

  water-14-03483




water-14-03483







Water 2022, 14(21), 3483; doi:10.3390/w14213483




Article



Experimental Investigations on Influence of Fracture Networks on Overland Flow and Water Infiltration in Soil



Jin You 1,2,*, Shuqian Wang 1,2 and Dan Xu 1,2,*





1



School of Water Conservancy and Hydroelectric Power, Hebei University of Engineering, Handan 056021, China






2



Hebei Key Laboratory of Intelligent Water Conservancy, Hebei University of Engineering, Handan 056038, China









*



Correspondence: youj0226@163.com (J.Y.); xudan930328@163.com (D.X.); Tel.: +86-130-2193-0226 (J.Y.); +86-182-3205-8336 (D.X.)







Academic Editors: George Kargas, Petros Kerkides and Paraskevi Londra



Received: 22 September 2022 / Accepted: 28 October 2022 / Published: 31 October 2022



Abstract

:

Soil preferential flow is an essential process that affects the movement and relocation of soil water and solutes. This study was conducted on cropland in an arid and semi-arid area in Zhongning County, Ningxia. According to the different cracks, rain intensity, rainfall duration, and slope, there were three groups, and 17 dye tracer experiments were conducted in the field. We quantified the characteristics of soil preferential flow by investigating and analyzing the infiltration depth, dyeing area, saturation, runoff coefficient, and rainfall infiltration coefficient using the dye tracer method. The results showed that increasing the rainfall or irrigation intensity could promote the activation of the fracture channel as the preferential flow channel, which is advantageous to the preferential flow formation. The fractures dominated the formation of the preferential flow. The fractures slowed the formation of runoff, reduced the velocity of slope flow, reduced the flow of the slope, and increased the amount of soil water infiltration. These results have theoretical and practical significance for understanding soil water transportation, especially for agricultural irrigation management and improving cropland water use efficiency in arid and semi-arid areas.
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1. Introduction


Dry soil shrinkage cracks in farmland play an important role in the preferential flow of soil and the migration of solute and environmental pollutants, causing widespread concern to researchers in soil science, agriculture, engineering geology, and environmental protection [1,2]. The generation and closure of fractures are accompanied by shrinkage and expansion in the soil. They are affected by physically, chemically, and biologically intrinsic properties such as soil water content, soil clay minerals, and soil organic matter under external environmental conditions, such as drying–wetting alternation, crop growth, tillage, etc. [3]. Soil is often subject to drying–wetting alternation conditions due to precipitation, irrigation, and evapotranspiration. The intensity of dry and wet alternation significantly affects soil shrinkage [4]. With increases in dry and wet alternation times, the area density of the fissure shows a downward trend [5]. Soil contractility tends to decrease, and the original fractures will diffuse to the surroundings again when the desiccant is dehumidified. The width of the cracks decreases correspondingly, and the quantity shows an increasing trend [6]. Vogel et al. [7] used topology theory to describe networks of soil fractures and applied topological concepts and methods to establish parameters such as crack area, length, and Euler’s densities to characterize them.



Fractures generated during soil shrinkage in farmland can be used as preferential flow channels, allowing part of the soil water to bypass the soil matrix and rapidly infiltrate along the fissures, which is widely recognized as a common phenomenon in hydrology [8,9,10]. Fractures can serve as a preferential flow path during irrigation or rainfall, accelerating water infiltration, reducing the use efficiency of water and fertilizer, and increasing the risk of groundwater pollution [11,12]. At the same time, they are one of the inducing factors of geological disasters, such as debris flow, landslides, collapses, and soil erosion. When rainwater enters the fractured soil from the slope surface, it flows in the fractured network and infiltrates the soil matrix. Compared with nonfractured soil, the presence of fractures increases the infiltration capacity and the lateral flow of soil water, ultimately affecting the slope’s hydrology [13,14,15]. The occurrence of dry-shrinkage cracking not only affects the water movement in the soil but also affects the surface runoff dynamic parameters due to factors such as the slope flow rate, the single-width flow rate, and Reynolds number reduction [16].



The dye tracer technique is an experimental technique that reveals the soil preferential flow phenomenon using a dye that penetrates the soil with water flow infiltration. Due to its distinctive color, low cost, obvious color difference compared with the soil matrix, and short experiment time, the dye tracer technique has become the most common method of studying preferential flow [17,18,19]. The dye solution is usually sprayed on the soil surface using simulated rainfall. After the infiltration is complete, the direct distribution of the soil preferential flow path can be obtained by excavating the soil profile (horizontal profile or vertical profile) to provide a basis to further analyze the migration patterns of the soil water and solute. Flury [20,21] pointed out that the ideal dye tracer for soil flow movement is characterized by distinct color recognition, high solubility, and nontoxicity or low toxicity. In recent years, a large number of studies [22] have shown that brilliant blue (FCF, color index: 42090) has the above characteristics and is an ideal dye. However, it should be noted that the adsorption of the bright blue molecules by soil cosmids results in the lasing range of the bright blue dye significantly lagging behind the actual migration range of the infiltration wetting front [23]. As a result, I− ions are not completely adsorbed by the soil clay [11] and are consistent with the migratory characteristics of soil infiltration and the wetting front. Because brilliant blue also possesses qualities such as high solubility and low toxicity, it is easily recognizable due to its blue-purple color reaction, which is especially suitable for preferential flow tracing in cohesive soils. More and more studies [24,25] use a high concentration of (15~30 g/L) I− solution for dye tracer experiments. Flury et al. [26] studied differences in macropore flow in various soil types using bright blue dye. Sheng et al. [19] used iodine–starch dye to study the effect of macropores on water and solute migration and distribution. Wang et al. [27] used iodine–starch dye and bright blue tracer to study water migration in heterogeneous soils.



