing of tire rubber, a multistage grinding process was carried out, followed by
magnetic and air separation. A powder with a density of 500 kg/m?® was obtained. The minimum particle size was 0.1 mm,
and the maximum was up to 1 mm. The composite matrix was unsaturated polyester with a density of 1160 kg/m?. To
fabricate the specimens, 0, 10, 20, 30, 40, and 50% rubber filler were added to it. Stable geometry was achieved through
curing at room temperature and subsequent mechanical processing. For each composition, three specimens with an area
0of 0.021 m? and a thickness of 0.01 m were produced.

Results. The dependence of density, water absorption, and thermal conductivity of the samples on the volume of recycled
tire rubber was shown. As its proportion increased, a noticeable decrease in density was recorded: at 0% — 1160 kg/m?;
at 10% — 1074.3; at 20% — 1037.2; at 30% — 1017.8; at 40% — 963.7; at 50% — 905. Water absorption dynamics
were determined by the weight of the samples after immersion in water. It took more than 8 hours for changes (even
minor ones) to occur. The indicator in percentage terms increased from 0.024% to 0.47%, meaning the absolute maximum
was <0.5%. As the rubber content increased, thermal conductivity decreased. The value for pure polyester was
0.254854 W/(m-K); for the composite with 10% rubber — 0.2510574; with 20% — 0.245156; with 30% — 0.238484;
with 40% — 0.223062; with 50% — 0.207039. All samples withstood a load of 1300 kN.

Discussion. The incorporation of 50% rubber into unsaturated polyester results in a 22% reduction in sample density and
a 19% decrease in thermal conductivity, with water absorption remaining under 0.5%. These properties suggest the
suitability of the composite as an efficient insulation material, even in environments with elevated humidity. Its high
compressive strength (>61.83 MPa) allows for its use in structures subjected to significant loads. Varying the rubber
content will provide an optimal balance between mechanical properties and moisture resistance.

Conclusion. This work presents an approach for the sustainable recycling of tires to produce effective insulation
materials. Promising directions for future study include investigating composites with larger rubber particles (>1 mm),
evaluating their acoustic insulation properties, and assessing their fire resistance and chemical stability.
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AHHOTALIAA

Beeoenue. YTrnm3anys aBTOMOOMIBHBIX ITUH OOBIYHO MPEAIoNaraeT uX CKIAHPOBAaHNE, 3aXOPOHEHHE WIIN CKUTaHHUE.
Kak crmenctBue, 3arps3HAIOTCS 1MOYBA M aTMOc(epa. YUeHbIe TaBHO M aKTUBHO OOCY)KIAIOT mepepadoTKy IIMHHOH pe-
3MHBI KaK O/INH U3 MOAXO0B K PEIICHUIO 9KOJIOTHYECKNUX poOieM. M3BecTHO, YTO MCIOIBb30BaHNE PE3MHOBOH KPOIIKH
B KOMITO3UTaX MO3BOJIIET CHU3UTH UX MACCy M TEIDIONPOBOIHOCTh. OMHAKO MaJio M3yUSHBI MAaTepHAIBI C PE3HHOOTXO-
JTaMH Ha OCHOBE HEHACBHIIICHHOTO Mo dupa. ECTh MpoTHBOpEUNs B OIICHKE MX MEXaHUUECKUX U TEIUIOM3OJISAIIOHHBIX
cBoiicTB. Kpome Toro, HeM3BECTHO ONTUMAJIBHOE COJCP)KaHUEe pe3nHbI B koMrosute. [IpencraBnennas padora Bocnon-
HseT 3TH npobessl. Lleny rccnenoBanus: co3aHNe U aHaIN3 HOBBIX MaTepHAIOB U3 HEHACHIIICHHOTO MoJIH3(upa ¢ 060c-
HOBaHHEM HEOOXOAMMOH JOJTH PE3MHOOTXOIO0B.

Mamepuanst u memoost. IIpn 00paboTKe IMHHONW PE3UHBI IPOBEIIM MHOTOCTYIIEHYaTOE U3MENbYEeHHE, MAaTHUTHYIO U
BO3.yIIHYIO cenapanuio. [Toy4unu nopomok mioTHocThio 500 kr/m?. Munnmanbhas gpaxius — 0,1 MM, MakcUMaIb-
Hast — 10 1 MM. ba3za KoMIT031uTa — HEHACHIIIEHHBIN TOMUAGHUP MI0THOCTHIO 1160 kr/™M3. IJ1 M3roTOBICHUS 00Pa3IoB
K Hemy pobasisumn 0, 10, 20, 30, 40 u 50 % pe3uHOoBoro HanoHKUTENA. CTaOMIIEHONW TEOMETPHH JOOUBAIICH OTBEPKIC-
HHEM IPY KOMHATHOW TeMIiepaType U MeXaHHuecKoil o0paboTkoi. J[is Kaxoro cocTaBa M3rOTOBHIIM 11O TpH oOpasna
wromansio 0,021 m? u TommmHOH 0,01 M.

