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Abstract

:

The quantity of different plastics generated after consumption is an impact factor affecting the environment, and the lack of recycling generates solid waste. The purpose of this work is to incorporate high-density recycled polyethylene fibers (HDPE) for possible use as concrete reinforcement. Physical and mechanical properties from recycled fibers were analyzed, such as density, absorption, and stress resistance, as well as workability, air content, porosity, concrete compression, and flexural strength properties. Samples were prepared with a low fiber content of 0.2% and 0.4%, as a substitution for sand weight, and lengths of 10 and 30 mm. To study corrosion phenomena, the specimens were exposed to a saline environment containing 3% sodium chloride for 365 days, and the electrochemical techniques including half-cell potential (HCP), electrochemical noise (EN), linear polarization resistance (LPR), and electrochemical impedance spectroscopy (EIS) were applied. The results showed a 4.8% increase in compressive strength with a low fiber percentage and short geometries, while flexural strength increased marginally by 2.3% with small quantities of HDPE fibers. All these factors contribute to greater material durability, less permeability, and crack control. A positive effect of fibers with short dimensions on the corrosion processes of a steel bar was observed, with the fibers acting as a physical barrier against the diffusion of chloride ions.
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1. Introduction


Corrosion of steel is the main problem in concrete structures, which is caused by exposure to different aggressive environments that affect its durability and useful life. Cement paste’s basic pH passivates a rod and protects it from the external environment, but this protection can be reduced or even nullified by high porosity or the presence of cracks [1], in addition to different factors such as the design of the paste, the preparation of the mixture, aggregate quality, the curing process, and the chemical properties of concrete. Passivation breakdown in concrete reinforcing steel in metal is caused by the following two types of corrosion: localized attack promoted by the presence of chloride ions and carbonation [2,3]. Compared with the damage caused by carbonation degradation, chloride-induced corrosion is more harmful since it causes localized attack, which is a type of heterogeneous corrosion [4]. The corrosion phenomenon can be interpreted based on thermodynamic properties, such as the electrochemical potential, and kinetic properties, such as the amount of electrical charge transferred (i.e., current density) [5]. To reduce the nocive effects of corrosion, numerous investigations have addressed the need to obtain alternative synthetic materials for conventional reinforced concrete. With global plastic production rapidly increasing, numerous plastics are incorporated into the environment during their life cycle, and, with a great volume of waste being generated daily without further treatment, this represents an even greater problem since these plastics are not degraded by their surroundings [6,7]. Many of them are discarded due to their high demand in the consumer market, the most popular being polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polyethylene terephthalate (PET), and polystyrene (PS) [6,8]. Polyethylene-based plastics remain in the environment for long periods due to a lack of functional groups for their microbial degradation [9]. High-density polyethylene (HDPE) is a thermoplastic semi-crystalline polymer, belonging to polyolefins, fabricated from ethylene polymerization with the help of catalysts [10]. It is mainly used as a basic thermoplastic employed as industrial packaging due to its good mechanical properties, ease of processability, and low cost [11]. These subtle characteristic differences are caused by technological polymerization variations, catalyzer residues, polymeric chain molecular structures, and the additives used [12]. Furthermore, it is one of the most widely used plastics on the market, found in milk bottles, detergents, cosmetics, etc., resulting in a great quantity of pollution waste after product consumption that is not easily recycled. Therefore, implementing a recycling process offers an opportunity to improve economic viability and environmental sustainability for plastic residue processing [13]. Nowadays, research into contaminant residues from post-consumption goods is an attractive alternative to address potential environmental problems by reducing or eliminating them and improving resource conservation [14]. This waste can be recycled and applied in the construction industry as alternatives in reinforced materials with synthetic fibers, representing material characteristic solutions with technical and economic viability [15]. Many researchers have tested synthetic fibers as reinforcing concrete materials and have determined the appropriate quantities for the development of crack resistance and the diminishment of crack width in concrete, thus developing crack resistance, ductility, and tenacity [16,17]. Variable results were shown in fresh concrete workability, and many authors have reported a reduction in the increased substitution level for plastic fibers [18,19,20]. Regarding the mechanical properties of concrete reinforced with HDPE fibers, Malagavelli and Patura [21] analyzed HDPE fibers from cement bag residues, specifically compression and stress resistance, using 0.5–6% fibers, the results showed an increase of 2% in concrete compression and flexural resistance using fibers up to 2% maximum. Pesic et. al. [22] incorporated simple extrusion tests of HDPE recycled fibers and reported the mechanical results obtained from a concrete traction resistance and rupture module, with a marginal increase between 3% and 14% in the presence of 0.75–1.25% of HDPE fibers improving cracking capacity properties. Hossain et al. [23] investigated the durability of reinforced concrete with the addition of HDPE fibers through accelerated corrosion and obtained results showing that the HDPE sample presented a lower percentage of cracks and less chipping; furthermore, the corrosion was higher compared with the other samples. Additional advantages can be mentioned, including a lower weight when compared with steel and the absence of corrosion in these fibers [24]. In addition, the soft superficial texture and absence of reactivity of HDPE results in weak unions of the concrete matrix, thus reducing the mechanical as well as the durability performance, along with an increase in HDPE [25]. Therefore, the main objective of this work was the experimental study of the behavior of recycled HDPE fibers, with different proportions and geometric dimensions, on the physical, mechanical, and electrochemical properties of reinforced concrete, such as porosity, compressive and flexural strength, and the corrosion rate resistance of steel.




