[bookmark: _GoBack]Polymer Concretes Based on Thermosetting Polymers: Technological, Physical, Mechanical Properties and Use in Construction YULIYA DANCHENKO1, a* , VLADIMIR ANDRONOV2, b , HALINA OLIJNYK3, c , OLEKSANDR MIRUS4, d , VALENTINA EVTUSHENKO5, e 1National Academy of the National Guard of Ukraine, 3, Zakhysnykiv Ukrainy sq., Kharkiv, 61001, Ukraine 2National University of Civil Defense of Ukraine, 94, Chernyshevska str., Kharkiv, 61023, Ukraine 3Khmelnytskyi National University, 11, Instytuts’ka str., Khmelnytskyi, 29016, Ukraine 4Lviv State University of Life Safety, 35, Kleparivska str., Lviv, 79007, Ukraine 5Kherson National Technical University, 24, Beryslavske Shose, Kherson, 73008, Ukraine au_danchenko@ukr.net, bva_andronov@ukr.net, coliinykha@khmnu.edu.ua, dmirus@ukr.net, eeteacher472@ukr.net Keywords: polymer concrete, construction, classification, thermosetting polymers Abstract. The article provides an analytical review of the main problems and prospects for the use and introduction of polymer concrete in modern construction industries. It was found that due to high plasticity, low porosity and the ability to quickly gain strength, polymer concretes are used for the manufacture of decorative products of small architecture, structural load-bearing and decorative overhead parts, decorative paving tiles and paving stones, products for hydrotechnical purposes, etc. by methods of vibration molding and casting. The classification of polymer concretes used in modern construction industries is provided, as well as an idea of the properties of the most popular polymer concretes based on thermosetting polymers – furan, epoxy and polyester. The advantages and disadvantages of known polymer concretes and the main promising directions of implementation for the manufacture of building products and structures are given. Attention is focused on the influence of the qualitative and quantitative composition of polymer concrete, the nature of the thermosetting polymer binder, the type of fillers and aggregates, the terms of hardening, the degree of polymerization on the most important physical, mechanical and technological properties of the finished materials. Introduction To protect concrete and reinforced concrete pipelines from aggressive environments, in hydrotechnical construction, as decorative and small architectural products, in road surfaces, for the manufacture of products for various purposes in the construction industry, synthetic composite materials on a polymer basis are increasingly used [1-14], including polymer concretes [15-40]. Modern materials based on polymer concrete are characterized by high operational properties - wear resistance, chemical and biological resistance, water resistance, strength and durability, they harden at ambient temperatures, and do not require complex equipment during production. Mainly, furan polymer concretes [15, 16] and compositions based on epoxy [17-25], polyester resins [25-31], as well as, less common, urea [17], methyl methacrylate [15], phenolic [17], polyurethane [32, 33], acrylamide [36], vinyl ether [34, 35], butadiene rubber [37] and acetone formaldehyde resins [17]. For a reasoned choice of the composition of polymer concrete with the necessary properties, a visual comparative characteristic of existing materials is necessary, which should take into account technical and economic, operational and technological factors. There is practically no such information in modern literature. Therefore, in this work, an analytical review of modern polymer concretes and composite building materials based on them was conducted and a comparative characteristic was compiled, which is informative and convenient for use in practice. The purpose and objectives of the article The purpose of the study is an analytical review of the state of use and implementation of polymer concrete in modern construction industries and the identification of technological, operational, environmental and economic problems and prospects for the development of this direction. Establish the most promising