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Abstract

:

One of the most polluting industries is the cement industry and, for this reason, alternative lines of research recommend the use of substitute materials for traditional Portland cement. This study proposes the use of industrial (slag and fly ash) and ceramic wastes for the total or partial replacement of Portland cement in the manufacturing of both alkaline-activated and hybrid cements. To carry out this study and evaluate the behavior of the proposed materials, different mortars were manufactured: Portland cement (CEM I), two alkaline-activated slag systems and six hybrid systems, with an 80–20% waste-to-Portland-cement ratio for all the proposed wastes. An assessment of the pozzolanic activity was carried out for the different materials. The behavior of all the systems regarding mechanical resistance and durability to abrasion was studied. All the proposed materials, especially those with ceramic wastes, showed pozzolanic activity and suitable characteristics for use in the manufacturing of alternative cements. The mortar made of slag activated with waterglass presented the highest mechanical strength and lowest porosity, but the hybrid materials presented competitive results. After being subjected to the Böhme abrasion test, their effectiveness as substitutes for Portland cement is reiterated, some of them improving their durability to wear.
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1. Introduction


Over the last century, the temperature of the Earth’s surface has increased by around 1 °C, sea levels have risen by about 19 cm on average globally and the concentration of CO2 in the atmosphere is now the highest in the last 800,000 years. All of this is mainly a consequence of industrial activity and the waste it produces. The cement industry is among the most highly polluting industries, being the source of approximately 8–9% of the world’s CO2 emissions [1]. Portland cement is the most widely used cementing material worldwide, but its production involves not only the landscape pollution produced by the extraction of raw material from quarries and during the chemical manufacturing process but also the large amounts of energy consumed by the furnaces used (temperatures above 1400 °C). For this reason, the need arises to develop alternative materials to Portland cement to help reduce the level of emissions as well as energy consumption [2,3,4,5].



An alternative line of research to Portland cement is the use of different industrial wastes from other sectors such as thermal power plants (fly ash) [6,7], the steel industry (blast furnace slag) [8,9] or the ceramic industry [10,11,12]. These wastes, after an alkaline activation process, generate new, aluminosilicate-rich, alternative materials to Portland cement called geopolymers or alkaline-activated materials. Their mechanical and durable properties can be similar or even superior to those presented by Portland cement materials [6], depending on the optimization of their formulation and manufacturing procedure. This alkaline activation reaction occurs between aluminosilicates (present in industrial wastes) and alkaline solutions (such as sodium silicate or NaOH).



However, regarding the different aluminosilicates used for alkaline activation, it is necessary to search for other materials susceptible to activation for use as active pozzolans in cementitious systems [11,13,14]. In this sense, wastes from the ceramic sector become important. High production in the ceramic industry generates around 50,000 t of fired waste annually. A large part of this waste is indeed reused in the manufacturing process, defending the condition of zero discharge. This reuse process requires special facilities, involving high maintenance and management costs not normally offset by reducing the consumption of raw materials. Due to this, in many cases, this waste is deposited in controlled landfills. These cooked residues are chemically inert but generate considerable environmental impact and, therefore, their study is proposed for use as alternative pozzolanic materials in the manufacturing of cement [12]. The incorporation of these residues in the manufacturing of cement could offer numerous advantages such as the reduction of clinker content, with the consequent reduction of the negative effects generated by its production; the revaluation of these ceramic residues; and, on many occasions, the improvement of the properties of the cements obtained.



Some of the most important characteristics of these geopolymers are high mechanical resistance and low heats of hydration. They possess high durability to aggressive physical and chemical agents, resistance to high temperatures [15], as well as resistance to freeze–thaw cycles [16,17,18], among other properties. However, alkaline-activated systems have some disadvantages and not all properties are good. In this sense, it is worth highlighting the use of alkaline activators, which are obtained after very expensive and environmentally harmful industrial processes. For instance, the preparation of 1 kg of sodium silicate emits 1.5 kg of CO2 into the atmosphere. Therefore, the global and total replacement of Portland cement by any of the possible alkaline-activated cements is practically impossible. In addition, there are numerous problems associated with the chemistry of these systems, such as problems with rheology in pastes, mortars and concrete; problems related to the supply of raw materials; implementation problems in civil works due to the use of activator solutions; and the need to use curing temperatures in some systems (activation of fly ash).



