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Abstract


This article presents the possibilities of using mining waste from hard coal mines in flood and road embankments. For this reason, the management of mining waste is a very important issue. It was proposed to use mining waste to build flood embankments that also serve as a road. The results of research and numerical analyses using the Finite Element Method (FEM) are presented for the example of mining waste from the Sobieski Mining Plant. The results of testing the physical and mechanical properties of the waste, waste with the addition of 8% Portland cement and waste with the addition of 8% metallurgical cement are presented. The results of laboratory tests showed better physical and mechanical properties for mining waste with the addition of metallurgical cement. The results of the numerical analyses showed that no flood embankment built of mining waste alone retained the required stability coefficient according to Polish requirements (FoS > 1.3) at the highest flood wave. The best result is achieved by the flood embankment in the variant—the road being on the side of the air slope, built from mining waste with the addition of 8% metallurgical cement; this has the highest stability coefficient, both without a vehicle load (FoS = 1.72) and with a vehicle load (FoS = 1.67).
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1. Introduction


Hard coal is the basic energy raw material in Poland, and Poland is a producer of electricity from coal. In the world, the largest producers of electricity from coal are China and India. In Poland, underground hard coal exploitation is always associated with the problem of mining waste. One of the largest heaps of mining waste in Poland is the heap known as the Szarlota heap in the town of Rydułtowy.



One way to solve the problem of waste storage is to use it for construction purposes. This article assesses the possibility of using cement-reinforced mining waste as a building material for earthworks. The assessment of the possibility of using mining waste was performed for a hypothetical flood embankment, where there is a road on the crest of the embankment. The analysis was conducted using Finite Element Method (FEM) numerical modelling. The parameters of the waste material collected from the Sobieski Mining Plant in Poland were determined in detailed laboratory tests.



Flood embankments are sometimes used as roadways or railways. This is practised in many countries such as China [1,2], Belgium, the Netherlands and the United States [3]. In Poland, there are also examples of roads located on embankments, including Wał Międzeszyński in Warsaw or ul. Podbięty in Cracow and (Figure 1).



Such a solution is sometimes necessary to provide access to private properties or workplaces, particularly as an emergency route for emergency vehicles. The ability to quickly move emergency vehicles guarantees the safety of residents. In particular, the problem of the inability to move around the centres of large cities due to the large number of cars encourages city governments to become interested in the possibilities of using flood embankments as roads.



The pressure of transport development also encourages the development of flood embankments, which is the reason for an increasing number of research works on the possibility of designing expressways and high-speed railways on flood embankments [4].



In Poland, mining waste from the mines of the Upper Silesian Coal Basin (GZW) has been used for many years to build flood embankments [5,6,7,8,9]. Research is also being carried out on the use of mining waste for the construction of road embankments [10,11,12,13]. The reason for using mining waste is its low price and ecological impact. Due to the need for materials with low water permeability, mining waste with a grain size of up to 2 mm from the Sobieski Mining Plant (eastern region of GZW) was used for research. The novelty in the presented research results is the use of mining waste from a Polish mine for the construction of flood embankments that can also serve as roads, using the example of mining waste from ZG Sobieski. Laboratory tests and numerical analyses were carried out.



Based on a randomly selected sample of 438 geotechnical sections from the documentation of a five-year assessment of the technical condition of flood embankments, it was identified what percentage of embankments had mining waste embedded in them. The analysis showed that mining waste was used to build embankments in 26% of the entire sample [14].



The thickness of the mining waste layers in the tested sample usually ranged from 1.5 to 4.0 m (Figure 2). In sixteen cases, the embankment bodies are made entirely of mining waste.



River embankments are the basic form of flood protection. For flood embankments in Poland, there is a ban on vehicles and horse riding along the embankment crown, which is included in Art. 176 Section 1 [16]. The above prohibition may be lifted on specific sections of flood embankments by the authority of Polish Waters, when vehicle traffic does not affect the tightness and stability of the embankments—Art. 176 Section 4 [16]. As practice shows, this provision is often used. Currently, efforts are being made to use flood embankments as bicycle paths, emergency vehicle paths and roads to shorten travel time.




