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Abstract

:

Plastic waste has increased significantly in recent years as a result of fast population growth and urbanization. Studies on the incorporation of plastic aggregates as a substitution for natural aggregates in concrete are needed to successfully reduce both adverse environmental impact and the depletion of natural resources. The objective of this research was to investigate the use of plastic as a partial substitution for natural coarse aggregates in concrete. For this purpose, seven concrete mixes were produced using 0, 10, 15, and 20% plastic coarse aggregates to replace natural aggregates with and without silica fume of similar replacement levels with cement. Fresh density, workability, compressive strength, splitting tensile strength, stress–strain response, and Poisson’s ratio were observed to study the fresh as well as hardened properties of concrete mixtures. Indoor and outdoor thermal performance and thermo-gravimetric analysis were also investigated. The results revealed that the plastic aggregates’ incorporation improved the workability of concrete; however, it negatively influenced the fresh density and mechanical properties of concrete. The compressive and tensile strengths of plastic aggregate concrete without silica fume were reduced by 32 and 33%, respectively. The reduction in strength could be associated with the smooth texture of plastic aggregates. The addition of silica fume with plastic aggregates resulted in denser concrete and improved mechanical properties. In general, the performance of plastic aggregates as a partial replacement for natural aggregates was satisfactory, which suggests their possible use to produce eco-friendlier concrete.
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1. Introduction


Concrete, a combination of cement, coarse aggregates, sand, water, and other inert materials, is the most commonly used construction material in the world. Worldwide, per capita concrete consumption is estimated to be approximately 3 times as much as it was 4 decades ago with around 30 billion tons of concrete produced annually, and the number is expected to rise [1]. The aggregates typically account for 65–80% of the total volume of concrete and have a significant impact on the fresh and hardened properties of the cementitious matrix [2]. Due to the massive concrete production around the globe, natural resources are rapidly depleting, resulting in stringent environmental impacts [3]. The worldwide aggregate production market forecasts a 59% increase in aggregate consumption by the end of 2025 [4]. The mining of sand and gravel is one of the major challenges to sustainability in the twenty-first century [5] because, as compared to other mined and traded commodities, these minerals are among the least controlled in many regions. The preservation of natural raw materials is essential to curtail the damaging effects of climate change and to avoid natural resource exhaustion in the future. Hence, the possibility of incorporating different alternatives of natural aggregates in concrete has been explored by several researchers [6,7,8,9], mostly employing construction and demolition waste as recycled aggregates [10] as well as solid waste, such as glass [11], cardboard, paper [12], bricks [13], crumb waste tires [14], etc.



Plastic, a versatile, resilient, and durable material, is extensively utilized in a wide range of applications, with a global output estimation of 359 million tons in 2018 [15], out of which only 8.8% and 31% were reused in the United States and Europe, respectively. Plastic pollution is a big environmental and ecological concern because it affects agricultural productivity, lowers the potential of the groundwater to recharge, and is a major source of water pollution, all of which have detrimental consequences for marine life [16]. A study conducted by the United Nations Environmental Program in 2006 discovered 46,000 pieces of plastic flowing in a square mile of the ocean [17,18], termed the Garbage Patch, that accounts for 90% of all floating garbage in the ocean [1]. Several studies have been undertaken to enhance the recycling of plastic products by integrating plastic into various industrial products. The concrete industry has also adopted the aforementioned solution to partially replace natural aggregates in concrete with plastic waste aggregates [16,19,20,21,22,23,24,25] not only to avoid the environmental pollution caused by plastic but also to reduce dependency on the natural sources of concrete raw materials to conserve the environment.



Researchers have analyzed the plastic aggregate (PA) as a substitution for natural aggregates in the form of shredded bottles, pallet shapes, fine pallets, coarse flakes, and fine flakes derived from various industrial products [26]. The literature suggests that incorporating plastic aggregates as a partial replacement for natural aggregates imparts a significant effect on most concrete properties. It has been reported that workability, concrete density, and mechanical parameters, such as compressive strength (CS), splitting tensile strength (STS), and modulus of elasticity (E), decrease dramatically with increased plastic content in concrete mixtures containing shredded plastic particles [25,27,28,29,30,31]. Increasing the percentage of plastic in cement mortar and concrete from 20 to 100% reduced the mixture density up to 50% [24,32,33,34,35,36]. Additionally, it has been discovered that replacing 20–100% of natural sand with plastic aggregates reduced the 28-day compressive strength of concrete by 70% [23,24,27,28,35,37]. Choi et al. [37,38] stated that polyethylene terephthalate (PET) lightweight concrete exhibited a 46% higher slump than that of natural concrete. However, a reduction in workability (7 to 28%) was noticed when lightweight coarse aggregates were entirely substituted with manufactured aggregates [39,40,41,42]. Rabar et al. [21] extensively reported the impact of several types of recycled plastic aggregates (RPAs) on the fresh and mechanical characteristics of concrete and indicated that the incorporation of RPAs reduces the mechanical characteristics of concrete. Joseph et al. [43] incorporated shredded PET plastic bottles as a partial replacement for aggregates at a rate of 1.5–4.5% by total volume during concrete batching. The concrete properties were degraded though the inclusion of PET aggregates, causing a reduction of w/c from 0.55 to 0.46, effectively reducing the porosity and restoring concrete performance. Furthermore, the impact resistance, energy absorption, and residual CS of concrete incorporating plastic waste as aggregates were examined by Saxena et al. [44], and it was stated that the CS was reduced due to a poor cohesive bond between the cement paste and the plastic aggregates, but impact strength was enhanced due to the ductile nature of plastic.



