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Abstract

:

Water repellency has a great influence on water infiltration into soil. Currently, there is no modified correlation model that is applicable to the water infiltration of water-repellent soils (WRS). In order to better construct a model suitable for water infiltration in water-repellent soil, our objectives are to validate the effect of a modified Green-Ampt model. We modified the model by assuming that the saturated and unsaturated zones had the same thickness and by combining three formulas of the suction head (Sf VG, Sf BC, Sf GP) and the average saturated hydraulic conductivity. Therefore, we obtained three modified models: the Green-Ampt-VG, Green-Ampt-BC, and Green-Ampt-GP models. Indoor one-dimensional water infiltration experiments were conducted to simulate the cumulative infiltration (CI), the distance of the wetting front (Zf), and the infiltration rate of a hydrophilic treatment and repellent treatments. The results showed that as the degree of repellency increased, the soil suction head decreased, and the relationship between the value of the soil suction head and the degree of WRS was exponential. In addition, the simulated values of the modified CI formula highly fit the measured values of all treatments in the three models (RMSE: 1.696, 1.812, and 0.694). The modified Green-Ampt-VG model had the best simulation effect on the infiltration rate (RMSE: 0.036) and Zf (RMSE: 3.976). The results indicated that the suction head values obtained from the parameters of the VG model were closest to the actual values compared the other models. These results can provide a reference for the solution of problems involving the suction head and water infiltration into WRS in the future.
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1. Introduction


Soil water repellency is a phenomenon in which water has difficulty infiltrating into the soil [1,2]. Water content has a great influence on soil water repellency, and all soils will show repellency at critical water content [3,4]. The water infiltration capacity decreases and the risk of soil erosion and groundwater pollution is aggravated due to repellency [5,6,7]. Therefore, many scholars have paid attention to it. Research has shown variations in water repellency degree with depth, with the repellency degree generally decreasing with increasing depth, while surface WRS has a stronger water repellency degree [8,9,10]. In general, the water repellency in soil can reach depths of more than 10 cm [11,12,13].



There have been a large number of studies on the infiltration characteristics of WRS. Ref. [14] found a single-peak curve relationship between soil water repellency and soil water content. Ref. [15] used the Green-Ampt model, Philip model [16], and Kostiakov model [17], as well as an index formula, to simulate the infiltration data of repellent soil. Ref. [18] used a piecewise function to simulate the experimental infiltration rate data of WRS. However, their research was limited to fitting the experimental data of WRS using various models, and they failed to improve relevant physical models.



In recent years, the modified Green-Ampt model has been widely applied due to its clear physical significance [19,20]. The improvements to the model are based on the investigation of two important parameters: saturated hydraulic conductivity and the suction head. However, the difficulty in model modification also consists in how to accurately obtain a soil suction head [21].



Ref. [22] investigated the value of saturated hydraulic conductivity in the Green-Ampt model and suggested that the value of hydraulic conductivity in the Green-Ampt model should be 0.7 times the saturated hydraulic conductivity. Ref. [23] developed a formula to estimate the suction head value of sand from the reciprocal of the air entry value, and showed that the modified model, after obtaining the saturated hydraulic conductivity and suction head value, could accurately fit the infiltration rate of soil with the sand inclusion layer. Ref. [22] derived the computational formula of the suction head by combining the Philip model with the Green-Ampt model. Ref. [24] first developed the assumption that the thickness of the saturated layer was about half of the wetting front distance.



The modified Green-Ampt model based on the suction head can be applied to a variety of soil conditions. However, so far, there have been no modified models to simulate water infiltration into WRS. Although there have been some formulas for calculating the suction head, the accuracy of these formulas has not been compared. Therefore, in this paper, we mainly aim to verify whether the modified Green-Ampt model, based on three computational methods of suction head, can accurately simulate the cumulative infiltration, migration depth of the wetting front, and infiltration rate of layered WRS. This will provide the most suitable model for the water infiltration of WRS.




