

  sustainability-12-09060




sustainability-12-09060







Sustainability 2020, 12(21), 9060; doi:10.3390/su12219060




Review



Mechanical Properties of Cement-Based Materials with Recycled Plastic: A Review



Jun Kil Park and Min Ook Kim *





Coastal Development and Ocean Energy Research Center, Korea Institute of Ocean Science and Technology, Busan 49112, Korea









*



Correspondence: minookkim@kiost.ac.kr; Tel.: +82-51-664-3520







Citation: Park, J.K.; Kim, M.O. Mechanical Properties of Cement-Based Materials with Recycled Plastic: A Review. Sustainability 2020, 12, 9060. https://doi.org/10.3390/su12219060



Received: 11 October 2020 / Accepted: 28 October 2020 / Published: 30 October 2020



Abstract


This study summarizes existing studies on plastic recycling to determine whether ocean plastics with high pollution degrees could be used for cement-based materials. In particular, the methods to recycle plastic waste, the effects of recycled plastic on the physical and mechanical properties of cement-based materials, and their effective usage were investigated. Workability, density, compressive strength, split tensile strength, and flexural strength of cement-based materials with recycled plastics were reviewed and divided into recycled aggregates and fibers. Based on the previous investigation, the direction of research necessary to recycle marine plastics is suggested. As the amount of recycled plastic aggregate increased, the mechanical strength of cement-based materials decreased. The recycled plastic aggregate lowered the density and increased porosity of the cement-based material. Meanwhile, recycled plastic fibers reduced the compressive strength but improved the tensile strength; to effectively improve tensile strength, a volume content of less than 1.5% should be added to prevent balling fibers. Furthermore, an appropriate aspect ratio should be determined based on the type of plastic to be used.
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1. Introduction


Ocean waste is an environmental problem that continues to receive social attention because it damages the marine environment, ecosystem, and marine landscape [1]. Plastics are widely found in marine waste because of their low density, high strength, and durability compared to their weight, formability, and low price; they are a significant source of ocean pollution [1,2]. The amount of plastic waste discharged to the ocean worldwide has been estimated to be 4,800,000 to 12,700,000 tons, and 1,600,000 km2 of waste was formed in the North Pacific region [2,3]. To solve this problem, South Korea is conducting a project to collect waste accumulated in the ocean; as of 2018, ~95,632 tons have been collected, as shown in Figure 1a [4]. Figure 1b indicates that ~80% of this waste is made of plastic; however, landfill or incineration methods are employed to discard this waste instead of recycling [5]. Therefore, some researchers have suggested developing and using biodegradable plastic as a solution [6,7,8]. Although this method can solve the long-term plastic waste problem, it cannot resolve the issue of recycling ocean plastic waste. To recycle plastic waste, products are re-produced through washing, sorting, crushing, melting, etc. [9]. Waste sorted and collected on land can be sufficiently recycled; however, ocean waste contains salts, which makes it difficult to wash, and sorting this waste is difficult. There are several types of ocean plastic waste, including fishing nets, buoys, ropes, plastic boxes used in fisheries and aquaculture, beverage bottles used on land, food packaging containers, plastic bags, etc.



The main components of these plastics include high-density polyethylene (HDPE), low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE), nylon 6, polystyrene (PS), polypropylene (PP), polyethylene terephthalate (PET), and polyvinyl chloride (PVC) [9]. To recycle and upcycle ocean waste, the European Union organized the Circular Ocean project that aims to inspire communities to realize the hidden economic opportunities of waste fishing nets and ropes in the Northern Periphery and Arctic region [10]. It uses ocean waste to produce textiles that can be used for manufacturing clothing and fashion accessories; it is currently producing products through practical use. However, it targets waste fishing nets based on nylon 6. Furthermore, a high degree of pretreatment is required because these clothes and miscellaneous goods have considerable direct contact with the human body. Moreover, the amount of waste used is not substantial. Therefore, many studies have investigated the use of plastics based on PET, PS, and HDPE as recycled aggregates or reinforcements in cement-based materials [11,12,13,14]. However, this has not yet been put into practical use. If ocean plastics are used in construction projects, a larger amount of ocean plastics can be processed than when used in clothing or fashion accessories. Since there is no direct human contact, it is expected that they can be used with less pretreatment. Therefore, in this study, the authors review research conducted on recycling plastics for use in cement-based materials to confirm the (1) recycling methods, (2) characteristics of cement-based materials with recycled plastics, and (3) the appropriate usage.




2. Types of Recycled Materials in the Construction Industry


Recycled materials used in the construction industry are largely used as aggregates and as fibers to enhance the tensile strength of cement-based materials. To replace conventional aggregates, it is typical to use recycled PET as the coarse aggregate of concrete, fine aggregate of concrete and mortar, and recycled PS as the lightweight aggregates of lightweight concrete materials, and recycled PET, nylon 6, and HDPE as fibers of fiber-reinforced cementitious composites. To date, very few studies have investigated the use of plastics collected from the ocean in the construction industry. Therefore, this study aims to investigate all studies that recycled plastics collected from the ocean and land.