Pezynomamut uccnedosanus. Ilokazana 3aBUCIMOCTb IUIOTHOCTH, BOJOTIOTIIONICHHUS W TETIONPOBOJHOCTH 00Pa3IoB OT
o0bema nepepaboTaHHON IMHHOM pe3nHbl. C yBeTMUeHNUEM e 0N (PUKCUPYETCs 3aMETHOE CHIDKEHHUE TNIOTHOCTH: TIPU
0 % — 1160 xr/M>; ipu 10 % — 1074,3; mpu 20 % — 1037,2; mpu 30 % — 1017,8; mpu 40 % — 963,7; mpu 50 % — 905.
JlnHaMUKy BOJOTIOTIIOIICHHUS OTIPENEISIIN 110 BeCcy 00pa3IoB mocie mpedsiBanus B Boje. s u3MeHeHuit (mpudem He-
CYIIECTBEHHBIX) MOTpeboBasock Oonee 8 gacos. [Tokazatens B mporneHTHOM OTHOIIeHUH pactet ¢ 0,024 mo 0,47 %, To
ecTb abcomoTHEIH MakcuMyM <0,5 %. C yBeIM4eHUEM IO PE3UHBI CHIDKACTCSl TEIUIONPOBOAHOCT. [lokasarens s
guctoro nommdupa — 0,254854 Bt/(m - K); nns xommosuta ¢ 10 % pesunsr — 0,2510574; ¢ 20 % — 0,245156; ¢
30 % — 0,238484; ¢ 40 % — 0,223,062; ¢ 50 % — 0,207039. Bce obpasiisl Beiaepxkanu Harpy3ky 1300 xH.
Oécyacoenue. Ilpn nobaBineHNN B HEHACHIEHHBIH noamaup 50 % pe3nHbl IIOTHOCTH 00pa3ua cHikaercs Ha 22 %,
k03(h¢unreHT TeruronpoBogHocTH — Ha 19 %, a Bogonoronenue He npesbiniaet 0,5 %. 3HauuT, KOMIO3UT OyAeT Xo-
POIINM H30JUPYIONIMM MaTepHUaIoM JIaXke TIPH TIOBBIIIIEHHOHN BIQKHOCTH. BhIcOKast MpoYHOCTH Ha cxarue (>61,83 MITa)
MIO3BOJISIET UCTIONIBL30BATh €r0 B KOHCTPYKIMSIX, HCTIBITHIBAIONINX CEphe3HbIe Harpy3ku. BapsupoBanue conepikaHus pe-
3MHBI JJaCT ONTUMAaJIbHBINA OanaHc MEXaHNYEeCKUX CBOMCTB M BIarOCTOHKOCTH.

3aknrouenue. IIpennoxKeHo pemIeHne Ui YKOJOTHYHON YTHIN3AINH IIHMH U CO3JaHMs Ka4eCTBEHHBIX M3OJISIIMOHHBIX
MaTepHaJoB. B mepcrnekTrBe MOXXHO H3YUIHTh O0Jiee KpyIHbBIE YacTUIIBI pe3UHBI (0T 1 MM) B KOMIIO3HTE, 3BYKOU3OJISIIH-
OHHBII MOTEHIIMA TAKUX MAaTEPHAJIOB, HX CTOMKOCTh K OTHIO M XUMHYECKAM BEIIECTBAM.

KaroueBble cioBa: mnepepaboTka aBTOMOOWJIBHBIX IIMH, HEHACHIIICHHBIH MNOJIMA(HP, CBOICTBA KOMIIO3HMTA W3
noJimdGupa U Pe3UHBI, MaTepUabl C HU3KUM BOJOIOTIIONIEHUEM

Bnaroaapnocn{. ABTOpBI BbIpaXKaroT 6J'Ial"0ﬂapHOCTL KOJUICKTUBY na6opaT0pml KOMIIO3UIIMOHHBIX MaTepUuaoB
MEXaHHUYCCKOI'O q)aKyJ'ILTCTa yHI/IBepCI/ITCTa Anemrio 3a TCXHUYCCKYIO MOAACPIKKY IPHU MMPOBECACHUN IKCIICPUMEHTOB.