compositions of polymer concrete in the construction industry. To achieve the goal of the research, it is necessary to solve the following tasks: to provide a definition and classification of polymer concretes used in modern branches of construction; to provide a certain idea about the properties of the most popular polymer concretes based on thermosetting polymers; to reveal the advantages and disadvantages of known polymer concretes, as well as the main prospective directions of the introduction of polymer concretes for the manufacture of construction products and for the protection of construction structures and buildings from corrosively aggressive environments. Classification of polymer concretes and areas of use in the construction industry From the middle of the 20th century to the present day, in modern polymer building materials science, the direction of creating a wide group of so-called "P-concretes", which include building materials with polymer additives or based on synthetic polymers, is actively developing. The names of various types of building materials of this group were composed randomly and without justification. For example, cement concrete with polymer additives was called polymer-cement or cement-polymer concrete with an emphasis on the fact that polymer additives only improve the properties of the cement binder [38, 41, 42]. Cement less concretes on a synthetic binder (polymer concretes) were called plastic concretes, organo-mineral concretes, etc. in the literature. Sometimes polymer solutions, mastics and other similar materials were called polymer concrete. In the 60s and 70s of the last centuries, an attempt was made to develop the first classification and unified terminology of polymer-containing building composite materials, which is still the most universal and used. According to this classification, "P-concretes" include: - polymer-cement concrete (PCC); - polymer-silicate concrete (PSC); - concrete polymers (CP); - polymer concrete (PC); - asphalt concrete; - inorganic polymers. Polymer-cement concrete (PCC) refers to cement concrete, in the production of which organosilicon or water-soluble polymers, water-soluble resins, for example, epoxy, water emulsions, for example, polyvinyl acetate, etc., are added. Polymer-silicate concretes (PSCs) are acid-resistant concretes based on liquid glass, to which polymer additives are added during the manufacturing process. Concrete polymers (CP) are cement concretes, which, after the hardening and structure formation processes, are subject to vacuum treatment and impregnation with various monomers, followed by polymerization in the pores of the concrete. Impregnation of cement concrete with monomers provides the possibility of obtaining dense concrete polymers with high compressive strength. Polymer concretes (PC) are composite materials obtained on the basis of synthetic resins (polymer binder) and chemically resistant fillers and fillers without mineral binders and water. PC contain at least three fractions of fillers and aggregates: finely dispersed fillers with a particle size of < 0.15 mm, aggregates: with a particle size of < 5 mm (usually sand) and with a particle size of < 50 mm (usually crushed stone). Depending on the chemical nature of the polymer binder, all polymer concretes are divided into two groups: PC on thermoset resins and PC on thermoplastic resins. Wider use in the construction industry and a wide range of materials has a group of PCs on thermosetting resins, which are mostly used to make load-bearing chemically resistant building structures or parts of structures. The classification of known polymer concretes is shown in Fig. 1. Fig. 1. Classification of polymer concrete Based on volumetric mass, PСs are divided into ultra-light (γ = 400-500 kg/m3 ) – urea, polyurethane; light (γ = 1600-1800 kg/m3 ) – furan, indencoumaron, methyl methacrylate; heavy (γ = 2200-2400 kg/m3 ) – urea, polyester, epoxy, furan, indencoumaron, methyl methacrylate; super heavy (γ = 3500-4000 kg/m3 ) – polyester. Polymer concrete composite materials have physical