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Abstract

:

Increasing infrastructure growth has forced the construction industry to look for wasteful, cheap, and suitable materials for construction. An investigation into the geotechnical utilization of fly ash was carried out in the present study. Practical applications normally involve the use of large quantities of fly ash, so proper mixing of the fly ash with other materials may not be significantly achieved. Therefore, the present paper investigates the behaviour of a fly ash–bentonite layered system with different ratios. The physical properties and chemical composition of fly ash and bentonite were determined. SEM and energy dispersive X-ray experiments were also used to investigate the morphology and phase compositions of fly ash and bentonite. A series of consolidated undrained (CU) triaxial tests on fly ash–bentonite were carried out to investigate shear strength characteristics. Fly ash (F) and bentonite (B) were used in the following ratios: 1:1 (50% F:50% B), 2:1 (67% F:33% B), 3:1 (75% F:25% B), and 4:1 (80% F:20% B), with different numbers of interfaces (N), i.e., 1, 2, and 3 for each ratio. The deviator stress and cohesion value were found to increase with the number of interfaces for each ratio. The angle of shear resistance changed marginally with the increase in the fly ash–bentonite ratios and varying interfaces.
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1. Introduction


Around 70–75% of the electricity is generated by coal-based thermal power plants in India. Indian coal is of poor quality and contains almost 30–45% of ash [1,2]. Fly ash is also considered a hazardous water pollutant due to the presence of toxic heavy metals [3]. According to estimates from the Fly Ash Utilization Program (FAUP), the coal supplied to thermal power plants in the amount of 686.34 million tonnes in 2020–2021, which contains a significant amount of ash, had a fly ash generation of 232.56 million tonnes in 2020–2021 [4]. The Ministry of Power, Govt. of India estimates 1800 million tonnes of coal use every year and 600 million tonnes of fly ash generated by 2031–2032. Due to persistent efforts by the Fly Ash Mission in India and some other agencies, the utilization of fly ash has improved from a meagre 3% in 1994 to 92% in 2020, which is nowhere near its target of 100% fly ash utilization [5]. Various authors have successfully stabilized expensive soil by blending it with fly ash [6,7,8]. Fly ash has also been modified with lime, gypsum, and fibre [9,10].



Bentonite is an efficient clay substance for creating low-permeability barriers. Bentonite is a valuable material because of its great plasticity, strong dry-bonding strength, high shear and compressive strength, and low permeability [11,12,13]. Many researchers have carried out experimental investigations on fly ash mixed with bentonite [14,15,16]. The suitability of fly ash as a hydraulic barrier as well as the use of bentonite were investigated to improve the geotechnical qualities of fly ash [14]. It was established that 70% by weight of fly ash can be blended with bentonite to meet the requirements of compacted landfill liners [15,17].



The permeability of the compacted fly ash deposits is moderate. Fly ash is not suitable for use in seepage barriers such as liners. To lower the permeability of fly ash, clay-like admixtures should be used [2,18]. The utilization of a large quantity of fly ash means proper mixing of the fly ash with other materials may not be significantly achieved. To overcome this problem, the layered system has been adopted in the present study. When two layers of different materials interact at their interfaces, the deformation behaviour of the composite is influenced by the inherent properties of the materials. The effect of fly ash on bentonite ratio and the number of layers was studied.




2. Materials Used


2.1. Fly Ash


The fly ash came from a national thermal power plant in Dadri, India, with an installed capacity of 800 megawatts. The plant generates about 10 million tonnes of bottom ash and 39 million tonnes of fly ash each day. The fly ash is collected in a total of 24 electrostatic precipitator hoppers. To avoid deterioration over time, fly ash was collected in dry form and stored in moisture-proof containers. The results of the research into the chemical composition and physical properties of fly ash are shown in Table 1 and Table 2, respectively. It was designated as class F, as defined by ASTM C 618 [19], indicating that it is typically obtained from bituminous and anthracite coals. The intrinsic diversity of fly ashes from different sources as well as from the same source is greater in India than in other nations such as Italy and the United States [20]. The chemical constituents of the Dadri fly ash were found to be within the range of other Indian fly ash chemical compounds. Scanning electron microscope (SEM) and Energy Dispersive X-ray (EDX) were carried out through JEOL, instrument JSM-6510 (Figure 1). The following settings were used to photograph the morphological characteristics of the fly: accelerating voltage = 15 kV, magnification = 3000, spot size = 40, µm marker = 5, and tilt = 0. The image clearly shows that fly ash is mostly made up of spherical particles of various sizes (Figure 1). Figure 2a shows the EDX of fly ash.



