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Abstract

:

One important role in asphalt mixture performances is represented by the filler content and characteristics. This research aims to assess the potential usage of industrial waste powders as replacers of the standard limestone filler in asphalt mixture composition. First of all, an SEM and EDX analysis was carried out to figure whether this industrial waste can be used in asphalt mixture composition by comparing the results of the industrial wastes with the properties of the standard filler. After a chemical evaluation, laboratory investigations were carried out to characterize the materials in terms of geometrical and physical properties. The research study involved sixteen dosages of limestone filler with four different types of industrial waste powders in different percentages used. The results obtained from laboratory testing suggested that the inclusion of industrial wastes in the manufacture of asphaltic mixtures may have benefits for the construction industry, the waste management sector, and also for the environment.
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1. Introduction


Due to the modernization of the construction industry, the use of wastes is an attractive trend with high potential for many highway researchers, with cleaner manufacturing and viable development as the chief aim. For these researchers, the purpose of their work is primarily to ensure economic, safe, smooth, and sustainable roads in order to carry the expected loads. Under these circumstances, an increased interest has been given toward the finding of road materials that could reduce the deterioration of the structure and increase the functioning of asphalt pavements. The filler is one of the constituents of asphalt mixtures, and it contributes greatly to their behavior and properties, especially the effects of aggregate binding.



Asphalt mixtures are made from bitumen, mineral aggregates, filler, and additives (if necessary). The filler is a very fine aggregate that is obtained from industrial processes or natural rocks. Limestone powder represents the most commonly used filler. The fillers may come in different types of powder forms, with the maximum particle size of 0.063 mm according to EN 13043:2003 [1], and their addition in bituminous or hydraulic mixtures determines specific characteristics. Fillers are impactful in the manufacture of asphalt mixtures, as they can significantly influence the physical and mechanical properties of the mixtures [2,3,4]. Although fillers are extensively used in the manufacture of asphalt mixtures, proposing a general classification that describes all the functions done by the fillers used in asphalt mixtures is still challenging [5,6]. The fillers represent the finest part of the aggregate structure of an asphalt mixture, completing the granulometry, thus contributing to the reduction of the air voids in the mixture. It majorly functions as an inert constituent that occupies the voids in between the aggregates in the mix and gives rise to a denser and impermeable mix. Several experimental applications and studies have pointed out that fillers can contribute to the decrease of the asphalt mixtures’ thermal sensitivity or the betterment of the mechanical properties of the mastic that covers the coarse aggregates [7,8]. The fillers must have certain physical and chemical properties that allow for compatibility between the aggregates and the bituminous binder, at the same time guaranteeing a good rheological behavior of the mixture at the different temperatures encountered throughout the life of the asphalt mixture layer [9,10,11].



The relation between the filler and bitumen can be described as three main mechanisms: (a) volume filling, (b) particle structuralization, and (c) physical–chemical interactions [12]. Usually, the first two mechanisms facilitate mechanical reinforcement. The physical–chemical interactions consist of the adsorption process of the asphalt binder polar fractions onto the filler surface’s active spots by the van der Waals forces. The last mechanism is related to the filler’s chemical composition, hydrophobicity, surface charge, and surface area.



For the filler to play an effective role, it should possess the proper properties in terms of granulometry, the form and surface area, and also the proper mineral composition [13]. During the formation of the bitumen–filler bonding, the bitumen’s polar molecules (asphaltenes and polar aromatics with hetero atoms) are largely localized on the filler particles’ surface, thereby producing a particular interphase region, also called the transition zone [14]. The bitumen–filler bond strength excogitates how good the bond is maintained in the presence of water. Hence, the interactions between the two components might affect the asphalt mixture’s frost and water resistance. When the asphalt mixture is exposed to moisture and water, the boundary bitumen film’s organized nanostructure may be interrupted because the water molecules can act with the asphaltenes and polar aromatics.