2.1. Aggregates


Methods for recycling plastics and using them as aggregates are largely divided into two categories: replacement of coarse aggregates for concrete or lightweight concrete with plastic flakes crushed to 3–16 mm. One method is replacing the fine aggregates of concrete and mortar with plastic powder crushed to a size of less than 2 mm. Table 1 summarizes the examples of recycling plastics and using them as aggregates. Although plastics such as PET, HDPE, LDPE, LLDPE, and PP are used in concrete, most of the plastics used tend to be recycled PET bottles. The types of plastics used in lightweight concrete were expanded polystyrene (EPS), PS, polyurethane (PUR), and ethylene-vinyl acetate (EVA), and studies mainly recycled EPS foam and used it as a lightweight aggregate.



Figure 2 shows the shape of the recycled plastic. The main method used to convert plastic into an aggregate is pulverizing using a shredder. In some studies, pellets manufactured to a certain size through melting were used [36,38,41]. Furthermore, there are studies that employed grinding and crushing; however, these methods are not considerably different from grinding and, therefore, they were employed as methods to control the size of the recycled product. Choi et al. [25] produced waste PET lightweight aggregate (WPLA) with PET bottles mixed with river sand powder, as shown in Figure 2c. Alqahtani et al. [45] produced a solid sheet via compression and heating by mixing LLDPE and a red dune sand filler at a ratio of 30:70 and then produced the aggregate by crushing. Therefore, the use of plastic as an aggregate in cement-based materials was carried out through washing and grinding.




2.2. Fiber


Table 2 lists studies that recycled plastic as a reinforcing fiber for cement-based materials. Similar to aggregates, the most common plastic type was PET, followed by nylon 6, PP, HDPE, and glass fiber-reinforced plastic (GFRP).



Most methods for converting plastic into reinforcing fibers employed cutting, and in some studies, fibers were extruded using recycled PET pellets [49,50,55,56,59]. In some cases, PET was melted to produce recycled sheets and then slit to produce fibers [51,53]. The basic method of manufacturing fibers from plastic is extrusion, as shown in Figure 3. However, to produce fibers through extrusion from plastic waste, it must first be melted to produce pellets. Furthermore, plastics must be classified as one type to proceed with this process, and some plastics showed decreasing strength during this process [66]. PET bottles are made from similar grades of plastic; as a result, they are suitable for both the bottle manufacturing process and for reprocessing into fibers [9,66]. However, to use other plastics, it is possible to minimize the reduction in the strength of recycled plastics by cutting them. However, the process of cutting plastic sheets into fibers has not been automated yet and, therefore, it has a limitation in that it must be done manually [65]. Attempts to automate this process are currently underway; however, information on this process is very limited [67].



For fibers used to enhance the tensile strength of cement-based materials, tensile strength, aspect ratio, and fiber geometry are important properties that need to be studied [68,69,70]. Table 3 lists the properties of the recycled fibers used in the existing literature. Among the recycled fibers, the PET fibers showed the highest tensile strength; smaller diameters tended to have lower strength. In addition, the aspect ratio was the highest when using the extrusion process; furthermore, it can change fiber geometry. When the fiber is manufactured by cutting plastic, the fiber diameter cannot be changed and, therefore, the aspect ratio cannot be changed beyond a certain value. The geometry of the raw material, which generates a mechanical bond when the fiber is pulled out in the cement-based materials, should be considered.




2.3. Others


In addition to the use of recycling plastics as aggregates and fibers, studies on the use of recycling plastic waste in construction projects are summarized in Table 4. In the surveyed studies, textiles and reinforcing bars that reinforce lightweight soil, mortar, and concrete used in the construction industry were produced from waste fishing nets. In the case of textiles, the waste fishing net is cut to a certain size and used as a reinforcing material to improve the tensile strength of lightweight soil and mortar (Figure 4) [71,72]. Bertelsen et al. [73] and Sigvardsen [74] produced a waste fishing net in a bar shape and used it as a near-surface mounted (NSM) reinforcement. This method is still being tested in a limited way and, therefore, there are only a few studies on this topic.





3. Properties of Construction Materials Containing Recycled Plastics


To summarize the existing studies and confirm the effect of plastic recycling on the properties of cement-based materials, the relative properties were calculated as


Relative property = Test results with plastic / Test results without plastic



(1)







Physical and mechanical properties were investigated, including workability, fresh density, hardened density, compressive strength, split tensile strength, and flexural strength. Recycled plastic aggregate was added by replacing the existing aggregate with a volume content or weight ratio, while recycled plastic fibers were added as a volume content of the test specimen.



