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Abstract

:

Road construction is an activity that involves a large consumption of raw materials, with the consequent high environmental impact. For this reason, various research projects are being developed in which waste is used as a raw material for bituminous mixtures. This avoids the extraction of raw materials, reduces the environmental impact and reduces greenhouse gas emissions. In this research, the incorporation of ladle furnace slag as a filler for continuous grading bituminous mixtures was evaluated. Firstly, the ladle furnace slag was chemically and physically characterised and its suitability for use as a filler was determined in accordance with the regulations. Subsequently, bituminous mixtures were conformed with the slag and also with commercial fillers, calcareous and hornfels, in order to compare the results. Finally, the physical properties, Marshall stability and the effect of water were determined with the immersion–compression test on all families of samples. The results showed that the mixes conformed with ladle furnace slag had higher Marshall stability, less variation due to the effect of water and acceptable physical properties. Consequently, the suitability of utilisation of these slags in bituminous mixtures could be confirmed.
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1. Introduction


The construction and maintenance of roads is an essential activity for the economic development of a country. Roads are essential communication links for a nation, reporting social and economic benefits. In addition, most goods transport is carried out by road, being essential over short and medium distances.



Nevertheless, the construction sector, and more specifically the road sector, is one of the most contaminating sectors in existence today [1]. This fact mainly due to the high demand for raw materials, as well as the use of poorly-optimised industrial processes, which consume large quantities of solid fuels [2,3].



Based on the above, it is logical to think that these infrastructures should be built and maintained with more sustainable processes and materials, since their execution is required [4]. For this reason, the outdated scheme of the linear economy in which materials are extracted and products are manufactured, used and at the end of their working life are discarded, should be avoided. Research in this sector should be carried out in the field of the circular economy [5], in other words, to use waste as raw material for new products, to develop more optimised industrial processes for production, to extend the working life of the product as much as possible and finally, after its deterioration, to use this material as raw material for other products [6,7]. This type of material utilisation scheme presents a sustainable aspect of material production and analyses all phases of the product, closing material flows [8] and avoiding waste disposition in landfills, as well as the extraction of new raw materials.



Within the field of the circular economy and of the construction sector, new production systems have been developed in which the consumption of solid fuels and, consequently, CO2 emissions are optimised and controlled to the maximum [9]. These new processes for the manufacture of bituminous mixtures use bitumen emulsions to conform the bituminous mixtures at ambient temperature and, therefore, avoid the continuous heating of the aggregates. It should be noted that bituminous mix is the main element of most roads, being the material in which most natural and economic resources are invested.



Another side of the circular economy arises from the use of waste or industrial by-products with the aim of minimising the extraction of raw materials [10], avoiding the dumping of this waste in landfills and obtaining a product of similar quality [11]. There are different lines of research framed within this concept, with several examples in which by-products from other industries have been successfully used. Among the waste used are ceramic dust [12], biomass ash [13], recycled glass [14], construction and demolition waste [15], recycled crumb rubber [16], etc. In most cases, similar properties were obtained as traditionally manufactured bituminous mixtures without prejudice to the final quality of the material.



At the same time, it should be highlighted that in order to use an industrial by-product in a bituminous mixture that consumes significant amounts of raw materials, the waste must comply with a series of qualities. On the one hand, it is essential to study it in order to evaluate its physical and chemical characteristics, and with this evaluation it is possible to adapt the waste to the function that it can best perform within the bituminous mix [17]. Furthermore, it must be determined which polluting elements it possesses that could cause environmental pollution [18]. In addition, the waste produced must have certain physical and chemical characteristics that are maintained over time, i.e., that do not vary in different production batches. Otherwise, the properties of the final material would be modified and could produce negative qualities of the final material. This is the case, for example, with sewage sludge [19]. In this by-product, the concentration of polluting elements, organic matter, physical properties, etc., varies depending on the city and even the months of the year.



Therefore, and as discussed above, this investigation assesses the use of ladle furnace slag for the production of hot mix asphalt for roads. Ladle furnace slag is a waste product of the steel industry which is produced in considerable quantities. These slags are derived from the steel refining process and have no current use [20]. In addition, their basic pH and small particle size make this waste an environmentally harmful material that must be treated and reused.



There have been few investigations in which ladle furnace slag was used to create new materials. Most research is carried out in the field of concretes, evaluating the partial replacement of cement with ladle furnace slag or as filler [21,22,23]. All these investigations have shown that ladle furnace slag has very interesting cementitious characteristics [24,25].



