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Abstract

:

The capillary barrier is a type of soil cover system commonly used in various geotechnical applications, such as limiting infiltration for slopes or landfills or providing cover for solid waste. It serves to prevent the movement of water through the soil layers by utilizing contrasting particle sizes. This paper focuses on investigating the effect of the granular layer on the performance of a three-layer cover with a capillary barrier, integrating the granular layer within clayey sand. The investigation involved one-dimensional infiltration tests utilizing four uniform granular soils with varying grain sizes. These tests were instrumental in calibrating soil water characteristic curves and hydraulic conductivity curves via back analysis. Subsequently, numerical analyses were conducted using a 15 m long model for each of the four distinct cover types. The results indicated that the fine gravel significantly improved the barrier performance beyond one-dimensional tests, owing to its high permeability and the influence of the slope. After the capillary barrier failure, the intermediate layers transitioned into efficient drainage layers, particularly in the gravel layer with the highest lateral drainage capacity. Clayey sand at the bottom delayed percolation, thereby supporting the conversion of the intermediate layer into an effective drainage component. Overall, the multi-layer system showed superior percolation performance compared to the clayey sand cover lacking a granular layer.
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1. Introduction


Capillary barriers, integral to preventing downward water movement through soil layers, consist of a fine-grained layer atop a coarser-grained soil [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22]. Water infiltration into the fine-grained layer initially accumulates due to capillary forces, eventually leading to lateral movement once it reaches the interface between layers. Breakthrough occurs consistently at a set suction level, irrespective of the infiltration rate or finer layer characteristics. While some suggest the thickness of the coarse layer as negligible, others emphasize its direct impact on barrier effectiveness [23,24]. The capillary barrier effect is enhanced when the coarse layer contains soils exhibiting high uniformity and coarseness with low water entry suction [23,25]. Moreover, the characteristics of the coarse layer control the water storage capacity, infiltration rate, and system percolation [7].



The diversion length, a critical aspect in barrier design, profoundly affects water movement control. Smesrud and Selker [17] note substantial lateral diversion even with slight particle size contrast between fine and coarse materials. Methods proposed by Steenhuis et al. [26] and Ross [27] offer conservative estimations for diversion length calculation, while strategies like increasing the interface slope or incorporating heterogeneous finer layers with high horizontal permeability improve this length [7,10,14,28,29,30,31,32].



Effective capillary barriers necessitate the removal of infiltrated water from the fine layer through evaporation, evapotranspiration, and lateral diversion. Non-sloping configurations, particularly suitable for drier climates with high evaporation rates, demonstrate adequate performance with finer layers possessing high water retention capacity [13].



Researchers widely explore capillary barrier applications, notably in mitigating rainfall-induced slope failures and as covers for solid waste landfills [1,2,3,4,7,8,9,10,11,12,13,14,15,16,19,20,21,22,33,34,35]. These applications, validated through various testing methods, showcase the superiority of capillary barrier covers in terms of durability, cost-effectiveness, and performance over conventional low-permeability soil covers [7,8,9,10,11,12,13,14,15,16,19,20,21,22].



This study investigates the influence of various granular materials within the middle layer on the barrier effect, diversion length, lateral drainage, and system percolation of a three-layer cover featuring a capillary barrier (Figure 1). This three-layer configuration establishes a two-way capillary barrier, obstructing water movement caused by surface rainfall and rising water tables. However, this study does not consider the upward movement of water from the base, leaving this aspect for future exploration.



Previous studies extensively explored the impact of the coarse layer on the capillary barrier [23,24,25]. However, this study extends the investigation by incorporating a third layer beneath the barrier. Its objective is to examine the barrier effect and the subsequent effects of drainage and percolation within the three-layer cover after the barrier dissipates. Hence, experimental testing was conducted on the three-layer cover using soil column infiltration tests, employing four distinct mid-layer materials.



The experimental results were utilized for calibrating soil parameters, such as soil water characteristic curves and hydraulic conductivity curves, through a process of back analysis. Then, numerical analysis was used to compare the diversion length, lateral drainage, and percolation concerning the granular material used in the mid-layer with that of a 15 m model.