3.1. Physical Properties


3.1.1. Effect of Recycled Plastic Aggregate


Figure 5 shows the relative slump and slump flow of concrete, mortar, and lightweight concrete based on the plastic aggregate replacement ratio. The slump and slump flow indicate the workability of cement-based materials. Most results (except Choi et al. [17] and Choi et al. [25]) show that workability decreases as the amount of plastic aggregate increases. Albano et al. [26] attributed this tendency to the low water absorption of the plastic aggregate, which is 0.1% compared to 1.83% for the cement aggregate. Because there is scope to reduce the water content in the mixture, the remaining water that did not react with the cement increased its porosity, thereby reducing the workability of the mixture. Further, Saikia and de Brito [43] prepared plastic waste in fine, coarse, and pellet shapes; they found that workability decreased for the irregularly shaped aggregates made by crushing or shredding, regardless of their size. However, workability increased for the pellet-shaped plastic that had a smooth surface. Choi et al. [25] reported that mixing plastic and river sand filler to produce a smooth and round aggregate reduced friction, which resulted in a tendency to increase workability. Thus, the shape of the plastic aggregate is an important factor to improve the workability of cement-based materials replaced with plastic aggregates.



Figure 6 shows the effect of plastic aggregate replacement on the fresh density of concrete. As the replacement contents of plastic aggregates increased, the fresh density decreased, and there was a difference in the amount of reduction depending on the replacement target. Ismail and Al-Hashmi [22] reported that, when PE aggregates with a density of 386.7 kg/m3 replaced fine aggregates with a density of 1688 kg/m3, it caused a reduction in the fresh density of concrete by ~93%. When the fine aggregate was replaced by weight ratio, the decrease in fresh density was relatively less than when substituted by the volume ratio. Badache et al. [46] observed a relatively small decrease compared to the results of Ismail and Al-Hashmi [22] using HDPE with a density of 922 kg/m3 as a fine aggregate. As shown in Figure 6d, lightweight concrete replaced with a coarse aggregate showed a smaller reduction in fresh density than that with a fine aggregate. In particular, Alqahtani et al. [45] reported the tendency of a slight increase in the fresh density caused by substituting a lightweight aggregate with a density of 1410 kg/m3 with an aggregate made of a plastic material with a density of 1540 kg/m3.



In addition, hardened density, as shown in Figure 7, also differed based on the difference between the densities of the plastic aggregate and the replaced aggregate. Asokan et al. [24] reported that recycled GFRP powder, which has a lower density than cement and aggregate, caused the largest reduction in hardened density. Overall, the density of the recycled plastic aggregates decreased the fresh density and hardened density, as shown in Figure 5 and Figure 6. Among recycled plastic materials, PET recycled aggregates showed a relatively small reduction, and recycled aggregates produced by mixing plastics with sand fillers showed the least reduction.



When recycled plastic is used as a fiber, workability and density are reduced similarly to when used as an aggregate. However, the advantage of the fiber geometry is that the resistance to shrinkage is improved. In general, the concrete using recycled plastic aggregate shows a higher shrinkage than that of concrete using natural aggregate, which is reported to decrease resistance to shrinkage owing to the low stiffness of the plastic aggregate [29,33,75]. However, it has been reported that the shrinkage generally decreases when the fiber form is used [48,76]. The shape of the fiber is reduced by the interfacial shear resistance between the fiber and the matrix resisting the tensile force caused by the shrinkage [77]. Besides, the crack width and total crack area, owing to the plastic shrinkage, decrease as the volume ratio of recycled fibers increases [51,76,78,79,80]. Kim et al. [51] reported that fiber geometry affected the ability to control plastic shrinkage cracking due to the difference in bond strength. In contrast, they also reported that a sufficient number of fibers, when the fiber volume ratio exceeds 0.5%, were incorporated to control plastic shrinkage cracking; hence, the fiber geometry had no further effect [51].




3.1.2. Effect of Recycled Plastic Fibers


Figure 8 shows the relative slump flow and hardened density based on the volume contents of the recycled plastic fibers. As shown in Figure 8a, slump flow decreases as the plastic fiber content increases. Nibudey et al. [57] concluded that the workability property of fiber-reinforced concrete (FRC) was affected by the resistance offered by the fibers to the movement of aggregates. Orasutthikul et al. [63] reported that fiber geometry affected the slump flow because of fiber balling, which resulted in fiber–mortar separation. Thus, the addition of recycled plastic reduced the workability. If the fiber geometry, which is prone to the agglomeration of fibers, was used, it showed a higher slump flow for the same content than that using well-dispersed fibers because of the fiber–mortar separation. As shown in Figure 8b, the hardened density of the FRC decreased as the fiber volume of the plastic fiber volume content increased; furthermore, there was no significant reduction in the hardened density of the plastic FRC compared to the density of conventional concrete (without plastic fibers). The small reduction compared to that for the plastic recycled aggregate is because the fiber had a minimal volume content (0.5–3%).