Consequently, in this research, and given the small particle size of the ladle furnace slag, the slag was used as a filler for continuous grading bituminous mixtures. These bituminous mixtures are those usually used on medium–low traffic roads, and even on higher traffic roads as base courses. Furthermore, these continuous grading mixes have a suitable void content and are called AC16S according to Spanish regulations.



To corroborate the suitability of the ladle furnace slag as filler for the above-mentioned bituminous mixture, hornfels aggregates were used as both coarse and fine aggregate. These aggregates have acceptable strength and physical properties for use. In order to compare the advantages and disadvantages of the use of ladle furnace slag filler in the aforementioned bituminous mix, the same type of mix was compared with the aggregate’s own filler (hornfels), with calcareous filler and ladle furnace slag filler.



For the evaluation, firstly the chemical and physical characteristics of the ladle furnace slag were analysed through various tests. Subsequently, the detailed mixture was blended with the hornfels aggregate and with the various fillers mentioned. These families of bituminous mixtures were blended with increasing percentages of bitumen from 4% to 5% of the mixture. The properties of the bituminous mixtures obtained were evaluated through the Marshall test and the immersion–compression test. In this manner it could be objectively determined what the advantages were in mechanical terms of the incorporation of the ladle furnace slag as a filler.



Finally, the results were analysed, and the optimum combination of materials was obtained for the three families of bituminous mixtures blended with the three types of filler mentioned. The analysis of the results showed a higher Marshall stability of the bituminous mixtures blended with ladle furnace slag, as well as a higher void content. At the same time, a higher single compressive strength with and without water immersion of the test samples was obtained, reflecting excellent compatibility of the ladle furnace slag with the bitumen, as well as the cementitious properties of the slag.




2. Materials and Methods


This section describes the materials used in this research, as well as the scientific methodology followed to confirm the suitability of ladle furnace slag as filler in bituminous mixtures.



2.1. Materials


The materials used in this research are subsequently defined in order to be able to reproduce the tests described in this research and to corroborate the results.



These materials are mainly natural aggregates and bitumen. In turn, the ladle furnace slag is also defined and will later be characterised through various physical and chemical tests. Therefore, this section describes the general properties of the materials, as well as their origin.



2.1.1. Ladle Furnace Slag


The ladle furnace slag (LFS) used in this research came from the area of Andalucía, Spain. These slags were derived from the steel industry dedicated to the manufacture of steel from mainly scrap.



The manufacture of steel consists of two main stages, the melting stage and the refining stage. The first stage is carried out in electric arc furnaces, where the raw materials are melted, and where oxidation, dephosphorisation and the formation of foaming slag occur. At the end of this stage, electric arc furnace slag (EAFS) is extracted.



The molten liquid from the electric arc furnace at the end of the process and after removing the mentioned slag is transferred to the ladle furnace and is continuously agitated by blowing inert gas, usually argon. At this stage, deoxidation, desulphurisation and decarburisation of the steel take place. At the end of the process, ladle furnace slag is obtained.



Ladle furnace slag has a fairly small particle size, so it is suitable for use as a filler in bituminous mixtures. However, this slag was sieved in this investigation by the 0.063 mm sieve to obtain the desired particle size fraction. It was then dried in an oven for 24 h at a temperature of 105 ± 2 °C. The material obtained was conserved by avoiding exposure to humidity, and this grading fraction was used in all the methods of this investigation.




2.1.2. Hornfels Aggregate


The hornfels aggregate used in this research was from the region of Andalucía, Spain. The hornfels rocks are contact metamorphic rocks, very hard, of high mechanical resistance and capable of resisting glacial action.



Its main mineralogical composition is formed by quartz, graphite, biotite, iron oxide and feldspars.



Hornfels rocks take on the role within the analysed bituminous mixtures of coarse and fine aggregates, and even in one of the families act like a filler. However, the adhesion of hornfels aggregates to bitumen is usually poor, so they are not usually used as fillers, and fillers that forms a quality mastic capable of withstanding traffic loads are used. Usually calcareous filler.




2.1.3. Calcareous Filler


The filler is an aggregate with a small particle size that is added to the bituminous mix to form, together with the bitumen and other additives, a quality mastic capable of withstanding the traction loads of traffic.



The calcareous filler used was also from the area of Andalucía, Spain. This filler is derived from limestone rocks, that is, sedimentary rocks composed mainly of calcium carbonate.



