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Abstract

:

The aim of this research was to measure the filtration properties of waste coal ash under the influence of hydrostatic pressure generated in a three-axial compression apparatus. The scope of work included determining the compactibility parameters, maximum bulk density and optimal moisture content. Permeability tests were performed for a sample with an average grain composition at three compaction indices     I   S    : 0.964, 0.98 and 1.00. The hydrostatic pressure ranging from 0.5 to 1.8 bar corresponded to the layer depths from 2.17 to 7.83 m. Gradually increasing the pressure during the first loading cycle caused irreversible changes in the structure of the sample by local material agglomeration or grain interlocking. The water permeability coefficient was higher in the second loading cycle than in the first cycle. It was shown that waste coal ash cannot be used as a construction material on its own. To obtain constant filtration properties, the waste coal ash material should be doped, or an optimal compactionshould be used (    I   S     = 1.00). The results presented in this study are important for assessing the use of waste coal ash for construction engineering purposes.
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1. Introduction


The intensive development of different areas of science and, above all, attempts to find modern improvements are driving scientists to focus on developing materials with specific and desired properties. An area that is extremely important in the modern world is environmental sciences, which faces the challenge of zero-waste strategy, aimed at minimizing the amount of waste produced and promoting sustainable waste management. Environmental issues are particularly sensitive to the spectrum of problems related to coal combustion and the impact of this process on broadly understood ecological issues.



As an energy source, hard coal has played an important role in the development of industries and economies around the world. As a result of the invention of the steam engine by James Watt in the 18th century, the demand for coal increased during the Industrial Revolution. Before the modern era of electricity, when coal was used for electricity generation, it was also used to produce gas for lighting [1]. Coal use is still huge around the world, with the exception of 2020 when COVID-19 restrictions were introduced. After the restrictions were eased, energy consumption increased dramatically. According to data from 2021, global coal consumption increased by over 6%, reaching the highest level since 2014 [2]. Coal combustion is the process of undergoing coal oxidation to obtain thermal energy. For many countries, it is a traditional source of energy that has been meeting their energy needs for many years [3]. However, during combustion, pollutants such as sulfur dioxide (SO2), nitrogen oxides (NOx) and carbon dioxide (CO2) are released into the atmosphere. These substances negatively affect air quality, causing health problems among people and degradation of the environment, including soil and water. The combustion of fuels (including coal) is the main source of atmospheric pollution with solid and gaseous combustion products, both toxic and nontoxic.



Converting coal into electricity creates large amounts of waste materials. The type of products after coal combustion largely depends on its type and purity, as well as on the design of the boiler. Waste such as ash, slag and various types of solid pollutants are stored on a large scale in heaps and dumping areas. Waste storage and recycling pose a major challenge to the industry as well as to authorities [4]. The costs associated with waste storage encourage the search for new ways of waste material utilization. Some of the waste is used as anthropogenic construction soil in civil and hydrotechnical construction to build embankments and fill sinkholes and river banks. The possibility of using waste produced ongoingly may help solve some problems related to the need for storage, saving land and limiting the expansion of existing landfills. According to the American Coal Ash Association, in 2021, coal combustion products amounted to a total of 77 million tons, of which approximately 47 million tons were reused. In total, 60% of the fly ash produced in the United States was reused [5]. The increase in electricity production from coal in 2022 was observed by the International Energy Agency as a record level, representing an increase in carbon dioxide (CO2) emissions by over 1/3 of the total electricity production. Based on IEA reports, reducing the use of coal along with the pursuit of implementing the draft of the new Energy Policy is not on track [6].



The zero-waste strategy, introduced to prevent further increases in waste production, introduces a circulation of materials. According to this strategy, the same materials can be used repeatedly to achieve the maximum level of consumption [7]. Thanks to this approach, waste materials are not wasted, therefore reducing environmental pollution [8]. The concept of zero waste assumes that there is no “waste” but rather “secondary raw material” that can be used to produce or transform into new products. The strategy recommends viewing waste as resources that can be recovered and reused and not as a problem that is difficult to dispose of. As a result, hazardous substances from the waste generated during coal combustion will be reduced, and the use of waste residues will increase [9].