2. Characteristics of Mining Waste and Laboratory Testing Methodology


Laboratory tests of mining waste were performed on typical waste from the Upper Silesian Mining Basin (GZW) in Poland. The mining waste (designation—ZG) was collected from the eastern part of the Sobieski Mining Plant. A macroscopic analysis of the mining waste showed that the lithological composition of the sample consists mainly of quartz fragments, fragments of claystones, mudstones, coal fragments and grains of fragmentary rocks. In the case of waste collected from the Sobieski Mining Plant, small, shimmering pyrite minerals are also macroscopically visible (Figure 3).



A particle size analysis was performed. The granulometric analysis shows that mining waste from the Sobieski Mining Plant with a grain size of 0 to 2 mm can be defined as fine sand (FSa) according to the geotechnical classification (in accordance with [17]). The grain size composition was dominated by the sand fraction, constituting 87.89% (FSa 53.84%, MSa 32.68%, CSa 1.38%), while the dusty fraction was 12.11%. Mining waste collected from the mechanical processing plant of ZG Sobieski was characterised by an average moisture content of wn = 18.31%. The specific density of the soil framework was determined in accordance with the standard [18]. The maximum specific density of the soil skeleton was 2.418 g/cm3; the minimum specific density of the soil skeleton was 2.405 g/cm3. The determined average specific density of the soil skeleton was 2.413 g/cm3. The specific density of the soil skeleton is lower than the specific density of the soil skeleton of typical mineral soils with a grain size of 0–2 mm. According to the standard [19], the specific density of soil for quartzite sand is 2.65 g/cm3. Testing the optimal humidity for mining waste is a complex problem for this material. Tests of the optimal humidity for the mining waste were conducted in accordance with method I of the standard [19] for compaction energy Ez = 0.59 J/cm3. The analysis of the test results showed that the optimal humidity was in the range of 12.9–20.1%, and its average value was 17.3%. The maximum bulk density of the soil skeleton was 1.378–1.452 g/cm3, and its average value was 1.421 g/cm3.



The filtration coefficient k10 of the mining waste was in the range of 4.32 · 10−4 to 5.52 · 10−4 m/s. The filtration coefficient was determined in an oedometer with a changing hydraulic drop [18]. The order of magnitude of the filtration rate is typical for the filtration rate of silty sands. During the filtration index test, it was observed that the flowing water was grey in colour, which indicated that small particles from the sample were washed out by the water.



To test the effective angle of internal friction and cohesion, mining tailings with a binder were prepared by compaction in a Proctor cylinder to a compaction index of Is = 0.97. Steel pipes with an internal diameter of 37 mm and a height of 120 mm were pressed into the cylinder. While caring for the samples in the pipes, they were protected against loss of humidity, and after seven days, they were immersed in water. The care of the test samples lasted twenty-eight days. The determination of the internal friction angle and cohesion was performed in triaxial compression apparatus in accordance with the standard [19]. The tests of the optimal humidity [wopt] and the maximum bulk density of the soil framework [ρds] were performed in accordance with the standard [19]. The determination of the oedometric compressibility modulus, filtration coefficient, swelling pressure and swelling index were conducted in an oedometer for tests in plastic bands with a diameter of 70 mm and a height of 37 mm, brought to a compaction index of Is = 0.95, 0.97 and 1.0 and at the mixture humidity of 0.95–1.15 (wopt). After the compaction stage, the samples were protected against moisture loss. The sample curing time lasted twenty-eight days in accordance with the standard [20].



Laboratory tests were performed on mining waste from the Sobieski Coal Mine with the addition of binders. The addition of binder was intended to reduce the possibility of washing out small waste particles and to improve compaction and shear and compressive strength parameters [21,22,23,24,25]. The tests were conducted for mining waste with the addition of Portland cement (designation—CEM I) and with the addition of metallurgical cement (designation—CEM III). Portland cement (CEM I) is cement that contains only one ingredient, Portland clinker, in an amount of not less than 95%. Metallurgical cement (CEM III) consists of Portland clinker, blast furnace slag and calcium sulphate. The amount of the additive was determined as the maximum recommended for improving the substrate for road traffic categories 4 to 6 in accordance with the standard [21]. In order to maintain a comparative scale, the tests were conducted for mining waste with the addition of 8% to the weight of the soil skeleton of each of the mentioned binders. The tests for waste with binders were performed in accordance with the scheme and standards used for testing only mining waste without binders. The results of the laboratory tests showed better physical and mechanical properties for mining waste with the addition of metallurgical cement.