For filler particles that are finer, the bitumen film thickness can affect the resulting mastic’s viscosity and therefore act upon the bitumen mixes’ performance against the action of different types of load [15]. The performance of bituminous mixtures also depends on the filler’s physical, mineralogical, and morphological properties, its physical–chemical interaction with the bitumen, and its concentration in the mixture [16,17,18,19]. The mastic behavior is determined by the filler type and its content, and this can have a bearing on the intermixture and the compaction of the bituminous mixtures [20,21]. Selecting the appropriate type of filler is an important action in the process of designing the asphalt mixture [22].



At present, there is a serious global issue caused by environmental pollution from waste products, and it has become a threat to sustainable development policy. It is well known that industrial wastes pose environmental and human health hazards, and combined with an intensive exploitation of natural resources, they can determine permanent alterations in the natural environment, such as disturbances in the existing ecosystem, groundwater level, and vegetation degradation [23].



A new approach for pavement engineering production has emerged from the studies and laboratory tests that investigated a wide range of new materials in the composition of asphaltic mixtures such as byproducts and industrial waste materials during the last 20 years. From an environmental viewpoint, the reuse of various waste materials reduces the space for authorized landfills and deposits, allowing for an economy of natural resources. Moreover, from an economic viewpoint, the reuse of various industrial waste materials and byproducts instead of still expensive new materials represents a more attractive solution. For example, fly ash is a bulky and heavy powder, making the transport of the material very expensive. It costs between 0.10 and 0.15 USD/ton/mile to transport fly ash by a pneumatically loaded trailer truck. If improperly disposed, most of the industrial wastes might give rise to the interruption of ecological cycles, respiratory issues, and soil and water pollution.



In practice, a substantial consumption of natural resources, as well as bitumen and mineral aggregates, and the discharge of unsafe emissions into the air are linked to the building of road structures. However, several waste materials have been used as additives in aggregate replacement, concretes, and mortars. The use of waste powder as filler in asphalt mixtures has been trending in the scientific world in the last ten years.



Several research reports dealing with the investigation of potential waste materials able to act as traditional filler materials have been presented in the literature, including fly ash and slag [24], recycled concrete powder [25], cement kiln dust [26], waste glass [27], brick powder [28], rice husk ash [29], coal waste powder [30], oil shale [31], waste bleaching clay [32], paper industry wastes [33], recycled waste lime [34], phosphate waste filler [35], municipal solid waste incineration ash [36,37,38], baghouse fines [39], oil shale fly ash [40], waste ceramic materials [41], waste marble materials [42,43,44,45], and waste tires [46,47]. It has also been reported that the properties of bituminous mastic are closely related to the type and percentage of fillers in the asphalt mix [48]. The chemical composition of the filler significantly influences the behavior of asphalt mixtures over their service period as well [49,50].



Large areas of land have become completely unusable because of the storage of industrial wastes. In Romania, a surface of almost 15,500 ha is occupied by various wastes, namely industrial waste tailing from the mining industry, flotation dumps that result from the processing of ferrous and non-ferrous deposits, fly ash and slag from power plants, and dumps from the steel and chemical industry. Thoughtful utilization of these byproducts might give rise to many economic and environmental benefits by cutting down the environmental costs that power and thermal plants incur for deposited waste.



This research aims to investigate the usage of four different waste materials (soda sludge, calcium sulfate, fly ash with lime, and fly ash) as fillers in asphalt mixtures while utilizing limestone filler as the control material. Characterization is carried out for the materials in terms of their chemical, geometrical, and physical properties, and their interaction with bitumen. In particular, the physical and mechanical properties of the asphalt mixtures obtained are used to evaluate the suitability of these waste materials for asphalt mixture production.




2. Materials and Methods


The waste materials to be studied here represent industrial wastes from soda production and thermal power plants. Their chemical and morphological properties were used to characterize the materials, and the materials were assessed in terms of their physical and mechanical properties. These industrial waste powders are compared to limestone powder, which is usually the most used material in Romania.



This research stage evaluated five possible types of mineral powders that can be used as an additive in asphalt mixtures. The scope of utilization of these industrial waste powders is for the valorization of the wastes resulting from different industries (ferrous metallurgy, energetic, etc.) as raw material or as an addition to asphalt mixture manufacturing.