For all this, the need arises to search for alternative cementing materials, both to Portland cement and alkaline-activated systems. In this sense, hybrid cements are a good option [19]. These systems are characterized by the use of a high content of supplementary cementitious materials (SCM), mainly residues between 70 and 80 wt %, so that the use of Portland cement (between 20 and 30 wt %) can be minimized. However, although the cement content is low in these systems, it is necessary to incorporate an alkaline activator in their composition, generally in solid form (Na2SO4 is the most used). From a microstructural point of view, the compatibility of the gels formed during the hydration processes of hybrid cements (C-S-H, C-A-S-H and N-A-S-H gels) possesses important consequences from a technological and application point of view, making it a priority line of research worldwide.



On the other hand, it should be noted that there are numerous studies related to the durability of these systems to chemical agents, freeze–thaw, high temperatures, and so on, but there is limited information available on durability to wear in these alkaline-activated and/or hybrid systems. These cementitious materials could be used as floors, tiles, pavements or runways so they can withstand abrasion, scraping and percussion of cars and heavy trucks or even airplanes; therefore, it is crucial to understand their durability to wear. However, although it is one of the most important characteristics to study in construction materials, there are few studies that analyze wear resistance and wear mechanisms in alternative cementitious materials [20,21]. To determine the effectiveness of the proposed industrial residues as cementitious materials, it is necessary to carry out this study and evaluate their durability to wear since some of these systems are gaining a high degree of acceptance in various applications.



Therefore, the aim of the present work is to study new materials (hybrid mortars) through the use of different wastes (slag, fly ash and ceramic wastes) to evaluate their use as pozzolanic materials and their durability to abrasion. This study is mainly based on Böhme tests that consist of sliding the mortar against corundum abrasive materials placed on a cast iron wheel under a load.




2. Materials and Methods


2.1. Materials


Table 1 shows the chemical composition of the materials used in this work. Conventional Portland cement (Cementos Portland Valderrivas, Madrid, Spain) (CEM I) was used as a reference and for the preparation of the different hybrid cement systems. F-type fly ash (Puentenuevo steam plant, Córdoba, Spain) (ASTM C618-03) and blast furnace slag (Avilés factory, Asturias, Spain) were used as raw materials. In addition, two wastes from the ceramic industry were used for the preparation of hybrid cements. They are residues from the preparation of ceramic wall tiles (labeled as “porous waste”) and from the sintering of porcelain tiles (labeled as “porcelain waste”). Both wastes were supplied by Keraben (Keraben, Nules, Spain). The average particle size was determined in all materials (measured using a Mastersizer 200 Hydro2000SM equipment) (Malvern Instruments, Worcestershire, UK, Table 2).



Regarding the ceramic wastes, both types present a similar chemical composition similar to the chemical composition of fly ash, with high contents of SiO2, Al2O3 and Fe2O3 and lower CaO percentages than slag. Therefore, during their activation, they will possibly form a gel similar to the N-A-S-H type. It should be noted that when comparing both ceramic wastes, the porous material has a higher percentage of CaO than the porcelain material. Furthermore, porcelain waste shows a very high Na2O content compared to the other proposed wastes.




2.2. Mortar Preparation


Table 3 summarizes the main composition characteristics of the different systems studied. It should be noted that the mixtures to manufacture the different mortars are based on the following classification:




	
Ordinary Portland cement systems (CEM I): a type I 42.5R Portland cement was used and hydrated with water.