3. Research Methodology Using Finite Element Method (FEM)


The article presents the results of numerical modelling in a program based on the Finite Element Method, MIDAS GTS NX. Numerical calculations were made for the stability of the body of flood embankments serving as road embankments for roads with light and medium traffic. The stability assessment in the MIDAS GTS NX program is based on the limit equilibrium method, according to the procedure for reducing strength parameters. The Shear Strength Reduce Method (SSRM) is used to determine the FoS stability coefficient. To calculate the stability of the designed flood embankment, the elastic–plastic Coulomb–Mohr soil model was used, and the soil parameters were introduced in accordance with the standard [26] and the D3 calculation approach: A2 + M2 + R3. It was assumed that the obtained test parameters are characteristic values (Xk), and the design parameters (Xd) were obtained as a result of applying appropriate partial coefficients in accordance with the Eurcode 7 standard. The shaft geometry and layer arrangement are shown in the drawing (Figure 4) and in the extended version (Figure 5). The slope of the water and air slopes was assumed to be at the ratio of 1:2. The height of the embankment crown was 6 m, the width of the embankment body at the base was 28 m. A 4 m wide road strip was planned. A drainage ditch was planned on the side of the air slope. The base of the model was 14 m deep, and the width of the entire model was 78 m. An L-class road (local) was designed for the embankment, with a permissible load of 115 kN per axle, which gives a load on a single wheel weighing 57.5 kN in accordance with the Catalogue of Typical Structures of Flexible and Semi-rigid Pavements [27]. Loads in accordance with the standard [23] were considered to be unfavourable variables, for which the safety factor γf = 1.3 was adopted (set A2). The wheel spacing on the axle was assumed according to the standard [28] and was 2 m. The most unfavourable load was assumed, placing the wheel load at a distance of 0.4 m from the edge of the road on the side of the air slope (Figure 6).



In the numerical calculations, it was assumed that the flood wave would rise from the river level to 5.5 m above ground level at the waterside slope on the fourth day. The water level was expected to remain at this level for one day, and then the water would drop to ground level within two days. The flood wave diagram is shown in the figure (Figure 7).



Stability calculations were conducted for the designed flood embankment, taking into account the passage of the flood wave in conditions of unsteady filtration, in accordance with the flood wave hydrograph (Figure 7). The article presents the calculated coefficient of stability (FoS) for the initial conditions and after the fifth day of damming the flood wave on the waterside slope. Numerical calculations were performed for flood embankments built from mining waste in two variants:




	
Variant 1: a road on the embankment crest for a flood embankment unloaded or loaded with a vehicle;



	
Variant 2: a road on the ventral side of the embankment for a flood embankment unloaded or loaded with a vehicle.








In subsequent calculation variants, it was checked whether the flood embankment loaded with vehicles would remain stable during water damming. For comparison, the results of the coefficient of stability (FoS) of the loaded embankment are presented for the initial state after the fifth day of damming the flood wave.



Considering the stability of flood embankments that also serve as road embankments, and referring to the regulations of the Minister of the Environment on the technical conditions to be met by hydrotechnical structures and their location [29], it was assumed that the flood embankment and the flood embankment loaded with vehicle traffic should meet the stability conditions for the basic load system (FoS > 1.5). The highest possible flood wave level was assumed in the calculations; therefore, the permissible values of the stability coefficient for the fifth day of flood wave damming were adopted for a unique load system (FoS > 1.3).




4. Analysis of the Results of Tests on the Properties of Mining Waste with the Addition of Cement


The numerical calculations performed for flood embankments made of mining waste in two versions (version 1—a road on the embankment crown or version 2—a road on the air side of the embankment and for flood embankments unloaded or loaded with a vehicle) showed unacceptable values of stability (safety) coefficients.



