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Abstract

:

As the primary ecological construction measure on the Loess Plateau, check dams play an essential role in developing agricultural production, improving people’s production and life, and replenishing groundwater. Soil water infiltration is the most important way to replenish groundwater in the dam land. In order to investigate the water infiltration process of check dams, an empirical model suitable for the simulation of the dam land infiltration process was selected. The soil water infiltration process of the check dam was studied by a field test and a model simulation. The results showed that there were few macropores in the dam, and the water mainly moved downwards in the form of matrix flow. Moreover, the stable infiltration rate of the dam site was low, and its infiltration process could be divided into three stages: rapid infiltration, fluctuating infiltration, and stable infiltration. In addition, the infiltration rate of a non-silted dense layer was 2.4~5 times that of a silted dense layer. The Horton model had a good fitting effect on the water infiltration process of the check dam and thus was suitable for the simulation and prediction of the water infiltration process of the dam. The results can provide a theoretical basis for efficient soil water utilization and infiltration simulation of check dam land.
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1. Introduction


As an essential project to control soil erosion, the check dam has been widely used worldwide. China has also carried out large-scale check dam construction on the Loess Plateau [1]. The large-scale construction of check dams not only plays a role in blocking sediment and storing water, regulating runoff, and improving species richness the upstream but also increases soil infiltration, replenishes groundwater sources, increases soil water supply for grain crop growth and production, has an important impact on the underground hydrological cycle, and promotes the formation of underground reservoirs [2,3,4,5]. Soil water is the basis of plant growth and survival and an essential part of the hydrological cycle [6]. As a primary link among precipitation, soil water, and groundwater transformation, soil infiltration plays an essential role in the hydrological cycle. In addition, soil infiltration capacity is also an important index to measure soil water retention and erosion resistance [7]. Soil infiltration is one of the main ways to recharge groundwater. Especially on the Loess Plateau, soil moisture is mainly recharged by several high-intensity rainfalls in the rainy season, which is the primary source of groundwater recharge in this area [8,9].



Located in the north of central China, the Loess Plateau is one of the most vulnerable areas in China’s ecosystem [10]. The annual precipitation in this area is low, and the rainfall is unevenly distributed throughout the year. Often struck by short-duration, high-intensity rainstorms in summers, the Loess Plateau is prone to severe water and soil loss [11,12]. Severe soil erosion and water loss aggravate the deterioration of the ecological environment, increasing the difficulty in soil and water loss treatment. This interaction reduces the soil fertility of the land on the Loess Plateau, thereby seriously affecting the production and life of local people [13,14,15]. In order to alleviate soil erosion on the Loess Plateau and improve the living environment, China has taken a series of soil and water conservation measures, such as returning farmland to forests and grasslands, gully treatment, and check dam construction, which has significantly improved regional ecosystem and curbed soil erosion [16,17,18].



The unique geographical characteristics and climatic conditions of the Loess Plateau significantly affect the soil moisture in this area. The infiltration process of soil water is affected by topography, soil bulk density, texture, and initial soil water content [19,20]. Among them, soil texture has a much more significant impact on soil infiltration than topography and other factors [21]. After the completion of the check dam, due to the deposition of sediment, a silting dense layer is formed, which hinders the water movement, affects the water infiltration process, and then changes the water distribution of the dam land [22]. The dam land formed by soil deposition in the check dam has become the prominent grain-producing area of the Loess Plateau. The change in soil moisture is bound to transform the ecological construction and people’s production and life in this region [23,24]. However, few studies have been carried out on the water infiltration of check dams. Therefore, understanding the process and mechanism of soil water infiltration in check dam land helps solve related ecological and environmental problems and contributes to the efficient utilization and sustainable development of water and soil resources in dam land.



With typical check dams on the Loess Plateau as the research object, this paper attempted to study the soil water infiltration mode, infiltration process, and water resistance capacity of a silted dense layer through field tests and indoor simulation. In addition, this paper fitted and evaluated the infiltration process via different infiltration models to provide a theoretical, reference, and scientific basis for understanding the infiltration process of check dam land, the ecological construction of check dams, and the efficient utilization of resources.




