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Abstract

:

Recently, incentives have been provided in developed countries by the government for commercial production of biochar for soil treatment, and other construction uses with an aim to reduce a significant amount of carbon emissions by 2030. Biochar is an important material for the development of circular economy. This study aims to develop a simple Artificial Neural Network (ANN) based model to predict erosion of biochar amended soils (BAS) under varying conditions (slope length, slope gradient, rainfall rate, degree of compaction (DoC), and percentage of biochar amendments). Accordingly, a model has been developed to estimate the total erosion rate and total water flow rate as a function of the above conditions. The model was developed based on available data from flume experiments. Based on ANN modelling results, it was observed that slope length was the most important factor in determining total erosion rate, followed by slope gradient, DoC, and percentage of biochar amendment. The percentage of biochar amendment was a leading factor in the total water flow rate determination as compared to other factors. It was also found that the reduction in erosion is relatively minimal during an increase in slope length up to 1.55 m, reducing sharply beyond that. At a slope length of 2 m, erosion is found to be reduced by 33% (i.e., 2.6 to 1.75), whereas the total flow rate decreases linearly from 1250 mL/m2/min to 790 mL/m2/min. The ANN model developed shows that soil biochar composite (SBC) with 5% biochar amendment gave the best results in reducing soil erosion. This study can be a helpful tool in providing preliminary guidelines for using biochar in erosion control.
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1. Introduction


Soil erosion is the natural process of detachment, transportation, and soil deposition by water, wind, or gravitational forces [1]. Crop cultivation over a long period of time also decreases soil’s organic content and causes acidification, making the soil prone to more erosion [2]. This leads to soil degradation and a decrease in the productivity of the land. Soil erosion also causes siltation of natural and artificial water bodies and flooding of lower plains. It may also lead to pollution of water/land downstream. Researchers believe that the loss of organic matter in the soil due to erosion might be a probable reason for global warming [3]. Effective measures such as maintaining the soil’s organic and moisture content, improving aggregate stability, and optimizing soil’s hydraulic conductivity need to be administered [2,4,5,6] to limit soil erosion. Holz et al. (2015) [1] listed moisture content, porosity, surface roughness, texture, and soil aggregation as key soil properties that determine the possible extent of soil erosion [1]. Soil erosion is influenced by various factors, amongst which slope condition, soil properties, and rainfall intensity are considered the most influential [7]. Rainfall (amount, duration, sequence, and intensity) is the most important factor determining the soil erosion quantity [1,8,9]. Long and steeper slopes are favorable factors for erosion [1,9,10]. It has been observed that compaction collapses micropores, decreases subsurface seepage flux, and increases runoff, thereby providing favorable conditions for increased erosion [1,11,12]. The effect of erosion has been experienced by 90% of the world’s agricultural land. Given the above factors which influence erosion, it is observed that the topographical and climatic factors are beyond human control; however, the inherent soil properties and vegetation can be modified.



Soil conservation is very important because the soil formation rate is generally far slower than its erosion rate [13,14]. The topmost fertile soil layer is lost due to erosion [15,16], making it less productive and creating siltation problems in water bodies and catchment areas. Vegetation cover and litter (grass, trees, herbs, shrubs, and residue) help reduce soil erosion [1,8,17,18,19,20,21,22]. Therefore, farmers are being encouraged by government bodies to adopt soil conservation methods such as the growth of hedges, reduced tillage, and straw mulch [3,23]. It is observed that the use of residues obtained from agriculture and forests as a soil amendment reduces soil erosion and its nutrient loss [3,24,25]. Researchers use different measures and soil amendments to reduce soil erosion [13]. From the literature, it has also been observed that the use of biochar as a soil amendment is a novel and promising approach. It enhances soil quality for better water holding capacity (WHC), higher agricultural productivity, improves geoengineering works, and reduces environmental pollution and erosion [3,26,27,28,29,30,31,32,33,34,35].