3.2. Mechanical Properties


3.2.1. Effect of Recycled Plastic Aggregate


Figure 9 shows the effect of using recycled plastic aggregate on compressive strength. In most studies, as the substitution rate of plastic recycled aggregate increased, the compressive strength decreased.



Badache et al. [46] used scanning electron microscopy (SEM) to prove that a decrease in compressive strength was caused by the low density of recycled plastic aggregates, and the interface between the plastic surface and cement-based materials was weaker than in the aggregate, as shown in Figure 10. However, as shown in Figure 9b, concrete with a weight ratio of less than 5% showed higher compressive strength than conventional concrete; however, it was impossible to explain this tendency. Some researchers concluded that there is a small amount of approximately 2% weight ratio replacement [30,34,35,42].



Marzouk et al. [20] analyzed the microstructure of the mortar using SEM and reported that the replacement volume contents of PET aggregates showed a high level of compressibility at 50% or less; furthermore, the porosity of the structure increased when it exceeded 50%, as shown in Figure 11.



Figure 12 shows the effect of plastic aggregates on the split tensile strength of cement-based materials. The split tensile strength decreased as the replacement ratio of the plastic aggregate increased. Most researchers attributed the decrease in the split tensile strength to the decrease in the adhesion between the plastic aggregate and the cement-based material [26,27,36,41]. Saikia and de Brito [43] reported that the smooth surface of the plastic aggregate and the free water at the surface of the plastic aggregate can cause a weaker bonding between these particles and the cement paste, as shown in Figure 13. When fine aggregates were replaced with plastic aggregates at the same water–cement ratio, free water that did not react with the cement increased because of the decreased water absorption, thereby causing increased porosity, and consequently decreased tensile strength.



Figure 14 shows the effect of the plastic aggregate on the flexural strength of cement-based materials. Flexural strength also showed the same tendency as compressive strength and split tensile strength. Saikia and de Brito [43] reported that crushed plastic aggregates bridged cracks and prevented the brittle failure of the specimens, as shown in Figure 15.




3.2.2. Effect of Recycled Plastic Fibers


Figure 16 shows the effect of recycled plastic fibers on the mechanical properties of FRC. When the volume ratio of recycled plastic FRC exceeded 2%, the compressive strength tended to be lower than that of cement-based materials without fiber, as shown in Figure 16a. However, up to 2%, the mechanical properties showed different trends depending on the shape of the recycled plastic fibers. Fraternali et al. [55] reported that when 1% of different recycled PET fibers was added, the compressive strength increased when the specific gravity of the recycled PET FRC was higher than that of the conventional concrete without fibers. Spadea et al. [62] reported that the compressive strength decreased because highly deformable plastic fibers may assume the role of voids in the cementitious matrix when compressive forces are applied. Prahallada and Prakash [58] reported that the aspect ratio of fiber increased over 50, and the compressive strength decreased at the same volume contents. Therefore, the compressive strength of recycled plastic FRC is related to the fiber density and aspect ratio.



The split tensile strength and flexural strength increased as the fiber volume content increased by 1% and 1.5%, respectively. However, as the fiber volume increased from 1.5% to 3.0%, the flexural strength decreased [49,57,63]. Orasutthikul et al. [63] reported the forming ball problem when higher fiber volume contents were used or when the fiber was not well distributed, which directly affected the flexural strength.



To confirm the appropriate fiber aspect ratio and fiber volume ratio, the reinforced index was calculated as


Reinforced index = Vf Lf / Df = Vf



(2)




where Vf, Lf, Df, and Lf/Df are the fiber volume content, fiber length, fiber diameter, and aspect ratio. The relationship between the split tensile strength and flexural strength is shown in Figure 17.



Yu et al. [69] reported that the tensile strength of FRC increased as the fiber-reinforced index increased. However, the split tensile strength and flexural strength of the recycled plastic FRC were not significantly related to the reinforced index. Therefore, it is necessary to study why recycled plastic fiber reinforcement has no effect on the reinforced index and to determine how to fabricate recycled plastic fibers to improve tensile strength. Although Park et al. [65] conducted a direct tensile test using recycled waste fishing nets, as shown in Figure 16d, the direct tensile test results are still insufficient, and the analysis remains difficult. Therefore, it is necessary to conduct a direct tensile test on recycled plastic fibers in future studies.





3.3. Comparison of Properties Between Virgin and Recycled Plastics for Construction Materials


In the study, in which virgin plastic was used as an aggregate, EPS material was mainly used to manufacture lightweight concrete. In recent years, research on manufacturing aggregates from virgin plastic has not been actively conducted. The reason is that even if virgin plastic is used, the disadvantages of recycled plastic aggregate cannot be overcome and the strength decrease due to density reduction occurs equally [23]. However, Alqahtani et al. [45] reported that the density of concrete with recycled LLDPE aggregate, which replaced volcanic lightweight coarse aggregate, increased, while compressive strength, flexural strength, and splitting tensile strength decreased by 15–62%, 27–44%, and 12–31%, respectively. Studies on recycled plastic aggregates to produce lightweight concrete are continuously being published; however, plastic aggregates are not widely used.