The geotechnical properties of waste coal ash are the most important issue determining the scope of use of the coal combustion residuals. These include features such as grain composition, compactibility, strength, load-bearing capacity and water permeability [10]. Knowledge of the range of values and trends in the changes in the mentioned parameters, including the water permeability coefficient, is important for the potential use of postprocess waste in civil and hydrotechnical construction [11,12,13,14].



Permeability is an important parameter describing the ability of soil to conduct liquid through the interconnected pores between the material. It may apply to various materials, including soil, sand or concrete. Hydraulic conductivity, determined by the permeability coefficient, is one of the main physical parameters of the soil that determines the rate of water penetration into its structure. Designed as k, its value varies significantly depending on the type of soil [15] and on the porosity. The higher the density of the soil, the lower the porosity. When soil layers are stacked on top of each other, the permeability in the parallel direction is higher than in the perpendicular direction. The permeability coefficient is sensitive to temperature because it affects the viscosity of water, so if we assume that, for 20°C, it is 100%, then for 10°C, it is equal to 77%. To calculate the percolation rate in m/s, the volume of flowing water per unit of time should be divided by the average area of the voids [16]. Permeability is necessary to assess the stability of the embankments built from anthropogenic soil in the form of waste coal ash. Based on the analysis of the filtration process and the knowledge of the permeability coefficient, it is possible to determine the slope of the embankments at which they remain stable.



Research on the assessment of the permeability coefficient of waste coal ash is limited [17,18,19,20]. The water permeability of coal ash and slag was studied in the work of Lange et al. in order to assess the possibility of their use as road surface layers [19]. Ash samples collected from two landfills with different densities were tested in an extremely dense and loose state. The permeability coefficient with respect to several values of the hydraulic drop was measured. It was found that filtration begins only after reaching a certain hydraulic gradient, called the initial filtration gradient. This effect was related to the features of the composition and structure of the coal residue. The works available in the literature mainly concern the permeability coefficient of coal fly ash, while those concerning bottom ash are very rare [17,19,21,22].



The aim of this work was to measure the filtration properties of waste coal ash samples with a different density index and to discuss the impact of hydrostatic pressure on the value of the permeability coefficient. The novelty of this research is the assessment of the filtration properties under various loading conditions in two loading cycles and under different pressure gradients.




2. Materials and Methods


2.1. Waste Coal Ashs


Waste coal ash from a thermal power plant, consisting of bottom ash and gravel mixture (Figure 1), was collected from a landfill located in Tarnów (Poland). Waste material was not included on the list of hazardous waste and was stored in its natural form: wet. Samples marked as AZ1 and AZ2 were taken from the eastern section of the landfill, the area of the pipeline outlet, while samples marked as AZ3 and AZ4 were taken from the western section, also the pipeline outlet. Sample AZ5 was an average material, which, due to the planned permeability tests, had to be taken in larger quantities, approximately 50 kg, and was then properly secured for testing.




2.2. Technical Analysis


The natural moisture content and absolute density of the waste coal ash delivered to the laboratory were determined by using the procedures included in the standard PN-EN 1097-5:2008 [23] for mineral aggregate testing. The AZ1–AZ5 samples were dried in a ventilated dryer and then weighed. The absolute density of the waste samples was measured by helium pycnometry using an AccuPyc 1340 (Micromeritics, Norcross, GA, USA) [24].




2.3. Sieve Analysis


An analysis of the grain size composition was performed according to PN-EN 12620+A1:2010 [25], consisting of the sieving of the supplied waste material into fractions with specific diameter ranges in mm: >10, 10–6.3, 6.3–4.0, 4.0–2.5, 2.5–1.6, 1.6–1.0, 1.0–0.63, 0.63–0.4, 0.4–0.25, 0.25–0.16, 0.16–0.1, 0.1–0.063, 0.063–0.04, 0.04–0.025 and <0.025 mm. Each of the separated fractions were weighed, and then histograms and grain size curves were constructed.