Therefore, laboratory tests were conducted for mining waste with the addition of cement. The tests were performed for two varieties of cement: 1. Portland cement (designation ZG +8% CEMI) and 2. metallurgical cement (designation ZG +8% CEMIII). For mining waste with the addition of cement, the optimal moisture content [wopt] and the maximum bulk density of the soil skeleton [ρds] were determined. The results are summarised in Table 1. The determination of the filtration coefficient for mining waste with the addition of binder was performed after mixing and compacting the samples to a concentration index of Is = 0.97. The tests were performed in an oedometer twenty-eight days after compaction. Table 1 presents the marked filtration coefficients. The lowest filtration coefficient was recorded for mining waste with the addition of 8% Portland cement.



The addition of Portland cement increased the optimum humidity. The average value of optimal humidity for mining waste with the addition of metallurgical cement was 0.3% lower than the average value of optimal humidity for mining waste alone. The average value of the maximum bulk density of the soil framework for mining waste with cement additions increased in each examined case. In order to obtain strength parameters, laboratory tests were conducted in a triaxial compression apparatus for mining waste and mining waste with the addition of cement.



Table 2 summarises the results of laboratory tests on the mining waste and waste with the addition of cement binder. The obtained parameters were used in FEM computational models. The addition of each type of cement resulted in an increase in the parameters of the effective internal friction angle and effective cohesion. The best results were observed in a mixture of mining waste with the addition of 8% Portland cement binder. The addition of this type of binder resulted in obtaining the highest value of the effective internal friction angle of 41.01 deg. However, the highest effective cohesion of 59.67 kPa was achieved by the mixture with the addition of 8% metallurgical cement. For mining waste and mining waste with cement, the oedometric compressibility modulus was determined in accordance with the [17] standard. The addition of 8% Portland cement in relation to the mass of the soil framework resulted in the greatest increase in the oedometric compressibility modulus. Geotechnical parameters for the subsoil used in the numerical calculations were adopted based on the standard [30] (Table 3). The article presents the case of a silty and compact clay base typical of Polish Quaternary soil conditions.




5. Discussion of the Results of the FEM Modelling Tests


Numerical calculations were performed using the FEM method in the MIDAS GTS NX program. This article presents the results showing the maximum specific deformation only for the zero state and for the fifth day, which had the largest flood wave. For all tested cases, the values of the stability coefficient FoS are presented in Table 4. The designed embankment made of mining waste from the Sobieski Coal Mine meets the stability conditions for clay soil under conditions without additional loads (Table 4).



Calculations were performed in two geometric variants. The first variant is a road on the top of the flood embankments, and the second variant is a road from the air side. In the initial conditions, the flood embankment showed stability in all variants (Figure 8 and Figure 9). The stability coefficient had a value of FoS > 1.5. In variant 1, the probable slip planes are located on both sides of the flood embankment. It is worth noting that the FoS stability coefficient was higher in the case of variant 1, which was the flood embankment with a road on the embankment crown. In variant 2, the probable slip plane occurred only on the water side of the flood embankment. Calculations were also performed for the fifth day of water damming, which is when the height of the flood wave was 5.5 m (Figure 7). In this case, all models showed an instability of FoS < 1.3 (Figure 10 and Figure 11). Additionally, a higher (but less than 1.3) stability coefficient FoS = 1.26 was identified for variant 2, which was the variant with the widened flood embankment (the road on the air side). In each variant, the potential slip planes were only on the upstream side of the flood embankment. Due to such results, it was necessary to take action to obtain a new geomaterial, namely, mining waste with the addition of a binder.



Variant 1 and 2. A flood embankment made of mining waste in the initial state and on the fifth day of the flood wave.



For the first and second variants of the flood embankment with a load, the stability coefficients behave the same as for the variants without a load. In the initial state, the probable slip planes are located on both sides of the flood embankment (Figure 12), and in the case of the widened embankment, on the water side (Figure 13). The flood embankments did not lose stability in the highest flood wave, but the stability coefficients are below the required value, i.e., FoS < 1.3 (Figure 14 and Figure 15). On the fifth day of the flood wave on the flood embankment, a probable slip plane was formed only on the ventral side of the embankment in both variants of the embankment shape (Figure 14 and Figure 15).



Variant 1 and 2. A flood embankment made of mining waste and loaded with a vehicle, in the initial state and on the fifth day of the flood wave.