In recent years, the use of electronic waste (E-waste) in concrete has caught the attention of researchers, as it is a relatively new phenomenon compared to the use of other forms of plastic in concrete. The recycling of E-waste as a partial substitution of aggregates in concrete can result in reducing the harmful effects of plastic pollution on the environment. Recycling E-waste can have several advantages [45], such as a reduction in solid waste and hence energy consumption; a reduction in landfill cost; a reduction in fuel cost and self-weight of structure [46], as it is lightweight compared to natural aggregates; and a comparatively lower production cost. However, the research indicates that E-waste aggregates affect the strength mechanical characteristics of concrete, restricting its use.



Prasanna et al. [47] incorporated broken E-waste in concrete as a replacement for natural aggregates and concluded that the E-waste aggregate content should not be more than 20% of the natural aggregates, as it can lead to a reduced CS by 33%. It was also observed that the integration of fly ash in the concrete mixture can help in partially recovering CS. Nadhim et al. [16] also concluded with similar results while incorporating smashed E-waste aggregates along with fly ash in concrete mixtures. Another study [48] examined the effect of shredded E-waste aggregates on the strength properties of concrete and reported that although 15% E-waste can lead to around a 35% reduction in CS, the simultaneous incorporation of 10% fly ash in the concrete mix results in almost equivalent mechanical properties compared to the control mix. Alagusankareswari et al. [49] employed ground E-waste as a partial replacement for coarse aggregates and noticed a considerable weight reduction in the resulting concrete along with lower CS and STS values compared to the control mix for 10%, 20%, and 30% E-waste aggregates.



A brief review of the current literature reveals that the research associated with E-waste concrete has mainly employed non-manufactured plastic aggregates involving sorting, washing, shredding, or crushing plastic waste. Nevertheless, there is a lack of exploration of modifying E-waste with an appropriate heating process [45,50] and producing plastic coarse aggregates with shapes and sizes comparable to natural aggregates. Furthermore, although several studies have examined the fresh and mechanical properties of E-waste-incorporated concrete mixtures, there is a lack of research on investigating the thermal properties of E-waste concrete, i.e., indoor and outdoor thermal performance and thermo-gravimetric analysis. In the current study, manufactured E-waste aggregates of comparable shape and size to natural coarse aggregates were incorporated in concrete mixtures as a partial replacement for coarse aggregates to examine the fresh and mechanical properties, stress–strain behavior, and thermal performance of concrete containing E-waste aggregates. Moreover, an analytical study was carried out to compare the experimental results of compressive and splitting tensile strengths with those predicted by various codes and past studies.




2. Materials and Methods


2.1. Materials and Mix Proportions


Ordinary Portland cement (Type I) satisfying the requirements of ASTM C150 was used in this research. Silica fume (SF) was used in the concrete mix to enhance the mechanical properties of concrete with PA. Lawrencepur sand with a size below 4.75 mm was used as fine aggregate, while the coarse aggregates of size 4.75 to 19 mm were obtained from the Margalla quarry. For plastic aggregate production, E-waste was used as the primary source. Usually, E-waste needs to be processed through four stages to produce aggregates, as described by a previous study of the same research group [51]. Figure 1 depicts an experimental setup of aggregate production. At the start, the E-waste was washed with water to remove any dust and clay particles. The E-waste was then crushed in an electronic crusher until it was reduced to smaller shredded particles. In the third stage, E-waste material was heated at 200 °C in a kiln. Plastic flakes were melted and then cooled in water to form plastic rocks, which were then crushed to produce plastic aggregates in the last step. The type of plastic used to produce PA was acrylonitrile butadiene styrene (ABS) consisting of laptop scrap, LCDs, monitors, and printers. Figure 2 shows the materials used in this study.



The physical properties of natural and plastic aggregates are given in Table 1. Specific gravity and water absorption of aggregates were calculated following ASTM C127 [52], and the density test was performed according to ASTM C330 [53]. Sieve analysis was performed as per ASTM C136 [54] to determine the gradation of aggregates. As shown in Table 1, the water absorption and density of PA were found to be 0% and 620 kg/m3 compared to 0.8% and 1518 kg/m3 for natural aggregates, respectively. Results indicate that plastic aggregates were non-absorbent of water and 49.3% lighter in weight than natural aggregates. An optical microscope observed the shape and texture of natural and plastic coarse aggregates. The plastic aggregates seemed to be more porous and angular than the natural ones. The morphology of coarse and plastic aggregates was similar, as discussed later in Section 3.9.



