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Abstract

:

Commercial polypropylene fibers are incorporated as reinforcement of cement-based materials to improve their mechanical and damage performances related to properties such as tensile and flexural strength, toughness, spalling and impact resistance, delay formation of cracks and reducing crack widths. Yet, the production of these polypropylene fibers generates economic costs and environmental impacts and, therefore, the use of alternative and more sustainable fibers has become more popular in the research materials community. This paper addresses the characterization of recycled polypropylene fibers (RPFs) obtained from discarded domestic plastic sweeps, whose morphological, physical and mechanical properties are provided in order to assess their implementation as fiber-reinforcement in cement-based mortars. An experimental program addressing the incorporation of RPFs on the mechanical-damage performance of mortars, including a sensitivity analysis on the volumes and lengths of fiber, is developed. Using analysis of variance, this paper shows that RPFs statistically enhance flexural toughness and impact strength for high dosages and long fiber lengths. On the contrary, the latter properties are not statistically modified by the incorporation of low dosages and short lengths of RPFs, but still in these cases the incorporation of RPFs in mortars have the positive environmental impact of waste encapsulation. In the case of average compressive and flexural strength of mortars, these properties are not statistically modified when adding RPFs.
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1. Introduction


Cement-based materials (e.g., mortar and concrete) present advantages such as good compressive strength, fire resistance and durability [1], but they are also characterized by limited tensile strength and fracture toughness, and early-age cracking [2,3]. Additionally, as the cement industry contributes 5% to 7% to global anthropogenic CO2 emissions [4], cement-based materials also generate significant environmental impacts derived from their production. Production of mortar and concrete faces new challenges nowadays, in addition to the requirement of high strength of the past decades, which are focused on the extension of life span by reducing its porosity and controlling crack growth. The latter challenges can be tackled valorizing waste from other industries following the concepts of sustainability and circular economy [5].



Reinforcing fibers can be incorporated to enhance the limited tension strength, fracture performance and early-age cracking, among other properties, of cement-based materials and the level of these improvements depends on different fiber factors (e.g., length, aspect ratio, roughness, strength, and Young’s modulus) as well as matrix factors (e.g., aggregate size, strength and Young’s modulus) [3]. Most of the industrialized reinforcing fibers, specifically designed to reinforce cement-based materials, are made of steel, polypropylene, and glass, and their successful impact improving the mechanical-damage performance of cement-based materials has been studied and it is well known [6,7,8,9,10,11,12,13]. However, the production of industrialized fibers has economic and environmental impacts. In particular, the polypropylene production represents approximately 20% of the total plastic production of the European Community in 2018 and, currently, polypropylene presents the largest consumption growing rates among plastics [14]. In terms of fibers, the production of polypropylene fibers reached approximately 6 million metric tons in 2010 [15] and as 79% of the total worldwide plastic production ends up in landfill or disposed in our environment [16], most of these 6 million metric tons of polypropylene fiber will not be recycled, affecting our environment.



Combining the significant environmental impacts of cement-based materials and the impacts derived from the production of industrialized fibers, it is easy to understand why the use of alternative and more environmentally friendly fibers have attracted more attention in the research materials community [17,18] that is moving towards a more sustainable construction industry. Recently, there have been studies addressing the use of fibers from vegetal origin (e.g., [19,20]), animal origin (e.g., [21]), and waste-based plastic origin (e.g., [22]) in cement-based materials. Particularly, to the best of the authors’ knowledge, there have been few studies analyzing the incorporation of waste-based polypropylene fibers in cement-based materials. Bendjillali et al. [23] evaluated the compressive and flexural strength and the shrinkage behavior of mortars exposed to three different curing conditions and reinforced with waste-based polypropylene fibers from the production of sweeps and brushes and the results indicated a small increment in strength due to fiber addition in mortars exposed to hot-dry environments and a large reduction of shrinkage in fiber-reinforced mortars exposed to hot-dry environments (compared to plain mortars). Bendjillali et al. [24] addressed the characterization of the morphological and mechanical properties of waste-based polypropylene fibers and this study also evaluated the impact of these fibers on the shrinkage, and compressive and flexural strength of cement-based mortars finding that shrinkage can be reduced up to 50% with the incorporation of fibers while the overall mechanical behavior was not affected. Bendjillali and Chemrouk [25] studied the implementation of these waste-based polypropylene fibers as a secondary reinforcement in steel-bar reinforced concrete specimens finding a small increment in compressive and flexural strength and a reduction in the number and dimension of cracks. Pacheco-Torgal et al. [26] presented an extensive literature review addressing the use of recycled plastic in concrete, including recycled polypropylene fibers manufactured from industrial plastic waste, whose manufacturing process, chemical properties and mechanical properties were studied. Although these research efforts have contributed to the characterization and incorporation of these waste-based polypropylene fibers into cement-based materials, there are still important waste-based polypropylene fiber properties (e.g., roughness) and fiber-reinforced cement-based material fracture properties (e.g., flexural toughness) that need to be studied. As a result of the latter, the concept of circular economy can be incorporated if polypropylene fibers are recovered from waste.