For the first and second variants, flood embankments made of mining waste with the addition of Portland cement show stability and meet the required conditions, i.e., they have coefficients greater than FoS > 1.5 (Figure 16 and Figure 17). Probable slip planes in the first variant were formed on both sides of the embankment slopes (Figure 16), and in the second variant on the water side (Figure 17). In the highest flood wave, the flood embankment in variant 1 did not lose stability, but the stability coefficient was below the required value, i.e., FoS < 1.3 (Figure 18). On the fifth day of the flood wave, a probable slip plane was formed only on the ventral side of the flood embankment in both variants of the embankment shape (Figure 18 and Figure 19). The stability coefficient in the second variant meets the required FoS value > 1.3 (Figure 19).



Variant 1 and 2. A flood embankment made of mining waste with the addition of Portland cement in the initial state and on the fifth day of the flood wave.



For the first and second variants and with a vehicle load, flood embankments made of mining waste with the addition of Portland cement and loaded with a vehicle are stable and meet the required conditions, specifically that they have coefficients greater than FoS > 1.5 (Figure 20 and Figure 21). Probable slip planes in the first variant were formed on both sides of the embankment slopes (Figure 20), and in the second variant on the water side (Figure 21). In the highest flood wave, the flood embankment in variant 1 did not lose stability, but the stability coefficient was below the required value, FoS < 1.3 (Figure 22). On the fifth day of the flood wave, a probable slip plane was formed only on the air side of the flood embankment in both variants of the embankment shape (Figure 22 and Figure 23). The stability coefficient in the case of the second variant had the required value of FoS > 1.3.



Variant 1 and 2. A flood embankment made of mining waste with the addition of Portland cement and loaded with a vehicle, in the initial state and on the fifth day of the flood wave.



For the first and second variants and with a vehicle load, flood embankments made of mining waste with the addition of metallurgical cement are stable and meet the required conditions, i.e., they have coefficients greater than Fos > 1.5 (Figure 24 and Figure 25). Probable slip planes in the first variant were formed on both sides of the embankment slopes (Figure 24), and in the second variant, a more probable slip surface was formed on the water side (Figure 25). In the highest flood wave, the flood embankments in both variants lost their stability, and the stability coefficient was above the required value, i.e., FoS > 1.3 (Figure 26 and Figure 27). On the fifth day of the flood wave, a probable slip plane was formed only on the ventral side of the flood embankment in both variants of the embankment shape (Figure 26 and Figure 27).



Variant 1 and 2. A flood embankment made of mining waste with the addition of metallurgical cement, in the initial state and on the fifth day of the flood wave.



For the first and second variants and with a vehicle load, flood embankments made of mining waste with the addition of metallurgical cement are stable and meet the required conditions, i.e., they have coefficients greater than Fos > 1.5 (Figure 28 and Figure 29). In the first variant, probable slip planes were formed on both sides of the embankment slopes (Figure 28), and in the second variant, a more probable slip surface was formed on the water side (Figure 29). In the highest flood wave, the flood embankments in both variants are stable, and the stability coefficient was above the required value, i.e., FoS > 1.3 (Figure 30 and Figure 31). On the fifth day of the flood wave, a probable slip plane was formed only on the ventral side of the flood embankment in both variants of the embankment shape (Figure 30 and Figure 31).



Variant 1 and 2. A flood embankment made of mining waste with the addition of metallurgical cement and loaded with a vehicle, in the initial state and on the fifth day of the flood wave.



The vehicle loading of the embankment made of mining waste with the addition of metallurgical cement did not result in a loss of stability. The calculations show that the shaft with the addition of metallurgical cement meets the required stability coefficients for all calculation variants and additional loads (water and vehicle traffic). Table 4 presents the values of the stability coefficients for all computational variants.




6. Conclusions


Considering the Polish regulations of the Minister of the Environment on the technical conditions to be met by hydrotechnical structures and their location [26], the stability of flood embankments that also serve as road embankments must have a stability coefficient greater than 1.5 (FoS > 1.5). In the case of the highest flood wave level, the stability coefficient must be greater than 1.3 (FoS > 1.3). In the FEM calculations, the highest level of the flood wave was assumed for the fifth day, in accordance with the hydrograph of water damming on a water slope (Figure 7).



