

  sustainability-13-10633




sustainability-13-10633







Sustainability 2021, 13(19), 10633; doi:10.3390/su131910633




Article



Engineering Characteristics and Environmental Risks of Utilizing Recycled Aluminum Salt Slag and Recycled Concrete as a Sustainable Geomaterial



Youli Lin 1, Farshid Maghool 1, Arul Arulrajah 1 and Suksun Horpibulsuk 1,2,3,*[image: Orcid]





1



Department of Civil and Construction Engineering, Swinburne University of Technology, Melbourne 3122, Australia






2



Center of Excellence in Innovation for Sustainable Infrastructure Development, School of Civil Engineering, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand






3



Academy of Science, Royal Society of Thailand, Bangkok 10300, Thailand









*



Correspondence: suksun@g.sut.ac.th; Tel.: +66-4422-4322







Academic Editor: Castorina Silva Vieira



Received: 1 September 2021 / Accepted: 21 September 2021 / Published: 24 September 2021



Abstract

:

Recycled aluminum salt slag (RASS) is an industrial by-product generated from the melting of white dross and aluminum scraps during the secondary smelter process. Insufficient knowledge in the aspects of engineering characteristics, and the environmental risks associated with RASS, is the primary barrier to the utilization of RASS as a substitute material for natural quarry materials in the field of geotechnical construction. In this research, comprehensive geotechnical and environmental engineering tests were conducted to evaluate the feasibility of utilizing RASS as a sustainable geomaterial. This was undertaken by comparing the laboratory testing results for RASS with a well-known recycled material, namely recycled concrete aggregate (RCA), and the relevant specifications set forth by the local road authority. The geotechnical engineering assessment included particle size distribution, flakiness index, organic content, pH, particle density, water absorption, modified Proctor compaction, aggregate impact value, Los Angeles (LA) abrasion, hydraulic conductivity, and California bearing ratio (CBR). The CBR results of the RASS samples satisfied the minimum CBR value (>80%) for usage as pavement subbase material in road construction. In addition, the repeated load triaxial (RLT) tests were carried out on the RASS samples to assess the response of the RASS under cyclic loading conditions. Furthermore, a range of chemical tests, consisting of leaching and polycyclic aromatic hydrocarbon tests, were also performed on the RASS to address the environmental concerns. Comparing the chemical test results with the environmental protection authorities’ guidelines provided satisfactory evidence that RASS will not pose any environmental and health issues throughout its service life as a geotechnical construction material.
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1. Introduction


The sophisticated lifestyles and urbanization have dramatically increased the generation of waste materials from both the construction and industrial sectors. Recycling of waste materials, produced by construction and industrial activities, is becoming one of the key strategies globally in waste reduction, landfill avoidance, and to facilitate the movement towards sustainable development [1]. Many countries, such as Australia and New Zealand, are encouraging the recycling and reutilizing of waste materials by implementing a landfill levy on the disposal of waste to alleviate the pressure on natural resources and the shortage of landfill sites [2]. Over the last few years, many attempts have been made to utilize construction and demolition (C&D) waste materials, such as recycled concrete aggregate, crushed brick, reclaimed asphalt pavement, and waste rock, as substitution materials of virgin quarry materials in various geotechnical applications: for instance, road, embankment, pipe bedding, and ground improvements in the aspects of soil stabilization and the construction of stone columns [3,4,5,6,7]. Research on stockpiled industrial by-products, in particular, granulated blast furnace slag, electric arc furnace slag, ladle furnace slag, copper slag, and gypsum-based waste, have also garnered significant interest in the past years, used as supplementary or substitution materials in construction, concrete production, and pavement applications [8,9,10,11]. Yi et al. [8] compared carbide slag-activated ground granulated blast furnace slag (CS-GGBS) with Portland cement (PC), for use in soft clay stabilization, and reported that the unconfined compressive strength of the optimum CS-GGBS blend was twice as high as the corresponding PC stabilized clay, demonstrating the feasibility of utilizing CS-GGBS for the replacement of PC in soft clay stabilization. Imteaz et al. [9] conducted a series of geotechnical and environmental tests to evaluate the viability of utilizing gypsum-based waste in geotechnical applications. The results of the study found that gypsum-based plasterboard waste satisfied the engineering requirements and caused no environmental impacts for usage as road subgrade and pipe bedding material. Maghool et al. [10] carried out a study to investigate the shear strength and stiffness of electric arc furnace slag (EAFS), ladle furnace slag (LFS), and their mixture (50% LFS + 50% EAFS). The study results demonstrated that both LFS and the mixture of (50% LFS + 50% EAFS) exhibit high friction angles similar to that of natural quarry materials. The test results of California bearing ratio and resilient modulus have also met the requirements for usage as a geomaterial in road applications, such as pavement base and subbase. Prem et al. [11] performed research to evaluate the influence of substituting 100% natural sand with high volume copper slag in concrete and reported that concrete samples on full replacement of natural sand with copper slag improved the compressive/flexural strength, toughness, and energy-absorbing capacity compared to the concrete made with river sand. In addition, the durability performance, in terms of chloride penetration and water absorption, remains unaffected after substituting 100% of natural sand with copper slag in concrete.



