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Abstract

:

The current study presents the evaluation of the mechanical behavior of an asphalt mixture using the alternative aggregate boiler coke ash, an element that originates in nickel processing. Hereby, we have focused the research on the runways for military purposes, which marks a great difference to the existing commercial runways in the Western Brazilian Amazon. This area suffers extreme heat, with temperatures oscillating up to 80 °C on the corresponding asphalts. This leads to deformations that are the main aim of the present investigation and the main consideration of fatigue damage. The main property of the alternative aggregate, whose granulometry composes the fine elements of the asphalt mix, is the pozzolanity that acts as a cement in the putty of the mix. Based on our experimental approaches, there is a significant improvement in the results of the tests standardized by DNIT, ABNT and DIRENG, allowing the technical and economic evaluation of the used mixture. Another fundamental aspect is the reduction of the volume of waste disposed of in nickel processing plants in Brazil.
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1. Introduction


The accessibility of remote sites of both old and new settlements, natural resources and the extension of social-economic activities is essential for the development and progress of each country [1,2,3,4]. Brazil is the fifth largest country worldwide, with an extension of more than 8.5 million square kilometers and a population of some 214 million citizens. It has a poorly maintained road network, a shortage of railways and a river network of scarce resources [5,6,7,8,9]. This scenario makes air transport a relevant alternative for travel and, on occasions, is the only one to access certain regions [10,11,12].



Aeronautical pavements play a prominent role in the airport complex due to their importance in the operation and safety of aircraft [13,14,15,16,17]. Its conditions of use and conservation are one of the main concerns of the administration in charge of its management [18,19,20]. The gradual degradation of these infrastructures is one of the factors that can contribute to incidents and accidents involving aircraft [21,22,23]. Therefore, the maintenance and rehabilitation practices of aeronautical pavements should be treated as a priority and responsibility by its administrators, given this difficult task and the financial resources involved, which in most cases are high or often insufficient [24,25,26].



Transportation systems are essential for the economic and social growth and development of a country [27,28]. The need to transport more in less time requires these systems to be efficient and safe. In order to guarantee these conditions, special attention must be paid to the infrastructure [29]. Among the means of transport, rail and air stand out due to their function of transporting heavy loads efficiently and safely [30]. However, with the increase in applied loads, traffic volume and practiced speeds, it became necessary to develop new methodologies to size pavements and analyze new materials. Therefore, the data points to a high demand for paving products, from equipment to construction materials. In the latter case, aggregates, which represent approximately 95% of the composition of bituminous mixtures for the production of asphalt concrete, deserve special attention [31,32,33]. The demand for road infrastructure materials is enormous and is often limited to deposits of raw materials. This raises concerns about the possibility of depletion of natural resources and the effects that their extraction can have on the environment. Thus, the supply of infrastructure materials associated with the demand for deposits of raw materials, generates changes in the evaluations of economic viability of the so-called residual or alternative materials [34,35,36,37,38,39].



Ashes are in the group of industrial waste that is generated annually in large volumes and that is often improperly disposed of in the environment, without any technical criteria [40,41]. Other times they demand high costs related to storage and final destination, a fact that is a problem for an industry that is beginning to worry about the adoption of disposal practices in suitable areas and the necessary protection measures [42]. The reuse of various types of ash has already aroused great interest in some branches of industry. Various investigations aimed at its use have allowed its use in civil construction, especially light ash in the manufacture of pozzolanic Portland cement [43,44,45]. This procedure began in the mid-1930s, when the ashes began to be available in significant quantities, occupying a large space in industries and requiring specialized infrastructure to restrict environmental legislation [46,47,48]



The use of alternative materials aims to improve the properties of asphalt mixtures to reduce the defects to which a pavement is subjected [49,50,51]. The permanent deformation in the wheel track of the support layer is one of the most important defects, since this type of defect, in addition to providing an accelerated degradation of the pavement structure, considerably reduces the comfort and safety of the user, thus increasing operating costs [52,53]. It is noteworthy that an important factor to consider in the safety of this mechanical phenomenon is that on rainy days, a layer of water forms along the entire section in the sumps of the wheel tracks. This makes water drainage difficult and provides minimal contact between the tire and the coating, which can result in hydroplaning [54,55].



Thus, the main objective of the current research is to present the study of the physical and mechanical properties of an innovative asphalt mixture in remote military airports. With the addition of boiler ash to coke and using the Marshall dosing method, with CAP 30/45 as an asphalt binder and determined by laboratory tests, the differences between this mixture and another were conducted with traditional aggregates. The tests were performed in the IME’s Asphalt Mix Laboratory, with fine and coarse aggregates supplied by the quarry of the Magé municipality in the State of Rio de Janeiro, while the asphalt binder was supplied by CENPES-RJ, and the ashes from the city of Niquelândia, Goiás State in Brazil.




2. Brazilian Military Airports and Their Importance


The Brazilian National Defense Plan of Action, which belongs to the responsibility of the State, has its highest-level conditioning document in the National Defense Policy and which establishes the National Defense Objectives [56,57]. The first is the guarantee of sovereignty, national heritage and territorial integrity. Other objectives include structuring the armed forces with adequate organizational and operational capacities, creating social and economic conditions to support the National Defense in Brazil, contributing to international peace and security, and protecting Brazilian interests at different levels of external projection of the country [58,59,60].



The Amazon is an area of continental dimension with a fascinating flora and fauna. Understanding this region, its great distances, difficulties in terms of logistical support whether by sea or air, its vulnerabilities in terms of security and defense, permeate the actions of the armed forces and especially the Brazilian Air Force. Since the middle of the 20th century, it has acted as a factor of defense, integration, deterrence and, above all, presence, fulfilling its constitutional function [61,62,63,64,65]. In Brazil, the Amazon region occupies 60% of the national territory which is spread across nine states. The interconnection of the Amazon biome spans across borders. For all these reasons, it is a region that has profound difficulties from the point of view of surveillance and defense. It should be noted that borders are political, that is, they are not biological or social, despite the attempts of integration by neighboring countries.