	
Alkaline-activated materials: these were composed of a subindustrial waste (slag) and activated using alkaline solutions with basic pH (pH > 13). In this sense, two solutions were used: 4 M NaOH solution (AAS-N) and a commercial sodium silicate solution (waterglass) with a SiO2/Na2O ratio of 1.2 (AAS-WG).



	
Hybrid materials: these mortars were composed of ordinary Portland cement (20 wt %) and industrial and ceramic wastes (fly ash, blast furnace slag and two ceramic wastes), of which the amount was 80 wt % Furthermore, in these hybrid systems, a percentage of Na2SO4 (at 3% and 5 wt %) was added to favor the hydration process of the materials. Water was used as the activating solution.








For the preparation of all mortar systems, standardized sand was used, with a 3:1 sand/cementitious material ratio. For each proposed system, 4 × 4 × 16 cm specimens were made at different curing ages (1, 7 and 28 days). It should be noted that, in each evaluated system, a different liquid/solid ratio (L/S) was used that was appropriate for each, but in all cases, the ratio was selected in equal consistency accordance with the UNE-EN 1015-6 standard to appropriately compare the results (values of the diameter of spread of 150 ± 10 mm).




2.3. Tests Conducted


The chemical composition of all materials was determined by X-ray fluorescence analysis using a XEPOS Ametek spectrophotometer (Spectro, Kleve, Germany). Structural characterization of the raw materials was performed with the X-ray diffraction (XRD) technique in a Bruker D8 Advance diffractometer (Bruker, Ettlingen, Germany) with Cu Kα radiation at 40 kV and 40 mA. Crystalline phases were identified by comparison with the JCPDS patterns. Fourier transform infrared spectroscopy (FTIR) of samples was performed by the Perkin Elmer Spectrum 100 FTIR spectrometer in transmittance mode in the range of 400–4000 cm−1 by attenuated total reflectance (ATR) of the powders (Perkin Elmer Inc., Waltham, MA, USA).



The pozzolanic activity of the different wastes was assessed with an accelerated chemical method based on the pozzolanicity test for pozzolanic cements recommended in the European legislation [22]. The saturated lime solution (SLS) test was used, which involved placing 1 g of sample in 75 mL of a saturated lime solution (SLS) at 40 °C for a pre-established test time. After the reaction time elapsed, the solutions were filtered, and 0.02 M EDTA was titrated to determine its CaO concentration. The amount (%) of lime fixed to the mineral or engineered feldspar was then calculated as the difference between the reference concentration (17.68 mmol/L) and the concentration in the last solution.



The Fratini test, found in the European regulations (EN 196-5 standard) for pozzolanic cements [23,24], was used to assess the pozzolanicity of the studied systems. It consisted of comparing the concentration of lime in a solution containing cement with the different added percentages of the incorporated residue. In this case, as the main difference with the SLS test, the pozzolanicity test for pozzolanic cements in contact with distilled water was evaluated. Pozzolanic cements are a consequence of the incorporation of feldspar in the partial replacement of cement. The methodology was as follows. Twenty grams of the material was mixed with 100 mL of distilled and decarbonated water. The mixture was stirred vigorously to homogenize as much material as possible and kept in an oven at 40 °C. The test ages included in the regulations were 8 and 15 days. After the reaction periods, the filtered solution was analogously compared to the method used to determine the pozzolanic activity by SLS.



Mechanical behavior was determined in mortars with a MICROTEST universal testing machine (Microtest, Madrid, Spain). Three samples of each mortar were measured at different curing ages. Total density was found with gas displacement with a ACCUPYC 1330 helium pycnometer (Micromeritics, Norcross, GA, USA).



The Böhme machine (Ibertest, Madrid, Spain) test was used to perform the abrasive test on the mortars in accordance with the UNE-EN 13892-3 standard. The tests were performed at room temperature. Brown fused alumina (Al2O3) was used as an abrasive material, and the applied load was 294 N. Three samples of each mortar were tested. As the standard suggests, the thickness reduction was measured. Mass loss in each sample was measured, and volume loss was determined according to Equation (1).