2. Materials


The properties of the soils used in the laboratory work are shown in Table 1. The granular materials used in this study were obtained commercially. These soils are poorly graded and have a uniform soil size of 95%, with a mean diameter ranging from 0.5 to 6 mm. The basic properties and soil water characteristic curves of the granular soils were obtained from previous research by Kesgin [36] in an experimental study on the drainage of sports fields. The clayey sand includes 26% fine content and is classified as clayey sand according to the Unified Soil Classification System (USCS). The plasticity index of the clayey sand soil is 8.5, and the clay friction (<0.002 mm) is about 10%, which affects the soil’s hydraulic conductivity considerably.



The soil water characteristic curve of the clayey sand was determined by conducting a pressure plate test following ASTM (D6836-16) guidelines at various void ratios. The data obtained from these tests, including volumetric water content and matric suction, were then analyzed and fitted using van Genuchten’s equation [37] (Figure 2a) to obtain comprehensive curves across the entire range.


  θ ( Ψ ) =   θ   r   +     θ   s   −   θ   r         1 + ( α Ψ   )   n       m      



(1)




where θ(ψ) is the volumetric water content at a given matric potential ψ, θs is the volumetric water content at saturation, θr is the residual volumetric water content, and α, n, and m are the van Genuchten fitting parameters. The curve fitting parameters obtained are presented in Table 2. A falling head permeability test, in accordance with ASTM (D5856-15) standards, was conducted on the clayey sand to determine the permeability coefficient.




3. Test Setup


The three-layered soil system constructed in the cylindrical container is shown in Figure 3. The experimental setup contained three main components, which were (a) the soil column compacted in a cylindrical transparent Plexiglas tube with a diameter of 16 cm, (b) the precipitation simulator, a peristaltic pump to achieve a constant precipitation rate, and (c) the measuring instruments: TDR, tipping bucket, data logger, and computer.



The top and bottom soils were layered and compacted during the soil column tests to attain the specified bulk density and water content, as illustrated in Table 3. These values were on the drier side of the optimum water content. The materials used in the middle layer, comprising fine sand, medium sand, coarse sand, and fine gravel, were vibrated with a hammer to achieve the targeted density specified in Table 3. The soil column’s top and bottom layers were 15 cm in height, while the middle layer was 10 cm in height. Precipitation was applied to the soil surface at a 1 mL/min rate using a Longer Pump model BQ50-1J peristaltic pump. Surface runoff was directed through a pipe placed in a hole drilled in the Plexiglas. The pipe was positioned at ground level to prevent ponding. Several holes were drilled along the side walls of the Plexiglas tube to install the instruments in the soil column. Four model CS655 (Campbell Scientific) TDRs (Time Domain Reflectometers) were installed at different depths—12 cm, 20 cm, 30 cm, and 35 cm—to monitor moisture content. Two were placed in the top layer, one in the middle, and one in the bottom. TDR sensors assess the dielectric conductivity of the environment rather than at a specific point, requiring accurate positioning to avoid interactions between sensors. The TDR configuration has been optimized to overcome this problem. For the 1D infiltration tests, infiltration was applied to the soil surface at a 1 mL/min rate using the Longer Pump BQ50-1J peristaltic pump. The soil column was positioned on the tipping bucket (Texas Electronics Inc. Dallas, TX, USA TR-525M), which included a perforated metal plate resembling a grid. This setup allowed water drainage and measured percolated water using tipping buckets (Figure 3).




4. Results and Discussion


The changes in the volumetric water content over time were examined across four separate soil columns during the infiltration experiments. In each test, the increase in the volumetric water content in the top layer began approximately 1.5 h after the start for TDR1, situated 5 cm from the soil surface, and after 5 h for TDR2, positioned 10 cm below the soil surface. Interestingly, despite the middle layers having higher permeability, delays in water movement through these layers were observed for varying durations (Figure 4).



In the fine sand test (SC-3L-FS), an increase in the volumetric water content of TDR-3, positioned below the interface, was noted after approximately 54.5 h. The water content in the fine sand displayed a time-dependent and gradual increase, while a similar rise in the water content of the bottom layer was observed after roughly 114 h. A rise in the volumetric water content of approximately 5% was recorded in the middle layer, whereas 7% was measured in the lower layer. Throughout the 500 h test, no percolation was observed, and the column did not reach a steady-state condition.