Aluminum is a non-ferrous metal, an indispensable raw material used for making a wide range of metallic products. According to the data provided by the International Aluminium Institute Statistics, about 65,000 thousand tons of aluminum yielded from primary aluminum production in 2020 [12]. During the aluminum making process, three types of by-products are generated at various stages, including white dross, very rich in aluminum content ranging from 40–80% produced during the primary aluminum process and downstream ingot smelting operations. Black dross, also known as aluminum salt slag, contains a lower aluminum content, typically 5–20% generated from the melting of white dross and aluminum scraps during the secondary smelters process with the presence of a salt flux composed of potassium chloride (KCl), sodium chloride (NaCl), and a small amount of fluorides. Non-metallic products are created from the tertiary smelters during the water leaching process of black dross/aluminum salt slag [13]. Depending on the type of furnace used and the manufacturing technique, between 300 to 600 kg of aluminum slat slag is generated for the production of one ton of aluminum [14]. However, about 95% of aluminum salt slag was stockpiled in landfill, leading to extensive pressure on landfill sites and severe environmental concerns [15]. In the past, the use of aluminum salt slag as a substitute material to natural aggregates, in the field of civil construction, was not so favorable. It is because the aluminum slat slag is prone to leaching chlorides and releases unpleasant odorous gases such as methane, ammonia, phosphide, and hydrogen sulphide when in contact with water [16]. However, with the improvement in aluminum production technology, black dross/aluminum salt slag can be treated by a wet/dry separation process, followed by water leaching and filtering to wash away and separate the soluble salt flux from insoluble oxides. Harmful gases are eliminated through conveyed and burnt odorous gases (typically hydrogen, ammonia, phosphine, and methane), generated during the leaching and dissolution process in a combustor, consequently transforming the harmful gases into water and inert gases. Finally, the separated salt flux is converted into a useable form through evaporation and crystallization processes. Karvelas et al. [17] conducted an economic and technical assessment of recycling systems for black dross/aluminum salt slag in the secondary aluminum industry. The study found that, if the presence of aluminum content in the black dross/aluminum salt slag is higher than 10%, the net revenues from the recovered aluminum and salts are sufficient to cover the operating and capital cost of the wet/dry separation process [17]. By considering the scarcity of landfill sites, rapid increase in landfill levy, along with all the environmental concerns, the treatment for such aluminum industrial by-products that convert aluminum waste into a useable form is rewarding and worth performing to improve sustainability in the aluminum industry. As a result, the aluminum salt slag treated by wet/dry separation technique exhibits very low chloride content, harmful gases are eliminated, and thus, it is safe to be utilized as a civil construction material and by the cement industry [14].



To date, some studies have initiated the utilization of recycled aluminum salt slag (RASS) as a supplementary material for making cement composites. A number of recent studies have demonstrated that incorporating RASS as an ingredient in mortar and concrete, up to 15%, caused no negative impact on the mechanical performance of the cement composites; the addition of RASS in mortar and concrete can also enhance the durability of the cement composites in terms of controlling microstructural cracks, improving abrasion, and corrosion resistivity [15,16,18,19,20,21,22]. Dunster et al. [23] stated that black dross/RASS with smaller grain size (<700 μm) had the potential to be used as filler aggregate in asphalt to enhance the hardness, abrasion, and skid resistance of the pavement. Similarly, López-Alonso et al. [24] demonstrated the feasibility of using aluminum waste, blended with recycled aggregates, as a road construction material to enhance the resistance properties and long-term mechanical behavior of the unbound road layer. Furthermore, several studies have utilized aluminum waste in stabilizing expansive soil and tropical lateritic soil. The results of the studies indicated that infusing aluminum waste in the soil specimen could reduce the swelling and shrinkage behavior of the expansive soil and enhance the bearing capacity of the tropical lateritic soil notably [25,26].



Over the years, several million tons of RASS were produced annually, and about 95% of them were sent to landfill instead of being recycled and reused [16]. This is believed to be the consequence of insufficient knowledge and understanding of RASS in terms of its engineering and environmental properties. Research on the utilization of RASS as a geomaterial is still very limited. There have been no known studies thoroughly investigating the geotechnical and geo-environmental characteristics of the RASS and its potential to be utilized as an alternative source of aggregate in geotechnical applications. To fulfil the current research gap, comprehensive geotechnical and environmental engineering tests were conducted on RASS to assess the feasibility of utilizing RASS as a sustainable geomaterial. The usage of RASS, as a geomaterial in civil construction, can add value to the aluminum industrial waste by-products, reduce the cost for landfilling, and lower the usage of raw quarry materials and the carbon footprint of future civil infrastructure projects.




2. Materials and Methods


2.1. Geotechnical Engineering Tests


The materials used in this research were comprised of recycled aluminum salt slag (RASS) and recycled concrete aggregate (RCA), one of the well-known recycled materials available in the market. RASS was derived from a major aluminum manufacturer located in Melbourne, Australia. RCA is a by-product of (C&D) activities of concrete structures. It is produced by crushing large concrete chunks into aggregates of various sizes depending on the field application. The RCA used in this research was sourced from a recycling plant in Melbourne, Australia and had a maximum particle size of 20 mm. The RCA was comprises of 1–2 wt% of crushed brick, reclaimed crushed asphalt pavement aggregates, and a very small fraction (<1 wt%) of other foreign materials such as glass, wood, plastic, and gypsum.



An extensive suite of laboratory tests was conducted to assess the geotechnical and geo-environmental characteristics of RASS and RCA as per relevant international standards, including the American Society for Testing Materials (ASTM), Australian Standards (AS), and British Standards (BS). The experimental program included particle size distribution, unified soil classification, flakiness index, organic content, pH, particle density, water absorption, modified Proctor compaction, aggregate impact value, Los Angeles (LA) abrasion, hydraulic conductivity, California bearing ratio (CBR), resilient modulus (MR), as well as a range of chemical and environmental tests. The morphology studies of RASS and RCA were also performed by employing scanning electron microscopy (SEM). The testing results of RASS and RCA were compared to provide a synthetic examination on the viability of utilizing RASS as a sustainable geomaterial.