The use of calcareous aggregates for roads is common. However, due to the low mechanical resistance of these aggregates as well as their reduced resistance to the polishing by the tyre, their use is restricted to medium–low traffic roads. However, their adhesion with bitumen is much higher than that of silicate rocks, so they are usually used as filler for the formation of a quality mastic that envelops the ophite aggregates.




2.1.4. Bitumen


The bitumen used in this type of bituminous mixture is a bitumen designated by Spanish and European regulations as B 60/70. This bitumen is characterised to be hard due to the low penetration it has, the penetration rate being between the numbers reflected in its nomenclature. It is commonly used for hot mix asphalt in hot regions, as is the case in Spain. In this way, problems of plastic deformation derived from the use of bitumens with higher penetrations are avoided. The bitumen data sheet is detailed in Table 1.





2.2. Methodology


The methodology developed in this research consisted of a series of logically ordered tests. These tests reflect a series of results that were analysed to corroborate the initial hypothesis. This initial hypothesis consisted of the evaluation of ladle furnace slag as a filler for the manufacture of continuous grading bituminous mixtures.



First of all, the ladle furnace slags were physically and chemically characterised to corroborate their suitability as a filler for bituminous mixtures, as well as to detect contaminant elements that could damage the final product and should therefore be monitored in the process.



Next, the grading curve of the hot mix asphalt with continuous grading was defined. This bituminous mixture is called AC16S according to Spanish standards. Subsequently, different families of mixtures were defined with hornfels aggregates and ladle furnace slag filler, calcareous filler or hornfels filler. For each family, different percentages of bitumen were established to evaluate the optimal combination of materials through the Marshall test.



Finally, the optimal combination of materials was defined and the tests were repeated in order to corroborate the results defined above. At the same time, the immersion–compression test was carried out in order to quantify different properties of the bituminous mixtures made up of each family with the optimum combination of materials.



The following sections describe in greater depth the three stages into which this research is subdivided, namely characterisation of ladle furnace slag; conformation and testing of bituminous mixtures; and the optimal combination of materials.



2.2.1. Characterisation of Ladle Furnace Slag


The initial stage in any research carried out with waste is the physical and chemical characterisation of the waste in order to evaluate its suitability for use in the final material, as well as the detection of possible critical points that could damage the process. In this investigation, the main focus is on obtaining appropriate physical properties of ladle furnace slag so that it can be used as a filler. At the same time, the chemical composition reflects the possible behaviour of the slag, as well as the existence of contaminating elements that could cause significant environmental pollution or negative characteristics of the final material.



The first of the tests carried out for chemical characterisation was elemental analysis. This test determines the percentage of carbon, nitrogen, hydrogen and sulphur in the waste, thanks to the analysis of the gases produced during the ignition of the sample at 950 ± 5 °C. This test was performed with LECO’s TruSpec Micro equipment (TruSpec Micro, LECO, St. Joseph, MI, USA), in order to evaluate the presence of organic matter, nitrogen, carbon, etc., in the sample. In addition, and with the aim to determine and quantify the existence of the elements of higher atomic weight, the X-ray fluorescence test was carried out with the ADVANT’XP+ commercial equipment (ADVANT’XP+, Thermo Fisher, Waltham, MA, USA). At the same time, an X-ray diffraction test was carried out to identify the main chemical compounds in the ladle furnace slag. This chemical test was carried out with the commercial X’Pert PRO equipment (X’Pert PRO, PANalytical, Malvern, UK). Finally, to evaluate the surface of the ladle furnace slag particles, the samples were analysed by scanning electron microscopy. More specifically, the electron microscope used was a commercial (FESEM) MERLIN (Carl Zeiss, Oberkochen, Germany).



On the other hand, and in order to evaluate the physical properties of the ladle furnace slag, a laser diffraction particle size analysis was carried out to corroborate the size of the particles evaluated. This test, carried out with Mastersizer 2000LF commercial equipment (Mastersizer 2000LF, PANalytical, Malvern, UK), used laser light diffraction technology for the analysis of the wet prepared sample. In addition, the particle density (standard UNE-EN 1097-7) was calculated to determine whether volumetric corrections are necessary; bulk density in kerosene (standard UNE-EN 1097-3), to quantify whether it is a pulverulent material; and the plasticity index (standard UNE-EN ISO 17892-12), to detect the presence of plastic materials that could damage the final product.