The density bottle method was used to determine the specific gravity of fly ash, which was found to be 2.19 according to IS: 2720-Part 3 [21]. To assess the grain size distribution of the Dadri fly ash, a hydrometer test was performed according to Indian Standard IS 2720-Part 4 [22]. The Atterberg limits were measured according to Indian Standard IS 2720-Part 4 [23]. The liquid limit (WL) of fly ash was found to be 24% and non-plastic in nature. For typical soils, a light compaction standard Proctor test was performed according to Indian Standard IS 2720-Part 10 [24]. The optimal moisture content (OMC), unit weight, and maximum dry density (MDD) were found to be 22%, 14.39 kN/m3, and 11.8 kN/m3, respectively. Fly ashes have a lower MDD and a higher OMC than normal soils. This may be attributed to lower specific gravity and the porous nature of the particle. Unconfined compression tests were carried out in accordance with Indian Standard IS 2720-Part 10 [24]. Two specimens were tested, and at 2% axial strain, the failure axial stress was attained, causing the specimens to collapse. The Dadri fly ash specimens had an average unconfined compressive strength of 110 kN/m2. At the MDD–OMC state, specimens were prepared and a falling head permeability test was performed. The coefficient of permeability of fly ash was determined to be around 5.51 × 10−6 cm/s, which is normally in the range of non-plastic silts. Table 2 shows the physical properties of fly ash and bentonite.




2.2. Bentonite


The bentonite utilized was dry, sieved through an IS sieve of 425 microns, and stored in the laboratory in sealed containers. The bentonite’s morphological properties presented in Figure 3 were collected under the following conditions: accelerating voltage of 15 kV, 2700 magnification, 40 spot size, 5 µm marker, and tilt = 0. Energy dispersive X-ray analysis (EDS or EDX), as shown in Figure 2b, is based on the diffraction of very short-wave electromagnetic radiation in the regular, continuous mineral lattice. The specific gravity of bentonite was found to be 2.73. As illustrated in Figure 3, the particle size distribution curves of fly ash and bentonite were plotted as shown in Figure 4. The liquid limit (WL) and plastic limit (WP) of bentonite were found to be 261% and 38%, respectively. CH has been assigned to it. The compaction curves for bentonite and fly ash are shown in Figure 5. The optimum moisture content (OMC), unit weight, and maximum dry density (MDD) of bentonite were found to 28%, 21.52 kN/m3, and 16.81 kN/m3, respectively. The coefficient of permeability was found to be close to 8.52 × 10−8 cm/s.





3. Experimental Programme


Laboratory tests were conducted on the cylindrical specimen having a size of 39 mm in diameter and 84 mm in length. Experimental details are described in Table 3. Fly ash and bentonite were used in the following ratios (by volume): 1:1 (50% F:50% B), 2:1 (67% F:33% B), 3:1 (75% F:25% B), and 4:1 (80% F:20% B) in two layers, three layers, and four layers (N = 1, 2, and 3). Figure 6 explains the diagram presentation for F:B = 2:1 in different layer combinations. For F:B = 2:1 in two layers, the length of the fly ash and bentonite samples was kept at 56 mm and 28 mm, respectively. For F:B = 2:1 in three layers, the length of fly ash and bentonite in each layer was taken as 28 mm. However, for F:B = 2:1 in a four-layer combination, the length of each layer of fly ash and bentonite was kept at 28 mm and 14 mm, respectively. Each test was repeated once for better accuracy, so a total of 84 samples were tested under three different confining pressures of 100 kPa, 200 kPa, and 300 kPa.