2.4. Leaching of Soluble Components


Studies on the leaching of soluble components from samples of coal ash mixtures, AZ1 and AZ3, were made in accordance with the PN-EN 12457-1:2006 standard with a solid phase:solution ratio of 1:10 (1 kg:10 L) [26]. The concentration of metal ions and metalloids in the solution was determined by using the ICP OES method (Perkin Elmer Optima 2000 DV ICP–OES spectrometer, PerkinElmer Inc., Waltham, MA, USA), the concentration of anions was determined by using ion chromatography (Thermo Scientific Dionex ICP-1100, Thermo Fisher Scientific, Waltham, MA, USA) and the concentration of carbon was determined by using a carbon analyzer (Shimadzu TOC 5000A, Shimadzu, Kyoto City, Japan). Moreover, pH was determined in water extracts. The obtained pollutant concentrations were converted into loads according to the following formula [26]:


  a m o u n t   o f   i n g r e d i e n t   l e a c h e d = C [   L     M   D     +     M   C     100   ]   [ M g / k g ] ,  



(1)




where



	
C  —the ingredient concentration (mg/L).



	
 L  —the volume of liquid used (L).



	
 MC —the moisture (%).



	
 MD —the dry mass of the sample (kg).






The obtained results were compared with the permissible limit values for inert waste to be stored in waste landfills (Journal of Laws, item 1277 of 2015 [27]).




2.5. Compactability Tests


Assuming that the tested waste material behaves like soil, a compaction curve was prepared in accordance with the procedures contained in the PN-B-04481:1988 [28] and PN-EN 13286-2:2010 [29] standards. In order to determine the optimal humidity value at which the waste material can be most compacted, it was necessary to prepare samples with different moisture contents and then compact them in a Proctor apparatus [28]. The compaction process involved compacting several layers of soil in a cylindrical container with energy specified by the standard [29]. This is due to the fact that the conditions of soil compaction in laboratory conditions must correspond to the conditions of compaction of the embankment in situ. Two containers adapted to the Proctor method were used: a small one to save material and plot a test compaction curve, and a large commercial Proctor apparatus [29]. The tests for the waste compaction parameters were carried out at a compaction energy from 0.59 to 0.63 MJ/m3. The diameter of the permeability test sample compacted in the Proctor container had to be greater than five times the diameter of the largest grain. It was necessary to adjust the upper grain size to the size of the sample being prepared by separating the oversize grain. In the case of a standard container, grains larger than 20 mm were sifted out, while subgrains < 20 mm were intended for forming samples. Material with a grain size of <8 mm was used to form the samples in a small container.



The compaction index     I   S     was expressed as the ratio of the bulk density of the soil in the embankment (    ρ   d    ) to the maximum value of bulk density (    ρ   s    ) [28]:


    I   S   =     ρ   d       ρ   s     .  



(2)







Based on the compaction curve, three samples were formed from the AZ5 material with different     I   S     compaction indices. Samples for permeability testing, made by using the standard Proctor apparatus [29], were cylindrical with dimensions φ100 mm × 100 mm. The AZ5 waste was compacted by using a 2.5 kg rammer, lowered from a height of 30.5 cm and compacting the material in three layers. There were 25 hammer blows for each layer. Compacting the material with humidity close to the optimal one allowed us to obtain an     I   S     compaction index of 0.964, 0.98 and 1.00. The formed samples were transferred to a flexible cover and closed at the top and bottom with porous stones. The material prepared in this way was installed in a triaxial test chamber to test water permeability through cohesive soils.




