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Abstract

:

Numerous studies investigated the possibility of incorporating plastic wastes in concrete mixtures, thus contributing to efficient management and sustainable development of the construction industry. This paper investigates the possibility of reducing the water-to-cement ratio and/or incorporating steel fibers or polymeric latexes to mitigate the drop in structural properties of reinforced concrete (RC) beams containing polyethylene terephthalate (PET) additions. The PET was derived from waste plastic bottles that were shredded into small pieces and added during concrete batching at 1.5% to 4.5%, by total volume. Test results showed that the concrete plain and structural properties degrade with PET additions, given their lightweight nature and poor characteristic strength compared to aggregate particles. The reduction of w/c from 0.55 to 0.46 proved efficient to refine the matrix porosity and reinstate the shear and flexural strengths of RC beams. Moreso, the incorporation of 0.8% steel fibers (by volume) or 15% styrene-butadiene rubber latexes (by mixing water) were efficient to enhance the bridging phenomenon and reduce the propagation of cracks during beam testing.
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1. Introduction


The use of post-consumer plastics in concrete production is advantageous to reduce the amount of landfilled wastes and conserve natural resources, thus contributing to reduced pollution, CO2 emissions, and cost [1,2,3]. It would be greatly beneficial if the waste materials are incorporated as an aggregate replacement or fiber addition in concrete used for structural applications, such as beams, columns, and slabs [4,5,6].



The plastic wastes often derive from polyethylene terephthalate (PET), expanded polystyrene (EP), polypropylene (PP), polyvinyl chloride (PVC), low- or high-density polyethylene (LDPE, HDPE), polylactic acid (PLA), and other resins [7,8]. These wastes are lightweight in nature and are generally shredded into pieces of different gradations to replace part of the fine and/or coarse aggregate fractions. Belmokaddem et al. [9] showed that using up to 5% (by weight) PET powder as a partial replacement of fine aggregate in concrete can lead to an improvement in mechanical properties. The compressive strength reduced above this level, while the flexural strength was found to degrade, regardless of the PET content. The gradual decrease in strength for PET-modified mixtures was mainly attributed to the lower density of the plastic waste aggregate, and also to a weaker interfacial zone between the plastics and cement matrix [9]. Nur Hanis et al. [10] conducted a review of the use of plastic wastes and concluded that adequate concrete mechanical and durability properties can be obtained despite the presence of plastic aggregate. Saikia and de Brito [11] showed that the abrasion resistance of concrete with recycled PET was better than the reference concrete, while the flaky PET aggregates were found to bridge the cracks better than concrete made with a natural aggregate only. Mahdi and Reza [12] demonstrated that using polymer waste as a fine aggregate in concrete has improved the ductility of concrete subjected to elevated temperatures.



The structural behavior of reinforced concrete (RC) beams containing PET additions is well documented in the literature. For instance, Jawad et al. [13] reported the results on the structural behavior of RC beams containing steel bars and a new type of GFRP bars that incorporated waste plastic powder in their manufacture. The use of GFRP bars in RC beams led to better performance compared to traditional steel reinforcement, which included a higher load at the first crack and a failure load as well as larger deformation, indicating greater ductility. Mohammed [14] conducted a study on the flexural behavior of RC beams containing up to 15% shredded PET waste as a partial replacement of coarse aggregate. There was a reduction in concrete compressive strength by up to 21% and a moderate reduction in ultimate load beam capacity with PET waste additions. However, the failure mode and stiffness of RC beams were similar regardless of the PET content. Mohammed and Faqe Rahim [15] examined the influence of high strength concrete on the behavior of RC beams containing PET fiber. The compressive and tensile strengths of concrete are slightly reduced when the fiber is present. However, the ultimate load-bearing capacity and the mode of failure remained similar to the control beam. The inclusion of fiber has led to a reduction in crack width, which is beneficial for durability. Adnan and Dawood [16] carried out an experimental study on the performance of RC beams containing synthetic fiber derived from PET plastic waste. Although the compressive strength slightly increased, the ultimate load of RC beams decreased while the presence of PET fibers enhanced the stiffness and ductility. Shahjalal et al. [17] investigated the effect of polypropylene fiber on the flexural performance of RC beams containing recycled concrete aggregate and crumb rubber. With a careful combination of these ingredients, concrete beams with better flexural capacity, ductility, and toughness can be achieved. Dawood et al. [18] evaluated the influence of the different shapes of plastic fiber on the behavior of RC beams. The inclusion of fiber led to a noticeable improvement in the first crack load, particularly when the ring-shaped fibers are used. Thorneycroft et al. [19] found that the use of PET waste fibers altered the beam’s failure mode and increased the ultimate load and ductility.