2. Materials and Methods


2.1. Overview of the Study Area


The study area is located at Nianyangou No. 3 Dam in Wangmaogou watershed, Suide County, Shaanxi Province (Figure 1). Wangmaogou is a branch of Jiuyuan gully, a first-class tributary on the left bank of the Wuding River. Its main gully is 3.75 km long. The surface soil of the basin is mainly composed of the Malan Loess with a fine texture and loose organization, which has poor erosion resistance. There are 23 check dams in the Wangmaogou basin, including 2 large ones, 7 medium ones, and 14 small ones, with a governance degree of 77.7%.



Nianyangou is the branch of the Wangmaogou watershed and has a drainage area of 5.97 km2. It is located at 110°20′04″~110°22′28″ east longitude and 37°25′33″~37°35′54″ north latitude. The altitude ranges between 1027~1188 m, and the average slope is 12.5°. The basin has a temperate continental monsoon climate, with an average annual rainfall of 513 mm, and 70% of its precipitation falls from July to September. A total of 3 check dams were built in the basin, among which Nianyangou No. 3 Dam has no drainage structures. The soil texture is mainly yellow cotton soil, the soil bulk density is 1.33 ± 0.19 (g/cm3), the silt content is 66.12 ± 4.69%, the sand content is 32.14 ± 4.72%, and the clay content is 1.73 ± 0.20%. The main crop planted in the dam land is corn.




2.2. Experimental Design and Sampling


The field test and sample collection were conducted in Nianyangou No. 3 Dam in August 2020. Due to flood scouring, the dam body of Nianyangou No. 3 dam has been damaged. There is a breach and erosion upstream. In order to facilitate the test and monitor, the field in situ test point was set at the dam site around the breach. The in situ field test mainly included the bright blue staining and double-ring infiltration tests. The bright blue staining test determines whether there is preferential flow in the dam site infiltration. The double-ring infiltration experiment explores the water infiltration process of dam land and the water-blocking capacity of the silted dense layer. The location of the soil sample collection point is consistent with the double-ring infiltration test point.



	(1)

	
Bright blue dyeing experiment







A square block with an area of 1 square meter was drawn in the test area. After removing the surface floating soil and litter and leveling the quadrat, iron sheets with a length and width of 1 m and a height of 30 cm were vertically buried into the ground for 20 cm around the sample plot. Then, the soil around the iron sheet was tamped with a rubber hammer to prevent the reagent solution from dripping down the iron sheet. Subsequently, the sample plot was sprayed with a 20 L bright blue solution with a concentration of 4 g/L, which was then tightly covered with a plastic sheet to prevent the influence of precipitation. Moreover, 24 h later, the iron sheets around the sample plot were removed carefully while not affecting the soil in the sample plot. After that, the soil within 10 cm of the edge of the sample plot was removed to reduce the possible abnormal infiltration of dye around the iron sheets. Subsequently, a soil section with a depth of 80 cm was excavated and leveled, and then the vertical soil profile was photographed and recorded with a camera (Figure 2). The camera was 1.2 m away from the soil section, the focal length was set to 28 mm, and the picture was stored in Jpg format. To avoid contingency, we set up two parallel tests, marked as a and b.



Among the indices describing the morphological characteristics of soil water infiltration, the dyeing area ratio is the most widely used. This indicator mainly describes the proportion of the number of soil pixels stained by the dyeing reagent in the whole soil profile along the vertical direction. When the dyeing area exceeds 75%, it indicates that the soil water in the dyeing area mainly comprises matrix flow. In comparison, when it is below 25%, the soil water in the area is mainly transported via preferential flow [25]. The dyeing area ratio is calculated by:


   D s  =    D i     D i  +  N i     



(1)




where    D s    is the dyeing area ratio (%);    D i    is the number of stained pixels at depth  i (pixel);    N i    is the number of undyed pixels at depth  i (pixel);  i  is the number of vertical pixels of the image (pixel).