2.6. Permeability Tests


2.6.1. Triaxial Compression Apparatus


To analyze the permeability of waste coal ash, measuring equipment from Fröwag (Germany) was used, using a three-axial pressure system to test the permeability of cohesive and noncohesive soils (Figure 2). A triaxial compression apparatus with a working pressure of 2.5 bar consisted of a tank supplying water to the system; a pressure chamber in which the sample was placed (Figure 2); a water source; two burettes; and manometers enabling the setting of the PH hydrostatic pressure and the regulation of liquid pressures at the inlet and outlet of the sample, P1 and P0, respectively. In the compression apparatus, a sample with dimensions φ100 mm × 100 mm was placed in a cover with flexible walls and then installed in the pressure chamber (Figure 2). The chamber was filled with water, which exerted even pressure on the front, bottom and side surfaces of the sample. The triaxial compression apparatus allowed for the experimental determination of the permeability coefficient in two vertical directions of liquid flow, from top to bottom and from bottom to top.




2.6.2. Measurement Procedure


The filtration properties of the waste coal ash under hydrostatic pressure were measured in accordance with the procedure described in ISO 17892-11:2019 [30]. The value of the permeability coefficient was taken as the arithmetic mean of the measurement results obtained for both directions of water flow through the sample. During the measurement, the water temperature was controlled and the level difference in the burettes was measured.



The waste coal ash samples intended for water permeability measurements were subjected to the process of soaking with water in the chamber of the triaxial compression apparatus (Figure 2). Each sample was left in the chamber for 3–4 days, assuming that, after this time, it was fully saturated. During the permeability test, the samples were loaded with a hydrostatic confining pressure ranging from 0.5 to 1.8 bar, which corresponded to depths ranging from 2.17 to 7.83 m. The calculation of the confining pressure value into depth was based on the height of the soil column, the real density of the tested waste and the value of acceleration due to gravity. During the measurements, the direction of water flow was alternately changed to obtain 10 measurements from top to bottom and 10 from bottom to top. A total of 20 measurement points were then averaged for the permeability coefficient in specific conditions.



The permeability coefficient measurements were performed with a constant hydraulic gradient as well as with a constant flow [30]. The tests consisted of determining the amount of water that will filter through a soil sample with a cross-section A in time t at the hydraulic gradient i and at the determined water temperature [10,17,18,19,20,21,22,23,24,25,26,27,28,29]. The hydraulic gradient i was calculated according to the following formula [30]:


    i =   Δ h   l   ,  



(3)




where



	
l—the sample height (m).



	
Δh—the hydraulic head difference (m).






The value of the permeability coefficient k was calculated from the following formula [30]:


  k =   Q   A × i × t       m   s     ,  



(4)




where



	
Q—the filtration efficiency (m3).



	
A—the cross-sectional area of the sample (m2).



	
i—the hydraulic drop (-).



	
t—the measurement duration (s).






Next, the permeability coefficient values were converted to the reference temperature according to the following formula [30]:


    k   r e f   = k ×     η   p o m       η   r e f     [   m   s   ] ,  



(5)




where



	
    η   r e f    —the water viscosity at the reference temperature (Pa × s).






Water permeability tests, performed as part of a single measurement cycle, included determining the permeability coefficient for subsequent waste samples with a variable density index under various confining pressure conditions. These were 0.5, 0.8, 1.0, 1.3, 1.5 and 1.8 bar. The ΔP values in the tests were 0.3, 0.5 and 0.8 bar.






3. Results and Discussion


3.1. Technical Parameters


Table 1 lists the basic technical parameters of the waste material samples delivered to the laboratory, including the AZ5 sample selected for permeability testing. The moisture content of the raw material varied from 10.30% to approximately 30%. The actual density of the waste coal ash was 2300 kg/m3.