United States Environmental Protection Agency (USEPA) guidelines advocate vegetation growth on the soil’s surface to reduce erosion [36]. The vegetation growth depends on soil properties and, as such, can be increased by simply modifying them. The nutrient value of biochar and its function as a carbon sink increases vegetation growth, macroaggregate stability [2,7,37,38], modifies soil properties, like subsurface seepage flux, WHC, surface functionality and compaction, [2,30,36,39,40,41,42], and directly or indirectly helps control erosion [2,36,43]. Pinhole tests demonstrated that increased water content in biochar amended soils (BAS) decreases erosion rate [36]. Abrol et al. (2016) [44] made a hypothesis that the biochar amendment of sealing prone soils causes electrolytes present in biochar to dissolve in soil solution and reduce erosion by increasing subsurface seepage flux. While using 2% biochar amendment in non-calcareous loamy sand, the subsurface seepage flux was high, and soil loss was less [44]. Various studies have reported the use of vermicompost in Northern Vietnam for increasing vegetation in soils degraded by erosion. The influence of biochar on WHC, porosity and hydraulic conductivity of soil reduces erosion due to increased subsurface seepage flux and less runoff [43].



Computational techniques such as dimensional analysis [45], k-nearest neighbor (KNN) [46], multiple regression analysis [32], and Artificial Neural Network (ANN) are seen as multidimensional, less tedious, flexible, and advanced numerical approaches used by researchers for solving various types of engineering problems [46,47,48,49,50,51]. Researchers have used ANN for explaining and predicting complex material behaviours in various studies. For example, Bordoloi et al. (2019) [52] adopted ANN modelling to study the distribution of the Crack Intensity Factor (CIF). Arif et al. (2017) [53] adopted ANN to develop an erosion model based on erosivity, erodibility, length, and slope. More recently, Wani et al. (2020) [33] used machine learning for model development to predict biochar properties like O/C and H/C from the pyrolysis conditions, volatile matter content, and pH value for different types of biochar.



This study aims to develop an ANN model for predicting erosion as a function of biochar content, degree of Compaction (DoC), slope gradient, slope length, and rainfall intensity. Further, the study also attempts to analyze the optimum percentage of biochar amendment for erosion control. Data for the development of the model was obtained from Cai et al. (2020) [7]. The study conducted by [7] investigated erosion control by using biochar at 5% and 10% amendment ratio on a small scale and in controlled laboratory conditions. However, some shortcomings have been noticed, including the use of specific biochar and soil, slope, and rainfall conditions that limit the use of results for further research. The methodology for the experimental setup includes the use of simple bare soil. The vegetation in the soil has not been considered. The above shortcomings have been addressed by the use of ANN. The model developed is flexible and can predict erosion control with biochar amendment of any ratio, slope conditions, and rainfall intensity. The developed model can be useful in the preliminary design and analysis of green cover amended with biochar. Such a model can also provide the efficiency of biochar amendment and the required optimal content under various slope and soil conditions.




2. Materials and Methodology


2.1. Experimental Program for Measurement of Erosion in the Soil-Biochar Mix Using Flume Setup


Experimental data were obtained from a study where erosion tests using flume were conducted. In the study by Cai et al. (2020) [7], an in-house flume setup was developed containing a 1.50-m-high rainfall simulator designed to simulate 60 mm/hour and 90 mm/hour rainfall [7]. The actual rainfall intensity was measured using a pluviograph. In addition, a tank filled with distilled water was installed. The calibration was conducted using hydraulic pressure and pluviograph recordings at a rate of 0.1 MPa for 60 mm/hour and 0.15 MPa for 90 mm/hour. An alloy steel frame was added to the flume setup to measure rainfall-induced runoff and subsurface seepage flux. The flume’s width was 0.6 m, and length was 1 m and 2 m, respectively, as shown in Figure 1. A drainage layer containing geotextile fiber (for minimizing soil particle flow) and a 6 cm thick gravel layer were placed below the soil layer.