The FEM tests conducted above and the numerical analyses in the MIDAS program show that, because the FoS stability coefficient is greater than 1.5, the stability of the flood embankment will be maintained for the initial conditions in each of the calculated cases (Table 4).



Figure 32 shows the individual stability coefficients. The best results were achieved for a flood embankment made of mining waste with the addition of 8% metallurgical cement and not loaded with a vehicle (Fos = 2.79). For a loaded vehicle, the best result of the FoS stability coefficient is for mining waste with the addition of 8% metallurgical cement (Fos = 2.55) in the second variant, where the road is on the side of the air slope.



The situation is different in the case of flood embankments where the flood wave occurs on the fifth day, i.e., at the highest water level (Table 4). Figure 33 shows all the analysed cases in variant 1 (with the road at the top of the embankment) and in variant 2 (when the road runs on the slope of the slope). As you can see, no flood embankment built from mining waste alone maintained the required stability coefficient FoS > 1.3. An FoS stability coefficient greater than 1.3 is the value required in Poland according to Polish requirements, i.e., regulation [26] in the case of the highest flood wave level.



FEM tests and numerical analyses in the MIDAS program show that in the case of an FoS stability coefficient greater than 1.3, the stability of the flood embankment will be maintained for the highest flood wave (i.e., on the fifth day) in the following cases (Table 4):




	
Flood embankments made from mining waste with a binder in the form of the addition of 8% metallurgical cement (ZG + CEM III) in the first variant, with a road on the embankment crown (FoS = 1.53);



	
Flood embankments made from mining waste with a binder in the form of the addition of 8% Portland cement (ZG + CEM I) in the second variant, where the road is on the side of the air slope (FoS = 1.47);



	
Flood embankments made from mining waste with a binder in the form of the addition of 8% metallurgical cement (ZG + CEM III) in the second variant, where the road is on the side of the air slope (FoS = 1.72);



	
Flood embankments made from mining waste with a binder in the form of the addition of 8% metallurgical cement (ZG + CEM III) in the first variant, with a road on the embankment crown additionally loaded with a vehicle (LO) (FoS = 1.37);



	
Flood embankments made from mining waste with a binder in the form of the addition of 8% Portland cement (ZG + CEM I) in the second variant, where the road is on the side of the air slope additionally loaded with a vehicle (LO) (FoS = 1.45);



	
Flood embankments made from mining waste with a binder in the form of the addition of 8% metallurgical cement (ZG + CEM III) in the second variant, where the road is on the side of the air slope additionally loaded with a vehicle (LO) (FoS = 1.67).








The best result is achieved by a flood embankment built from mining waste with the addition of 8% metallurgical cement (ZG + CEM III) (Figure 33). It shows stability without a vehicle load and with a vehicle load. The best result is in the second variant, when the road is on the side of the air slope.



To summarise, this article shows that mining waste from the mining of hard coal can be used to build flood embankments serving as a road. The best results were obtained for flood embankments built from mining waste with the addition of 8% metallurgical cement. Cohesive mineral soils (with a compaction index Is = 0.97) are used for the construction of flood embankments, the mechanical parameters of which, such as the angle of internal friction, cohesion and oedometric modulus of density, are comparable to those for mining waste reinforced with cement [30]. However, the use of mining waste is based on its economic and ecological value. Further research will be carried out to check the properties of mining waste with the addition of various percentages of metallurgical cement. The possibilities of using mining waste with cement added to build local roads or flood embankments that also serve as a road will also be explored. These will be different geotechnical conditions, and stability calculations will need to be carried out using the FEM method.
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Figure 1. An example of a road on a flood embankment in Cracow (photo: Pilecka). 
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Figure 2. The thickness of mining waste layers in the embankment body for 438 geotechnical sections in the province. Lesser Poland [15]. 
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Figure 3. Mining waste from the Sobieski Mining Plant with grain sizes of 0 to 2 mm—macroscopic view [15]. 
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Figure 4. Assumed shaft geometry variant 1: 1. subsoil, 2. embankment body, 3. road base, 4. drainage ditch. 
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Figure 5. Assumed shaft geometry variant 2: 1. subsoil, 2. embankment body, 3. road base, 4. drainage ditch. 
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Figure 6. Load distribution on shaft crown. 
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Figure 7. Hydrograph of water damming on water slope. 
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Figure 8. Maximum specific deformations–initial conditions, shaft body made of mining waste (FoS = 2.14), variant 1. 
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Figure 9. Maximum specific deformations–initial conditions, shaft body made of mining waste (FoS = 1.72), variant 2. 
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Figure 10. Maximum shape deformations on fifth day of water damming on waterside slope, embankment body made of mining waste (FoS = 1.09), variant 1. 
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Figure 11. Maximum shape deformations on fifth day of water damming on off-water slope, embankment body made of mining waste (FoS = 1.26), variant 2. 
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Figure 12. Maximum shape deformations–initial conditions, shaft body made of mining waste with vehicle load (FoS = 1.55), variant 1. 
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Figure 13. Maximum specific deformations–initial conditions of water damming on upstream slope, embankment body made of mining waste and with vehicle load (FoS = 1.72), variant 2. 
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Figure 14. Maximum shape deformations on fifth day of water damming on waterside slope, embankment body made of mining waste and with vehicle load (FoS = 1.04), variant 1. 
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Figure 15. Maximum shape deformations on the fifth day of water damming on the upstream slope, the embankment body made of mining waste and with a vehicle load (FoS = 1.22), variant 2. 
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Figure 16. Maximum specific deformations–initial conditions, shaft body made of mining waste with addition of Portland cement (FoS = 2.75), variant 1. 