In recent years, due to a series of soil erosion and environmental pollution problems caused by the irrational use of land resources, more and more attention has been paid to the soil solute preferential migration phenomenon. Researchers have conducted a lot of research on the definition [28], type [29], degree [30], features [31,32,33], scale, methods [34,35], and models [36,37] of preferential flow, and the results have significantly guided the improvement of preferential flow theory and observation technology. However, most previous studies were conducted indoors, and the soil matrix area and soil cracks were separated from each other. In practice, there are many differences between farmland soil and cracks and laboratory conditions, and there is an interactive relationship between the preferential migration of solutes in soil matrix zones and crack zones.



In this paper, 17 groups of field experiments were carried out by adjusting soil cracks, rainfall intensity, rainfall duration, and soil slopes. The soil matrix area and the fractured area were studied as a whole. The movement features of soil water in the surface layer, matrix area, and crack of farmland were analyzed based on the infiltration depth, dyed area, the contribution of preferential flow infiltration to total infiltration, and other parameters, thus revealing the mechanisms of farmland runoff and solute movement under the action of soil desiccation crack. The research results are of great significance for the in-depth knowledge of water movement and solute movement features in farmland, guiding agricultural irrigation and improving agricultural water use efficiency.




2. Materials and Methods


2.1. Experiment Sites


The experiment was carried out in the Yellow River irrigation area of Zhongning County, Ningxia (105.67° E, 37.48° N). Zhongning County is located in the midwest of the Ningxia Hui Autonomous Region, in the transition zone between Inner Mongolia Plateau and Loess Plateau, and in the north temperate monsoon climate zone, with an average annual temperature of 9.5 °C, average annual precipitation of 202.1 mm, with the precipitation from June to August accounting for 61% of the annual precipitation; the annual evaporation of 1947.1 mm is 9.6 times of the average annual precipitation. The field capacity (mass) is 23.82%, the average mass fraction of soil organic matter is 14.47 g/kg, and the pH value is 7.58. The soil in the experimental area is clay, and the physical properties are shown in Table 1.




2.2. Dye Tracer Experiments


2.2.1. Experiments on Dry Shrinkage Cracks in the Soil


The experiments were divided into 7 treatment groups according to different amounts of infiltration water, S1-1 to S1-7, as per Table 2. Each experiment area was 100 cm long and 100 cm wide, as shown in Figure 1. Before the experiment, the experiment area was fully saturated. According to the soil density of the experiment area, the fractures appearing during the evaporation and cracking processes of the S1-3 and S1-6 groups were landfilled. Three days later, a dye tracer experiment was carried out. The dye was selected to be a bright blue solution of 4 g/L. After the solution had completely penetrated the surface, the experiment area was covered with a plastic plate to avoid evaporation. After 14 h of infiltration, profiles were excavated layer by layer in the experiment area, and vertical profiles were excavated layer by layer at intervals of 5 cm in the axial direction and photographed for recording. After taking photographs, soil samples were collected from the stained and unstained regions to measure soil water content distributions. More than fifty soil samples were collected in the stained and unstained regions at depths of 0, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, and 0.80 m.




2.2.2. Experiments in Artificial Crack Networks


The experiment was divided into four groups, S2-1 to S2-4, according to the different rainfall intensities and rainfall durations, as shown in Figure 2. Each experiment area was 100 cm long and 100 cm wide. An electric drill was used to punch the steel plate to extrude it into the soil at a thickness of 0.5 cm, forming a rectangular network of artificial soil fissures. The depth of each crack was 30 cm, and the length was 90 cm, a total of ten, as shown above. Before the experiment, the initial water content of the soil was measured by excavating the working profile (parallel to the Z-Y plane) on the side of the experiment area. When the experiment started, potassium iodide reagent (20 g/L) was added to the simulated rainfall source, and the experiment was carried out according to Table 2. Due to the intense evaporation in the research area, to ensure the water balance, after the tracer solution completely penetrated the earth’s surface, we covered the experiment area with a tarpaulin to prevent evaporation. Finally, the vertical profile was excavated layer by layer every 5 cm along the X-axis of the experiment area, and spray starch solution was added to each layer. Sodium hypochlorite was added to the solution to accelerate the complete oxidation of iodide to iodine. The iodine reacted with the starch in a molecular state and permeated into the region where water passes by. As there was iodine, the iodine reacted with starch and turned blue. For regions where water did not pass, the color of the soil did not change. In this way, the flowing region and nonflowing region were confirmed. We then photographed the experiment profile and measured the soil moisture content. Soil samples were collected as described above.




2.2.3. Experiments in Artificial Crack Networks with Slope (10°)


The experiment was divided into six groups, S3-1 to S3-6, according to the different rainfall intensities and rainfall durations, as shown in Figure 3. Each experiment area was 100 cm long and 100 cm wide. We removed the surface floats and formed a sloped surface with a 10° angle to the horizontal. An electric drill was used to punch the steel plate to extrude it into the soil at a thickness of 0.5 cm, forming a rectangular network of artificial soil fissures. The depth of each crack was 30 cm, and the length was 80 cm, a total of ten, as shown above. Before the experiment, the initial water content of the soil was measured by excavating the working section (parallel to the Z-Y plane) on the side of the experiment area. When the experiment started, potassium iodide reagent (20 g/L) was added to the simulated rainfall source, and the experiment was carried out according to Table 2. The time of surface runoff generation was recorded when the amount of water in the gauge increased by 100 mL. After the tracer solution completely penetrated the earth’s surface, we covered the experiment area with a tarpaulin to prevent evaporation. Finally, the vertical profile was excavated layer by layer every 10 cm along the X-axis of the experiment area. For the tracer experiments, Fe3+ was used as a mild oxidizer for I−, which does bleach the complex color of the formed starch–iodide. In addition, the effect of dissolving starch in the I− solution was better than applying starch powder directly to the soil profile, avoiding a wetting process in the starch layer caused by the I− solution in the soil. The indication solution consisted of 50 g/L of starch and 0.05 M of iron (III) nitrate (Fe(NO3)3). The indication solution was added with a pressurized sprayer that released a continuous and fine mist made up of an indication solution. The indication solution was sprayed on the surface as uniformly as possible with long, slow strokes. After spraying, it took about 10 min for a dark blue-violet color to develop in the flow zone as a result of the iron (III) nitrate oxidizer. We photographed the experiment section and measured the soil moisture content. The soil samples were collected as described above.