The first great challenge in the Amazon region has to do with the environmental issue. Added to this is the great permeability of the country’s borders. About a thousand rivers penetrate the Brazilian territory, and each one of them is a means of communication through which all kinds of legal and illegal trades pass [66,67]. This makes the task of defense gigantic. Currently, the army has 87 military units along the border, and another 28 platoons are being created. Therefore, local aerodromes or airports are of great importance for the economic, social and security development of the region [68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83].




3. Classification of Pavements


The pavements behave differently to the requirements imposed by traffic and the climatic variations, depending on the materials used in the different layers [84,85,86]. According to its constitution and its deformability, it is possible to distinguish different classes. In general, aeronautical pavements are divided into classes, namely flexible pavements and rigid pavements. There can be combinations of pavement types and stabilizing layers, bituminous or rigid reflows (overlays) that result in complex pavements. However, for the FAA, it continues to classify the floor as rigid or flexible [87]. The type of pavement that will be used in the different paved areas of an airport depends on technical and economic factors [88]. The trend is the use of flexible pavements on rails and circulation paths due to their good characteristics of friction, regularity and comfort [89]. Rigid pavements are most used in aircraft parking areas because of their greater resistance to fuel spillage, among other advantages (Figure 1) [90,91,92].



3.1. Rigid Pavements


The rigid pavement consists of a top layer of concrete with the use of Portland cement, that acts simultaneously as a wear layer and base with support functions [93,94,95]. The high flexural strength of concrete means that the pavement does not suffer severe deformations, even when it is subjected to high temperatures and heavy and intense traffic. It is very important that this layer guarantees the impermeability of the floor, not only through the slab but also through the joints, which must be sealed with a suitable material. As the concrete slab absorbs the loads imposed on the pavement over a large area, the maximum vertical stress reaching the foundation corresponds to a small fraction of the contact pressure between the tire and the ground. In this case, the subbase does not play as important a role in the load-bearing capacity of the pavement as in the case of a flexible pavement [96]. The base is made of homogeneous material that is not sensitive to water. If it presents heterogeneity in its physical and mechanical characteristics, as well as reduced load capacity, it must incorporate a pavement bed with improved soil. Figure 1 indicates the typical constitution of a rigid pavement. Regarding the typology, rigid pavements can be grouped into four different categories [97] depending on how they control shrinkage cracking, with reinforced concrete pavements with joints being the most common in airports.
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Figure 1. Types of rigid pavements: (A) simple concrete pavement; (B) simple concrete pavement with transfer pole; (C) reinforced concrete pavement with simple continuous distributed reinforcement; (D) structurally reinforced concrete pavement. Redesigned and modified from [98]. 
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[image: Applsci 12 09134 g001]






3.2. Flexible Pavements


Flexible pavements can have a highly variable constitution depending on the characteristics of the available materials, the climatic conditions, the resistance of the foundation soil, the intensity, and the types of traffic to which they are subjected. Its composition must allow that the transmitted loads, from the surface to the foundation, do not exceed the load capacity of the successive layers; that is, the layers must be arranged in such a way that the respective modulus of elasticity or rigidity progressively decreases in depth [99,100,101].



In the airport zone, the important characteristics of the pavements are good adherence conditions (such as avoiding aircraft hydroplaning) and resistance to chemical attack by pollutants. Flexible porous pavements, composed of an open mix of aggregates and bitumen, improve the drainage of the pavement and consequently the visibility of the horizontal grooves that run in the coating. This improves conditions against hydroplaning in wet weather on the coating. Floors modified by the addition of resins and hardeners are less susceptible to temperature and are highly resistant to chemical attacks from fuels and oils [102,103,104]. The wear and leveling layer is constructed from a mixture of selected aggregates bound together by a bituminous binder. The surface of the wear layer prevents the penetration of surface water into the base layer. It is essential that it provides the free circulation of disaggregated particles so as not to endanger the safety of people and goods. It must be capable of supporting aircraft loads, with good skid resistance without compromising the integrity of aircraft tires. Being the layer most subject to atmospheric conditions, it is also the one that degrades the most. The base layer is the main structural component of the flexible pavement and distributes the loads to which it is subjected through the sub-base layer, and from there to the foundation. Sized to resist the compressive forces produced on the surface, it prevents the soil from reaching the final state of ruin and from permanently deforming [105,106].



Composed of hard aggregates, resistant to impacts, with friction between its own particles and wear caused by traffic on the pavement surface, the base layer may or may not be stabilized. Stabilized foundations typically incorporate binders such as asphalt bitumen or Portland cement, and transform the pavement into a semi-flexible or semi-rigid structure. Its quality is inevitably influenced by the composition, physical properties and compaction of the constituent materials [107,108,109].



The underlayer is subject to lower compressive stresses and may consist of a simply compacted granular layer. Although it has resistance characteristics, it essentially performs drainage functions. Therefore, it must be composed of granular materials with good drainage characteristics to avoid the rise of water by percolation and, if necessary, be provided with a drainage mat (geotextile) that prevents the ascent of fines to the upper layers. The foundation, which includes not only earthworks (landfill or excavation) but also the pavement bed, is composed of compacted natural soil. In flexible pavement, the foundation is subjected to much lower stresses than the surface, base or subbase. Much of the stresses dissipate along the granular layers [110,111,112].




3.3. Fatigue Damage to the Asphalt Pavement


The useful life of a pavement, in terms of service and performance, is related to its correct dimensioning which seeks to avoid the occurrence of structural defects such as cracking and subsidence. These two are the main defects of asphalt pavements, traditionally called flexible pavements. Cracking can be caused by phenomena such as fatigue in which intermittent loads cause cracks, which is progressive damage. Sinks are due to a mechanism called permanent deformation. These defects are caused by two different modes of mechanical demand like repeated bending (responsible for the fatigue of the material) and simple compression, in the development of the service [113,114,115,116,117,118,119,120].



In a mechanistic methodology for pavement design, the stresses and deformations required by the structure are calculated and compared with the permissible stresses and deformations of the materials to be used, which are obtained through laboratory tests or mechanistic-empirical equations [121]. Thus, by evolving from an empirical approach to a rational or mechanistic-empirical one, it becomes possible to calculate stresses and deformations that will lead to the correct functioning of pavements in the face of previously ignored or poorly understood defects. Fatigue cracking and permanent deformation are the main acceptance and/or evaluation criteria of the pavement structure. They correspond to the most common defects that most affect the usefulness of a pavement throughout its useful life [122,123,124,125].