Thus far, limited attempts are made to propose mixed design alternatives that can mitigate the eventual drop in structural properties, which would maximize the use of PET wastes during concrete production. Recently, Assaad et al. [20] investigated different concrete mix alternatives to compensate for the detrimental effect of waste PET shreds on the bond to embedded steel reinforcement. The authors found that the threshold PET volumetric rates are 4.5% and 3% for concrete made using natural or recycled aggregates, respectively. The reduction of the water-to-cement ratio (w/c) from 0.55 to 0.46 proved efficient to increase the concrete strength and reinstate the bearing capacity around the steel ribs. The incorporation of 0.8% steel fibers or 15% styrene-butadiene rubber polymers was appropriate to reduce the propagation of cracks in the vicinity of steel bars, which increased the pullout load prior to complete concrete-steel debonding [20].




2. Research Significance and Objectives


This paper is the continuation of a project carried out to assess the feasibility of different alternatives to reinstate the structural properties of concrete mixtures containing plastic wastes [20]. Its main objective is to determine the benefits of reducing w/c as well as incorporating steel fibers and bonding agents on the flexural and shear strengths of PET-modified RC beams. The concrete mixtures were prepared with 350 kg/m3 cement, while the PET shreds were incorporated at different rates, varying from 0% to 4.5%, by volume. Such data can be of interest to concrete researchers and technologists seeking the use of post-consumer plastics in medium-to-high strength grade structural applications.




3. Experimental Program


3.1. Materials


The specific gravity and Blaine fineness of Portland cement used in this work were 3.15 and 340 m2/kg, respectively. The natural sand and coarse aggregate complied with the ASTM C33 specification [21]. The sand had a bulk-specific gravity, water absorption, and fineness modulus of 2.62, 0.95%, and 2.36, respectively. The limestone-type coarse aggregate had a bulk-specific gravity, maximum nominal size, and water absorption of 2.72, 20 mm, and 0.8%, respectively. The high-range water reducer (HRWR) is naphthalene-based, complying with ASTM C494 Type F [22]; its specific gravity, solid content, and maximum dosage rate were 1.2, 40%, and 4% of cement mass, respectively.



The PET wastes used in this study are derived from plastic bottles, which were shredded using a laboratory shredding machine. As shown in Figure 1, the shredded pieces had irregular shapes with varying sizes between 1 to 6 mm; these were washed to ensure cleanliness before usage in concrete batching. The PET melting point is 260 °C, while the tensile strength and Young’s modulus are 62 MPa and 2.8 GPa, respectively. The specific gravity, density, and water absorption of PET are 1.11 g/cm3, 460 kg/m3, and 0.01% (i.e., almost nil), respectively.



A commercially available bonding agent, commonly used to enhance the adhesion and flexibility of cementitious materials, was used. It consisted of styrene-butadiene rubber (SBR) polymers stabilized in water using an anionic emulsifying system. This admixture contains 60% of bound styrene, while its specific gravity, solid content, pH, Brookfield viscosity (spindle 4 at 10 rpm), maximum particle size, and minimum film-forming temperature are 1.04, 54%, 8.3, 235 cP, 0.22 μm, and −5 °C, respectively.



The steel fibers (SF) used, consisted of micro-filaments having a length and diameter of 13 and 0.18 mm, respectively. The fiber’s tensile strength varied from 2400 to 2800 MPa. Deformed ASTM A615 [23] steel reinforcing bars having 8-, 14-, and 16-mm nominal diameters (db) are used. The bars average Young’s modulus and yield strength (fy) were 205 ± 20 Gpa and 510 ± 30 Mpa, respectively.




3.2. Mixture Proportions and Batching


The control concrete mix design contained 350 kg/m3 cement and 0.55 w/c. The resulting 28-days compressive strength (f’c) was 35.43 Mpa, making it a suitable medium-strength grade concrete for commercial and residential structural applications [24,25]. The PET particles were incorporated at 1.5% increment rates, by the total concrete volume (i.e., the maximum addition rate was 4.5%, given the dramatic drop in the concrete strength) [20]. The fine and coarse aggregate contents were adjusted following the volumetric method to maintain a fixed sand-to-total aggregate ratio of 0.45 (Table 1).