2. Materials and Methods


2.1. Materials


In this work, Portland cement CPC 30 R was used according to the international ASTM C150 standard [26], using sand with a particle diameter of 4.75 mm, obtained from a riverbed, and crushed gravel with a maximum diameter size of 19 mm, as specified by the ASTM C136 standard [27], tap water, and HDPE recycled synthetic fibers.




2.2. HDPE Recycled Fibers


High-density polyethylene is a thermoplastic material composed of carbon and hydrogen atoms connected in a predominantly linear way [28]. HDPE is one of the most used plastics found in milk bottles, detergents, cosmetics, and drums, and as post-consumer products, they produce a large amount of waste contaminants that are not easily recycled. Synthetic fibers were obtained from detergent bottles collected in landfills, rivers, and streams in the state of Guerrero, Mexico. Subsequently, the bottles were cleaned, eliminating grease and dust contaminants, and then they were cut manually excluding the top and bottom, using the middle of the bottle to obtain a uniform thickness. Two different lengths were cut as follows: 10 mm short and 30 mm long, 3 to 4 mm wide and 0.05 mm thick, as seen in Figure 1. The reason for these dimensions was to find the optimal fiber size and its relationship to mechanical properties [29].




2.3. Physical and Mechanical Properties of the Fibers


Plastic fibers were obtained from material residues without knowing their physical properties; therefore, density and absorption were obtained. The water absorption percent was obtained using the differences in weight method, according to the ASTM D570 standard [30]. Five measurements for each 30 HDPE fiber samples were performed using a Denver Instrument 0.0001 g precision electronic balance. The fibers were immersed in distilled water for 24 h, and afterward, they were dried with a cloth and weighed at the saturation point. The calculations were obtained using the following Equation (1):


  % A =   w h − w s   w s   × 100 ,  



(1)




where wh is the fiber weight and ws is the fiber weight after saturation. The recycled fiber apparent density calculation was obtained as the relation of weight and volume determining the fiber density [31]. To obtain the density, the immersion method was used. Five samples, thirty fiber pieces each, were water-saturated for 24 h and weighed using a Denver Instrument 0.0001 g precision electronic balance. Samples were deposited in 50 mL probes, and distilled water was poured in a 30 mL gauge and calculated according to the ASTM D792 standard [32] using the following Equation (2) [33,34]:


  ρ =  m  v d   ,  



(2)




where r is the density, m the average fiber saturated mass, and vd is the volume displaced. A stress resistance test was performed using parameters according to the ASTM D638 standard [35], covering the plastic materials. The dimensions of the specimens are shown in Figure 2a, using type I from the standard. A 2000 kN maximum load MTS model 3156 universal press, with a 0.2 mm/min load speed, was used as shown in Figure 2b.




2.4. Physical and Mechanical Tests of the HDPE Fibers


The HDPE fiber absorption and density results are shown in Table 1, indicating three polymeric compound diffusion mechanisms [36]. The first implies water molecule diffusion in the micro-spaces between polymeric chains; the second is capillary transport in interfacial voids between the fibers and polymeric matrix; and the third involves micro-cracks in the polymeric matrix [36]. The results show HDPE fibers with a low water absorption percentage of around 0.255%, due to the hydrophobic nature of the HDPE fibers, and some material micro-cracks, and the HDPE recycled fibers’ density is 0.955 g/cm3. These results are similar to those reported in the literature [22,33,37].



In Figure 3, the HDPE recycled fibers’ direct stress–strain curve is observed, and the data on the mechanical properties are shown in Table 2. The results highlight the material rupture maximum force, with an average value of 15 MPa, and lower stress resistance when compared with pure HDPE, with 25.7 and 28.8 MPa [38,39], and other recycled fibers presenting 37.7 MPa [22]. This could be due to several factors including use, wear, material degradation, and the recycling process.



The elasticity module shows a value of 463 MPa, similar to other results reported in the literature [22,38], indicating that recycled HDPE fibers are a flexible material due to the high values of the elasticity module, due to the module’s high values indicating a rigid material, and vice-versa. The stress value is used to describe a combination of resistance and ductility properties, evaluating the total area under the stress–strain curve [38]. A 2.46 MPa stress value was obtained, indicating less material energy impact absorption.




2.5. Concrete Mix Proportions


For concrete preparation, a sample control without fiber content was obtained, and samples with 0.2% and 0.4% HDPE recycled fibers added with respect to the fine aggregate (sand) weight were prepared. The w/c relation was 0.54, and Table 3 shows the detailed mixed proportions utilized.



The procedure for the preparation of the concrete mix was carried out using a Husky industrial mixer with a 6.5 hp motor and a speed of 27–31 rpm. The materials were poured in the following order: first, coarse aggregate, then water, fine aggregate, cement, and finally, the HDPE fibers were incorporated into the paste, being distributed randomly. After pouring all the materials, a time of 4 min was given to mix all the aggregates, and then it was left to stand for 2 min, during which time a rod was used to stir part of the concrete in the reduced areas of the pot to avoid lumps in the paste. Finally, it was stirred for 3 more minutes to pour it into the corresponding molds. The paste’s physical characteristics were determined using the ASTM C 143 [40] standard for slump and the ASTM C 231 [41] standard for water content measurement. The nomenclature used for mechanical testing is presented in Table 4.




2.6. Specimen Preparation


Twelve cylinders were prepared for each design with dimensions of 150 mm diameter and 300 mm height, according to ASTM C31 [42]. The mechanical compression tests are shown in Figure 4. The tests were performed for 7 and 28 days after curing the specimens in water, covering the specimens’ tops and bottoms with neoprene plates. A 120-ton universal machine was used with a loading rate between 0.15 and 0.35 MPa/s, as indicated in the ATM C 39 standard [43].