The well-dosed and well-executed asphalt layer, at the beginning of its useful life, is subject to a small permanent deformation that is characterized more by compaction than by the viscous characteristics of the asphalt binder [126]. This initial deformation must be small or unimpressive. Even reduced, it allows for closing of the asphalt mix with a small reduction in the volume of voids. Permanent set caused by asphalt binder viscosity associated with particulate lubrication is most pronounced over the life of the asphalt mix. Obviously, in poorly dosed asphalt mixtures and with unsuitable binders for the climate and demanding traffic, the deformations caused by lubrication and viscosity can be important at the beginning of the useful life [127,128,129].



Asphalt coatings have high surface temperatures due to the black color of the asphalt binder [130,131]. The surface of the mixture absorbs large amounts of solar radiation that the coating stores as heat. The heat stored throughout the day is transmitted from the coating to the lower layers of the soil by conduction. During the day, soils become considerably warmer than the environment. During the night, the heat stored in the lower layers is transmitted to the coating and this radiates the excess heat to the environment. Thus, the surface temperatures of the coating are even higher than those of surfaces covered with Portland concrete or with vegetation [132].



The wheel tread sag (Automated Traffic Recorders (ATR)) observed in a pavement is the sum of the permanent deformation portions experienced by all its constituent layers, these being subgrade, subbase, base, and cladding [133,134]. This non-recoverable deformation is a function of several variables such as weather and traffic conditions, together with the level of stress supported by the layer. However, due to the proximity of the load and the high stiffness compared to other layers of pavement, the asphalt coating is usually responsible for most of the magnitude of the total permanent deformation of the structure. This is especially evident on roads with heavy traffic, featuring vehicles with high axle loads and high tire pressure. Thus, the role of each constituent of the asphalt mixture (asphalt binder, aggregates and volumetry) in the phenomenon of permanent deformation will be discussed below.



There are two main mechanisms of fatigue cracking in asphalt pavements, being top to bottom and bottom to top [135]. Cracks in the upper part of the base start at the bottom of the asphalt layer as a result of the high deformations associated with bending, and propagate to the pavement surface. This type of cracking is the most common form of fatigue damage that occurs. Top-to-bottom cracking begins at the pavement surface, just below the wheel path, and spreads downward. This type of damage is due to shear stresses due to vehicle traffic and the constant change in climatic conditions to which the asphalt mixture is subjected [136]. Currently, multiple load configurations are used for these tests such as axial traction, diametral compression and simply supported beams, among others. Traditionally, fatigue testing of asphalt mixtures is performed in the field using three- or four-point bending tests on rectangular samples of asphalt concrete [137,138].



During the fatigue process, the interpretation of the behavior of the material is complex. Fatigue is common in asphalt materials, and can be basically addressed by two theories, namely Fracture Mechanics and Continuum Mechanics. The first has phenomena that are framed on the microcrack scale to represent the behavior of the material, while the second globally represents the micro-scale phenomena through the use of state variables. Thus, the complexity of the problem and the consequent computational costs are reduced, at the cost of a less detailed analysis and the need for some tests to determine the evolutionary law of the state variables. The main models of continuous damage are based on several studies [139,140,141,142]. These studies defined the law of evolution of the internal variables through the strain energy. This is an area under the stress-strain curve in a monotonic test that leads to failure and the principle of viscoelastic correspondence [143], in order to characterize the evolution damage under monotonic loading [144].





4. Use and Classification of Ash on Pavements


Bituminous mixtures consist of asphalt binder and mineral aggregates, and their behavior is affected both by the individual properties of these components and by the relationship between them. The binders, which can be asphalt cement or modified asphalt cement (with the addition of modifiers such as polymers and rubber), act as binders for aggregates and as a waterproofing agent, encompassing the mineral particles and forming a cohesive mass. Aggregates, regardless of source, processing method or mineralogy, must be strong (tough and durable) and resist the stresses and abrasion resulting from the application of repeated loads. In this context, the study of the reuse of tailings from the steel industry in the investigation of asphalt mixtures seeks to contribute to reducing the large volumes of this material in landfills. Thus, this solution is an alternative to mitigate environmental liabilities and contribute to the study of an alternative paving material [145,146].



The demand for road and airport infrastructure materials is enormous, and is often limited to deposits of raw materials such as gravel, soil and sand, among others. Thus, it can be concluded that the supply of so-called alternative materials for the execution of the infrastructure has a great influence on the evaluations of the economic viability of a pavement [147,148]. Ashes have been used in the industry since the 1930s, when they began to be available in significant quantities. Initially, they were used as raw material incorporated in the manufacture of concrete and pozzolanic Portland cement [149,150]. However, there is a growing increase in the control criteria by environmental agencies in relation to the exploration of new deposits and the search for raw material, causing the use of waste to increase throughout the world. In general, the two factors being the scarcity of deposits of conventional materials and the availability of large quantities of waste around the world, are the driving forces of the studies that point to the use of these materials [151,152,153].



The use of waste in pavement construction is often economically viable, as paving works consume large amounts of material. However, the reuse of materials in this type of work must be done in such a way that the expected performance of the pavement is not compromised, since the residues and by-products differ substantially in their types and properties and, consequently, in their paving applications [154]. The pavement should not be used only as a waste disposal site, only to solve environmental problems. It is necessary to show the advantages of using waste from the point of view of improving the pavement and not only its contribution to nature conservation. Experience and knowledge of the use of waste varies by material. In order to use these materials, engineers, researchers, the generating industry, and environmental and paving agencies must be aware of the properties of the material to be used and the associated limitations in their use and application.



The use of waste in paving can be beneficial, both for the generating industry and for the civil construction industry. This use of waste leads to the reduction of costs with the extraction and transport of conventional aggregates, minimizing the environmental impact caused by the construction waste disposal deposits and the preservation of deposits of natural materials. The residues can be reused both in pavements and in the manufacture of pozzolanic Portland cement, in stabilized bases and modified soils for roads, paths and buildings, and also as fillers in bituminous mixtures. Some of the residues already used or studied in pavement layers are mentioned, such as construction, renovation and demolition residues (CRD), steel slag, rubber from waste tires, coal ash from thermoelectric plants, rice husk ash, ornamental rock residues, and petroleum exploration and production residues (drilling gravel, copper slag and oily sludge, among others) [155].