	(2)

	
Double-ring infiltration experiment







Before the test, the test site was cleared of floating soil and vegetation litter and leveled. Then the inner and outer rings with a height of 20 cm were struck into the leveled site. The diameters of the inner and outer rings were 25 and 50 cm, respectively. Two Markov bottles with a capacity of 5 L were used to provide water to the two rings, respectively. The infiltration volumes of the rings were recorded every 5 min. After the infiltration volume became stable, the recording time was extended. During the infiltration process, the water surfaces of the inner and outer rings were maintained at the same height to ensure vertical water infiltration into the inner ring and to reduce the transverse seepage flow. A total of 17 double-ring infiltration tests were carried out, of which 15 were used to determine the soil water infiltration characteristics of the dam site, and two were mainly carried out for the silted dense layer, recorded as A and B, in order to study the water-blocking effect of the silted dense layer. Every three tests were conducted simultaneously as a group, with a distance of 1 m for each test, 2 m for each group, and 10 m for the infiltration test points of the silted dense layer. In the infiltration test on the silted dense layer, the CS616 soil moisture sensor probe from Campbell of the United States was inserted into the silted dense layer and its upper and lower parts to monitor the water infiltration through the siltation layer. The equipment includes ten soil moisture sensor probes, numbered 1~10. The Campbell CS616 soil moisture sensor uses the highly sensitive time domain reflectometry to measure the moisture content of soil or other porous media, with a measurement accuracy of ±2.5%.



The infiltration rate is calculated by:


   V t  =    (   Q t  −  Q  t − 1    )  × 10   S × Δ t  (  0.7 + 0.03 T  )       



(2)




where    V t    is the soil vertical infiltration rate at time  t  under a certain temperature (mm/min);    Q t    is the cumulative water supply of Markov bottle at time  t  (cm3);    Q  t − 1     is the cumulative water supply of Markov bottle at time   t − 1   (cm3);  S  is the area of double ring inner ring (cm2);   Δ t   t is the average water temperature in a certain period (°C).



The thickness and distribution of the silted dense layer in the test soil profile were measured on-site before the test. The distribution of soil particles in the silted dense layer shows the distribution characteristics from fine particles to coarse particles from the top to the bottom. However, because the soil texture and thickness of the silted dense layer, formed by the carrying of sediment from each rainfall–runoff, are affected by many factors, such as rainfall intensity, rainfall, topographic and geomorphic characteristics, and vegetation coverage, a complete and precise coarse and fine distribution may not be formed. When recording the distribution of the silted layer, the adjacent sediment layer with mud above and sand below was regarded as the same layer, which was called the silted dense layer as a whole.




2.3. Infiltration Model


The infiltration process of this test is fitted by Philip formula [26], Kostiakov formula [27], and Horton formula [28]. The model equations are as follows:



Philip formula:


  I  ( t )  = 0.5 S  t  − 1 / 2   +  i c     



(3)




where   I  ( t )    is the infiltration rate (mm/min);  S  is the moisture absorption rate of soil (mm/min1/2) and it is closely related to soil’s characteristics;  t  is infiltration time (min);    i c    is the stable infiltration rate (mm/min);   S   and    i c    can be measured by the infiltration test.



Kostiakov formula:


  I  ( t )  = k  t  − a    



(4)




where   I  ( t )    is the infiltration rate (mm/min);  t  is infiltration time (min);  k  is the infiltration coefficient;   a   is the infiltration index;  k  and  a  can be obtained by fitting the experimental data;



Horton formula:


  I  ( t )  =  i c  +  (   i 1  −  i c   )   e  − c t      



(5)




where   I  ( t )    is the infiltration rate (mm/min);    i c    is the stable infiltration rate (mm/min);    i 1    is the initial infiltration rate (mm/min);  e  is a constant with the value of 2.71828183;  t  is infiltration time (min);  c  is the empirical constant, which represents the attenuation rate of infiltration rate from initial to stable.




2.4. Sample Collection


The samples were obtained from the test soil profile (0~100 cm) at 10 cm in the Nianyangou No. 3 dam. from August to September 2020. The ring knife (100 cm3) method measured the soil bulk density. In addition, we took out part of the soil and put it into self-sealing bags for sealing. The wet weight of the soil samples was measured on-site, and then the samples were taken to the laboratory for drying at 105 °C. After drying, we measured the soil texture, bulk density, and water content. Samples from each layer had three duplicates.




2.5. Data Calculation and Processing


In order to avoid distortion of the original image caused by human and environmental factors, Photoshop CS6 and Image-Pro Plus 6.0 were applied to correct, cut, binarize, and reduce noises. The rest of the data were processed by Excel 2010 for data statistics, SPSS 22.0 for correlation analysis, and origin 2017 for mapping.





3. Results


3.1. Dam Soil Infiltration Mode


The staining results of the vertical soil profile are shown in Figure 3. The blue is the staining area, and white is the non-staining area. The results of the two dyeing tests are similar. The distribution of the dye was relatively uniform along the vertical direction, and the distribution of the bottom wetting front of the two tests was relatively smooth without any apparent protrusion.