2. Model Establishment and Validation


2.1. The Traditional Green-Ampt Model


The Green-Ampt model is suitable for the infiltration of ponded water into soil. There is an obvious wetting front in the soil layer, with the soil above the wetting front being saturated and the soil below the wetting front being unsaturated. The model assumes that the initial water content of the soil is uniform. The basic Green-Ampt model is as follows [25]:


  i =   k   s       z   f   +   s   f   + H     z   f      



(1)




where Ks is the hydraulic conductivity of saturated soil (cm·min−1); Zf is the distance of the wetting front (cm); Sf is the suction head at the wetting front (cm); and H is the pressure head at the surface (cm).




2.2. Modified Green-Ampt Model


2.2.1. Assumptions of the Modified Model


The degree of repellency significantly affects the infiltration rate and hydraulic conductivity. The hydraulic conductivity and infiltration rate decrease with a decrease in the degree of repellency. During infiltration, finger flow forms inside the soil, accounting for only a small portion of the soil profile. Along the channels, water flows into the soil, moistening part of the subsoil, while the rest of the upper soil remains dry [26,27]. In addition to the irregular migration of the wetting front in the WRS, this inevitably leads to an uneven distribution of soil water content in the soil profile. Therefore, we made the following assumptions about the Green-Ampt model corresponding to the WRS based on previous research results:



(1) In the soil infiltration process, the wetted zone is divided into two equal zones: the saturated zone and the unsaturated zone. Recent studies have shown that the distribution of water content in the unsaturated zone can be represented by an elliptic curve [24,28]. Therefore, we assume that the water content distribution in the unsaturated zone follows an elliptic curve (Figure 1).



(2) Due to the presence of a water-repellent layer, the saturated conductivity is likely to change. Therefore, we used the average hydraulic conductivity of the entire soil profile in depth, denoted as Ks =       K   s    ¯   . According to [29,30], the soil hydraulic conductivity should be 0.5 times the saturated hydraulic conductivity, so we considered 0.5 times the saturated hydraulic conductivity as the final hydraulic conductivity.



Therefore, in the entire infiltration process, we only need to determine the average hydraulic conductivity of the soil column and the suction head at the wetting front in order to obtain the Green-Ampt infiltration rate model for the repellent soil.




2.2.2. Calculation of Suction Head


In this paper, three methods were used to calculate the suction head:



(1) The first computational formula for the suction head was determined through (VG) model parameters [31], and the VG model formula is as follows:


  θ ( h ) =                     θ   r   +     θ s − θ r         1 +     α h     n       m     ,   h < 0                                               θ   s     ,               h ≥ 0          



(2)




where     θ   r      is the residual water content (cm3·cm−3);     θ   s      is the saturated water content (cm3·cm−3); H is the pressure head (cm); and α, m, and n are empirical parameters.



The computational formula for soil unsaturated hydraulic conductivity is as follows:


  K ( h ) =     k   s   { 1 − ( α h   )   m n   [ 1 + ( α h   )   n     ]   − m     }   2     [ 1 + ( α h   )   n     ]   m l      



(3)




where l is generally 0.5, and the other parameters are consistent with Formula (2).


  m = 1 −   1   n    



(4)







The calculation of the wetting front suction head at the initial water content can be performed using the following formula [32]:


    S   i   =   1   2 α   m n   l + 2   + 1             1 −         θ   s   −   θ   r       θ   i   −   θ   r         − ( l + 2 +   1   m n   )              



(5)




where      θ   i      is the initial water content of the soil (cm3·cm−3), and the other parameters have the same meanings as above.



The suction head was calculated as follows [33,34]:


      K   r   =   K ( h )     K   s      



(6)






    s   f   V G   =   ∫  0     s   i        K   r       d s  



(7)




where Kr is the relative hydraulic conductivity.



(2) The second computational formula for the suction head was determined using the Brooks–Corey (BC) model parameters. The formula for the BC model is as follows:


    θ −   θ   r       θ   s   −   θ   r     =         (  α ′  h )   − λ                  α ′    h > 1                 1                              α ′    h ≤ 1            



(8)




where    α ′    is an empirical parameter, which is set equal to 1/ha (1/cm), and λ is the distribution parameter of soil pore size.


    h   a   =   1    α ′     



(9)




In Formula (9), ha is air entry value (cm).



