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[bookmark: _Hlk228379167]This research investigates the enhancement of durability in bitumen-based materials used for waterproofing and protecting underground structures within the harsh continental and arid climatic conditions of the Republic of Uzbekistan. To address the premature aging of conventional roofing materials caused by intense solar radiation and extreme thermal fluctuations, innovative composite formulations were developed using local raw materials and industrial by-products. The study utilized petroleum bitumens of grades BNK-40/160 and BNK-90/30 sourced from the "Uzruberoid" plant, alongside secondary resources such as crumb rubber and cement dust. Experimental analysis focused on the thermomechanical degradation of rubber crumb within the bitumen medium at temperatures ranging from 210°C to 230°C, evaluating its impact on the resulting composite's properties. Findings demonstrate that incorporating a 30% rubber modifier and 3-5% basalt fiber reinforcement significantly increases the softening point to 140°C, markedly improving heat resistance. The physical and mechanical parameters of the developed rubber-bitumen composition (RBC), including a brittle point down to -15°C and tensile strength between 0.3–0.35 MPa, were found to be compliant with international regulatory requirements. Furthermore, the potential application of these materials as sound, noise, and vibration insulation in the domestic automotive industry, specifically for passenger car interiors, was validated through specialized testing. This technology facilitates the efficient utilization of indigenous resources while reducing the overall cost of high-performance insulation products.
Introduction
In the contemporary construction landscape of the Republic of Uzbekistan, the isolation of underground infrastructures and the implementation of soft roofing solutions are predominantly dependent on bitumen-based materials, among which traditional roofing felt remains the primary industrial standard. These essential materials are manufactured by the region's sole production entity, LLC “Uzruberoid,” and while they technically adhere to the parameters established by GOST 10923-82, their operational efficiency is frequently compromised by the unique and severe ecological stressors of Central Asia. The discrepancy between standard quality metrics and real-world durability under extreme heat necessitates a comprehensive re-evaluation of material compositions to ensure long-term structural integrity (Jabborov, 1992).  The degradation of these construction materials in arid zones is fundamentally driven by synergetic environmental factors, most notably intensive solar radiation and significant thermal fluctuations. These external influences catalyze detrimental chemical transformations within the bitumen, characterized by accelerated polymerization and the oxidative breakdown of organic polymers. As these molecular changes progress, the material loses its inherent visco-elastic properties, leading to premature aging and a susceptibility to structural wear caused by abrasive dust exposure, high-velocity winds, and contact with mineralized groundwater.  To mitigate these challenges, the development of high-performance polymer-bitumen compositions (PBC) utilizing local secondary resources has emerged as a vital scientific frontier, building on earlier bitumen–polymer composite technologies developed for the region from local raw materials and industrial waste (Jabbarov et al., 2010; Bazarbayev et al., 2017; Ibadullaev, Teshabaeva and Juraev, 2016). By integrating rubber crumb—derived from recycled automotive tires—as a local modifier, the research demonstrates a significant enhancement in the bitumen's thermal stability. When processed through thermomechanical degradation at elevated temperatures of 210°C to 230°C, the rubberized bitumen forms a robust matrix capable of resisting the softening typically induced by solar heat.  The structural performance is further optimized through the strategic inclusion of reinforcing agents such as basalt fibers and mineral fillers like cement dust. Experimental data indicates that these hybrid composites can achieve a softening point of up to 140°C, effectively preventing layer displacement and bubbling under peak thermal loads. Furthermore, these advanced materials have proven effective not only for architectural waterproofing but also as specialized insulation for sound and vibration in the automotive sector, as evidenced by successful implementations in passenger vehicle interiors. This approach not only provides a high-quality alternative to imported modifiers like Kraton but also fosters an ecologically sustainable model for industrial waste management within the national economy (Ibadullaev et al., 2021; Ibadullaev et al., 2022). This is consistent with the circular-economy trend of converting waste streams into sustainable bituminous binders, as recently shown for pyrolysis-derived products published in this journal (Alfè et al., 2024).
Materials and Methods
The fundamental objective of this experimental study was to synthesize high-performance waterproofing systems capable of withstanding the rigorous environmental stressors of the Arid regions. For the purpose of conducting comprehensive laboratory investigations, two specific grades of petroleum-based bitumens were procured from the "Uzruberoid" LLC production facility: BNK-40/160 and BNK-90/30 (classified as grades 2 and 5, respectively). These bitumen substrates served as the primary binders for the development of the modified polymer-bitumen matrix.  To enhance the structural integrity and thermal resilience of the compositions, locally sourced secondary resources and industrial by-products were integrated into the formulation. The primary modifying agent utilized was rubber crumb, obtained through the mechanical recycling of automotive tire waste. Furthermore, the composite was reinforced with mineral fillers, specifically cement dust, and basalt fibers to stabilize the network topology under high-temperature conditions.
Table No. 1
Physical and mechanical properties of the initial raw materials
	№
	Names of materials and indicators
	Limit values