Necessary precautions were taken to obtain RASS and RCA samples from different stockpiles, as per the procedures mentioned in ASTM D75 [27]. The collected materials were dried in an oven at the standard drying temperature (100 ± 5 °C) for 24 h to remove the natural moisture content. The oven-dried materials were then thoroughly mixed, split, sieved through a 20 mm sieve, and riffled by different sizes of riffle splitter to prepare the representative samples for further laboratory testing.



Particle size distribution (PSD) test was carried out on RASS and RCA as per AS 1141.11 [28]. Since both RASS and RCA samples contained fine fraction of less than 5%, the hydrometer test was not performed further. The particle breakage of the material was also assessed through conducting additional PSD tests on the RASS and RCA samples, which underwent the modified Proctor compaction effort, and the PSD curves before and after the compaction were plotted for comparison and analysis.



Unified Soil Classification System (USCS) was employed for the classification of the recycled materials according to the sieve analysis results [29]. A flakiness index test was implemented to examine the particle shape of the recycled materials, in line with the procedures outlined in BS 812–105 [30]. The percentage of organic content present in RASS and RCA were determined using the loss of ignition methods described in ASTM D2974 [31], and an electrometric method was utilized to measure the pH value of both materials as per AS 1289.4.3.1 [32]. Triplicate samples of both recycled materials were prepared and tested for their flakiness index, organic content, and pH value to minimize error margins.



The particle density and water absorption of RASS and RCA samples for both fine and coarse fraction were established in line with the steps described in AS 1141.5 [33] and AS 1141.6.1 [34]. Three samples for each recycled material were prepared for the particle density and water absorption tests, and the average values of three tests were adopted as final results. Modified Proctor compaction tests were performed to investigate the relationship between the moisture content and dry density of the samples, according to the AS 1289.5.2.1 [35]. By following the procedures outlined in AS 1289.5.2.1 [35], the samples were compacted in five layers in a steel mold with an internal diameter of 105 mm and 115 mm in height. An automatic Proctor compactor was employed to apply constant compaction energy to ensure each layer is evenly compacted when making the samples. Each layer was compacted with a 4.9 kg rammer falling freely from a height of 450 mm by 25 blows. The optimum moisture content (OMC) and the maximum dry density (MDD) were determined by plotting the compaction curves accordingly.



The aggregate impact value (AIV) of the samples was measured by an impact testing machine to identify the resistance of the RASS and RCA aggregates subject to sudden shock as per BS 812-112 [36]. Los Angeles (LA) abrasion tests were conducted to assess the resistance to degradation performance of RASS and RCA aggregates by employing the Los Angeles testing machine in accordance with ASTM C131 [37]. Hydraulic conductivity tests were performed to confirm the coefficient of permeability for the flow of water through a remolded specimen, according to AS 1289.6.7.1 [38] and AS 1289.6.7.2 [39], in which a constant head method was selected for a more permeable material (RASS), and a falling head method was adopted for RCA sample with an expected hydraulic conductivity between 10−7 to 10−9 m/s. Triplicate samples of both recycled materials were prepared for AIV, LA abrasion, and hydraulic conductivity tests to ensure the repeatability and accuracy of the results.



Three samples for each recycled material were prepared in line with the procedures detailed in the ASTM D1883 [40] for conducting the California bearing ratio (CBR) test. The samples were compacted by the modified Proctor compaction effort at the OMC to achieve the targeted MDD of 98%. The compacted samples were immersed in a water tank for 96 h to simulate the worst-case scenario of the field conditions. A mechanical dial gauge was installed on top of the CBR mold to measure the swelling of each material during the soaking period, and the penetration tests were carried out on the samples after being soaked for 4 days at a rate of 1 mm/min.



The repeated load triaxial (RLT) test was undertaken to measure the resilient modulus (MR) of RASS and RCA, as per the procedures outlined in AASHTO T 307 [41] for unbound granular base/subbase materials. Triplicate samples were prepared using a split mold with an internal diameter of 100 ± 1 mm and 200 ± 1 mm in height. An automatic Proctor compactor was used to apply constant Proctor compaction energy of 25 blows per layer in a total of 8 layers at the OMC to attain the targeted MDD of 98%. Since the RASS sample contains insufficient fine fraction and cohesion among its particles, the compacted sample was not able to retain its shape and slumped on the removal of the split mold. A vacuum pump was employed to produce vacuum pressure inside the membrane to hold the sample together during the assembling of the triaxial chamber. The vacuum pressure inside the sample was then released after initiating the RLT test, as the applied air confining pressure inside the chamber will take place and hold the sample together during the testing period. According to the RLT testing protocol for unbound granular base/subbase materials, outlined in AASHTO T 307 [41], the testing sample was subject to five different confining pressures and 15 load sequences. For each load sequence, 100 repetitions of cyclic load were applied on the sample with repeated cycles of a Haversine-shaped loading pulse of 0.1 s and a resting period of 0.9 s to simulate the dynamic traffic loads acting on the unbound granular base/subbase materials.




2.2. Geo-Environmental Tests


Apart from the above-mentioned tests evaluating the geotechnical properties of the RASS sample, the chemical characteristics of the RASS, with regard to the environmental risks and health hazards, are crucial in consideration of utilizing RASS as a geomaterial. A total contaminant and leachate concentration test, to determine the possible existence of contaminant constituents such as heavy metals and polycyclic aromatic hydrocarbons, were conducted in accordance with the AS 4439.3-1997 [42]. For the preparation of leachate, the procedures detailed in the AS 4439.3-1997 [42] were followed. A marginally acidic and alkaline leaching fluid, with pH values of 5.0 and 9.2, were employed as leachate for the test. The results from the total contaminant and leachate concentration tests of the RASS sample were then compared with the requirements specified by the Environmental Protection Authority of Victoria (EPA Victoria) [43,44] and the Environmental Protect Agency of Washington (EPA USA) [45] to ascertain the environmental impacts of using RASS as a sustainable geomaterial.