To further determine the soil water infiltration mode of the dam land, the vertical distribution of the dyeing area ratio of the dam land was analyzed (Figure 4). The more profound dyeing depth reached about 33 cm in the two dam land dyeing tests. Within the depth range of 0~25 cm, the proportion of the dyeing area was relatively stable; for both of the tests it was over 80%, and the maximum reached 100 and 98%, respectively. The proportion of the staining area plunged within the depth range of 25~33 cm and finally stabilized at zero.




3.2. Infiltration Characteristics of Dam Soil


Initial infiltration rate, stable infiltration rate, and cumulative infiltration are critical soil water infiltration capacity indicators. The infiltration characteristics of the dam site infiltration test are shown in Table 1. The infiltration rate of each test was stable after 90 min of infiltration. Thus, only the cumulative infiltration amount at the first 90 min of each test was used to characterize the infiltration capacity of the dam in the early stage of infiltration.



The initial infiltration rate ranged from 0.81 to 2.00 mm/min. The stable infiltration rate ranged from 0.39 to 1.08 mm/min. The average infiltration rate varied from 0.43 to 1.23 mm/min. Cumulative infiltration in the first 90 min was 3.91~11.71 cm. The variation trend of the infiltration rate of the dam site infiltration test was the same (Figure 5): the initial infiltration rate was high. Then the infiltration rate fluctuated and decreased, and finally tended to be stable with the increasing infiltration time.




3.3. Water-Blocking Capacity of Silted Dense Layer


Two infiltration tests were performed on the silted dense layer, A and B. Site A was close to the dam body, and Site B was far away from the dam body. The distance between the two sites was 10 m. Before the test, the distribution of silted dense layer within 1 m depth of each test site was counted respectively (Figure 6). The silted dense layer at the 28 cm depth of Figure 6B was composed of coarse and fine particles, which were mainly silted by the sediment carried by a rainstorm. Hence, it was also regarded as a silted dense layer. There are apparent differences in the silted dense layer’s depth, thickness, and quantity.



In this study, the initial water content was the soil water content, which was monitored by the water probe before the test (Table 2). It can be seen from the Table that the soil water content of the silted dense layer monitored by each probe was significantly higher than those in other locations, and the soil water content of the silted dense layer in the same profile was up to 3.23 times that of the non-silted dense layer. At the same time, the soil water content near the upper part of the silted dense layer was generally higher than that at the lower part.



The soil moisture probe obtains the change process of soil water content at different depths during the infiltration test of the silted dense layer (Figure 7). The results of two experiments, Figure 7A,B, showed that surface soil water content changed sharply, and the soil water content of deep soil was relatively stable without an apparent change. When the soil probe detected a water content change of more than 1%, the water was considered to have migrated here. Based on this, the infiltration rates of water migration through the dense layer and non-silted dense layer were calculated. The maximum infiltration rate of the dense layer near the surface was 5 mm/min, and the infiltration rate dwindled with the increasing depth, with a minimum of 0.18 mm/min. The infiltration rate of the non-silted dense layer also peaked near the surface, 12 mm/min. It decreased with the rising depth, with a minimum of 0.8 mm/min. It can be concluded that the infiltration rate of a non-silted dense layer was 2.4~5 times that of the silted dense layer.




3.4. Influencing Factors of Soil Infiltration Characteristics in the Dam Site


The correlation analysis found that the correlation between infiltration characteristics and influencing factors is insignificant, and the relationship between infiltration rate and influencing factors in different infiltration stages is different (Table 3). The initial infiltration rate negatively correlates with silt, clay, initial water content, and bulk density, yet a positive correlation with sand. The stable infiltration rate and average infiltration rate are negatively correlated with sand, clay, and bulk density but positively correlated with silt and initial water content.