In this study, seven mixes were considered with a mix ratio of 1:1.5:3 and a water-binder ratio of 0.45, as shown in Table 2. The first mix represents the control mix. In the second, third, and fourth mixes, natural coarse aggregates were replaced by volumes of 10, 15, and 20% of PA without adding SF. Furthermore, SF was also added along with PA in the remaining mixes by the volume replacement of 10, 15, and 20% of cement. A plasticizer weighing 1.5% of the binder content was incorporated to improve the quality of fresh concrete. The sample mixes were named as given in Table 2. For instance, the mix with 10% PA was termed M10PA, and the mix incorporating SF was named M10PAS.




2.2. Testing Details


The fresh properties of concrete, including slump and fresh density, along with dry density, CS, STS, stress–strain behavior, and lateral–longitudinal strains, were determined for hardened concrete. In addition, the morphology of the natural and plastic aggregates and the microstructure were also studied using an optical microscope and scanning electron microscope (SEM). Properties of concrete mixtures were obtained at 28 days of age according to the standard procedures mentioned in the following paragraph. Indoor and outdoor thermal performance was also observed, as discussed in Section 4.



The details of the experiment and standards ASTM C143/C143M [55] and ASTM C138/C138M [56] were used for workability and fresh density measures. Similarly, BS EN 12390-7 [57] and BS EN 12390-6 [58] were used for dry density and splitting tensile strength measures, respectively. ASTM standards were used for compressive strength and modules of elasticity measurements. (ASTM C39/C39M [59], ASTM C469 [60]).




2.3. Specimen Preparation


In this study, cylinders of size 100 × 200 mm (Diameter × Height) were cast following the BS EN 12390-6 [58] standards for splitting strength, whereas cylinders of size 150 × 300 mm (Diameter × Height) were cast following the ASTM C39/C39M [59] standards for compression tests. Steel molds were used for both types of cylinders, i.e., splitting and compression tests. The concrete was mixed thoroughly and placed in the steel molds. A proper vibration method was used to compact the concrete.





3. Results and Discussion


3.1. Workability


Workability assures that concrete can be easily handled and has an impact on its structural applications. The effect of plastic aggregates on the workability of fresh concrete was examined using the slump test, and the results are shown in Figure 3. The slump of PA concrete mixtures ranged from 121 mm for the 10% PA mix to 155 mm for the 20% PA mix compared to the much lower slump of 23 mm for the control mix. The higher slump values in the case of PA concrete can be due to the hydrophobic nature, lower water absorption capacity, and relatively smoother texture of PA compared to the natural aggregates. Other researchers have also reported a similar observation [61,62,63]. This could be beneficial during casting and pumping concrete over long distances and in congested reinforcement areas.



In contrast, the slump of PA concrete mixtures was reduced significantly due to the addition of SF, as demonstrated in Figure 3, where the slump decreased from 58 to 12.5 mm when the percentage of SF increased from 10 to 20%, respectively. This reduction could be attributed to a very fine particle size and the large surface area of SF. The homogeneity of the concrete mix was verified by cutting the PA concrete samples after 28 days. It can be observed from Figure 4 that the resulting concrete was homogeneous, and no segregation was detected.




3.2. Fresh and Dry Density


The fresh and dry densities of all mixes are illustrated in Figure 5. It can be noticed that the density of concrete declined with an increase in the PA content for both mixture types, i.e., with and without SF. The maximum reduction was observed for a 20% addition of PA with and without SF. This reduction in density could be attributed to the lower densities of plastic aggregates and silica fume, i.e., 760 kg/m3 and 784 kg/m3, respectively, compared to 1518 kg/m3 and 1440 kg/m3 of natural aggregates and cement, respectively. Concrete comprises 50–60% of coarse aggregates, so the significant contribution to the density reduction could be attributed to the coarse aggregate replacement. On the other hand, the contribution of SF to a lower density was not very significant due to its lower substitution rate than the PA. This result is also in line with prior studies, which found that replacing conventional aggregates with PA reduced fresh and dry density [16,24,25,31,64,65,66]. There is a consensus in the literature that incorporating either fine or coarse plastic aggregates reduces the dry density of concrete mixes. This suggests that the replacement percentage of the plastic aggregates can be increased for producing lightweight concrete. Lightweight concrete can help reduce the size of structural members, ultimately lowering the overall cost of the material, handling, and transportation.




3.3. Compressive Strength


The CS results of the concrete mixes examined in this research are illustrated in Figure 6. The control mix exhibited a CS of 42.1 MPa. It is to be noted that the CS decreased with an increase in the replacement percentage of PA, as also noticed in previous research [33,67,68,69,70]. It can be observed that for 10, 15, and 20% replacement levels, the CS decreased by 31.5, 37.5, and 42.3% for mixtures without SF and by 25.6, 28.6, and 31.5% for blends with SF, respectively. It is interesting to note that the addition of SF partially recovered the loss of CS due to the addition of PA. For example, in the case of 20% replacement, the strength was improved from 24.5 to 29 MPa with SF. This strength gain could be attributed to the pozzolanic activity and finer particle size of SF compared to cement. Previous research agrees that CS increases with an increase in the substitution level of SF [2,29,30,47,60,67,68,69,70,71]. The reduction in CS pertained to the weak interfacial transition zone between the cement paste and plastic aggregates [24,72,73,74,75,76,77]. As a result, the PA and cement matrix bond was weaker. Another reason for the reduction in PA concrete CS was the higher amount of bleeding water than conventional concrete mixes because PAs are hydrophobic and non-absorbent in nature [39]. The water located near the PA tends to produce a weak bond between the plastic and cement matrix, and the smooth surface of the plastic aggregate also facilitated it.