The tests described above made it possible to objectively evaluate the quality of the ladle furnace slag used to blend bituminous mixtures, as well as the critical points to which special attention should be paid in order to achieve a suitable end product.




2.2.2. Blend of Bituminous Mixtures and Tests


Once the ladle furnace slag was characterised, different hot mix asphalts with continuous grading were blended. The mixture developed is called AC16S according to Spanish regulations, Orden FOM/2523/2014. This type of bituminous mixture is the most common of those applied to roads, as they are used for medium or low traffic roads, and even as a base course on major traffic roads. The mixture has a continuous grading provided by the hornfels coarse and fine aggregates as well as for filler. The above-mentioned standard defines a grading envelope into which the grading curve defined by the different aggregates must fit. In this research, the grading curve defined in Figure 1 was used for the three families of bituminous mixtures detailed below.



The grading curve defined in Figure 1 is that used in all the families of bituminous mixtures produced. The coarse and fine aggregate was hornfels aggregate. This type of aggregate has excellent mechanical properties; however, with smaller particle sizes, its adhesion with the bitumen is not of good quality. In turn, the filler used was ladle furnace slag, calcareous filler and hornfels filler from the coarse aggregate itself. Table 2 shows the materials conforming to the families of bituminous mixtures developed.



The families detailed in Table 2 were blended with different percentages of bitumen to the mix, from 4% to 5% in 0.25% increments of bitumen. A total of five groups of test samples were made with different percentages of bitumen for each family, with 6 test samples being made for each group to obtain statistically analysable data.



To make the samples of the different groups of samples, all materials were previously heated to a temperature of 180 ± 5 °C. The materials were stirred in an automatic planetary mixer for 5 min. After this time, homogenisation of the mixtures was observed and they were compacted at a temperature of 140 ± 5 °C. The compacting was carried out in accordance with the UNE-EN 12697-30 standard with 50 blows per side of the specimens. Once the specimens had been tempered, they were stripped of their moulds for subsequent tests.



The samples made of each group and each family were tested to determine their physical properties. The physical properties evaluated were bulk density, according to the UNE-EN 12697-6 standard, and maximum density, according to the UNE-EN 12697-5 standard. With the average values of each group of samples, the void characteristics was calculated. This parameter is essential in bituminous mixtures, as it provides drainage characteristics, surface roughness and even noise absorption by the contact of the tyre with the pavement. In turn, the voids characteristics in the mixture was calculated in accordance with the UNE-EN 12697-8 standard, this being an essential parameter for understanding the combination of materials in the bituminous mixture.



Once the physical properties had been evaluated, we proceeded to calculate the plastic deformations that could be produced by the incorrect bitumen content in the asphalt mixture. These properties were quantified through the Marshall test, standard UNE-EN 12697-14. This test consists of calculating the mechanical resistance, where the specimen was subjected to high temperature, thus evaluating the influence of the bitumen and, consequently, the optimum content of the binder.




2.2.3. Determination of Optimal Material Combinations


Once the physical properties and Marshall stability of all the sample groups had been determined, the optimum combination of materials was obtained for each of the families. Since the percentage of coarse aggregate, fine aggregate and filler was set beforehand, the percentage of bitumen providing the highest strength was evaluated in this process. To this end, once the Marshall test was carried out for each group of samples of each family, the results were evaluated, and the percentage of binder that obtained the best mechanical properties was selected graphically.



Once the optimum combination of materials for each family was determined, the test samples were made again for the optimum bitumen percentage, and the simple compressive strength was tested with and without immersion in accordance with the Spanish standard NLT-162/00. This test evaluated the compressive strength of the developed of bituminous mixture families as well as the compatibility of the bitumen with the aggregates.






3. Results and Discussion


This section describes the results obtained from the tests mentioned in the methodology, as well as the partial discussion of the results. The logical and orderly process of the test involves the evaluation of the final hypothesis, this being the confirmation of the goodness of the ladle furnace slag as a filler in continuous grading hot mix asphalts. In the following sections, the tests and discussions are detailed in the three sections described in the methodology.



3.1. Characterisation of Ladle Furnace Slag


Initially, the physical properties and chemical characterisation of the ladle furnace slag had to be determined in order to objectively evaluate its suitability for use as a filler in bituminous mixtures.



Chemical characterisation is composed of different tests, one of the main ones being elemental analysis. This test determines the percentage of carbon, nitrogen, hydrogen and sulfur that exists in the ladle furnace slag. The results of this test are shown in Table 3.