Jas nutupoBanus. Anrubac M.P., CaBoctuna T.II. Co3maHne W3OJSAIMOHHBIX MATEPHAIOB W3 HEHACHIIIEHHOTO
noimddupa u nepepadoTaHHON MIMHHOW pe3uHbl. Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2199.
https://doi.org/10.23947/2687-1653-2026-26-1-2199

Introduction. The accumulation of automobile tire waste is a global environmental problem. According to [1],
approximately 1.5 billion tires are produced worldwide each year, with over 17 million tons being disposed [1]. It is
expected that by 2030, the number of end-of-life tires will reach 1.2 billion units. Currently, a significant portion of
discarded tires is sent to landfills. As a result:

— the risks of fires and environmental pollution increase;

— the shortage of cheap insulation materials for construction is exacerbated.

It is known that about 40% of global energy consumption is attributable to the construction sector [2]. The industry
has a critical need for effective thermal insulation materials to improve the energy efficiency of buildings. Therefore, the
development of innovative composites is essential both for enhancing the recycling of rubber waste and for creating
much-needed thermal insulation [2].
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Unsaturated polyester was selected as the composite matrix due to its thermosetting properties. When mixed with a
curing agent, unsaturated polyester forms a rigid polymer structure, allowing the desired shape and porosity to be imparted
to the composition. Rubber waste, in turn, serves as an effective dispersed filler. Incorporating rubber crumb into the
composite substantially lowers its thermal conductivity. This reduction is attributed to two factors: firstly, the intrinsically
low thermal conductivity of rubber (~0.1-0.2 W/(m-K)), and secondly, its particles, dispersed in the polymer matrix,
create additional air cavities and a complex network of so-called “thermal bridges” [3].

There are publications on the use of tire rubber and other industrial waste to create materials with high sound-absorbing
properties [4]. In [5], the sound transmission loss of three composite panels was measured: made from waste tire rubber,
composite wood board, and particleboard. The conditions under which the use of tire rubber improves sound insulation
have been determined.

The University of Wisconsin-Milwaukee studied the use of rubber concrete in railway construction [6]. The
authors [6] compared the performance of a rubber suspension to a standard mix and revealed its higher strength and
ductility. The research also explored the potential of using this waste-derived material for trench backfilling and filling
voids in bridge abutments.

In [7], unsaturated polyester composites containing 5—40% recycled rubber glove filler are investigated. It has been
found that the additive increases the impact strength of the compound, but reduces tensile and flexural strength. This is
explained by weak rubber adhesion and the formation of pores at high levels.

Study [8] shows how the addition of rubber waste to unsaturated polyester reduces the flexural strength of the base
polymer material. The reason is the presence of contaminant particles, which impair the mechanical properties of the
mixture. It is further revealed that pre-treatment of the rubber waste enhances material stiffness, while pre-heating the
rubber prior to incorporation improves the flexural strength of the resulting composite.

In [9], it is demonstrated that incorporating rubber waste particles of varying sizes into unsaturated polyester yields
an insulating material with reduced density, thermal conductivity, and water absorption.

The mechanical properties of unsaturated polyester with different rubber waste loadings are reported in [10]. For
example, tensile strength ranges from 1.25 to 22.8 MPa, and compressive strength ranges from 8.25 to 79.5 MPa. Thus,
the material described is suitable for insulation applications where high mechanical performance is not required.

Study [11] investigated the effect of incorporating 2—4 mm rubber crumb particles on the compressive strength and
elasticity of the composite. Both properties improved, particularly following pre-treatment of the rubber waste with
synthetic resins. Under these conditions, compressive strength increased by 12% and elasticity by 40%.

The addition of rubber reduces tensile and flexural strength [10], which is caused by pore formation and weak adhesion
at the polymer—rubber interface. However, it simultaneously increases impact toughness [7] and elasticity [11].

The negative impact on strength can be reduced. For this purpose, pre-treating the rubber is recommended. Scientists
suggest techniques such as cleaning, heating, or resin treatment. All of these improve adhesion and partially restore the
mechanical properties of the compound [11].

Despite active and multifaceted interest from researchers in the topic under consideration, some key questions remain
unresolved. It is still unknown, for example, how the properties of composites based on unsaturated polyester depend on
the concentration and particle size distribution of rubber waste. This concerns parameters such as thermal conductivity,
density, water absorption, and flexural and compressive strength.