On the other hand, virgin plastic fibers have been used in specific structures such as high-rise buildings, protection facilities, tunnel lining, foundations, and concrete pavements [69,81,82,83,84,85,86]. PP is a representative plastic virgin material used to reinforce the tensile resistance of cement-based materials, and PET and PE are typically used for recycling [87]. These virgin plastic fibers and recycled fibers are the same in that they are plastic materials, but the decrease in tensile strength is minor compared to fibers of the same material during the recycling process [73,88]. Hence, there are studies examining the mechanical behavior of currently used virgin plastic fibers and recycled plastic fibers in cement-based materials [53,55,63]. Kim et al. [53] compared the performance of recycled PET fiber and concrete reinforced with commercial PP fiber. As a result of the comparative evaluation, which led to similar results at the same amount of volume ratio when using PET recycled fibers compared to PP virgin fibers, they concluded that the use of recycled fibers was possible. Fraternali et al. [55] performed a comparative evaluation by using reinforcing recycled PET fiber and commercial PP fiber in concrete. As a result, high-strength PET fiber can significantly increase the compressive and flexural strength compared to unreinforced concrete and PP fiber-reinforced concrete. However, corrugated recycled PET fibers have proven to be advantageous in terms of ductility. Orasutthikul et al. [63] compared and evaluated the reinforcing effect of recycled nylon fiber, PET fiber, and virgin PVA fiber. In their results, embossed recycled PET fibers showed higher compressive strength and ductility than virgin PVC fibers. These results indicate that recycled fibers could be used to reinforce the mechanical performance of cement-based materials, and plastics collected from the ocean can also be used to replace virgin plastics with appropriate pretreatment.





4. Concluding Remarks


We investigated existing research on cement-based materials fabricated by recycling plastic waste to confirm whether ocean plastic waste can be used for these materials. The methods and the physical and mechanical properties of plastic recycling were reviewed in detail.



Most studies targeted plastic waste collected on land and, therefore, an automated manufacturing process is required for application to ocean waste. Although some studies have recycled ocean plastics, the manufacturing process was carried out manually. In future studies, a method that can recycle ocean plastics through an automated manufacturing process should be developed. Methods for using recycled plastic for cement-based materials were largely classified into those using aggregates and fibers. Plastic recycled aggregates were used to replace coarse and fine aggregates to reduce the weight of cement-based materials. Plastic recycled fibers were used to enhance the tensile resistance of cement-based materials. Cement-based materials with plastic aggregates and fibers exhibit reduced workability and density. To solve this problem, it is necessary to study a method that can effectively treat the surface of pulverized plastic and an appropriate reinforcing volume ratio of fibers.