Colluvial soil consisting of medium sand (82%), fine sand (16%), and silt and clay (2%) was adopted for flume tests. The sample was taken from the top (0–0.5-m depth) ground layer at the Shantou University campus (located not far from the South China sea) and classified by SP (ASTM-CS) as poorly graded sand. Biochar was produced from the invasive weed “Water hyacinth” collected from the coastal region of Shantou, China. Biochar is well known to have higher stability in terms of life (>100 years) [33] as compared to water hyacinth biomass, which is prone to degradation upon microbial activity. Therefore, biochar is a relatively stable carbon that can be utilized for geotechnical engineering structures (landfill cover, slope cover), which have more extended design periods (30–50 years) [33]. Shredded and air-dried water hyacinth stems were pyrolyzed [7] to prepare biochar. The slow pyrolysis process was done at a temperature starting from room temperature to 600°C at a 10°C/min heating rate. The maximum temperature maintained was 600°C. Biochar produced in-house possesses a porous structure, large surface area, and high surface functional groups. Biochar was powdered by crushing to below 2 mm size. The chemical properties were analyzed by Zeta (ξ) potential and Fourier Transform Infrared (FTIR) [54]. Zeta (ξ) potential and surface charge values were observed to be 16.9 mV and 1.54 × 10−6 C/cm2, respectively. Physical characteristics of biochar particle surface were analyzed using particle shape analysis (Occhio, Angleur, Belgium). Properties of biochar indicate a high degree of irregularity, convexity, and roughness. A higher surface area of biochar (15 µm−1) is also likely to enhance interaction between biochar, soil and water [55].



After preparation, biochar was added to the soil with an amendment ratio of 5% and 10%. Measured optimum water content and dry density for bare soil were 12% and 19 kN/m3, respectively. Compaction rates of 65% and 95% corresponding to agricultural and engineering applications, respectively, were considered. An increase in water content and a decrease in dry density were observed upon mixing of biochars. The optimum water content values for 5% and 10% BAS were 12% and 13%, whereas dry density was 18.8 kN/m3 and 18.6 kN/m3, respectively. The specific gravity of bare soil and soil amended with 5% and 10% biochar was 2.59, 2.59, and 2.55, respectively. The void ratios of bare soil, 5% and 10% biochar amended soil at 65% compaction degree were found as 1.31, 1.34, and 1.33, respectively. In contrast, the void ratios at 95% compaction for these samples were found as 0.58, 0.60, and 0.59, respectively. Thus, the results showed an increase in void ratio and a decrease in specific gravity with the addition of percentages of biochar to soil.




2.2. Test Plan and Procedure


A full factorial experimental plan was designed considering possible coupled effects of combinations of low and high levels of all parameters [56]. To meet the practical engineering slope design, as suggested by [57], [58], and [59], the authors considered mild (7°) and moderate slopes (20°) in combination with four other factors (slope gradient, compaction, rainfall, and slope length) [57,58,59]. The soil-biochar mix was subjected to 60 mm/hour and 90 mm/hour rainfall intensity. The slope lengths of 1 m and 2 m were selected [57,58]. A total of 16 experimental runs on three different soils viz. bare soil, 5% biochar amended soil, and 10% biochar amended soil were made as per the formula 2n = 16, where n is the number of factors. A total of 96 experiments, including duplicates, were conducted considering combinations of high and low levels of each factor.



The biochar and soil composite samples were prepared by mixing designed quantities and then placed over the flume. The samples were compacted to the desired degree of compaction of 65% and 95% in three layers. Samples were then subjected to three hours of rainfall with minimum soil loss and left overnight for moisture equilibrium and maintained under similar initial conditions. Rainwater could penetrate the soil medium and retain in the soil pores, leading to excess water subsurface seepage flux. Infiltrated and runoff water was collected separately and measured. Afterwards, the samples were subjected to two hours of rainfall, and the measurements of subsurface seepage flux and runoff were taken every 5 min for 30 s [60]. The runoff and subsurface seepage flux quantities were deduced from these measurements. The sum of two quantities (runoff and subsurface seepage) constituted the total water flow rate. Total soil erosion rate was calculated by oven drying the collected water from runoff and subsurface seepage flux (infiltration) quantities at 105 °C.




2.3. Artificial Neural Network (ANN)


In the present study, the commercially available STATISTICA version 12 [61] was used. During the development stage of the model, gradient descent was adopted. To develop the model rainfall rate, BAS, DoC, slope gradient, and slope length were taken as input parameters to predict total erosion rate and total water flow rate using two hidden layers. The ANN model architecture used to predict the total erosion rate, and total water flow rate is shown in Figure 2a,b. The ANN algorithm ranks the influence of each input parameter on the output. Figure 3 shows a flowchart, which indicates the methodology implemented to model the network [47,48].