During the medium sand test (SC-3L-MS), the volumetric water content of TDR-3, positioned below the interface, began to slightly increase after approximately 92.5 h. This observation indicates that the medium sand, characterized by higher saturated conductivity than fine sand, retained water at the interface for an extended duration. While the water content increased by only 3% in the middle layer, the bottom layer became wetted slightly faster and retained more water than the middle layer. Additionally, despite the water requiring more time to infiltrate the middle layer with medium sand present, the volumetric water content in the bottom layer increased earlier (approximately at 102 h) compared to the test with fine sand (SC-3L-FS). Percolation did not occur during the test, and the change in volumetric water content did not stabilize.



In the SC-3L-CS test, where coarse sand was placed in the middle of the soil column, no initial change in the volumetric water content was observed in TDR-3. However, a marginal increase in the volumetric water content in the third layer was noted after 68 h. Unfortunately, the test was terminated at 350 h due to issues with the peristaltic pump, and no percolation was observed.



In the SC-3L-FG test involving fine gravel in the middle layer, a notable increase in the volumetric water content in the third layer became evident at the 26th h, indicating a breakthrough. Similar to the experiment with coarse sand, there were no significant changes in TDR-3 readings. Once the volumetric water contents reached equilibrium, percolation commenced at the 135th h.



The measurement of volumetric water content within both the coarse sand and fine gravel columns in the coarse-grained layer could not detect the increase in volumetric water content during the infiltration process. This occurrence might be explained by the presence of preferential flow within the coarse-grained layer, as highlighted in previous studies [23,32,38]. Preferential water flow refers to a scenario where a majority (i.e., 70–85%) of water movement in the unsaturated zone follows specific pathways, bypassing the surrounding soil matrix with limited resistance [39,40,41].



This preferential flow, often resembling fingering, becomes notably visible when transitioning from a fine-grained layer to an underlying coarse-grained layer, as observed in systems like the capillary barrier [42]. This phenomenon tends to occur when the coefficient of permeability at the water entry value of the coarse-grained layer exceeds the infiltration flux from the fine-grained layer [32,43].



However, the fingering flow within the coarse-grained layer did not significantly impact the fundamental outcomes of the experiments concerning the water storage of the tests. This is attributed to the fact that similar physical characteristics governed both fingering and breakthrough within the coarse-grained layer, specifically the water entry value of the underlying coarse-grained soil [32,44]. Additionally, the water content increased by 5% in fine sand and 3% in medium sand throughout the experiment. However, the water retained in the soil against gravitational forces during precipitation or infiltration depends on the soil’s water-holding capacity, which tends to be relatively low in coarse-grained soils [45].



4.1. Breakthrough Time


The evaluation of water entry into the middle layer during experiments, represented by breakthrough time, aimed to consider the increase in volumetric water content in the coarse layer. However, as previously mentioned, this increase could not be detected in the coarse sand and fine gravel. Contrastingly, in Figure 5, it is observable that as the grain size increases in the middle layer, the breakthrough time and the duration of the volumetric water content increase in the third layer converge. Consequently, the breakthrough time for these layers is considered the moment when the volumetric water content of the third layer starts to increase. The most prolonged barrier performance was observed when the medium sand was used in the middle layer of the cover (Figure 5).



The coarser materials generally exhibit steeper soil water characteristic curves (SWCCs) due to their lower water retention capacity. Therefore, even small changes in the volumetric water content may result in significant shifts in matric suction. In soil column tests, as grain size increased in the middle layer, more water was retained near the interface (Figure 4). This condition could cause a faster and more substantial change in water potential at the interface, leading to a faster breakthrough in the fine gravel test. This finding is consistent with the results of [25]. It indicates that using medium sand in the test, rather than gravel in the coarser layer, is more effective in maintaining the barrier effect.