As the amount of recycled plastic aggregate increased, the compressive strength, tensile strength, and flexural strength of cement-based materials decreased. The recycled plastic aggregate lowered the density and increased porosity of the cement-based material. Therefore, to use recycled plastic as an aggregate, only materials with a relatively high density among plastic materials should be used; however, this is inefficient, except for special purposes such as lightweight concrete. Recycled plastic fibers reduced the compressive strength but improved the shrinkage resistance and tensile strength; to effectively improve tensile strength, a volume content of less than 1.5% should be added to prevent balling fibers. In some studies, the overall trend was similar to that of virgin plastic fiber, and recycled fibers showed a higher reinforcing effect than virgin plastic fibers. Furthermore, an appropriate aspect ratio should be determined based on the type of plastic to be used. Consequently, ocean plastics for cement-based materials are necessary to automate the recycling process and ensure material consistency after recycling.
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Figure 1. Waste collection project in South Korea: (a) amount of collected ocean waste; (b) types of collected ocean waste, based on [4]. 
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Figure 2. Shape of recycled plastic aggregates: (a) Shredded PET [41]; (b) PET pellets [41]; (c) waste PET lightweight aggregate (WPLA) [25]. 
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Figure 3. Extrusion apparatus, based on [50]. 
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Figure 4. Recycled waste fishing net textile reinforcement: (a) for lightweight soil; (b) for mortar, based on [71,72]. 
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Figure 5. Relative workability with plastic aggregates: (a) replaced volume in concrete; (b) replaced weight in concrete; (c) replaced volume in mortar; (d) replaced volume in lightweight concrete (redrawn using Choi et al. [17], Batayneh et al. [19], Ismail and Al-Hashmi [22], Choi et al. [25], Albano et al. [26], Kou et al. [27], Ferreira et al. [36], Silva et al. [38], Saikia and de Brito [43], Alqahtani et al. [45]). 
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Figure 6. Relative fresh density with plastic aggregates: (a) replaced volume in concrete; (b) replaced weight in concrete; (c) replaced volume in mortar; (d) replaced volume in lightweight concrete (redrawn using Ismail and Al-Hashmi [22], Lima et al. [31], Ferreira et al. [36], Silva et al. [38], Saikia and de Brito [43], Alqahtani et al. [45], Badache et al. [46]). 
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Figure 7. Relative hardened density with plastic aggregates: (a) replaced volume in concrete; (b) replaced weight in concrete; (c) replaced volume in mortar; (d) replaced volume in lightweight concrete (redrawn using Marzouk et al. [20], Asokan et al. [24], Choi et al. [25], Kou et al. [27], Asokan et al. [30], Lima et al. [31], Herki et al. [39], Alqahtani et al. [45], Badache et al. [46], Chen [47]). 
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Figure 8. Relative physical properties of fiber-reinforced concrete (FRC) with recycled plastic fiber: (a) slump flow; (b) hardened density (redrawn using Ochi [50], de Oliveira and Castro-Gomes [54], Nibudey et al. [57], Prahallada and Prakash [58], Spadea et al. [62], Orasutthikul et al. [63], Park et al. [65]). 
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Figure 9. Relative compressive strength of cement-based materials with recycled plastic aggregate: (a) replaced volume in concrete; (b) replaced weight in concrete; (c) replaced volume in mortar; (d) replaced volume in lightweight concrete (redrawn using Sabaa and Ravindrarajah [16], Choi et al. [17], Batayneh et al. [19], Marzouk et al. [20], Ismail and Al-Hashmi [22], Asokan et al. [24], Choi et al. [25], Albano et al. [26], Kou et al. [27], Asokan et al. [30], Lima et al. [31], Galvão et al. [34], Ramadevi and Manju [35], Ferreira et al. [36], Wang and Meyer [37], Silva et al. [38], Herki et al. [39], Saikia and de Brito [41], Chaudhary et al. [42], Saikia and de Brito [43], Akçaözoğlu and Ulu [44], Alqahtani et al. [45], Badache et al. [46], Chen et al. [47]). 
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Figure 10. SEM images of mortar composites: (a) HDPE aggregate; (b) naturel aggregate [46]. 
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Figure 11. SEM images of mortar composites containing PET aggregates: (a) 30%; (b) 50%, and (c) 100% [20]. 
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Figure 12. Relative split tensile strength of cement-based materials with recycled plastic aggregate: (a) replaced volume in concrete; (b) replaced weight in concrete; (c) replaced volume in lightweight concrete (redrawn using Choi et al. [17], Batayneh et al. [19], Asokan et al. [24], Albano et al. [26], Kou et al. [27], Lima et al. [31], Galvão et al. [34], Ramadevi and Manju [35], Ferreira et al. [36], Wang and Meyer [37], Saikia and de Brito [41], Chaudhary et al. [42], Saikia and de Brito [43], Alqahtani et al. [45]). 
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Figure 13. Concrete specimens with plastic aggregate after failure in the splitting strength test [43]. 
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Figure 14. Relative flexural strength of cement-based materials with recycled plastic aggregate: (a) replaced volume in concrete; (b) replaced weight in concrete; (c) replaced volume in mortar; (d) replaced volume in lightweight concrete (redrawn using Batayneh et al. [19], Marzouk et al. [20], Ismail and Al-Hashmi [22], Albano et al. [26], Lima et al. [31], Ramadevi and Manju [35], Saikia and de Brito [41], Saikia and de Brito [43], Akçaözoğlu and Ulu [44], Alqahtani et al. [45], Badache et al. [46], Chen et al. [47]). 
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Figure 15. Cracking in a concrete specimen containing crushed plastic aggregate after flexural test [43]. 






Figure 15. Cracking in a concrete specimen containing crushed plastic aggregate after flexural test [43].



[image: Sustainability 12 09060 g015]







[image: Sustainability 12 09060 g016a][image: Sustainability 12 09060 g016b] 





Figure 16. Relative mechanical properties of FRC with recycled plastic fiber: (a) compressive strength; (b) spilt tensile strength; (c) flexural strength; (d) direct tensile strength (Wang et al. [48], Silva et al. [49], Ochi [50], Meddah and Bensheikh [52], Kim et al. [53], de Oliveira and Castro-Gomes [54], Fraternali et al. [55], Pelisser et al. [56], Nibudey et al. [57], Prahallada and Prakash [58], Fraternali et al. [59], García et al. [60], Spadea et al. [62], Orasutthikul et al. [63], Ottosen et al. [64], Park et al. [65]). 
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Figure 17. Effect of fiber reinforced index: (a) on split tensile strength; (b) on flexural strength. 
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Table 1. Type of plastic aggregate and target materials in the literature.
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	No.
	Reference
	Type of Composites
	Type of Plastic
	Origin of Plastic Waste
	Recycling Procedure
	Target