A flexural strength or rupture module (Rm) concrete resistance test was performed. First, 6 standard rectangular bars per sample were fabricated with dimensions as follows: 500 mm long, 150 mm wide, and 150 mm high. Then, testing after 28 curing days was performed, using the specimen’s loading using the third point method. A constant speed of 0.86 and 1.21 MPa/min was applied until fracture occurred, according to the ASTM C78 standard [44]. The Rm is calculated according to Equation (3).


  R m =   P l      b d   2    ,  



(3)




where Rm is the rupture module, P is the applied loading, l is the distance between supporting points, b is the width, and d is the average slope sample. For the electrochemical techniques, cubic molds with the dimensions shown in Figure 5 were prepared as follows: 3 bars of low-carbon steel 1018 (diameter 3/8”), with a 35 mm overlap of the paste with the bottom rod; the exposed area of the steel was 2230 mm2.




2.7. Electrochemical Techniques


2.7.1. Half-Cell Potential (HCP)


The half-cell potential (HCP) is a non-destructive method to measure the probability of corrosion on the metal surface and is interpreted with the parameters of the ASTM C-876-09 standard [45]. The operating principle of the HCP is that the electrical activity of the steel reinforcement and the concrete, considering the steel as an electrode and the concrete as an electrolyte, show a different electrochemical potential, resulting in detectable potential gradients at the surface of the concrete, which is measured and recorded as corrosion potential (Ecorr) [46,47]. The result is interpreted as the possibility of corrosion at a certain location of the concrete but cannot be used to firmly state the corrosion profile itself, such as the location, size, and shape of corrosion [48].



Corrosion potentials were monitored after 24 h of partial immersion in the salt solution and were configured with a silver/silver chloride-saturated reference electrode (Ag/AgCl) and working electrode w1, both connected with a voltmeter. Table 5 shows the risk criteria for interpreting the corrosion potential measurements of reinforcing bars embedded in concrete, with a saturated copper/copper sulfate (Cu/CuSO4) electrode value conversion performed in the Ag/AgCl electrode values.




2.7.2. Electrochemical Noise (EN)


The measurement of electrochemical noise (Rn) is a non-destructive method. The principle of the method, when applied to bare metal, is to achieve a measurement of the rate of equilibrium electrochemical reactions through the anodic reaction, for example, the dissolution of iron and the cathodic reaction associated with the reduction of oxygen [49]. Noise monitoring was carried out using potentiostat equipment from Gill AC-ACM Instruments. The electrochemical cell configuration was carried out with two electrodes, i.e., w1 and w2, one of them a nominally identical steel electrode as a counter electrode [50] and the second an Ag/AgCl reference electrode. A total of 1024 data points were collected at a rate of 1 point per second with an interval of 30 mV. The simplest parameters were obtained by simple combinations of the standard deviation (or other statistical parameters) of potential and current [51]. The ratio of the standard deviations of potential (σV) and current intensity (σI) is called electrochemical noise resistance (Rn) as shown in the expression in Equation (4) [52].


    R  n  =   σ V   σ I   ,  



(4)







Several researchers have analyzed the relationship between noise resistance (Rn) and polarization resistance (Rp), and some claim that the two are equivalent in some systems [51]. As Rn is equivalent to the biasing resistance (Rp), Rp can be replaced in Equation (5) by Rn, resulting in Equation (6) [53,54,55].


    R  p  =  B    i   c o r r     ,  



(5)






    i   c o r r   =  B    R  n    ,  



(6)







The type of corrosion occurring on the metal can be determined by a statistical parameter of the electrochemical noise, called the pitting index or localization, which is calculated by the ratio of the standard deviation in current (σI) and the root mean square current (Irms). Table 6 shows the range of localization index values for the type of corrosion in metal [56].


  L . I =   σ I     I   r m s     ,  



(7)








2.7.3. Linear Polarization Resistance (LPR)


This electrochemical method is based on the measurement of the polarization resistance (LPR) of the metallic medium at the interface of a constant corrosion potential, where the corrosion rate expressed in terms of the dissolution current density of the metal is inversely proportional to the polarization resistance [57]. In the LPR technique, a small voltage signal was applied between −50 mV and +50 mV, according to ASTM G-59 [58], at a sweep rate of 60 mV/min. The slope of the resulting curve over the corrosion potential Ecorr is the polarization resistance, as shown in Equation (8) [59].


    R  p  =   Δ E   Δ I   ,  



(8)







Equation (6) is used to calculate icorr when the steel reinforcement is in the passivation stage, B = 52 mV, and when the armor is in the corrosion phase, B = 26 mV, where βa and βc are the Tafel constants in the anodic and cathodic processes, according to the following expression [60]:


  B =   β a × β c   2.303   β a + β c     ,  



(9)







During the monitoring of corrosion in reinforced concrete, a constant B = 26 mV was applied [61]. Using the values of current density (icorr) and corrosion rate, the service life of the reinforcing steel in concrete can be estimated [62]. According to Flores-Nicolás et al. [63], for icorr values lower than 0.1 µA/cm2, the corrosion condition of the steel bar is negligible; for values in the range of 0.1 to 0.5 µA/cm2, the level is moderate; for values from 0.5 to 1 µA/cm2, the level is high; and finally, for values higher than 1 µA/cm2, the corrosion degree is very high in the steel/concrete system.