and mechanical properties that mostly exceed the properties of traditional cement concrete. These are increased plasticity, significantly higher strength, waterproofing, frost resistance, abrasion resistance, resistance to chemically and biologically aggressive environments, high adhesive properties, low porosity, etc. A significant disadvantage of polymer concrete is its higher cost compared to cement concrete. Due to high plasticity, low porosity and the ability to quickly gain strength, polymer concrete can be used for the manufacture of decorative products of small architecture, structural load-bearing and decorative overhead parts for furniture, decorative paving tiles and paving stones, hydraulic products, etc. by vibroforming and casting methods. In general, thanks to the advantages, polymer concretes can be used for the production of high-quality materials for the construction and architectural industry, which can be divided into eleven directions (Table 1). Table 1. Main directions of use of polymer concrete in the construction industry Directions of use The source of information Polymer concretes in hydrotechnical construction (structures, structural elements, cladding of hydraulic structures, insulating and protective coatings) [10, 15, 17, 19, 32, 39, 44] Materials, designs, products for use in chemical, radiation and biological aggressive environments [10, 15, 23, 29, 35, 38, 39] High-strength products and structures [8, 9, 15, 21, 25, 34, 36] Masonry solutions for high-strength bricks [10, 28, 31, 37, 41] Weatherproof paints [20-25, 38, 39] Putties and mastics for interior and exterior work [23, 25, 26, 40] Plasters for various purposes [22, 32, 38, 39, 40] Covering for floors and roads [16, 33, 34, 38, 39] Compositions with light aggregates for warm floors and heatinsulating enclosure structures [19, 27, 40] Adhesive solutions for facing tiles [32, 36, 37, 43, 40] Architectural elements of construction objects [18, 30, 38] Compositions of polymer concrete based on thermosetting polymers: physical, mechanical and technological properties Physic-mechanical properties and resistance to corrosive aggressive environments of any highly filled polymer composites is determined by the chemical nature of the components – thermosetting polymer, hardening agent, fillers and modifiers. Mineral fillers in polymer concrete act as additives that reduce the amount of spent polymer binder, reduce the cost of products, limit temperature and shrinkage deformations, regulate density, strength, hardness, viscosity, physical-mechanical and other properties. The degree of influence of mineral fillers on certain properties of polymer concrete depends on the chemical composition, dispersion, shape of particles, state of the surface of particles, percentage content, etc. To a greater extent, this applies to such conglomerate polymer systems as polymer concretes on thermosetting polymers. For the creation of products and materials intended for use in aggressive environments, polymer concretes based on thermosetting resins - polyester, furan, epoxy and urea - have found the greatest use (Table 2). Table 2. The main components of polymer concretes on thermosetting binders Polymer concrete Thermosetting resin Hardening agent Fillers Coarse fillers Polyester Polyester resins Hydroperoxide of isopropyl benzene or cumene; methyl ethyl ketone peroxide Barite, quartz, diabase, andesite, graphite flour, quartz sand, kaolin, talc, aerosil, ground dolomite, ground coke (flour) Granite, basalt, limestone crushed stone, river gravel, acidresistant brick mortar Furan Furfuralacetone resins Anhydrous aromatic sulfonic acids or sulfochlorides (toluene sulfonic acid, benzenesulfonic acid, ptoluene sulfonic acid), FeCl3, AlCl3, H2SO4 (conc.), amines Epoxy Epoxy resins Primary amines Urea Ureaformaldehyde resins Organic (citric, acetic, oxalic) and inorganic (sulphate, chloride, phosphate) acids, salts (ZnCl2, NH4Cl) It is known that the highest possible indicators of physical, mechanical and chemical properties of polymer composites based on thermosetting