4.2. Ultimate Volumetric Water Content and Water Storage


The changes in the volumetric water content allowed the determination of the water storage in the soil layers [3,25,32]. Observing the water storage of the cover over time during the tests reveals a correlation with the coarseness of the middle layer. Intriguingly, although the earliest breakthrough occurred in the section using fine gravel, the highest water storage was noted when gravel was employed in the middle layer, even before the breakthrough (Figure 6). Across all covers, a sharp increase in water storage was observed at the beginning of infiltration in the first layer. Subsequently, this increasing trend diminished for varying durations before rising again post-breakthrough, where the third layer began to store water.



In addition, Figure 7 demonstrates an increment in the final volumetric water content of the top layer as the gradation of the middle layer increases. The middle layer’s influence on the upper layer’s volumetric water content is particularly noticeable near the interface. A breakthrough occurs when the water potential at the interface reaches the water entry value of the coarse layer. The coarser soil generally has a lower water entry value [23,24,25]. Therefore, water infiltration into coarser-grained soils (e.g., fine gravel) occurred after the upper layer reached a higher saturation level than in other experiments.




4.3. Water Balance


The water balance was precisely assessed during the experiments, considering the measurements taken throughout the tests. Simultaneously, surface flow was measured at specific intervals during the experiment. Additionally, percolation was carefully measured using a tipping bucket, and measurements were recorded by the data logger at regular intervals. These comprehensive measurements enabled a thorough evaluation of the water balance in the soil column tests.



The water balance graph of the SC-3L-FG test in which percolation occurred, shown in Figure 8, reveals several significant findings. In the other tests, only water storage occurred, and the time-dependent storage changes across all experiments given in Figure 8 demonstrate that out of the total rainfall received, only 10% was retained within the soil layers, a mere 0.2% infiltrated as percolation, and the majority transformed into surface runoff. This outcome indicates that the amount of rainfall applied exceeded the saturated permeability of the upper soil layer, mainly due to its low permeability. Consequently, a substantial portion of the rainfall became surface runoff throughout the experiment.



The experiments revealed challenges in sensitively measuring assessing soil infiltration due to the manual measurement of very high runoff and the need to account for evaporation over extended experiment durations. To address these issues and evaluate the infiltration rate during the tests, a modified parameter known as “net infiltration” was introduced. Net infiltration accounts for the effective amount of water infiltrating the soil, considering factors such as evaporation and measurement errors. Consequently, the net infiltration value was calculated as the sum of water storage and percolation. This adjustment aimed to provide a more accurate representation of the soil column test by addressing these factors. The infiltration rates of the tests are shown in Figure 9.



Based on the data shown in Figure 9, the infiltration rates in all tests, except for the gravel case, are significantly lower than the saturated hydraulic conductivity of the top layer. This observation suggests that the granular layers remain unsaturated after the breakthrough, which may limit the overall infiltration into the system. In addition, the breakthrough may have occurred in only a portion of the cross-section. This leads to the assumption that the progress of the water to the third layer is restricted for some time after the breakthrough. In the experimental study by Qian et al. [24], visualizations with colored liquid show that the barrier is initially broken at one point along the cross-section, and over time, the barrier effect disappears along the entire interface. Except for the experiment with gravel in the middle layer, no steady-state flow occurred after the breakthrough in the other sections. When comparing the materials used in the middle layer, it is apparent that the lowest infiltration rate was observed in the cases of fine and medium sand. In contrast, the highest infiltration rate was observed in the experiment employing gravel as the middle layer material.




4.4. Numerical Study on the Performance of Three-Layer Covers with Capillary Barrier


Previous tests emphasized the mid-layer’s impact on the capillary barrier effect within a three-layer cover. However, due to constraints related to test equipment and geometric dimensions, the physical tests could not assess the cover’s performance at the engineering scale. Numerical modeling should be approached not as a predictive tool but as a means to gain deeper insights into the behaviors of complex systems across various scenarios [46]. A 15 m long cover was numerically investigated to address this, enabling comparisons of diversion length, lateral drainage, and percolation across various mid-layers. Numerical analyses were conducted using the SEEP/w (GEOSTUDIO 2023.1) software based on the finite element method.