3.1. Sample Preparation


Each sample was prepared on optimum moisture content. Firstly, Proctor compaction tests were carried out to find optimum moisture content and maximum dry density. The weights of the fly ash and bentonite were calculated for each layer by using max dry density of a sample 39 mm in diameter and 84 mm in length. A pre-determined amount of dry material was mixed properly by adding 28% (for bentonite) and 22% (for fly ash) water. Material was filled in a sampler at 5 mm thickness for each layer and compacted by an iron rod of diameter 20 mm of 250 gm weight to ensure effectiveness. Figure 7a–e represents a few specimens used in the present laboratory tests. The fly ash and bentonite samples are shown in Figure 7a,b. However, for F:B = 1:1 in the layer combination as N = 1, the length of each layer was taken as 42 mm, as shown in Figure 7c. For F:B = 1:1 with N = 2 and 3, the samples are shown in Figure 7d,e. To achieve homogeneity and thixotropy, the samples were left for 24 h. After that, the sample was placed in a pressure cell and exposed to a vertical compression force as well as all-around hydrostatic pressure. With end caps and rubber rings in place, the sample was correctly sealed, and the sealing rings of the cell were also properly positioned. Before testing, samples were saturated for 24 h.




3.2. Test Procedure


The consolidated undrained (CU) test was performed on samples (excluding simple fly ash) in which complete consolidation of the test specimen was allowed under confining pressure, but no drainage was allowed during shear. Back pressure was used to obtain full saturation. During the CU test, the effective stress parameters c and ϕ were determined by measuring the pressure in the pores.



The deviator stress and axial strain were calculated when the samples were exposed to confining pressures (σ3) of 100 kPa, 200 kPa, and 300 kPa. The data collection was totally computer controlled, and the tests were run at a constant strain rate of 2% per minute. A regulated speed driven motor with a compression force of up to 100 kN was used to impose the axial displacement. As shown in Figure 8, the linear variable differential transformer (LVDT) and pore pressure transducers (PPT) were used to measure settlement and pore water pressure of the sample, respectively. All instruments were duly calibrated before testing.





4. Results and Discussion


4.1. Stress-Strain Behaviour


Figure 9 shows the response of deviator stress to axial strain at confining pressures of 100, 200, and 300 kPa. Different layered systems with varying numbers of interfaces have been studied. Apart from the different layers used, the ratio of fly ash to bentonite has been subjected to variation from 1:1 to 4:1. Deviator stress at failure of fly ash was found to be 236, 380, and 495 kPa on confining pressures of 100, 200, and 300 kPa, respectively. As indicated in the graphs, samples confined to 300 kPa sustained greater axial strains and deviator stresses than samples confined to lower confining pressures of 100 kPa and 200 kPa. In addition, it can be seen that the stress endured by a plain fly ash sample is significantly lower than a plain bentonite specimen. Again, as the ratio of fly ash to bentonite increases, the deviator stress carried by the sample decreases.



For F:B = 1:1, the increments in deviator stress for N = 1, 2, and 3 with respect to fly ash are 50, 68.22, and 113.12%, respectively, on confining pressure 100 kPa; 38.42, 57.11, and 52.89% on confining pressure 200 kPa; and 21.62, 36.36, and 38.38% on confining pressure 300 kPa. For F:B = 2:1, the increments in deviator stress for N = 1, 2, and 3 with respect to fly ash are 40.25, 84.32, and 96.61%, respectively, on confining pressure 100 kPa; 30.79, 53.68, and 72.89% on confining pressure 200 kPa; and 12.12, 24.04, and 27.27% on confining pressure 300 kPa. For F:B = 3:1, the increments in deviator stress for N = 1, 2, and 3 with respect to fly ash are 32.20, 48.73, and 68.64%, respectively, on confining pressure 100 kPa; 17.37, 25.79, and 34.74% on confining pressure 200 kPa; and 10.10, 13.13, and 27.27% on confining pressure 300 kPa. For F:B = 4:1, the increments in deviator stress for N = 1, 2, and 3 with respect to fly ash are 24.58, 29.24, and 49.15%, respectively, on confining pressure 100 kPa; 11.32, 21.84, and 28.16% on confining pressure 200 kPa; and 10.71, 12.73, and 19.60% on confining pressure 300 kPa.