3.4. Splitting Tensile Strength


The STS results of concrete blends are shown in Figure 7. The control mix exhibited an STS of 4.5 MPa. Similar to the CS, a reduction in STS was observed with increased PA content. Figure 7 shows that for 10, 15, and 20% replacement levels, the STS decreased by 32.0, 33.1, and 37.0% for mixtures without SF and 24.1, 25.6, and 32.3% for blends with SF, respectively. The loss of STS due to the addition of PA was also partially recovered by the silica fume incorporation. For example, in the case of 20% replacement, the STS improved from 2.86 to 3.05 MPa with the SF incorporation. The loss of STS due to the replacement of PA has also been reported by various previous studies [38,71,78]. The reason for the decline in STS was similar to that for CS, which mainly includes a weaker ITZ of the concrete. It was also due to the hydrophobic nature, smooth surface, relatively spherical shape, and zero water absorption of plastic aggregates.




3.5. Modulus of Elasticity


The modulus of elasticity, or E-value, is affected by the composition of the blend, the quality of aggregate, and the quality of the interfacial transition zone. The modulus of elasticity results are shown in Figure 8 for the specimens of this study. The E-value of concrete mixes relates to the 40% CS of the stress–strain graph, commonly known as the secant slope method. Compared to the E-value of the reference mix (22.2 GPa), it decreased with an increase in the PA replacement percentage for both types of mixtures, i.e., with and without SF. Figure 8 shows that for 10, 15, and 20% replacement levels, the E-value decreased by 4.0, 11.7, and 20.3% for mixtures without SF and by 7.2, 25.6, and 34.2% for blends with SF, respectively. Interestingly, SF addition further reduced the E-value, particularly at a higher substitution level. Previous studies also confirm that the stiffness and E-values of concrete mixtures are inversely proportional to their PA content. Liu et al. [79] substituted virgin sand with pieces of plastic and found that E-value decreased as the replacement level increased. The E-value was determined to be 20.3% lower when 20% of the PA was replaced, which was higher than the highest drop observed in the current study with fabricated PA. The cement matrix and PA exhibited a weaker bond between them, which led to the overall decrease in E-values. Furthermore, the stiffness of concrete constituents demonstrated a significant impact on the modulus of elasticity, as an increasing proportion of PA substituted stiffer natural aggregates, resulting in lower elastic modulus values [16].




3.6. Stress–Strain Behavior


An LVDT and strain gauges with a gauge length of 60 mm were used to measure longitudinal strain, while two strain gauges were placed 180 degrees apart in the transverse direction at the middle of the cylinder to measure lateral strain. Figure 9 presents the stress–strain behavior of the concrete blends where it can be observed that with the addition of PA, the brittleness of conventional concrete was reduced. In general, the slope of the curve and the peak strength declined, while the strain corresponding to the peak strength increased with an increase in the PA replacement ratio. In other words, the ductility of PA concrete slightly increased compared to the concrete containing natural aggregates. A similar finding was made by Jansen et al. [39], who employed lightweight fly ash-aggregates and found that as the replacement amount increased, higher ductility was observed with lower CS. The results are also consistent with prior studies [51,80], which found that as the strength increased, the concrete failed at lower strain values. When the replacement level of lightweight expanded polystyrene aggregates increased, failure was more ductile than conventional concrete. Reduced brittleness or ductility is a unique feature of PA concrete that is not exhibited by conventional concrete. This type of concrete is advantageous where dynamic or repeated loading causes failure.




3.7. Lateral Strain and Poisson’s Ratio versus Longitudinal Strain


Lateral versus longitudinal strains of the tested concrete mixes are plotted in Figure 10. It can be noted for concrete mixes with different substitution levels that the control and other concrete mixtures exhibited similar lateral-to-longitudinal strain responses that can be described as bilinear. In general, it can be observed from Figure 10 that the lateral strain increases with an increase in PA content for a given longitudinal strain. Furthermore, compared to the control specimens in which the lateral strain increased abruptly near the peak strength, the rate of lateral strains gradually decreased with the addition of PA. It is also interesting to note that the transition between the two curve portions also occurred earlier for specimens with a higher PA content. In the specimens containing both PA and SF, the addition of SF further reduced the rapid rate of increasing lateral strain and shifted the transition point to a higher strength level. It can be inferred that the addition of PA reduced the brittleness of concrete by exhibiting a relatively smooth transition of higher lateral strains. Similar observations can be carried out for the effect of PA and SF on Poisson’s ratio, as shown in Figure 11. However, it is to be noted that the addition of both PA and SF resulted in a higher lateral strain and Poisson’s ratio compared to concrete with the addition of PA only.