The novelty of this paper resides in characterizing recycled polypropylene fibers (RPFs) obtained from used and discarded sweeps and addressing some of the most relevant benefits (e.g., increment of flexural toughness and impact strength) and potential disadvantages (e.g., reduction of compressive strength) of adding these RPFs to cement-based mortars. In particular, the objectives of this study are: (i) to characterize the most relevant morphological properties of these RPFs; (ii) to assess the influence of these RPFs on the mechanical properties of mortars; (iii) to assess the influence of these RPFs on the fracture behavior of mortars; and (iv) to perform a sensitivity analysis on the impact of volumes and lengths of RPFs on the aforementioned mechanical-damage properties of mortars. The study of the latter properties allows to explore the real potential of the incorporation of these RPFs either enhancing the performance of cement-based materials and/or reducing environmental impacts derived from the production of new reinforcing fibers and the encapsulation of these waste-based fibers.




2. Materials and Methods


2.1. Mortar Materials


The constituent materials used for the confection of the fiber-reinforced mortars used in this study were cement, sand, water, plasticizer and RPFs (that were obtained from used and discarded sweeps). Table 1 provides the main materials’ properties used in the preparation of the mortar mixes (except for RPFs whose materials properties are provided later in this paper). It is important to note that the use of plasticizer was implemented to provide a uniform distribution of the reinforcing fibers in order to avoid the formation of clusters that can reduced the mechanical properties of mortars.



Figure 1a shows one of the used and discarded domestic sweeps collected by this study to obtain RPFs. In general, the infill sweeps’ fibers were 70 mm long, and the bottom 10 to 30 mm of the fibers were usually damaged due to usage. Therefore, it was decided to cut and discard the bottom parts and the remaining parts of the fibers were cut to obtain 20 and 50 mm long RPFs and washed to remove dirt and, as shown in Figure 1b.



Table 2 provides the main properties of the RPFs used in this paper and obtained from previous studies (e.g., [23,24]). Since the values presented in Table 2 are average values and the variability in those properties might be significant due to the recycled nature and possible degradation of the fibers addressed in this paper, further research needs to be performed evaluating the dispersion of the physical and mechanical properties of these RPFs and comparing those properties to virgin fibers to assess possible degradation. Complementary morphological properties, such as surface roughness, as well as corroboration of diameter dimensions and aspect ratios are provided later in this study for these RPFs.




2.2. Mortar Mix Proportions


The materials introduced in Table 1 and 2 were used to prepared five different mortar mixes (one plain mortar mix, used as control, and four mortar mixes reinforced with different dosages and/or lengths of RPFs). The dosages of RPFs used in this study were 0 (plain mortar), 2 and 8 kg/m3 of mortar and the RPFs’ lengths were 0 (plain mortar), 20 and 50 mm. Table 3 provides the material proportions used in each mortar mix as well as the mortar mix identification (ID) code, where the first number indicates the dosage and the second number indicates the length of the RPFs (e.g., M0-0, indicates 0 kg/m3 and 0 mm length of RPFs, therefore, plain mortar). Dosages of commercially available polypropylene fibers usually vary between 4 and 9 kg/m3 in weight and between 0.4% and 1% in volume [27]. This study selected dosages ranging from 2 to 8 kg/m3, which is similar to the range suggested for commercially available polypropylene fibers and equivalent to the range suggested in a previous study [18] addressing the effectiveness of a new natural fiber that morphologically was similar to the RPFs presented in this study.




