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Abstract

:

The use of virgin and recycled plastic macro fibers as reinforcing elements in construction materials has recently gained increasing attention from researchers. Specifically, recycled fibers have become more attractive owing to their large-scale availability, negligible cost, and low environmental footprint. In this work, we investigate the benefits related to the use of fully-recycled synthetic fibers as dispersed reinforcement in Fiber Reinforced Cement Composites (FRCCs). In light of the reference performance of FRCCs including virgin polypropylene (PP) fibers only, the mechanical response of composites reinforced with polyolefin filaments treated with a sol-gel silica coating and polyethylene terephthalate (PET)/polyethylene (PE) cylindrical draw-wire fibers is here assessed through three-point bending tests. Remarkably, recycled polyolefins lead to a notable enhancement in terms of peak strength and post-crack energy dissipation capability. This improvement is ascribed to both the flattened shape of fibers and the surface coating, which turns out to be very effective at strengthening the fiber-to-matrix bond. On the other hand, PET/PE fibrous reinforcement generally leads to a lower toughness, if compared to the virgin fibers. However, no reduction in terms of peak stress is evidenced. Balancing the significance of mechanical performance and environmental sustainability in the framework of a circular economy approach, both fully-recycled fibers at hand can be regarded as promising candidates for innovative structural applications.
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1. Introduction


Fiber Reinforced Cement Composites (FRCCs) represent well-established structural technologies finding wide application in several fields of civil engineering, e.g., industrial floorings, earthquake-resistant structures, and tunnel linings. Some pioneering works guide the contemporary research to broaden the fields of application of FRCC, and Fiber Reinforced Concrete (FRC) in particular, in the attempt of pursuing high-performance composite systems. Di Prisco et al. [1] investigated the possible use of FRC in precast plates for lightweight and performing roofing elements, while an intensive study on the mechanical behavior of full-scale precast structural beams was conducted by Vandewalle [2]. As also established in other fundamental contributions [3,4], the addition of fibers in plain concrete improves the resistance to crack formation and propagation, due to the bridging mechanism implemented by the fibrous reinforcement. Moreover, the use of short dispersed fibers assures a meaningful reduction of shrinkage cracking, a more favorable crack distribution, and hence an enhanced durability of the structural elements [5,6,7].



Recently, synthetic fibers made of polymeric materials have been proposed as a promising and relatively inexpensive reinforcement in FRCCs, representing alternatives to asbestos, glass, and steel fibers. The latter, in particular, are traditionally considered as the most effective reinforcement strategy to improve the bending capacity of structural elements, given the wide experience inherited in the field of reinforced concrete [8]. Recent studies have also focused on the reduction of their environmental footprint, by retrieving steel fibers from recycled tires [9,10,11] or industrial waste [12]. However, plastic fibers have attracted the interest of the scientific community owing to their superior durability (i.e., absence of corrosion), light weight, and thermal properties, with specific reference to the fostering of anti-spalling attitude [13].



Among synthetic materials, both polyethylene terephthalate (PET) and polyolefins, especially polypropylene (PP) and polyethylene (PE), are regarded as interesting candidates for manufacturing recycled fibers, owing to their good recycling capabilities, significant mechanical properties, and large-scale availability. Their extreme versatility, in fact, has put them among the most popular plastics in use worldwide, as declared by the leading European trade association PlasticEurope. According to PlasticEurope—The Facts 2020 report [14], European demand for PP, low density PE, and PET in 2019 represents 19.4%, 17.9%, and 7.9% of the total production, respectively, with packaging accounting for nearly 40%. The wide difference between usage time (few minutes) and time for natural decaying (several centuries) generates unavoidable environmental concerns, encouraging the scientific community to look for innovative solutions involving recycled plastic waste.