2.3. Image and Data Processing


To produce binary images that could then be analyzed quantitatively, an analysis of the images taken in the field was performed in two steps, as shown in Figure 4. Step 1 consisted of correcting for lighting and geometric distortions. The most important sources of variability in soil images are usually caused by uneven illumination, geometric distortion, and the condition of the surface [38,39]. These problems were minimized by fixing the environmental conditions and carefully preparing the soil face by hand prior to the acquisition of each image. Meanwhile, a sunshade and high-pixel camera were used when taking photos. In step 2, the modified image was converted to the BMP format in the 256-color RGB image pattern. Each pixel was analyzed to define whether it was dyed or not, based on threshold criteria for RGB reflectance values. Dyed pixels were defined as black and non-dyed pixels were defined as white [40]. We used the output data to calculate the following parameters to quantify the degree of preferential flow. To quantify the variability of soil water flow, the concept of actual penetration depth (Ha) was used [41]. To direct and quantitative the description of the vertical profile, movement trajectory (Hb) was used [42].



Calculate the preferential flow parameters and quantify the preferential flow characteristics based on the binary data from image processing. The variability of soil moisture flow is quantified by the actual infiltration depth (ID), the movement track of the vertical profile is quantified by the dyed area (DC), and the infiltration uniformity S2 is used to indicate whether the soil moisture infiltrates to a uniform depth in the cracked area and matrix area.



The dyed area (DC) refers to the percentage of dyed area to the profile area and is calculated as follows:


  D C =  H a   z  =    ∑  i = 1  n  a    x i  ,  y i  , z     x y    



(1)







In the formula, when the cube pixels of coordinate a(xi, yi, zi) are dyed, define a(xi, yi, zi) = 1. If they are not dyed, define a(xi, yi, zi) = 0, and xy is the total number of pixels in the profile.



The actual infiltration depth (ID) refers to the maximum area reached by the infiltration of soil water in the test region and is calculated as follows:


  I D =  H a    x , y   =  ∑  i = 1  n  a   x , y ,  z i    Δ h  



(2)







In the formula, Δh is the length of cube pixels, and the average infiltration depth (ID) of each group of experiments is taken, and calculated as Formula (3). The infiltration uniformity (S2) of soil moisture is further analyzed and calculated as Formula (4).


    I D  ¯  =    H a    x , y    ¯  =    ∑  i = 1  n  a    x i  ,  y i  ,  z i    Δ h   x y    



(3)






   S 2  =  1 n     ∑  i = 1  n       H a    x , y   −    H a    x , y    ¯     2     



(4)







The preferential flow ratio (PF-fr) and the contribution of preferential flow infiltration to total infiltration are the main parameters for analyzing the preferential flow characteristics of the soil.



The preferential flow ratio is calculated as follows:


  P F − f r = 100 ·   1 −   U n i f r · X   T S A      



(5)







In the formula, UniFr is the uniform infiltration depth (infiltration depth when the dyed area reaches 80%), X is the profile width (100 cm in this research), and TSA is the total area of the dyed region.



The preferential flow infiltration volume (PIV) and its contribution to the total infiltration. PIV is preferential flow infiltration volume and is calculated as follows:


  P I V =  ∑  i = 0   i = I D   V i −  ∑  j = 0   j = U n i f r   V j  



(6)







In the formula, Vi and Vj are the infiltration volumes of soil moisture at depths I and j respectively, and are calculated as follows:


  V =  ∑  U = 1   U = 8     θ t u − θ i u   Vs / U  



(7)







In the formula, θtu is the water content of the soil after rainfall, θiu is the water content of the initial soil, U is the sequence number of each layer of the soil sample, and VS is the soil volume. The contribution (%) of preferential flow infiltration can be defined as the ratio of preferential flow infiltration volume (PIV) to total infiltration volume (TIV) and is calculated as follows:


  C o n t r i b u t i o n = 100 ·   P I V   T I V    



(8)









3. Results


3.1. Soil Water Infiltration Depth


In order to reflect the spatial distribution characteristics of the infiltration depth, infiltration depth information was programmed using the mesh function of the MATLAB software to obtain an infiltration distribution map of each experiment area. As shown in Figure 5, Figure 6 and Figure 7, the color change in the stain strip represents the depth of soil water infiltration. In Figure 7, the influence of the fracture network on soil water infiltration depth is clearly reflected by drawing an infiltration depth map. Combined with the infiltration distribution map, the influence of rainfall intensity, rainfall duration, and cracks on solute migration was analyzed using the average infiltration depth, and the uniformity of solute migration was analyzed with average infiltration depth variance.



In experiment S1, when the infiltration volume was 10 L, the average infiltration depths of S1-1, S1-2, and S1-3 were 2.55 cm, 2.65 cm, and 2.44 cm, respectively, and the variances were 6.5, 7.7, and 4.2, respectively. When the infiltration volume was 20 L, the average infiltration depths of S1-4, S1-5, and S1-6 were 5.33 cm, 5.65 cm, and 3.94 cm, respectively, and the variances were 12.2, 12.5, and 7.5, respectively. When the infiltration volume was 30 L, the average infiltration depth of S1-7 was 7.36 cm, and the variance was 20.0. The infiltration depth of 30 L increased by 4.71 cm compared with that of the 10 L infiltration. As can be seen from Figure 5, when the infiltration water increased, the average infiltration depth also increased, and the infiltration uniformity became worse. With the same infiltration water, the nonfractured experiment using a landfill treatment was smaller in terms of the average infiltration depth compared with the fractured experiment without a landfill treatment, and the infiltration was uniform.