3.2. Granulometric Analysis


Figure 3 shows histograms of the content of individual grain fractions in the coal ash samples while Figure 4 shows a comparison of the grain size curves of the tested samples. According to Figure 4, the waste samples were characterized by significant differences in grain size. In the AZ1 sample, the fraction from 1.6 to 4.0 mm dominated, and in samples AZ2 and AZ3, fractions with grain sizes ranging from 0.16 to 0.63 mm dominated. Samples AZ1 and AZ2 had a small share of the ultrafine fraction below 0.04 mm, while in AZ2, there were no grains above 10 mm at all. In sample AZ3, the smallest share was in the middle fraction from 0.63 to 1.0 mm. Samples AZ4 and AZ5 had the most uniform grain distribution, and in both samples, the fraction with a particle size of 0.04 to 0.063 mm dominated.



The grain size distribution for all the waste samples, presented in Figure 4, shows that the sand fraction dominated, as its share in the tested samples ranged from 50% to 85%. The delivered waste was a mixture of the dust fraction ranging from approximately 5% to 20% (in the case of sample AZ4, approximately 40%) and the gravel fraction ranging from 5% to 50% depending on the sample. The content of the clay fraction in the waste did not exceed 2%. According to the classification of ashes in terms of grain size, it can be stated that sample AZ4 belongs to medium-grained materials, while the remaining samples, marked as AZ1, AZ2, AZ3 and AZ5, belong to coarse-grained materials [10]. Large differences in the granulometric composition usually resulted in different geotechnical properties.




3.3. Leaching Test Results


The results of the leaching tests showed that water extracts from the waste coal ash mixtures were characterized by an alkaline reaction, with pH values ranging from 9.34 to 9.55. Therefore, the leaching of metal ions and metalloids was low, not exceeding the permissible values for waste permitted for disposal in landfills. The exception was selenium in the AZ3 sample (see Table 2).



Moreover, the exceeded values of leachable fluoride loads were found (sample AZ3). Direct extraction with methylene chloride of the waste showed no organic fraction (<0.01 mg/100 mg of the initial substance).




3.4. Compactability Tests


Figure 5 presents the compaction curves of the AZ5 waste showing the dependence of the bulk density on the moisture content. The compaction curve was the relationship between the moisture of the material and the dry density of the soil framework (    ρ   d    ) [31], which determined the quality of the material compaction. From the obtained curve, the optimal soil moisture was determined, at which the maximum material compaction was achieved. The compaction curve was a standard curve for determining the compaction index     I   S    , characterizing the quality of the soil compaction in the embankment.



Table 3 lists the parameters of three samples formed from the AZ5 waste with different     I   S     compaction indices of 1.0, 0.98 and 0.964. The bulk density of the samples was 1.17 g/cm3 for the sample with a compaction index of 1.0, 1.146 g/cm3 for the sample with a compaction index of 0.98 and 1.138 g/cm3 for the sample with a compaction index of 0.964. The moisture content of the samples determined from the Proctor curve was 36.5% (optimal), 31.1% and 26.2%.




3.5. Permeability Measurements


Figure 6 presents the variability of the k permeability coefficient for all measurement cycles under the influence of changes in the hydrostatic pressure. The dashed line shows the variability of the permeability coefficient in cycle I, while the solid line shows its variability in cycle II. According to Figure 6, the permeability coefficient was dependent on the hydrostatic pressure. For samples with a compaction index of 0.964 and 0.98, a decrease in material permeability was observed according to a power–law tendency. In the case of a sample with a compaction index of 1.00, changes in the permeability coefficient were negligible. The tested waste, having the maximum bulk density, did not respond to the increase in the confining pressure applied in the three-dimensional compression apparatus.