No optimization criteria have been developed for the composition required to produce an efficient thermal insulation
material for construction. In this case, it is important to balance processability, low thermal conductivity, and mechanical
properties suitable for the installation and operation of the structure.

The targeted development of such materials requires a deeper understanding of the processes occurring in the
unsaturated polyester—rubber crumb system. It is necessary to examine in detail the formation of the porous structure and
the mechanism behind the reduction in thermal conductivity. The presented scientific work aims to address this challenge.
The research objectives include the creation and comprehensive study of new composites based on unsaturated polyester,
with justification for the required proportion of rubber waste.

Materials and Methods. Polymer insulating composites were prepared through blending rubber waste and
unsaturated polyester at different weight ratios. The experimental study was conducted in three consecutive stages.

1. Preparation of raw materials and equipment

This phase assessed the feasibility and efficiency of mechanical recycling of end-of-life tires for producing rubber
powder with predefined characteristics. The study included an analysis of the processing steps, parametric monitoring at
each stage, and final quality control of the resulting material.

In the raw material preparation phase, steel bead wires were first stripped from the tire sidewalls. Primary size
reduction was performed using a shredder operating at 80 rpm for 2 minutes, producing particles in the 50-300 mm range.
Subsequent grinding in a rotary crusher at 1500 rpm for 5 minutes further reduced the particle size to 10-50 mm.

Machine Building and Machine Science
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A critical step in the preparation process involved separation of the ground material. Ferrous residues were extracted
using drum magnetic separators operating at 25 rpm with a magnetic induction of 500 mT. Textile fibers were
subsequently removed by means of vortex air classifiers operating at an airflow velocity of 15 m/s and a material feed
angle of 30°.

The cleaned rubber feedstock was further processed in a roll granulator, yielding granules in the 1-10 mm size range.
Subsequently, the material was subjected to fine milling in a ball mill operating at 45 rpm for 60 minutes to achieve a
homogeneous powder.

The multistage grinding and separation process yielded a homogeneous rubber powder with a bulk density of
500 kg/m>. Sieve analysis was conducted to verify its particle size distribution. The results confirmed that all particles
were smaller than 1 mm (Table 1), meeting the specified maximum particle size. Notably, 85% of the particles were found
to be below 0.37 mm, indicating a predominantly fine-grained fraction suitable for composite fabrication.

Table 1
Sieve Analysis Results for Rubber Powder

Sieve passage of powder, % 100 | 99.5 99 98 97 95 92 85 30 15 5

Sieve cell, mm 1.0 | 091 | 082 | 0.73 | 0.64 | 0.55 | 0.46 | 0.37 | 0.28 | 0.19 | 0.10

Unsaturated polyester resin supplied by SABIC (Saudi Arabia) served as the polymer matrix. The material, a pinkish
transparent liquid with a characteristic pungent odor, cured at ambient temperature upon initiator addition. Its density,
determined at 25+2°C, was found to be 1160 kg/m®.

Methyl ethyl ketone peroxide (MEKP) produced by Haihang Industry (China) was used as a polymerization initiator.

2. Specimen fabrication

Test specimens were prepared using silicone molds, which allowed for convenient demolding after curing. The mold
cavity dimensions of 145 mm x 145 mm x 10 mm were selected to comply with ASTM D695 standard requirements
while also matching the measurement capabilities of the available testing instrumentation.

The volumes of rubber waste in the specimens were 0, 10, 20, 30, 40 and 50%.

Following demolding, all specimens were surface-ground for dimensional stability and eliminating any surface
irregularities.

For each composition (0, 10, 20, 30, 40, and 50 vol.% rubber waste), three replicate specimens were prepared and
tested to ensure statistically reliable results.

3. Testing

In accordance with international standards, a series of physical, thermal, and mechanical tests were conducted at the
Composite Materials Laboratory of the Faculty of Mechanical Engineering, University of Aleppo.

3.1. Physical tests

Specimen density was measured in accordance with ISO 1183-1:2019. The standardized procedure comprised four
key steps. During the preparatory stage, appropriate equipment was selected and specimens were conditioned for testing.
At the experimental stage, direct mass and volume measurements were conducted. Specimen mass was determined using
a balance with a precision of 0.01 g.

Linear dimensions — length, width, and height — were measured using a hardened stainless steel digital caliper with
a precision of 0.01 mm.

Specimen volume was determined from the geometric measurements. Density was calculated according to the
formula: p = m/V, where m — specimen mass, ' — its volume.