	1
	Naik et al. [15]
	Concrete
	High-density polyethylene (HDPE)
	Mixed
	Shredding
	Fine aggregate



	2
	Sabaa and Ravindrarajah [16]
	Lightweight concrete
	Expanded polystyrene (EPS)
	-
	Granular
	Coarse aggregate



	3
	Choi et al. [17]
	Concrete
	Polyethylene terephthalate (PET)
	Bottle
	Grinding
	Fine aggregate



	4
	Laukaitis et al. [18]
	Non-load-bearing lightweight concrete
	Polystyrene (PS)
	Form
	Crumbling
	Fine aggregate



	5
	Batayneh et al. [19]
	Concrete
	Plastic
	Mixed
	Grinding
	Fine aggregate



	6
	Marzouk et al. [20]
	Mortar
	PET
	Bottle
	Shredding
	Fine aggregate



	7
	Panyakapo and Panyakapo [21]
	Non-load-bearing lightweight concrete
	Melamine
	Melamine
	Grinding
	Fine aggregate



	8
	Ismail and Al-Hashmi [22]
	Concrete
	Mix plastic of 80% PET and 20% PS
	-
	Crushing
	Fine aggregate



	9
	Kan and Demirboga [23]
	Lightweight concrete
	Modified EPS
	EPS form
	Thermal treatment
	Coarse aggregate



	10
	Asokan et al. [24]
	Concrete
	Glass fiber-reinforced plastic (GFRP)
	-
	Grinding
	Fine aggregate



	11
	Choi et al. [25]
	Mortar and concrete
	PET
	Bottle
	Mixed with river sand filler
	Fine aggregate



	12
	Albano et al. [26]
	Concrete
	PET
	Bottle
	Grinding
	Fine aggregate



	13
	Kou et al. [27]
	Lightweight concrete
	Polyvinyl chloride (PVC)
	Pipe
	Crushing
	Fine aggregate



	14
	Remadnia et al. [28]
	Mortar
	PET
	Bottle
	Shredding
	Fine aggregate



	15
	Akçaözoğlu et al. [29]
	Lightweight concrete
	PET
	Bottle
	Shredding
	Fine aggregate



	16
	Asokan et al. [30]
	Concrete
	Glass fiber-reinforced plastic (GFRP)
	-
	Grinding
	Fine aggregate



	17
	Lima et al. [31]
	Lightweight concrete
	Ethylene vinyl acetate (EVA)
	Sheet
	Crushing
	Coarse aggregate



	18
	Frigione [32]
	Concrete
	PET
	Bottle
	
	Fine aggregate



	19
	Fraj et al. [33]
	Lightweight concrete
	Polyurethane (PUR)
	Form
	Crushing
	Coarse aggregate



	20
	Galvão et al. [34]
	Concrete
	PET and Low-density polyethylene (LDPE)
	Bag, bottle
	Crushing and Agglutinating
	Fine aggregate



	21
	Ramadevi and Manju [35]
	Concrete
	PET
	Bottle
	Shredding
	Fine aggregate



	22
	Ferreira et al. [36]
	Concrete
	PET
	Bottle
	Crushing and melting
	Coarse and fine aggregate



	23
	Wang and Meyer [37]
	Concrete
	High-impact polystyrene (HIPS)
	Electronics
	Shredding
	Fine aggregate



	24
	Silva et al. [38]
	Concrete
	PET
	Waste
	Crushing and melting
	Fine aggregate



	25
	Herki et al. [39]
	Lightweight concrete
	EPS
	-
	-
	Fine aggregate



	26
	Ge et al. [40]
	Mortar
	PET
	Bottle
	Shredding
	Fine aggregate



	27
	Saikia and de Brito [41]
	Concrete
	PET
	Bottle
	Crushing and melting
	Coarse and fine aggregate



	28
	Chaudhary et al. [42]
	Concrete
	LDPE
	Bag
	Shredding
	Coarse and fine aggregate



	29
	Saikia and de Brito [43]
	Concrete
	PET
	Bottle
	Crushing and melting
	Coarse and fine aggregate



	30
	Akçaözoğlu and Ulu [44]
	Geo-polymer concrete
	PET
	Bottle
	Crushing
	Fine aggregate



	31
	Alqahtani et al. [45]
	Lightweight concrete
	Linear low-density polyethylene (LLDPE)
	-
	Mixed with red dune sand filler
	Coarse aggregate



	32
	Badache et al. [46]
	Mortar
	HDPE
	Waste pipe
	Milling
	Fine aggregate



	33
	Chen et al. [47]
	Mortar
	Polypropylene (PP)
	Food packing
	-
	Fine aggregate
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	No.
	Reference
	Type of Composites
	Type of Plastic
	Origin of Plastic Waste
	Recycling Procedure