2.1. Materials


2.1.1. Limestone Filler


The first filler analyzed is the traditional filler used in asphalt mixture composition in Romania, namely limestone filler. This material resulted from the fine grinding of limestone, and in this study, it was sourced from a local Holcim stone factory. It is very well known that limestone filler contains a high degree of calcium carbonate (minimum 90%).




2.1.2. Soda Sludge Powder


One of the raw materials used in the experiments is the soda sludge resulting from the soda production process from Govora. It is discharged and subjected to primary decantation in soda sludge stockpiles (also called settling ponds). The soda sludge is collected in the soda sludge tank, and the soda sludge settling takes place; the cleared water (bathing limes) received by the exhaust system from the reverse probes and the drainage systems are evacuated into the retention basins, and then the water is discharged through the drainage channel of conventionally clean water.



The amount of soda sludge pumped for storage in the Govora area is about 500 m3/h, when the plant operates normally. The surface occupied by the site of the bottles occupies about 146 ha and is bordered by a contour dam with a height of 2.5 m and a length of 5 km; the dam is made of local materials (sand and gravel) and a terrace with a waterproof clay mask inside. Currently, the complex of soda sludge bottles storage (tailings ponds) consists of 6 units.



In the dry state, the soda sludge is a solid in the form of a powder, odorless, white, or almost white. This material is not explosive or combustible. Short-term exposure to dry powder poses either very little or no danger.



The sludge must be handled with care, using appropriate control measures. It may accumulate or adhere to the walls of the space in which it is stored and may release or collapse spontaneously and unexpectedly. In order to prevent sinking or suffocation, it is forbidden to enter in the storage space (such as a silo, tank, truck tank, or material storage container).



The production dumps in the Govora area cover 55 hectares, and the decantation heaps, where the soda sludge from the production process is stored, cover 160 hectares.




2.1.3. Calcium Sulfate Powder


Another type of industrial wastes powder is represented by the calcium sulfate filler. Calcium sulfate is formed by the chemical reaction between limestone filler (CaCO3) and sulfur dioxide (SO2) gas generated by burning energy coal. Following the chemical analysis, traces of ash and other chemical elements can be highlighted. At temperatures above 1450 °C, calcium sulfate decomposes into calcium oxide (CaO) and sulfur dioxide (SO2).



In the dry state, calcium sulfate is a solid, odorless, white, or almost white powder. This material is not explosive or combustible. Short-term exposure to dry powder poses either very little or no danger. Calcium sulphate is handled with care using appropriate control measures. It may accumulate or adhere to the walls of the space in which it is stored and may release or collapse spontaneously and unexpectedly. This product may react with water, resulting in a slight release of heat, depending on the amount of limestone (calcium oxide) present.




2.1.4. Fly Ash Powder


It is very well known that fly ash is the main solid industrial waste obtained from a coal-fired thermal power plant. It has been utilized easily in the construction materials industry. The selected fly ash is from a local manufacturer, i.e., a Govora factory.



Thermal power plants fly ash powder are unanimously classified as industrial waste with severe ecological impact. Fly ash powder is a particulate material produced from the combustion of coal in thermal power plants. The huge production of fly ash is leading to its disposal problems, and hence methods are being studied for its use/disposal. Fly ash is a super fine material; the particle sizes average 45 microns in diameter. The smallest particles can be just 10 microns thick. This helps to give asphalt mixture its fine, powdery texture, which is what makes it a good bonding agent when added to aggregates and bitumen.



These particles are usually spherical in shape and have a glassy texture when viewed under a microscope. The color of fly ash can differ depending on whether other chemicals and minerals are present. Lime particles in fly ash give it a lighter color, whereas iron gives the ash a brown hue. Fly ash that is dark grey in color—which can be almost black—is usually caused by unburned coal in the power station furnace.



The ash is not volatile but can become airborne through drafts or during handling. Stored directly on the ground, the fly ash can enter the soil through rainwater and contaminate groundwater over time.