In more detail, PET is a thermoplastic polymer belonging to polyesters, whose physical and mechanical characteristics highly depend on the manufacturing process. It is mainly employed for manufacturing beverage containers, whose production has been increasing steadily and continuously since the late 1970s [14]. Recently, the potential benefits related to the addition of recycled PET fibers in cement composites has been widely investigated. Ochi et al. [15] experimentally assessed the effects of draw-wired PET indented fibers included in concrete mixtures up to a 1.5% volumetric dosage. Remarkably, a pronounced hardening effect is detected after matrix cracking, followed by an increase in both bending strength and absorbed energy. Similarly, Fraternali et al. [16] found a significant improvement of both mechanical and thermal properties with respect to plain concrete. Marthong and Sarma [17] investigated a different solution, by adopting as reinforcement recycled PET platelets from beverage containers. A benefit in bending peak load is observed, according to the findings by Foti [18,19], who tested PET fibers with different shapes. Besides, Pelisser et al. [20] observed an increase in both flexural toughness and impact resistance. However, the last contribution also highlights the crucial problem of degradation of PET in cement, which leads to a loss of long-term mechanical response of the composite. This issue is extremely controversial, as Ochi et al. [15] pointed out that no detrimental effects were observed in their experimental tests. For this reason, further studies and well-defined test practices are required. The interesting research by Won et al. [21] went right in this direction, thoroughly assessing the durability of FRCCs including PET fibers under five different chemical conditions, by confirming the aggressiveness of alkaline and sulphuric acid environments on recycled fibers.



Alongside PET, polyolefins are thermoplastic polymers which result from the polymerization of olefins, including propylene and ethylene [22]. Remarkable ductility and good impact resistance characterizing PE along with light weight and high tensile strength of PP make polyolefins particularly suitable for manufacturing consumer goods, including food packaging, pipes, and covers, as well as automotive and aerospace elements. Several studies have been conducted on FRCCs and FRCs reinforced with recycled polyolefin fibers, assessing their good performance reached at an almost negligible cost [23,24,25]. Among them, a recent contribution by Signorini et al. [26] investigated the mechanical and environmental performance of fully-recycled blended PE/PP filaments, obtained from disposed artificial turf pitches for sport facilities. Positively, an appreciable improvement in the post-crack energy dissipation capability was observed. However, the measured ultimate flexural strength significantly reduces, mainly due to the weak adhesion of fibers to the surrounding inorganic matrix. As is well known, the lack of hydrophilicity and compatibility of polyolefins, ascribable to their non-polar nature [27], and polyesters, which also show a marked hydrophobic attitudes [28,29], currently represents a major drawback, which limits the use of synthetic fibers in FRCs for structural applications [30]. The inability to transfer the load from the matrix to the fibers, in fact, jeopardizes the mechanical performance of the composite, which is generally subject to delamination failure [31,32,33]. To address this problem, several surface treatments of fibers have been proposed in the literature, involving among others oxyfluorination [34], chemical attack [35], cold plasma [36], and silica coating [37,38]. The last, while being a relatively simple technique, turns out to be particularly suitable at improving the interface bonding between synthetic fibers and cement binder (see, e.g., [7,39]).



In the present work, we assess the mechanical response of a pre-mixed cement mortar reinforced with homogeneously dispersed fully-recycled fibers, namely PET/PE cylindrical-shaped draw-wire filaments and blended PE/PP flattened fibers (see [26]), the latter coated with a rapid acid-catalysed sol-gel silica treatment. We performed three-point bending tests, by comparing the results with reference performance of FRCCs including virgin PP fibers only. We observe that two main parameters affect the effectiveness of fibrous reinforcement, namely the shape (flattened platelets vs cylindrical fibers) and, primarily, the superficial treatment. The coating, in fact, greatly improves the energy absorption of the composite during the cracked stage, which is mainly driven by the interphase adhesion at the matrix-to-fiber transition zone.




2. Materials and Methods


2.1. Raw Materials


Two different fully-recycled synthetic fibers, henceforth referred to as RP (Recycled Polymers) and AT-S (Artificial Turf - Silica), were tested as reinforcement phase in a single commercially available pre-mixed ordinary Portland cement (OPC) mortar, whose properties of interest are listed in Table 1, according to the manufacturer datasheet [40].



RP fibers, illustrated in Figure 1a and Figure 2a, consist of a blend of PET/PE (designed in accordance with PlasticFiber Srl, Bologna, Italy). This polymeric mixture was retrieved from processing disposed food packaging, then milled, and eventually extruded as cylindrical-shaped draw-wired fibers 1 cm long (diameter 0.70 mm).