resins can be obtained only with the maximum degree of polymerization of the synthetic binder. Insufficient polymerization dramatically worsens almost all properties of composites. The degree of polymerization depends on the type and amount of hardener, accelerators and fillers, as well as the mode of hardening. The rate of hardening of polymer concrete depends on the temperature and, to a lesser extent, on the humidity of the environment. Therefore, any technology of using polymer concrete includes: qualitative and quantitative composition of the composite, clear instructions on the ratio of components, moisture and temperature limits of mixing components, hardening and use of the finished mixture. In Fig. 2 shows examples of the dependence of the properties of furan polymer concrete on the degree of polymerization of the synthetic binder. Fig. 2. Dependence of the properties of furan polymer concrete on the amount of benzenesulfonic acid: a – degree of polymerization of furan resin; b - water resistance (after exposure for 30 days), which is determined by bending strength, c - compressive strength (1 - in stable temperature and humidity conditions, 2 - after exposure in seawater for 28 days). As you know, during the hardening of thermosetting resins, an exothermic process takes place with the release of a certain amount of heat, depending on the chemical nature of the resin, which is accompanied by self-heating of the hardening system. To a certain extent, this leads to some undesirable technological features of the use of these materials: a high rate of hardening, a rapid increase in viscosity during the hardening process and, as a result, the formation of a large number of residual stresses, which in turn negatively affects the properties of the finished material. To partially level these factors, mineral fillers and other various additives are added to thermosetting resins [45]. All of the above also applies to materials based on polymer concrete. It is necessary to take into account the fact that during hardening, for example, urea [43], epoxy, and furan polymer concretes, a large amount of heat is released and self-heating of the products occurs. At the same time, the increase in temperature across the cross section of the product is determined by the thermophysical characteristics of the components, the size and shape of the products, and the conditions of heat transfer from the surface. In the Table 3 shows data on the amount of heat released during the hardening process and the maximum self-heating temperature. Table 3. The amount of heat released during the hardening process and the maximum temperature of self-heating in polymer concrete based on thermosetting resins Thermosetting resin Filler Part by weight of filler in a mixture with resin, % The maximum selfheating temperature, °С The amount of heat released, J/g Polyester resin (PR) Quartz flour Andesite flour Graphite flour Coke (flour) – 100 200 300 100 200 300 100 150 100 150 200 91.5 91.5 69 53.5 94.5 65.1 52 88 73 83 74 56 540-590 225 154 105 239 162 108 218 172 225 146 120 Furan resin (FR) Quartz flour Andesite flour Graphite flour Coke (flour) – 100 200 300 100 200 300 100 150 100 150 200 – 94 61 40.5 84.5 45.5 38 90.5 47.5 67 47 42 500-525 197 105 75 172 113 65 189 113 151 92 78 Epoxy resin (ER) Quartz flour Andesite flour Coke (flour) – 50 100 150 100 150 200 100 150 200 – 81 62 54.5 61 53.5 45.5 59 51 48 420-460 189 139 109 – – – 137 113 97 Of all presented in the Table. 