The average values of permeability k ranged from 4.4 × 10−7 to 1.91 × 10−6 m/s. The permeability coefficient classified waste coal ash as semipermeable soil. As can be seen from Figure 6, samples with compaction indices     I   S     = 0.964 and     I   S     = 0.98, subjected to confining pressure in two consecutive loading cycles (I and II), showed different trends in permeability changes with loading. The reduction in the permeability coefficient in cycle I, consisting of a successive increase in the sample hydrostatic pressure, was 26% at the waste density of     I   S     = 0.964 and 33% at     I   S     = 0.98. The reduction in the permeability coefficient in cycle II was 7.5% and approximately 10%. Significantly smaller reductions in the permeability coefficient in cycle II indicated changes in the sample structure caused by the effect of confining pressure in cycle I. Gradually increasing the hydrostatic pressure from 0.5 to 1.8 bar and then reducing the load to the initial value PH = 0.5 bar caused irreversible changes in the sample structure. They could involve the local clumping of material at grain boundaries or larger grains interlocking with each other. As a result of such changes, after removing the load, the permeability of the consolidated and partially modified waste sample did not respond to the increase in the hydrostatic pressure.



Research by Reddy et al. [32] showed that the permeability coefficient of the power plant bottom ash had values similar to those obtained in this study from 1.34 × 10−6 to 2.01 × 10−6 m/s; hence, such waste ash can be effectively used as road embankment construction material. In contrast, Szwalec et al. [18] give a wide range of permeability coefficient values for coal waste ash ranging from 3.4 × 10−11 to 2.61 × 10−2 m/s. Low water permeability coefficients (from 1.16 × 10−5 to 1.27 × 10−5 m/s) obtained by Lange et al. [19] were explained by the chemical composition of the bottom ashes and slags containing large amounts of unburned carbon particles. According to researchers, the presence of unburned carbon increases the sorption activity of sediments and slows down the filtration of free water.



Figure 7 and Figure 8 show the differences in the results obtained in individual measurement cycles based on the depth at which the layer of waste subjected to the tested hydrostatic pressures would be located. The presented graphs show differences in the behavior of samples with a compaction index     I   S       of 0.964 and 0.98 in cycle I and cycle II, respectively. The variability of the permeability coefficient with depth was greater in cycle I, while in cycle II, there was no reduction in permeability that was the effect of cycle I. The relative reductions in the water permeability coefficient in cycle I, resulting from the increase in the depth of the soil layer, amounted to 6.3 × 10−8 and 8.0 × 10−8 m/s for each 1 m increase in depth for the sample with     I   S     = 0.964 and     I   S     = 0.98, respectively. The relative reductions in the permeability coefficient in cycle II with depth were approximately 2.0 × 10−8 m/s for both samples for each 1 m increase in depth.



The waste samples were characterized by a higher permeability coefficient in cycle II. The influences of hydrostatic pressure and the corresponding depth of the soil layer were 3–4 times smaller in cycle II than in cycle I. The explanation of the waste coal ash behavior in the second cycle may be the irreversible changes that occurred in the structure of the samples subjected to the first loading cycle.



It can be seen in Figure 8 that hydrostatic pressure reduced the permeability of the waste coal ash. This indicates that the water flow paths through the waste material were closed to a certain limit value, appropriate for each degree of density. According to Kaczmarczyk [14], the permeability of cement materials depended on the presence of pores and a network of channel connections, which allowed for the use of bottom ashes in geotechnical works and in construction processes.



Figure 9 and Figure 10 show the influence of hydrostatic pressure on the value of the permeability coefficient determined at different pressure gradients ΔP. The results obtained for different filtration velocities showed a consistent trend in changes in the permeability coefficient for both studied samples (    I   S     = 0.964 and     I   S     = 0.98). As may be seen in Figure 9 and Figure 10, the hydraulic gradient had an influence on the water filtration rate. As the hydraulic gradient increased, an increase in the water permeability coefficient was observed. It should be emphasized, however, that the measurement series performed at a gradient of 0.3 bar enabled the optimal performance of the measurement procedure and enabled us to obtain results with a low measurement error.



The influence of the hydraulic gradient on the change in the water permeability coefficient was described in the work by Lange et al. [19]. The value of the hydraulic gradient was progressively increased from 0.2 to 1.0 in increments of 0.2. It was found that water filtration began after reaching a certain hydraulic gradient, a so-called initial filtration gradient. The initial hydraulic gradient ranged from 0.49 to 0.53.