3.2. Water absorption test (ISO 62:2008)

Specimens were submerged in water for 24 hours, with weight measurements recorded at two-hour intervals. Water
absorption was calculated from the formula:

W-W

1

WR% = -100,

where W — wet specimen mass after immersion, g; W1 — dry specimen mass before immersion, g.

3.3. Thermal conductivity test (ISO 8301:1991)

Thermal conductivity measurements were performed using a DRX thermal conductivity analyzer (China). The
instrument has a measurement range of 0.01 to 2 W/(m-K) and an accuracy of +3%. Testing was carried out over a
temperature range of 15-100°C, following the Chinese standard GB/T 10295-2008, which corresponds to ISO 8301:1991.
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During testing, the heat source was supplied with a constant voltage of 8§ V, maintaining a current of 1.18 A and a
source temperature of 15°C. Temperature measurements were taken at equal time intervals throughout the experiment.
The thermal conductivity coefficient was determined according to Fourier's law:

Q=P=d—H=V~I=k.A‘AT:>k=V.[.d,
dt d A-AT
where Q — heat flux; P — thermal power, W; d — specimen thickness, m; H — enthalpy, J; t — time; V— heater supply
voltage, V; I — current from the voltage source, A; k — thermal conductivity coefficient, W/(m-K); 4 — specimen
surface area, m?; AT — temperature difference between specimen surfaces, K.

Prior to testing, the thermal conductivity analyzer was calibrated using reference specimens provided by the
manufacturer. For each standard specimen, the correlation between nominal (theoretical) and measured thermal
conductivity values was established. This allowed for the derivation of a calibration equation and subsequent correction
of the experimental thermal conductivity data (Fig. 1).

0.043
Y =0.8208x + 0.0057
R2=1
0.042 1

0.041 -

0.040 1

0.039 -

0.038 1

Theoretical value, W/(m-K)

0.037 -

0.036

0.035 T T T T
0.036 0.038 0.04 0.042 0.044 0.046

Actual value, W/(m-K)

Fig. 1. Calibration curve of the thermal conductivity measuring device: R — coefficient of determination;
Y — theoretical thermal conductivity; x — actual value

3.4. Compression testing (ISO 604:2002)

A brief description of the compression testing machine operation is as follows. The upper movable plate applies
pressure to square specimens (25 mm thick) placed on the lower plate. The axial load is gradually increased.

Research Results. The density of the specimens was calculated from their mass and volume (Table 2). The obtained
data allowed for an analysis of density variation as a function of composition and the physical-mechanical characteristics
of the material.

Table 2
Specimen Density Calculation Results

Specimen parameters )
Rubber waste volume, % Dry mass, kg 10 Arca, m’ Thickness, m Density, kg/m?

0 232.00 1160

10 225.60 1074.333
20 217.52 1037.238
30 213.73 0.021 0.01 1017.761
40 202.59 963.714
50 190.06 905.047

Machine Building and Machine Science
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Figure 2 shows the density of the specimens as a function of rubber volume fraction.

1,200

1,100 A

Density, kg/m?

1,000 -

900

10

20

30

Rubber waste, %

Fig. 2. Density as a function of rubber content

40

50

Water absorption behavior was evaluated through monitoring the weight change of specimens after 2 to 24 hours of
immersion in water (Table 3).

Table 3
Specimen Water Absorption Behavior
Weight Weight after immersion, kg-1073
Rubber waste before
volume, % immersion, in 2 hours in 4 hours in 6 hours in 8 hours in 24 hours
k-1073
0 201.47 201.47 201.47 201.47 201.50 201.52
10 271.39 271.39 271.40 271.47 271.49 271.66
20 289.14 289.18 289.19 289.26 289.34 289.76
30 287.81 287.86 287.99 288.03 288.06 288.60
40 304.66 304.71 304.83 304.94 304.97 305.56
50 271.78 271.18 272.18 272.28 272.39 273.08

Figure 3 shows water absorption as a function of rubber volume fraction.

0.5

0.4
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Fig. 3. Dependence of water absorption on rubber loading
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Table 4 presents the results of measuring the thermal conductivity coefficient of the specimens.

Thermal Conductivity Measurement Results

Table 4

Rubber waste Heat flow, V-1, Temperature °C Specimen | Specimen Thermal conductivity
volume, % w ’ area, m*> |thickness, m coefficient, W/(m-K)

0 17.90 0.2548540

10 17.45 0.2510574

20 17.78 0.2451560

30 8115 18.37 0.021 0.01 0.2384840

40 19.64 0.2230620

50 21.16 0.2070390

Figure 4 shows the thermal conductivity coefficient as a function of rubber waste content.