Unsaturated soil exhibits hysteric behavior, with significant differences observed in the drying and wetting soil water characteristic curves (SWCCs) [47,48,49,50]. These curves also experience changes when subjected to repeated wetting and drying processes. Using appropriate soil properties, such as SWCCs, in numerical analyses is crucial to modeling soil behavior accurately under unsaturated conditions [38,39,40,41,42,43,44,45,46,47,48,49,50]. Back analyses were performed to calibrate the soil water characteristics and hydraulic conductivity curves based on the results of the 1D infiltration tests.



4.4.1. Back Analysis of the Physical Model Test


The model’s geometry and boundary conditions were based on the laboratory model employed. Flux boundary conditions were used to apply precipitation on the soil surface by using a net infiltration rate [2,3,18,51]. Zero-flux boundary conditions were assigned to the left and right sides of the soil column to create an impermeable condition [3,52]. A unit gradient boundary condition was imposed at the bottom of the soil column to facilitate water drainage [3]. The model’s geometry and boundary conditions for the soil columns can be observed in Figure 10.



The calibrated SWCCs, representing the wetting properties of the soils, are presented in Figure 11. Experimentally measuring hydraulic conductivity curves can be a time-consuming and expensive effort. Therefore, methods for estimating hydraulic conductivity based on SWCCs and the saturated permeability of the soil have provided reasonable results in both scientific research and practical site applications [53]. In this study, the van Genuchten–Muallem [37,54] method was selected to define the hydraulic conductivity of the soils in the numerical model.



Calibrated SWCC data were utilized to derive the curves, as illustrated in Figure 11. Moreover, the permeability of the bottom layer used in the analyses was reduced to 4 × 10−8 m/s, below the measured value. This adjustment accounted for the double compaction applied to the bottom layer. This assumption was based on the percolation observed during the gravel test.



The numerical analysis illustrates the variation in volumetric water content across the entire depth of the soil column. Figure 12 represents this variation over time, derived through back analysis for each test. Additionally, the experimental test results are integrated into Figure 10 for comparison.



Given the calibration of soil water characteristic curves (SWCCs) and Hydraulic Conductivity Functions (HCFs) for each soil layer, the changes in the volumetric water content obtained from the numerical analysis align remarkably well with the experimental results. Breakthrough occurs almost simultaneously with the laboratory tests. The trend in the volumetric water content changes calculated from the numerical analysis mirrors that observed in the laboratory test results.



While experimental measurements offer limited data points along the column, their strategic placement in areas demonstrating significant changes ensures an accurate representation of the soil column. Notably, the findings from the numerical study correspond with the observed low water retention capacities in the experimental section.




4.4.2. Comparison of the Diversion Length, Lateral Drainage, and Percolation of the Covers


This section focuses on the diversion length, lateral drainage, and percolation within the three-layer cover with a capillary barrier. A model, 15 m in length, was employed to observe its lateral diversion capabilities. Layer thicknesses remained consistent in the experimental setup. The model’s total height is 70 cm along the long edge and 30 cm along the short edge, introducing a 3% slope to the capillary barrier. This slope adjustment allows for natural gravitational water movement. The analyses utilized previously validated relationships. The lateral diversion length was computed using Aubertin et al.’s [51] proposed method. Breakthrough points, identified where pore pressure dropped below the water entry value of the coarser layer at each time interval, determined the lateral diversion length in the model (see Figure 13).



The model’s boundary conditions closely resemble those used in the 1D experiments, with one notable difference: a review boundary condition was applied to the granular layer at the bottom edge. This condition aligns with the approach outlined in Zhan et al.’s study [33] (Figure 13). In the 1D tests, most rainfall primarily resulted in surface runoff. The numerical calculations adopted relatively low infiltration rates of 1 mm/day, 3.5 mm/day, and 8.6 mm/day.



The numerical models account for changes in diversion length over time, alterations in the lateral flow of drained water within the granular layer over time, and the progression of percolation.