	1
	Bitumen BN-P (BNK–40/160) 
- Softening temperature, °C (Ring and Ball method) 
- Penetration depth at 25°C, 0.1 mm
	38-44
160-220

	2
	Bitumen BNK-U (BNK–90/30)
- Softening temperature, °C (Ring and Ball method) 
- Penetration depth at 25°C, 0.1 mm
	
90-95
18-20

	3
	Rubber crumb
- Rubber crumb particle size (fineness)
- Content of textile cord fiber, %
	not more than 1,2
3-5

	4
	Mineral filler (cement dust)
- Moisture content, %
- Residue on sieve No. 009, %
	not more than 1,0
2-10



The production of the rubber-bitumen composition (RBC) followed a specialized thermomechanical protocol designed to optimize the dissolution of the elastomer within the bitumen medium. In this case, the rubber crumb was pre-dissolved in the BNK-40/160 binder at elevated temperatures ranging from 210°C to 230°C. Preliminary experiments focused on analyzing the dissolution dynamics at concentrations of 20.0% and 30.0% to determine the saturation threshold of the polymer-bitumen matrix. Homogenization of the rubber crumb, cement dust and basalt fibers was carried out in a thermostatically controlled vessel fitted with an overhead stirrer operating at 500 rpm, under continuous temperature control (±2°C).
All experimental formulations were prepared under identical laboratory conditions using a thermostatically controlled reaction vessel equipped with a mechanical stirrer to ensure homogeneous dispersion of the rubber crumb, cement dust and basalt fibers within the bitumen matrix, with the rubber crumb pre-dried before mixing to eliminate residual moisture. The softening temperature of every formulation (Tables 2–4) was determined by the Ring and Ball method in accordance with GOST 11506-73, the brittleness temperature by the Fraass method in accordance with GOST 11507-78, and the tensile strength, elongation at break, flexibility, heat resistance and water absorption of the resulting compositions were evaluated in accordance with GOST 2678-94. All determinations were carried out in triplicate, and the values reported represent the arithmetic mean of the parallel measurements; in every case the discrepancy between parallel determinations remained within the tolerance permitted by the corresponding standard (≤ 2 °C for softening-point values above 80 °C, per GOST 11506-73). Test specimens for the tensile-strength, elongation-at-break, flexibility and water-absorption determinations were cut to strips measuring 50 × 200 mm (width × length), in accordance with the standard dimensions specified in GOST 2678-94, and conditioned at (20 ± 2)°C for 24 h prior to testing. Because the differences between formulations reported in Tables 2 and 3 (typically 4–66°C) substantially exceed the ±2°C tolerance stated above, the observed trends are considered statistically meaningful rather than artefacts of experimental scatter.
Results and Discussion
Following the initial dissolution phase, the resulting RBC was diluted with the more viscous BNK-90/30 grade to balance the penetration and softening properties. A secondary experimental path involved the creation of a bitumen compound (blend) utilizing both BNK-40/160 and BNK-90/30, where the initial softening temperature of the solvent bitumen was maintained between 73°C and 79°C. This blending technique ensured a more homogeneous distribution of the modifiers and fillers throughout the composite.  The investigation revealed that the thermomechanical degradation of the rubber crumb for a duration of 3 hours in the BNK-II bitumen significantly improved the heat resistance of the mixture. Specifically, at a 30% concentration of rubber crumb, the softening temperature ascended to approximately 82°C. The integration of 20% mineral filler further elevated the softening point to the 86–88°C range. The most substantial improvement was observed upon the addition of basalt fibers for structural reinforcement. This addition resulted in a dramatic increase in the softening temperature, reaching a peak of 140°C. These advanced film-bitumen composites demonstrated exceptional flexibility, maintaining structural integrity without cracking at temperatures as low as -15°C. Such characteristics render these materials highly suitable for both hydraulic insulation in construction and vibration damping in the automotive industry.
In addition, as a polymer modifier (alongside rubber crumb), the widely used foreign product “Koryflex–R” (Kraton), manufactured by the Anglo-Dutch company “Shell,” was also employed.
Table No. 2
Composition and physical-mechanical properties of the rubber-bitumen film composition

	№
	Composition
	Softening temperature, °C (Ring and Ball method)