Analyzing the impact of compaction on the k value (Figure 11), the permeability coefficient of the waste coal ash depended on the sample density. It was shown that an increase in the     I   S     index from 0.964 to 1.00 resulted in a 4-fold decrease in permeability from 1.76 × 10−6 to 4.4 × 10−7 m/s (relative reduction by 75%) at the lowest hydrostatic pressure PH = 0.5 bar. An increase in the     I   S     index from 0.964 to 1.00 at the highest hydrostatic pressure PH = 1.8 bar resulted in a 2.8-fold reduction in permeability from 1.30 × 10−7 to 4.5 × 10−7 m/s (relative reduction by 65%).





4. Summary and Conclusions


In this work, due to the limited availability in the literature of the tests determining the water permeability coefficient of waste coal ash, the filtration properties of a representative material were measured. Our contribution to the issue of the water permeability of waste coal ash consisted of measurements under various loads, different hydraulic gradients and cyclic test mode. Based on the measurements conducted, the following conclusions can be drawn:



	
The permeability coefficient k ranged from 4.4 × 10−7 to 1.91 × 10−6 m/s and classified waste coal ash as semipermeable soil. It was found in the work that the permeability coefficient was dependent on the hydrostatic pressure for samples with a density index     I   S     of 0.964 and 0.98. On the contrary, the tested waste with     I   S     of 1.00 did not respond to the increase in the hydrostatic pressure applied. The increase in the hydrostatic pressure resulted in a reduction in the permeability coefficient in cycle I of 26% at     I   S     = 0.964 and of 33% at     I   S     = 0.98. The permeability coefficient reduction in cycle II was 7.5% and ca. 10%, respectively. A gradual increase in the hydrostatic pressure from 0.5 to 1.8 bar in cycle I caused irreversible changes in the structure of the waste coal ash. The first cycle resulted in the formation of flow paths in the material, which most likely would not change further in the subsequent cycles.



	
The relative reductions in the water permeability coefficient in cycle I resulting for each 1 m increase in depth amounted to 6.3 × 10−8 for a sample density     I   S     = 0.964 and 8.0 × 10−8 m/s for     I   S     = 0.98. The relative reductions in the permeability coefficient in cycle II with depth were ca. 2.0 × 10−8 m/s for both samples for each 1 m increase in depth. The water flow paths through the waste coal ash were reduced to a certain limit value appropriate for each density index.



	
The permeability coefficient of water was influenced by the value of the hydraulic gradient. As the hydraulic gradient increased, a filtration rate increase was observed. The optimal performance of the filtration test was performed at a gradient of 0.3 bar.






Undoubtedly, both during the forming process in the Proctor device and during the permeability tests under hydrostatic pressure, it can be seen that the waste material compacts well.



As a result, waste coal ash cannot constitute a construction material itself, but to ensure constant filtration properties, it must be doped, or the material must be appropriately compacted to a value equal to     I   S     = 1.00.
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Figure 1. Samples taken from the landfill marked as AZ 1 to 5. 
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Figure 2. View of the station and the triaxial compression apparatus for testing the permeability coefficient (two pressure chambers in which individual samples are installed, enclosed in flexible sleeves; three pairs of measuring burettes; and three manometers—the middle one is used for the setting of the PH hydrostatic pressure and the left and right ones are used for regulation of liquid pressures at the inlet and outlet of the sample, P1 and P0, respectively, set interchangeably depending on the direction of water flow through the sample). 






Figure 2. View of the station and the triaxial compression apparatus for testing the permeability coefficient (two pressure chambers in which individual samples are installed, enclosed in flexible sleeves; three pairs of measuring burettes; and three manometers—the middle one is used for the setting of the PH hydrostatic pressure and the left and right ones are used for regulation of liquid pressures at the inlet and outlet of the sample, P1 and P0, respectively, set interchangeably depending on the direction of water flow through the sample).