3.5. Simulation of Soil Water Infiltration Process in Dam Land


In order to verify the applicability of different infiltration models to the simulation of the dam land infiltration process, three classical infiltration models were used for this research, and the accuracy of the model was evaluated by statistical parameters such as determination coefficient (R2) and root mean square error (RMSE). The fitting parameters and evaluation results of the infiltration model for the dam infiltration process are shown in Table 4. The closer the determination coefficient R2 is to one, the smaller the root mean square error RMSE, indicating that the better the fitting effect of the model. Among them, the average R2 of the Philip model, Kostiakov model, and Horton model are 0.72, 0.63, and 0.77, respectively, and the corresponding average RMSEs are 0.11, 0.12, and 0.10, respectively. The RMSEs of the three models are similar. The results show that the three models can reflect the water infiltration process of dam land, and the fitting accuracy is in the descending trend of Horton > Philip > Kostiakov. This result shows that Horton has the best fitting effect and a strong applicability for the water infiltration process of dam land and thus can be used for the simulation and prediction of the water infiltration process in dam land.





4. Discussion


4.1. Analysis on Infiltration Mode and Process of Dam Soil


The dam land was mainly formed by the sediment deposition generated by the interception of precipitation runoff by the dam body. The soil would become more compact and denser during the interception and redistribution of sediment particles [29]. Since the pores in the soil were small, it was difficult for water to infiltrate the soil layer of the dam. At the same time, the top part of the soil water infiltration and migration formed an obvious boundary with the original soil, i.e., the wetting front. At this time, the soil water gradient at the wetting front was large. Consequently, the water migration rate here was more significant than that at other locations in the same horizontal direction, resulting in a sharp decline in the staining area ratio to zero. Therefore, the migration form of preferential flow was not shown in the migration process of water in the dam, and the dam water mainly moved downwards in the form of matrix flow.



In the beginning, the soil water content was low, and the soil water suction was large. In this study, the water seeped into the soil rapidly under the combined action of gravity and soil water suction. This stage, therefore, was the rapid infiltration stage. Since then, the surface soil water content has increased rapidly. According to the principle of soil water potential, when the soil water content increases, the soil water suction will decrease. Therefore, the infiltration rate would plunge when the surface water content reached a certain amount. At the same time, due to the influences of soil pores and other factors, the infiltration rate would fluctuate. Thus, this stage was the fluctuating infiltration stage. After a while, when the soil pores were filled with water, the soil water suction dropped to the lowest, and the water only moved downwards under the action of gravity. At this time, the water infiltration gradually stabilized and finally reached a stable infiltration rate. This stage, therefore, was the stable infiltration stage. Similarly, the infiltration process of dam land could also be roughly divided into three stages: rapid infiltration (0~20 min), fluctuating infiltration (20~90 min), and stable infiltration (after 90 min).




4.2. Analysis of the Water-Blocking Capacity of Silted Dense Layer


Due to the energy loss in the transport process of sediment particles in the check dam, the transport distances of sediment particles were different, which eventually led to the difference in the thickness and quantity of silted dense layers. This result is consistent with the research results of Zhang [30]. When the water reached the dense layer, it was greatly hindered. Consequently, the water was forced to move laterally. In this case, the soil water content in the upper part of the dense layer began to increase gradually. In contrast, the water in the lower part took a long time to pass through the dense layer due to the higher water-holding capacity and water resistance of the dense layer. Thus, the soil water content in the lower part of the dense layer was low. At the same time, through the field investigation of the silted dense layer, the dense layer sometimes had mixed deposits of coarse and fine particles. Due to the existence of a small amount of coarse-grained soil in the dense layer, there were tiny pores in the dense layer, forming a short preferential flow channel, and a wetting front crossed the dense layer to reach the lower soil first. Therefore, the deep-water content in Figure 7A changes earlier than the surface water. With the increasing soil depth, the water content passing through the dense layer and the non-silted dense layer gradually decreased. However, the water transport rate of the dense layer was still significantly lower than that of the non-silted dense layer. Therefore, it was determined that the silted dense layer has the function of holding water and hindering water movement.




4.3. Analysis of the Influencing Factors of Soil Infiltration Characteristics in the Dam Site


Soil moisture is affected by many factors, such as soil texture and soil water content during infiltration [31]. In the research results, the relationship among stable infiltration rate, average infiltration rate, and initial water content is contrary to previous research results [32]. This result is mainly because of the formation of silt dams. The coarse sand will silt before the fine sand, resulting in dense silt layers with different thicknesses in the soil and further different influencing factors of infiltration rate in different infiltration stages [33]. It can be seen that the water infiltration process of the dam site was affected by factors such as the soil texture and soil water content, as well as by those related to the silted dense layer, such as the thickness of the dense layer and the distance from the surface layer.