AT-S are PE/PP blended fibers, directly obtained from processing disposed artificial turf carpets (Sabbie di Parma Srl, Parma, Italy) for sport facilities (for a complete characterization, please refer to [26]). As illustrated in Figure 1b, fibers are flattened, with a surface morphology characterized by wide wrinkles across the transverse cross-section (optical magnification in Figure 2b) and length ranging from 1 to 4 cm. Here, AT-S fibers were treated with a rapid acid-catalysed sol-gel silica coating, whose effectiveness is assessed through comparison with the performance of untreated fibers, henceforth referred to as AT (Artificial Turf).



A quick acid-catalysed silica treatment was realized by following the process illustrated in [33] and hereafter briefly summarized. A silicon alkoxide precursor was suitably hydrolyzed by mixing with water. Then, a polycondensation reaction led to the formation of a colloidal suspension of solid particles in liquid, named polymeric sol [37]. Specifically, the materials here employed are tetraethyl orthosilicate SiC8-H20O4 (98% TEOS, Sigma-Aldrich Inc.) and Isopropyl alcohol C3H8O (99.7%, Sigma-Aldrich Inc.). By means of a magnetic stirrer, these high-purity reactants were mixed together in stoichiometric ratio, for 15 min at a temperature of 50 °C. Then, nitric acid HNO3, acting as catalyst, and deionized water were mixed together and eventually added to the solution, which was continuously stirred for an additional 2 h, maintaining a temperature of 50 °C. At this point, PE/PP fibers were immersed in the silica sol-gel for a few minutes and finally dried at room temperature.



The behavior of both RP and AT-S fibers is discussed in light of the reference performance of virgin PP fibers, named PP, illustrated in Figure 1c and Figure 2c. Relevant geometrical and physical properties of RP, AT-S, and PP fibers are summarized in Table 2.




2.2. Specimens Manufacturing


With reference to UNI EN 1015-11 [41] (testing methods for cement and lime hardened mortars for structural purposes), we manufactured four sets of 40 mm × 40 mm × 160 mm prismatic beams, each of which was reinforced by the addition of a 3% vol. percentage of RP, AT-S, AT, and PP fibers, respectively. First, fibers were homogeneously incorporated and dispersed in the solid fraction of the OPC mortar (binder and aggregates), by means of a low speed mechanical stirrer. Then, water was added to the mix, and the fresh mortar was further stirred, cast into accurately lubricated formworks, and eventually jolted to foster the surfacing of air bubbles. The specimens were then moist-cured within the molds for 2 days, demolded, and tightly wrapped in polypropylene foils (100% RH) for further 5 days. Finally, curing was accomplished in a Peltier-based climatic chamber (20 °C and 65 ± 5% RH) for 21 days [42] [Table 1]), until complete hardening.




2.3. Surface Characterization Methods


To assess the effectiveness of the silica surface treatment, Fourier transform infrared (FT-IR) spectrometry was performed on both AT and AT-S fibers, by means of a FTIR Vertex 70 (Bruker Optik GmbH, Ettlingen, Germany). This technique allows us to accurately characterize the chemical composition on the surface of coated AT-S fibers, to be compared with the reference uncoated AT filaments. The spectrometry was accomplished under Attenuated Total Reflection (ATR) mode, and the IR spectrum was obtained for wavenumbers ranging 4000– 600 cm−1.



With the aim of revealing the presence of silica particles on AT-S filaments and qualitatively evaluating the surface roughness, the surface of fibers was examined in detail through the observation under an environmental scanning electron microscope (E-SEM) (Quanta FEI company, Eindhoven, The Netherlands), equipped with the backscattered-electron (BSE) detector, recommended for the easy identification of elements with different atomic number.




2.4. Mechanical Tests


The mechanical characterization of the four sets of FRCCs was performed through three-Point Bending (3PB) tests. We employed an Instron 5567 electromechanical Universal Testing Machine (UTM), equipped with a 30 kN load cell and a two-point support, with anvils placed 10 cm apart. We conducted the tests by controlling the displacement rate of the upper cross-head, whose prescribed value is 1 mm/min (tests were performed by referring to [42], which prescribes an applied load speed of 50–100 N/s. However, according to our previous experience [43], we performed displacement-controlled mechanical tests, by adopting a comparable displacement speed of 1 mm/min). The mechanical testing program is reported in Table 3.