The suction head was calculated as follows [29]:


      s   f   B C   =     h   a     2    



(10)







(3) The third computational formula for suction head was deduced based on the correlation between the Green-Ampt model and the Philip model. The suction head is calculated as follows [22]:


      S   f G P   =     4 S   2     ( 4 + π )   K   s   (   θ   s   −   θ   r   )   − H  



(11)




where S is the soil sorptivity in the Philip model, which can be obtained through fitting, and H is the head of water (cm).




2.2.3. Cumulative Infiltration and Wetting Fronts of the Modified Green-Ampt Model


According to the principle of water balance, the cumulative infiltration curve of the traditional model can be expressed as follows [35]:


  C I =   ∑  i = 1   N      D   i         θ   s , i   −   θ   r , i     + (   Z   f   −   ∑  i = 1   N      D   i     ) (   θ   s , N + 1   −   θ   i , N + 1   )  



(12)




where CI is the cumulative infiltration of soil (cm); D is the soil layer thickness (cm); N + 1 represents the layer of soil after the number of saturated layers N; and the other parameters have the same meanings as above.



In this paper, it is assumed that the distance of the wetting front can be divided into two parts with the same thickness: one part is the saturated area and the other part is the unsaturated area. We assumed that the water content in the unsaturated zone followed a 1/4 elliptic curve, and the infiltration curve of the modified model was as follows:


  C I =   L   2   ∆ θ +   π   4     L   2   ∆ θ    



(13)







So, in the layered soil, the CI was calculated as:


  C I = (   4   8   +   1   8   π )     ∑  i = 1   N      D   i         θ   s , i   −   θ   r , i     + (   Z   f   −   ∑  i = 1   N      D   i     ) (   θ   s , N + 1   −   θ   i , N + 1   )    



(14)







After the wetting front depth was divided into the saturated zone and the unsaturated zone, the formula for the wetting front depth was as follows [22]:


      Z   f     V G   = 4    2     K   s    ¯  (   s   f   V G   + H ) t   ( 4 + π ) (   θ   s   −   θ   i   )     



(15)






      Z   f     B C   = 4    2     K   s    ¯  (   s   f   B C   + H ) t   ( 4 + π ) (   θ   s   −   θ   i   )     



(16)






      Z   f     G P   = 4    2     K   s    ¯  (   s   f   G P   + H ) t   ( 4 + π ) (   θ   s   −   θ   i   )     



(17)




where t is the infiltration time (min);       K   s    ¯    is the effective saturated hydraulic conductivity (cm·min−1); Sf corresponds to the suction head solution Formulas (5), (10), and (11) (cm); and Zf is the migration depth of the wetting front (cm).




2.2.4. The Average Saturated Hydraulic Conductivity


If the experimental soil layer is homogeneous, the saturated hydraulic conductivity of the soil layer is the corresponding soil saturated hydraulic conductivity. If it is a heterogeneous soil layer composed of several soil types, the hydraulic conductivity is the average saturated hydraulic conductivity of the different soil layers. The effective saturated hydraulic conductivity of the heterogeneous soil layer can be calculated as follows [35,36]:


      K   s    ¯  =     ∑  i = 1   N + 1      D   i         ∑  i = 1   N + 1        D   i       K   s , i          



(18)




where        K   s    ¯    is the average saturated hydraulic conductivity of the wetting layer (cm·min−1); D is the thickness of the soil layer (cm); i is the number of soil layers and N is the number of saturated layers in the soil; and     K   s , i     is the saturated hydraulic conductivity of soil layer i.