In Brazil, the generation of ash derived from coal, without counting other sources, is quite high. It is estimated at four million tons per year, and the trend is for this value to increase due to the development of the industrial sector. The production of residues from the burning of fossil coal is an inevitable consequence of the use of this non-renewable natural resource as fuel. Of the total amount of coal burned in Brazil, only 30% of the ash is sold, justifying the importance of developing research, products and techniques that seek to take advantage of this waste [156,157].



It is known that the ash has a high contaminating potential, related to its hydraulic drag and with two determining factors, being the alkaline pH present in its composition and the solubilization of its elements when it comes into contact with the drag water [158,159,160]. In large areas of settling basins, elements including heavy metals are leached into the environment. This can contaminate the soil and subsoil, reach the water table and adversely affect animals and plants. Considering the cumulative effects of the heavy metals, these effects can be serious [161,162]. However, when evaluating the contaminating potential of the ash, it should be considered that not all ash has the same composition. Its physical, chemical and mineralogical characteristics depend on a variety of factors, including the composition of the source material of the matter, combustion conditions, type and efficiency of the emission control system and disposal methods used.



Contrary to investigations that only consider the contaminating potential of the ashes, it is stated that the ashes can be considered an important mineral resource, due to their physicochemical and mineralogical properties (Table 1). Rarely found in other materials, they are characterized by a high reaction capacity with binders of the lime. Furthermore, its potentially dangerous or toxic elements are immobilized when it is used in a stabilized form with lime [163]. In addition, other factors must be considered. For example, the large amounts of material available ready for use after its formation, requiring no processing processes, except for occasional drying in the presence of excess moisture. The main effort to reduce the environmental impacts resulting from the disposal of ash in the environment has been aimed at evaluating the potential of ash for use in different industrial processes [164].



Ash is a by-product that is classified, according to the standard, as industrial waste. That is, it originates in the activities of the different branches of industry, such as metallurgical, chemical, petrochemical, paper and food. However, according to the standard, for its classification the leaching and solubilization tests must first be carried out. These tests will indicate if the waste presents any type of danger, flammability, toxicity, reactivity or pathogenicity, all reactions that can be harmful to the environment.



Solid waste is classified as Class I Waste, which represents hazardous waste, Class II Waste, which represents non-inert waste, and Class III waste, which is inert waste [15]. This classification serves to define the procedures necessary for the treatment to be given in the disposal of solid waste resulting from industrial processes. Based on these tests, and comparing the leached and solubilized concentrations with the standards established as the norm, a solid residue is classified as inert or not inert. When the concentration of a chemical element that is considered dangerous exceeds the established limit, the waste is classified as dangerous, i.e., Class I. Characteristics such as corrosivity, flammability and violent reaction with water also classify the waste as dangerous. It can be concluded that, although there are many beneficial applications for ash, they can only be used if they meet the regulatory requirements established in the legislation on solid waste [15]. Since ash is industrial waste, it is classified according to the Brazilian standards that govern the classification of solid waste in terms of how dangerous it is.



In the case of coal ash, the ash formation process occurs by direct combustion of coal. Coal is a solid raw material, consisting of two closely mixed fractions: an organic (volatile material plus fixed carbon), and a mineral (clay, quartz, pyrites, carbonates, etc.). The action of heat causes the organic fraction to generate volatiles and coke, while the mineral turns into ash with modified mineralogy. There is loss of water from the clays, the decomposition of carbonates and the oxidation of sulfides. Broadly speaking, the ash is considered to consist of non-combustible carbon components and unburned particles due to the incomplete combustion of pulverized coal [167,168,169].



The combustion characteristic of pulverized coal occurs at high temperatures, between 1200 °C and 1600 °C, in an oxidizing gaseous environment. The residence time of the particles in the oxidizing flame is an average of two seconds, a sufficient condition for the total or partial fusion of mineral matter. The different temperature zones within the boilers cause the pulverized coal particles to present, after combustion, different characteristics. This results in ash fractions with different physical, chemical, mineralogical and microstructural characteristics, which allows the ashes to be classified into two different types, being light or flying (dry) and heavy (wet).



All of the physical and chemical properties of coal ash are influenced by several factors such as coal composition, degree of processing and grinding of coal, type, design and operation of the boiler, ash extraction and handling system, and transformations that occur according to the combustion temperature [170]. Due to the factors presented, the ash will present variations in its composition and physicochemical properties, not only from plant to plant, but from boiler to boiler in the same plant and even in the same boiler at different times.



Ash is generated from various organic and inorganic components of the coal feed. Due to the scale of a variety of components, they constitute one of the most complex anthropogenic materials that can be characterized. Approximately 316 individual minerals and 188 mineral groups have been identified in different ash analyzed as documented in Table 2. The ashes are classified according to the gasification or coal burning process in three different types: light ash (or fly ash), bottom ash (heavy ash or wet ash), and finally slag or coarse ash.



Light ash (or fly ash) is composed of extremely fine light particles (100% less than 0.15 mm), and which are entrained by the combustion gases of furnaces or gases generated in industrial gasifiers [171,172]. A large part of these particles is retained by a capture system such as fabric filters, cyclones, electrostatic precipitators, etc. The large units that produce this type of ash are thermoelectric plants and steam plants.



Bottom ash (heavy ash or wet ash) originates from the processes of combustion of coal in pulverized form, and from the burning or gasification of coal in a fluidized bed, which generally contain a non-carbon content that is burned from 5 to 10% [173]. They are heavier and coarser-grained, which fall to the bottom of the furnaces and gasifiers. They are extracted by the flow of water, mainly in the large boilers of thermal power plants and steam plants.



Slag (or coarse ash / boiler slag) originates in the process of combustion or gasification of coal in fixed and mobile grates [174,175]. They often occur with coarse-grained particles and synthesized blocks, with a considerable content of unburned carbon (10–20%). They are removed from the bottom of the ovens after cooling with water.