Energy installations, especially thermal power plants that use coal as fuel, can influence the environment in a way that sometimes leads to affecting the ecological balance of the areas in which they are located, as they have a complex impact on all environmental factors in their vicinity (atmosphere, water, soil, flora and fauna, food and habitat). Thus, the energy sector is considered as the main source of pollution.




2.1.5. Fly Ash with 10% Lime Powder


Most research deals with and explains the hardening properties of hydraulic ash, using general indices of hydraulic activity, determined by single or combined mechanical, physical, and chemical methods. Of the many substances used to activate the ash, the addition of CaO proved to be the most effective, being superior both in effect and economically to the addition of cement, because it creates a basic environment in the ash–water activator system, which triggers chemical reactions underlying the resistance structure.



The reactions between the fly ash components are characterized by SiO2, Al2O3, Fe2O3, and CaO. CaO ash activation depends on both the type of ash and the quality and amount of Ca(OH)2 used. For silico-aluminous and aluminosilicate ashes characterized by the sum of % SiO2 + % Al2O3 + % Fe2O3 > 70%, the activity is efficient, while for calcium and sulfo-calcium ashes the effect of the interaction with lime is practically insignificant.





2.2. Laboratory Experiments


An experimental laboratory program was established to investigate the chemical and also the physical properties of the fillers to ensure they comply with the international standard [1]. Moreover, the experimental program included other complementary tests as well.



2.2.1. Particle Shape


Using scanning electron microscopy (SEM) technique, both natural filler and soda sludge industrial waste material were analyzed. This evaluation allowed for the examination of the particles morphology and the measurement of their average size, using the SU8230 SEM (Hitachi High-Technologies Corporation, Japan).




2.2.2. Particle Size Distribution


All materials were tested by the method specified in SR EN 933-10:2009 [48] using air-jet sieving for the evaluation of the particle size distribution of the fillers by mass weight, up to 2 mm nominal size. Test sieves had a round frame of 200 mm nominal diameter and square aperture sizes of 0.063 mm, 0.125 mm, and 2 mm. The air jet sieving apparatus had a pressure difference of (3.0 ± 0.5) kPa across the sieve during the test procedure. The mass obtained on each sieve was calculated as the percentage of the original dry mass (M1), rounded to the nearest whole number.




2.2.3. Water Content


All the materials has water content (w), and this was determined using the methodology according to SR EN 1097-5:2008 [51]. Specimens of natural and industrial waste fillers were evaluated by weighing the wet mass and the mass after their drying in a ventilated oven, which is thermostatically controlled (a temperature of 110 ± 5 °C). The value of the water content (w) is represented as a percentage of the mass of the dry test portion, in accordance with the following equation:


  w =    M 1  −  M 3     M 3    * 100  



(1)




where



M1—mass of test portion, in grams;



M3—dried test portion (constant mass), in grams.




2.2.4. Particle Density


The particle density of the fillers (SG) was determined by the pycnometer method according to the method detailed in SR EN 1097-7:2001 [52]. Three separate test specimens for each evaluated powder were used, and the calibration of the pycnometers was performed involving a liquid with a known density. Equation (2) was applied to calculate the particle density of all the fillers, in grams per cubic meter:


   ρ f  =    m 1  −  m 0    V −    m 2  −  m 1     ρ 1       



(2)




where:



m0—the mass of the empty pycnometer with stopper, in grams;



m1—the mass of the pycnometer with the filler test portion, in grams;



m2—the mass of the pycnometer with the filler test portion, topped up with liquid, in grams;



V—the volume of the pycnometer, in milliliters;



   ρ 1   —the density of the liquid at 25 °C, in grams per cubic meter.



   ρ f   —the particle density of the filler at 25 °C, in grams per cubic meter.