  A =  Δ V  =    Δ m    ρ R    



(1)




where   Δ V   is the total volume lost in cm3 after 16 cycles,   Δ m   is the mass lost after 16 cycles and    ρ R    is the mortar density [25]. The morphology of the wear track after the wear test was characterized by a DSX500 profilometer (Olympus Corporation, Tokyo, Japan).





3. Results and Discussion


3.1. Mineralogical Characterization of Raw Materials


Figure 1 shows the mineralogical characterization of all the raw materials using FTIR and XRD. Regarding the most significant FTIR results, the presence of an intense band located around ca. 800–1000 cm−1 is observed in all materials, which is attributed to the presence of SiO4 groups, specifically to asymmetric tensions of the O-Si-O bonds [8]. If the position of this band is compared among materials, it is possible to observe notable differences. In the waste corresponding to blast furnace slag, this band lies at around 900 cm−1. However, in the case of fly ash and both ceramic wastes, it appears slightly above 1000 cm−1. This is because all the materials are aluminosilicates, but fly ash and ceramic wastes have a higher aluminum content, causing the band to shift toward a higher wavenumber. The presence of characteristic bands related to the presence of carbonates, around ca. 1400 cm−1, should also be noted. This band can be found in CEM I, blast furnace slag and porous ceramic residue, mainly due to the high CaO content it presents. The CaO content with the presence of ambient CO2 and humidity causes the formation of calcite-type carbonates (CaCO3). In the CEM I system, the band corresponding to the presence of sulfates (SO42−) is observed, located at around 1100–1200 cm−1, which is attributed to asymmetric stress vibrations.



Regarding the different diffractograms presented (Figure 1b), clear differences can be observed for each of the studied materials. In the case of CEM I, the presence of numerous crystalline phases is observed, such as calcium silicates, C3S and C2S (alite and belite), as well as some reaction products generated after the slight hydration that the cement underwent due to its atmospheric exposure [26]. In the diffractogram corresponding to the blast furnace slag, a halo is present between the values of 2θ = 25–35° due to the fact that the material is quite amorphous. Fly ash, on the other hand, has a somewhat higher crystallinity since crystalline phases of quartz (Q, SiO2; PDF card 331161) and mullite (M, Al6Si2O13; PDF card 150776) appear. Finally, the diffractogram corresponding to the ceramic residues (porcelain and porous) shows a similar mineralogical behavior, with the presence of quartz (Q, SiO2; PDF card 331161) and mullite (M, Al6Si2O13; PDF card 150776). Different feldspars, such as sodium feldspar (albite, A, NaAlSi3O8; PDF card 190926), and traces of diopside (D, CaMg(SiO3)2; PDF card 190239) are also identified [11].




3.2. Pozzolanic Properties of Raw Materials


Figure 2a shows the percentages of the lime fixation of each of the residues studied at curing ages of 1, 7, 14, 21 and 28 days. After the first day of reaction, all the residues show similar results, but after seven days, clear differences are observed since this is when the chemical and mineralogical compositions present a greater influence on the reaction kinetics. It can be seen that ceramic wastes, both porous and porcelain, have a high capacity to fix calcium hydroxide from relatively short reaction times [13]. After 14 days of reaction, both materials show values around 90%. These values are also very high compared to the fixation percentages presented by both fly ash and slag. Slag particularly has the lowest lime fixation, reaching 50% after 28 days of reaction. Observing the chemical compositions (Table 1), it is concluded that higher contents of acidic oxides, such as SiO2, Al2O3 and Fe2O3, lead to greater pozzolanic activity [11,13,23].



According to the results obtained from the pozzolanic activity of each of the used raw materials, different mixtures of hybrid systems (without Na2SO4) were prepared with 80 wt % of slag, fly ash, porous waste or porcelain waste and 20 wt % of CEM I. The pozzolanic activity of these systems was evaluated using the Fratini test. According to European Standard 197-1, for a cement type to be considered a pozzolanic material, it must comply with the CaO solubility point below the calcium oxide saturation concentration curve for a period of 8 days or after 15 days. In all cases, the hybrid cement compositions comply with it at seven days, indicating pozzolanic behavior (Figure 2b). Therefore, regardless of the type, it can be concluded that all of the residues can be used as suitable cementitious materials.