It should be noted that Brazil does not have specific legislation for the classification of ashes. Therefore, these are only classified as solid waste, and their use requires the adaptation of the relevant regulations and the approval of environmental agencies. Light or volatile ashes appear in small amounts as hollow spheres. These are called cenospheres when they are empty, and plerospheres when they are filled with many small spheres [176,177]. A large part of these particles is retained by a capture system, such as tissue filters, cyclones and electrostatic precipitators, which are listed in Table 2.



This type of ash is usually gray, abrasive, mainly alkaline and refractory in nature. These materials are in the category of pozzolanic and/or cementitious materials. The main constituents of the ash are crystals of silica SiO2, alumina Al2O3, oxide of iron Fe2O3 and lime CaO, in addition to other components in smaller amounts such as MgO, Na2O, K2O, SO3, MnO and TiO2, as well as carbon particles not consumed during combustion. The potential use of fly ash is controlled primarily by its chemical composition, although their small particle size is also an important consideration.



Fly ash has cementation characteristics that allow its use for soil stabilization without the use of activators to improve its mechanical properties, such as in soft soils for application on bases and sub-bases. This allows it to contribute to a stable work platform favorable for road construction [178,179]. Fly ash is capable of developing pozzolanic reactions and has characteristics for soil stabilization, since its composition contains the main elements responsible for pozzolanic activity such as SiO2, Al2O3, Fe2O, CaO, MgO, SO3, Na2O and K2O.



The first recorded study on the use of ash in pavements in Brazil was performed in 1998 [180]. The authors evaluated the behavior of fly ash, produced in a thermoelectric plant in the country’s south, as a sand stabilizing agent in order to confirm studies that had been carried out only abroad. As a conclusion of that work, the possibility of stabilizing the soil with this type of residue was evidenced, since fly ash is a precious complementary material in soil stabilization that can help correct and even replace traditional materials. Later, two other important works of great reference were developed for the study of ash in layers of pavement. Through these studies, they demonstrated the feasibility of stabilizing sand with fly ash and lime. Studies that were used in the implementation of an experimental section located on the margins of the BR-101, in the municipality of Imbituba/SC, where, on the sand subgrade, a sand subbase stabilized with lime and fly ash was placed and constructed. In this section, instrumentation sections were installed and the monitored results were quite satisfactory, approving the performance of the material. They concluded that the ashes are suitable for use in pavement bases and sub-bases. The curing conditions, the traffic requirements and the rigidity of the base layer must be evaluated, in order to promote a reduction of the vertical stresses transmitted to the subgrade and delay the effects of fatigue. Since as the strength of the material increases over time, the development of cracks in the material is also delayed [181,182,183,184,185,186,187].



In Brazil, there are a series of barriers to the use of ash as a raw material. Among the main ones is the lack of dialogue between the coal sector, coal mining, steel and metallurgy, thermoelectric plants and other industries with research entities and environmental control bodies. There is a lack of favorable policies, legislation and subsidies that encourage the consumption of these residues, with a potential consumption of ashes. In addition, many companies are neither interested nor prepared to invest in this field of study, classifying the ash simply as a disposable waste. However, in recent decades, studies have been carried out in Brazil that show great potential for the use of ash in pavements, both in rigid and flexible pavement structures. The potential for the use of ash in paving is enormous and these are materials are seldom used in Brazil in road works [181]. It can be noted that the studies are in the initial phase, since in countries such as the United States and other developed countries, ash is already widely used as a base and sub-base material for pavements, as aggregate for concrete, asphalt and mortar for masonry and in the construction of dikes, while in Brazil a large part of the ash is deposited in sedimentation basins.



With the growing increase in control criteria in environmental agencies regarding the search for new deposits, the use of waste has become more and more general. In view of these criteria, current experiences on the use of tailings and the geotechnical performance of materials in the pavement structure have been further explored. So far, there have been several investigations into the use of ash as a raw material. Most of these studies specifically address the pozzolanic activity of this material and how it can serve a noble purpose in engineering according to its chemical and physical characteristics. It should be noted that in recent years, several investigations have been carried out on the use of this type of waste, which studied the ashes in their different forms and contents and gave their contribution to the application of ashes in pavements [182,183,184,185,186,187].




5. Methodology


5.1. Marshall Dosing Method


The dosage of an asphalt mixture is a formulation process in which a granulometry of aggregates with specific natures is sought together with the addition of CAP, so that after mixing at the appropriate temperature and subsequent compaction, they form a material that offers conditions for proper mechanics. This supports loads that demand a specific pavement, and whose material does not show premature deterioration when subjected to climatic and traffic variations [188]. This method considers a variety of characteristics, such as granulometry, bulk density of the mix, maximum theoretical density of the mix, percentage of voids of the compacted mix (Vv), percentage of voids of mineral aggregates (VAM), bitumen-void ratio (RBV), stability and fluidity (creep).



The grain size adopted must have the maximum possible density to ensure maximum stability. The bulk density of the mixture is calculated with the samples of the compacted mixture. The maximum theoretical density of the mixture is the density of the mixture, supposedly without voids. The percentage of voids of the compacted mixture (Vv), is the volume of air existing between each particle of aggregate covered with CAP in the compacted mixture in relation to the total volume of the sample. The percentage of mineral aggregate voids (VAM) is the percentage of the volume of intergranular space of a compacted asphalt mixture, which includes the volume of air and asphalt, in relation to the total volume of the sample. The bitumen-void ratio (RBV) is the percentage of VAM that is filled with CAP. Stability is the maximum load to which the specimen is subjected until it breaks, being under semi-confined radial compression. Flowability is the total deformation of the specimen after breaking during the stability test.



The Marshall dosing method continues to be the most widely used in Brazil [51]. The dosage of a hot-machined bituminous concrete-type asphalt mix (CBUQ) has consisted until today in the choice, by means of experimental procedures, of a so-called “optimal” binder content. The definition of what is an optimal content is not simple. It is possible that this term was chosen by analogy with the optimum moisture content of a soil, which, for a given energy, is a function only of the specific mass. However, in the case of asphalt mixes, there are several aspects to consider, and the “optimal” content varies according to the evaluation criteria. In this method, five groups of three samples are cast with different binder contents. The experience of the designer may suggest a CAP content for the first group of three samples based on the range of particle size considered. The other four grades are determined in 0.5% and 1.0% increments from the first grade.