The elemental analysis of the ladle furnace slag reflected the composition of an inorganic material, as expected. There were low percentages of nitrogen and sulfur. This is positive, because if there were high percentages of these elements, the concentration of these elements in the leachate should be quantified to avoid environmental pollution. Low percentages of carbon and hydrogen were present, corresponding these elements with high probability to the carbonation and hydration of some chemical compounds present in the ladle furnace slag.



For the determination of the rest of the chemical elements, an X-ray fluorescence test was carried out. The results of this test are detailed in Table 4.



The X-ray fluorescence test of ladle furnace slag reflected an elemental composition consisting mainly by calcium, magnesium, silicon, aluminium and iron. This chemical composition was directly derived from the formation process of the ladle furnace slag, with calcium, magnesium, silicon and aluminium added to the furnace to produce the refining of the liquid from the electric arc furnace. In turn, the percentage of iron corresponded to the material that is treated in the production industry, iron being the main element of steel. The low percentages of heavy metals ensure that there are no contaminating leachates in the final product in contact with water, thus avoiding environmental pollution. It should be noted that even though the composition was presented as the oxides of different elements through the X-ray fluorescence test, this does not imply that these oxides exist in the material, since this test only considers the elemental composition and not chemical compounds. To determine the main chemical compounds that form the ladle furnace slag, the X-ray diffraction test was carried out. This test is shown in Figure 2.



The X-ray diffraction test of the slag showed clear results after the analysis of the diffractogram. The high content of amorphous and non-diffractive material in the sample was remarkable. Calcite, olivine and periclase were identified as the main phases. In addition, we found in a lower proportion dicalcium silicate, tricalcium silicate and magnesium silicates. Therefore, its composition based on calcite and silicates directly provides the cementitious properties obtained from the use of ladle furnace slag. These cementitious properties were confirmed by various authors. It should be pointed out that there were no magnesium oxides in high proportion, so that no problems of expansiveness could occur in the slag, since the main compound was the much more stable magnesium silicate and without the aforementioned problems.



In turn, scanning electron microscopy showed the surface texture of the ladle furnace slag at high magnifications, as seen in Figure 3.



Figure 3, corresponding to the image of the ladle furnace slag with scanning electron microscopy, shows the small size of the particles, with particles of different sizes coexisting but, in all cases, less than 100 micrometres. A high specific surface area could be observed in the texture of the particles, which were very similar to cement or lime particles. In turn, through scanning electron microscopy, we were able to analyse the chemical composition of different particles, corroborating the reflected chemical composition of ladle slag in X-ray fluorescence and X-ray diffraction tests. Because the quality of the compositional analysis with scanning electron microscopy does not possess high sensitivity compared to the chemical tests mentioned, the data were represented. However, it should be noted that the chemical elements in the particles were the same as those determined in the previous chemical tests.



On the other hand, and in order to obtain the particle size accurately to evaluate the suitability of ladle furnace slag for use as filler, laser diffraction particle size analysis was carried out. The results of this test are detailed in Figure 4.



The laser diffraction particle size analysis of the ladle furnace slag reflected a particle size of less than 100 microns. In turn, particles with sizes around 30 microns were the ones that existed in the sample in the highest percentage. This particle size is ideal for use as a filler, as it is small enough to absorb an adequate percentage of bitumen. However, the conformation of bituminous mixes with ladle furnace slag will reflect whether or not an adequate percentage of bitumen is actually absorbed to produce quality mixes.



Once the particle size of the ladle furnace slag had been determined and its chemical suitability assessed, another vital important physical test was carried out. These tests are the particle density, the bulk density in kerosene and the plasticity index. The results of these tests are shown in Table 5.



The particle density of the ladle furnace slag did not differ from the density of a commercial filler, namely 2650 kg/m3. Therefore, it was not necessary to make volumetric corrections for mass proportioning as is the case of the electric arc furnace slags. At the same time, the bulk density in kerosene was within the limits set by the regulations, which reflects the fact that ladle furnace slag is not a pulverulent material that could impair its proportioning in the factory or absorb high percentages of bitumen. Finally, no plasticity was found in ladle furnace slag mainly due to its chemical composition consisting of silicates and lime. Therefore, no problems of expansiveness were obtained in the final material.