2.7.4. Electrochemical Impedance Spectroscopy (EIS)


Electrochemical impedance spectroscopy (EIS) is a technique for characterizing a wide variety of electrochemical systems and can be used to investigate the dynamics of bound or moving loads in the volume of interface regions or any liquid or solid material. It assumes that a relatively elaborate circuit can represent the behavior of steel embedded inside the concrete [64]. EIS can be considered a quantifying method because it not only measures polarization resistance but also evaluates physical processes within the concrete and at the steel/concrete interface [65].



For the application of the EIS technique, the frequency range from 0.01 Hz to 10,000 Hz and an applied signal voltage of ±20 mV were set. ACM potentiostat equipment and the electrochemical cell consisting of 2 working electrodes, i.e., w1 and w2, one of them a nominally identical steel bar counter electrode and the second an Ag/AgCl reference electrode, were used.






3. Results


3.1. Freshly Mixed Concrete with Fibers


The workability of concrete paste is an indicator of the quality control of materials such as fine and coarse aggregates with the cementitious matrix. When adding synthetic fibers at more than 0.4%, the workability is reduced between 20% and 35%, maybe due to the fibers’ flexibility resulting in less aggregate movement resistance [19]. As shown in Table 7, the air content increases in the LH-04 sample. This fact is probably due to the length of the fiber, which produces a greater quantity of voids at the time of compaction of the concrete with respect to the control concrete. On the other hand, the CH-02 sample has a lower quantity of air due to the presence of short fibers, showing better distribution within the cement matrix structure.




3.2. Concrete Porosity


Concrete porosity is directly related to the quantity of voids present in the produced material. The percent porosity was calculated from the obtained air content results according to Equation (10) [66]:


  p =      w c    − 0.36 h +    A c      0.317 + 1      1  p f         A f  c      +      1  p g         A g  c      +    A c      ,  



(10)




where w/c is the water–cement ratio, h is the cement hydration (0.7 for this work), A is the air volume trapped, pf and pg are the density of fine and coarse aggregates, and Af and Ag are the gravel and sand quantities. Figure 6 presents the porosity percent values of the concrete samples. The addition of synthetic fibers in the LH-04 sample resulted in an increase in porosity due to the fibers’ form and dimension. Consequently, the samples present greater paste permeability when compared with the control sample; this fact can directly affect its compressive strength [67]. When short fibers were aggregated, a decreasing porosity was observed as a result of fiber geometry, beyond the concrete matrix pore quantity, altering its mechanical properties.




3.3. Compressive Strength


The concrete compressive strength (f’c) results from 7 and 28 curing days can be observed in Figure 7, where the CH-02 sample presents a 34 MPa f’c value, showing a 4.8% increase concerning the 32.5 MPa concrete control sample. This is due to a lower fiber surface area and better distribution of short fibers within the concrete matrix. Therefore, cracks appearing within the matrix have to take a winding path, resulting in a demand for more energy to propagate, which in turn increases the ultimate load [68]. Contrary to the long fiber aggregate quantity, as shown in sample LH-02, with an 8% f’c, an observed decrease in fibers added, comes from the fiber geometry in the cement matrix. Therefore, when increasing the amount of synthetic fibers in the LH-04 and CH-04 samples, having long and short lengths, the concrete f’c diminishes by 12%. This fact is due to the increase in synthetic fiber volume and greater fiber surface area, as well as weak structure cohesion and reinforcement and polymer particles acting as barriers avoiding cement adhesion [68].



Failures of the concrete control sample generated during compression testing are presented in Figure 8a, showing a larger size crack on the cylinder top, which is responsible for the specimen sample rupture. Figure 8b presents the HDPE fiber sample, where the rupture was generated on both sides of the cylinder, forming several cracks all over and indicating that the sample presents higher ductility when compared with the control sample.




3.4. Flexural Strength


Figure 9 presents the flexural strength (f’f) results obtained for concrete reinforced with the addition of HDPE fibers. The LH-02 sample presents a slight increase in the f’f resistance of 2.3%, which could be due to the flexibility provided by the long fibers. When short-length fibers increase by 0.4%, a decrease of up to 22% was observed. This also indicates an adherence deficiency from the fiber volume and a weak union strength of plastic fibers and cement.



The HDPE fiber-reinforced concrete structure after rupture is presented in Figure 10, showing the fiber distribution occurring randomly during concrete manufacturing. The red circles show the fibers’ fragile union to the cement matrix detaching completely. This alters the material mechanical properties.




3.5. Half-Cell Potential Measurements


Figure 11 shows the results of corrosion potential in reinforced concrete, and with the values obtained, it is possible to diagnose the degree of corrosion of the rebars embedded in the concrete [63]. In the first 10 days of immersion, for the samples with synthetic fibers, more negative Ecorr values of between −300 mV and −520 mV were observed, suggesting a 90% probability of corrosion in the rod. This could be due to the porosity of the cement paste, where chloride ions diffuse through the pores and interact with the steel/concrete interface. Over time, all the samples present low and high peaks but maintain negative values; the potential decreases as the chloride ion content increases [69], except for specimen CH-02 at 120 days. As time progresses, the CO control sample has higher corrosion potentials compared with the concrete fiber samples. At the end of the 365 days of monitoring, all samples have a 90% corrosion probability, indicating a high interaction of chloride ions in the steel bar.