In experiment S2, the average infiltration depths of S2-1, S2-2, S2-3, and S2-4 were 6.13 cm, 12.27 cm, 12.97 cm, and 26.14 cm, respectively, and the variances were 4.0, 5.5, 15.0, and 49.6 respectively. As can be seen from Figure 6, when the rainfall intensity was 20 mm/h, and the rainfall duration was 20 min, the average infiltration depth was shallow, the water infiltration was uniform, and the preferential flow began to develop and form. However, the matrix flow area was larger, and the preferential flow only developed locally. When the rainfall intensity was 50 mm/h, and the rainfall duration was 50 min, the partial infiltration depth exceeded the depth of the fractures and the water infiltration was very uneven. In this case, there were more preferential flow channels and better preferential flow developments. The increase in rainfall intensity and rainfall duration increased the average infiltration depth and the infiltration uniformity.



In experiment S3, the non-crack comparative experiment, the inclined slope with the horizontal, 10° angle was added in order to restore the real situation in the field. The average infiltration depths of S3-1, S3-2, and S3-3 were, respectively, 20.32 cm, 18.45 cm, and 13.69 cm, with a rainfall intensity of 30 mm/h and a rainfall duration of 60 min. The variances were 20.5, 25.5, and 5.6, respectively. The average infiltration depths of the S3-4, S3-5, and S3-6 treatments were, respectively, 33.46 cm, 32.49 cm, and 11.64 cm, with a rainfall intensity of 50 mm/h and a rainfall duration of 30 min. The variances were 74.9, 108.4, and 8.6, respectively. Compared with the non-crack experiment group, the average infiltration depth of the crack experiment group under a precipitation intensity of 30 mm/h was 5.70 cm, and at 50 mm/h, it was 21.34 cm. As can be seen from the cloud image in Figure 7, the mesh lines of the fractured area became thicker, the color changed from blue to red along the fractured network after the 50 mm/h treatment, and the mesh integrity was good. The color of the matrix area was mostly blue, and the color changed irregularly. Compared with the control treatment without cracks, the increase in rainfall intensity and the extension of rainfall duration both contributed to the formation of preferential flow, but the increase in rainfall intensity had a more dramatic effect on the uniformity of infiltration than the extension of rainfall duration. Therefore, rainfall intensity may be the primary factor for the development of preferential flow. This phenomenon may be attributed to the unbalanced characteristics of the preferential flow; that is, the water flux in the preferential flow path is higher than in the soil matrix, and the rapid flow characteristics of the preferential flow cause the soil water infiltration to bypass the soil matrix and infiltrate rapidly along the cracks. The higher the rainfall intensity, the faster the soil surface water content reaches saturation. The cracks played an important role in soil water infiltration, and they can be used as the priority flow path to increase soil water infiltration.




3.2. Dye Coverage


Establishing the dyeing area ratio is an intuitive and quantitative way of describing the trajectory of preferential flow in a vertical profile. By drawing different layers in the vertical direction, the three-dimensional spatial distribution of the preferential flow can be obtained [20]. In experiment S2, the average dyeing areas of the S2-1, S2-2, S2-3, and S2-4 treatments were 10.2%, 20.5%, 21.6%, and 41.7%, respectively. As can be seen from Figure 8, the average dyeing area ratio with different treatments decreased with the increase in the infiltration depth, indicating the infiltration process was not balanced and that there was a preferential flow phenomenon. The average dyeing area increased with the increase in rainfall intensity and rainfall duration. When the rainfall intensity was 20 mm/h, the average dyeing area decreased slowly with the increase in infiltration depth, and then, it decreased to zero rapidly. At this point, only a small part of the preferential flow was developed, and the soil water infiltration was mainly dominated by matrix flow. When the rainfall intensity was 50 mm/h, and the rainfall duration was 50 min, the curve of the average dyeing area changed slowly with the infiltration depth. At this point, the preferential flow was well developed, there was more preferential flow path, and the preferential flow was larger.



In experiment S3, the average dyeing areas of the S3-1, S3-2, and S3-3 treatments were 33.9%, 30.7%, and 22.8%, respectively. The average dyeing areas of the S3-4, S3-5, and S3-6 treatments were 55.8%, 54.2%, and 19.0%, respectively. Compared with the non-crack experiment group, the average dyeing areas of the crack experiment group under a precipitation intensity of 30 mm/h was 9.5%, and at 50 mm/h, it was 36%. With the same rainfall intensity, the presence of cracks increased the preferential flow path and, thus, increased the average dyeing area, confirming that cracks are the major contributors to the preferential flow. When the rainfall intensity was 50 mm/h, and the rainfall duration was 30 min, the curve of the average dyeing area after dyeing fluctuated with the increased infiltration depth in the S3-4 and S3-5 treatments. At this time, the lateral flow of soil moisture occurred, which was not significant with a rainfall intensity of 30 mm/h during the S3-6 treatment.




3.3. Soil Saturation


The soil samples taken by the experiment were measured via the drying method, and soil water infiltration was analyzed by saturation. The initial saturation and the saturation after rainfall showed a V-type distribution; the initial saturation increased with depth, and it stabilized at a certain depth. The soil saturation then decreased with the depth after rainfall, and it stabilized at a certain depth; that is, the initial saturation of the soil was reached. The depth of the V-type is closely related to the soil water infiltration model. The V-type is mainly dominated by the matrix flow at a shallow depth, and when the V-type is deep, the preferential flow will be better developed.



In experiment S2, as seen in Figure 9, when rainfall was 20 mm/L, the saturation of the interval also increased from 0 to 0.3 Zmax (Zmax is the maximum infiltration depth) with the increase in duration. At 0.3 Zmax, the saturation curve after rainfall gradually intersected with the initial saturation curve. When the rainfall duration increased, the saturation after rainfall increased, but the infiltration depth did not increase obviously, and the soil water infiltration was mainly based on the matrix flow. When the rainfall intensity was 50 mm/h, and the rainfall duration was 50 min, the saturation curve after rainfall intersected the initial saturation curve at 0.6 Zmax. At this time, there was a deep soil water infiltration depth with more infiltration, and preferential flow was better developed.