[image: Recycling 09 00022 g002]







[image: Recycling 09 00022 g003a][image: Recycling 09 00022 g003b] 





Figure 3. Histograms of the content of individual grain fractions in samples AZ1–AZ5. 
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Figure 4. Particle size curves of dry waste samples from AZ1 to AZ5 (the colors of the curves refer to AZ1-AZ5 samples shown in Figure 3). 
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Figure 5. Proctor compaction curves made with a standard and reduced Proctor apparatus. 
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Figure 6. Permeability coefficient k, all cycles, variation with hydrostatic pressure, ΔP = 0.3 bar. 






Figure 6. Permeability coefficient k, all cycles, variation with hydrostatic pressure, ΔP = 0.3 bar.



[image: Recycling 09 00022 g006]







[image: Recycling 09 00022 g007] 





Figure 7. The influence of depth on the value of the permeability coefficient k in measurement cycle I, all samples, ΔP = 0.3 bar. 
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Figure 8. Influence of depth on the value of the permeability coefficient k in measurement cycle II, all samples, ΔP = 0.3 bar. 
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Figure 9. The influence of confining pressure on the value of the permeability coefficient measured at different set pressures, sample     I   S     = 0.964. 
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Figure 10. The influence of confining pressure on the value of the permeability coefficient measured at different set pressures, sample     I   S     = 0.98. 
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Figure 11. The influence of compaction index on the value of the permeability coefficient of AZ5 waste. 
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Table 1. Sample characteristics.
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	Sample/Waste Ash
	Moisture Content (%)
	Real Density (kg/m3)





	AZ1
	10.30
	data



	AZ2
	11.80
	



	AZ3
	20.30
	2300



	AZ4
	30.10
	



	AZ5
	27.16
	










 





Table 2. Loads of soluble components leached from waste coal ash.
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Lp.

	
Component

	
Waste Sample (mg/kg)

	
Acceptable Leaching

Values (mg/kg)




	
AZ1

	
AZ3






	
1

	
(As)

	
0.0555

	
0.0613

	
0.3




	
2

	
(Ba)

	
0.162

	
0.644

	
7




	
3

	
(Cd)

	
<0.0024

	
<0.0024

	
0,03




	
4

	
(Cr)

	
0.0292

	
0.0908

	
0.2




	
5

	
(Cu)

	
0.0102

	
<0.0038

	
0.9




	
6

	
(Hg)

	
<0.0025

	
<0.0025

	
0.003




	
7

	
(Mo)

	
0.0211

	
0.0243

	
0.3




	
8

	
(Ni)

	
0.0254

	
0.0105

	
0.2




	
9

	
(Pb)

	
<0.0022

	
<0.0022

	
0.2




	
10

	
(Sb)

	
0.016

	
0.015

	
0.2




	
11

	
(Se)

	
0.014

	
0.335 1

	
0.06




	
12

	
(Zn)

	
<0.0109

	
<0.0109

	
2




	
13

	
(Cl)

	
8.13

	
9.64

	
550




	
14

	
(F)

	
2.98

	
12.51 1

	
4




	
15

	
(SO42−)

	
25.1

	
191

	
560




	
16

	
Phenolic compounds

	
<0.002

	
<0.002

	
0.5




	
17

	
Soluble organic carbon (DOC)

	
6.25

	
3.60

	
240




	
18

	
Solid soluble compounds (TDS)

	
746

	
1380

	
2500




	
19

	
Total carbon

	
110.7

	
203.5

	




	
20

	
Inorganic carbon

	
105.4

	
199.9

	




	
21

	
pH

	
9.34

	
9.55

	








1 exceeded the permissible value for waste allowed to be stored in landfills.













 





Table 3. Properties of samples intended for permeability tests.
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	   Compaction   Index     I   S      (-)
	Maximum Bulk Density (g/cm3)
	Moisture from the Proctor Curve (%)





	1.0
	1.170
	36.5 (optimal)



	0.980
	1.146
	31.1



	0.964
	1.138
	26.2
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