As earlier noted, three approaches (i.e., w/c reduction and incorporation of SBR or SF) were considered to restore the concrete structural properties following PET additions. Hence, the w/c was reduced to 0.46 following preliminary tests, and the HRWR dosage was adjusted to maintain a fixed slump of 200 ± 15 mm. Although this approach incurs the least increase in concrete cost (compared to SBR or SF additions), it is important to note that the reduced mixing water considerably increased the concrete cohesiveness, which could alter pumpability and casting procedures on-site [24]. Additionally, the mixture proneness to instability and bleeding increased with higher HRWR [24,26], which led to a visible bleed layer on top of the concrete cylinders. Two SBR dosages of 7.5% or 15% by mixing water were considered; the resulting polymer-to-cement ratio (p/c) was 2.24% and 4.48%, respectively. It should be mentioned that p/c could reach 10% in certain repair and precast applications; however, such high rates would dramatically alter cement hydration kinetics and rates of strength development [27,28,29]. Finally, the SF was added at 0.4% or 0.8% by concrete volume, while the HRWR was adjusted to keep similar workability.



The concrete batching consisted of homogenizing the fine and coarse aggregates together with the PET, steel fibers, and half of mixing water for about 1 min. The cement was then introduced, followed by the remaining mixing water, SBR latex, and HRWR over a period of 2 min. After a resting period of 30 s, the concrete was remixed for one additional minute. Testing and sampling were conducted at a room temperature of 22 ± 3 °C and relative humidity of 60 ± 10%.




3.3. Testing Methods


Right after concrete mixing, the slump and air content were determined as per the ASTM C143 and C231 test methods, respectively [30,31]. The concrete was then filled in 100 × 200 mm2 steel cylinders to determine the hardened density, f′c, and splitting tensile strength (ft) as per the ASTM C642, C39, and C496 test methods [32,33,34], respectively. All specimens were immersed in water for 3 days, then moist cured at 95% ± 5% relative humidity (RH) and 22 ± 3 °C for testing age after 28 days. This curing regime was found appropriate to maintain a minimum RH of 90% necessary for the proper strength development of unmodified concrete while, at the same time, preventing destabilization of SBR polymer films due to a complete soaking of specimens in water [27,35]. The averages of three values were considered in this program. It should be noted that the modulus of elasticity of various concrete mixtures was determined, with the results presented and discussed in reference [20].



The flexural and shear strengths of RC beams were determined using duplicate specimens measuring 780 mm in length and having a 150 × 150 mm2 cross-section (Figure 2). Two 12-mm diameter longitudinal bars were placed in the tension zone for beams intended for flexural strength evaluation; the concrete cover, effective depth (d), and corresponding steel ratio were 25 mm, 125 mm, and 1.21%, respectively. Ten stirrups spaced at 70 mm were placed to induce flexural failure [36,37], as shown in Figure 2a. On the other hand, the beams intended for shear strength testing contained two 16-mm diameter longitudinal bars in the tension zone, along with four stirrups positioned at the supports and loading points, as shown in Figure 2b. The stirrups in both beam configurations were supported using two 8-mm diameter bars placed in the compression zone.



The concrete was cast and compacted in the steel molds using a 50-Hz laboratory poker vibrator (Humboldt, IL, USA). Curing was realized in air conditions where the ambient temperature and RH hovered around 22 ± 4 °C and 85% ± 10%. At the age of 28 days, the simply supported beams were subjected to the vertical load applied by using a hydraulic jack onto two symmetrical points on the beam surface through rigid steel supports. The shear span (a) remained constant at 280 mm, which resulted in a shear-to-effective depth ratio (a/d) of 2.24 [37,38]. The load was applied gradually at a constant rate hovering 4 kN/min, while the mid-span deflection was recorded using a linear variable differential transducer (LVDT) placed on the tension side. A portable high-definition microscope (i.e., 40× magnification factor) was used to detect the first diagonal and flexural cracks during loading, as well as the overall crack patterns for each beam.