In experiment S3, we averaged the two groups of cracked replicates at 30 mm/h and 50 mm/h and analyzed the behavior of soil water infiltrations in the presence of fractures by comparing them with the nonfractured experiment. As can be seen from Figure 9, although the initial soil water content was different, the infiltration depth of the fracture treatment was obviously deeper than that of the nonfractured treatment. The saturation curve of the fracture treatment after rainfall at 30 mm/h intersected with the initial saturation curve at 0.6 Zmax, while the non-fractured treatment intersected at 0.2 Zmax. At 50 mm/h, the saturation curve of the fracture treatment after rainfall intersected with the initial saturation curve at 0.6 Zmax, while the non-fractured treatment intersected at 0.1 Zmax.




3.4. The Influence of the Fracture Network on the Runoff


When the rainfall intensity was 30 mm/h, the slope flow formation times of the S3-1, S3-2, and S3-3 treatments were, respectively, 2294, 3147, and 1279 s after the start of the simulated rainfall. After the rainfall ended, the total water amounts collected during the slope flow were 6300, 815, and 7960 mL, respectively. The slope flow generation times of the S3-4, S3-5, and S3-6 treatments were 741, 819, and 350 s, respectively, and the total slope flow water amounts were 11,790, 6500, and 19,650 mL. Compared with the non-crack experiment group, the slope flow formation time of the crack experiment group under a precipitation intensity of 30 mm/h was 430 s, and at 50 mm/h, it was 1441.5 s.



The rainfall infiltration coefficient refers to the ratio of infiltration and precipitation, and the runoff coefficient refers to the ratio of runoff and rainfall. It can be seen from Table 3 that the runoff coefficients of the S3-1, S3-2, and S3-3 treatments at 30 mm/h were 0.2100, 0.0272, and 0.2653, respectively, and the rainfall infiltration coefficients were 0.7900, 0.9728, and 0.7347. The runoff coefficients of the S3-4, S3-5, and S3-6 treatment at 50 mm/h were 0.4716, 0.2600, and 0.7860, respectively, and the rainfall infiltration coefficients were 0.5284, 0.7400, and 0.2140, respectively. Compared with the non-crack experiment group, the runoff coefficients of the crack experiment group under a precipitation intensity of 30 mm/h was 0.15, and at 50 mm/h, it was 0.42. These results show that, when the rainfall intensity is the same, the fractures reduce the runoff coefficient, increase the rainfall infiltration coefficient, reduce the slope flow, and increase the infiltration capacity of the soil water. When the rainfall intensity increases, the runoff coefficient increases, the rainfall infiltration coefficient decreases, the slope flow increases, and the soil water infiltration decreases.





4. Discussion


4.1. Expression of Phenomenon Result


The study of solute migration shows that revealing its essential laws and constructing mathematical models are inseparable from the correct analysis of its phenomena. In experiment S1, the experimental results were consistent with previous studies: The increase in infiltration promoted the development of preferential flow [43,44]. Preferential flow refers to the phenomenon where water flows rapidly and downwardly around the soil matrix through cracks and macropores, which is a common form of water flow and solute migration in soil [45,46]. When the rainfall intensity increases, the solute migration rate will increase correspondingly; that is, the larger the infiltration capacity, the deeper the solute migration depth of soil water. Under natural conditions, the evolution of cracks is a complicated and lengthy process. In experiment S1, cracks were formed by natural shrinkage after watering. Soil tends to expand after watering; some cracks close, and the water infiltration rate decreases gradually [47]. The fast and heterogeneous soil expands, and the preferential flow caused by the fracture only lasts for hours [48]. The variance in the mean infiltration depth of experiment S1 was smaller, and infiltration was more uniform. Although preferential flow paths exist with only a small amount of water, most soil water is permeated through the soil matrix, and the phenomenon of preferential flow is not obvious.



In experiment S2, when the raininess was 20 mm/h, the infiltration depth increased with the increase in rainfall time, and the preferential flow began to develop and form; however, the matrix flow area was larger, so the preferential flow only developed locally. When the raininess was 50 mm/h and rainfall time was 20 min, the main motion path of the water flow was the crack channels; it bypassed the soil matrix and rapidly moved until it reached the deep soil, and there was an obvious preferential flow phenomenon. When the time increased to 50 min, the infiltration depth exceeded the depth of the cracks. At this point, the cracks did not play a major role in soil moisture movement, and the area had complete color development. The test results were consistent with previous research results [49,50]; namely, the lower the intensity of rainfall or irrigation is, the more easily the soil water passes through this area in the form of matrix flow, and, conversely, the more preferential the flow channels are, the larger the preferential flow is. This shows that increased rainfall or irrigation intensity can promote the activation of preferential channels, which is beneficial to the formation of preferential flow.



In experiment S3, soil solute migration under rainfall conditions included two processes: first of all, the soil solute infiltrated and migrated toward the deep soil, along with water infiltration in the rainfall process. Secondly, when the raininess was greater than the soil water infiltration capacity, it produced direct surface runoff, and the surface soil solute migrated along with the direct surface runoff and under the scouring action of the runoff. Although the average infiltration depth and average dyed area could not be used to evaluate the contribution of the preferential flow to the soil water infiltration [51], they are useful methods to intuitively and quantitatively describe the movement locus of preferential flow in a vertical section. By drawing different sections in the vertical direction, the 3D spatial distribution characteristics of the preferential flow were obtained. Then, one can generate the runoff time and the average runoff coefficient, as well as intuitively and quantitatively describe the effect of slope surface and cracks on the preferential flow.