	1
	Wang et al. [48]
	Concrete
	PP and Nylon 6
	Carpet
	Grinding



	2
	Silva et al. [49]
	Mortar
	PET
	Bottle
	Extruding



	3
	Ochi [50]
	Concrete
	PET
	Bottle
	Extruding



	4
	Kim et al. [51]
	Mortar
	PET
	Bottle
	Melting and slitting



	5
	Meddah and Bensheikh [52]
	Concrete
	PP
	Bag
	Cutting



	6
	Kim et al. [53]
	Concrete
	PET
	Bottle
	Melting and slitting



	7
	da Oliveira and Castro-Gomes [54]
	Mortar
	PET
	Bottle
	Cutting



	8
	Fraternali et al. [55]
	Concrete
	PET
	Bottle
	Extruding



	9
	Pelisser et al. [56]
	Concrete
	PET
	Bottle
	Extruding



	10
	Nibudey et al. [57]
	Concrete
	PET
	Bottle
	Cutting



	11
	Prahallada and Prakash [58]
	Concrete
	Plastic
	Pot
	Cutting



	12
	Fraternali et al. [59]
	Concrete
	PET
	Bottle
	Extruding



	13
	García et al. [60]
	Concrete
	GFRP
	-
	Milling



	14
	Sharma et al. [61]
	Concrete
	PET
	Bottle
	Cutting



	15
	Spadea et al. [62]
	Mortar
	Nylon 6
	Waste fishing net
	Cutting



	16
	Orasutthikul et al. [63]
	Mortar
	Nylon 6
	Waste fishing net
	Cutting



	17
	Ottosen et al. [64]
	Mortar
	Nylon 6
	Waste fishing net
	Cutting



	18
	Park et al. [65]
	Mortar
	HDPE
	Waste fishing net
	Cutting
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No.

	
Reference

	
Geometry of Fiber

	
Diameter (mm)

	
Length (mm)

	
Aspect Ratio

	
Tensile Strength (MPa)






	
1

	
Wang et al. [48]

	
-

	
-

	
3–25

	
-

	
-




	
2

	
Silva et al. [49]

	
Straight

	
0.026

	
20

	
769

	
323.5




	
3

	
Ochi [50]

	
Straight

	
0.7

	
30

	
43

	
450




	
4

	
Kim et al. [51]

	
Straight

	
0.5 × 1.0

	
50

	
63

	
-




	
Crimped

	
0.3 × 1.2

	
50

	
74

	
-




	
Embossed

	
0.2 × 1.3

	
50

	
87

	
-




	
5

	
Meddah and Bensheikh [52]

	
Flat

	
-

	
60

	
-

	
-




	
6

	
Kim et al. [53]

	
Embossed

	
0.2 × 1.3

	
50

	
87

	
420.7




	
7

	
da Oliveira and Castro-Gomes [54]

	
Flat

	
0.5 × 0.2

	
35

	
31

	
-




	
8

	
Fraternali et al. [55]

	
Straight

	
1.1

	
40

	
36

	
550




	
Straight

	
0.7

	
52

	
74

	
263.72




	
Crimped

	
0.7

	
52

	
74

	
274.29




	
9

	
Pelisser et al. [56]

	
Multifilaments

	
0.025

	
20

	
800

	
-




	
10

	
Nibudey et al. [57]

	
Flat

	
0.71

	
25

	
35

	
-




	
11

	
Prahallada and Prakash [58]

	
-

	
-

	
-

	
30–110

	
-




	
12

	
Fraternali et al. [59]

	
Straight

	
1.1

	
40

	
36

	
550




	
Crimped

	
0.7

	
52

	
74

	
274




	
13

	
García et al. [60]

	
Fluff

	
-

	
-

	
-

	
-




	
14

	
Sharma et al. [61]

	
-

	
-

	
-

	
15–60

	
-




	
15

	
Spadea et al. [62]

	
Straight

	
0.33

	
12.7

	
38

	
319




	
Straight

	
0.33

	
25.4

	
77

	
342




	
Straight

	
0.33

	
38.1

	
115

	
389




	
16

	
Orasutthikul et al. [63]

	
Straight

	
0.35

	
20

	
57

	
440




	
Straight

	
0.35

	
40

	
86

	
440




	
Knotted

	
0.35

	
40

	
114

	
440




	
17

	
Ottosen et al. [64]

	
Twisted multifilaments

	
1.2

	
20

	
17

	
260




	
Twisted multifilaments

	
1.2

	
40

	
33

	
260




	
18

	
Park et al. [65]

	
Twisted multifilaments

	
1

	
40

	
40

	
188




	
Twisted multifilaments

	
1.5

	
40

	
27

	
173
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	No.
	Reference
	Type of Composites
	Type of Plastic
	Origin of Plastic Waste
	Recycled Product





	1
	Kim et al. [71]
	Lightweight soil
	HDPE
	Waste fishing net
	Reinforcing textile



	2
	Mousa [72]
	Mortar
	HDPE
	Waste fishing net
	Reinforcing textile



	3
	Bertelsen et al. [73]
	Concrete
	-
	Waste fishing net
	Reinforcing bar



	4
	Sigvardsen [74]
	Concrete
	-
	Waste fishing net
	Reinforcing bar
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