3.6. Electrochemical Noise Measurements


The results of the current electrochemical noise resistance monitoring are shown in Figure 12a. For the interpretation of statistical data, the linear trend in current was removed as it is likely that this technique leaves some of the direct current drift behind [70]. High and low fluctuations in Rn can be seen in the first days of monitoring for the fibrous mixtures with values between 1 × 105 and 1 × 1010 Ω·cm2. The CO sample shows low Rn values, indicating a concentration of chloride ions (Cl−) in the metal, breaking the passive layer and increasing the corrosion rate of the steel. Over time, increasing and decreasing trends are observed in all the samples, which could indicate that the bars have passivation and depassivation due to the high Cl− content. At the end of 365 days of measurement, the samples with short fibers in smaller and larger quantities show better Rn resistance compared with the control sample. This result indicates that the HDPE fibers benefit the corrosion behaviors. The calculation of the corrosion rate Vcorr is determined from the corrosion current density (icorr) and by Faraday’s law according to the following Equation (11) [71]:


    v   c o r r   = k       p   e q    ρ    ×   i   c o r r   ,  



(11)




where Vcorr is expressed in (mm/year), k has a value of 3.225 × 10−3 and is the conversion factor, Peq is the equivalent weight of the material expressed in (g/eq),   ρ   is the density of the material expressed in (g/cm2), and icorr is the corrosion current density in μA/cm2. Replacing the values for the steel corrosion study, the equation is as follows (Equation (12)):


    v   c o r r   = 0.0116 ×   i   c o r r    



(12)







Figure 12b shows the values of the corrosion rate (mm/year), which are inversely proportional to Rn, i.e., for higher values of EN, the corrosion rate decreases, and the entry of Cl− into the concrete increases the rate by reducing the alkaline hydrated cement products that passivate (i.e., protect) the embedded steel [72].



Another statistical parameter is the type of corrosion shown in Figure 13, where it can be noticed that all the samples present values close to 0.9 and 1, indicating a localized type of corrosion on the metal surface and pitting initiation due to the concentration of free chlorides concentrating in specific points on the metal surface. This type of corrosion is more likely to occur in reinforced concrete structures exposed to saline environments [73].




3.7. Linear Polarization Resistance Measurements


The dimension and quantity of HDPE fibers’ effects on the LPR are shown in Figure 14. It can be noticed that the long fibers have a low Rp trend during the first days, with values of 1 × 103 and 1 × 104 Ω·cm2 indicating a higher corrosion rate in the metal due to high porosity and, consequently, a greater presence of oxygen diffusion in the steel/paste interaction, feeding the cathodic reaction of the metal [74]. The short fibers at the beginning of the monitoring have a high Rp trend of 1 × 104 and 1 × 105 Ω·cm2, where it can be said that the steel is in a passive corrosion state. On days 160 and 360 of exposure, sample CH-02 remains at constant values of 1 × 104 Ω·cm2; this trend could mean that the corrosion rate is slow. High and low Rp values in a short time indicate a breakdown of the passive layer and a re-passivation or formation of less protective oxide layers.



The corrosion propagation phase in concrete steel in chloride conditions was estimated with the current density (icorr) from the Rp values, and the results are presented in Figure 15. It can be noticed that the samples with long fibers present high values of icorr between 1 and 10 µA/cm2, suggesting severe corrosion in the metal; similar results have been found by other authors [75]. This fact may seem to be a considerable loss of the reinforcement section; however, the “localized” corrosion mechanism in the L.I results leads to a maximum activity at the edges of the anodic area, and as a result, the anodic area extends in length instead of in depth [76]. As time progresses, the samples with long fibers decrease their icorr values to less than 1 µA/cm2 and 0.5 µA/cm2, suggesting a high to negligible corrosion. Samples CH-02 and CH-04 present current density values of 1 and 0.01 µA/cm2 from the beginning to the end of the monitoring. This could be attributed to different factors such as the fiber dimension being randomly distributed, delaying the diffusion of chloride ions, and also the lower permeability, which generates lower porosity and avoids the concentration and interaction between oxygen and the steel bar.




3.8. Electrochemical Impedance Spectroscopy Measurements


This EIS technique is accurate, reproducible, and suitable for highly resistive elements such as concrete [64]. The results are represented through Nyquist plots or impedance spectra, where Zreal (Z’) is observed on the abscissa and Zimaginary (Z’’) on the ordinate, measured at various frequencies (usually between 100 kHz and 10 mHz) [77], and the Bode plot presents the total impedance in the ordinate against the frequency in the abscissa. To interpret the EIS data, one starts from the origin point of the graph where the data measured at high frequency are presented and generate loops or capacitive semicircles, which is attributed to the bulk concrete resistance representing the ohmic resistance of the solution in the pores or cracks of the cement matrix [78]. The curve shifts to the right, which is governed by medium and low frequencies that reflect the changes that are generated at the steel/concrete interface as charge transfer is exhibited.



In Figure 16, the impedance spectra are shown, where it can be noticed that at the beginning of the scanning measurement, the CO sample presents a first semicircle and a second depressed semicircle at medium and low frequencies. If this is significantly reduced, then there is a corrosion process of the steel [64]. A higher impedance can be noticed in comparison with the mixtures with fibers; similarly, the displacement of the origin or resistance solution (Rs) of the pores is very high indicating, that the steel is passivated. However, as the exposure time advances to, for example, 365 days of immersion, a decrease in the Rs can be observed in addition to a decrease in impedance. This fact may indicate the diffusion by oxygen and free chloride ions within the concrete matrix because the straight line on the graph at low frequencies indicates a mechanism of diffusion by oxygen [79].