A notable distinction emerged in the analysis of four sections under varying rainfall conditions (Figure 12). Unlike the one-dimensional experiments, numerical analyses revealed that fine gravel, coarse sand, and medium sand showed remarkably similar behavior over time. In one-dimensional scenarios, water retention at the interface without horizontal drainage eventually led to barrier failure. However, water mobility along the interface prolonged the barrier effect in two-dimensional configurations and inclined barriers. Lateral diversion predominantly occurs at the fine/coarse interface, where hydraulic conductivity tends to be highest [10]. The numerical analysis results concerning lateral diversion are attributed to the high permeability of the gravel material and coarse sand, which facilitates faster water movement at the interface and increases the barrier effect. Conversely, fine sand has a reduced performance due to its high water entry value and low permeability. Moreover, increased rainfall reduced diversion lengths in each section, as noted by [51], subsequently minimizing discrepancies between the sections. During the 8.6 mm/day infiltration, the increased infiltration rate may exceed the lateral drainage capacity. At this point, the impact of the hydraulic conductivity of the middle layer on the diversion becomes less apparent (Figure 14).



The influence of the middle layer on lateral drainage was investigated during a relatively high rainfall event with an intensity of 8.6 mm/day (Figure 15). As expected, fine gravel showed the most effective lateral drainage performance, resulting in the highest lateral flow. Conversely, fine sand showed the poorest performance, with minimal lateral drainage due to its low permeability. For all soil types, lateral drainage started almost immediately after the capillary barrier effect completely disappeared, reached a maximum value, and remained stable.



Comparisons of percolation in multi-layer covers at an infiltration rate of 3.5 mm/day were conducted to evaluate the influence of the middle layer (Figure 16). Additionally, numerical analysis assessed percolation within the clayey sand section (without any granular layer). Time-dependent variations in deep percolation across distances revealed interesting insights.



Unexpectedly, when examining the time-dependent changes in percolation across all models, the typically less permeable clayey sand model showed the poorest performance. Percolation occurred along half of the cover in this area, mainly in the lower elevation region. However, percolation was only observed across a third of the cover in sections with a granular layer. This difference could be attributed to water diversion by the barrier effect and subsequent lateral water drainage through the granular layer after the complete dissipation of the barrier (approximately 12 days).



Percolation was observed in all sections featuring granular material in the middle layer only after the capillary barrier effect had completely dissipated. Despite all models with a granular mid-layer performing equally or even better than the clayey sand model, those with medium sand exhibited the best performance. Notably, the quantity of percolating water in all models aligned with the overall system’s saturated permeability and remained highly consistent across the range.






5. Conclusions


This study includes an in-depth investigation of a multi-layer cover system utilizing four different granular materials within the intermediate layer, employing a combination of experimental results and numerical analyses.



During the experimental phase, the most notable success in terms of the duration of the barrier effect was achieved when using medium sand in the middle layer. However, the highest capacity for water retention within the multi-layer cover system during the capillary barrier was reached by fine gravel.



Based on the experimental findings, this study conducted back analyses to calibrate the soil water characteristic curves (SWCCs) and Hydraulic Conductivity Functions (HCFs). In subsequent two-dimensional analyses, mainly when accounting for lateral diversion length, the barrier performance of the fine gravel exhibited a marked improvement compared to one-dimensional calculations. This enhancement can be attributed to the rapid movement of water at the interface due to the high permeability of gravel, an effect further enhanced by the slope.



Furthermore, following the failure of the capillary barrier in the upper section, it was observed that the intermediate layers were transformed into drainage layers. Notably, the gravel layer demonstrated the highest lateral drainage capacity among them. Additionally, a clayey sand layer at the base of the multi-layer system resulted in delayed percolation. It facilitated the conversion of the intermediate layer into an efficient drainage layer. In addition, the percolation performance of the multi-layer system is superior to that of the clayey sand cover without a granular layer.