4. Test Results and Discussion


4.1. Plain Concrete Properties


The HRWR demand, density, f′c, and ft responses for tested concrete are summarized in Table 2. Generally speaking, the HRWR dosages increased with PET additions, which can be attributed to higher internal friction within the aggregate skeleton [20,25]; this varied from 1.52% for the control concrete to 1.65% and 2.09% when 10% or 15% PET are respectively added. The HRWR demand slightly increased with SF additions, and almost doubled (i.e., 3.29%) when the mixing water was reduced to compensate for the drop in PET-modified concrete strength.



Figure 3 plots the f′c and ft responses for the investigated mixtures. At a relatively low PET rate of 1.5%, a slight improvement in strength was noticed, hinting that such additions could play a beneficial bridging role within the cementitious matrix [26,39]. The resulting f′c increased from 35.43 MPa for the control mix to 36.23 MPa for the 1.5% PET mix; the corresponding ft increased from 3.87 to 3.96 MPa, respectively. Nevertheless, the strength considerably decreased at 3% and 4.5% PET addition rates, given their lightweight nature which reduces the concrete density and weakens the characteristic strength of the aggregate skeleton. For example, the f′c dropped from 35.43 MPa for the control mix to 33.27 and 27.78 MPa when 3% or 4.5% PET shreds were respectively incorporated. The corresponding ft decreased from 3.87 to 3.59 and 2.94 MPa, respectively, while the concrete density varied from 2345 to 2305 and 2270 kg/m3, respectively. Zehil and Assaad [5] related the drop in ft to poor bonding between the plastic wastes and the cementitious matrix, thus weakening the resistance against crack propagation during loading. This was visually verified when inspecting the broken cylinders since the failure planes were clearly visible along the PET interfaces. A good relationship with correlation coefficient (R2) of 0.81 exists between f’c and density for all tested mixtures, as expressed in Equation (1).


f′c, MPa = 0.136 (Density, kg/m3) − 2824.3   R2 = 0.81



(1)







As shown in Figure 3, the reduction in w/c from 0.55 to 0.46 was efficient to compensate for the drop in strength due to 4.5% PET, which can naturally be attributed to a reduced matrix porosity and refined microstructure [36]. The corresponding f′c and ft reached 36.03 and 3.46 MPa, respectively. At a 3% PET rate, the decrease in ft responses was fully recovered by the incorporation of SF; hence, the ft reached 4.01 and 4.42 MPa for the 3%PET-0.4%SF and 3%PET-0.8%SF, respectively. This can be directly attributed to the presence of fibers that are known by their efficiency to delay the formation of cracks, or at least arrest their initial growth during tensile loading [18,37]. Nevertheless, despite the use of 0.8% SF, the loss in strength for the 4.5% PET-modified concrete was not recovered, suggesting that this could be the threshold rate incorporated in concrete mixtures. Hence, the corresponding f′c and ft were 28.59 and 3.32 MPa, respectively.



The addition of SBR differently affected the compression and tensile-related properties (Figure 3), which is consistent with current literature [27,29,35]. Hence, the drop in f′c can be attributed to the presence of surfactants as well as the elastic nature of the polymer films that weaken the resistance of the cement matrix to compression loading. In contrast, the ft gradually improved to 3.25 and 3.49 MPa for the 4.5%PET-7.5%SBR and 4.5%PET-15%SBR mixtures, respectively. Ohama [40] reported that weak tensile properties of cementitious materials can be greatly compensated by the incorporation of latexes, given that the coalesced polymer films can impede the initiation of cracks and strengthen the cement-aggregate interfacial transition zones (ITZs). Assaad and Khayat [35] suggested that the improved smoothness of latex-modified concrete can reduce the porosity of ITZs, thus creating a stronger bond by micro-mechanical interlocking mechanisms.




4.2. Flexural Strength of RC Beams Containing Stirrups


4.2.1. Crack Patterns


Typical crack patterns observed after failure for selected RC beams are illustrated in Figure 4. Three flexural cracks were initiated within the mid-span of the control beam after the cracking load, which then propagated in a vertical direction until failure. Further loading caused the yielding of tensile steel, while some inclined flexure-shear cracks were formed at about 45 degrees from the horizontal line. The 4.5% PET beam displayed similar crack patterns, but without inclined cracks. In fact, as the load increased, the flexural cracks became wider and unstable, which constituted the dominant failure mechanism. The biggest flexural crack opening after failure in the control beam was 0.87 mm at the extreme bottom, while reached 1.35 mm for the beam containing 4.5% PET.