2.2.5. Methlene Blue Value


With the purpose to evaluate the presence of damaging components, especially the clay minerals, the methylene blue value of the fillers (MBF) was tested by the method described in SR EN 933-9+A1:2013 [53]. Increments of methylene blue solution were added consecutively in a suspension of the test portion in water. After each addition of solution, the adsorption of dye solution by the test portion was checked by executing a stain (tested on filter paper) with the purpose to detect the presence of free dye. After confirmation, the value was calculated with the following equation (3) and expressed as grams of dye adsorbed per kilogram of the size fraction tested (0/0.125 mm fraction):


  MB =    V 1     M 1    * 10  



(3)




where:



M1—mass of the test portion, in grams;



V1—total volume of dye solution injected, in milliliters.




2.2.6. Voids of Dry Compacted Filler


The procedure for determining the voids of dry compacted filler was done using the Ridgen method. It was utilized for finding the bitumen carrying capacity of natural and artificial filler [54]. The percentage of air void represents the volume of air filler space in the filler; this is expressed as a percentage of the total filler volume after compaction. The height of the compacted filler bed was then used to determine the volume of the compacted filler. Using the particle density of the compacted filler, it is possible to calculate the air void content of the compacted filler.



We calculate the voids of the fillers as the mean of the three determinations from the individual values of m2 and h with an accuracy of 0.1%, in accordance with Equation (4):


  V =  (  1 −   4 *   10  3     * m   2       π * α   2     * ρ   f   * h     )  × 100  



(4)




where:



V—the voids, in percent;



m2—the mass of the compacted filler, in grams;



α—the inner diameter of the dropping block cylinder, in millimeters;



ρf—the particle density of the filler, in megagrams per cubic meter;



h—the height of the compressed filler, in millimeters.




2.2.7. Delta Ring and Ball


The delta ring and ball (ΔTR&B) value represents the difference between the softening point of the mastic and the bitumen. The experimental test defined in the SR EN 1427-2:2007 [55] was conducted to determine the softening point of the bitumen and bituminous binders, which was found to be in the range of 28–150 °C. The test method was also carried out according to SR EN 13179-1:2013 [56], which describes the procedure used for evaluating the stiffening impact of the filler aggregate if it is mixed with bitumen.




2.2.8. Blaine Specific Surface Area


The test method describes how to find the fineness of the powder material, using the Blaine method, specifically in terms of the specific surface evinced as the total surface area of powder (square centimeters per gram) [57]. It is highly well known that this test method is known to work for measuring the fineness of cement, and that the relative instead of absolute fineness values are obtained. The specific surface values were calculated using the following Equation (5):


  S =    S s   T       T s       



(5)




where:



S—the specific surface of the test sample, in m2/kg;



Ss—the specific surface of the standard sample used in calibration of the apparatus, in m2/kg;



T—measured time interval, in seconds, of manometer drop for test sample;



Ts—measured time interval, in seconds, of manometer drop for standard sample used in calibration of the apparatus.






3. Results and Discussion


3.1. Morphological and Chemical Ccharacteristics


Figure 1 and Figure 2 present SEM micrographs of the limestone filler (standard) and soda sludge filler (industrial waste), respectively. The presence of agglomerated, fairly irregular particles of about 0.1–0.2 µm with a relatively dense structure was noticed for both investigated materials, which is in a good agreement with [58,59,60].



The EDX analysis revealed the presence, in various proportions, of Ca, O, Si, Mg, and Cl in limestone filler and of Ca, O, Al, Mg, S, Si, and Cl in soda sludge filler, as shown in Figure 3a,b, respectively.



Average weight percentages of ≈45.7% O and ≈53.2% Ca in the case of limestone filler and of about 32.17% O and 54.2% Ca for the soda sludge filler were found, suggesting the presence of mixed Si and Mg oxides associated with CaSO4 in the filler composition. The small amount of the Cl element might have originated in some impurities that remained from the synthesis procedures. The spatial distribution profiles for the main elemental components are presented in Figure 4 and Figure 5 for the limestone filler and soda sludge filler, respectively.



The EDX chemical analysis demonstrated a relatively heterogeneous elemental distribution in the case of the standard limestone filler, while for the soda sludge filler the components were quite uniformly distributed.




3.2. Geometrical and Physical Characteristics


Size Distribution


The results obtained after laboratory testing on natural and all industrial wastes are given in Table 1.