4.2. Analysis of Phenomenon Result


In Table 4, the characteristics of soil preferential flow of S2 and S3 experiments are counted. In the four groups of experiments with S2 non-sloped treatment, the contribution of preferential flow infiltration to total infiltration was more than 40%, and there was a strong phenomenon of preferential flow in soil water infiltration, and the contribution of preferential flow infiltration to total infiltration was more significant than the increase of rainfall intensity compared with the increase of rainfall duration. The increase in rainfall or irrigation intensity could make the cracks become infiltration channels and increase the water flux in the preferential flow path. The rainfall intensity and rainfall duration with S2-1 treatment were small, and the characteristic values of preferential flows were low. In the S2-2 treatment, the characteristic values of preferential flows increased significantly with the increase in rainfall duration, and the average infiltration depth and maximum infiltration depth changed significantly. S2-3 treatment increased the rainfall intensity, but the total rainfall was the same as that of S2-2. It can be found that the infiltration becomes uneven with the increase of rainfall intensity, and the values of preferential flow ratio and contribution of preferential flow infiltration to the total infiltration both increased significantly. In the S2-4 treatment, the rainfall intensity and rainfall duration were the maxima in the experiment, and its characteristic values of preferential flows were also the peak. Comparing S2-2 and S2-3 experiments, it can be found that the increase of both rainfall intensity and rainfall duration contributes to the formation of preferential flow, but the promotion effect of rainfall intensity is more significant.



Among the six groups of experiments with S3 sloped treatment, the contribution of preferential flow infiltration to total infiltration was 16.30% and 26.70% for the S3-3 and S3-6 non-cracked groups, which was due to the absence of soil cracks, but there were still other preferential flow paths such as macropores, which were also significantly promoted by the increase of rainfall intensity. The experimental results show that soil cracks on slopes play an important role in rainfall redistribution, and the existence of cracks increases the infiltration of soil water while reducing the surface runoff volume and delaying the time of surface runoff formation. At the same time, the uniform infiltration depth, the average dyed area, the preferential flow ratio, and the contribution of preferential flow infiltration to total infiltration are increased. Compared with the treatment without cracks, the uniform infiltration depth increased by 9.4 cm, the average dyed area increased by 36.0%, the preferential flow ratio increased by 8.7%, and the contribution of preferential flow infiltration to total infiltration increased by 31.3% in the treatment group with cracks at a rainfall intensity of 50 mm/h. The uniform infiltration depth increased by 3.1 cm, the average dyed area increased by 9.5%, the preferential flow ratio increased by 22.2%, and the contribution of preferential flow infiltration to total infiltration increased by 33.6% in the treatment group with cracks at a rainfall intensity of 30 mm/h. Both rainfall duration and rainfall intensity can promote the activation of cracked channels as preferential flow channels, which is conducive to the formation of preferential flow. When the rainfall intensity increases, the formation of preferential flow is faster and does not inhibit the formation of matrix flow. When the rainfall duration increases, the matrix flow area increases and also promotes the formation of preferential flow.




4.3. Research Implications


Due to the unbalanced, fast-moving, and lateral infiltration characteristics of the preferential flow, Darcy’s law cannot be used to calculate water flux and solute movement time. Niu et al. [52] compared the water flux along the preferred flow path with the soil matrix using the soil column test and concluded that the water flux fluctuates with time; however, the water flux in the preferred flow path is higher than in the soil matrix. Fissure flow, as a kind of preferential flow, is common in croplands with clay soil. Fissures can be used as priority channels to accelerate water infiltration in the process of irrigation or rainfall, which not only reduces the utilization efficiency of water and fertilizer, but also leads to the infiltration of phosphorus [53,54,55], cadmium [56], and other pollutants into the groundwater layer. This may also cause secondary salinization disasters.



At the same time, slope soil fissures play a crucial role in redistributing precipitation to surface runoff and soil water infiltration. Slope soil fissures help slow down the formation of surface runoff, thus affecting soil water infiltration and lateral flow [57]. When rainwater enters the fractured soil from the slope surface, it will flow in the fractured network and penetrate the soil matrix. In the preferred flow path, the internal soil will erode, and the soil shear strength will reduce, thus affecting slope stability [58]. At the same time, the dynamic parameters of surface runoff are also affected by factors such as soil shrinkage cracks, unit discharge, and Reynolds number reduction. In addition, by changing the division of rainfall between seepage and runoff, soil fissures have a significant impact on surface flow movement and flood dynamics, which is an important issue to be considered in the simulation and prediction of flood events. Therefore, studying the influence of soil cracks on surface runoff and seepage has practical significance in understanding the physical basis of non-uniform soil flow and simulating non-uniform flow.





5. Conclusions


In this study, 17 dye tracer experiments were conducted in the field in three groups according to differences in fractures, rainfall intensity, rainfall duration, and slope. The effects of fracture, rainfall intensity, rainfall duration, and slope surface on solute migration and farmland runoff were analyzed through the parameters of infiltration depth, dyeing area, saturation, runoff coefficient, and rainfall infiltration coefficient. Experiment S1 showed that increasing the infiltration rate promoted the migration rate of the solute and the instability of natural shrinkage cracks, and the fractures gradually closed for another watering to reduce the solute migration rate. Experiment S2 showed that increasing the rainfall or irrigation intensity promoted the activation of the fracture channel as the preferential flow channel, which was advantageous to the preferential flow formation. The results of experiment S3 showed that the cracks were dominant in the development of preferential flow, and the existence of cracks slowed the formation of runoff, reduced the velocity of slope flow, reduced the flow of slope, and increased the infiltration of soil water. The results improved the understanding of water movement and solute migration behavior in the field and have important application values in guiding agricultural irrigation and improving the efficiency of agricultural water use.