The incorporation of steel fibers (i.e., 4.5%PET-0.8%SF) considerably altered the crack patterns. Hence, the number of flexural cracks reduced within the mid-span, while instead multiple bond and flexure-shear cracks were created (Figure 4). Many scholars attributed these crack patterns to the SF that restricts the propagation of cracks and transmits the tensile stresses to the surrounding concrete, thus releasing the energy to other locations and creating more cracks before failure. The biggest flexural crack opening at the extreme bottom was 0.44 mm.




4.2.2. Effect of PET on Load vs. Deflection Curves


Concurrent with existing literature, two distinct segments can be identified during the loading history of the control and PET-modified RC beams containing stirrups (Figure 5) [36]. The first segment is typically associated with the internal concrete/steel couple resistance to the applied load, while the second one reflects the yielding of tensile reinforcement with an almost horizontal load vs. deflection plateau [37,41]. This later segment is often accompanied by the crushing of concrete in the compression zone together with buckling of compression bars and/or fracture of stirrups. As shown in Figure 5, the stiffness in the load vs. deflection curves improved with PET additions. For example, the load that resulted at a 2-mm deflection increased from 48.5 kN for the control beam to 60.7 kN for the one incorporating 3% PET. This can be attributed to the PET particles that could have arrested the initiation of flexural cracks and reduced their propagation towards the compression zone, leading to increased stiffness of the load vs. deflection curves. The load reached 72.9 kN for the 4.5%PET-0.46w/c beam, which can be related to reduced w/c that refines the concrete porosity and strengthens its skeleton.



Table 3 summarizes the maximum load (Pmax) and corresponding deflection (δmax) at failure for all tested beams. Regardless of PET additions, the Pmax recorded for the various RC beams remained within the repeatability of testing, varying within 6.5% (i.e., 92 ± 6 kN). Knowing that the RC beams are designed to be under-reinforced (i.e., the steel ratio is 1.21%), this reflects that the concrete mix design has no measurable effect on the beam’s ultimate capacity once the yielding of reinforcing bars has started. In other words, this indicates that the flexural strength of RC beams does not degrade with PET incorporation, since the behavior of such beams is mainly governed by the yielding of tensile steel.




4.2.3. Comparison with ACI 318-19 Design Model for Flexural Strength


The theoretical load (PACI) values determined using the nominal moment (Mn) proposed by the ACI 318-19 [42] design model for RC beams are summarized in Table 3. The Mn is expressed in Equation (2) as follows:


   M n  =    A   s       f   y   (  d −  a 2   )   



(2)




where As equals 226 mm2 (i.e., the cross-sectional area of flexural steel) and a is the depth of the equivalent rectangular stress block. The Pmax/PACI ratio increased from 0.94 for the control RC beam prepared without PET to 1.05 for the beam containing 3% PET. The highest Pmax/PACI ratio of 1.08 corresponded to the PET-modified beams containing 0.4% SF or prepared with reduced w/c.





4.3. Shear Strength of RC Beams without Stirrups


4.3.1. Crack Patterns


Generally, the shear failure of RC beams is sudden, with little or no advanced warning [36]; it mainly occurs in the high-shear regions near the supports in the form of diagonal tension cracks, bond splitting, and/or the crushing of the compression strut. As shown in Figure 6, the control beam failed due to one diagonal shear crack inclined at about 45 degrees from the horizontal axis; the maximum crack opening was 0.82 mm. The same crack patterns occurred for the 4.5%PET beam, except that a bigger crack opening of 2.3 mm was formed, hinting at a weaker aggregate interlock mechanism. Earlier studies showed that the reduced concrete strength coupled with poor PET/aggregate interfacial bonding could alleviate the shear transfer mechanism along the diagonal crack surfaces, leading to bigger cracks that constitute the dominant feature of the beam’s failure.



The reduction in w/c or addition of SF increased the number of diagonal cracks and caused their size to become finer (Figure 6). In the case of 4.5%PET-0.46w/c concrete, such behavior can be attributed to a higher aggregate interlock mechanism along the diagonal cracks as well as stronger dowel action along the longitudinal reinforcement, due to a refined matrix microstructure [36,41]. The incorporation of SF increased the number of shear cracks, just like the patterns noticed in Figure 4 for the beams configured for flexural strength testing.