3 coke fillers and andesite flour ensure minimal heat generation. As you can see, for each type of resin, the amount of heat released during hardening can be adjusted not only by the type and quantity, but also by the dispersion of filler particles. The mathematical dependence of the maximum hardening temperature t on the volumetric amount of filler V has the form [46]: t = tmax (1 – e –αV), (1) where tmax is the maximum temperature of the composition without filler; α is an empirical coefficient. The increase in the maximum self-heating temperature depending on the mass of the composition is exponential in nature and can be represented by a mathematical equation [46]: tm = t ʹ max (1 – e –αm), (2) where tm is the temperature of polymer concrete of a certain mass, °C; tʹmax – final (maximum) temperature; α is an empirical coefficient. It is known that filled thermosetting resins acquire large volumetric and linear shrinkage during the hardening process [6, 46]. At the same time, for unfilled epoxy resins, the volumetric shrinkage is from 2 to 3.5%, for polyester resins - from 9 to 12%, and for furan resins - from 5 to 7% (Fig. 3). The addition of fillers leads to a significant decrease in volume shrinkage (Fig. 4). Fig. 3. Increase in volumetric shrinkage of unfilled thermosetting resins during curing at a temperature of 20 °C. Fig. 4. Dependence of volumetric shrinkage of the composition on the amount and chemical nature of the filler As can be seen from the above data, polymer concretes based on epoxy resin and composites with andesite flour as a filler are characterized by the smallest shrinkage. The degree of shrinkage and the amount of internal stress in polymer concrete is influenced not only by the qualitative and quantitative composition of the composition, but also by the mode of hardening. Increasing the hardening temperature from 20 to 80 °C in all cases leads to a significant increase in shrinkage stresses. It is also known that shrinkage stresses are affected not only by the hardening temperature, but also by the rate of temperature change during heating or cooling. For example, for polymer concrete based on polyester resin and quartz flour (100% by mass), which hardens at a temperature of 80 °C for 3 hours, when the rate of heating or cooling increases by 10 times, the shrinkage stresses increase by 1.9 times. Studies show that hardening regimes are an effective means of regulating shrinkage stresses in the case of using polymer concrete as protective coatings or thin-walled products, when the temperature of self-heating is insignificant and practically cannot affect the nature of the structure formation of the system. One of the main properties of polymer concrete in comparison with traditional cement-based concrete is high resistance to the action of various chemical reagents. Therefore, it is most rational to use them in conditions of aggression in various environments without additional protection. Numerous studies of the corrosion resistance of light and heavy polymer concretes have shown that with increasing acid concentration, the coefficient of resistance of polymer concretes increases. Sulfuric acid is more aggressive than chloride acid in relation to polymer concretes, and the greatest decrease in strength is observed when water acts on polymer concretes. This is explained by the fact that with an increase in the acid concentration, the amount of water in the solution decreases and, accordingly, the stability of the polymer concrete increases. Another explanation for this phenomenon is that when the number of acid molecules increases, the number of dissociated molecules decreases and, accordingly, the concentration of the most active hydrogen ions (protons) decreases, which are obviously absorbed into the body of polymer concrete, disrupt the structure and cause a decrease in the strength of the material. It is known that almost all popular polymer concretes based on thermosetting resins have high resistance to the action of corrosive aggressive environments. Polymer concretes based on polyester resins can have different colors and textures, are sufficiently stable in acidic environments and oxidizing agents, including chlorine (up to 20-25% concentration). But they are not resistant to alkaline environments and are subject to mechanical deformation. A more detailed study [15] made it possible to establish that materials based on polyester binders cannot be used in aqueous environments of nitric acid (50%), concentrated sulfuric acid (96%), acetic acid (5%), as well as ammonia solution (25%). Urea polymer concretes are resistant to acidic environments of small concentrations. Epoxy polymer