4.2. Shear Strength Parameters


The total axial stress results of the series of consolidated undrained triaxial tests at increasing confining pressure were plotted on a Mohr’s circle diagram to evaluate effective shear strength parameters (c and ϕ). A straight line drawn as a tangent to the circles, with the equation τ = c + σ tan ϕ, is used to simulate the condition of the sample’s failure. The angle of shearing resistance (ϕ) is the angle between the tangent and a line parallel to the shear stress, and the value of cohesion (c) is read from the shear stress axis, where it is cut by the tangent to the Mohr’s circles. The values of c and ϕ are summarized in Table 4.



As shown in Figure 10, for a particular ratio of fly ash to bentonite, the value of cohesion increased with the increase in the number of interfaces. When the number of interfaces is equal to one, it was noticed that the value of cohesion continuously decreased as the ratio of fly ash to bentonite was increased. At number of interfaces equal to 2, the value of cohesion decreased when the ratio F:B changed from 1:1 to 2:1. However, when the ratio of F:B became 3:1, the value of cohesion increased before reducing again at F:B = 4:1. At N = 3, it was found that, with increasing ratio of F:B, an increase in value of c was recorded until the ratio was 2:1. At a 3:1 ratio of F:B, the value of cohesion decreased and then fell drastically at F:B ratio = 4:1.



As shown in Figure 11, it was also found that the value of the angle of shear resistance is largest for fly ash. For the same ratio of fly ash to bentonite, it decreases gradually as the number of interfaces was increased. However, the values of ϕ are quite close to each other, i.e., not much drastic change is observed in their response to changing ratios and varying interfaces.





5. Conclusions


The following conclusions are drawn based on the results of the experimental investigation:




	
Fly ash is a nearly cohesionless substance that has a binding effect at the fly ash–bentonite layered system interfaces.



	
For F:B = 1:1, 1:2, 1:3, and 1:4, the value of cohesion has been varied in the ranges of 76.8–107 kPa, 75–110 kPa, 66.6–105 kPa, and 55–78.2 kPa, respectively, for different layer arrangements. As the ratio of fly ash to bentonite is increased, the value of cohesion is decreased, while at the same ratio, the value of cohesion is increased by increasing the number of interfaces.



	
For F:B = 1:1, 1:2, 1:3, and 1:4, the value of angle of shearing resistance has been varied in the range of 17–22.8° for different layer arrangements. The value of the angle of shearing resistance has been found to decreases with the increase in the number of interfaces for a specified ratio of fly ash to bentonite.



	
The stress–strain behaviour of the fly ash–bentonite layered system is initially elastic at low stress levels and becomes non-linear at higher stress levels.



	
As the number of interfaces and confining pressures grow, the shear strength and net safe bearing capacity of the fly ash–bentonite layered system increases.



	
Based on laboratory model tests, it has been suggested that the embankment may provide greater stability if it is constructed for a fly ash to bentonite ratio of 3:1 (75% of fly ash and 25% of bentonite in layers) by keeping the number of interfaces as N = 3.



	
It has been found that a 3:1 ratio of fly ash to bentonite with three interfaces can be successfully used for filling low-lying areas and in many other engineering constructions, while also providing a means of using the material without negatively impacting the environment. However, the authors recommend that large-scale studies be conducted in the future.
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Figure 1. Scanning electron micrographs of fly ash with different magnification factors: (a) 700; (b) 3000. 
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Figure 2. Energy-dispersive X-ray spectroscopy (EDS): (a) fly ash and (b) bentonite. 






Figure 2. Energy-dispersive X-ray spectroscopy (EDS): (a) fly ash and (b) bentonite.



[image: Applsci 12 01421 g002]







[image: Applsci 12 01421 g003 550] 