4.3.2. Load vs. Deflection Curves for PET-Modified Beams


Figure 7 plots the load vs. deflection curves for the control and PET-modified RC beams without stirrups. All curves varied similarly at the initial stages of loading until reaching the ultimate load (Pmax) that is directly affected by the PET rate. Table 4 summarizes the first diagonal cracking load (Vcrack) observed during RC beam testing along with the relevant characteristics deducted from the load vs. deflection curves, including Pmax, corresponding deflection (δmax), and ultimate shear load (Vu = Pmax/2).



As shown in Figure 8, the Pmax of 59.13 kN recorded for the control beam increased to 62.4 and 74.54 kN when 1.5% or 3% PET are respectively incorporated, and then dropped down to 55.97 kN at a higher rate of 4.5%. The corresponding δmax increased from 2.25 mm for the control beam to 2.88 mm for the 3% PET beam but dropped to 1.95 mm for the 4.5% PET beam. Generally, the shear transfer in RC beams without stirrups mainly arises from three components, including the aggregate interlock along the diagonal fractured surface, the dowel action of longitudinal reinforcement, and the contribution of the uncracked compression zone [26,36,41]. The aggregate interlock is particularly influential and believed to transfer up to 50% of the applied shear force [36]. The incorporation of relatively low PET rates appears to strengthen the aggregate interlock component through increased internal friction within the concrete skeleton, leading to higher shear resistance. This phenomenon, however, does not persist at an increased PET rate of 4.5%, which can be attributed to the significant decrease in the concrete density and strength. Additionally, the increased concentration of waste plastics could have altered the bonding with the cement matrix, which reduced the concrete frictional resistance along the developed shear cracks [37].




4.3.3. Effect of Concrete Modification


Reduced w/c—Despite the relatively high PET rate of 4.5%, the effect of reducing w/c from 0.55 to 0.46 seems efficient to increase the stiffness in the pre-peak region of the load vs. deflection curves, and fully reinstate the shear resistance of the RC beams (Figure 9). Hence, Vcrack remarkably increased from 48.5 to 57 kN for the control and 4.5%PET-0.46w/c beams, respectively, which can be attributed to the increased concrete strength (such as f′c and ft) that promotes higher aggregate interlock. The corresponding Pmax varied from 59.13 to 62.84 kN, respectively. It is worth noting that the reduced bleeding (due to lower w/c) may have improved the dowel action of longitudinal reinforcement [19,20,43], which helped compensate for the drop in shear strength due to the 4.5% PET. Practically, this implies that the w/c reduction is a viable solution to recover the performance of RC beams containing such a relatively high 4.5% PET rate.



Effect of steel fibers—The Pmax of 74.54 kN recorded for the 3% PET beam significantly increased to 88.67 and 106.11 kN when 0.4% or 0.8% SF are respectively incorporated (Figure 8). This can be directly attributed to the fiber bridging phenomenon that reduces the initiation of fissures during loading and promotes higher aggregate interlock and shear resistance along the developed cracks. The corresponding δmax increased from 2.88 mm for the SF-free concrete to 4.11 and 4.7 mm with 0.4% or 0.8% SF additions, respectively, reflecting a higher ductility and capacity to sustain additional loads after the initiation of the diagonal cracks. Such results are in agreement with published literature [11,44,45], revealing the benefits of SF to mitigate the negative effect of plastic wastes on the concrete structural properties, including the bond to embedded steel reinforcement.



As shown in the load vs. deflection curves (Figure 9), the incorporation of 0.8% SF was efficient to fully restore the shear strength of the RC beam containing 4.5% PET. Hence, Vcrack was recorded at 56.5 kN (vs. 48.5 kN for the control beam), while the Pmax and δmax increased from 59.13 to 69.71 kN and from 2.25 to 2.69 mm, respectively. It should be noted that a good relationship with R2 of 0.87 exists between Pmax and δmax for all tested beams, as shown in Figure 10.



Effect of SBR—The Pmax increased from 55.97 kN for the beam containing 4.5% PET to 60 and 69.37 kN when 7.5% or 15% SBR polymers are respectively introduced (Figure 8 and Figure 9). The corresponding δmax varied from 1.95 to 2.97 and 2.4 mm, respectively. Many scholars attributed this improvement to the presence of polymers that coalesce and fuse into continuous close-packed films to enhance the bonding along the PET/cement matrix surfaces [27,40]. Moreso, the bond to embedded steel bars improves with SBR additions [28], which strengthens the dowel action and densifies the interfaces along the longitudinal reinforcement due to active polymer-cement co-matrices developed around the steel ribs. Just like the previous alternatives, this reveals that the bonding agents can be used to mitigate the detrimental effect of plastic wastes on the structural properties of RC beams.