3.3. Mechanical Behavior and Total Porosity


Figure 3 shows the results obtained after the hydration process for each of the evaluated systems and a comparison with the reference system (CEM I) at different curing ages (1, 7 and 28 days). In the case of CEM I (Figure 3a), it is observed how, as the hydration times increase, the compression also strength increases. This is due to the hydration process of the cement and the progressive formation of the C-S-H gel as well as secondary reaction products, such as portlandite or ettringite, among others, achieving final strengths at 28 days of curing around 45 MPa [26,27].



Figure 3b shows the mechanical behavior of alkaline-activated slag systems activated with NaOH and sodium silicate (waterglass). As with the CEM I system, as the curing time increases, the mechanical strength also increases regardless of the activator used. However, there is a clear difference between the use of NaOH and sodium silicate. By using an activator with silicon in its composition, a much more compact and cohesive C-A-S-H gel is produced, promoting very high resistance [8,28]. At the age of 28 days, compression strength values greater than 100 MPa are reached. On the other hand, regarding the activation of the slag with NaOH, it is possible to observe that the results at 28 days are much lower than those obtained with the use of sodium silicate (compression strengths of around 30 MPa), presenting, therefore, a difference of around 70% between both alkaline activators.



Regarding the manufactured hybrid systems, Figure 3c shows the mechanical behavior of the hybrid slag and the hybrid fly ash mortars, all of which were prepared with 3–5% Na2SO4 as an alkaline source. At short curing ages, it is observed that the hybrid cement with fly ash presents slightly higher strengths, but, as the curing time increases, the hybrid systems made of slag show better mechanical behavior. This is due to the fact that, in the case of slag, as hydration takes place at room temperature, the calcium present in the composition begins to dissolve and reacts with silicon to form the main reaction product, the C-A-S-H gel. However, since no activating solutions are added in this case, these gels are less rich in silicon and, therefore, lower mechanical strengths are obtained than those obtained for alkali-activated cements (Figure 3b). In addition, for the hybrid systems composed of fly ash, the results are noticeably inferior because, unlike slag, the ash needs a temperature input in the system to dissolve and generate the zeolites, which are the precursors of the main product reaction in the activation of the ashes (N-A-S-H gel). Regarding the addition of different percentages of Na2SO4, mortars composed of 5% Na2SO4 obtain slightly higher mechanical performance at longer curing times. At the age of 28 days, for the hybrid slag systems at 5% Na2SO4 resistance, values are obtained around 42 MPa, whereas the hybrid ash systems at 5% Na2SO4 presented results of 30 MPa at 28 days of curing.



Finally, Figure 3d shows the results of the hybrid systems manufactured with the ceramic industry wastes (HWT and HPT). The results show that the compression strength is lower than all the systems previously presented. The resistance increases as the curing time increases but up to a limit since, at the age of 28 days, it is observed that they are very similar to those obtained after seven days of hydration. This behavior is due to the fact that both ceramic residues present a composition with a low CaO content similar to that of fly ash. This phenomenon is important since the dissolution and activation processes of these residues are quite similar to the hydration mechanisms of fly ashes (a thermal input is needed to favor the formation of zeolitic precursors). The heat released during hydration in these hybrid systems is not enough for the appropriate formation of the N-A-S-H gel and perhaps, in these systems, to achieve better mechanical performance, it is necessary to increase the percentage of CEM I in their composition.