3.8. Correlation between Compressive and Tensile Strengths


Eurocode 2 was used to investigate the STS of concrete [81]. As seen in Equations (2) and (3), the mean indices of STS against any given CS can be determined for normal-strength concrete with a CS of less than 50 MPa using the correlation in Equation (1), where the top and bottom bounds for STS are also given. In these equations,    f  t m    ,    f  c m    ,    f  t , m i n    , and    f  t , m a x     represent mean STS, mean CS, minimum, and maximum bounds of STS values, respectively.


   f  t m   = 0.3      f  c m       2 / 3    



(1)






   f  t , m i n   = 0.7    f  t m      



(2)






   f  t , m a x   = 1.3    f  t m      



(3)







Figure 12 shows the maximum and minimum bounds of STS values, as well as experimental results from current and earlier research, with waste plastic being used as a partial substitute for coarse aggregates [33,37,82]. Without considering the types of plastic, w/c ratios, or the addition of silica fume in this investigation, all measured values from current and past studies fall within the range. In the present research, tensile strength values were determined using suggested equations from many building standards and previous investigations, as indicated in Table 3 and illustrated in Figure 13. The suggested expressions are within Eurocode’s minimum and maximum bounds, with Neville’s expression [83] at the base and Juki et al.’s [28] at the upper side. It is worth noting that Eurocode defines correction factors for lightweight aggregate concrete tensile strength calculations, indicating a decline in STS against any given CS value. Furthermore, the present research’s experimental results reveal that tensile strength values are greater than the conventional concrete values calculated from Equation (1). The New Zealand Standard (NZS:3101:2006) [83] and Neville equations [84] are found to significantly underestimate tensile strength values, with under-predictions ranging from 20% to 32%. The Eurocode, ACI 318-11 [85], Oluokun et al. [86], and Juki et al. [28] equations show a higher correlation with experimental data, with some specimens giving almost precise readings, while others differing by up to 13%. Table 4 displays the experimental-to-projected values ratio as well as the expected tensile strength values.




3.9. Microscopic Investigation


The shape of plastic and natural aggregates was observed visually and using an optical microscope, as shown in Figure 14 and Figure 15, respectively. It can be observed that the shape of natural and plastic aggregates was quite similar. Visual inspection indicates that plastic aggregates were smooth and somewhat spherical. These particles were placed under an optical compound microscope for detailed visualization of aggregates. It was apparent from the microscopic structure that the plastic aggregate was porous and somewhat spherical. The slices of concrete specimens including PA were also subjected to an optical microscopic analysis, as illustrated in Figure 16. These samples were extracted using a diamond cutter under running water. Figure 16a shows a typical cross-section, while Figure 16b,c present the magnified cross-sections of concrete containing plastic aggregates. Figure 16b depicts the hydrophobic nature of the plastic aggregates and the amalgamation of cement matrix around plastic aggregates. Figure 16c shows the bond between the PA and cement matrix.



Figure 17 shows the cement matrix’s crack width and bond with conventional and plastic aggregates. The crack width of the natural aggregate was 1 µm, while for the plastic aggregate, it was 8, 11 and 24 µm. These SEM images exhibited a weak bond between the cement matrix and plastic aggregate, which may explain the reason behind the strength deterioration of the concrete mixes containing plastic aggregates compared to natural aggregates. This result also indicates that the concrete containing PA was porous in nature, which can also be another reason for the lower strength. EDS was also taken at the plastic aggregate in the concrete mix, and the spectrum showed that calcium was present in it (Figure 18). XRD of the plastic aggregate was also performed, showing the chemical composition of the plastic aggregate. Calcium was present in the plastic aggregate, as shown in Figure 19.





4. Thermal Performance Analysis


Energy preservation is currently one of the prime concerns, and special efforts are being made in the construction sector to select energy-efficient materials to conserve as much energy as possible. The thermal performance of concrete made with natural and plastic aggregates was investigated both indoors and outdoors in the present research. The test setup used in a previous study conducted by the authors of [51] was also employed in the current work. For this purpose, concrete slabs of 203 × 203 × 38 mm were cast with the same mix design as discussed in Section 2. Two mixes, i.e., control and 20% PA, SF, were employed to prepare the slab specimens. The motive was to observe the maximum temperature differential of the mixes containing minimum and maximum plastic aggregate and silica fume content. The thermal performance test was conducted after 28 days of curing.