A moderate relationship with R2 of 0.55 exists between Pmax and ft responses (Figure 11), reflecting a relatively close nature between the tensile vs. shear strength properties. Yet, the relationship substantially deteriorates when the f′c responses are used (i.e., R2 becomes less than 0.1), mostly giving the opposing effects of SF and SBR on the compression vs. shear strengths.




4.3.4. Comparison with ACI 318-19 Design Model for Shear Strength


The ultimate shear load (Vu) values determined experimentally are compared with the ACI 318-19 [42] design provisions for the shear strength (VACI) of RC beams without stirrups. The VACI is expressed as:


   V  ACI   =  [  0.158    λ       f c ′    + 17.6      ρ   w     V f     d     M f     ]   b   d  ≤ 0.29      f c ′       b   d   



(3)




where b and d refer to the beam width (=150 mm) and effective depth (=125 mm), respectively. The    λ    is a reduction factor that accounts for lightweight concrete; it is taken equal to 1.0 since the density of all mixtures was higher than 1850 kg/m3 [42]. The    ρ w  =  A s  / bd   is the longitudinal flexural reinforcement ratio, while Vf and Mf are the factored shear force and moment, respectively, at the specified section. Table 4 summarizes the ACI design shear strengths for all tested RC beams and the resulting Vu/VACI. As can be seen, the VACI values are quite conservative, leading to Vu/VACI values hovering from 1.43 to 2.66.






5. Conclusions


This paper assesses the feasibility of different concrete mix design alternatives that could be used to reinstate the flexural and shear strength properties of RC beams containing PET waste inclusions. The validation of test results using real-scale beams measuring 3.2 m long is presented in a follow-up publication. Such data can be of interest to promote the use of post-consumer plastics in medium-to-high strength concrete grades in structural applications. Based on the foregoing, the following conclusions can be warranted:




	
The hardened properties (i.e., f′c and ft) are degraded when 3% or 4.5% PET are incorporated in the concrete, given their weak and light characteristic natures compared to aggregate particles. The drop in ft was related to poor bonding between the PET and cement matrix.



	
The reduction in w/c from 0.55 to 0.46 was efficient to compensate for the drop in f′c and ft due to 4.5% PET additions, which was attributed to a reduced matrix porosity and refined concrete microstructure. Nevertheless, the loss in strength could not be recovered, despite the incorporation of 0.8% SF or 15% SBR.



	
The use of 3% PET improved the stiffness of the load vs. deflection curves determined for RC beams containing stirrups, which was attributed to those particles that could have arrested the initiation of flexural cracks and reduced their propagation towards the compression zone. The same tendency was noticed when reducing w/c or incorporating SF or SBR in the 4.5% PET concrete.



	
The flexural strength of RC beams does not degrade with 3% or 4.5% PET inclusions, since the behavior of such under-reinforced beams is mainly governed by the yielding of tensile steel. The ultimate load remained within the repeatability of testing (i.e., 92 ± 6 kN).



	
The shear strength of RC beams without stirrups improved when 1.5% or 3% PET was incorporated in the concrete mixture, which was attributed to a higher aggregate interlock mechanism. However, the shear strength dropped at a higher PET rate of 4.5%, given the decrease in the concrete density and strength.



	
The effect of reducing w/c from 0.55 to 0.46 was efficient to fully reinstate the shear resistance of 4.5% PET-modified beams without stirrups. Moreso, the incorporation of 0.8% SF, by volume, or 15% SBR, by mixing water, seems to be a viable solution to recover the performance of RC beams containing such a relatively high 4.5% PET rate.



	
The ACI 318-19 design model for shear strength of RC beams without stirrups is quite conservative; the Vu/VACI values varied from 1.43 to 2.66.
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Figure 1. Photo for the shredded PET waste particles. 
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Figure 2. Configuration of RC beams for flexural and shear strength testing. 
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Figure 3. Effect of PET additions on strength of hardened concrete. 
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Figure 4. Crack patterns for selected beams after failure (i.e., flexure testing). 
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Figure 5. Load vs. mid-span deflection curves for RC beams (i.e., flexure testing). 
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Figure 6. Crack patterns for the control and 4.5% PET-modified beams (i.e., shear testing). 