This research was an in situ field experiment with an artificial soil crack network as a research object. In the cropland growing fields, models of land desiccation crack networks are very complex. Their characters change with the presence of water and their influences on solute movement also change. The scope of the crack network, spatial structure, and positions of the start point and termination point need to be determined through massive experiments. Although the dye tracer test method can directly describe the characteristics and inherent behavior of solute transport phenomena, it cannot analyze the dynamic process of preferential flow movement based on rainfall duration. Therefore, the focus of future research should be on how to monitor dynamic changes in the soil moisture content of crack and non-crack areas and the establishment of a numerical model.
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Figure 1. Diagram of S1 experimental setup. 
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Figure 2. Diagram of S2 experimental setup. 
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Figure 3. Diagram of S3 experimental set-up. 
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Figure 4. (a) The original image after correcting for lighting and geometric distortion; (b) a binary image after applying the dye detection algorithm. 
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Figure 5. Spatial distribution of infiltration depth under experiment S1. 
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Figure 6. Spatial distribution of infiltration depth under experiment S2. 
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Figure 7. Spatial distribution of infiltration depth under experiment S3. 
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Figure 8. Dye coverage distributions. 
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Figure 9. Comparison of measured saturation. 
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Table 1. Physical soil properties in the experiment area.
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Soil Depth/cm

	
Particle Size Distribution/%

	
Density/g·cm−3

	
Porosity/%




	
>50 μm

	
2~50 μm

	
<2 μm






	
0~10

	
3.7

	
51.0

	
45.5

	
1.4253

	
45.2




	
>10~20

	
4.6

	
52.5

	
45.4

	
1.5445

	
45.0




	
>20~30

	
4.5

	
51.6

	
45.3

	
1.6876

	
44.8




	
>30~50

	
4.8

	
50.4

	
45.6

	
1.6424

	
44.3
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Table 2. Experimental conditions of the plots.
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	Experiment

Label
	Precipitation

Intensity/mm·h−1
	Duration of

Precipitation/min
	Volume of Water Infiltration/L
	Existence of Cracks





	S1-1
	
	
	10
	existent



	S1-2
	
	
	10
	existent



	S1-3
	
	
	10
	inexistent



	S1-4
	
	
	20
	existent



	S1-5
	
	
	20
	existent



	S1-6
	
	
	20
	inexistent



	S1-7
	
	
	30
	existent



	S2-1
	20
	20
	6.67
	existent



	S2-2
	20
	60
	20
	existent



	S2-3
	50
	20
	16.67
	existent



	S2-4
	50
	50
	41.67
	existent



	S3-1
	30
	60
	30
	existent



	S3-2
	30
	60
	30
	existent



	S3-3
	30
	60
	30
	inexistent



	S3-4
	50
	30
	25
	existent



	S3-5
	50
	30
	25
	existent



	S3-6
	50
	30
	25
	inexistent
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Table 3. Runoff and infiltration coefficients.
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	Experiment Label
	Runoff Amount/mL
	Infiltration Amount/mL
	Runoff Coefficient
	Infiltration Coefficient





	S3-1
	6300
	23,700
	0.2100
	0.7900



	S3-2
	815
	29,185
	0.0272
	0.9728



	S3-3
	7960
	22,040
	0.2653
	0.7347



	S3-4
	11,790
	13,210
	0.4716
	0.5284



	S3-5
	6500
	18,500
	0.2600
	0.7400



	S3-6
	19,650
	5350
	0.7860
	0.2140
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Table 4. Characteristics (i.e., ID, Unifr, Contribution etc.) of soil preferential flow.
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	Experiment Label
	      I D  ¯     
	ID
	S2
	Unifr
	DC
	PF-fr
	Contribution





	S2-1
	6.13
	26.90
	4.00
	4.90
	10.20
	19.90
	40.00



	S2-2
	12.27
	41.80
	5.50
	9.70
	20.50
	21.10
	41.60



	S2-3
	12.97
	34.40
	15.00
	8.40
	21.60
	35.20
	52.00



	S2-4
	26.14
	58.60
	49.60
	15.00
	41.70
	40.00
	58.40



	S3-1
	20.30
	39.80
	20.50
	15.40
	33.90
	24.30
	48.00



	S3-2
	18.50
	38.30
	25.50
	13.30
	30.70
	27.80
	47.10



	S3-3
	13.70
	30.20
	5.60
	11.30
	22.80
	17.40
	16.30



	S3-4
	33.50
	55.50
	74.90
	20.60
	55.80
	38.50
	50.30



	S3-5
	32.50
	60.00
	108.40
	15.80
	54.20
	51.40
	70.30



	S3-6
	11.60
	25.10
	8.60
	8.80
	19.00
	22.80
	26.70
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Experiment $35 Experiment 36





media/file8.jpg
Experiment 515 Experiment S1-6

‘Experiment S17





media/file12.jpg
Experiment $3.3





media/file18.jpg
Experiment 52 rain with an intensity of 20 mm-h '

Experiment S3 rain with an intensity of 30 mmh-t

3
Experiment 52 rain with an intensity of 50 mmh!

D

Experiment S3 rain with an intensity of 50 mm bt






media/file9.png
Depth of infiltration(cm) Depth of infiltration{cm)

Depth of infiltrationi cm)

=2

£
=

=2

S0
Parralty to 20

Gl

50

G e
& 00 ol 10 pwﬁ\ciu
m%m} Orthoo g

Experiment 51-1

B0

50 .
aal 10 pmfﬂr:i,cm]

Orthoogo!