2.3. Mortar Specimen Preparation


Table 4 presents the main information of the specimens confectioned for each mortar mix defined in Table 3. It is important to highlight that the number of specimens prepared for each mortar mix and for each test was relatively large (six specimens) in order to perform reliable analysis of variance (ANOVA) tests to evaluate the statistical significance of the incorporation of these RPFs on the mechanical-damage behavior of mortar mixes.



In terms of mortar preparation, the following mechanical mixing procedure was implemented. First, fibers, cement and sand were mixed in a sealed (to avoid loss of cement and sand) mechanical mixer for 3 min. Then, water and plasticizer were added and another 3 min of mixing were performed. Finally, the mixes were left for 3 min without mixing and this resting time was followed by a final 2 min mixing. After mixing, compaction was implemented placing the molds of the specimens on a vibration table and filling the specimens with mortar. Immediately after confection, the specimens were sealed and cured in laboratory condition at 22 °C for 24 h. Finally, 24 h after confection, the specimens were demolded and immersed under water at 22 °C to cure them until testing at 28 days.




2.4. Morphological Properties of RPFs


Morphological properties such as surface roughness and fiber diameter of RPFs were determined using microscopy analysis over a sample of 50 RPFs. Surface roughness is an important morphological property that helps to understand the mechanical bonding interaction that generates load transfer between the RPFs and the mortar matrix. The estimation of surface roughness was obtained in accordance with the standard DIN 4766 [28]. Since it was evident that the surface roughness of the RPFs was lower than the surface roughness of commercially available polypropylene fibers specially designed to reinforced cement-based materials, this study also estimated the surface roughness of one commercial polypropylene fiber (“SikaFiber®Force PP-48” [27] macro synthetic polypropylene fibers, which satisfied the standard ASTM C1116 [29]) and compared that value to the surface roughness obtained for RPFs. Figure 2 shows a photograph of the RPFs obtained in this study and the SikaFiber®Force PP-48 fibers used as comparison in terms of surface roughness. Regarding diameter measurements, these measurements were taken at the mid-section of the RPFs.




2.5. Compressive Strength


The compressive strength of each mortar mix was assessed using a force-based loading protocol (1.0 MPa/s), following the standard BS-EN 12390-3 [30], and the individual compressive strength (fc) values of each cube specimen were calculated using Equation (1):


fc=FAc,



(1)




where F and Ac are the maximum load at failure and the cross-sectional area of the specimen on which the force acts, respectively. For each mortar mix, average (AV), standard deviation (SD) and coefficient of variation (COV) values of fc were calculated.




2.6. Flexural Strength and Flexural Toughness Indices


The flexural experimental setup of this study was a three-point bending test with a span of 450 mm between supports and a displacement-controlled loading protocol of 1 mm/min, whose loads were measured using a load cell. A linear variable differential transducer (LVDT), supported by a steel frame, was located at the midspan section of the prism specimens to measure midspan deflections that. The deformations measured with LVDTs were complemented by digital image correlation (DIC) implemented using the open source software Ncorr [31] as seen in Figure 3. To provide accurate DIC results, there should be a calibration in terms of the initial measurements of the dimensions of the specimen before loading that need to be captured by the camera to calibrate the subsequent total deformations as well as the normalized deformations (strains). This setup was very similar to the flexural experimental setup used previously by Araya-Letelier et al. [32,33,34] to assess the flexural behavior of adobe mixes reinforced with natural and synthetic fibers. The individual flexural strength (ff) values of each prism specimen were estimated using Equation (2).


ff=3×F×L2×H2×B,



(2)




where F is the maximum load at failure, L is the span between supports (450 mm), B (150 mm) is the width at the fracture section of the prism specimen and H (150 mm) is the depth at the fracture section of the prism specimen. For each mortar mix, values of AV, SD, and COV of ff were calculated.



For cement-based materials, flexural toughness provides an indication of fracture energy absorption capacity [35] and the incorporation of fibers is expected to impact flexural toughness [32,33,36]. Consequently, this study evaluated the flexural toughness indices of each mortar mix according to the standard ASTM C1018 [37]. Flexural toughness indices were calculated as the area under the bending-force versus midspan-displacement curve up to a specified value of the midspan-displacement, which was normalized by the area under the bending-force versus midspan-displacement curve up to the value of the midspan-displacement where the first crack (δ) occurred. Flexural toughness indices I5, I10, and I 20 were calculated using the midspan-displacement corresponding to 3δ, 5.5δ and 10.5δ, respectively. It is important to note that the minimum value of any toughness index is 1.0, which indicates a brittle failure-mode where the specimen collapses immediately after the formation of the first crack. Therefore, the behavior of the material can change from brittle to quasi-brittle as the values of toughness indices increase due to the addition of fibers. For each mortar mix, values of AV and SD of toughness indices were calculated from each individual bending load versus midspan-displacement curve of each mortar mix.