From the point of view of the total porosity of these systems, Figure 4 shows the relationship between porosity at 28 days of curing and the mechanical strengths obtained. Observing the results, it can be seen that AAS-WG has lower percentages of porosities than the CEM I reference system. In this sense, the systems activated with NaOH present a total porosity of around 11.5% whereas the mortars activated with sodium silicate present a total porosity of around 2%. This is due to the formation of the C-A-S-H gel in both systems and the AAS-WG gel being richer in silicon, which allows a more compact and cohesive gel to be formed, thus promoting a very high compression strength [8,29]. In relation to the hybrid systems, the fly ash systems also show high percentages of total porosity between 8 and 13%. The HFA-3% system presents the highest porosity, which is directly proportional to the low compression strength achieved. The hybrid ash system at 5% Na2SO4 (HFA-5%) achieves slightly lower porosity values. This fact is indicative of the extra supply of Na2SO4 (that increases the alkalinity of the system), thus favoring the precipitation of the main reaction products. However, the hybrid systems made of 80 wt % slag (HS-3% and HS-5%) present low total porosity values, such as the system with 5% of Na2SO4, which seems to present a more uniform gel and adopts greater compactness to the system. Finally, regarding hybrid mortars from ceramic residues (HWT-5% and HPT-5%), it is observed that the total porosity is very similar to the HFA-3% system, indicating that, at room temperature, the hydration reaction of the aluminosilicates (with a low content of CaO) has not been completed to give the main reaction product, N-A-S-H gel.




3.4. Durability to Wear: Böhme Test


The reactivity (pozzolanicity) of the studied materials exerts an important effect on the formation of gels, thus leading to the evaluated porosities and mechanical strength. Moreover, they are important in understanding the abrasion performance of the proposed alkali-activated materials and hybrid systems after 28 days of curing.



Figure 5a,b shows the height and volume losses of each system, respectively, evaluated after the wear test of mortars at the age of 28 days. Results from the Böhme tests are usually evaluated according to height loss (Figure 5a). It is worth highlighting the behavior of AAS-WG, with about half of the height loss than CEM I. This excellent performance can be clearly understood, taking into account the highest strength and lowest porosity of AAS-WG (Figure 4). Moreover, the other alkali-activated material (AAS-N) and hybrid materials manufactured from slag (HS-3% and HS-5%) also lost less height than CEM I. These materials are slightly less strong, and their porosity is similar to CEM I (Figure 4). However, the positive compactness of their gels (C-S-H and C-A-S-H) seems to play an important role in the adhesion of sand particles and on the performance of these materials. Hybrid materials with fly ash and ceramic wastes lost more thickness than CEM I, probably related to their higher porosity and less strength (Figure 4) due to the previously explained lack of formation of N-A-S-H gel.



From the results of the mass loss and density of each mortar (Table 4), the volume loss of each system after the wear test was also calculated, highlighting the results in Figure 5b. There are slight changes in the trends in comparison to those observed for height loss (Figure 5a). Difference between both measurements can be mainly related to the detachment of sand particles, which affect mass loss more than height. The fact that the abrasion performance of AAS-N worsens can be related to the lower adhesion of sand particles to the C-A-S-H gel than to C-S-H of CEM I. This effect can also be appreciated in AAS-WG. The excellent results of AAS-WG agree with the positive effect of using sodium silicate as an activator found in the literature, being able to promote better abrasion resistances than CEM I Portland cement [30], which does not occur with other activators such as NaOH. Both slag-containing hybrid mortars show improved results of volume loss compared to height, where CEM I is taken as a reference for analysis. This indicates that the positive effect of both gels and using 5% of Na2SO4 promotes the best results (wear improvement was around 42% compared to the CEM I system) as the compactness of the gel is improved (previously found in other properties, Figure 4). In addition, observing the results obtained on porosities, a clear relationship between these parameters is presented since, in general, materials with higher porosities have shown greater volume losses [20]. It should be noted that the hybrid mortar with porcelain waste (HPT-5%), though it did not obtain a high mechanical resistance, showed a notable improvement in terms of durability to wear. Porcelain wastes showed a high Na2O content compared to the other proposed wastes. This difference, among other factors, causes this residue to present different results in terms of durability behavior. However, on the other hand, it is important to highlight that the alkaline-activated system with NaOH (AAS-N) presented good mechanical behavior, but after the Böhme test, it was among the systems that presented the worst performance. As studied in previous works [20], using alkaline solutions that present efflorescence phenomena means that after wear with a counter material, there is a greater loss of mass and a greater wear mark is generated.