We discuss the performance of FRCCs in terms of mean strength curves, peak load,   F p  , flexural modulus,   E f  , and mechanical energy dissipated at failure, W. More specifically,   E f   is a secant modulus, evaluated as the slope of the straight line intersecting the stress-strain (  σ − ε  ) curve at two fixed points, according to the following relation:


    E f  =   0.9   σ p  − 0.6   σ p      ε |   0.9   σ p      − ε |   0.6   σ p      .   



(1)







In Equation (1),   σ p   is the peak stress reached by the specimen, whereas the notation    ε |   n  σ p     is adopted to indicate the strain attained at   n  σ p   . On the other hand, W expresses the area under the   σ − ε   curves, here evaluated as


  W =  ∫  0   ε f   σ  ( ε )  d ε ,  



(2)




in which   ε f   indicates the strain corresponding to   0.1  σ p   , reached in the post-peak branch.





3. Results and Discussion


3.1. FT-IR and E-SEM Analyses


To assess the efficiency of the silica coating, we first conducted FT-IR analyses on both treated AT-S and uncoated reference AT fibers. The comparison between the observed surface spectra is reported in Figure 3.



By focusing on AT spectrum (black dashed line), two main peaks at 2915 and 2848 cm−1 are observed, revealing the typical C−H stretching in CH2 groups. In addition, two further absorbance peaks at 1469 and 718 cm−1, ascribable to the symmetric C−H bending and rocking in CH3, respectively, evidence that PE is the main component of the blend. The last observation is consistent with the results of DSC analyses carried out by Signorini et al. [26], who, despite detecting the occurrence of two main endothermic reactions (ascribed to PE and PP melting), qualitatively suggested the predominant presence of PE within the blend, given the very low enthalpy of transition associated to the PP melting stage. In particular, because of the linear relationship between the decrease of the PP melting peak and the amount of PP in the blend (see [44] [Figure 4]), we estimate a PP content ranging 20–30%, as a consequence of the decrease of the PP melting peak around 2.1%, with respect to the expected value. We remark that FT-IR analysis here performed is crucial to characterize the fully-recycled mixture, whose PE/PP contents may be subject to significant variations.



By recalling the spectrum of pure silica (see, e.g., [45] [Figure 4]), analysis of AT-S spectrum (blue solid line) leads to the following fundamental observations:




	
A smooth and pronounced absorbance peak appears around 3392 cm−1, due to the strong oxidation provided by the sol-gel treatment. The addition of hydrophilic functional O−H groups as a consequence of the coating deposition, in fact, promotes the activation of the surface. This effect was also highlighted by Ahsani and Yegani [30], who studied silica nanocomposites within a different context.



	
A remarkable absorbance peak detected at 1061 cm−1 gives evidence of the asymmetric stretching in Si−O−Si groups, owing to the presence of silicon dioxide molecules (see, e.g., [46]).



	
A small peak at 1637 cm−1 evidences the presence of moisture, due to the diffused absorption of water molecules (hygroscopic attitude of silica) [47].








Therefore, the adhesion of the coating to the polymeric fibers turns out to be very successful, as further confirmed by the environmental SEM analysis illustrated in the following.



Surface of uncoated AT fibers (Figure 4a) appears smooth and plain, except for the presence of deep wrinkles along the longitudinal direction (black stretched area). Here, bright small traces reveal the presence of environmental fine dust, which inevitably settles on fiber surface during handling and storage. On the other hand, wide light areas standing out against the dark polymeric substrate are observed in Figure 4b, highlighting the presence of a consistent silica layer deposited on the surface of treated AT-S fibers. These high-brightness areas are a consequence of the high atomic number of silica, which can scatter a large amount of electrons with respect to the organic fibers (mainly C-H and O atoms, having low atomic numbers).