3. Results and Discussion


3.1. Morphology of RASS and RCA


The physical appearance of as-received RASS and RCA, with maximum grain size smaller than 20 mm, is shown in Figure 1a,d, respectively. The RASS is a greyish and silvery color as illustrated in Figure 1a, whereas the RCA is of a brownish color depicted in Figure 1d. Different types of impurities were present in both recycled materials, of which wooden particles and some unmelted aluminum products, such as nails, screws and residual parts of the beverage cans were found in the RASS sample. Natural aggregate, crushed brick, timber, and plastic were discovered in the RCA sample. For a better understanding of the particle shapes, and microstructure of RASS and RCA, the SEM images were also taken at a magnification of 100 μm and 20 μm to further investigate the morphology of both recycled materials. SEM image in Figure 1b shows that the RASS particles appear to be angular and irregular in shape. Some flaky particles are also observed in the RASS sample. Upon closer inspection of Figure 1c, the surface of RASS particles is reasonably rough. On the other hand, Figure 1e demonstrates that the RCA particles are more rounded and oval in shape, and the surface is found to be cratered. Additionally, noticeable microcracks are observed on the RCA particles at higher magnification, as depicted in Figure 1f, and the formation of the microcracks could be mainly attributed to the crushing process of the concrete blocks.




3.2. Geotechnical Characteristics


3.2.1. Particle Size Distribution


The geotechnical characteristics of RASS and RCA were evaluated through undertaking a series of laboratory assessments in accordance with relevant international standards (ASTM, Australian, and British). The testing results of RASS and RCA are tabulated in Table 1. Figure 2 illustrates the PSD curves of RASS and RCA samples before and after applying modified Proctor compaction effort. The gradation curves of RCA lay well within the grading specification recommended by the local road authority for unbound subbase materials [46], whereas the PSD curves of RASS are off the subbase lower limit due to the lack of fine fraction in the sample. According to the USCS, the RASS and RCA sample were classified as GP and GW, the percentage of fine, sand, and coarse fraction were also computed and shown in Table 1. By comparing the gradation curves before and after the modified compaction effort, the (after compaction) gradation curve of RCA shifts upward, indicating the degradation and particle breakage of the granular material subject to impact loading. The reason can be ascribed to the formation of microcracks on the RCA granular material during the crushing process of the concrete blocks (illustrated in Figure 1f). The presence of microcracks weaken the stiffness of RCA particles and make RCA more susceptible to degradation under shock loading. Interestingly, no significant alteration was observed for the gradation curve of the RASS sample after the compaction, which indicates superior stiffness and excellent performance on resistance to degradation of RASS material.




3.2.2. Particle Density, Water Absorption, pH and Organic Content


The particle density and water absorption test results for both fine and coarse fraction, of RASS and RCA, are shown in Table 1. The apparent density of RASS for both coarse (2.83 Mg/m3) and fine (2.95 Mg/m3) fraction is slightly higher than that of RCA (2.72 Mg/m3 for coarse and 2.85 Mg/m3 for fine fraction). The slightly lower particle density of RCA can mainly be attributed to the presence of a small fraction of low-density materials such as timber, plastic, and gypsum. As RCA is derived from construction and demolition site, such low-density materials including timber, plastic, and gypsum have a higher chance to be mixed with RCA during the demolishing, recycling, and crushing process. Interestingly, the percentage of water absorption of RCA is almost twice as high as that of the RASS for both fine and coarse fractions, indicating a relatively lower water absorption characteristic of RASS material. In addition, the water absorption of the fine fraction of both materials was found to be higher than that of the coarse fraction. The reason can be ascribed to the larger specific surface area of fine particles that absorbs more water to wet their surface compared to the coarse ones. The average pH value of the RCA sample was found to be 12.39, which is higher than the pH value of RASS (pH ≈ 8), as the concrete is alkaline by nature. The percentage of organic content of both materials are manifested in Table 1. Wooden particles and other impurities were observed in both materials during the preparation of samples for the organic content test. Since the RCA is derived from the demolition wastes, there is a higher chance for the impurities, such as wood and plastic, to be mixed with the RCA during the demolishing, recycling, and crushing process, which explains the reason for the greater percentage of organic content in comparison with RASS.




3.2.3. Aggregate Impact Value and LA Abrasion Loss


The results of LA abrasion loss and aggregate impact value (AIV) of RASS and RCA are depicted in Table 1. A lower percentage of LA abrasion loss and AIV is obtained for the RASS (6.23% and 2.71%), whereas higher values were acquired for the RCA (31.77% and 32.36%). The lower percentage of LA abrasion loss and AIV indicates an excellent stiffness and better resistance to degradation properties of the RASS. However, the hardness of RCA particles is lower than that of the RASS, based on the experimental outcomes of LA abrasion loss and AIV. The RCA particles are more susceptible to degradation under the action of attrition and impact, attributed to the presence of microcracks developed during the crushing process (shown in Figure 1f), and consequently weaken the structural integrity of RCA particles. The results of LA abrasion loss and AIV are also consistent with the findings from the sieving analysis discussed previously, revealing the same intrinsic properties of both materials. Nevertheless, both recycled materials satisfy the limits (LA abrasion loss <40%) recommended in VicRoads [46] for pavement subbase applications.