Figure 6. Crack patterns for the control and 4.5% PET-modified beams (i.e., shear testing).



[image: Environments 09 00037 g006]







[image: Environments 09 00037 g007 550] 





Figure 7. Load vs. mid-span deflection curves for the control and PET-modified RC beams. 
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Figure 8. Effect of concrete modification on Pmax and δmax for RC beams without stirrups. 
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Figure 9. Effect of concrete modification on the load vs. mid-span deflection curves for the 4.5% PET-modified RC beams (i.e., shear testing). 
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Figure 10. Relationship between Pmax and δmax responses for RC beams (i.e., shear testing). 
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Figure 11. Relationship between Pmax determined on RC beams without stirrups and ft responses. 
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Table 1. Typical PET-modified concrete proportions.
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	Control
	1.5%PET
	3%PET
	4.5%PET
	4.5%PET-0.46w/c





	Cement, kg/m3
	350
	350
	350
	350
	350



	Water, kg/m3
	193
	193
	193
	193
	160



	w/c
	0.55
	0.55
	0.55
	0.55
	0.46



	Fine aggregate, kg/m3
	810
	790
	770
	750
	800



	Coarse aggregate, kg/m3
	990
	980
	960
	940
	980



	PET, % by volume
	0
	1.5
	3
	4.5
	4.5
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Table 2. HRWR demand, density, and hardened properties for PET-modified concrete.
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	HRWR, % of Cement Mass
	Slump, mm
	Air Content, %
	Density, kg/m3
	f′c, MPa
	ft,

MPa





	Control
	1.52
	200
	2.7
	2345
	35.43
	3.87



	1.5%PET
	1.57
	205
	n/a
	2340
	36.23
	3.96



	3%PET
	1.65
	180
	2.5
	2305
	33.27
	3.59



	4.5%PET
	2.09
	200
	3.1
	2270
	27.78
	2.94



	4.5%PET-0.46w/c
	3.29
	190
	2.8
	2310
	36.03
	3.46



	3%PET-0.4%SF
	1.77
	200
	n/a
	2295
	31.85
	4.01



	3%PET-0.8%SF
	1.76
	185
	3.2
	2315
	32.28
	4.42



	4.5%PET-0.8%SF
	2.19
	205
	n/a
	2265
	28.59
	3.32



	4.5%PET-7.5%SBR
	1.9
	200
	3.3
	2270
	23.9
	3.25



	4.5%PET-15%SBR
	1.74
	210
	n/a
	2255
	23.29
	3.49
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Table 3. Flexural strength properties of investigated RC beams.
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	Pmax, kN
	δmax, mm
	PACI, kN
	Pmax/PACI





	Control
	86.73
	4.47
	92.44
	0.94



	3%PET
	96.04
	3.56
	91.76
	1.05



	4.5%PET-0.46w/c
	99.79
	2.78
	92.61
	1.08



	3%PET-0.4%SF
	98.25
	3.17
	92.25
	1.08



	4.5%PET-15%SBR
	89.16
	3.92
	86.96
	1.03










[image: Table] 





Table 4. Shear strength properties of investigated RC beams.
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	Vcrack, kN
	Pmax,

kN
	Vu,

kN
	δmax, mm
	VACI, kN
	Vu/VACI





	Control
	48.5
	59.13
	29.57
	2.25
	20.7
	1.43



	1.5%PET
	50
	62.4
	31.2
	2.32
	20.9
	1.49



	3%PET
	55.5
	74.54
	37.27
	2.88
	20.2
	1.85



	4.5%PET
	43.5
	55.97
	27.99
	1.95
	18.7
	1.5



	4.5%PET-0.46w/c
	57
	62.84
	31.42
	2.08
	20.9
	1.51



	3%PET-0.4%SF
	74.5
	88.67
	44.34
	4.11
	19.8
	2.24



	3%PET-0.8%SF
	88.5
	106.11
	53.06
	4.7
	19.9
	2.66



	4.5%PET-0.8%SF
	56.5
	69.71
	34.86
	2.69
	18.9
	1.84



	4.5%PET-7.5%SBR
	51.5
	60
	30
	2.97
	17.6
	1.71



	4.5%PET-15%SBR
	54
	69.37
	34.69
	2.4
	17.4
	1.99
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