According to the standard SR EN 13043:2003, the upper and lower limits were imposed [1], meaning that a minimum 70% of particles must pass through a 63 µm sieve and a minimum 85% particles must pass through 0.125 mm sieve, as dictated by the standard. The soda sludge filler shows a reduced fineness with approximately 8.5% compared with the lower limit; the same behavior is presented on the 0.125 mm sieve where the filler shows a reduced fineness with approximately 1% compared with the upper limit. In the same time, the calcium sulfate filler shows an improved fineness; the particles of this filler passed through all the sieves utilized in this test method.



According to Jon Epps (2003), Kim Yong-Rak (2012), and Pasadin (2020), it was proven that a coarse filler added to asphalt mixtures does not fulfill its complex role, and a too fine filler leads to significant increase in binder consumption, thus making it difficult to homogenize the mixture and to promote the acceleration of the aging binder. They stated that the water resistance of asphalt mixtures could be improved by using fly ash as mineral filler [61,62].



Seventeen powders were evaluated through physicomechanical laboratory tests to determine which is the perfect combination that can be utilized in asphaltic mixture composition. To verify the possibility of replacing the natural filler (limestone) with these industrial wastes, every filler was tested in various dosages and combinations, as follows: the replacement of 100% limestone in asphalt mixtures using 30, 50, 70 and 100% soda sludge, calcium sulfate, fly ash, and fly ash with 10% lime.



The evaluation of the volumetric mass and the Blaine specific surface is presented in Figure 6 for all the filler combinations presented above.



The particle size, or the fineness of powder materials, is very often critical to their performance. The volumetric mass of the industrial waste fillers can be easily compared with the volumetric mass of a standard filler. This property has a very small influence on all the combinations evaluated (i.e., the industrial waste utilized in asphaltic mixture composition) because of the very close results of the tests, with the exception of the 100% calcium sulfate, which has a specific surface lower than that of the limestone filler with 33%. This property can influence and affect the quantity of bitumen and the mastic rigidity in asphaltic mixture compositions.



In line with the range set out in [1], all analyzed fillers have geometric characteristics for the maximum number of particles greater than 63 µm, except soda sludge filler, which shows a higher fineness in this case. The fillers’ homogenous particle size distribution has an increased impact on the mastic viscosity and the rutting resistance of the asphaltic mixtures in which they will be used. The particle size and its shape were also verified by the SEM and EDX analyses; these two characteristics of the fillers can influence and affect the mechanical properties of the asphaltic mixtures. Apart from this, the SEM and EDX analyses suggest that the limestone filler and soda sludge filler show similarity in composition and aspect, Figure 7.



The water content of limestone filler is only comparable with the fly ash filler and the fly ash with lime powder, while the calcium sulfate and soda sludge fillers are above the values mentioned in regulation standard [1]. As already known, it is necessary to evaluate and control the humidity. This involves drying the filler before using it in asphalt production plants. Based on the water content percentages by mass, limestone, fly ash, and fly ash with limestone fillers belong to the category WC1 (the usual category, with water content under 1%), while for the soda sludge and calcium sulfate filler, the values were found to be higher than 1% water content by mass.



Calcium sulfate proved to exhibit a special behavior, as well as the soda sludge filler, in that they had values that are higher than the maximum limit found in [1]. The test results highlighted that all the evaluated waste powders can be utilized as a valid alternative to natural filler in asphalt mixtures, but special attention should be given to storage conditions, i.e., the time and money spend for drying the filler before using it.



The water solubility result has only one exception of the rule, namely the calcium sulfate filler, which is not soluble in water; this response is certainly linked to the chemical composition of the material. The results of the water solubility test confirmed that the filler belong to the WS10 category (water solubility under 10%), in accordance with [1], Figure 8.



The porosity of the industrial waste fillers test shows a high number of intergranular voids for the utilization of 100% fly ash, fly ash with lime, soda sludge, or calcium sulfate. Once limestone is added to composition, the values come to the limits highlighted for fillers that are often used in the production of asphaltic mixtures.