3.2. Conformed of Bituminous Mixtures and Tests


Once the physical properties and chemical composition of the ladle furnace slag had been evaluated, the different families of bituminous mixtures detailed in Table 2 were manufactured. These families were blended according to the procedure described in the methodology with different groups of samples for each family of mixtures. The groups of samples of each family differed in the percentage of bitumen added, varying from 4% to 5% of mixture in increments of 0.25%.



The different groups of samples were initially tested for their physical properties. Firstly, the apparent density of the bituminous mixtures blended for each family and with different percentages of bitumen was analysed. The results of the bulk density are shown in Figure 5.



As can be seen, the bulk density of the family of bituminous mixtures blended with ladle furnace slag fillers was lower than that of other mixtures. The family of bituminous mixtures blended with hornfels aggregate was the one that represented the highest bulk density, obtaining similar values to the families of bituminous mixtures blended with calcareous filler in the highest percentages of bitumen. This physical property, together with the maximum density, influenced the voids content in mixtures. Therefore, the results of the maximum density of the families of mixtures were studied, as detailed in Figure 6.



The maximum density, as shown in Figure 6, was higher for bituminous mixtures blended with ladle furnace slag. With lower density than this family were the bituminous mixtures made with hornfels aggregate and, finally, the mixtures with calcareous aggregate. This maximum density was conditioned by the density of the filler, since at the same percentage of bitumen and using the same coarse and fine aggregate, different densities were obtained. However, the difference between the maximum densities of the three families was negligible, but the greater density of the ladle furnace slag could be distinguished with respect to the density of the hornfels filler and calcareous filler.



Both the maximum density and the bulk density directly conditioned the void content in the mixture. This physical property had a significant influence on the quality of the bituminous mix obtained, which is why its results are very important to analyse. The results of the voids content in mix for the three families blended with the three different fillers mentioned and with different percentages of bitumen are detailed in Figure 7.



It is easy to see how the families of bituminous mixtures blended with ladle furnace slag filler had a higher void content than the families blended with calcareous and hornfels filler. This higher void content is a positive factor for the bituminous mix, provided that good mechanical resistance is obtained. A higher voids content has a significant influence on a higher surface roughness and consequently in a safer pavement. In addition, the higher content of interconnected voids within the asphalt matrix provides greater drainage of the wearing course, preventing the accumulation of water on the surface. Furthermore, a high content of voids facilitates greater noise absorption due to the contact between tyre and pavement. Therefore, it is desirable to have a high voids content, because it gives the pavement the mentioned characteristics, provided that adequate resistances are obtained in the bituminous mix.



For the evaluation of mechanical resistance, and more specifically the suitability of bituminous mixtures for plastic deformation, the Marshall test was carried out. The Marshall test evaluates through resistance the optimal percentage of binder that does not provide plastic deformation of the pavement after its execution. These plastic deformations are essential in mixtures with continuous grading and low voids content, as they could cause total failure of the pavement if not taken into account. Therefore, the results of the Marshall test are reflected in Figure 8 for the different types of bituminous mixtures.



The Marshall stability of the families blended with ladle furnace slag as filler was superior to the families of mixtures blended with hornfels filler and calcareous filler. This test therefore reflects the good combination of bitumen with ladle furnace slag to conform a quality mastic able to withstand traffic loads at high temperatures and consequently to avoid the formation of plastic deformations. This high Marshall stability, in comparison with the other families of test specimens, also showed adequate cementitious behaviour of the ladle furnace slag, capable of providing the mix with better mechanical behaviour.



In turn, the Marshall test allowed the deformation of bituminous mixtures to be evaluated, thus determining the probability of the creation of irregularities in the pavement due to deformation. Low deformation would represent a rigid pavement with little capacity for deformation that would end up cracking due to the continuous movement of vehicles. In turn, a high Marshall deformation would imply a pavement prone to the formation of irregularities in the pavement and, in short, the loss of safety and comfort of the road. The Marshall deformations of the three families of bituminous mixtures with the different fillers are detailed in Figure 9.



As can be seen in Figure 9, the deformation of the samples blended with ladle furnace slag is less than the deformation of the families blended with calcareous filler and, at the same time, much more stable than the deformations of the bituminous mixtures blended with hornfels filler. However, the values obtained of Marshall deformation for the three families and in all percentages of bitumen were adequate according to Spanish standards.