Figure 3. Scanning electron micrographs of bentonite at 2700 magnification factor. 
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Figure 4. Particle size distribution curves for fly ash and bentonite. 
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Figure 5. Proctor compaction curve of fly ash and bentonite. 
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Figure 6. Diagrams representing the layered arrangement in samples for F:B = 2:1. 
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Figure 7. Specimen before saturation of: (a) fly ash, (b) bentonite, (c) F:B = 1:1 in N = 1, (d) F:B = 1:1 in N = 2, and (e) F:B = 1:1 in N = 3. 
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Figure 8. Triaxial shear test apparatus with LVDT, PPT, and load cell. 
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Figure 9. Deviator stress versus axial strain curves of fly ash, bentonite, and fly ash–bentonite in different ratios with layers. (a) Fly ash. (b) Bentonite. (c) F:B = 1:1, N = 1, F = 2L, B = 1L. (d) F:B = 1:1, N = 2, F = 2L, B = 1L. (e) F:B = 1:1, N = 3, F = 2L, B = 2L. (f) F:B = 2:1, N = 1, F = 1L, B = 1L. (g) F:B = 2:1, N = 2, F = 2L, B = 1L. (h) F:B = 2:1, N = 3, F = 2L, B = 2L. (i) F:B = 3:1, N = 1, F = 1L, B = 1L. (j) F:B = 3:1, N = 2, F = 2L, B = 1L. (k) F:B = 3:1, N = 3, F = 2L, B = 2L. (l) F:B = 4:1, N = 1, F = 1L, B = 1L. (m) F:B = 4:1, N = 2, F = 2L, B = 1L. (n) F:B = 4:1, N = 3, F = 2L, B = 2L. 
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Figure 10. Effective cohesion values against fly ash–bentonite ratios. 
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Figure 11. Effective angle of shear resistance values against fly ash–bentonite ratios. 
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Table 1. Chemical composition of fly ash.
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	Composition
	Percentage





	Silicon dioxide (SiO2)
	59.00



	Alumina (Al2O3)
	29.00



	Iron oxide (Fe2O3)
	6.50



	Calcium oxide (CaO)
	1.80



	Magnesium oxide (MgO)
	1.44



	Sodium oxide (Na2O)
	0.80



	Sulphur trioxide (SO3)
	0.28
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Table 2. Physical properties of fly ash and bentonite.
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	Properties
	Fly Ash
	Bentonite





	Specific gravity
	2.19
	2.73



	Optimum moisture content (OMC), %
	22
	28



	Unit weight, kN/m3
	14.39
	21.5



	Maximum dry density (MDD), kN/m3
	11.8
	16.8



	Liquid limit (WL), %
	24
	261



	Plastic limit (WP), %
	Non plastic
	38



	Plasticity index (P.I), %
	24
	223



	Coefficient of permeability, (10−10 m/sec)
	551
	8.52



	Unconfined compression strength, kN/m2
	34
	176



	Classification
	Class F
	CH
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Table 3. Experimental programme.






Table 3. Experimental programme.





	
Test Description

	
No. of Interfaces (N)

	
Confining Pressure (kPa)

	
Total No. of Tests




	
100

	
200

	
300

	






	
Fly Ash Sample

	
-

	
✓

	
✓

	
✓

	
6




	
Bentonite Sample

	
-

	
✓

	
✓

	
✓

	
6




	
F:B = 1:1

	
1

	
✓

	
✓

	
✓

	
6




	
2

	
✓

	
✓

	
✓

	
6




	
3

	
✓

	
✓

	
✓

	
6




	
F:B = 2:1

	
1

	
✓

	
✓

	
✓

	
6




	
2

	
✓

	
✓

	
✓

	
6




	
3

	
✓

	
✓

	
✓

	
6




	
F:B = 3:1

	
1

	
✓

	
✓

	
✓

	
6




	
2

	
✓

	
✓

	
✓

	
6




	
3

	
✓

	
✓

	
✓

	
6




	
F:B = 4:1

	
1

	
✓

	
✓

	
✓

	
6




	
2

	
✓

	
✓

	
✓

	
6




	
3

	
✓

	
✓

	
✓

	
6
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Table 4. Shear strength parameters of fly ash bentonite in different ratios with layers.






Table 4. Shear strength parameters of fly ash bentonite in different ratios with layers.





	
F:B

	
Cohesion (c), kPa

	
Angle of Internal Friction (ϕ), °




	
N = 1

	
N = 2

	
N = 3

	
N = 1

	
N = 2

	
N = 3






	
1:1

	
76.8

	
83.4

	
107

	
22.5

	
22.2

	
20




	
2:1

	
75

	
76.1

	
110

	
21

	
20

	
17




	
3:1

	
66.6

	
86

	
105

	
21.5

	
20

	
21.5




	
4:1

	
55

	
59

	
78.2

	
22.8

	
22.8

	
22
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