Figure 16. Maximum specific deformations–initial conditions, shaft body made of mining waste with addition of Portland cement (FoS = 2.75), variant 1.



[image: Energies 17 03303 g016]







[image: Energies 17 03303 g017] 





Figure 17. Maximum specific deformations–initial conditions, shaft body made of mining waste with addition of Portland cement (FoS = 2.17), variant 2. 
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Figure 18. Maximum specific deformations on the fifth day of water damming on the waterside slope, the embankment body made of mining waste with the addition of Portland cement (FoS = 1.29), variant 1. 
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Figure 19. Maximum specific deformations on the fifth day of water damming on the waterside slope, the embankment body made of mining waste with the addition of Portland cement (FoS = 1.47), variant 2. 
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Figure 20. Maximum specific deformations–initial conditions, shaft body made of mining waste with addition of Portland cement and vehicle loads (FoS = 2.02), variant 1. 
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Figure 21. Maximum specific deformations–initial conditions, shaft body made of mining waste with addition of Portland cement and with vehicle load (FoS = 2.17), variant 2. 
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Figure 22. Maximum shape deformations on the fifth day of water damming on the upstream slope, the embankment body made of mining waste with the addition of Portland cement and with a vehicle load (FoS = 1.17), variant 1. 
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Figure 23. Maximum specific deformations on the fifth day of water damming on the waterside slope, the embankment body made of mining waste with the addition of Portland cement and with a vehicle load (FoS = 1.45), variant 2. 
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Figure 24. Maximum specific deformations–initial conditions, shaft body made of mining waste with addition of metallurgical cement (FoS = 2.79), variant 1. 
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Figure 25. Maximum specific deformations–initial conditions, shaft body made of mining waste with addition of metallurgical cement (FoS = 2.55), variant 2. 
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Figure 26. Maximum specific deformations on the fifth day of water damming on the waterside slope, the embankment body made of mining waste with the addition of metallurgical cement (FoS = 1.53), variant 1. 
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Figure 27. Maximum specific deformations on the fifth day of water damming, the embankment body made of mining waste with the addition of metallurgical cement (FoS = 1.72), variant 2. 
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Figure 28. Maximum specific deformations–initial conditions, embankment body made of mining waste with addition of metallurgical cement and loads from vehicles (FoS = 2.45), variant 1. 
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Figure 29. Maximum specific deformations–initial conditions, shaft body made of mining waste with addition of metallurgical cement and loads from vehicles (FoS = 2.55), variant 2. 
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Figure 30. Maximum shape deformations on the fifth day of water damming on the upstream slope, the embankment body made of mining waste with the addition of metallurgical cement and with a vehicle load (FoS = 1.37), variant 1. 
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[image: Energies 17 03303 g030]







[image: Energies 17 03303 g031] 