The stiffening properties of all industrial waste powders were evaluated according to the voids of dry compacted filler. The results obtained by laboratory tests correspond to the following categories according to [1]: the limestone belongs to the V28/38 category (the lower category, involving fewer voids in powder); all industrial waste powders in 20–80% composition with limestone filler belong to the V28/45 composition category (representing a higher number of voids); 100% fly ash, fly ash with lime, and soda sludge belong to the V44/45 category (reaching the maximum limit of voids in powder). These are all presented in Table 2.



According to the obtained results, all industrial waste fillers show a higher porosity compared with limestone filler. The softening point represents the temperature at which the tested material under standardized test conditions attains a specific consistency. The delta ring and ball of the evaluated industrial waste fillers corresponds to the results of the relevant categories stated in Table 3, in accordance with [1].



Some relationships may be present between the ring and ball temperature and the porosity of the fillers. The higher porousness and also the stiffening properties of industrial waste fillers compared with the limestone filler can cause a hardening of bituminous mastic, with implications in the bitumen dosage in the asphalt mixture compositions and also in the durability of asphaltic mixture. It was demonstrated that fillers with a higher porosity show a high softening temperature, leading to a harder mastic. This characteristic can be seen as a negative impact on the workability of the asphaltic mixture. Methylene blue tests did verify that the compositions comply with the regulations of the imposed standard conditions; this means that the industrial wastes will not have a negative effect of fine particles on the characteristics of the asphaltic mixtures, Figure 9.



The harmful fines (e.g., swelling clay) were determined, and the maximum methylene blue (MBF) values measured for the fillers correspond to the category MBF7 for all the evaluated powders, according to [1]. This category means that all industrial wastes can replace the natural filler, as their behaviors were shown to be extremely close to that of the control filler. For each test, all the results are presented with average values of minimum three repetitions.



One possible future research direction is highlighted by the necessity to evaluate the interaction that occurs in the asphaltic mixture composition of these fillers, in order to determine the best dosage that can be utilized while also evaluating the interaction of the aggregates and bitumen. Another research direction that can be mentioned is the evaluation of the benefits of using industrial waste in asphaltic mixtures by the economic benefits of using them. Still another direction of study can involve tests with different types of bitumen to discover whether there is a real relationship between the porosity and the stiffening properties of the powders with the rigidity of the mastic.






4. Conclusions


The present preliminary study reports a wide range of morphological, chemical, geometrical, and physical characteristics of industrial waste materials, comparing them with limestone filler as the control filler. The results from the performance tests can be summarized as follows:




	
The SEM and EDX chemical analyses present very important information, showing the similarities between the components and also in the distribution of all components in the soda sludge powder and the limestone filler. This important characteristic have a crucial role in time preparation and mixing, giving homogeneity to the composition of asphalt mixture.



	
The EDS tests verified the presence of low quantities of silicon dioxide (SiO2) in the chemical composition of tested fillers. At the same time, the presence of calcium (Ca) is favorable, due to its good interaction with bitumen.



	
According to the particle size distribution test results, we found that the calcium sulfate filler and the soda sludge filler can have an important role in the viscosity of asphaltic mixture composition, while the behavior of fly ash is similar with that of the control filler.



	
The water content of limestone filler is comparable to the fly ash filler, but at the same time, the values of both the calcium sulfate filler and soda sludge fillers are above the values listed in SR EN 13043. Their water content values are influenced by the exposure to an environment with humidity during the storage process. It is highly recommended that humidity should be controlled in order to ensure that the process is correct for asphalt production in plants.



	
The use of filler improves the passive adhesion between the aggregates and the bitumen, leading to asphaltic mixtures with higher water resistance and thus higher durability. The porosity and also delta ring and ball tests show higher results compared with conventional filler, and these characteristics needs to be evaluated very closely in an asphaltic mixture composition.








The laboratory evaluation suggests that in all the tests, industrial waste materials may be considered as a valid alternative to natural filler in asphalt mixture composition. Some results, however, do not meet the standard requirements suggested for natural filler. The filler characteristics and proportions that directly affect the performance of the final asphaltic mixture can be assessed by future developments and studies.