Further detailed views of AT and AT-S fibers are reported in Figure 5a,b, respectively. The distribution of the silica coating on the surface turns out to be uneven, fractured, and porous. The adhesion of the coating seems to be affected by the grooved morphology of the fibers, with the superficial wavy texture channelling the coating along the longitudinal wrinkles. This behavior is in perfect agreement with the observations by Signorini et al. [33], who investigated the effect of a similar rapid acid-catalysed silica coating on PP fibers. We remark that, because of both very smooth morphology of polyolefin surface and their chemically inert nature, an optimal adhesion of the coating would require quite long treatments, as pointed out by Di Maida et al. [39]. However, the choice of a rapid treatment represents a compromise between adequate effectiveness of the coating and its possible incorporation in industrial processing. The quality of the AT-S fibers-to-matrix adhesion is also clearly highlighted in Figure 6, which displays the AT-S fiber partially pulled out from the cement matrix in a failed specimen. Numerous bundles of hydration products of cement, with their peculiar acicular shape, remain firmly attached to the surface of fiber, even after pull-out (friction) occurrence. This bond is fostered by the presence of the thin silica hydrophilic coupling layer [33].



For the sake of completeness, in Figure 4c,d, we also report the detail of RP and PP fibers, respectively. As expected, such kinds of fibers present a very smooth surface, and only axial grooves are observed, as a direct consequence of the extrusion process. A higher magnification is also displayed in Figure 5c,d, the first showing the presence of some superficial asperities on RP surface, which may be ascribed to the immiscibility of PE and PET within the blend [48].




3.2. Mechanical Performance


In this section, we critically discuss the flexural response of the four sets of FRCCs previously introduced. Specifically, we compare the performance of specimens including fully-recycled RP, AT, and AT-S fibers, in the light of those reinforced with virgin PP filaments.



We analyze the mean strength curves as a result of the displacement-controlled 3PB tests, here illustrated in Figure 7. The spotlight is first set on the initial behavior, up to the peak load, and second, but more fundamentally, on the post-peak behavior. The last, in fact, represents a crucial index, which gives an accurate insight into the FRCC mechanical performance and toughness. As far as the qualitative trend is considered, the response at the early stage of the test is mainly driven by the properties of the mortar, which plays the main role within the composite system. For this reason, the four FRCC sets exhibit a similar pseudo-linear trend, highlighted in the detail of Figure 7b. Conversely, the observed post-peak behavior largely varies, primarily depending on the shape of fibers, which turns out to be a crucial parameter in the design of highly-dissipative FRCC systems, as also pointed out in relevant contributions [49,50]. On the one hand, the inclusion of cylindrical draw-wire filaments (reference PP black dash-dotted line and RP violet dashed line) leads to a limited load drop immediately after first cracking, followed by a consistent monotonic softening branch (see [7,33]). Conversely, the presence of both AT (light-green solid line) and AT-S (dark-green solid line) fibers induces a more dramatic load drop, ascribable to the lower stiffness (i.e., smaller cross-section) of flattened fibers. However, AT and AT-S fibers produce a plastic and even plastic-hardening response, respectively, by maintaining a quite high residual load also for extreme applied deflection. This typical post-peak plateau reveals the good adhesion between fibers and matrix guaranteed by the particular flattened shape of the filaments [51], which introduce smaller discontinuities in the composite cross-section. As better clarified in the following, this good adhesion is further increased by the deposition of the silica coating on AT-S fibers, showing a better post-peak response.



For a thorough discussion, in Figure 8, we compare the mechanical performance of the four FRCC sets also in terms of peak load (or peak stress),   F p   (Figure 8a), elastic flexural modulus,   E f   (Figure 8b), and energy dissipated at failure, W (Figure 8c). Standard deviation bands are also reported, shedding light on the statistical robustness of the illustrated experimental results.



Analysis of Figure 8a confirms once more the crucial role played by the shape of fibers in the crack formation process. Cylindrical PP and RP fibers attain approximately the same ultimate load, while flattened AT and AT-S filaments increase this reference value by 11.4% and 19.0%, respectively. Therefore, flattened fibers permit to reach higher flexural strength, accordingly to the observations by Marthong [51], who employed hand-cut PET bottles as reinforcing platelets in concrete.