Therefore, the infiltration rates of the Green-Ampt model based on three kinds of suction head and assumptions are as follows, respectively:


    i   V G   = 0.5     K   s    ¯      z   f   +   s   f   V G   + H     z   f      



(19)






    i   B C   = 0.5     K   s    ¯      z   f   +   s   f   B C   + H     z   f      



(20)






    i   G P   = 0.5     K   s    ¯      Z   f   +   S   f   G P   + H     Z   f      



(21)









2.3. Validation of the Model


In order to verify the applicability of the modified model for water infiltration into layered repellent soil, we compared the measured infiltration rates, the depth of the wetting front, and the cumulative infiltration with the calculated values of the modified model. The root-mean-square error (RMSE) was used to evaluate the effectiveness of the model. The smaller the value, the better the model’s performance:


  R M S E =    1   N     ∑  i = 1   N      (   S   k   −   M   i   )   2       



(22)




where N is the number of measured values, Sk is the simulated value, and Mi is the measured value.



The experimental soil used was clay loam, taken from the surface layer (0–40 cm) of the triple terrace in the Wei River, Shaanxi province. The soil materials were air-dried and passed through a 2 mm sieve. The proportions of clay, silt, and sand were 17.4%, 45.2%, and 37.4%, respectively. There are various methods to obtain WRS, and we obtained stable WRS by adding different doses of octadecylamine to the soil [1]. According to the water droplet penetration time (WDPT), WRS was divided into five degrees [37]: hydrophilic (WDPT < 5 s), slightly WRS (5 s ≤ WDPT < 60 s), strongly WRS (60 s ≤ WDPT < 600 s), severely WRS (600 s ≤ WDPT < 3600 s), and extremely WRS (WDPT ≥ 3600 s). The quantity of octadecylamine added and the degree of repellency are listed in Table 1.



The soil hydraulic parameters for the water repellency degree are listed in Table 1. The saturated hydraulic conductivity was measured using the constant head method [38], the water retention curve was measured using a high-speed centrifuge, and soil hydraulic characteristic parameters were obtained using Retention Curve (RETC) software [39].



In this paper, a group of hydrophilic soil treatment (T0) and five groups of layered repellent soil treatments (T1–T5) with different repellency degrees were designed, and the experimental design is shown in Table 2. The columns were filled with air-dried soil samples, and the soil bulk density was 1.35 g·cm−3. The experiments were conducted under ponding conditions with a constant head of 3 cm. The experiments were terminated when the wetting front reached the bottom of the column. Cumulative infiltration and infiltration rate were calculated based on variation in the water level of a Mariotte bottle. A ruler was attached to a column made of clear plastic to determine the wetting front depth. Three replicates were set for each experimental treatment, and the average value of the experimental data was taken as the final value.





3. Results


3.1. Relationship between Suction Head and Quantity of Octadecylamine


Figure 2 shows the relationship curve between the soil suction head values obtained using the three suction head formulas and the quantity of octadecylamine. The x-coordinate represents the quantity of octadecylamine added, and the y-coordinate represents the suction head value. It can be seen that the value of the suction head decreases as the quantity of octadecylamine increases (Figure 2), and the relationship curve conforms to the exponential function:


  y = a ·   e   − b x        



(23)




where y represents the suction head (cm); x represents the quantity of octadecylamine added (g); and a and b are parameters.



Figure 2 shows that the calculated values of the suction head had a high fitting effect with the exponential function (23), and the correlation coefficients were 0.923, 0.916 and 0.938, respectively. This demonstrates that Equation (23) could effectively express the relationship between the quantity of octadecylamine added in the clay loam and the soil suction head. This can provide a reference for estimating the suction head of WRS.