Figure 31. Maximum specific deformations on the fifth day of water damming on the upstream slope, the embankment body made of mining waste with the addition of metallurgical cement and with a vehicle load (FoS = 1.67), variant 2. 
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Figure 32. Changes in the value of the stability coefficient of flood embankments made of ZG mining waste for initial conditions, 1 variant, 2 variant, 1 variant + LO (vehicle load), 2 variant + LO (vehicle load), blue line—FoS = 1.5. 
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Figure 33. Changes in the value of the stability coefficient of flood embankments made of mining waste during the passage of a flood wave, 1 variant, 2 variant, 1 variant + LO (vehicle load), 2 variant + LO (vehicle load), red line—FoS = 1.3. 
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Table 1. Summary of the results of the optimal humidity and maximum bulk density of the soil skeleton [15].
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	Parameter
	Unit
	ZG
	ZG

+8% CEMI
	ZG

+8% CEM III





	Average value of optimal humidity
	wopt

[%]
	17.3
	18.95
	17.0



	Average value of maximum bulk density of soil skeleton.
	ρds

[g/cm3]
	1.42
	1.55
	1.58










 





Table 2. Table of mining waste parameters [15].
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	Parameter
	Unit
	ZG
	ZG

+8% CEMI
	ZG

+8% CEM III





	Volume density
	ρ [g/cm3]
	1.55
	1.69
	1.74



	Porosity index
	e [-]
	0.75
	0.67
	0.62



	Effective angle of internal friction
	φ′k [°]

φ′d [°]
	38.10

(32.1)
	41.01

(34.86)
	40.96

(34.61)



	Effective consistency
	c′k [kPa]

c′d [kPa]
	2.35

(1.88)
	19.29

(15.43)
	59.67

(47.76)



	Oedometric modulus of compressibility (dla Is = 0.97, 100–200 kPa)
	Eoed [kPa]
	15,630
	23,090
	24,160



	Filtration coefficient
	k [m/s]
	5.1 ∙ 10−4
	4.9 ∙ 10−7
	8.1 ∙ 10−6










 





Table 3. Geotechnical parameters of selected geotechnical layers occurring in base of flood embankments [15].
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Type of Soil

	
Humidity

	
Volume Density

	
Effective Angle of Internal Friction

	
Effective Consistency

	
Oedometric Modulus of Compressibility

	
Filtration Coefficient




	
[%]

	
[g/cm3]

	
[°]

	
[kPa]

	
[kPa]

	
[m/s]






	
Gπz (sasiCl)

	
mw

	
2.1

	
15 (12.10 *)

	
16 (12.8 *)

	
20,000

	
10−9








Gπz—compact silty clay, * calculated values obtained by applying partial coefficients [22].













 





Table 4. The value of the general stability coefficient for the calculation variants of the models.
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No.

	
Model Variant *

	
Stability Coefficient (FoS)




	
Initial State

	
5th Day of the Wave

Flood




	
Required Stability Coefficient

	
1.5

	
1.3






	
1a

	
ZG

	
2.14

	
1.09




	
1b

	
ZG Widened

	
1.72

	
1.26




	
2a

	
ZG + LO

	
1.55

	
1.04




	
2b

	
ZG + LO Widened

	
1.72

	
1.22




	
3a

	
ZG + 8% CEM I

	
2.75

	
1.29




	
3b

	
ZG + 8% CEM I Widened

	
2.17

	
1.47




	
4a

	
ZG + 8% CEM I + LO

	
2.02

	
1.17




	
4b

	
ZG + 8% CEM I + LO Widened

	
2.17

	
1.45




	
5a

	
ZG S1 + 8% CEM III

	
2.79

	
1.53




	
5b

	
ZG + 8% CEM III Widened

	
2.55

	
1.72




	
6a

	
ZG + 8% CEM III + LO

	
2.45

	
1.37




	
6b

	
ZG + 8% CEM III + LO Widened

	
2.55

	
1.67








* ZG—mining waste. ZG +8% CEM I—mining waste with the addition of 8% Portland cement. ZG + 8% CEM III—mining waste with the addition of 8% metallurgical cement. LO—vehicle load. Widened—variant 2 (Figure 5).
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[DATA ] SRM po SD, SRM-SRM, INCR=11(FOS5=1.2629), [UNIT] kN, m
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