Besides, as expected, the stiffness of FRCC specimens at the uncracked stage, reported in Figure 8b, is only marginally affected by the different nature of the reinforcement. This observation is also confirmed by the results of a one-way analysis of variance (ANOVA), which assessed the statistical significance of the experimental data [52,53]. We carried out an evaluation of the combined trends of the Fisher–Snedecor ratio, F, and the probability, P. Through this analysis, which was performed on a specific performance index, PI, we could establish whether the sets of specimens investigated statistically belong to the same population (null hypothesis). Specifically, the more F is greater than the unity, the more P decreases, and the more the null hypothesis is unlikely to occur. Thus, if the variance within the sets is smaller than the one between them, the populations are mutually different from a statistical standpoint.



The results of six significant ANOVA tests are reported in Table 4. First, according to Analyses (i) and (ii), the flexural modulus turns out to be not reasonably affected by the properties of fibers, since P attains 61.3% when all sets are considered, and even 74.6% discarding AT-S fibers, which show a notably narrower fluctuation. Conversely, the properties of both fibers and surface coating significantly influence the peak load and the dissipated energy, as illustrated by Analyses (iii)–(vi), which present a confidence level for the occurrence of the null hypothesis consistently lower than 10%. In these analyses, we individually studied the reference PP/RP sets in combination with AT and AT-S groups, alternatively, with the aim of assessing the statistical robustness of the beneficial effects induced by the silica coating. Remarkably, the confidence level for the null hypothesis in PP/RP/AT-S groups drastically reduces with respect to the reference PP/RP/AT, thus proving that AT-S specimens most likely belong to a different population.



Accordingly to the previous observations, we also highlight that the sewing effect of the fibers gets in the game only once the tensile strength of the mortar is attained at the intrados of the specimen, with the main crack triggering at the mid-span. Typical bending cracked stage (Figure 9a) and failed specimen (Figure 9b) are illustrated in Figure 9, the latter making evident the bridging role of the fibrous reinforcement. Remarkably, this mechanism dramatically fosters the dissipation capability of the composite, which likely represents the most important performance index in the field of FRCCs and FRCs [54]. After the attainment of the flexural bearing capacity of the mortar (i.e., when the first cracking occurs), fiber-to-matrix interphase interactions start to drive the FRCC mechanical response [55].



As illustrated in the bar-chart of Figure 8c, the presence of flattened fibers may only slightly increase the energy dissipation capability of the composite, due to the dramatic amount of energy released at the first crack formation. Remarkably, the effect of the silica coating turns out to be crucial, deeply affecting the pull-out process in the cracked stage. Indeed, treated AT-S fibers lead to a notable increment on the dissipation capability, up to 42.6% and even 53.7%, if compared to uncoated AT and virgin PP fibers, respectively.



Here, we focus our attention on fully-recycled PET/PE draw-wire fibers (RP). Analysis of Figure 7 and Figure 8 highlights that the inclusion of the filaments at hand in the cement composite does not significantly affect the mechanical response, in terms of both peak load and post-peak softening branch, which are comparable to those of reference FRCC including virgin PP fibers. However, the low quality of RP blend causes a considerable energy release after first cracking, making the composite unable to recover a high level of residual bearing capacity during the pull-out stage. This behavior can be explained by taking into account the poor chemical affinity of the blend components. PE and PET, in fact, are immiscible [56], and the presence of internal shear stresses induces a mutual slip between the polymeric chains, leading to a decrease in the bearing capacity. This intrinsic characteristic of the blend and some possible solutions aimed at overcoming the issue were thoroughly investigated in a recent study by Yousfi et al. [48]. The scarce compatibility of PET and PE in the blend underlies also the slightly defective response in terms of dissipation capability. However, we remark that the loss in terms of energy dissipated at failure does not exceed the 25% with respect to virgin PP fibers (Figure 8c). A comprehensive analysis taking into strong account the remarkable environmental benefit linked to the re-use of end-life largely available low-grade PET/PE led us to state that, despite the observed decrease in the mechanical performance, RP fibers still represent a potential reinforcement for innovative FRCCs.