Even using the Marshall procedure for dosing, there are different methods for choosing the optimal content, all of which use the void volume of the mixture for their determination. The void volume (Vv) is the most important volumetric property of asphalt concrete. Air voids are always needed within the compacted mix to allow for thermal expansion of the binders and to resist light compaction caused by traffic. Very low void volumes (less than 3%) compromise the performance of the mixes in terms of ATR (sink on wheel track) and very high (more than 8%) compromise durability [189].




5.2. Tested Mixtures


A study of asphalt mixtures with coke boiler ash as filler was carried out for different mixtures by the binder content (CAP 30/45), with 4.0% plus 0.5% until reaching a content of 6.0% CAP. This procedure was carried out for the two main types of mixture, with and without ash, both made by the Marshall dosing method (M1 and M2) whose models are represented in Figure 2. As for the aggregates, their temperatures were taken as 10 °C above the temperatures of the binders. The diameters and heights of the Marschall tests consists of an optimal content being 10 cm × 6 cm (amount of 50), a stability of 10 cm × 6 cm (6), a modulus of resilience (at 25 °C) of 10 cm × 6 cm (15), an indirect tensile strength (at 25 °C) of 10 cm × 6 cm (9) and a fatigue life (TC) of about 10 cm × 6 cm (30), which results in a total of 110.



The range of particle size chosen for the mixtures was the DIRENG range B [190], regardless of the method used to dose them. Particle size curves were plotted on logarithmic scale graphs for sieve opening using the Marshall method. In addition to the project range, the ranges corresponding to the lower and upper limits of range B were also drawn as a reference. Table 3 describes the specimens for the corresponding tests for Marshall dosage. The tests were carried out in the asphalt laboratories of the Military Institute of Engineering (IME).



With the contents of the project of each mixture, five samples of each were executed and stability and indirect tensile strength tests were carried out, totaling 110 samples. Table 4 describes the results of the tests with the optimal contents of each mixture, and the reference parameters recommended in the DNIT-ES 031/2006 standard.



The ideal percentages for the dosage and the necessary test tubes were determined that allowed the tests to continue until the Design Content was obtained. However, the choice through experimental methods from a predefined granulometric range is not easy. In the present study we tried to obtain the best results with the available materials, and for this, the mixtures that were tested are shown in Figure 2 (M1 without gray and M2 with gray).





6. Results and Discussion


For the ash-free mix, it was decided to start varying the content from 4.0%, varying from 0.5% to 6.0%, thus resulting in five contents. Five copies were executed for each grade chosen. Table 5 documents all the average parameters for each mix content. It shows also the results of the densities for each binder content of the M1 mixture (without ash) and the tests of creep, tensile strength and modulus of resilience, values that conform to the reference standard [190]. For the mixture with ash, the test results are presented in Table 6, also referenced by the standard [191]. There is little difference when comparing the results of the mixes with and without ash (Figure 3 and Figure 4). However, it is important to highlight the difference in the behavior of the mixtures in the tensile strength (RT) and resilient modulus (MR) tests.



The test is performed to determine the modulus of resilience (Figure 4), with the purpose of determining the relationships between recoverable deformations (resilience), with the cracks that appeared in the asphalt coatings. The tests are based on the energy stored in the elastically deformed body that is returned when the stresses causing the deformations cease.



The test is standardized in Brazil by the [192] standard, and is conducted by repeatedly applying a load in the vertical diametric plane on the regular cylindrical specimen. For this test the Poisson’s ratio of 0.35 was adopted (Figure 5). Analyzing the MR curves, it is observed that the ashless mixture has greater elasticity, or it can also be determined that a greater stiffness determines the amount of ash in the mixture, which in turn maintains an elastic balance in the mixture. The mean MR was taken as the arithmetic mean of all the results obtained in the tests after applying the Grubbs test. In this research, no extreme value was ruled out by the criteria adopted. The value of the average MR behavior, characteristic of each mixture, is considered as the arithmetic mean of the results that fell within the 95% confidence interval.



There was a decrease of approximately 12% in the MR value of the mixture M1 (5.3%) relative to M2 (5.2%). Mix M2 is slightly less stiff than M1, despite its lower binder content. The decrease in MR is small and cannot be attributed to the residue in the mixture, but instead to factors such as the change in particle size, for example. It is concluded that the substitution of sand for ash is perfectly acceptable. In the tensile strength test as shown in Figure 6, which is one of the failure tests, an important parameter for the characterization of the material as Portland cement (and in this specific case the Coke boiler ash), the only behavior is assumed elastic due solely to the uniform tensile stresses that were generated.



The test makes it possible to determine the maximum support load for the specific specimen, insofar as the fluidity allows it to maintain its stability. In Figure 6 it can be observed that for the mixture with ash (M2), the creep values are lower than for the mixture without ash (M1). This fact is mainly due to the accumulation of stresses and the low elasticity in the deformation that the specimen supports. The fatigue test was performed with four stress levels, adjusted to 15%, 20%, 30%, 35% of the indirect tensile strength (RT).



From these results, it was possible to plot specific deformation curves and stress differences as a function of the number of cycles required for failure (Nf), as illustrated in Figure 7 and Figure 8.



It can be observed that the mixtures presented results with small dispersion in the log-log space, since the linear regression curves presented values of the coefficient of determination around 90%. Normally a direct comparison of the fatigue curves is not possible, but in this case as the MR values are close, it is observed that the mixture with ashes has a somewhat longer fatigue life than the other. This direct comparison was preliminarily possible by considering the similarity between the values of the modulus of resilience of the mixtures.



The ash-free asphalt mix had the shortest fatigue life for all stress differences evaluated, as indicated in Table 7. The table lists the results of the fatigue test performed on two samples (M1 and M2) related to Figure 2, where a traditional structure of the asphalt pavement stands out, and M2, which adds a percentage of the residue of the nickel mineralization (nickel-holding ash). These two mixtures have a similar mineral skeleton. The granulometric curves and the type of aggregates are similar, however they only differ by the percentage of filling M2 with 3% gray. This indicates that the addition of ash improved the resistance of the mix to fatigue damage when the test was performed under controlled stress.