3.3. Determination of Optimal Material Combinations


After evaluating the physical and mechanical properties of all the families of bituminous mixtures blended with different percentages of bitumen in the mix, the optimum percentage of bitumen was selected for each bituminous mixture. The optimum bitumen percentage was selected as the one that provided the greatest Marshall stability, as this is the fundamental test in these types of bituminous mixes. This is because the Marshall test evaluates the formation of plastic deformation through strength, thus avoiding the development of this problem, which would make the use of the bituminous mix impossible. However, it should be noted that the percentage of bitumen that provided the maximum Marshall resistance was selected as long as the results of the physical properties were acceptable.



The optimum bitumen percentages after analysing the Marshall graph, as seen in Figure 8, were determined to be in the region of 4.5% for the three families. Given that the variation with respect to this percentage was infrequent and the variation of the minimum optimum properties, the percentage of 4.5% was selected as optimum for the three families, thus facilitating the proportioning. Subsequently, samples were made again according to the method described in the methodology, and the physical and mechanical tests were repeated, thus confirming the results obtained previously. The results of the optimal combination of materials for the three families are detailed in Table 6.



As can be seen in Table 6, bituminous mixtures blended with ladle furnace slag filler had a higher percentage of voids, which gave the bituminous mixture special characteristics. At the same time, the Marshall stability was greater, ensuring good behaviour in the face of plastic deformation.



In addition to the tests mentioned, the immersion–compression test was carried out for the families of bituminous mixtures detailed with the three fillers mentioned, reflecting the results shown in Figure 10.



The immersion–compression test determined that the maximum resistance to simple compression without immersion corresponded to the family of bituminous mixtures that incorporated ladle furnace slag as filler. In addition, this family showed superior results in resistance to the simple compressive strength after immersion with respect to the other two families blended with calcareous filler and hornfels filler, reflecting a percentage of conserved strength greater than 75%. It was thus stated that the effect of water on the cohesion of the bituminous mixtures was lower in mixtures made with ladle furnace slag and that, therefore, the compatibility of bitumen with the slag was higher. This fact corroborates the claimed cementitious characteristics of ladle furnace slag.





4. Conclusions


The results of the different tests reflected in the previous sections conclude with confirmation of the initial hypothesis. To corroborate this hypothesis, the partial conclusions derived from this investigation are detailed below:




	
The ladle furnace slag has a low percentage of carbon and hydrogen, demonstrating the absence of organic matter. The main chemical elements are calcium, magnesium, silicon, aluminium and iron, combined in chemical compounds such as calcite, olivine, periclase and calcium or magnesium silicates. Consequently, this chemical composition is responsible for the cementitious properties of the slag, with no potentially toxic elements present in high proportion.



	
Ladle furnace slag has a particle density and bulk density similar to that of natural aggregate, with no plasticity and a very small particle size ideal for use as a filler.



	
Bituminous mixtures made with ladle furnace slag filler show a higher Marshall stability than other families of mixtures with different fillers, obtaining a higher void content and similar plastic deformation.



	
The optimum percentage of bitumen for the three families is similar, with this percentage being 4.5% of the mixture. It is this percentage of bitumen that provides the greatest Marshall stability for the three families of mixes.



	
The simple compression test without immersion showed better results for bituminous mixtures blended with ladle furnace slag. In turn, the resistance after immersion was also higher in this family, representing a greater compatibility of the slag with the bitumen than the other fillers.








On the basis of the partial conclusions obtained, it can be stated that the use of ladle furnace slag in continuous grading hot mix asphalt gives the final bituminous mix superior physical and mechanical properties to the fillers traditionally used. In other words, the use of this waste not only makes it possible to obtain products of similar quality but also improves the properties. It is, therefore, a clear example of the goodness of the application of the new criteria of the circular economy.
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Figure 1. Grading AC16S grading curve referring to the grading envelope defined by the standard ORDER FOM/2523/2014. 
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Figure 2. Results of X-ray diffraction of ladle furnace slag. 
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Figure 3. Scanning electron microscope image of ladle furnace slag with the secondary option: (a) 1500×; (b) 6000×. 
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Figure 4. Laser diffraction particle size analysis of ladle furnace slag particles. 
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Figure 5. Bulk density of the HF, CF and SF families of bituminous mixtures according to the percentage of bitumen. 
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Figure 6. Maximum density of the HF, CF and SF families of bituminous mixtures according to the percentage of bitumen. 
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Figure 7. Void content of the HF, CF and SF families of bituminous mixtures as a percentage of bitumen. 
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Figure 8. Marshall stability of the HF, CF and SF families of bituminous mixtures according to bitumen percentage. 
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Figure 9. Marshall deformation of the HF, CF and SF families of bituminous mixtures according to the percentage of bitumen. 
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Figure 10. Immersion–compression test for the optimum combination of materials from the HF, CF and SF bituminous mix families. 
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Table 1. Technical specifications of the bitumen used.
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Characteristics