2.7. Impact Strength


Since fracture toughness of mortars is expected to be enhanced with incorporation of fibers [38], several studies (e.g., [17,18,19]) have suggested the implementation of the impact test to assess the impact strength of cement-based mortars to absorb damage. This study used an experimental setup that consists of a metallic supporting base for the slab specimens (30 cm distance between supports) and a metallic projectile that was thrown at the center of the slab specimens at increasing height levels (from 5 to 90 cm every 5 cm). The mass of the metallic projectile was 2.170 kg for heights ranging from 5 to 90 cm and then, after the first drop at 90 cm, the consecutive drops were executed using a 3.343 kg metallic projectile (see Figure 4). The drops required to generate both the first crack as well as the collapse of each slab specimen were counted. The impact energy per blow (Eb) was estimated using Equation (3).


Eb=m×g×h,



(3)




where m represents the mass of the metallic projectiles (either 2.170 or 3.343 kg), g is the constant of gravitational acceleration (9.81 m/s2) and h represents the varying height at which the projectile was thrown (from 5 to 90 cm every 5 cm). For each mortar mix, values of AV, SD, and COV of the cumulative impact energy at first crack and at collapse were calculated.




2.8. Analysis of Variance of Experimental Results


The analysis of variance (ANOVA) was used in this study to evaluate the statistical significance of the effect of the incorporation of RPFs on the mechanical-damage performance of mortars. First, the one-way ANOVA test was implemented to assess the existence of differences among the AV behavior within the five mortar mixes (M0-0, M2-20, M2-50, M8-20, and M8-50) under a specific experimental test (e.g., flexural strength).



The one-way ANOVA compared the null hypothesis, H0, which states that the AV performance of all mortar mixes are equivalent (i.e., the addition of RPFs did not have an effect over the specific experimental performance under study), against the alternative hypothesis, HA, which indicates that at least one AV performance is different, under a specific significance level, typically 5% as implemented in this study and in several previous experimental studies (e.g., [33,39]).



If the one-way ANOVA test rejected H0, pair-wise single-factor ANOVA tests were applied to identify individually if each fiber-reinforced mortar performed, on average, different from the plain mortar mix under a specific test.



These ANOVA tests calculate a critical F value (Fcr) that is a function of the number of groups under study (e.g., five mortars for one-way ANOVA tests), the significance level (5% in this paper) and the number of values obtained for each group under study (six specimens were tested for each mortar mix at each specific test).



For each ANOVA test, a statistic value of f (fst) was calculated based on the experimental results and compared to Fcr. If fst was less than Fcr, this meant that the differences among the AV performance of the five mortars under a specific experimental performance were not statistically significant for the one-way ANOVA test or that the differences among the AV performance of two specific mortars were not statistically significant for the pair-wise ANOVA test.



ANOVA tests consider that sample AV values might be different among them due to two possibilities: (i) sample AV values come from different populations (called treatments that in this paper would be the incorporation of RPFs); and (ii) sample AV values come from the same population and the differences are explained by chance and/or sampling error. The implementation of the ANOVA tests demands the calculation of sums of squares (SS), means of squares (MS) and degrees of freedom (DF) for the treatment and the error, and all these values are informed for each ANOVA test implemented in this paper. The p-values (i.e., the probability of finding the observed, or even more extreme, results when H0 is true) of each ANOVA test are also provided. For more information about the ANOVA tests see [40].