6. Limitations and Considerations


This study provides superficial results on the behavior of a three-layer cover with different middle layers. However, the experimental study did not consider the influence of factors such as different rainfall intensities, initial conditions, layer thicknesses, and slopes. Similarly, the numerical analysis did not consider layer thickness, repeated rainfall effects, evaporation or wet–dry cycles, capillary barrier recovery, freeze–thaw effects on the barrier, or desiccation cracking. In addition, this study did not consider the behavior of the barrier during bottom-up water movement. These are critical issues that should be addressed in future studies to evaluate the performance of the three-layer barrier liner thoroughly.
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Figure 1. Design and mechanism of the three-layer cover with capillary barrier. 
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Figure 2. SWCCs of soils, (a) clayey sand and (b) granular soils [36]. 
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Figure 3. Schematic view of the test setup. 
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Figure 4. Volumetric water content variation with time and depth for soil column infiltration tests. (a) SC-3L-FS, (b) SC-3L-MS, (c) SC-3L-CS, and (d) SC-3L-FG. 
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Figure 5. Breakthrough time for each soil column infiltration test. 
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Figure 6. The change in water storage of soil columns during infiltration tests. 
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Figure 7. Final volumetric water content of the top layer. 
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Figure 8. The water balance of the cover with fine gravel. 
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Figure 9. Infiltration rate variation with time for all tests. 
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Figure 10. Model geometry and boundary conditions. 
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Figure 11. Calibrated SWCCs and HCFs of the soils. 
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Figure 12. Volumetric water content variation with depth and time obtained from back analysis, (a) fine sand, (b) medium sand, (c) coarse sand, and (d) fine gravel. 
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Figure 13. Schematic view of the Aubertin method (2009) [51]. 
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Figure 14. Change in diversion length over time with varying infiltration rate. 
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Figure 15. Variation in lateral drainage of the middle layers over time at an infiltration rate of 8.6 mm/day. 
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Figure 16. Percolation variation over distance and time, (a) clayey sand, (b) fine gravel, (c) coarse sand, (d) medium sand, and (e) fine sand. 
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Table 1. Properties of the soils.






Table 1. Properties of the soils.





	Soil Type
	Clayey Sand
	Fine Sand
	Medium Sand
	Coarse Sand
	Fine Gravel





	Soil Classification (USCS)
	SC
	SP
	SP
	SP
	GP



	Gravel (%)
	4
	-
	-
	-
	100 1



	Sand (%)
	70
	100 1
	1001
	100 1
	-



	Fine (%)
	26
	-
	-
	-
	-



	Mean diameter, D50 (mm)
	0.45
	0.51
	1.0 1
	1.19 1
	6.0 1



	Coefficient of uniformity, Cu
	440
	1.47 1
	1.57 1
	1.90 1
	1.40 1



	Coefficient of curvature, Cc
	5.2
	1.05 1
	1.13 1
	1.54 1
	0.96 1



	Liquid limit, LL (%)
	28.5
	-
	-
	-
	-



	Plastic limit, PL (%)
	20
	-
	-
	-
	-



	Specific gravity, Gs
	2.7
	2.65 1
	2.72 1
	2.66 1
	2.65 1



	Saturated permeability, ksat (m/s)
	2.54 × 10−7
	8.27 × 10−4 1
	2.60 × 10−3 1
	4.9 × 10−3 1
	1.07 × 10−2 1







1 Kesgin [36].













 





Table 2. van Genuchten parameters of the soil water characteristic curves.
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	Soil Type
	θs
	θr
	α (kPa)
	n





	SC (e = 0.48)
	0.32
	0.1
	1.4407
	1.1341



	SC (e = 0.40)
	0.29
	0.1
	2.3403
	1.1482



	SC (e = 0.30)
	0.23
	0.1
	3.4807
	1.1523



	Fine gravel
	0.39 1
	0.006 1
	0.0606 1
	4.0 1



	Coarse sand
	0.4 1
	0.006 1
	0.0662 1
	2.7 1



	Medium sand
	0.4 1
	0.02 1
	0.06896 1
	1.99 1



	Fine sand
	0.41 1
	0.023 1
	0.11627 1
	1.16 1







1 Kesgin [36].













 





Table 3. The initial condition of the soil layers for each test.
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Test Name

	
Bulk Density (gr/cm3)

	
Initial Water Content (%)

	
Precipitation Rate (mm/h)




	
Top

	
Middle

	
Bottom

	
Top

	
Middle

	
Bottom

	






	
SC-3L-FG

	
2

	
1.5

	
2

	
8

	
-

	
8

	
3




	
SC-3L-CS

	
2

	
1.5

	
2

	
8

	
-

	
8

	
3




	
SC-3L-MS

	
2

	
1.5

	
2

	
8

	
-

	
8

	
3




	
SC-3L-FS

	
2

	
1.5

	
2

	
8

	
-

	
8

	
3
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