3.2.4. Modified Proctor Compaction


Figure 3 illustrates the modified Proctor compaction curves of RASS and RCA. Typical bell shape compaction curves are attained for both materials. Since the OMC of a material is typically influenced by its water absorption characteristic, which explains the reason for a lower OMC value obtained for the RASS compared to the RCA. Additionally, well-graded RCA also contains a greater amount of fine particles, with larger specific surface areas to absorb more water than a coarser material (RASS), and subsequently leading to a higher OMC value as a result. Despite the fact that RASS has a slightly higher apparent density than that of RCA, the modified Proctor compaction test results indicated that RASS has a lower MDD value compared to the RCA. The particle breakage of aggregates in RCA is more significant compared to RASS. As discussed in Section 3.2.3, the RCA has a much higher LA abrasion loss and AIV value compared to RASS, which is also consistent with the occurrence of particle breakage observed from the PSD tests (illustrated in Figure 2) for the RCA sample that underwent the modified Proctor compaction effort. A previous study reported that particle breakage, during the modified Proctor compaction process, can aid the compaction of a material into a denser state [47]. A higher degree of particle breakage of RCA will lead to a denser arrangement in the fabric of RCA compared to RASS, and enhance, contributing a higher MDD value of RCA. Apart from that, the substantial amount of voids retained among the coarse aggregates during the compaction process, due to the poor gradation of RASS, was considered to be another factor that significantly limits the compressibility of the material.




3.2.5. Flakiness Index and Hydraulic Conductivity


The flakiness index value of RASS was established to be considerably higher than that of the RCA, indicating a more flaky shape of particles present in the RASS sample. The flakiness index values of both recycled materials are still within the maximum limit (<35) specified by the local road authority for usage as a road construction base material [46]. The hydraulic conductivity of both materials was computed and shown in Table 1. The hydraulic conductivity value of RASS was determined to be higher than that of RCA. The reason can be ascribed to the insufficient fine particles in the RASS sample to fill up the voids among coarser aggregates, eventually leading to high voids ratio, which allows the water to seep through more easily. In contrast, the better compressibility of RCA material, owing to its excellent gradation accompanied by a low void ratio, reduces the water seepage rate notably, hence yielding a lower hydraulic conductivity as a result.




3.2.6. California Bearing Ratio (CBR)


Three samples for each material were prepared for the CBR test, and the range of CBR test results for both RASS and RCA are manifested in Table 1. In light of the specifications recommended by the local road authority, a minimum CBR value of 80% is typically required for a subbase material [46]. The results of the soaked CBR tests suggest that both recycled materials satisfy the minimum CBR value of 80% for usage as subbase material in road construction. In addition, the swelling behavior was not observed for the RASS and RCA samples during the soaking period. The CBR values of RASS samples are confirmed to be noticeably lower than those of RCA samples. This can be related to the lower MDD value of RASS achieved during the modified Proctor compaction effort, due to the poor gradation of the RASS. As a consequence, the formation of abundant voids inside the RASS samples weaken the particle interlocking performance, reduce the friction between the particles, leading to a poor stress distribution behavior of the RASS samples, and tend to lower the CBR value. The other reason that could contribute to a lower CBR value on the RASS samples can be ascribed to the cohesionless nature of the RASS material to bond the particles together, which also explains the greater CBR value observed on the RCA material with higher cohesion. It is suggested that RASS can be blended with other well-graded high-quality recycled material, such as RCA, to improve its CBR value and widen its applications in road construction.




3.2.7. Repeated Load Triaxial (RLT)


The RLT tests were performed on the RASS and RCA samples to simulate the dynamic traffic loads acting on the unbound granular base/subbase materials, under a combination of different confining pressures and deviator stresses. Figure 4 illustrates the MR values of RASS and RCA at each load sequence, accompanied with different confining pressures. Figure 5 demonstrates the influence of various axial stresses on the resilient modulus response of the RASS and RCA samples. According to the RLT results, the MR values of the RASS were found to be lower than those of the RCA. The reason is mainly attributed to the poor gradation of RASS with insufficient fine particles to fill up the voids among the coarser aggregates during the compaction process. This weakens the particle interlocking performance, and the sensitivity of resilient modulus response of the tested granular samples due to the reduction in the contact area between the particles, eventually contributing to lower MR values of RASS samples. Additionally, a higher content of flaky-shape particles present in the RASS was considered to be another possible factor leading to lower MR values of the RASS, in comparison with the RCA, that contains a higher portion of rounded particles [48]. However, further investigation is needed to verify this hypothesis. Moreover, the MR values of both materials are increased accompanied by an increase in confinement, which is similar to the trend observed in previous studies [49,50]. The reason is due to the fact that the tested samples inside the triaxial chamber became denser and stronger with an increase in confining pressure, thus contributing to greater MR values. Apart from that, both materials also exhibited higher MR values when the deviator stress was increased under constant confinement. A similar trend was also revealed in previous studies, and the reason for this phenomenon can be owed to the stress hardening behavior on the granular samples, in which the material tends to get stiffer under higher axial stresses. As a consequence, the samples yield lower axial strain, with increments in deviator stress, and achieved higher MR values [51,52].



Apart from the above-mentioned findings, a slightly different trend was observed for the RCA sample at the ninth load sequence. A sudden drop in MR values of the RCA was observed at the ninth load sequence with applied deviator stress higher than the eighth load sequence under the same confinement, suggesting that granular sample does not always follow the stress hardening behavior under the aforementioned testing condition. A softening behavior can also occur on the granular sample, with increments in the deviator stress, whilst maintaining the same confining pressure. A similar phenomenon was also observed by Attia and Abdelrahman [53] for different C&D recycled materials experiencing softening behavior with an increase in deviator stress under constant confinement. The range of the MR values of RASS and RCA are tabulated in Table 1. The MR values of the RCA were above the minimum requirements (125 MPa), specified by the local road authority for an unbound base and subbase material at all load sequences, whereas the MR value of the RASS was slightly below the limit at load sequences 1 to 4 [54]. Nevertheless, due to the superior hardness of the RASS, it is suggested that RASS can be blended with other well-graded recycled materials to overcome the limitation of RASS material, in terms of poor gradation, and further improve its resilient modulus response to a great extent.