It has previously been stated that the abrasion resistance of mortars improves with increasing strength (flexural or compression) and compactivity [31], and fly ash and slag can enhance the abrasion resistance of concretes when they replace fine aggregates [32,33]. To understand the performance of hybrid mortars, the relationship between their compression strength and lost volume is shown in Figure 6. The linear relationship previously found by other authors for traditional mortars [31] is found for hybrid materials, highlighting the importance of mechanical strength on abrasion resistance. It can be appreciated how HS-5% presents less abrasion for almost the same strength than CEM I. Moreover, the performance of HPT-5%, which presents very low abrasion with very low strength, is worth mentioning. The Na2O content of its composition (Table 1) might provide a very hard gel that reduces the compression strength of the material due to its brittleness (Figure 4) and is able to withstand abrasion in a very noticeable way (Figure 5b and Figure 6).



To complete this study, each sample was analyzed after the Böhme test with a profilometer to find a correlation with the rest of the properties determined. In Figure 7, it is possible to observe the different wear tracks that each evaluated system (CEM I, HS-5%, HFA-5%, HPT-5% and HWT-5%) presents. By using this technique, we were not able to obtain clear information regarding the different mechanisms that took place during the wear process. Almost flat surfaces can be observed, typical of an abrasion process taking place on all the surfaces. Any effect at the microstructural level cannot be inferred, and only the detachment of sand particles can clearly be appreciated. Moreover, voids left by detached sand particles seem to be refilled with the debris formed during the abrasion process in all studied materials.





4. Conclusions


The main purpose of this work was the study of possible alternative materials to Portland cement to obtain more sustainable and durable cementitious materials. The most important conclusions that can be drawn from this study are the following:




	
All the residues used in this work show pozzolanic behavior (SLS and Fratini tests) and have good capacities for the manufacturing of alternative cements. The residues from the ceramic industry are those with the greatest pozzolanic character.



	
Silicate-activated slag systems (AAS-WG) present the best mechanical performance, but hybrid mortars present an important alternative, obtaining competitive results.



	
Ceramic waste hybrid mortars show worse mechanical resistance results. It is necessary to increase the percentage of CEM I to improve the hydration process.



	
Most of the alternative hybrid systems proposed showed an improvement in durability to abrasion compared to Portland cement (CEM I), highlighting the behavior of AAS-WG and HS-5%.








Therefore, it can be concluded that these alternative systems to Portland cement (both alkaline-activated and hybrid mortars) show adequate behavior from a mechanical and durable point of view, thus opening a gate to development and industrial implementation in the construction sector.
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Figure 1. (a) FTIR spectra region between 2000 and 400 cm−1 and (b) XRD diffractogram of different materials used (Portland cement (CEM I), slag, fly ash, porous waste, and porcelain waste). The diffractogram corresponding to CEM I presents different crystalline phases (G = gypsum; CA = C3A; An = anhydre; A = C3S; B = C2S; FF = C4AF); the diffractogram corresponding to porous and porcelain waste presents different crystalline phases (Q = quartz; M = mullite; D = CaMg(SiO3)2; A = NaAlSi3O8. 
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Figure 2. (a) Lime fixed to different wastes used in this study over time (1, 7, 14, 21 and 28 days); (b) pozzolanicity test for studied cement paste compositions at 8 days (filled symbols) and 15 days (hollow symbols). 
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Figure 3. Compression strengths of mortars at different curing ages (1, 7 and 28 days): (a) Portland cement (CEM I); (b) alkaline-activated slag with 4M NaOH (AAS-N) and with sodium silicate solution (AAS-WG); (c) hybrids cements with blast furnace slag (HS-3% and HS-5%) and with fly ash (HFA-3% and HFA-5%); (d) hybrid cements with porous waste (HWT) and with porcelain waste (HPT). 
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Figure 4. Relationship between compression strength and total porosity at 28 days of curing for all systems evaluated. 
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Figure 5. (a) Height loss in different mortars studied after wear test; (b) lost volume after the wear test (Böhme test) in all systems evaluated. 
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Figure 6. Effect of compression strength of hybrid mortars on the lost volume (mm3) after the Böhme test. 
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Figure 7. Profilometry 3D image of representative worn surfaces after the Böhme test of (a) CEM I, (b) HS-5%, (c) HFA-5%, (d) HWT-5% and (e) HWP-5%. 
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Table 1. Chemical composition by X-ray fluorescence.
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	wt %
	CaO
	SiO2
	Al2O3
	MgO
	Fe2O3
	SO3
	K2O
	Na2O
	LOI *