concretes have high resistance to alkaline and acidic environments, but low resistance to oxidizing agents. Furan polymer concretes are characterized by practically universal chemical resistance (except for high-concentration oxidants), high strength and relatively low deformability. In work [15] it was found that furan polymer concretes are not resistant to aqueous solutions of nitric acid (3-50%) and concentrated sulfuric acid (96%). At the same time, it was found that almost all types of polymer concrete are resistant to aqueous solutions of phosphate and chloride acids, organic acids (lactic and citric), ammonia, sodium hydroxide, copper sulfate, chlorides of iron, calcium, magnesium, sodium. Also, polymer concretes are not subject to the aggressive action of solvents (acetone, benzene, toluene, ethyl alcohol) and petroleum products (diesel fuel, gasoline, kerosene, fuel oil). Conclusion As a result of the analytical review, the peculiarities of the use and introduction of polymer concrete in modern construction industries were established. The technological, operational, ecological and economic problems and prospects for the development of this direction are identified. It has been established that due to high plasticity, low porosity and the ability to quickly gain strength, polymer concrete can be used for the production of decorative products of small architecture, structural load-bearing and decorative overhead parts, decorative paving tiles and paving stones, products for hydrotechnical purposes, etc. by vibroforming and casting methods. The most promising composition of polymer concretes in systems of protection of construction structures and structures from corrosive aggressive environments have been established. These include polymer concrete based on thermosetting resins. Definitions and classification of polymer concretes used in modern construction industries are given, as well as a certain idea about the properties of the most popular polymer concretes based on thermosetting resins - furan, epoxy and polyester. The advantages and disadvantages of known polymer concretes are revealed, as well as the main prospective directions of implementation for the manufacture of corrosion-resistant products and for the protection of building structures and structures from corrosively aggressive environments. The influence of the qualitative and quantitative composition of polymer concrete, the type of fillers and fillers, the hardening time, and the degree of polymerization on the most important physical, mechanical and technological properties of the finished materials has been established. References [1] L. C. Hollawey, Advanced polymer composites for structural applications in construction. Woodhead Publishingn Series, (2004) 784 [2] Yu. Danchenko, V. Andronov, A. Skripinets, A. Kosse, E. Volnyanko, Decorative-protective epoxy compositions for the restoration of natural stone, AIP Conference Proceedings, 2490(1) (2023) 050015 [3] D. L. Starokadomsky, Y. Danchenko, M. N. Reshetnyk, Resistant Polymer-Gypsum Composite Materials Obtained by Surface Modification or Impregnation of Gypsum by Acrylates, Epoxies and Siloxanes, Gypsum: Sources, Uses and Properties, (2022) 49-63 [4] D. Starokadomskyy, Ye. Voronin, M. Reshetnyk, N. Siharyova, S. Shulha, N. Havrylyuk, L. Kokhtych, O. Starokadoms’ka, S. Vyshnevskyy, S. Hrebenyuk, Yu. Danchenko, «Morphology, Strength, Thermal and Chemical Stability of Epoxy Resin-Based Nanosystems with Pyrogenic Nanosilica A-300 and Its Compacted Analogue ‘Densil’ (With Original and Modified Surface)», Nanosistemi, Nanomateriali, Nanotehnologii, 19(1) (2021), 71-90 [5] V. Sopov, J. Danchenko, E. Latorez, Assess the Effectiveness of protective Concrete coatings of microbiological sulfuric acid Aggression, E3S Web of Conferences, 97 (2019) 02022 [6] A. Skripinets, Y. Danchenko, A. Kabus’, A research on technological and physicochemical laws of manufacturing vibration-absorbing products based on epoxy-urethane polymer compositions, Eastern-European Journal of Enterprise Technologies, 3(11) (2015) 4-8 [7] V. A. Andronov, Yu. M. Danchenko, A. V. Skripinets, O. M. Bukhman, Efficiency of utilization of vibration-absorbing polimer coating for reducing local vibration, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 6 (2014) 85-91 [8] L. Li, M. Mortazavi, H. Far, A. M. El-Sherbeeny, A. Ahmadian Fard Fini, Simulation and modeling of polymer concrete panels using deep neural networks, Case Studies in Construction Materials, 20 (2024) eo2912 [9] M. Ghosal, Polymeric Materials to Improve Durability and Sustainability of Cement Concrete: A Brief Overview, Foundation and Growth of Macromolecular Science: Advances in Research for Sustainable Development, (2024) 109-132 [10] M. M. Rahman, M. Akhtarul Islam, Application of epoxy resins in building materials: progress and prospects, Polymer Bulletin, 79(3) (2022) 1949-1975 [11] P. V. Kryvenko, K. K. Pushkarova, V. B. Baranovskyi, M. O. Kochevykh, Yu. H. Hasan, B. I. Konstantynivskyi, V. O. Raksha, Budivelne materialoznavstvo, (2015) 624 [In Ukrainian]. [12] Ye. M. Babych, V. S. Dovbenko, Pidvyshchennia mitsnosti zalizobetonnykh balok polimernoiu kompozytsiieiu, Zbirnyk naukovykh prats (haluz mashynobuduvannia, budivnytstvo, 1, 4(39) (2013) 11-19 [In Ukrainian]. [13] Ye. M Babych, V.S. Dovbenko, Blok-skhemy rozrakhunku zalizobetonnykh balok pidsylenykh polimernoiu kompozytsiieiu, Zbirnyk naukovykh prats (haluz mashynobuduvannia, budivnytstvo), 2 3(42) (2014) 11-19 [In Ukrainian]. [14] A. V. Krasnyuk, A. L. Korejko, E. S. Harchenko, Issledovanie i razrabotka polimernyh sostavov na osnove epoksidnyh smol dlya remonta i zashchity betonnyh i zhelezobetonnyh sooruzhenij, Vіsnyk Dnіpropetr. nacіon. un-tu zalіzn. transportu іm. akad. V. Lazaryana, 9 (2005) 206-207 [In Russian]. [15] A. N. Berezyuk, N. I. Gannik, A. V. Gavrish, A. P. Martysh, A. N. Gajdar, Vliyanie dobavok poverhnostno-aktivnyh veshchestv na himicheskuyu stojkost' polimerbetonov, Vіsnik PDABA, 3 (2011) 38-46 [In Russian]. [16] A. O. Korneeva, B. A. Bondarev, A. A. Kosta, A. A. Meshcheryakov, O. O. Korneev, Shrinkage of frame polymer concretes in road construction, E3S Web of Conferences, 410 (2023) 01013 [17] V. P. Berardi, G. A. Mancusi, A mechanical model for predicting the long term behavior of reinforced polymer concretes, Mechanics Research Communications, 50 (2013) 1-7 [18] K. S. Kharchenko, Analiz vplyvu ahresyvnoho seredovyshcha ta destruktsiinykh protsesiv na arkhitekturni elementy z polimerbetonu, Visnyk PDABA, 5 (2014) 45-50 [In Ukrainian]. [19] D. Yu. Olejnik, V. Yu. Kajdalov, Ispol'zovanie polimerbetona dlya stroitel'stva smotrovyh shaht sistem vodootvedeniya, Komunal'ne gospodarstvo mіst, 114 (2014) 18-21 [In Russian]. [20] M. Dongpeng, Zhongming Liang, L. Yiping, J. Zhenyu, L. Zejia, Z. Licheng, T. Liqun, Mesoscale Modeling of Epoxy Polymer Concrete under Tension or Bending, Composite Structures, 256 (2021) 113079 [21] L. Yutian, M. Dongpeng, L. Yiping, J. Zhenyu, L. Zejia, Z. Licheng, T. Liqun, An Experimental Study on the Dynamic Mechanical Properties of Epoxy Polymer Concrete under Ultraviolet Aging, Materials, 14 (2021) 2074 [22] Kai Pan, Zhiwei Xi, Huiping Lan, Yijun Lin, Haocheng Zhan, Lijie Wang, Modification of Epoxy Grouting Material in Toughness and Penetration, Gaofenzi Cailiao Kexue Yu Gongcheng/Polymeric Materials Science and Engineering, 39(12) (2023) 137-146 [23] J. Jala, B. Nowacki, Enhancing Mechanical Properties of Composite Polymer Concrete with Lanthanum Oxide Additive for Potential Use in Anti-Radiation Applications, Composites Theory and Practice, 23(2) (2023) 104-109 [24] W. Ferdous, A. Manalo, H. S. Wong, R. Abousnina, O. S. AlAjarmeh, Y. Zhuge, P. Schubel, Optimal Design for Epoxy Polymer Concrete Based on Mechanical Properties and Durability Aspects, Construction and Building Materials, 232 (2020) 117229 [25] S. Thangavel, P. K. Arumugam, S. S. Mayan, Study the Characteristic on Polymer Concrete with Waste Materials, AIP Conference Proceedings, 2766 (2023) 020070 [26] V. R. Sankar, M. Natarajan, N. Balasundaram, G. Venkatesan, Investigation on Structural Characteristics of Fibre Reinforced Polymer Concrete, Journal of the Balkan Tribological Association, 29(5) (2023) 714-726 [27] M. Abbasnejadfard, M. Bastami, S.