4.4. Applicability Analysis of Infiltration Model


The soil water infiltration process is one of the critical processes of water transformation [34]. With the construction of large-scale ecological projects on the Loess Plateau and the continuous enhancement of ecological quality, analyzing and predicting the infiltration process of check dam land is of great significance to improve the utilization efficiency of water and soil resources in the dam land [35]. The fitting results of three different infiltration models showed that the Horton model could better fit the soil water infiltration process of the check dam than the other two models. The infiltration rate of the Kostiakov model is infinite at the initial time. Nevertheless, when the time tends to infinity, the infiltration rate trends to zero, which is inconsistent with the actual infiltration process. The water infiltration rate will eventually tend to stabilize at a certain constant and cannot be zero, so the predicted value will be low in an application. Field test data have verified the effect of the Philip model. However, this model was proposed under the condition of homogeneous soil, surface ponding, and the uniform distribution of initial water content [36,37]. Therefore, when it is applied to simulate the infiltration process of dam land with prominent soil stratification characteristics, there will be some errors, resulting in poor fitting accuracy. Although the fitting accuracy of the Philip model was not as good as that of the Horton model, its parameters were more in line with the actual water infiltration theory [38]. In the actual infiltration process, due to the existence of gravity potential, the infiltration rate will eventually tend to be stable [39].



Moreover, the constant term in the Horton model can reflect that the infiltration reaches stability under the action of gravity, so the fitting effect of the Horton model is better. In addition, the fitting accuracy of the model is also affected by soil structure, organic matter content, porosity, and other factors [40]. Therefore, the applicability study of the infiltration process of the dam land on the Loess Plateau through the field in-situ observation experiment and infiltration model provides an essential theoretical basis for improving the infiltration model.





5. Conclusions


	(1)

	
The number of macropores in the soil of the check dam is small, and the water mainly moves downward in the form of matrix flow, without preferential flow. Its infiltration process is similar to the normal, divided into three stages: rapid infiltration, fluctuating infiltration, and stable infiltration.




	(2)

	
The silted dense layer can store water and hinder the downward movement of water. In the same profile, the soil water content in the silted dense layer is higher than that in the non-silted dense layer, and the infiltration rate is significantly lower than that in the non-silted dense layer. The maximum water content of the silted dense layer is 3.23 times that of the non-silted dense layer, and the infiltration rate of the non-silted dense layer is 2.4~5 times that of the silted dense layer.




	(3)

	
The Horton model, Philip model, and Kostiakov model can be applied to simulate the water infiltration process of dam land. The Horton model outperforms the other two models’ in terms of accuracy and can provide a reference for the future simulation of dam land water infiltration.







In general, water-holding and water-blocking properties in the silted dense layer are of great significance to the slow and continuous replenishment of groundwater resources in check dams. It is also an important reason for forming soil reservoirs in check dams.
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Figure 1. Location of the Loess Plateau in China (a); Location of the study site on the Loess Plateau (b); Wangmaogou Watershed Digital Elevation Model and location of the study site (c). 
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Figure 2. Photographs of the experiment. 
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Figure 3. The vertical soil profiles. (a) is the result of the first dam site profile dyeing test; (b) is the result of the second dam site profile dyeing test. 
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Figure 4. Distribution of dyeing area ratio. (a) is the dyeing area ratio result of the first dam section dyeing test, and (b) is the dyeing area ratio result of the second dam section dyeing test. 
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Figure 5. Variation characteristics of soil water infiltration rate. 
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Figure 6. The vertical distribution of the sedimentary dense layer. (A) is the distribution of silted dense layer in the first silted dense layer infiltration test, (B) is the distribution of silted dense layer in the second silted dense layer infiltration test. 
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Figure 7. Dynamic change of soil water content. (A) is the change of water content of each probe with time in the first siltation dense layer infiltration test, (B) is the change of water content of each probe with time in the second siltation dense layer infiltration test. 
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Table 1. Characteristics of soil water infiltration.
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Infiltration Characteristics

	
Test Times




	
1

	
2

	
3

	
4

	
5






	
    i 1    

	
1.83

	
1.59

	
2.00

	
1.59

	
0.81




	
    i c    

	
0.87

	
1.08

	
0.51

	
0.53

	
0.39




	
    i a    

	
1.03

	
1.23

	
0.66

	
0.60

	
0.43




	
  F  

	
9.43

	
11.71

	
6.17

	
5.38

	
3.91








i1 = initial infiltration rate (mm/min);     i c    = stable infiltration rate (mm/min);    i a    = average infiltration rate (mm/min);  F  = cumulative infiltration amount in the first 90 min (cm).
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Table 2. Initial soil water statistics.
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A