As previously pointed out, data scattering is a key parameter for design purposes. Therefore, we further assessed the statistical significance of the experimental data by evaluating the characteristic values of peak load,   F  p , k   , flexural modulus,   E  f , k   , and dissipated energy,   W k  , reported in Table 5, along with the percentage variation with respect to the reference FRCC including PP fibers,  Δ . Characteristic values for a generic PI (  A k  ) were evaluated by referring to the Eurocode “Basis of structural design” [57] [Equation D1], which provides the following prescription:


   A k  = μ  ( A )   1 −  k n   ς  ( A )   ,  



(3)




in which   μ ( A )   and   ς ( A )   are the mean and the standard deviation values of the experimental quantity A, respectively, and the parameter   k n   is the 5% percentile factor, which varies according to the number of test repetitions. In the case at hand, we tested at least five specimens for each set (see Table 3), thus adopting    k n  = 1.80  . On the one hand, specimens including flattened fibers reach higher values of   F  p , k    and   W k   with respect to the reference, in substantial agreement with the previous discussion on mean values (Figure 8a), owing to a comparable degree of data dispersion throughout the sets. On the other hand,   E  f , k    of PP, RP, and AT composites remains comparable, while largely increases in the AT-S case. The motivation is twofold: (i) the effectiveness of the coating treatment, which generally improves the surface-to-matrix bond; and (ii) the beneficial effect of silica, which enhances the microstructure of the mortar by reducing the detrimental impact of local discontinuities within the matrix [58], thus leading to a narrow standard deviation (see Figure 8b). Therefore, although the mean flexural modulus of PP, RP, AT, and AT-S sets is approximately comparable, the tremendous repeatability of the results concerning AT-S specimens allows us to rely on an extremely higher design stiffness, if compared with all other FRCCs here investigated.





4. Conclusions


In this paper, we assess the flexural response of Fiber Reinforced Cement Composites (FRCCs) including two kind of fully-recycled polymeric macrofibers. RP (Recycled Polymers) fibers consist of a blend of polyethylene terephthalate (PET) and polyethylene (PE) from low-grade food packaging, whereas AT (Artificial Turf) fibers are made of PE/polypropylene (PP) and are directly retrieved from sport facilities, without any further thermal treatment. This peculiar aspect is crucial in the perspective of reducing the environmental impact of cement composites. AT fibers are also treated with a rapid functionalization through silica deposition, with the aim of strengthening the interphase bond between the fibrous reinforcement and the surrounding mortar matrix. For the sake of clarity, the results are discussed in light of the reference performance of FRCCs including virgin PP fibers. The following conclusions can be drawn:




	
The different properties (both compositional and physical) of the reinforcement fibers only marginally influence the first cracking strength of the composite, which is mainly governed by the characteristics of the cement mortar. However, the presence of flattened fully-recycled low-grade AT fibers even slightly benefits the mechanical response of the specimens, leading to a maximum load higher than the peak value attained by reference FRCC including virgin fibers only.



	
The shape of fibers turns out to be a crucial parameter, which mainly steers the post-peak behavior of the specimen. Indeed, cylindrical draw-wired fibers induce a pure softening behavior (monotonically decreasing branch) in the cracked zone, i.e., after the maximum load is attained, whereas flattened fibers show a plastic (approximately constant branch) or even plastic-hardening (increasing branch) trend.



	
Analysis of characteristic values of the main performance indices shows that the addition of flattened AT and cylindrical RP fibers may improve the mechanical response of the composite in terms of peak load and energy dissipated at failure, with respect to the reference specimens including virgin PP fibers.



	
Silica coating deposited on AT fibers significantly fosters the interphase adhesion between reinforcement and cement matrix during the pull-out stage, leading to a hardening post-peak branch. Therefore, the surface treatment turns out to be a rapid, viable, and above all effective solution, largely improving the dissipation capability of FRCCs and imparting strongly hydrophilic attitudes to the fiber surface.