3.2. Computational Results and Verification of Cumulative Infiltration


Figure 3 shows the measured values of each treatment, and the simulated values of the modified model. The RMSE values of each treatment are listed in Table 3. The results show that the calculated value of the modified formula was closer to the measured value compared with the traditional model. The maximum RMSE value of the Green-Ampt-GP model in all treatments was 1.185, and the average value was 0.694. The RMSE value of the hydrophilic treatment (T0) was 0.5, while the maximum RMSE value of the traditional model was 2.014, with an average value of 1.696. The RMSE value of T0 was 1.12. Moreover, the modified computational method of cumulative infiltration showed no significant difference for treatments with different repellency degrees. The RMSE values of the water-repellent treatments (T1–T5) were 1.185, 0.759, 0.730, 0.442, and 0.546, respectively. The modified cumulative infiltration formula accurately simulated the cumulative infiltration of each repellent treatment. This indicates that the modified cumulative infiltration formula can effectively estimate the cumulative infiltration of hydrophilic soil and layered WRS. The traditional model assumed that the soil in front of the wetting front was saturated soil, but the cumulative infiltration obtained was significantly greater than the measured value. This indicates that the traditional Green-Ampt model had a deficiency in its distribution assumption of soil water content. Due to the existence of preferential flow and finger flow in WRS during the infiltration process [26,27,40,41], although water enters the subsoil through the repellent layer, it is difficult to reach saturation in a short time for the repellent layers, because the finger flow makes it easier for water to flow vertically and makes it flow slower horizontally [42,43].




3.3. Computational Results and Verification of the Infiltration Rate


Figure 4 shows the measured infiltration rate curves and simulated infiltration rate curves of the modified Green-Ampt model. The RMSE values of the treatments for each modified model are listed in Table 3. The results indicate that the modified Green-Ampt model, based on the three computational formulas of the wetting front suction head, can accurately simulate the change in the infiltration rate of layered WRS. The average RMSE values of the Green-Ampt-VG, Green-Ampt-BC, and Green-Ampt-GP models corresponding to the treatments were 0.036, 0.137, and 0.174, respectively (Table 3). Furthermore, the three models did not show significant differences in the simulation effect for repellent treatments with different repellency degrees.



Obviously, the Green-Ampt-VG model had the best simulation effect. Throughout the entire infiltration process, the simulated infiltration rate closely matched the measured value, and the curve trend was almost identical to the measured curve. The model was also applicable to hydrophilic soil (Figure 4), with an RMSE value of 0.027 for the hydrophilic treatment (T0). The simulation effect of the Green-Ampt-BC model was second. Both the Green-Ampt-BC model and Green-Ampt-VG model showed that the simulated value was much higher than the measured value at the initial stage of infiltration, which was inconsistent with the initial infiltration rate of WRS. Taking treatments T4 and T5 as examples, the infiltration rate was very small at the initial stage, while the simulated value was relatively large, and the simulation effect of the model at the later infiltration stage was poor. The Green-Ampt-GP model had the worst simulation effect. The simulated value of this model was generally lower than the measured value throughout the entire infiltration process. This is because the suction head of the wettable soil was much larger than that of WRS, and the suction head of the dry soil before the wetting front increased with the decrease of the repellency degree. Water quickly moved from the upper WRS to the lower wettable layer, causing the infiltration rate curve at the interface between the water-repellent layer and the hydrophilic layer to fluctuate in the layered repellency treatments [44]. This phenomenon did not occur in the hydrophilic treatment (T0).




3.4. Computational Results and Verification of Wetting Front


Figure 5 shows the measured and the simulated wetting front curves of the modified model, respectively. It can be clearly observed that the average RMSE values of the wetting front in the Green-Ampt-VG, Green-Ampt-BC, and Green-Ampt-GP models were 3.976, 15.152, and 8.30, respectively (Table 3). The Green-Ampt-VG model had the best simulation effect on the wetting front, and the simulated values of the wetting front for all water-repellent treatments were close to the measured values. These results indicated that the modified wetting front formulas based on parameters of the VG curve were applicable to the WRS. This formula also had the best simulation effect on the hydrophilic treatment (T0), with an RMSE of 0.916, which proves that the model is also applicable to simulating the wetting front of hydrophilic soil. Although the effect of the Green-Ampt-GP model was also close to the measured value, the maximum RMSE value was 11.25 and the average value was 8.301 for all treatments. However, the model was less effective than the Green-Ampt-VG model, so it is not recommended to estimate the migration of the wetting front. The simulation deviation of the Green-Ampt-BC model was the largest for all treatments, with a maximum RMSE value of 18.761 and an average value of 15.152. Therefore, this model is not recommended to simulate the wetting front of WRS.