ANN model development needs a clear definition and performance criterion [62,63]. The performance determination is checked by the Coefficient of Determination (R2) and the mean absolute percentage error. The error is calculated from the predicted and experimental values by determining MAPD by the equation:


  M A P D =   100  n      ∑   i = 1  n     (   M i  −  P i   )     M i     



(1)




where Mi is Measured Value, Pi is Predicted Values, and n is the number of data points.



Graphs were plotted using ANN prediction in STATISTICA; a relationship was developed between the output and input parameters. The degree by which each parameter varies, corresponding to the input parameter’s value difference, is the direct measure of each variable’s importance. Each time one input parameter effect was taken on the output parameter by keeping the rest of the parameters constant while plotting the graph.



Figure 4a,b shows the comparison between the predicted and measured values for total erosion rate and total water flow rates, respectively. The R2 value is found to be 0.788 and 0.939 for total erosion rate and total water flow rate, respectively. The error was calculated between the experimental and predicted values. The average error (MAPD) is around 15% and 7% for total erosion rate and water flow rate, respectively. Based on these errors, the ANN model’s accuracy for erosion and flow rate is found as 85% and 93%, respectively. For quantitative comparison, a bar chart has been plotted between the experimental and predicted values of the erosion rate and total water flow rate, respectively, as shown in Figure 5a,b.





3. Results and Discussions


3.1. Influence of Degree of Compaction on Total Erosion Rate and Total Water Flow Rate


Figure 6 shows that the total erosion rate and total water flow rate increase with the compaction of soil (i.e., DoC). The graph for DoC with total erosion rate and the total water flow rate was plotted using ANN prediction in STATISTICA. DoC is an input parameter whose effect was observed on the output parameter by keeping the rest of the parameters (biochar content, slope length, slope gradient, and rainfall rate) constant while plotting the graph.



It is observed that with an increase in compaction, the total erosion rate increases from 1.75 g/m2/min to 2.55 g/m2/min. Similarly, the total water flow rate increases by almost 48.75% (i.e., 810 mL/m2/min to 1200 mL/m2/min). However, the increase in flow rate is almost linear. In contrast, for erosion rate, the enhancement is more substantial during an increase in compaction from 65% to 80%. It is expected that an increase in compaction should reduce soil erosion; however, under prolonged rainfall, there is likely an enhancement in water-logging due to lower permeability. This may cause erosion of fine soil and biochar particles present in the upper layers of compacted soil. Similar results have been observed in the previous studies for bare soil [1,11,12]. Correlation can also be made because the soil structure and its hydrology are changed when the bulk density of soil is enhanced, leading to a decrease in the porosity of soil and subsurface seepage flux capacity. This eventually leads to an increase in runoff [64]. As compared to the bare soil, BAS has a higher porosity, void ratio, and WHC. The same applies when soil is compacted, even though in both cases (bare soil and BAS), the void ratio is reduced.



Irrespective of the DoC, the runoff in BAS is lower, while the subsurface seepage flux is higher than bare soil. This is opposite to the observation of Gopal et al. (2019) [42], where a decrease in infiltration was observed in biochar amended soil as compared to bare soil. The difference might be due to the applied boundary condition [42]. In the study of Gopal et al. (2019) [42], a suction head was applied using a mini-disk infiltrometer, while in the current study, rainfall was simulated on the upper surface of the soil. Studies are needed in future to characterize the influence of boundary conditions on the effectiveness of biochar in controlling soil erosion. Higher runoff tends to cause more erosion in bare soil. For an implication in landfill liner and slopes, there is a need to identify optimal compaction rate considering the effect of erosion under natural rainfall. Further, variation in soil water retention and strength characteristics also need to be considered while considering the DoC of a landfill liner [65].



The runoff in bare soil was found to be lowest in soil amended with 5% biochar as compared to bare soil and 10% BAS. The model predictability seems reasonable as the results are similar to the experimental data and the available literature [1,7,11,12].