3. Results and Discussion


3.1. Morphological Properties of RPFs


This study used a sample of 50 RPFs to assess diameters and surface roughness of RPF. Figure 5a shows a typical RPF (0.49 mm diameter), its microscopy and its 3D evaluation of its surface implemented at the mid-section. The AV value of the surface roughness of the RPFs reached 0.80 μm, a value corresponding to a roughness level N6 in the standard DIN4766 [28]. Figure 5b shows a typical Sika Fiber®Force PP-48 fiber (1.34 mm diameter), its microscopy and its 3D evaluation of its surface implemented at the mid-section. As expected, the AV roughness value of the Sika Fiber®Force PP-48 fibers was 0.2 mm, a value exceeding the maximum roughness value of 50 μm (N12) established by the standard DIN4766. This was a significant difference in roughness since the roughness of the commercial polypropylene fiber is 250 times the roughness of the RPF.



As load-displacement interaction between fibers and composite materials are influenced by mechanical and chemical bonding [41], the pull-out behavior of these RPFs would be inferior compared to commercially available polypropylene fibers (e.g., Sika Fiber®Force PP-48) that present larger roughness values since they are designed specifically as reinforcement fibers. As the roughness of the RPFs was approximately 250 times smaller than the roughness of the Sika Fiber®Force PP-48 used in this study as a roughness control, this provided initial insights that the required aspect ratio to generate an adequate load transfer between the matrix and the fiber should be larger. Therefore, this study selected one short length (e.g., 20 mm) and one long length (e.g., 50 mm), leading to a small and large aspect ratio, respectively, in order to capture two extreme behaviors of the fiber addition due to its inclusion.



With respect to diameter measurements, RPFs reached and AV value of 0.45 mm that resulted in aspect ratios of 44 and 111 for 20 mm long RPFs and 50 mm long RPFs, respectively.




3.2. Compressive Strength


As seen in Figure 6, AV (bars), SD (error bars) and COV (percentages in each bar) values of the compressive strengths of each mortar tested ranged from 40.3 MPa (M8-20) to 44.9 MPa (M0-0), from 1.5 MPa (M2-20) to 3.4 MPa (M8-50), and from 3.4% (M2-20) to 7.8% (M8-50), respectively.



From the one-way ANOVA test of Table 5 it was observed that AV compressive strength was not statistically affected by the incorporation of RPFs, consistent with Bendjillali et al. [24]. The resulting p-value indicates that for a slightly larger significance level (e.g., 6%) the ANOVA test would have rejected the hypothesis that all the AV compressive strength performances were equal. However, the relatively large sample size used for each mortar mix (reduced epistemic uncertainty) further supports the result of the ANOVA test.




3.3. Flexural Strength and Toughness Indices


Figure 7 shows AV (bars), SD (error bars) and COV (percentages in each bar) values of the flexural strengths of each mortar tested, and these values ranged from 5.5 MPa (M8-20) to 6.1 MPa (M8-50), from 0.2 MPa (M2-20) to 0.5 MPa (M8-20), and from 3.2% (M2-20) to 8.2% (M8-20), respectively.



From the one-way ANOVA test of Table 6 it can be seen that AV flexural strength was not statistically affected by the incorporation of RPFs, also consistent with Bendjillali et al. [24]. The resulting p-value and the relatively large sample size used for each mortar mix (six prism specimens per each mortar mix) further support the result of the ANOVA test.



Figure 8 provides the results of the DIC analysis for prism specimens of mortar mixes M0-0 and M8-50. Figure 8a,b shows the resulting axial horizontal strains (ϵxx) obtained immediately at the occurrence of the first crack in M0-0 and M8-50, respectively, and it is evident that ϵxx values in the cracking area were much larger in M0-0 compared to M8-50. The latter behavior evidenced that the fiber-reinforced prism (M8-50) was able to sustain a remaining fraction of the peak load, whereas the unreinforced beam was unable to sustain almost any load after cracking. Figure 8c,d shows the resulting ϵxx values obtained immediately after the occurrence of the first crack (approximately 4 s after images of Figure 8a,b in M0-0 and M8-50, respectively). From Figure 8c,d it can be observed the wide crack propagation and opening of M0-0 (leading to its collapse), whereas the crack propagation and opening of M8-50 was very small and the beam could still sustain around 20% of its peak load. Results of DIC for the remaining mortar mixes are not presented in this paper since the fracture behavior of those mixes was very similar (brittle behavior) to the behavior of M0-0 as confirmed by the load-midspan displacement curves shown in Figure 9 and discussed later in this paper. The DIC images confirm that addition of RPFs contribute to reduce the crack mouth opening displacement of mortar under bending. Regardless of the latter, the RPFs cannot delay crack onset and propagation as observed in Figure 8.