7. Conclusions


Studying the mechanical behavior of asphalt mixtures with complex modules and fatigue tests is a great contribution to transport engineering (airway paving), in addition to promoting a contribution to combat global warming. In this study it was possible to analyze the behavior of hot asphalt mixtures with the addition of boiler ash to the coke with fatigue parameter analysis. The results presented in this study are limited to a single comparison between the two mentioned mixtures, which does not allow generalizing the behavior of the material.



The difference from total to effective voids determined in asphalt mixtures is due to the use of the actual specific gravity of the aggregates in determining the theoretical maximum density of the asphalt mixture, thus generating high voids. The determination of these parameters, mainly for bituminous mixtures with very porous aggregates such as the M2 fill, increases the total percentage of Vv by approximately 10% due to the ash.



Coke furnace ash is a new element and has not been studied much in academia. Therefore, there are still no rules to guide its use. The standards used in this study led to the classification of the ash as light ash or fly ash, due to its high content of fines. However, analyzing its composition, it did not fit into any of the classes described in the standard.



The mechanical characteristics of the asphalt mixtures that include coke boiler ash by the Marshall method remained within the ranges proposed by the Brazilian DNIT and DIRENG standards. In addition, an important characteristic was the improvement in resistance to deformation under loads, compared to a traditional mix at any temperature level.
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Figure 2. Schematic representation of the mixtures tested in the current study. 
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Figure 3. Maximum Specific Mass Measured (Gmm). 






Figure 3. Maximum Specific Mass Measured (Gmm).



[image: Applsci 12 09134 g003]







[image: Applsci 12 09134 g004 550] 





Figure 4. Resilience Module. 
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Figure 5. Tensile Strength Test. 
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Figure 6. Creep test result. 
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Figure 7. Fatigue life x resilient specific deformation. 
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Figure 8. Fatigue life x Voltage difference. 
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Table 1. Overall assessment of waste and by-products [165,166].
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	WASTE
	CHARACTERISTICS
	USE
	ADVANTAGES





	Background ash
	By-product of coal combustion: particles with a size of 0.09 mm to 20 mm; angular shape; very porous
	Cement

light aggregate

Sub-base
	Energy saving

Increased production capacity for relatively lower capital expenditure



	Fly ash
	By-product of coal combustion, smaller particles carried by flue gases into chimneys.
	Cement

Concrete

light aggregate

Sub-base

asphalt filler

Brick
	Energy saving

Increased production capacity for relatively lower capital expenditure

Fine texture

Low specific mass

Ease of combination with free lime
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Table 2. Characteristics of Fly Ash [33].
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	CLASS 1
	CLASS 2
	CLASS 3





	Blast furnace waste
	Phosphate residue
	Gold scraps



	Fly ash
	Copper residue
	Copper scraps



	Sulfur
	Cement manufacturing fines
	Lead and zinc waste



	Refining residue
	Quarry waste
	Coke mill



	Boiler and grill ash
	Mine scraps
	Foundry sand



	Nicel residue
	Slate waste
	Refractory and ceramic waste



	Demolition waste
	Feldspar waste
	Resin



	Coal mine rejects
	Rubber tires
	Lagnina



	Oil shale waste
	Zinc and lead slag
	Potash mine waste



	Taconite waste
	Mixed ash
	Pyrite ash



	Clay treatment sand
	Incineration waste
	Glass waste



	Slag from the iron mines
	
	Plastic waste



	Pyrolysis residue
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Table 3. Test bodies used by stage.






Table 3. Test bodies used by stage.










	Trials
	(Diameter × Height)
	MARSHALL





	(1) Definition of optimal content
	10 cm × 6 cm
	50



	(2) Stability
	10 cm × 6 cm
	6



	(3) Resilience Module (25 °C)
	10 cm × 6 cm
	15



	(4) Indirect tensile strength (25 °C)
	10 cm × 6 cm
	9



	(5) Fatigue Life (TC)
	10 cm × 6 cm
	30



	Total
	
	110
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Table 4. Results of Marshall dosing tests. RT represents the tensile strength, while MR is the resilient modulus.






Table 4. Results of Marshall dosing tests. RT represents the tensile strength, while MR is the resilient modulus.





	Mixtures

Obtained
	Amount of

Binder
	Apparent

Density

Gmb (mist.)
	Effective

Density

Gmm (mist.)
	Estability

(kgf)
	Creep

(mm)
	RT

(MPa)
	MR

(MPa)





	I
	4.0
	2.318
	2.542
	14,022
	7
	1.7
	8013



	II
	4.5
	2.380
	2.510
	12,606
	7
	1.9
	11,399



	III
	5.0
	2.386
	2.498
	13,897
	8
	1.9
	12,844



	IV
	5.5
	2.390
	2.467
	13,108
	9
	1.9
	10,859



	V
	6.0
	2.405
	2.432
	15,273
	9
	1.0
	9177
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Table 5. Marshall dosing parameters obtained for mixture M1 (without ash) and results of mechanical tests.






Table 5. Marshall dosing parameters obtained for mixture M1 (without ash) and results of mechanical tests.





	Reference
	VV(%)
	RBV (%)
	VAM (%)
	ESTABILITY (kgf)
	RT (MPa)





	(DNIT-ES 031/2006)
	3–5
	75–82
	TMN 19 mm
	>500
	>0.65



	Results of Attempts
	I
	II
	III
	IV
	V



	CAP Amount (%)
	4.00
	4.50
	5.00
	5.50
	6.00



	Density Max. Theoretical
	2.655
	2.632
	2.610
	2.589
	2.567



	Apparent Specific Mass (Gmb)
	2.365
	2.387
	2.388
	2.383
	2.394



	% Voids (% V)
	10.92
	9.31
	8.51
	7.96
	6.74



	Vacuum with binder (VCB)
	9.38
	10.65
	11.83
	12.99
	14.24



	Aggregate gaps. Mineral (VAM)
	20.30
	19.96
	20.34
	20.95
	20.98



	Asphalt-Void Ratio (RBV)
	46.21
	53.36
	58.16
	62.00
	67.87







(DNIT-ES 031/2006).
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Table 6. Marshall dosing parameters obtained for mixture M2 (with ash) and results of mechanical tests.