3.2. Influence of Rainfall Rate on Total Erosion Rate and Total Water Flow Rate


Figure 7 shows that the total erosion rate and total water flow rate are enhanced with an increase in rainfall intensity. ANN prediction was used for plotting the graph for rainfall rate with the total erosion rate and total water flow rate. Rainfall rate was an input parameter. Its effect was observed on the output parameter (total erosion rate and total flow rate) by keeping the rest of the parameters (biochar content, slope length, slope gradient, DoC and biochar percentage) constant while plotting the graph. The erosion rate increases from 1.78 g/m2/min to 2.4 g/m2/min with an increase in rainfall intensity by 50%. The corresponding increase in total water flow is around 59% (i.e., 820 mL/m2/min to 1290 mL/m2/min). Studies [1,8,9] have demonstrated that rainfall is important for determining soil erosion. Lower intensity rainfall will produce more subsurface seepage flux and, therefore, less runoff and erosion. It should be noted that the above graph is based on two measured rainfall data points (60 mm/hour and 90 mm/hour), and any interpretation of variation in total erosion rate and total flow rate between them is subjected to it. Nevertheless, the result related to the increase in total erosion rate is consistent with that of laboratory studies on bare soil by Fu et al. (2019) [66].




3.3. Influence of Slope Length on Total Erosion Rate and Total Water Flow Rate


Figure 8 shows the variation of total erosion rate and water flow with the slope length. The graph was plotted using ANN prediction for slope length with total erosion rate and total water flow. The input parameter was the slope length. The observations were taken for the output parameter (total erosion rate and total flow rate) by keeping the other parameters (biochar content, rainfall rate, slope gradient, DoC, and biochar percentage) constant while plotting the graph. It was observed that there is a decrease in both the parameters with the slope length. This is expected since eroded particles are likely to travel shorter distances or are transported to local depressions [67]. In addition, the presence of biochar may add to discontinuity and surface roughness, which can resist further movement of particles. Fu et al. (2019) [66] also observed a lower correlation of runoff with the slope surface area as compared to the rainfall intensity. The mechanism is relatively more complex, as the slope length (or surface area) is enhanced as compared to the rainfall intensity, which is directly associated with the runoff.



It can also be observed that the reduction in erosion is relatively minimal during an increase in slope length till 1.55 m, whereas it reduces sharply beyond that. It implies that at this threshold slope length (1.55 m), under a given rainfall intensity, eroded particles are no longer able to settle down or be translocated to other parts of the slope. At a slope length of 2 m, erosion is found to be reduced by 33% (i.e., 2.6 to 1.75), whereas the total flow rate decreases linearly from 1250 mL/m2/min to 790 mL/m2/min. The above findings suggest that for given rainfall intensity, the influence of slope length on erosion is critical. However, it should be noted that the study does not consider extreme rainfall (up to 115 mm/hour [68]. To better understand the mechanism of influence of slope length, a longer flume in a range of 10 m [66] needs to be built and investigated under natural rainfall in the field.




3.4. Influence of Slope Gradient on Total Erosion Rate and Total Water Flow Rate


Figure 9 shows the variation of the total erosion rate and water flow rate with the slope gradient. The graph was plotted using ANN prediction for slope gradient with total erosion rate and total water flow rate. Slope gradient was taken as an input parameter. The effect slope length had on the output parameter (total erosion rate and total flow rate) was observed by keeping the rest of the parameters (biochar content, rainfall rate, slope length, DoC, and biochar percentage) constant when the graph was plotted. It can be observed from the figure that the erosion rate increases gradually from 2.1 g/m2/min to 2.55 g/m2/min with an increase in the slope gradient from 7° to 20°. The increase is more significant from 7° to 12° and thereafter is more gradual.



On the other hand, the total water flow rate tends to increase more substantially (i.e., by 110%) from 660 mL/m2/min to 1370 mL/m2/min. This is interesting as with an increase in gradient, the effect is more visible on flow than on erosion rate. From a mechanism point of view, it can be visualized that the erodibility of soil-biochar particles mix is not significantly affected. Instead, the water flow rate (i.e., in particular, runoff) is enhanced mainly due to the gravity effect. This implies that more attention needs to be paid to water flow management for steeper slopes than the erosion itself. The result is consistent with that of observed literature [7,58,69,70,71], thus implying the model’s reliability.