For the samples CH-02, LH-02, and LH-04, it is observed, at the beginning (day 1, Figure 16a), that the radii of the capacitive arcs are small. The radius of the semicircular arc is associated with the polarization resistance (Rp) of the passive film [80], indicating an active corrosion in the reinforcing steel. However (day 28), sample CH-04 presents a larger capacitive arc radius in addition to a larger displacement of the origin, indicating a high Rs and Rp; this may be related to the dimension of the HDPE fibers, causing a wall or barrier effect in the transport of chloride ions. At 168 and 245 days, passivation is observed for samples CH-04 (day 168, Figure 16c) and LH-04 (day 245, Figure 16d) based on the high impedance value observed.



Figure 17 shows the results of the Bode phase plots. At high frequencies, the impedance can be used to determine the resistance of the electrolyte or concrete solution Rs based on the electrode reaction time, and at medium and low frequencies, depolarization resistance to the steel rebar and polarization due to diffusion and movement of substances [81]. It can be observed that immersion at 24 h (Figure 17a), in the low-frequency region, high values of the impedance modulus between 1 × 106 and 1 × 107 Ω·cm2 were obtained for the CO and CH-04 specimens. The high values in this low-frequency region may be associated with the presence of the passive film [82,83] and the continuous hydration of the cement. On days 245, 280, and 365 of the exposure period, the advance of the CH-04 specimens in saline medium shows that the increased and decreased Rs and Rp values between 1 × 106 and 1 × 103 indicate passivation and depassivation at the steel/concrete interface; this phenomenon could occur due to the concentration of Cl−, as well as the LH-04 sample.





4. Discussion


4.1. Effect of Slump and Porosity of Concrete with HDPE


Workability is the key parameter of the concrete mix; in a fresh state, it determines the ease and homogeneity of the concrete and also influences how it can be mixed, placed, consolidated, etc. [84]. Workability is influenced by the water content, the shape and size of the aggregates, the cement, and the types of fibers used [85]. A decrease in slump was demonstrated when the amount of HDPE plastic replacement for sand weight in concrete increased; this was consistently independent of the type of plastic added, and these effects are similar to those reported by other authors [22,29,86]. The high content and surface area of fibers can absorb more cement paste to envelop, creating greater interlock between aggregates, which in turn leads to increased viscosity and decreased slump of a concrete mix [87,88,89]. By adding fibers in amounts of 0.4% with respect to the weight of sand, a decrease in slump from 140 mm to 100 mm and 90 mm was observed; the decrease in slump was due to the stiffness, cohesion, and adhesion provided by the fibers in the concrete [87]. Similarly, the air content results in Table 7 showed that samples LH-04 and CH-04, with higher fiber percentages, could increase or decrease voids in the cement matrix depending specifically on a bad or good distribution of fibers in the cement paste.



Figure 6 shows that the porosity percentages are directly related to the air content in the cement matrix, i.e., the higher the air content, the higher the porosity. The increase in porosity is due to the presence of larger particles along the interior structure of the concrete and the interruption of the continuity of the microstructure of the material, resulting from the inclusion of heterogeneities in a relatively homogeneous matrix, and cavities formed in the interfacial transition zone between cement paste and plastic aggregate [84]. It is important to know these physical parameters because concrete porosity is inversely related to strength [90].




4.2. Flexural and Compressive Mechanical Properties of Concrete with HDPE Fibers


Studies have indicated a relationship between the plastic content and mechanical properties of concrete [29,89,91]. The compressive and tensile strength properties of concrete reach between 75 and 80% of its total strength during the first 28 days [92]. In this case, as shown in Figure 7, it was found that short geometries and a lower content (0.2%) of HDPE fibers increase the compressive strength of concrete by 4.8%. With the increase in fiber volume fraction, the concrete mix becomes a hard mix that has more void formation, and the mechanical bond of the cement matrix is low, leading to poor concrete strength [93,94]. As in the case of the samples with long fibers, i.e., LH-02 and LH-04, a decrease of between 9 and 12% was obtained. It was shown that the compressive strength of concrete depends on fiber length, area, and fiber volume content. These results agree with those reported by other researchers [22,95,96].



Fibers in the crack plane play a very important role in crack stability and crack growth formation [93]. They function as initiators of microcracking due to their low modulus of elasticity compared with ordinary cement [94]. Figure 8 compares the crack formation for the control sample with the HDPE fiber content. It was found that the C0 sample recorded a brittle failure, and the stresses occurred at protruding points of the application faces (top), keeping half of the cylinder intact [43,67]. Sample LH-04 presented greater crack formation throughout the cylinder patterns, which is one of the indicators of the effects of fibers in developing a crack-resistant mechanism and changing the nature of the material from brittle to ductile [97]. These findings support other studies that showed that fibers can prevent brittle failure and improve the ductility of concrete [29,98,99]. Flexural strength is an important parameter in the mechanical properties of concrete; Figure 9 describes these values and percentages. A slight increase of 2.3% was shown for long fibers with lower content. These results have similarities with other researchers who compared an analog percentage of fibers added to concrete [21,22].



The increase in flexural strength could be due to improved bonding of the aggregate to cement [100], where fibers with higher bond strength could be used in structural concrete applications [22]. The findings in this study for flexural strength indicate that longer fibers delay cracking because the crack path changes as the plastic fiber is encountered as a barrier. In addition, there is no direct proportional relationship between the flexural and compressive mechanical properties because the fiber size largely determines the results due to the position of the plastic particles [29].