Table 6. Marshall dosing parameters obtained for mixture M2 (with ash) and results of mechanical tests.





	Results of Attempts
	I
	II
	III
	IV
	V





	CAP Amount (%)
	4.00
	4.50
	5.00
	5.50
	6.00



	Measured Specific Mass (Gmm)
	2.542
	2.510
	2.498
	2.467
	2.432



	Specific Apparent Mass (Gmb)
	2.318
	2.380
	2.386
	2.390
	2.405



	% Voids (% V)
	8.80
	5.19
	4.47
	3.12
	1.10



	Voids Filled with Bitumen (VCB)
	9.19
	10.62
	11.82
	13.03
	14.30



	Mineral Aggregate Voids (VAM)
	17.99
	15.81
	16.29
	16.15
	15.40



	Bitumen-Vacuum Ratio (RBV)
	51.08
	67.17
	72.56
	80.68
	92.86







(DNIT-ES 031/2006).
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Table 7. Regression parameters of the fatigue life curves of the mixtures.






Table 7. Regression parameters of the fatigue life curves of the mixtures.





	
Mixtures

	
Nf = a1 (∆σ) b1

	
Nf = k1 (εr) k2




	
a1

	
b1

	
R2

	
K1

	
K1

	
R2






	
M1

	
8784.5

	
−2.546

	
0.8961

	
1.00 × 10−8

	
−2.546

	
0.8961




	
M2

	
11,674

	
−2.543

	
0.9485

	
3.00 × 10−8

	
−2.543

	
0.9485

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
100,000

Resilient specific deformation, e,

z
%

B M2 GRAY M2

£ 100 | y=3x10%x-2.543

S I R:=09485

=l o o

g °

2w M1 ¢

5 y=1x10%x-2.546 "

M R*=0.8961

&

&

)

2 oo 00001





media/file4.png
% de CAP (Vanable Quantity)

N

Yiss
<
'y
%

T Sty
G :
r.,-uﬁ' e .® ',.. ',.. o, ’:.:.. '..;.? . .-’.
L T L AU UL i': . .®
* I q
o 0 4 1
:-_l Yo de Aggregate E 1
- 1
1 i

% Sand (Varable)

% of ash

VN N

M1 M2





nav.xhtml


  applsci-12-09134


  
    		
      applsci-12-09134
    


  




  





media/file16.png
10,000

1,000

Number of applications, N

100

M2
» M2 GRAY . y = 11674 x -2.543
. M1 TRADITIONAL : R2 = 0.9485
M1 : —
y =8784.5 x -2.546 AN
R2 = 0.8961 .

Voltage difference, Ds (MPa)






media/file2.png
Transfer pole

Floor

‘ 4 to 6 meters | 4 to 6 meters | 4 to 7 meters | 4 to 7 meters |

3 to 4 meters

Section 3 e e —————) O L T
Transfm' pule





media/file5.jpg
Gmm of the mixture

2550

2525

2.500

2475

2450

2425

—e—Gmm (mist) S/C  —s—Gmm (mist.) C/C

425 45 475 5 525 55 575
ASPHALT PETROLEUM CEMENT CONTENT in %





media/file3.jpg
% de CAP (Varizble Quantity)

% de Aggregate

% Sand (Variable)

of ash

%

M2

M1





media/file1.jpg





media/file7.jpg
1 —+—MRS/C (MPa) —+—MRCC

12000

10000

silience Module in MPa

8000

6000 Amount of CAP in %
‘ 435 45 4 s sas 55 S5 6 625





media/file10.png
—0=RT S/C(MPa) —o—RTCC ~—o—RT minima

212
: <
122/’-—.——
o
215
=
=
a 0.99
=
@ 1.0
& 0.65
7 0]
>
- SR S I I IR S S S SN
£ 0.5
=
0.0
4 4.25 4.5 4.75 5 .25 K. 5.75 6

ASPHALT PETROLEUM CEMENT CONTENT in %





media/file12.png
Fluidity / Creep in mm

—#¥— Fluency S/C (mm) =@==Fluency C/C

——— Min. fluency — — Max. fluency
16 - 12

14 O 10

12 - 8

4 4.25 4.5 4.75 5 5.25 5.5 5.75 6
ASPHALT PETROLEUM CEMENT CONTENT in %





media/file9.jpg
Tensile Strength in kgf

25

—+—RTS/C(MPa) —+—RTCC —o—RT

428 4s 475 s 525 55
ASPHALT PETROLEUM CEMENT CONTENT in %

575






media/file0.png





media/file14.png
7 100,000

7

% e M2 GRAY M2

> 10,000 " y=3x10%x-2.543
S 2 3 R2 = (.9485

= 5

o

: 1,000 Ml

= y=1x 108 x -2.546 iy

o7 R?=0.8961 ’

=

o

E 100

7 0.00001 0.0001

Resilient specific deformation, e,





media/file8.png
14,000 —e—MR S/C (MPa) —»—-MRCC

~ 12843.67
g
12,000 P
-
=
(=]
>
@
10,000 g
-
—
7]
< 9106.83
8,000
6,000 Amount of CAP in %

4 4.25 4.5 4.75 - S.25 53 S.75 6 6.25





media/file11.jpg
—#—Fluency S/C (mm) =o=Fluency C/C

L~ Min fluency ——Max. fluency "
1o w0
2 .

Fluidity / Creep in mm

3 as 475 s 525 ss 575 6
ASPHALT PETROLEUM CEMENT CONTENT in %






media/file6.png
Gmm of the mixture

2.550
é

2.525

2.500

2.475

2.450

2.425

2.54

—0=—Gmm (mist.) S/C —o—Gmm (mist.) C/C

4.25 4.5 4.75 5 5.25 5.5 5.75
ASPHALT PETROLEUM CEMENT CONTENT in %





media/file15.jpg
10,000

Number of applications, N
H

100

M2
» M2 GRAY . y=11674x 2.543
+ M1 TRADITIONAL R?=10.9485

Vil

y=8784.5x -2.546
R?=0.8961 .

Voltage difference, Ds (MPa)