The necessity of testing and declaring all properties specified in this study for the evaluated industrial waste powders should be considered a big step in improving our ability to apply reusable artificial materials and to protect nonrenewable materials. Hence, a complete economic evaluation should be executed to affirm the feasibleness of employing HMAs incorporating different types of industrial waste powders.
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Figure 1. SEM micrographs of limestone filler, recorded at different magnifications: 2000× (a); 10,000× (b); 20,000× (c). 
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Figure 2. SEM micrographs of soda sludge filler, recorded at different magnifications: 2000× (a); 10,000× (b); 20,000× (c). 
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Figure 3. EDX analysis of (a) limestone filler and (b) soda sludge filler. Inset: the corresponding EDX elemental composition. 
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Figure 4. EDX maps of elemental distribution for the limestone filler: (a) EDX layered image, (b) Ca, (c) Mg, (d) O, (e) Si, and (f) Cl. 
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Figure 5. EDX maps of elemental distribution for the soda sludge filler: (a) EDX layered image, (b) Ca, (c) Mg, (d) Al, (e) O, (f) Si, (g) S, and (h) Cl. 
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Figure 6. The volumetric mass and the Blaine specific surface of the mineral and artificial filler. 
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Figure 7. The water content and the solubility of the mineral and artificial filler. 
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Figure 8. The porosity and the delta ring and ball of the mineral and artificial filler. 
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Figure 9. The methylene blue value and the volumetric mass of the mineral and artificial filler. 
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Table 1. Particle size distribution.






Table 1. Particle size distribution.





	
Sieves Size

	
Mass of Material that Remains on the Sieve

	
Percentage of Material that Remains on the Sieve

	
Total Percentage of the Material Passing through the Sieve

	
Lower and Upper Limits According to SR EN 13043: 2003 and AND 605:2016






	
Limestone filler




	
mm

	
g

	
%

	
%

	
%




	
2

	
0

	
0

	
100

	
100




	
0.125

	
3

	
6

	
94

	
85–100




	
0.063

	
10.3

	
20.6

	
79

	
70–100




	
Soda sludge filler




	
mm

	
g

	
%

	
%

	
%




	
2

	
0

	
0

	
100

	
100




	
0.125

	
8

	
16

	
84

	
85–100




	
0.063

	
18.1

	
36.2

	
64

	
70–100




	
Calcium sulfate filler




	
mm

	
g

	
%

	
%

	
%




	
2

	
0

	
0

	
100

	
100




	
0.125

	
0

	
0

	
100

	
85–100




	
0.063

	
0.1

	
0.2

	
100

	
70–100




	
Fly ash with 10% lime filler




	
mm

	
g

	
%

	
%

	
%




	
2

	
0

	
0

	
100

	
100




	
0.125

	
2.5

	
5

	
95

	
85–100




	
0.063

	
10.1

	
20

	
80

	
70–100




	
Fly ash filler




	
mm

	
g

	
%

	
%

	
%




	
2

	
0

	
0

	
100

	
100




	
0.125

	
5

	
10

	
90

	
85... 100




	
0.063

	
13.3

	
26.6

	
73

	
70... 100
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Table 2. Categories for voids of dry compacted filler.
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Voids of Dry Compacted Filler

	
Category






	
100% limestone

	
V28/38




	
100% fly ash

	
V44/45




	
100% fly ash with lime




	
100% soda sludge




	
20–100% calcium sulfate

	
V28/45




	
20–80% fly ash




	
20–80% fly ash with lime




	
20–80% soda sludge
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Table 3. Categories for delta ring and ball.
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Delta Ring and Ball (°C)

	
Category

ΔR&B






	
100% limestone

	
ΔR&B8/16




	
100% fly ash

	
ΔR&B25




	
100% fly ash with lime




	
70% and 100% soda sludge




	
20–100% calcium sulfate

	
ΔR&B8/25




	
20–80% fly ash




	
20–80% fly ash with lime




	
20–80% soda sludge
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