	Experiment 1

	1
	BNK-II – 70.0%
	48,0

	2
	Rubber crumb –30,0%
	-

	3
	RBC after thermomechanical degradation of rubber crumb for 3 hours
	82,0

	4
	Addition of filler (cement dust) to RBC – 20%
	87,0

	Experiment 2

	1
	BNK-II –55,0%
	48,0

	2
	BNK -V   –45,0%
	90,0

	3
	Mixture of BNK-II and BNK-V (compound)-70%
	73,0

	4
	Rubber crumb -30%
	-

	5
	Thermomechanical degradation of rubber crumb for 3 hours
	114,0

	Experiment 3

	1
	BNK -II   -50,0%
	48,0

	2
	BNK -V  -50,0%
	90,0

	3
	Compound  -75,0%
	76,0

	4
	Rubber crumb -25,0%
	-

	5
	Thermomechanical degradation of rubber crumb for 3 hours
	118,0

	Experiment 4

	1
	BNK -II  -45,0%
	48,0

	2
	BNK -V  -55,0%
	90,0

	3
	Compound  -70,0%
	79,0

	4
	Rubber crumb -30,0%
	-

	5
	Thermomechanical degradation of rubber crumb for 3 hours and preparation of RBC (rubber-bitumen composition).
	126,0

	6
	Addition of filler (cement dust) – 10.0% and mixing for 30 minutes.
	130,0

	7
	Addition of basalt – 3.0%
	135,0

	8
	Additional addition of basalt – 2.0% and mixing for 30 minutes.
	140,0

	Experiment 5 (Mixture of RBC and Kraton)

	1
	BNK -II  -55,0%
	48,0

	2
	BNK -V  -45,0%
	90,0

	3
	Compound -90,0%
	73,0

	4
	“Kraton” – 10% and mixing for 30 minutes.
	112,0

	5
	Addition of filler (cement dust) – 10.0% and mixing for 30 minutes.
	120,0

	Experiment 6 (Mixture of RBC and Kraton)

	1
	BNK -II  -90,0%
	48,0

	2
	Rubber crumb – 10.0% and thermomechanical degradation for 3 hours
	60,0

	3
	Addition of “Kraton” – 10.0% and mixing for 30 minutes.
	120,0

	4
	Addition of filler (cement dust) – 20.0% and mixing for 20 minutes.
	126,0


The experimental data presented in Table No. 2 serves as a foundational pillar for understanding the thermal stability and phase transformations of modified bituminous composites. This analysis illustrates the dynamic shifts in the softening temperature (Ts), measured via the Ring and Ball method, as a function of various additives and processing durations. A critical observation from the first experimental series indicates that subjecting BNK-II bitumen to 30% rubber crumb and a three-hour thermomechanical degradation process elevates the softening point from an initial 48.0°C to 82.0°C. While the subsequent addition of 20% cement dust as a mineral filler further increases this value to 87.0°C, these parameters are considered insufficient for the production of high-performance polymer-bitumen film materials without further reinforcement.  The research further explores the efficacy of utilizing bitumen compounds (blends) of BNK-II and BNK-V to establish a higher thermal baseline. By adjusting the ratio of these grades, the softening temperature of the solvent bitumen was optimized to a range of 73–79°C. The most significant breakthrough in thermal resilience was achieved in Experiment 4, where the integration of 3–5% fibrous basalt for structural reinforcement pushed the softening temperature to a peak of 140.0°C. This massive increase demonstrates that basalt fibers provide a critical stabilizing framework that prevents layer displacement and bubbling under extreme thermal loads.  Furthermore, comparative analysis with the foreign synthetic modifier "Kraton" (Koryflex-R) indicates that locally processed rubber-bitumen compositions (RBC) achieve competitive performance levels. For instance, hybrid formulations combining both rubber crumb and synthetic polymers reached softening points between 112°C and 126°C, validating the potential for import substitution using domestic industrial waste. These numerical results substantiate the practical viability of the "Elastorid" material, which maintains flexibility at -15°C and exhibits minimal water absorption (1.0–1.2%), making it an ideal candidate for both architectural waterproofing and vibration damping in the automotive industry.
The thermal stabilization observed upon thermomechanical treatment of the rubber crumb is consistent with the swelling and partial devulcanization mechanism widely reported for crumb-rubber-modified bitumen, whereby the aromatic and resin fractions of the bitumen diffuse into the cross-linked rubber network, causing the particles to swell and subsequently interact with the surrounding binder to form a more elastic, thermally stable matrix (Zhu et al., 2022). A comparable stabilizing effect has been reported for composite systems combining crumb rubber with synthetic elastomers such as SBS, in which the interpenetrating polymer network improves both high-temperature stiffness and ageing resistance (Xu et al., 2021); the present results, in which the RBC/Kraton hybrid formulations reached softening points of 112–126 °C, are in good agreement with this trend and confirm that locally sourced rubber crumb can replace a substantial share of the imported synthetic modifier without loss of performance.
The pronounced increase in softening temperature following basalt fiber incorporation (from 130 °C to 140 °C after the successive addition of 3.0% and a further 2.0% basalt) is attributable to the fiber-bridging and network-reinforcement effect described in recent studies of basalt-fiber-modified bituminous materials, in which randomly dispersed basalt filaments restrict the mobility of the bitumen matrix at elevated temperature and arrest crack propagation, thereby raising both the softening point and the resistance to permanent deformation (Shi et al., 2023; Ji et al., 2024). This mechanism explains why a comparatively small addition of basalt fiber (3–5% by mass) produces a disproportionately large improvement in thermal performance relative to the mineral filler alone, and is consistent with the blending-parameter optimization trends reported for crumb-rubber-modified bitumen in the wider international literature (Memon et al., 2025).
Table No. 3
Composition and physical-mechanical properties of polymer-bitumen film compositions using the polymer modifier “Kraton”
	[bookmark: _GoBack]№
	Composition
	Softening temperature, °C (Ring and Ball method)