3.5. Influence of BAS on Total Erosion Rate and Total Water Flow Rate


Figure 10 shows the variation of total erosion rate and water flow rate with the biochar amendment ratio. The graph was plotted using ANN prediction for biochar amendment with total erosion rate and total water flow rate by taking biochar amendment percentage as an input parameter. Its effect was observed on the output parameter (total erosion rate and total flow rate) by keeping the rest of the parameters (slope length, rainfall rate, slope gradient, and DoC) constant when the graph was plotted. It can be observed that the erosion rate reduces from 2.57 g/m2/min to 1.63 g/m2/min (i.e., by 36.5%) with an increase in amendment ratio from 0 to 10%. The reduction in erosion rate is minimal between biochar amendment ratio of 0 to 5%. This implies that the effect of biochar on erosion is not significant during the initial addition of 5% of biochar. This is inconsistent with the findings of Bordoloi et al. (2019) [52] and Huang et al. (2021) [72], who found a substantial influence of biochar on water retention capacity at an amendment ratio of 5%. The findings also suggest that biochar content of 5% may not be the optimal content for reduction of erosion rate.



On the contrary, the total water flow rate does not clearly trend with the biochar amendment ratio. The total water flow rate is found first to be enhanced (950 mL/m2/min to 1085 mL/m2/min) with an increase in biochar content from 0% to 5%, and then decreases (to 720 mL/m2/min at 10% biochar content) beyond it. This suggests that the erosion rate is not directly proportional to the total water flow rate. Interestingly, despite the highest water flow at 5% biochar content, the erosion rate appears to remain unchanged (with reference to bare soil). This phenomenon might be due to the optimum pore filling effect of biochar, which maximizes the water holding capacity [52] and tends to keep soil and biochar particles intact. With an increase in biochar to 10%, the subsurface flow is enhanced, reducing runoff rate and, hence, the total water flow rate and erosion. The effect of biochar on erosion rate seems to be more dominant at 10% content. However, such a percentage may induce higher alkalinity. It is observed from the literature that a biochar content of 5% is most suitable [2]. Higher alkalinity may reduce the vegetation growth [73], causing an increase in runoff, reducing subsurface seepage flux, and leading to more erosion. Additionally, the tensile strength of the soil is reduced by the addition of biochar [74], which in other words means that the soil cannot be compacted to its maximum density, making the soil less suitable for engineering purposes. Further studies are needed to identify the optimal content of biochar for maximizing its overall benefits, including reducing erosion.




3.6. Relative Importance of Factors Influencing Erosion


Figure 11a shows the relative importance of various input parameters, slope length, slope gradient, DoC, BAS, and rainfall rate. Slope length was found to be the most important parameter in determining erosion rate, followed by slope gradient, DoC, the percentage of biochar amendments, and rainfall rate. The previous study shows that the effect of slope length on runoff and erosion is not adequately understood [75]. The slope gradient is the second most closely related factor to erosion rate. During water movement on the surface, the slope gradient will affect the subsurface water flow velocity, enhancing the impact force on the surface of the soil-biochar mix. Soils that are heavily compacted have a small number of large pores, leading to reduced subsurface seepage flux and drainage rates. The percentage of biochar amendment and rainfall rate seems to have a lower significant effect on erosion rate.



Figure 11b shows the relative importance of the input parameters on the total water flow rate. The biochar amendment percentage seemed to play an important role in determining total water flow rate, followed by slope gradient, rainfall rate, slope length, and DoC. Biochar has high porosity and a large specific surface area. Biochar addition to soil can alter the soil’s physical properties (soil structure, pore size distribution, and bulk density) and hydraulic properties (soil water retention capacity and hydraulic conductivity). Studies show that biochar addition increases water subsurface seepage flux, reduces surface runoff, and decreases soil erosion [76]. The following influential parameter is slope length, which directly influences seepage velocity. As expected, rainfall rate (3rd significant parameter) also influences total runoff and water flow rate, as observed in other studies [66]. Unlike in the case of erosion rate, slope length and DoC are observed to be the least influential in affecting water flow rate. The relative importance of parameters suggests that the criteria for choosing appropriate biochar amendment ratio and other slope geometry (i.e., for man-made slope) depends on rainfall characteristics, which need to be considered carefully.