Figure 9 presents representative flexural-load versus midspan-deflection curves for each mortar mix and similar performances were obtained for the remaining five prism specimens tested for each mortar mix. Figure 9 shows that for all mortar mixes there was a linear increasing behavior of the flexural load until reaching its peak and then an abrupt load-drop occurred due to the generation of cracking at the bottom of the specimens. For mortar mixes M0-0, M2-20, and M2-50, the specimens were no longer able to sustain any residual load after the occurrence of the cracking, whereas in the case of mortar mixes M8-20 and M8-50 the specimens were able to sustain some residual load (e.g., approximately 20% of its peak in the case of M8-50) and larger displacements after the crack occurrence and abrupt load-drop. The displacement where the first crack occurred varied between 0.26 and 0.33 mm and fiber-reinforced specimens showed a slightly larger displacement at cracking compared to unreinforced specimens. For mortar mix M0-0 the collapse failure corresponded to a brittle failure of the mortar matrix where tension loads were not sustained at the bottom of the prism specimens after the occurrence of a major crack. In the case of mortar mixes M2-20 and M2-50, although these mixes correspond to fiber-reinforced prism specimens, as characterized in this paper, the roughness of the RPFs was low, and, consequently, the mechanical bonding between the RPFs and the mortar matrix was also low. Therefore, when the major crack occurred the tension load was transferred to the fibers at the bottom of the specimens, but probably the fiber length (M2-20) and the fiber dosage (M2-50) were not enough to totally transfer the load, fiber was pulled out of the mortar matrix and the specimens exhibited a brittle collapse failure as they were unreinforced. The previous analyses are aligned with what has been detected on fiber reinforced concrete (FRC) with low fiber dosages (e.g., volumes of fiber <0.5%) where the ultimate flexural strength coincided with the first cracking strength and the flexural load-deflection curve descended immediately [42].



In the case of mortar mix M8-20, the larger fiber dosage allowed a larger number of fibers crossing the crack at the bottom of the specimen (compared to M2-20 and M2-50) and, thus, some residual tension load could be transferred from the cracked matrix to the fibers. Finally, in the case of mortar mix M8-50, the larger fiber dosage and longer fibers also allowed a larger number of fibers crossing the crack at the bottom of the specimen (compared to M2-20 and M2-50), but these fibers were also longer (compared to M8-20), leading to a larger fiber aspect ratio. Therefore, more residual tension load (compared to M8-20) was transferred from the cracked matrix to the fibers. The previous analyses are also consistently aligned with FRC with volumes of fiber >0.5% [42], where some load can be transferred to the fibers after the failure of the matrix.



The previous analyses can be complemented with the quantitative information provided by the flexural toughness indices, whose statistic information is provided in Table 7. As expected after analyzing the brittle failure modes of M0-0, M2-20 and M2-50, their values of I5, I10 and I20 were approximately 1.0. In the case of mortar mixes M8-20 and M8-50, the incorporation of fibers had a positive impact on the flexural toughness indices, I5, I10 and I20, where the increment in length (from 20 to 50 mm) showed the larger impact increasing toughness for fiber dosage of 8 kg/m3. Regardless of the latter, the values of flexural toughness indices for mortar mixes M8-20 and M8-50 represent only a residual toughness considering that the flexural post peak load reaches only up to 20% of the peak load (M8-50).




3.4. Impact Strength


Figure 10a shows a picture of a mortar mix M8-50 slab specimen tested under impact strength and it can be seen how the parts of slab were still held together even when the damage was fully developed from the impact zone to the edges of the specimen. Addition of these fibers allowed the slab to sustain more impact energy after the occurrence of the first crack and before the final collapse of the slab due to the addition of RPFs. On the contrary, unreinforced slab specimens (M0-0) showed a brittle failure since the first crack, in general, coincided with the collapse of the specimens.



Figure 10b shows AV (bars), SD (error bars) and COV (percentages in each bar) values of the impact strengths (at first crack and at collapse) of each mortar tested. In the case of impact cumulative energy at first crack, the AV, SD and COV results ranged from 472 J (M2-20) to 634 J (M8-50), from 86 J (M2-20) to 139 J (M8-20), and from 17% (M2-60) to 23% (M8-20), respectively. In the case of impact cumulative impact energy at collapse (impact strength), the AV, SD and COV results range from 516 J (M0-0) to 1568 J (M8-50), from 91 J (M0-0) to 322 J (M8-50), and from 18% (M0-0) to 23% (M8-20), respectively. The increment in AV cumulative impact energy at collapse (compared to mortar mix M0-0) range from 7% (M2-20) to 204% (M8-50).