4.3. Corrosion of Reinforcing Steel in Concrete with HDPE Fibers


The corrosion rate of reinforcing steel is measured through different electrochemical parameters. One of them is the corrosion potential, also called half-cell potential (HCP), which is a non-destructive technique where the positive pole of the high-impedance voltmeter is electrically connected to the reinforcing steel and the other pole is attached to a reference electrode [72]. Figure 11 shows all the samples of concrete with HDPE fibers, which were monitored for 365 days. The corrosion occurs in terms of the following two phases: the corrosion initiation phase and the corrosion propagation phase. The first term refers to the amount of time it takes for external aggressors to initiate their attack action and the second is the destruction of the metal [101]. It was shown that the long HDPE fibers presented a trend with more negative values compared with the control sample and also had a higher probability of initiating the first phase; this fact could be due to the diffusion of chloride ions through the pores of the cement matrix. These results are similar to those reported by other authors [102,103].



Electrochemical noise measurements provide information on the mechanism and rate of corrosion in identified areas of concrete structures [104]. The signals can be examined through various mathematical methods, including spectral analysis and statistical analysis [105]. Figure 12a shows the noise measurements related to the incorporation of HDPE fibers into the cement paste, where high and low signals of electrochemical noise resistance are presented. These values range from a minimum to a maximum of 1 × 105 and 1 × 1010 Ω·cm2, where high values of Rn indicate passivation in the metal and a negligible corrosion rate, which may be due to the formation of oxide films on the surface of the rebar [63]. These values are related to the corrosion rate, as shown in Figure 12b. The corrosion rate is inversely proportional to the Rn values obtained.



The drop in Rn could indicate that the concentration of chloride ions increases on the surface of the steel bar; consequently, the corrosion rate is severe [106]. In Figure 13, the type of corrosion is evident for all samples. Localized corrosion in rebar leads to different behaviors because corrosion conditions are not uniformly distributed along the element. When localized corrosion occurs, the macro cell current flows between the corroded areas (anode) of the rebar configuration and the non-corroded areas (cathode) [104,107].



Figure 14 shows the LPR measurements, demonstrating that samples with long fibers acquire low Rp values of 1 × 103 Ω·cm2 in the first days of immersion. Physical properties such as porosity, air content, or permeability directly affect the corrosion rate. Because of the increase in these phenomena, there are larger voids in the cement matrix causing not only the increase in Cl− diffusion but also O2 and H2O diffusion channels [60]. Samples with short fibers in the early stages of monitoring tend to have slightly higher values of 1 × 104 Ω·cm2 compared with long fibers, indicating that the corrosion process is slow. As the exposure time progressed on day 365, an increase in the Rp values was observed for the long fibers between 1 × 104 and 1 × 105 Ω·cm2, while the short fibers kept their values constant; this finding is important because it indicates that the plastic fibers positively affect the corrosion rate of the reinforcement. Possibly, they act as a physical barrier preventing the chloride ions found inside the paste, because of the porosity, from advancing towards the surface of the metal, and the rate is much lower. Thus, the dimension and the amount of fibers have a direct influence on the degree of corrosion of the reinforcing bars in concrete [102].



Another electrochemical method for estimating corrosion phenomena in reinforced concrete is the EIS technique. The Nyquist diagrams show capacitive arcs and typical frequencies of each corrosion phenomenon. The low frequencies allow for attributing the low-frequency loop to a charge transfer process in combination with a mass transport process [108]; the medium frequencies correspond to the concrete strength and are related to the characteristics of the concrete environment and reinforcement protection; and the high frequencies are associated with the electrolyte resistance (Rs) [64]. It was shown that samples LH-02 and LH-04 presented low impedance values in the first days of monitoring and small capacitive arcs at high and medium frequencies. Compared with the control sample, the Rs decreased, which could be attributed to a higher infiltration of salts and an increase in the mass transport rate of dissolved oxygen within the concrete [109,110]. It was observed that these parameters increased with increasing exposure time; this phenomenon could be attributed to the precipitation of corrosion products within the pores that exist at the concrete–steel interface [110]. For the samples with short fibers, CH-02 presented, at the beginning of the exposure, capacitive arcs of the impedance of larger diameter, as well as high values of Rs, indicating a lower corrosion rate in the reinforcing rod compared with the samples with long fibers. During the 245 days, a drop in these parameters was observed, and finally, at day 365 an increase was observed. The sequence of these values over the course of time may indicate the passivation and depassivation of the steel.



HDPE fibers added to concrete have positive effects on corrosion phenomena when exposed to saline environments by delaying the transport of chloride ions, which are one of the main factors in the deterioration of the durability of concrete structures. They also improve the mechanical properties of concrete, specifically avoiding the formation of cracks and reducing the corrosion rate because they decrease the diffusion of O2 and H2O at the steel/concrete interface.





5. Conclusions


The following conclusions are described:




	
The mechanical properties of the recycled fibers showed a decrease in tensile strength and toughness.



	
Cement paste workability diminished with the increase in HDPE fibers of 20 and 35%, with respect to the control sample, from length and the interaction between fibers with aggregates.



	
The air content or voids in the mix decreased for fibers with short geometry and less volume due to the fine distribution of polymer particles within the concrete structure. Concrete porosity is directly related to the number of voids; that is, porosity diminishes when fiber volume and particle length are lower.



	
For concrete compressive strength, short-length fibers and a 0.2% content with respect to sand are recommended. This is because the sample presents a better mechanical response of 4.8% f’c compared with the control sample, thus retarding the cracking produced from applied stresses during the test.