	Experiment 1

	1
	BNK -II –90,0%
	40,0

	2
	“Kraton” – 10% and mixing for 30 minutes.
	106,0

	Experiment 2

	1
	BNK -V  -95,0%
	98,0

	2
	“Kraton” – 5% and mixing for 30 minutes.
	114,0

	Experiment 3

	1
	BNK -II  -50,0%
	40,0

	2
	BNK -V  -50,0%
	98,0

	3
	Compound  -90,0%
	67,0

	4
	“Kraton” – 10% and mixing for 30 minutes.
	108,0

	Experiment 4

	1
	Compound (from Experiment 3)-82,0%
	67,0

	2
	“Kraton” – 8.0% and mixing for 30 minutes.
	100,0

	3
	Addition of filler (cement dust) – 10.0% and mixing for 20 minutes.
	112,0


Table No. 4
Main construction and operational characteristics of film-bitumen composite materials (rubber-bitumen).
	№
	Names of indicators
	Indicators (standard values)

	1.
	Content of modifier, % (rubber crumb)
	20 – 25

	2.
	Tensile breaking strength (conditional strength of the composition), MPa (kg/cm²)
	0,3 – 0,35
(3,0 – 3,5)

	3.
	Elongation at break, %
	80 –100

	4.
	Flexibility of the composition on a beam with a rounded radius (25.0 ± 2 mm) at a temperature of (268 ± 1 K) (−10 ± 1°C)
- Composition at a temperature of 258 ± 1 K (−15°C).
- Material “Elastorid” at a temperature of 268 ± 1 K (−10°C)
	No cracks were formed on the surface (same).

	5.
	Heat resistance at a temperature of (363 ± 2) K (90 ± 2°C)
	No bubbles, swelling, or layer displacement were observed on the surface.

	6.
	Brittleness temperature of the composition, according to Fraass, K (°C)
	253–256 K (−20 ± 2°C)

	7.
	Water absorption after 24 hours, % by mass (material “Elastorid”)
	1,0 – 1,2



This research establishes the technology and performance of modified bitumen-based composite materials developed from local raw materials and industrial waste for Uzbekistan’s extreme continental climate. Thermomechanical degradation of rubber crumb (210–230°C, 3 h), combined with cement-dust filler and 3–5% basalt-fiber reinforcement, raised the softening temperature to a record 140°C, while the “Elastorid” material retained flexibility at −15°C and matched the performance of the imported modifier “Kraton”.
Conclusion
The research successfully synthesized a new generation of bitumen-based composite materials that satisfy rigorous national and international technical standards, with specific film-based formulations officially recognized as superior solutions for sound, noise, and vibration insulation in passenger vehicle interiors. These compositions, developed over several years at the LLC “Uzruberoid” facility to meet the contractual requirements of “GM Uzbekistan”, were designed for pilot-industrial validation on the plant’s dedicated “Izol” production line; however, this industrial rollout is temporarily pending necessary infrastructural upgrades, for which comprehensive modernization proposals have already been finalized and the operational phase rescheduled accordingly. The research effectively bridges the gap between industrial waste recycling and high-end automotive engineering by providing an import-substituting material with proven durability, establishing a sustainable and scientifically grounded framework for the future of localized high-tech insulation production in the region.
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