As shown in Figure 10b, it can be observed that (i) there was no statistical change in the AV cumulative impact energy at first crack while (ii) there were statistical changes in the AV cumulative impact energy at collapse for the fiber-reinforced mortar mixes with higher fiber content (M8-20 and M8-50). The former (i) is an indication that before crack occurs, the matrix withstands the impact load with little contribution from the fibers. On the contrary, the latter (ii) indicates that after crack occurs, fibers are responsible to withstand the impact load, especially on mortars with the largest fiber content. Specifically, for the mortars with the largest fiber content, AV cumulative impact energy at collapse increased proportional to fiber length. The described behavior before and after the crack occurs in the impact test was consistent with the flexural response before (no contribution from the fibers) and after the crack forms (load transfer throughout the fibers) depicted in Figure 9. Statistically significant changes in the AV impact strengths at collapse were already addressed using 8 kg of pig hair fibers per m3 of mortar by Araya Letelier et al. [18]. The pig fibers where 30 mm long and the same order of magnitude fiber diameter and of AV roughness as RPF [18].



The effectiveness of RPF in the impact strength of mortars depends on the tensile strength of the fiber but also on the interface strength between the matrix and the fiber as stated in a previous work [39]. Antico et al. showed that the load capacity of fibers can be maximized when fiber surface roughness is maximized also [43]. RPFs presented low roughness compared to commercial fibers (roughness of Sika Fiber®Force PP-48 fibers are more than two orders of magnitude of roughness of RPFs), it is possible that if roughness of RPFs could be improved less fiber content and more effect of fiber length could be expected to achieve similar performance to the one reported in this work.



The latter findings were further analyzed implementing ANOVA tests (see Table 8). It can be seen that AV impact strengths at the occurrence of the first crack were not statically affected by the incorporation of RPFs (see first crack-one way ANOVA test in Table 8). The latter result can be explained by the fact that the impact strength at first crack depends mostly on the matrix behavior, which is brittle for all the mixes. In the case of the cumulative impact energy at collapse, there was a statistically significant difference between AV values (see collapse-one way ANOVA test in Table 8). To further investigate the statistically significant differences of AV impact strengths at collapse, pair-wise tests were implemented for each reinforced mortar against the plain mortar and mortar mixes M2-50, M8-20 and M8-50 showed significant statistically differences that were ratified by the p-values obtained for those pair-wise tests.





4. Comments and Conclusions


This paper addressed the characterization of recycled polypropylene fibers (RPFs) obtained from discarded plastic sweeps, and then evaluated the use of these RPFs as fiber reinforcement in cement-based mortars. The impact of these RPFs on the mechanical-damage mortars’ behavior was assessed comparing the performance of plain mortar specimens against the performance of RPF-reinforced mortar specimens with different fiber dosages (2 and 8 kg/m3 of mortar) and different fiber lengths (20 and 50 mm) in terms of compressive strength, flexural strength and toughness, and impact strength. The following comments and conclusions can be drawn.

	
Morphologically, RPFs presented low surface roughness values that were, on average, 250 times smaller than the average surface roughness value of a commercial polypropylene macro fiber specially designed to reinforce cement-based materials. Consequently, the interface strength between mortar and RPFs is expected to be lower than commercial polypropylene fibers specifically designed as fiber reinforcement. Increasing roughness of RPFs could be a path to achieve improved toughness and crack control using these fibers.



	
Plain and fiber-reinforced mortar mixes presented a brittle failure mode of the matrix (sudden drop of load) under flexural testing. After peak load, plain mortar mixes as well as mortar mixes with small fiber dosages (2 kg/m3) exhibited a similar behavior where the specimens were no longer able to sustain any residual load and they collapsed immediately. Only in the case of mortar mixes with larger fiber dosages (8 kg/m3) the specimens were able to sustain some residual load and larger displacements before collapse. The latter was reflected in their values of flexural toughness indices, and those residual loads and increments in displacements were larger for specimens with 50 mm fiber length.