According to the AASHTO test procedures, a two-parameter theta (bulk stress) regression model is recommended for the analysis of MR test results. The bulk stress model is expressed by the following equation [55]:


   M R  =  k 1  ×  θ   k 2     



(1)







The Equation (1) can be rearranged into a logarithmic form listed as:


  log  M R  = log  k 1  +  k 2  × log θ  



(2)




in which MR is the resilient modulus;   θ =  bulk   stress  = (  σ 1  +  σ 2  +  σ 3  ) = 3  σ 3  +  σ d   , representing the triaxial test conditions;    k 1    and    k 2    are the regression model parameter. The regression results of present tests for both materials are depicted in Figure 6. Table 2 demonstrates the regression model parameters,   log  k 1    and    k 2   , as well as the coefficient of determination R2. The R2 values of the present resilient modulus tests were computed to be very close to 0.96 for both recycled materials, indicating that a good fit was achieved by employing the bulk stress model.



Although the concise bulk stress model yields a reliable result, the major drawback of the bulk stress model is owing to the incapability of separating the influence of different confining pressures and deviator stresses on the corresponding MR. A three-parameter theta model that takes into consideration both confining pressures and deviator stresses, proposed by Puppala et al. [52], was also used for the analysis of the present MR test results. The three-parameter theta model is given by:


     M R     σ  a t m     =  k 1     (     σ 3     σ  a t m      )     k 4    ×    (     σ d     σ  a t m      )     k 5     



(3)







The logarithmic format of Equation (3) is described as:


  log  (     M R     σ  a t m      )  = l o g  k 1  +  k 2  l o g  (     σ 3     σ  a t m      )  +  k 3  l o g  (     σ d     σ  a t m      )   



(4)




where    σ  a t m   =   atmospheric pressure;    σ 3  =   confining pressure;    σ d  =   deviator stress;   log  k 1   ,    k 2    and    k 3    are the regression constants of the three-parameter theta model. Table 3 lists the regression model constant and the coefficient of determination R2. By comparing the results obtained from both regression models, the coefficient of determination, yielded by the three-parameter model, was higher than that of the bulk stress model, which is similar to the findings reported by Puppala et al. [52] and Mohammadinia et al. [56]. The consideration of the effects, induced by different confinement and deviator stresses on the MR, produces a better fit and further enhances the accuracy of the results compared to the bulk stress model.





3.3. Environment Risks and Health Hazards


In considering the usage of RASS as a geomaterial in civil construction, any possible environmental risks and health hazards, in terms of leaching hazards and exposure of contaminant constituents from such material into the soil, surrounding surface areas, and underground aquifers during its lifecycle in a project must be ascertained [57,58]. As per the EPA Victoria regulations, wastes need to be categorized into one of the following types: (a) fill material, typically made up of natural soil, sand, gravel, and rock, (b) solid inert waste, comprised of industrial and municipal wastes, such as industrial by-products and construction wastes (the RASS used in this research seems to fall into this category based on its source and production method), (c) putrescible waste that can be decomposed by bacteria activities, and (d) prescribed industrial waste that could have adverse effects on the environment and human health, sourced from manufacturing sectors or contaminated soils [43]. The assessments to determine the existence of contaminant constituents of the wastes are required before the wastes can be recycled, reused, and disposed in a landfill. The hazard categorization of the RASS sample was evaluated as per the guidelines recommended by the EPA Victoria and the Australian Standard Leaching Procedure (ASLP) [43]. The total contaminant (TC) and leachate concentration tests were carried out on the RASS to identify the presence of any possible contaminant constituents from such material. According to AS 4439.3-1997 [42], an appropriate type of leaching fluid, used for the leaching analysis on the material, should be determined based on the field application of the tested material. The kinds of leaching fluids recommended for conducting the leaching analysis on material, as per AS 4439.3-1997 [42], include reagent water and three other leaching fluids with a different pH value of 2.9, 5.0, and 9.2. Since the aim of this research is to evaluate the suitability of utilizing RASS as a geomaterial in applications such as pavement base/subbase material and embankment fills, reagent water that resembles rainwater seems to be the most suitable leaching fluid for such material. However, it should be noted that there is a possibility of acid rain (pH 3.6–4.9) resulting from the presence of organic acids in the atmosphere [59]. Graham [59] states that such organic acids are formed in the atmosphere by the photochemistry of organic compounds volatilized from terrestrial vegetation. In addition, the possible occurrence of acidic freshwater (pH 4.0–5.5), in the first flush at the start of the wet season, should also be considered for determining the suitable leaching fluid [59]. According to the National Land and Water Resources Audit [60], about 50 million hectares of Australian agricultural land has a surface pH of 4.3–5.5, which implies the possible occurrence of acidic freshwater in the first flush of the wet season.



With these considerations in mind, it is safer to use a slightly acidic leaching fluid (pH 5.0), based on the field application of RASS, rather than a reagent water. Furthermore, take into consideration that RASS could be utilized in blend with other types of recycled materials such as crushed brick, crushed concrete aggregate, and reclaimed asphalt pavement aggregate to meet specific engineering requirements for various applications. There is a possibility for RASS to be exposed to a slightly alkaline environment throughout its service life as a geomaterial. By considering all the aspects, a slightly acidic and alkaline leaching fluid with a pH value of 5.0 and 9.2 were selected to be used for the leachate analysis of the RASS. The leachate was prepared in line with the procedures described in the AS 4439.3-1997 [42]. The results of TC and ASLP values of RASS were compared with the limits set by EPA Victoria and EPA USA to ascertain the environmental risks and health hazards of utilizing RASS as a sustainable geomaterial [43,44,45]. Since RCA’s leachate analysis was reported in the previous study, the leachability test of RCA was not repeated in this research [54].