0.26

0.25

0.24

0.23

0.22

0.21

Thermal conductivity coefficient, W/(m-K)

0.20 T T T T T T T T
5 10 15 20 25 30 35 45 50
Rubber waste, %
Fig. 4. Thermal conductivity as a function of rubber content
Table 5 shows the compression test results.
Table 5
Compression Test Results
Rubber waste volume, % Specimen area, m?> | Maximum load, kN Maximum compressive stress, MPa
0
10
20
0.145-0.145 1300 61.83
30
40
50

Discussion. As shown in Table 2 and Figure 2, specimen density decreases as the rubber waste content increases. This
is because the rubber has a lower density (500 kg/m?) than unsaturated polyester (1160 kg/m?®). The specimen with 50%
rubber waste exhibited the lowest density (905.05 kg/m?), representing a reduction of nearly 22% compared to the pure
polymer. This density reduction corresponds to a decrease in specimen mass from 232 g to 190 g, with the geometric
dimensions held constant (thickness: 0.01 m; area: 0.021 m?).

The discrepancies between the present results and those reported in [10] are minor and can be attributed to differences
in the characteristics of the polymer matrix and the recycled tire rubber [12]. These findings confirm that rubber waste
serves as an efficient filler. It allows for a reduction in composite weight and controlled adjustment of the final density to
meet specific performance requirements.

Machine Building and Machine Science
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As shown in Table 3, specimen mass remained virtually unchanged during the first hours following water immersion.
Detectable changes occurred only after 8—24 hours of exposure. Figure 3 demonstrated that incorporating rubber waste into
the unsaturated polyester matrix did not substantially affect water absorption in absolute terms. The values increased
marginally from 0.024% for pure polyester to a maximum of 0.47% for the composition with 50% rubber waste. Thus, water
absorption below 0.5% can be regarded as negligible. In this case, the low water absorption can be attributed to two factors:

— hydrophobic nature of rubber relative to unsaturated polyester;

— microscopic pores formed during the mixing process.

The low water absorption makes these materials promising for applications requiring moisture resistance, such as
protective coatings, thermal insulation, and machinery components exposed to humid conditions. Further enhancement
of performance could be achieved through chemical surface modification of the rubber particles or by limiting the rubber
content to 20-30%, thereby attaining an optimal balance between mechanical integrity and moisture resistance.

According to Table 4 and Figure 4, increasing the rubber waste content to 50% reduces the thermal conductivity
coefficient by approximately 19%, thereby enhancing the thermal insulation performance of the specimens. This trend is
attributed to the inherently low thermal conductivity of rubber. The composite with 50% rubber waste exhibits a thermal
conductivity of 0.2070 W/(m-K), which lies within the range of values reported in previous comparative studies [10].
Minor discrepancies between the present results and those in the literature may arise from differences in measurement
techniques or the specific characteristics of the materials employed [13, 14].

Compression testing (Table 5) did not yield precise compressive strength values for the developed composites, as all
specimens remained intact up to the maximum load capacity of the testing machine (1300 kN). The corresponding
compressive stress at this load was calculated to be 61.83 MPa, which was considered to fall within the acceptable strength
range for insulation materials.

Conclusion. This study shows that the incorporation of rubber waste into unsaturated polyester yields composites
with enhanced properties suitable for construction applications.

The composition with 50% rubber waste was identified as optimal, exhibiting reduced density and thermal
conductivity — key characteristics for thermal insulation materials. Although water absorption increased marginally with
higher rubber content, it remained at a very low level (maximum 0.47%), making the composite suitable for use in humid
environments.

The tests confirmed the high mechanical strength of the developed composites. All specimens withstood compressive loads
of up to 1300 kN without failure, indicating their suitability for use in structural components exposed to mechanical stress.

Thus, the developed composites can contribute to solving two problems:

— environmentally sustainable disposal of substantial quantities of rubber waste;

— fabrication of efficient thermal insulation materials with high structural integrity.

Future work will focus on three main aspects.

1. Investigation of the effect of larger rubber particles (from 1 mm) on the properties of composites.

2. Evaluation of the sound insulation potential of the materials. This requires studying the microstructure, clarifying
the proportion of air voids, and their effect on acoustics and mechanical properties.

3. Conducting experiments to study the resistance of the specimens to fire and chemicals.
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