In conclusion, the present contribution shows how the inclusion of fully-recycled fibers as reinforcement in cement composites represents a first step to really promote the circular economy in the construction fields, finding possible application in cement composite systems as sustainable industrial pavements and fibrous shotcrete reinforcements for tunnels. Indeed, the balance between mechanical and environmental performance of FRCCs including recycled fibers may justify the replacement (partial or total) of virgin fibers and traditional rebar.
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Figure 1. Recycled and virgin fibers in hand for the investigation. 
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Figure 2. Stereomicroscopy images of the fibers in hand for the investigation. 
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Figure 3. FT-IR spectra for uncoated (AT) and silica coated (AT-S) fibers. 
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Figure 4. E-SEM magnification of fibers. 






Figure 4. E-SEM magnification of fibers.



[image: Fibers 09 00016 g004]







[image: Fibers 09 00016 g005 550] 





Figure 5. E-SEM high magnification fibers. 
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Figure 6. AT-S failed specimen: E-SEM at different levels of magnification. 
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Figure 7. Strength curves (a); detail of the initial branch before cracking (b). 






Figure 7. Strength curves (a); detail of the initial branch before cracking (b).



[image: Fibers 09 00016 g007]







[image: Fibers 09 00016 g008 550] 





Figure 8. Bar-charts of: peak load (a); flexural modulus (b); dissipated energy (c), along with the standard deviation bands. 
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Figure 9. FRCC specimens during (a) and after testing (b). 
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Table 1. Mechanical and physical properties of the OPC mortar [40].
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	Characteristic [Regulation]
	Unit
	Value





	Max. grain size
	   μ m   
	500



	Permeability to water [EN 1504-2]
	  m  
	1.10



	Water absorption [EN 1062-3]
	   k g /  m 2   h  − 0.5     
	0.08



	Flexural strength [EN 196-1]
	  MPa  
	4.0



	Compressive strength [EN 12190]
	  MPa  
	27.0



	Elastic modulus [EN 13412]
	  GPa  
	15.2



	Adhesion to concrete [EN 1542]
	  MPa  
	1.1



	Water/cement ratio
	-
	0.43
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Table 2. Geometrical and physical properties of fibers.
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Fiber

	
Characteristic

	
Unit

	
Value






	
RP

	
Diameter

	
mm

	
0.80




	
Length

	
cm

	
1




	
Density

	
kg m−3

	
1350




	
AT/AT-S

	
Thickness

	
mm

	
≤0.10




	
Width

	
mm

	
0.5÷1.5




	
Length

	
cm

	
1–4




	
Density

	
kg m−3

	
985




	
PP

	
Diameter

	
mm

	
0.90




	
Length

	
cm

	
1




	
Density

	
kg m−3

	
946
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Table 3. Experimental program.
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	Set
	Description
	Fibers Volume Fraction
	Specimens





	PP
	FRCC beams with virgin PP cylindrical fibers (reference)
	3%
	5



	RP
	FRCC beams with fully-recycled cylindrical PET/PE fibers
	
	



	AT
	FRCC beams with fully-recycled PE/PP flattened fibers
	
	



	AT-S
	FRCC beams with fully-recycled silica-coated PE/PP flattened fibers
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Table 4. Analysis of variance.






Table 4. Analysis of variance.





	
PI

	
Test

	
Groups

	
F

	
P [%]






	
   E f   

	
i

	
all

	
0.618

	
61.3




	
ii

	
PP, RP, AT

	
0.301

	
74.6




	
   F p   

	
iii

	
PP, RP, AT

	
4.587

	
3.7




	
iv

	
PP, RP, AT-S

	
10.810

	
0.2




	
W

	
v

	
PP, RP, AT

	
2.967

	
9.0




	
vi

	
PP, RP, AT-S

	
8.721

	
0.6
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Table 5. Characteristic values and percentage variations with respect to reference set (PP) of the main PI.






Table 5. Characteristic values and percentage variations with respect to reference set (PP) of the main PI.





	Set
	   F  p , k     [   k N   ]
	  Δ   [%]
	   E  f , k     [   G Pa   ]
	  Δ   [%]
	   W k    [  J  ]
	  Δ   [%]





	PP
	2.08
	–
	0.52
	–
	1712
	–



	RP
	2.23
	+7.2
	0.53
	+1.9
	1891
	+10.5



	AT
	2.58
	+24.0
	0.47
	-9.6
	3150
	+84.0



	AT-S
	2.65
	+27.4
	1.05
	+101.9
	4592
	+168.2
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