The total contaminant and leachate concentration test results of RASS, illustrated in Table 4, were compared to the threshold values of TC and ASLP of fill material, solid inert waste, and drinking water standards specified by the EPA Victoria and EPA USA, manifested in Table 5. The TC values of the RASS were found to be far below the threshold values of fill material demanded by the EPA Victoria, suggesting that RASS falls into the category of fill material, as per the requirements recommended by the EPA Victoria. Such material can be safely utilized as fill material in geotechnical applications such as the construction of stone column for ground improvement, pavement layers, and embankment fill. The leachate concentration test results of RASS, expressed as TC and ASLP values, by use of both acidic and alkaline leaching fluid listed in Table 4 were, again, confirmed to be much lower than the acceptable values of solid inert waste according to the EPA Victoria specifications. The comparison implies that the environmental risks and health hazards concerning the exposure of contaminant constituents from such material into the soil, surrounding surface areas, and underground aquifers throughout its service life as a geotechnical construction material are negligible. Furthermore, based on the EPA USA specifications, wastes are classified as hazardous material if one’s heavy metal content was detected at a concentration 100 times higher than the acceptable values of drinking water standards (illustrated in Table 5) specified by the EPA USA. By following this criterion, the ASLP values (both acidic and alkaline) of the RASS were also confirmed to satisfy the limit recommended by the EPA USA. Thus, the comparison indicates that RASS will not pose any environmental risks to the surface water stream or underground aquifer and is safe to use as a construction material in geotechnical applications.





4. Conclusions


The geotechnical and environmental characteristics of RASS were investigated, in this research, to fill the knowledge gap on the feasibility of utilizing such aluminum industrial waste by-products as sustainable geomaterials. The following conclusion can be drawn based on the laboratory testing results:




	1

	
The RASS was classified as a poorly-graded material, due to the insufficient fine fraction, and the pH value of RASS was found to be slightly alkaline. The particle density of RASS was slightly higher that of RCA, whereas the water absorption of RASS was lower than that of the RCA. In addition, the RASS was also confirmed to be free-draining, cohesionless, and exhibited a very low organic content.




	2

	
The RASS exhibited much higher stiffness compared to the RCA, based on the experimental outcomes of AIV and LA abrasion loss tests. The test results of flakiness index, LA abrasion loss, and CBR value of the RASS samples satisfy the requirements specified by the local road authority for usage as a pavement base and subbase material in road construction.




	3

	
The MR values of the RASS were found to be lower than those of the RCA and are slightly below the minimum MR requirement (125 MPa) recommended by the local road authority, Victoria, for an unbound base/subbase material, at load sequences 1 to 4, under triaxial test conditions. The reasons contributing to the lower MR values of the RASS is mainly owing to the poor gradation of RASS material, which weakens the particle interlocking performance and the sensitivity of resilient modulus response of the tested granular samples, due to the reduction in the contact area between the particles. Considering the superior stiffness of RASS, it is suggested that RASS can be blended with other well-graded recycled materials, RCA for instance, to overcome the limitation in terms of its poor gradation and further enhance the MR value of the RASS significantly.




	4

	
The results of the total contaminant and leachate concentration tests have shown that TC and ASLP values of RASS are far below the threshold values of fill material and solid inert waste specified by the EPA Victoria. This suggests that RASS can be safely employed as a geotechnical construction material and cause no harm to the surrounding environment. Furthermore, the ASLP values of the RASS are also within the acceptable limits of drinking water standards, according to the EPA USA specifications, indicating that RASS will not pose any health hazards by contaminating the surface water stream or underground aquifer.









In this research, the comparison between RASS and RCA provides satisfactory evidence that RASS possesses the capability to be utilized as a sustainable geomaterial in civil construction. However, it should be noted that the quality of the aluminum industrial by-product, RASS, is dependent on the machinery used and manufacturing technique. In developing countries, where manufacturing technique and equipment are outdated, the percentage of unmelted aluminum products (such as nails, screws, and residual parts of beverage cans) in the RASS stockpile could be various, which will result in fluctuating in the overall geotechnical properties of such recycled material. Geotechnical and engineering assessment should be performed on the RASS sample from a stockpile before utilizing the RASS in geotechnical applications. The research outcomes of this study can be used as guidance, assisting relevant bodies in comparing the required geotechnical and engineering parameters, and determining the suitability of a RASS stockpile to be utilized in geotechnical applications. It is also recommended that future research can focus on the stabilization of RASS by introducing additive binders, such as cement or alkali-activated cementitious material, to further strengthen the mechanical performance of RASS and widen its applications in geotechnical construction. The usage of RASS as a sustainable geomaterial in civil construction provides a feasible end-of-life option to convert the aluminum industrial waste from landfill into a usable material, mitigate the pressure on land and natural resources, as well as improve sustainability in the civil construction industry.
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Figure 1. Physical appearance and SEM images of RASS and RCA at 100 μm and 20 μm magnification: (a) RASS actual sample; (b) RASS 100 μm; (c) RASS 20 μm; (d) RCA actual sample; (e) RCA 100 μm; (f) RCA 20 μm. 
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Figure 2. Particle size distribution curves of RASS and RCA. 
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Figure 3. Modified Proctor compaction curves of RASS and RCA. 
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Figure 4. MR of RASS and RCA at different confining pressures and deviator stresses. 
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Figure 5. Influence of different axial stresses on the MR of RASS and RCA. 
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Figure 6. Bulk stress regression model of RASS and RCA. 
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Table 1. Geotechnical Characteristics of RASS and RCA.
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	Geotechnical Parameters
	RASS
	RCA