4.1. Indoor Thermal Performance


Figure 20 illustrates the test setup used to assess the concrete slabs’ indoor thermal performance. The test assembly consisted of a wooden box comprised of two chambers (upper and lower), while the slab specimen rested between both chambers. The dimensions of both compartments are shown in Figure 20. The upper chamber was equipped with a 300 W coil for providing heat to the slab. The sides of the test assembly were sealed with aluminum foil to prevent any heat loss. The temperature of the slab specimens from the top and bottom surfaces and the lower chamber was determined using sensors. The experiment started at ambient temperature and continued until the temperature of the upper chamber reached 130 °C. Afterward, the coil was turned off, and the cooling of the upper chamber took place until room temperature was achieved. The temperature curves obtained by sensor 3, as presented in Figure 21, demonstrate the variation of heat transfer for both the tested slab specimens, as the difference between the temperature increases for both specimens was evident. Although it can be observed that the ascending curve of temperature rise detected at the bottom of both the slab specimens followed an almost similar slope, the slab specimen containing plastic aggregates exhibited better thermal performance compared to the control specimen. A notable difference was recorded between the temperature of both specimens in the plateau region. The concrete incorporating plastic aggregates and silica fume attained a 1.75 °C (4.2%) lower temperature at the base of the slab, showing better thermal performance. Furthermore, the difference between the two curves widened up in the descending portion, and the plastic aggregate concrete attained room temperature significantly earlier than the control slab specimen.




4.2. Outdoor Thermal Performance


The test assembly employed to assess the outdoor thermal performance of both concrete slab specimens is shown in Figure 22. The wooden box used in this test consisted of only the lower chamber, and the slab specimens were placed on top of it. As demonstrated in Figure 22, the chamber dimensions were kept the same as those used in the indoor thermal performance experiment. Sunlight was used as the heating source. Temperature sensors attached to the inner and outer surfaces of the slab specimens were connected to a computer system to record the temperature at regular intervals. The temperature curves obtained by sensor 3 are shown in Figure 23, where it can be observed that the outdoor thermal performance of both slab specimens was quite similar to the indoor thermal performance. The concrete incorporating plastic aggregates and silica fume exhibited a 2.5 °C (8%) lower temperature at the bottom surface of the specimen compared to the control specimen, indicating superior thermal performance. The descending curve illustrated a faster cooling rate of the concrete containing plastic aggregates and silica fume, which took 40% less time to achieve room temperature than the control specimen. The thermal efficiency of plastic aggregate concrete is evident from the indoor and outdoor thermal performance tests and can be a viable option when selecting energy-efficient building materials.




4.3. Thermo-Gravimetric Analysis


The thermal stability of the control and 20% PA, SF concrete samples was investigated using thermo-gravimetric analysis (TGA). Test samples were taken from the center of cylindrical cores, which were then powdered to an 80-micron particle size. The test samples were weighed before placing them in a furnace where the test samples were exposed to elevated temperatures up to 800 °C. Figure 24 demonstrates the percent weight loss for both test samples over the temperature range. A similar weight loss trend can be observed for both test samples up to 300 °C due to the evaporation of many hydrates, such as C-S-H, carbo-aluminates, ettringite, etc. Contrary to the control sample, the 20% PA, SF concrete sample exhibited a significant weight loss between 300 and 480 °C that can be attributed to the evolution of butadiene monomer and styrene in plastic aggregates at around 340 °C and 350 °C, respectively, as observed in the past research conducted on pure ABS plastic [88,89]. The control sample experienced substantial weight loss in the temperature range of 600–800 °C, which can be due to the decarbonation of calcium carbonate that is primarily found in clinker [87,90,91]. The drastic weight loss due to plastic aggregates resulted in an overall weight loss of around 89% in the 20% PA, SF concrete sample compared to a 29% weight reduction for the control sample, as indicated in Table 5.





5. Conclusions


According to this study, PA influenced the properties of concrete, such as fresh and dry density, stress–strain behavior, Poisson’s ratio, and E-value. The thermal performance of concrete incorporating PA was also investigated. PA was used to replace natural coarse aggregates at replacement levels of 10, 15, and 20%, with and without SF incorporation as a cement substitution at an equivalent replacement percentage. The following conclusions are drawn:




	
The addition of PA in concrete enhanced the slump due to the non-absorbent and relatively spherical shape of the PA. The slump of concrete mixes increased from 25 mm to 155 mm for the control and a 20% replacement of coarse aggregates with PA, respectively.



	
The integration of PA into concrete decreased the fresh and dry density of concrete blends to a maximum of 9.7% and 11.25%, respectively. The maximum reduction was observed for a 20% addition of PA with and without SF. This reduction in density could be attributed to the lower densities of plastic aggregates and silica fume, i.e., 760 kg/m3 and 784 kg/m3, respectively, compared to 1518 kg/m3 and 1440 kg/m3 of natural aggregates and cement, respectively.



	
The use of PA decreased the CS and STS of concrete by 31.5 to 42.2% and 31.8 to 36.92%, correspondingly, for substitution levels of 10 to 20%. Furthermore, the integration of SF as a substitution for cement by 10, 15, and 20% led to a significantly lower reduction in CS and STS, although the PA content substitution was the same. CS reductions for the replacement (10, 15, and 20%) of PA and SF were found to be 25.53%, 28.55%, and 31.5%, respectively. Similarly, the STS reductions for the replacement (10, 15, and 20%) of PA and SF were found to be 24.11%, 25.53%, and 32.26%, respectively. The results show that by integrating SF at the same replacement percentage as PA, the reduction in CS and STS was lower as compared to replacing PA only.