-A. Hashemi, Experimental Investigation on the Stress-Strain Behavior of Unsaturated Polyester Polymer Concrete Subjected to Monotonic and Cyclic Loadings, Journal of Building Engineering, 48 (2022) 103966 [28] P. Torkittikul, T. Nochaiya, A. Chaipanich, The Investigation of Polyester Resin Polymer Concrete with Various Amount of Construction Aggregate, AIP Conference Proceedings, 2279 (2020) 100004 [29] A. Seco, A. M. Echeverria, S. Marcelino, B. Garcia, S. Espuelas, Durability of Polyester Polymer Concretes Based on Metallurgical Wastes for the Manufacture of Construction and Building Products, Construction and Building Materials, 240 (2020) 117907 [30] C. Kiruthika, S. Lavanya Prabha, M. Neelamegam, Different Aspects of Polyester Polymer Concrete for Sustainable Construction, Materials Today: Proceedings, 43 (2020) 1622-1625 [31] F. L. Kapustin, A. F. Kapustin, Influence of Plasticizers on the Properties of Fine-Grained Polymer Concrete, Solid State Phenomena, 299 SSP (2020) 72-77 [32] Li Cong, Bai Jinrong, Jiang Ying, Xiao Huigang, Wang Wei, Xu Fan, Investigating the Seepage Control and Plugging Capabilities of Polyurethane-Cement Composites: A Comprehensive Study on Material Properties, Construction and Building Materials, 416 (2024) 135191 [33] S. I. Haruna, Han Zhu, I. K. Umer, Jianwen Shao, Musa Adamu, Yasser E. Ibrahim, Gaussian Process Regression Model for the Prediction of the Compressive Strength of Polyurethane-Based Polymer Concrete for Runway Repair: A Comparative Approach, IOP Conference Series: Earth and Environmental Science, 1026(1) (2022) 012007 [34] Fei Mingen, Luo Chenhui, Zheng Xiaoyan, Fu Tengfei, Ling Kunqi, Chen Han, Liu Wendi, Qiu Renhui, High-Performance Pervious Concrete Using Cost-Effective Modified Vinyl Ester as Binder, Construction and Building Materials, 414 (2024) 134908 [35] K. Jozefiak, R. Michalczuk, Prediction of Structural Performance of Vinyl Ester Polymer Concrete Using FEM Elasto-Plastic Model, Materials, 13(18) (2020) 4034 [36] Xu Jie, Tang Jinxui, Gao Chang, Wang Rui, Wang Wenbin, Meng Zhenya, Liu Jiaping, Synergistic Toughening Mechanism of Concrete Based on Polymerization of Acrylamide Monomer and Wollastonite Whisker, Kuei Suan Jen Hsueh Pao/Journal of the Chinese Ceramic Society, 52(2) (2024) 533-544 [37] K. Naga Rajesh, P. Markandaya Raju, K. Mishra, P. Srinivasa Rao, Performance of cement mix plus and styrene butadiene rubber polymers in slag based concrete, International Journal of Mechanical and Production Engineering Research and Development, 10(3) IJMPERDJUN2020135 (2020) 1527-1538 [38] M. H. Niaki, M. G. Ahangari, Polymer Concretes: Advanced Construction Materials, Polymer Concretes: Advanced Construction Materials, (2022) 1-152 [39] C. Lora, J. Ocampo, B. Valdez, M. Schorr, Applications of polymer concrete in corrosive environments, MRS Advances, 1815 (2015) 1-4 [40] O. G. Maslov, D. V. Savelov, Rozrobka strukturnogo skladu polіmernogo betonu, Vіsnik KrNU іm. M. Ostrograds'kogo, 4/2018 (111) (2018) 94-99 [In Ukrainian]. [41] N. N. Kruglickij, G. P. Bojko, Fiziko-himicheskaya mekhanika cementno-polimernyh kompozicij, Kiev: Nauk. dumka, (1981) 240 [In Russian]. [42] Yu. M. Danchenko, A. I. Kariev, T. M. Obizhenko, Corrosion-resistant polymer concrete based on thermosetting resins for building purpose (review), Naukovyi visnyk budivnytstva, 3(105) (2021) 140-154 [In Ukrainian]. [43] N.A. Samigov, V.I. Solomatov, Tekhnologiya karbamidnogo polimerbetona, Tashkent, (1987) 105 [In Russian]. [44] D. Tomas, Blumfіl'd Kanalіzacіjnі truboprovodi z polіmerbetonu, Nauka і tekhnіka, 12 (2000) 9-10 [In Ukrainian]. [45] Yu. M. Danchenko, R. O. Bykov, M. P. Kachomanova, T. M. Obizhenko, N. H. Bilous, A. V. Antonov, Ekolohichno bezpechni epoksyaminni napovneni kompozytsii nyzkotemperaturnoho tverdinnia, Vostochno-Evropeiskyi zhurnal peredovykh tekhnolohyi, 6 10(66) (2013) 9-12 [In Ukrainian]. [46] V. V. Poturoev, Tekhnologiya polimerbetonov, (1987) 286 [In Russian]