6l
Papy., an
l'-f.”.c’ ta pn'ﬁ-;u i
"v‘fem)

Experiment 51-4

50
0 .l-m_-{c,m"l
5 U Jonal 1o Pre
! ”‘i'fe m) ofmmbmm

Experiment S1-7

10K}

106

106

Depth of infiltration{cm)

Depth of infiltration{cm)

80
U 60
Parrw‘:- a0 5 ile(em)
el g PrOffe, 0 pre
Ofilegey,

50
) orihoogonal 1©

Experiment 51-2

a0

0

| to pro

5
kS I cm)
Oﬂhmgﬂ“ﬂ filel

h
Pag, 0 20
et fo Profiy.. 0
“em

Experiment 51-5

106

10K}

Depth of infiltration{cm)

Depth of infiltration{cm)

6l
Pﬂn‘ane

1}
"

I a0
:H‘raﬂ‘_-; fo

> b 20 0
Oﬁh‘nﬁ;w-cmj x

Orthoog"

50
ARG

ofilelem)

Experiment S51-3

20 ps
B : ;
Fbﬁh:fc“])

Orthy

50
pogonal 10 P

rofilelcm)

Experiment S1-6

1060

100






media/file5.png
Outdoor artificial ,.; "
rainfall system






media/file15.png
Depth of mfiltration(cm)

L]
| (3

6

{L)

o profilelcm™

y
Orthoo2t i

Experiment 53-5

Parrallel to profile(cm)

FOHD

0

1]

i

20

{
L 200 40 i) 80 100
Orthoogonal to profile(cm)

Depth of infiltration(cm)

—
B -
e

G0

rl"r.h'_h:.

f !c1

Ir

Im

1‘.'3\'-““

ol
1"|.'I wp
Orihoogo ™ 0

Experiment 53-6

Parrallel to profile(cm)

LMD

Gl

40

20

]
L 200 40 60 B 100

Orthoogonal to profile(cm)





media/file19.png
Saturation
0.4 0.5 0.6 0.7 0.8
0

0.2

Depth/m
=)
~

0.6

0.8

Experiment S2 rain with an intensity of 20 mm-h-!

Saturation
04 0.5 0.6 0.7 0.8

02

-8-S3-1. 2 Ini
-8-S3-1. 2 Me
—#&—S3-3 Initial
08 —4&—S3-3 Measure

ent

Experiment S3 rain with an intensity of 30 mm-h-!

Saturation
04 0.5 0.6 0.7 0.8

A
T

0

_—0—82—3 Intial valu

—&—S2-4 Measurem
0.8

Experiment S2 rain with an intensity of 50 mm-h-!

Saturation
0.4 0.5 0.6 0.7 0.8

0 I A F Y & A

Depth/m
=
+~

06 F o
=8—S3-4. 5 Initial

0.8

+S3-4\ 5 Measut

——S3-6 Measureme

—&—S3-6 Initial ‘\

n
r Y

Experiment S3 rain with an intensity of 50 mm-h-!





media/file14.png
Depth of infiltration{cm)

Depth of infiltration{cm)

s & B

2=

6l
P m
drrﬂ'”f'f ;04- ”20 0
! E'ff.‘n]).

1060

50

g e}
nal 1o rofilelct
Orthoo2? s it

Experiment S3-1

1]
50
40
30
20
100
50 1ih
)
onal 10 profilel®
Orthoog 0

Experiment S3-3

Parrallel to profile(cm)

|

0
0 200 40 60 8O 100
Orthoogonal to profile(cm)

1

R0

Gl

40

20

Parrallel wo profile(cm)

] !
1] 200 40 6 B0 100
Orthoogonal to profile(cm)

Depth of infiltration{cm)

- [0l
3
E 60 1)
g 40 E 1]
=
o 0 30
=]
=
=8 20
2100
o] ;n o 100
a0 50 sy 10
lel 1, PJ'D[‘,';“ 0 Sl 0 prc'ﬂ\d"n
“lem) Orihoog? 0
Experiment S3-2
6l
a0 50
40 40
20 k1]
o8 20
20 60 1061
Py 40 50 10
allef j‘.lrof":u- 0 sonal 10 P“’ﬂm{wﬂ
Hefep, } OrthooE i

Experiment S53-4

Parrallel o profile(cm)

!
1
L 20 40 60 RO 100
Orthoogonal to profile(cm)

Parrallel to profile(cm)

0 !

L 20 40 o RO 100
Orthoogonal to profile(cm)





media/file2.jpg
Zlem

Outdoor artificial
rainfall system < 3






nav.xhtml


  water-14-03483


  
    		
      water-14-03483
    


  




  





media/file11.png
Depth of infiltration(cm)

Depth of infiltration( cm)

-
=

[
=

£
=

[l
| (1

20 :
Gl

fJ&fr;i!,l';(.j

S0
P le
0 al 10 profi
0f; Orthoogon®
m)

S0
20 it file
T
m‘nr”ﬁf; alwp

) . UG-‘;T.L_'\“
'-(ij Ot

Experiment 52-3

)

jcm)

1 (K}

1 (K}

iy

{1

20

10

40

20

10}

Depth of infiltration{cm)

Depth of infiltration{cm)

(gl
| (W

50 el
~file
mgnm\‘l o prot

S0 ‘
SI ”
O 'kh-;m-.mna'l 1o profii€
i -

Experiment 52-4

cm)

cm)

1 (K}

1 (K}

b

20

]

4ip

k11

20

11





media/file6.jpg
60

30

(")

6 80 100 0__60 8 100
(a)






media/file1.png





media/file10.jpg
Experiment $2-1 Experiment 52-2

Experiment $2-3 Experiment 52-4





media/file7.png
60 30 100

40

20

100

80

20

X/em

b

X/em

)

(





media/file16.jpg
Depth/im

02

04

06

o

Dye coverage:
025 0.5 075

—s21 —s22
—s23 —s24

Experiment $2

Depihim

02

04

06

o

Dye coverage
025 0.5 075

Experiment $3





media/file3.png
Outdoor artificial -
rainfall system

100

80

60

L/em

40

20






media/file17.png
Depth/m

0.2

04

0.6

0

Dye coverage
0.25 0.5 0.75 1

I T T

——82-1 —S82-2

——§82-3 —S2-4

Experiment S2

Depth/m

Dye coverage
0 0.25 0.5 0.75 1

Experiment S3





media/file4.jpg





media/file0.jpg