4. Discussion


In previous studies, the Green-Ampt model assumed that the soil was fully saturated in the region above the wetting front upon soil moisture infiltration [45,46]. However, the soil in these regions was not completely saturated, and the soil moisture content decreased with the increase in the soil depth, showing a non-linear tendency [47]. On the other hand, the hydraulic conductivity of the soil saturated with water in the traditional VG model is measured using the hydraulic head method. However, the hydraulic conductivity of the soil cannot reach saturation during the infiltration process [48]. Therefore, we adopted the modified Green-Ampt models (the Green-Ampt-VG, Green-Ampt-BC, and Green-Ampt-GP models) and three indicators were used to characterize the applicability and robustness of all of the models. The wetting front curves and the infiltration rate curves simulated by the Green-Ampt-VG, Green-Ampt-BC, and Green-Ampt-GP models all increased sharply at the interface between the water-repellent layer and the hydrophilic layer in treatments T1–T5, but the rising trend of the curve did not conform to the law of soil infiltration. The distribution of layered soil resulted in variation in the suction head at the wetting front in each model. It can be seen from Equations (15)–(17) that the wetting front curve was mainly a function of the suction head, time, and water content. Time was an independent variable and water content a constant value. Therefore, the change in the suction head was the main reason for the sudden increase in the curves.



Considering the variation in water repellency degree with soil depth, we designed experimental treatments in which the repellency degree decreased as the soil depth increased. Previous investigations only indicated that repellency degree decreased with an increase in soil depth [8,9,10,49,50], but there is no specific thickness division regarding the repellency degree. The repellency degree does not change suddenly with the soil depth, but it is difficult to determine its boundary. Our experimental designs only considered the change in water repellency degree from extreme water repellency to slight water repellency within a depth of 10cm, so the change in repellency degree in the layered repellent treatment was abrupt. For example, in treatments T3, T4, and T5, there was no change in water repellency degree above the depth of 10 cm. All of these treatments had hydrophilic soil after the depth of 10 cm, so the suction head value between the water-repellent layers increased sharply. Water infiltration will be influenced when the WRS layer is above the wettable soil layer. A sudden increase in wetting front and infiltration rate curves occurred when the suction head of the interlayer soil changed greatly. Due to the continuity of water migration, the migration distance of the wetting front would not increase suddenly in the actual soil infiltration stage. For example, due to the relatively close repellency degree between the water-repellent layer and wettable layer in treatments T1 and T2, there would be no sharp increase when the curve rose. The T0 treatment had hydrophilic soil and its curve rose smoothly. Figure 4 shows that the sudden increase in wetting front in the Green-Ampt-VG model was smaller than that in the Green-Ampt-BC model. This indicates that the suction head value derived from the VG model was closer to the actual value. The wetting front suction head is not easy to measure directly using experiments, so Formula (6) was used to calculate the suction head of the initial water content. The initial suction head obtained using Formula (6) solved the problem of calculating the average suction head at the wetting front.



In summary, the modified cumulative infiltration formula, based on the assumption that the wetted zone is divided into two equal saturated and unsaturated zones, could accurately predict the observed value. The wetting front and infiltration rate simulated by the modified Green-Ampt model, based on the suction head calculated by the VG model, were closer to the measured values. This indicates that the suction head value obtained by the VG model was more accurate, which can guide the field water calculation of WRS to some extent.




5. Conclusions


After comparing the applicability of the modified Green-Ampt model based on three suction head formulas for simulating infiltration into layered WRS, this investigation draws the following conclusions:



(1) The suction head value obtained by the three formulas was in accordance with the exponential function of the quantity of octadecylamine. The suction head value decreased with an increase in the repellency degree. Equation (23) can estimate the suction head and it can provide a reference for calculating the suction head of WRS.



(2) The calculated value of the modified formula was obviously closer to the measured value than that of the traditional formula, indicating that the modified formula can be used to calculate the cumulative infiltration of layered WRS.



(3) The simulation results of the WRS infiltration rate and wetting front of the modified model, based on different suction head formulas, were in the following order: the Green-Ampt-VG model was the best, followed by the Green-Ampt-BC model, and then, the Green-Ampt-GP model.