	
The stress–strain relationship demonstrated that in comparison to the control mix, samples with PA exhibited greater failure strain values and a more ductile response. However, the low strength of the PA concrete mixes might also be attributed to the increase in strain values. The E-value was observed to decline as the percentage of PA increased, with a maximum reduction of 42.23%. However, at the maximum replacement of PA and SF, the reduction in the modulus of elasticity was 31.53%, which was 25.53% lower than the only 20% substitution of PA. This shows that the incorporation of SF reduced the E-value.



	
The relationship between the experimental CS and STS values, as identified by CEB-FIP, was found to be within the maximum and minimum bound and identical to prior PA investigations.



	
The plastic aggregates were observed to be porous, smooth, and somewhat spherical in shape. The crack width of the natural aggregate was 1 µm, while for the plastic aggregate, it was 8, 11 and 24 µm.



	
Both in indoor and outdoor thermal performance tests, concrete with plastic aggregates outperformed concrete without PA in terms of thermal insulation, reducing thermal conductivity by more than 2.5%.








Future Recommendations


The overall evaluation shows the importance of a sustainable concrete mixture with equivalent fresh and mechanical properties as well as better thermal performance. Future studies need to focus on enhancing the mechanical properties of plastic aggregate concrete while effectively increasing the plastic aggregate content in the concrete mixtures. This can be explored by carrying out the surface treatment of plastic aggregates to improve the bond between the cement paste matrix and the plastic aggregates. Moreover, the plastic aggregate incorporation can be explored at the structural member level, such as in beams and columns.
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Figure 1. (a) Steps involved in the production of plastic aggregates [51], (b) scrap E-waste, (c) shredded E-waste after crushing, (d) plastic aggregate [6]. 
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Figure 2. Materials used: (a) natural coarse aggregates; (b) plastic aggregates; (c) natural sand; (d) silica fume. 
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Figure 3. The slump results of various mixtures. 
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Figure 4. Plastic coarse aggregate concrete specimen: (a) cross-sectional view; (b) longitudinal section view. 
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Figure 5. Density results in both fresh and dry conditions. 
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Figure 6. Compressive strength results for various mixes. 
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Figure 7. Splitting tensile strength of various mixes. 
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Figure 8. Modulus of elasticity of various mixes. 
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Figure 9. Stress vs. lateral and longitudinal strain relationships for various concrete mixtures: (a) mixtures containing coarse plastic aggregates; (b) mixtures containing coarse plastic aggregates and silica fume. 
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Figure 10. Relationship between the longitudinal and lateral strains for various mixtures. 
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Figure 11. Relationship between the longitudinal strain and Poisson’s ratio for various mixtures. 
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Figure 12. Relationship between compressive and tensile strengths (Yun-Wang Choi [37,38] Almeshal [82], S.C Kou [33]). 
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Figure 13. Curves of predicted tensile strength against the compressive strength. (ACI [85], NZS [83], Oluokun et al. [86], Neville [84], Iranian [87], Eurocode [81], Juki et al. [28]). 
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Figure 14. Aggregate visual inspection: (a) natural aggregate; (b) plastic aggregate. 
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Figure 15. Aggregate optical microscopic image: (a) natural aggregate; (b) plastic aggregate. 






Figure 15. Aggregate optical microscopic image: (a) natural aggregate; (b) plastic aggregate.



[image: Sustainability 15 05937 g015]







[image: Sustainability 15 05937 g016 550] 





Figure 16. Optical microscopic image of the concrete slice: (a) typical cross-section of plastic aggregate concrete; (b) microscopic view of plastic aggregate concrete; (c) bond between plastic aggregate and cement matrix. 






Figure 16. Optical microscopic image of the concrete slice: (a) typical cross-section of plastic aggregate concrete; (b) microscopic view of plastic aggregate concrete; (c) bond between plastic aggregate and cement matrix.



[image: Sustainability 15 05937 g016]







[image: Sustainability 15 05937 g017 550] 





Figure 17. The crack width and bond pattern of natural and plastic aggregates with cement matrix: (a) natural aggregate concrete; (b) plastic aggregate concrete. 
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Figure 18. EDS spectrum. 
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Figure 19. XRD of plastic aggregate. 
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Figure 20. Setup for indoor thermal performance test [51]: front view of indoor thermal performance setup. 
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Figure 21. Indoor thermal performance of slab specimens. 
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Figure 22. Setup for outdoor thermal performance test [51]: front view of outdoor thermal performance setup. 
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Figure 23. Outdoor thermal performance of slab specimens. 
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Figure 24. Thermo-gravimetric analysis results. 
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Table 1. Material specifications.






Table 1. Material specifications.





	Properties
	Nominal Size
	Water Absorption (%)
	Specific

Gravity
	Bulk Density (kg/m3)
	Abrasion Value (%)
	Impact Value (%)





	Cement
	50 um
	-
	3.15
	1440
	-
	-



	Sand
	-
	4
	2.67
	1600
	-
	-



	Coarse aggregate
	20 mm
	0.8
	2.62
	1518
	13
	10.9



	Plastic aggregate
	20 mm
	0
	0.97
	620
	8.68
	2.24



	Silica fume
	150 nm
	-
	2.22
	784
	-
	-



	Plasticizer
	-
	-
	1.15
	-
	-
	-
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Table 2. Mix design of concrete mixes.