	
In terms of impact strength, there was no statistically significant difference in the average cumulative impact energy value at the occurrence of the first crack among the mortar mixes, which confirms that the occurrence of the first crack depends mostly on the brittle behavior of the mortar matrix. In terms of average cumulative impact energy values at collapse, there was a statistically significant difference between the average performances of 8 kg/m3 fiber-reinforced mortar mixes compared to plain mortar. More work needs to be done in terms of fiber length sensitivity as changes of impact strength were observed as result of fiber length changes in mortars with 8 kg/m3 of RPF. The incorporation of these RPFs were able to distribute the damage across the specimens allowing increments of average impact strength up to 204%.








This paper recommends the use of long fiber lengths (e.g., 50 mm) and large fiber dosages (e.g., 8 kg/m3) to effectively achieve a load transfer between the RPFs and the matrix and, consequently, to enhance the fracture performance of mortars in terms of flexural toughness and impact strength, without affecting the mechanical performance of mortars. In the case of short RPFs (e.g., 20 mm), their incorporation still generates environmental benefits since these waste-based short fibers can be encapsulated, reducing the disposal of this waste in landfill, without impacting the overall mechanical-damage performance of mortar mixes.
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Figure 1. (a) Used and discarded domestic sweep; and (b) 50 and 20 mm long recycled polypropylene fibers (RPFs) obtained. 
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Figure 2. RPFs used in this study and Sika Fiber®Force PP-48 fibers. 
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Figure 3. Flexural strength test setup. 
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Figure 4. Impact strength test setup: (a) drawing; and (b) actual slab being tested. 
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Figure 5. Morphological analysis including photography, microscopy and 3D surface elevation of: (a) RPFs; and (b) Sika Fiber®Force PP-48. 
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Figure 6. Compressive strength average (AV), standard deviation (SD), and coefficient of variation (COV) values for each mortar mix. 
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Figure 7. Flexural strength AV, SD, and COV values for each mortar mix. 






Figure 7. Flexural strength AV, SD, and COV values for each mortar mix.



[image: Sustainability 11 02200 g007]







[image: Sustainability 11 02200 g008 550]





Figure 8. Digital image correlation (DIC) strain evaluation of flexural performance: (a) M0-0 at cracking; (b) M8-50 at cracking; (c) M0-0 immediately after cracking; and (d) M8-50 immediately after cracking. 
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Figure 9. Representative flexural-load versus midspan-deflection curves for each mortar mix. 
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Figure 10. Impact strength: (a) mortar mix M8-50 slab specimen showing damage distribution; and (b) cumulative impact energy for each mortar mix. 
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Table 1. Materials’ properties of mortars.
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Materials

	
Properties




	
Cement

	
Portland Cement (High Strength)






	

	
Blaine fineness: 355 (m2/kg) Density: 3.2 (g/cm3)




	
Sand

	

	
Type (a)

	
Type (b)




	

	
Density (g/cm3):

	
2.63

	
2.53




	

	
Water absorption (%):

	
2.55

	
2.37




	

	
Fineness modulus (dimensionless):

	
2.65

	
1.17




	
Water

	
Potable




	
Plasticizer

	
Type: Lignosulphonate based. Density: 1.15 (g/cm3)
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Table 2. Properties of recycled polypropylene plastic fiber.
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	Diameter (mm)
	Density (g/cm3)
	Water Absorption (%)
	Tensile Strength (MPa)
	Young’s Modulus (GPa)
	Elongation to Break (%)





	0.38 to 0.51
	0.99
	0
	250
	5
	55
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Table 3. Material proportions of mortar mixes.
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Mortar Mix ID#

	
W/C 1

	
Cement (kg/m3)

	
Water (kg/m3)

	
Sand 2 (kg/m3)

	
P 3 (kg/m3)

	
Fiber (kg/m3)

	
Fiber (mm)




	
(a)

	
(b)






	
M0-0

	
0.55

	
450

	
247.5

	
168.5

	
1330.5

	
3.15

	
0

	
0




	
M2-20

	
2

	
20




	
M2-50

	
2

	
50




	
M8-20

	
8

	
20




	
M8-50

	
8

	
50








1 Water-cement ratio; 2 In saturated surface dry condition; 3 Plasticizer (0.7% in weight of cement).
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