(4) In the future, we will explore the applicability of the modified model to different soil properties. Additionally, in order to make our results more applicable to the simulation of large areas, we will create simulation products of soil moisture content in global areas by correcting the Green-Ampt-VG model.
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Figure 1. Schematic diagram of the Green-Ampt model. 
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Figure 2. Relationship between the quantity of octadecylamine and the suction head under different computational methods: (a) VG model; (b) BC model; (c) GP model. 
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Figure 3. The measured CI curve and simulated CI curves of the traditional and modified models. 
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Figure 4. Measured infiltration rate curves and simulated infiltration rate curves of modified Green-Ampt model. 
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Figure 5. Measured and simulated wetting front curves of the modified Green-Ampt model. 
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Table 1. Water repellency degree, quantity of octadecylamine (Qoc) per kg of soil, WDPT, Ks, and soil hydraulic parameters of soil water retention curve model.
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VG

	
BC




	
WRS

	
Qoc

	
Measured Values

	
Fitted Values

	
Fitted Values






	

	

	
Ks

	
θr

	
θs

	
α

	
n

	
α′




	

	
g·kg–1

	
cm·min−1

	
cm3 m−3

	
cm3·cm−3

	

	

	




	
Wettable

	
0

	
0.0305

	
0.13

	
0.48

	
0.013

	
1.232

	
0.0237




	
Slightly

	
0.2

	
0.0210

	
0.13

	
0.48

	
0.018

	
1.230

	
0.0283




	
Strongly

	
0.4

	
0.0165

	
0.13

	
0.47

	
0.797

	
1.170

	
0.7162




	
Severely

	
0.6

	
0.0125

	
0.13

	
0.45

	
12.97

	
1.112

	
10.086




	
Extremely

	
1.0

	
0.0090

	
0.13

	
0.40

	
71.31

	
1.107

	
660.76
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Table 2. Experimental treatments of WRS at different depths.






Table 2. Experimental treatments of WRS at different depths.





	
Treatments

	
T0

	
T1

	
T2

	
T3

	
T4

	
T5






	
Different depths

	
(0–5 cm)

	
W

	
ST

	
SE

	
SE

	
E

	
E




	
Water repellency degree

	
(5–10 cm)

	
W

	
SL

	
SL

	
ST

	
ST

	
SE








Note: W, SL, ST, SE, and E in the table, respectively, represent wetting, slightly water-repellent, strongly water-repellent, severely water-repellent, and extremely water-repellent.
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Table 3. RMSE values of the Green-Ampt model based on three computational methods of suction head.
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Model

	
Treatment

	
Cumulative Infiltration

	
Infiltration Rate

	
Wetting Front






	
Green-Ampt-VG

	
T0

	
1.12

	
0.027

	
0.916




	
T1

	
1.792

	
0.029

	
2.516




	
T2

	
1.398

	
0.047

	
4.230




	
T3

	
2.104

	
0.042

	
4.549




	
T4

	
1.677

	
0.038

	
5.758




	
T5

	
2.087

	
0.029

	
5.888




	
Average

	

	
1.696

	
0.036

	
3.976




	
Green-Ampt-BC

	
T0

	
1.12

	
0.626

	
8.097




	
T1

	
1.792

	
0.037

	
13.834




	
T2

	
1.398

	
0.048

	
16.912




	
T3

	
2.104

	
0.043

	
15.553




	
T4

	
1.677

	
0.038

	
17.757




	
T5

	
2.087

	
0.029

	
18.761




	
Average

	

	
1.812

	
0.137

	
15.152




	
Green-Ampt-GP

	
T0

	
0.50

	
0.031

	
2.458




	
T1

	
1.185

	
0.117

	
6.950




	
T2

	
0.759

	
0.177

	
9.350




	
T3

	
0.730

	
0.263

	
9.076




	
T4

	
0.442

	
0.244

	
10.720




	
T5

	
0.546

	
0.213

	
11.250




	
Average

	

	
0.694

	
0.174

	
8.301
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