Table 2. Mix design of concrete mixes.





	Specimen ID
	Control
	M10PA
	M15PA
	M20PA
	M10PAS
	M15PAS
	M20PAS





	Cement (kg/m3)
	392
	392
	392
	392
	353
	333
	314



	Silica fume (kg/m3)
	0
	0
	0
	0
	21.95
	32.93
	43.9



	Sand (kg/m3)
	661
	661
	661
	661
	661
	661
	661



	Coarse aggregate (kg/m3)
	1256
	1130.4
	1067.6
	1004.8
	1130.4
	1067.6
	1004.8



	Plastic aggregate (kg/m3)
	0
	26.04
	39.06
	52.08
	26.04
	39.06
	52.08



	Water (kg/m3)
	176
	176
	176
	176
	169
	165
	161



	Plasticizer (kg/m3)
	4.9
	4.9
	4.9
	4.9
	4.7
	4.6
	4.5
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Table 3. Suggested model formulae for predicting STS from CS in design codes.






Table 3. Suggested model formulae for predicting STS from CS in design codes.





	
Codes of Practice and Published Works

	
Expressions






	
American Concrete Institute (ACI Committee 318-11)

	
    f t  = 0.56 ∗     f c  ′      

	
[85]




	
New Zealand Standard (NZS: 3101:2006)

	
    f t  = 0.44 ∗     f c  ′      

	
[83]




	
Eurocode

	
    f t  = 0.3 ∗  f c     0.67     

	
[81]




	
Neville

	
    f t  = 0.23    ∗     f c     0.67     

	
[84]




	
Juki et al.

	
    f t  = 0.214 ∗  f c     0.69     

	
[28]




	
Iranian

	
    f t  = 0.6 ∗     f c  ′      

	
[87]




	
Oluokun et al.

	
    f t  = 0.294 ∗   f c   0.69     

	
[86]











[image: Table] 





Table 4. Experimental and analytical STS analysis.






Table 4. Experimental and analytical STS analysis.





	
Sample

	

	
Control

	
10-PA

	
15-PA

	
20-PA

	
10-PA-SF

	
15-PA-SF

	
20-PA SF






	
Experimental

	
   f c   (MPa)

	
42.35

	
32.50

	
30.25

	
28.99

	
27.99

	
26.47

	
24.46




	
   f t   (MPa)

	
4.17

	
3.93

	
3.74

	
3.64

	
3.56

	
3.37

	
3.09




	
Predicted    f t   (MPa)

	
ACI 318-11

	
3.64

	
3.19

	
3.08

	
3.02

	
2.96

	
2.88

	
2.77




	
Neville [84]

	
2.83

	
2.37

	
2.26

	
2.19

	
2.14

	
2.06

	
1.96




	
Juki et al. [28]

	
2.84

	
2.36

	
2.25

	
2.18

	
2.13

	
2.05

	
1.94




	
NZS 3101-2006

	
2.86

	
2.51

	
2.42

	
2.37

	
2.33

	
2.26

	
2.18




	
Oluokun et al. [86]

	
3.89

	
3.25

	
3.09

	
3.00

	
2.93

	
2.82

	
2.67




	
Iranian

	
3.90

	
3.42

	
3.30

	
3.23

	
3.17

	
3.09

	
2.97




	
Euro

	
3.69

	
3.09

	
2.95

	
2.86

	
2.80

	
2.69

	
2.55




	
Experimental/Predicted Value (MPa)

	
ACI 318-11

	
1.15

	
1.23

	
1.21

	
1.21

	
1.20

	
1.17

	
1.12




	
Neville [84]

	
1.47

	
1.66

	
1.65

	
1.66

	
1.66

	
1.64

	
1.41




	
Juki et al. [28]

	
1.47

	
1.66

	
1.66

	
1.67

	
1.67

	
1.64

	
1.59




	
NZS 3101-2006

	
1.46

	
1.57

	
1.55

	
1.54

	
1.53

	
1.49

	
1.42




	
Oluokun et al. [86]

	
1.07

	
1.21

	
1.21

	
1.21

	
1.22

	
1.20

	
1.16




	
Iranian

	
1.07

	
1.15

	
1.13

	
1.13

	
1.12

	
1.09

	
1.04




	
Euro

	
1.13

	
1.27

	
1.27

	
1.27

	
1.27

	
1.25

	
1.21
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Table 5. Weight reduction observed during TGA.






Table 5. Weight reduction observed during TGA.





	Temperature °C
	0–180
	180–300
	300–470
	470–600
	600–700
	700–800





	Control Specimen
	1.41%
	1.92%
	3.27%
	5.06%
	9.23%
	28.91%



	M20PAS
	0.41%
	2.57%
	78.37%
	87.55%
	88.42%
	88.94%
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