	CEM I
	61.8
	21.5
	6.6
	<0.01
	2.5
	5.9
	1.1
	<0.014
	2.35



	Slag
	38.0
	35.0
	11.7
	12.0
	0.2
	1.9
	0.3
	<0.014
	2.10



	Fly ash
	4.1
	46.6
	28.1
	0.7
	17.0
	1.1
	1.1
	<0.014
	1.00



	Porcelain waste
	2.5
	64.7
	21.2
	0.5
	2.3
	0.05
	1.2
	8.5
	1.00



	Porous waste
	8.7
	62.5
	22.7
	0.3
	2.6
	0.3
	1.8
	<0.014
	2.00







* LOI = loss of ignition.
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Table 2. Particle size distributions of the different materials studied.
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	CEM I
	Slag
	Fly Ash
	Porous Waste
	Porcelain Waste





	D10 (µm)
	2.9
	3.8
	0.1
	0.6
	2.5



	D50 (µm)
	19.6
	13.2
	6.5
	10.7
	11.5



	D90 (µm)
	65.3
	34.9
	35.4
	78.9
	95.8










[image: Table] 





Table 3. Prepared mortars and activation conditions.
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System

	
Name

	
Waste

	
wt % of CEM I

	
wt % of Waste

	
Activator

	
L/S






	
Portland cement

	
CEM I

	
-

	
100

	
0

	
H2O

	
0.50




	
Alkali-activated materials

	
AAS-N

	
Slag

	
0

	
100

	
4M NaOH

	
0.50




	
AAS-WG

	
Slag

	
0

	
100

	
Waterglass

	
0.50




	
Hybrid materials

	
HFA-3%

	
Fly ash

	
20

	
80

	
H2O + 3%Na2SO4

	
0.37




	
HFA-5%

	
Fly ash

	
20

	
80

	
H2O + 5%Na2SO4

	
0.37




	
HS-3%

	
Slag

	
20

	
80

	
H2O + 3%Na2SO4

	
0.42




	
HS-5%

	
Slag

	
20

	
80

	
H2O + 5%Na2SO4

	
0.42




	
HWT-5%

	
Porous waste

	
20

	
80

	
H2O + 5%Na2SO4

	
0.42




	

	
HPT-5%

	
Porcelain waste

	
20

	
80

	
H2O + 5%Na2SO4

	
0.37











[image: Table] 





Table 4. Density of all systems evaluated at 28 days.
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	System
	Density (g/cm3)





	CEM I
	2.51 ± 0.0066



	AAS-N
	2.49 ± 0.0021



	AAS-WG
	2.52 ± 0.0021



	HS-3%
	2.56 ± 0.0072



	HS-5%
	2.54 ± 0.0051



	HFA-3%
	2.64 ± 0.0025



	HFA-5%
	2.64 ± 0.0069



	HWT-5%
	2.56 ± 0.0075



	HPT-5%
	2.51 ± 0.0012
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