	Fine content: <0.075 mm (%)
	1.61
	3.01



	Sand content: 0.075–4.75 mm (%)
	36.18
	42.67



	Gravel content: >4.75 mm (%)
	62.20
	54.31



	Coefficient of uniformity (Cu)
	2.59
	25.71



	Coefficient of curvature (Cc)
	0.93
	1.54



	Soil classification (USCS)
	GP
	GW



	OMC (%)—modified Proctor compaction
	6.6
	10.6



	MDD (Mg/m3)—modified Proctor compaction
	1.66
	1.94



	Particle density—coarse fraction (Mg/m3)
	2.83
	2.72



	Particle density—fine fraction (Mg/m3)
	2.95
	2.85



	Water absorption—coarse fraction (%)
	3.29
	6.49



	Water absorption—fine fraction (%)
	4.75
	9.2



	Organic content (%)
	1.91
	3.51



	pH
	8.01
	12.39



	Flakiness index
	32.63
	8.81



	LA abrasion loss (%)
	6.23
	31.77



	Hydraulic conductivity (m/s)
	4.16 × 10−6
	4.16 × 10−8



	Aggregate impact value (%)
	2.71
	32.36



	CBR range (%)
	91–106
	189–220



	CBR swell (%)
	 ≈ 0
	 ≈ 0



	Resilient modulus, MR range (MPa)
	88.5–288.1
	201.5–402.0
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Table 2. Regression parameters of bulk stress model.
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	Material
	    Log    k 1     
	     k 2     
	Coefficient of Determination, R2





	RASS
	2.01
	0.50
	0.96



	RCA
	2.73
	0.30
	0.96
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Table 3. Regression parameters of three-parameter model.
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	Material
	    Log  k 1     
	     k 2     
	     k 3     
	Coefficient of Determination, R2





	RASS
	3.29
	0.22
	0.30
	0.99



	RCA
	3.52
	0.19
	0.12
	0.97
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Table 4. TC and ASLP test results of RASS and RCA.






Table 4. TC and ASLP test results of RASS and RCA.





	
Contaminant

	
RASS

	
RCA c




	
TC a

	
ASLP b (Acetate)

	
ASLP b (Tetraborate)

	
TC a

	
ASLP b (Acetate)

	
ASLP b (Tetraborate)






	
Arsenic

	
 < 0.01

	
 < 0.01

	
0.05

	
 < 5

	
 < 0.01

	
 < 0.1




	
Barium

	
N/A

	
N/A

	
N/A

	
88

	
0.34

	
 < 0.1




	
Cadmium

	
 < 0.01

	
 < 0.01

	
 < 0.01

	
 < 0.2

	
 < 0.002

	
 < 0.02




	
Chromium

	
0.06

	
0.01

	
0.03

	
15

	
0.05

	
 < 0.1




	
Copper

	
0.02

	
0.03

	
0.05

	
N/A

	
N/A

	
N/A




	
Lead

	
0.11

	
0.10

	
 < 0.01

	
11

	
 < 0.01

	
 < 0.1




	
Mercury

	
 < 0.005

	
 < 0.001

	
 < 0.005

	
 < 0.05

	
 < 0.001

	
 < 0.01




	
Selenium

	
N/A

	
N/A

	
N/A

	
 < 3

	
 < 0.01

	
 < 0.1




	
Silver

	
N/A

	
N/A

	
N/A

	
 < 5

	
 < 0.01

	
 < 0.1




	
Nickel

	
0.06

	
0.02

	
 < 0.01

	
N/A

	
N/A

	
N/A




	
Zinc

	
0.46

	
0.18

	
0.02

	
N/A

	
N/A

	
N/A




	
Cyanide

	
 < 0.25

	
 < 0.25

	
 < 0.25

	
N/A

	
N/A

	
N/A




	
PAH

	
 < 0.001

	
 < 0.001

	
 < 0.001

	
N/A

	
N/A

	
N/A








a mg/kg of dry weight. b mg/L. c Data from Arulrajah et al. [54]. N/A: Not available. PAH: Polycyclic aromatic hydrocarbons.
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Table 5. EPA Victoria and EPA USA requirements.
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Contaminant

	
Maximum TC Allowed for Fill Material

	
Allowable TC and ASLP Value for Solid Inert Waste

	
US EPA Drinking Water Standard b,e




	
TC a,c

	
TC a,d

	
ASLP b,d

	






	
Arsenic

	
20

	
500

	
0.35

	
0.05




	
Barium

	
N/A

	
6250

	
35

	
2.0




	
Cadmium

	
3

	
100

	
0.1

	
0.005




	
Chromium

	
1 (Chromium VI)

	
500

	
2.5

	
0.1




	
Copper

	
100

	
5000

	
100

	
1.3




	
Lead

	
300

	
1500

	
0.5

	
0.015




	
Mercury

	
1

	
75

	
0.05

	
0.002




	
Selenium

	
10

	
50

	
0.5

	
0.05




	
Silver

	
10

	
180

	
5

	
0.05




	
Nickel

	
60

	
3000

	
1

	
N/A




	
Zinc

	
200

	
35,000

	
150

	
N/A




	
Cyanide

	
50

	
2500

	
4

	
N/A




	
PAH

	
20

	
50

	
N/A

	
N/A








a mg/kg of dry weight. b mg/L. c EPA Victoria [43]. d EPA Victoria [44]. N/A: Not available. PAH: Polycyclic aromatic hydrocarbons. e EPA USA [45].
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