The results on relative significance of parameters are different from that of Cai et al. [7]. In the study conducted by [7] the relative significance for the runoff was slope gradient > slope length > biochar content > rainfall rate > compaction. For total flow, the relative significance of parameters was biochar content > rainfall rate > slope gradient > slope length > compaction. This is because Cai et al. [7] determined the relative influence of different parameters by using 5% and 10% biochar separately. However, in the current study, the whole data was taken into account to determine the relative influence of parameters. The model developed using ANN is more flexible in application and has better accuracy. Further studies are needed to study the relative significance of parameters by enhancing the scale of slope and also by including other conditions.





4. Conclusions


The ANN model developed for erosion is consistent with the experimental and literature data. The R2 value from the newly developed ANN models was 0.788 and 0.939 for erosion rate and total water flow rate, respectively. The error percentage for erosion and total water flow rates was 15% and 7%, respectively. Such models can assist in the preliminary design of green cover by choosing the required optimal biochar content under various slope and rainfall conditions. Biochar content of 5% seems to have a negligible effect on erosion rate, while the 10% amendment ratio has the lowest erosion rate and total water flow rate. This is different from water retention studies of the soil-biochar mix, where a 5% amendment ratio has a considerable impact on water-holding ability.



The most significant parameter for total erosion rate is the slope condition (length and gradient), followed by compaction, percentage of biochar amendment and rainfall rate. The slope gradient and length are the other two factors that play a decisive role in erosion control. Longer slopes provide enough surface area for subsurface seepage flux and localized transportation of sediments, due to which runoff reduces, ultimately reducing erosion in both cases. ANN modelling indicates a threshold slope length of 1.55 m, beyond which a sharp reduction in erosion rate is observed.



Under a higher slope gradient, runoff due to gravity increases, and subsurface seepage flux decreases, resulting in more erosion in both cases, even though comparatively less in BAS. Similarly, if the intensity or duration of rainfall is more, runoff and erosion increase, and it is observed that biochar amendment is more influential in affecting water flow rate. Slope length is the least influential in affecting water flow rate. It is observed that biochar content, slope gradient, and rainfall intensities govern the water flow rate.



The study provides the relative importance of various factors that are concerned with determining erosion in the soil-biochar mix. In the current study, taking all the data into account, slope length was the most significant parameter, followed by slope gradient, DoC, biochar content, and rainfall rate for total erosion rate. For total water flow rate, biochar content was the most significant parameter, followed by slope gradient, rainfall rate, slope length, and compaction. In future, studies need to be carried out to understand the combined effect of vegetation and biochar with different slope and soil conditions. The application of biochar in geotechnical engineering is still being investigated. Many agencies such as International Biochar Initiative (IBI) and European Biochar Certificate (EBC) are currently investigating the determination of biochar characteristics, which should be used in various aspects of soil conservation. Recently, financial supports have been provided to develop commercial biochar production capacity to maximize its usage for soil remediation and other construction purposes. This is done to achieve the overall aim of reducing the carbon emission goal of 2030 and also to develop a circular economy. Our current study is one of the first steps in promoting biochar use for soil remediation and construction of geotechnical infrastructure.
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	Artificial Neural Network
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	Biochar Amended Soils
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	Crack Intensity Factor
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	Fourier Transform Infrared
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	International Biochar Initiative
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Figure 1. Illustrative sketch of flume experiment. 
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Figure 2. ANN design model used for prediction of (a) Total Erosion Rate (b) Total Water Flow Rate. 
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Figure 3. Flowchart for ANN modelling. 
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Figure 4. Comparison between Experimental and Predicted (a) Total Erosion Rate and (b) Total Water Flow Rate. 
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Figure 5. Variation of experimental with ANN predicted values for (a) Total Erosion Rate and (b) Total Water Flow Rate. 
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Figure 6. Variation of Degree of Compaction with Total Erosion Rate and Total Water Flow Rate. 
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Figure 7. Variation of Total Erosion Rate and Total Water Flow Rate with the Rainfall Rate. 
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Figure 8. Variation of Total Erosion Rate and Total Water Flow Rate with the Slope Length. 
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Figure 9. Variation of Erosion Total Rate and Total Water Flow Rate with the Slope Gradient. 
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Figure 10. Variation of Erosion Rate and Total Water Flow Rate with the Biochar Amendment Ratio. 
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Figure 11. Relative Significance of Various Parameters on (a) Total Erosion Rate, (b) Total Water Flow Rate. 
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