	
Unit

	
Standard

	
Min

	
Max






	
Fresh binder




	
Penetration (25 °C)

	
0.1 mm

	
ASTM D5

	
60

	
70




	
Ductility

	
cm

	
ASTM D113

	
100

	
-




	
Solubility

	
%

	
ASTM D2042

	
99.0

	
-




	
Flash point

	
°F

	
ASTM D92

	
450

	
-




	
Resistance to Hardening 163 °C (ASTM D1754)




	
Retained penetration

	
%

	
ASTM D5

	
47

	
-




	
Ductility

	
cm

	
ASTM D113

	
75

	
-
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Table 2. Denomination and conforming elements of each family of bituminous mixtures made with different fillers.
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	Samples Groups
	HF
	CF
	SF





	Coarse aggregate
	Hornfels aggregate
	Hornfels aggregate
	Hornfels aggregate



	Fine Aggregate
	Hornfels aggregate
	Hornfels aggregate
	Hornfels aggregate



	Filler
	Hornfels aggregate
	Calcareous filler
	Ladle Furnace slag



	Bitumen
	B 60/70
	B 60/70
	B 60/70
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Table 3. Elemental analysis of ladle furnace slag.
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	Sample
	Nitrogen, %
	Carbon, %
	Hydrogen, %
	Sulfur, %





	LFS
	0.007 ± 0.001
	3.405 ± 0.068
	1.386 ± 0.026
	0.000 ± 0.001










[image: Table] 





Table 4. Results of the X-ray fluorescence of ladle furnace slag.
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	Compound
	Wt., %
	Est. Error





	CaO
	40.19
	0.25



	MgO
	19.38
	0.20



	SiO2
	12.49
	0.17



	Al2O3
	7.29
	0.13



	Fe2O3
	2.38
	0.08



	MnO
	0.936
	0.047



	S
	0.548
	0.027



	TiO2
	0.486
	0.024



	BaO
	0.240
	0.012



	Na2O
	0.118
	0.042



	Cr2O3
	0.1100
	0.0055



	Cl
	0.0833
	0.0042



	SrO
	0.0733
	0.0037



	ZnO
	0.0681
	0.0034



	K2O
	0.0506
	0.0025



	ZrO2
	0.0425
	0.0021



	V2O5
	0.0179
	0.0017



	P
	0.0138
	0.0012



	CuO
	0.0117
	0.0010



	NiO
	0.0082
	0.0011



	PbO
	0.0048
	0.0010



	Nb2O5
	0.0046
	0.0006



	MoO3
	0.0028
	0.0009



	Co3O4
	0.0021
	0.0009



	SeO2
	0.0012
	0.0005
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Table 5. Density and plasticity tests for the fine portion of ladle furnace slag.
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	Test
	Standard
	Value/Unit





	Particle density
	UNE-EN 1097-7
	2.71 ± 0.07 t/m3



	Bulk density
	UNE-EN 1097-3
	0.75 ± 0.01 t/m3



	Plasticity index
	UNE 103103/UNE 103104
	No plasticity
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Table 6. Physical and mechanical properties of the HF, CF and SF families of bituminous mixtures blended with the optimum combination of materials.
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	Test
	Standard
	HF
	CF
	SF





	% of bitumen in the mix
	-
	4.5
	4.5
	4.5



	Bulk density, kg/m3
	UNE-EN 12697-6
	2439 ± 61
	2430 ± 72
	2428 ± 75



	Maximum density, kg/m3
	UNE-EN 12697-5
	2570 ± 66
	2566 ± 81
	2583 ± 89



	Void content, %
	UNE-EN 12697-8
	5.1 ± 0.1
	5.3 ± 0.2
	6 ± 0.2



	Marshall Stability, N
	UNE-EN 12697-14
	14,203 ± 517
	13,516 ± 344
	14,691 ± 509



	Marshall Deformation, mm
	UNE-EN 12697-14
	0.0025 ± 0.0001
	0.0027 ± 0.0001
	0.0026 ± 0.0001
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