	
A slight 2.3% increase in concrete flexural strength for long fibers and low stress was observed, thus retarding the concrete cracking without a direct relationship to compression properties.



	
A fragile adherence in the fiber/cement interface of concrete paste was evidenced by the complete detachment from the cement matrix. The fibers did not present damage or degradation from mechanical tests, and the concrete had high alkalinity and, therefore, longer durability.



	
In the HCP technique, all samples showed a 90% probability of corrosion due to increased corrosion potentials.



	
Samples with short HDPE fiber dimensions showed high and low Rn values between 1 × 105 and 1 × 1010 Ω·cm2 during the 365 days of exposure, indicating that the steel bars were passivated and depassivated by the interaction between Cl− and localized corrosion.



	
The short fiber dimension and quantity had a direct influence on the degree of corrosion of the reinforcing bars in the concrete, presenting high Rp values and suggesting a concrete lifetime between high and negligible.



	
The short fiber dimension and quantity had a direct influence on the degree of corrosion of the reinforcing bars in the concrete, presenting high Rp values and suggesting a high concrete lifetime.



	
In the low-frequency EIS technique, all samples were observed to be diffusion-controlled due to Cl− at the steel/concrete interface.









6. Recommendations


For possible future research, the authors recommend studies with different percentages of fibers higher than 1% by weight of the stone aggregates. In addition to the results of this research, it is important to analyze different fiber geometries and their areas, i.e., rectangular or square fibers, for use in concrete structures. The authors recommend that the length, thickness, and width of the fibers be described in detail.



There are no limitations to the specific use of synthetic waste. There are other types of plastics such as PET, LDPE, PP, and PVC that are an exponential pollutant worldwide. These plastics can be incorporated into concrete mixes and may result in the same sustainable and environmentally friendly material.



For concrete durability purposes, studies can be carried out in different aggressive atmosphere media.
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Figure 1. HDPE long recycled fiber. 
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Figure 2. (a) Stress test sample dimensions for traction tests. (b) HDPE recycled fiber stress test. 
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Figure 3. HDPE fiber stress–strain curve graph. 
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Figure 4. Mechanical tests (a) Sample dimensions. (b) compressive strength. 
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Figure 5. Dimension of the samples used for electrochemical techniques. 
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Figure 6. Concrete porosity with reinforcement fibers. 
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Figure 7. Compressive strength of concrete reinforced with HDPE fibers. 
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Figure 8. Compressive strength after 28 days of curing: (a) CO and (b) LH-04. 
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Figure 9. Effect of HDPE fibers on flexural strength. 
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Figure 10. Concrete structure: (a) short fibers and (b) long fibers. 
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Figure 11. Average values of corrosion potentials (Ecorr). 
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Figure 12. EN values: (a) noise resistance and (b) corrosion rate. 
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Figure 13. Location index (L.I) values on the surface of the reinforced steel. 
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Figure 14. Graph of polarization resistance (Rp) in reinforced concrete. 
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Figure 15. Estimation of the service life of the reinforced concrete. 
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Figure 16. Nyquist diagrams for days (a) 1, (b) 28, (c) 168, (d) 245, (e) 280, and (f) 365. 
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Figure 17. Electrochemical impedance and phase angle diagram of days (a) 1, (b) 28, (c) 168, (d) 245, (e) 280, and (f) 365. 
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Table 1. HDPE recycled fibers’ physical properties.
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	Fiber
	Absorption (%)
	Density (g/cm3)
	Reference





	HDPE
	---
	0.926
	[37]



	HDPE
	---
	0.952
	[33]



	HDPE
	---
	0.952
	[22]



	HDPE
	0.255
	0.955
	This study










 





Table 2. HDPE recycled fibers’ mechanical properties.
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	Properties
	Units
	HDPE





	Tensile strength
	MPa
	15.05



	Elasticity modulus
	MPa
	463



	Toughness
	N.mm
	2.46










 





Table 3. Concrete dosage 1 m3.
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	Material
	kg/m3
	Fiber 0.2%
	Fiber 0.4%





	Cement
	366.07
	366.07
	366.07



	Water w/c = 0.54
	197.65
	197.65
	197.65



	Gravel
	1047.65
	1047.65
	1047.65



	Sand
	650.63
	649.33
	648.03



	HDPE fiber
	0
	1.30
	2.60










 





Table 4. Sample nomenclature.
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	Material
	Percent Fibers (%)
	Dimension (mm)
	Nomenclature





	Cement
	-
	-
	CO



	
	0.2
	30
	LH-02



	
	0.2
	10
	CH-02



	
	0.4
	30
	LH-04



	
	0.4
	10
	CH-04










 





Table 5. Corrosion risk criteria for reinforced concrete.
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Reference Electrode (mV)

	
Corrosion Probability




	
Cu/CuSO4

	
Ag/AgCl






	
>−200

	
>−150

	
Probability of corrosion 10%




	
−200 to −350

	
−150 to −300

	
Uncertain




	
<−350

	
<−300

	
Corrosion probability over 90%











 





Table 6. Range of location index values.






Table 6. Range of location index values.





	Location Index
	Type of Corrosion





	0.001–0.01
	Generalized



	0.01–0.1
	Mixed



	0.1–1
	Localized



	>1
	Start of pitting










 





Table 7. HDPE concrete mixture properties.






Table 7. HDPE concrete mixture properties.





	Concrete
	Slump (mm)
	Air (%)





	CO
	140
	2.1



	CH-02
	110
	1.4



	CH-04
	90
	1.5



	LH-02
	110
	1.8



	LH-04
	100
	2.3
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