	
B




	
Probe Number

	
Soil Depth

(cm)

	
Soil Water Content (%)

	
Sedimentation Dense Layer

	
Probe Number

	
Soil Depth

(cm)

	
Soil Water Content (%)

	
Sedimentation Dense Layer






	
1

	
10

	
20.8

	
No

	
1

	
12

	
34.6

	
No




	
2

	
20

	
43.7

	
Yes

	
2

	
15

	
44

	
Yes




	
3

	
23

	
42.5

	
Yes

	
3

	
16

	
43

	
Yes




	
4

	
35

	
19.5

	
No

	
4

	
27

	
32.7

	
No




	
5

	
42

	
27.9

	
No

	
5

	
31

	
31.5

	
Yes




	
6

	
57

	
23.7

	
No

	
6

	
37

	
21.6

	
No




	
7

	
72

	
16.4

	
No

	
7

	
40

	
26

	
No




	
8

	
81

	
35

	
Yes

	
8

	
43

	
48.8

	
yes




	
9

	
86

	
45.7

	
Yes

	
9

	
46

	
20.7

	
No




	
10

	
91

	
52.7

	
yes

	
10

	
53

	
21.8

	
No











[image: Table] 





Table 3. Correlation analysis between soil infiltration characteristics and soil properties.
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	Soil Index
	Initial Infiltration Rate
	Stable Infiltration Rate
	Average Infiltration Rate
	Silt
	Sand
	Clay
	Initial Moisture Content
	Bulk Density





	Initial infiltration rate
	1
	
	
	
	
	
	
	



	Stable infiltration rate
	0.332
	1
	
	
	
	
	
	



	Average infiltration rate
	0.440
	0.989 **
	1
	
	
	
	
	



	Silt
	−0.442
	0.365
	0.284
	1
	
	
	
	



	Sand
	0.456
	−0.351
	−0.268
	−0.999 **
	1
	
	
	



	Clay
	−0.421
	−0.261
	−0.318
	0.172
	−0.214
	1
	
	



	Initial moisture content
	−0.628 *
	0.252
	0.173
	0.824 **
	−0.830 **
	0.298
	1
	



	Bulk density
	−0.084
	−0.286
	−0.259
	0.011
	−0.026
	0.348
	0.074
	1







Note: ** indicates significant correlation at 0.01 level bilateral; * indicates significant correlation at 0.01 level bilateral.
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Table 4. Model parameters of the Philip, Kostiakov, and Horton models for simulation of soil water infiltration.
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Test

Times

	
Philip Model

	
Kostiakov Model

	
Horton Model




	
   S   

	
     i c     

	
     R 2     

	
    R M S E    

	
   k   

	
   c   

	
     R 2     

	
    R M S E    

	
   a   

	
     i c     

	
     i 1     

	
     R 2     

	
    R M S E    






	
1

	
4.55

	
0.70

	
0.83

	
0.10

	
2.10

	
0.17

	
0.77

	
0.11

	
0.04

	
0.87

	
1.83

	
0.79

	
0.11




	
2

	
3.24

	
0.99

	
0.85

	
0.07

	
1.93

	
0.11

	
0.89

	
0.05

	
0.02

	
1.06

	
1.59

	
0.90

	
0.05




	
3

	
5.42

	
0.26

	
0.67

	
0.18

	
2.49

	
0.34

	
0.57

	
0.21

	
0.10

	
0.53

	
2.00

	
0.72

	
0.17




	
4

	
3.86

	
0.32

	
0.62

	
0.14

	
1.65

	
0.25

	
0.48

	
0.17

	
0.10

	
0.52

	
1.59

	
0.73

	
0.12




	
5

	
1.6

	
0.31

	
0.64

	
0.06

	
0.75

	
0.14

	
0.45

	
0.07

	
0.09

	
0.39

	
0.81

	
0.73

	
0.05








S = soil sorptivety;    i c    = stable infiltration rate (mm/min);   R M S E   = root mean square error; c,   k   and  a  = empirical coefficients;    i 1    = initial infiltration rate (mm/min).
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