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Abstract

:

Seasonal freeze–thaw processes have led to severe soil erosion in the middle and high latitudes of the world, so understanding the freeze–thaw erosion process is of great significance for soil and water conservation as well as for ecological engineering. The area affected by freeze–thaw erosion in China exceeds 13% of the national territory. However, there is little data regarding the impact of rainfall intensity and initial thaw depth on soil erosion. Here, the effects that different rainfall intensities (0.6 mm/min, 0.9 mm/min and 1.2 mm/min) and different initial thaw depths (0 cm, 2 cm, 4 cm and 6 cm) had on the soil erosion process on the loess slope were studied under simulated rainfall conditions. The results showed that the infiltration rate decrease with prolonged runoff time, and then stabilized. Runoff occurred more quickly during increasingly intense rainfall, especially when little soil had thawed. The variation in runoff and sediment yield occurred in two stages: slow growth and rapid growth. As soil thawed to greater depths, rainfall intensity had less influence on the sediment. A linear relationship existed between the cumulative runoff and the sediment yield of all treatments. (R2 > 0.92, p < 0.01). Rainfall intensity and thaw depth had interacting effects on erosion. At low rainfall intensities, the initial thaw depth played a leading role in the erosion process, but at higher rainfall intensities, rainfall intensity played a larger role. Stage II erosion amount accounted for more than 90% of the total erosion across all treatments. The results of this research provide a guide for furthering the understanding of the soil water erosion mechanism of thawing slopes.
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1. Introduction


Soil erosion is a pressing environmental problem. Seasonal freezing and thawing processes have caused serious soil erosion in the middle and high latitudes of the world [1,2,3]. The Loess Plateau in temperate China is in one of the main locations of freeze–thaw erosion in China [4]. The region experiences about 105–125 days per year below 0 °C, and receives about 450–550 mm annual precipitation on average [5,6,7]. This erosion process is also found elsewhere throughout the world. In inland northeastern Oregon [8], 86% of soil erosion events are caused by freeze–thaw processes and snowmelt runoff. In the northwest coastal region of the United States along the Pacific, over 90% of the total annual snow erosion is caused by melting snow [9].



Many studies have pointed out that soil is more prone to erosion after undergoing a freeze–thaw cycle. An impermeable frozen layer of soil prevents water infiltration during thawing, but surface runoff easily enters thawed soil [10,11,12,13]. When the soil’s interior structure is damaged, the entire area can become more prone to soil erosion [14]. In short, the freeze–thaw process changes the structure of the topsoil and thereby influences the water erosion process as well.



Generally speaking, soil erosion is a relatively complex process affected by raindrop impact, impact surface and sediment transport [15]. Soil erosion can even be initiated by a single raindrop, depending on the rainfall intensity. The concentration of transported sediment initially increases as rainfall intensity increases [16]. However, as rainfall continues, the concentration of transported sediment decreases because the erosion process shifts from transport limitation to detachment limitation, which includes raindrop detachment, or the impact of the splash [17]. The simultaneous effects of simulated rainfall and thawing conditions on soil erosion processes were previously evaluated by Wang et al. [1]. Those results suggest that rainfall strongly affects unfrozen soil [18]. However, the interactive effects that rainfall intensity and thawing have on soil erosion requires further study.



Although rainfall is generally moderate during the spring thaw, its capacity to erode can be relatively large for incompletely thawed soils with poor permeability [19,20,21,22,23]. Initial thaw depth may also be a key factor contributing to soil loss during spring thaw. Here, a rainfall experiment was designed to study the runoff and sediment of a loess slope under different rainfall intensities and thawing depths and evaluated differences in the erosion processes, so as to provide theoretical basis for further revealing the influence of incomplete thawing layer on slope soil erosion.




2. Materials and Methods


2.1. Material and Device


The simulated rainfall experiments were conducted at the State Key Laboratory of Eco-hydraulics in the Northwest Arid Region of China (Xi’an University of Technology) in Xi’an in October 2016. Soil was gathered from the Wangmaogou watershed (37°34′13″–37°36′03″ N, 110°20′46″–110°22′46″) of the Loess Plateau of China (Figure 1). The watershed is a two-branched depression on the left bank of the Wuding River, with an area of 5.97 km2. The main land use types in the watershed are grassland, slope farmland, terrace and woodland [24,25,26]. The surface layer is loose and compact loess with a thickness of 20 m to 30 m. Soil particles with 2 mm distribution were measured using a Mastersizer 2000 particle size analyzer. The mechanical composition of the gathered soil was 0.20% ± 0.001% clay, 72.01% ± 2.93% silt, and 27.79% ± 3.74% sand, which is classified as silt loam according to United States soil textural classification standards. The dry bulk density of the soil is about 1.3 ± 0.1 g/cm3, the organic matter content is 2.0 ± 0.1 g/kg [27], and the saturated water content of the soil is 46.41%.



The test device was composed of three main parts: the frozen soil system, the test flume channel and the rainfall system. The frozen soil system was developed by Xi’an University of Technology. Internal dimensions of the freeze–thaw laboratory were length 4.5 m × width 2.5 m × height 2.5 m, with temperature variation ranging from −40 °C~30 °C (±1 °C). In addition, the laboratory had refrigeration and heating systems to fulfill the treatment requirements. The downspray rainfall simulator was developed by Xi’an University of Technology. The effective rainfall coverage area was about 4.5 m × 4.5 m, and the rainfall height was 5.2 m. The system allowed us to adjust rainfall intensity from 0.5 mm/min to 2 mm/min. The uniformity of rainfall was above 85% (Figure 1). The water temperature during simulated rainfall experiments was about 10 °C and remained relatively constant. The test soil tank consisted of an impermeable wooden trough—200 cm long, 75 cm wide and 30 cm deep—anchored by iron at the edges and set at an angle on a movable trolley. A runoff collection device was installed at the bottom of the flume to collect runoff and sediment (Figure 2b).




2.2. Experimental Design


The average maximum depth of frozen soil in the Loess Plateau is 97.8 cm. From March to May each year, the frozen soil layer gradually melts [28]. Field monitoring shows that thawing proceeds through deeper soil layers more gradually, and erosion mainly occurs at the soil surface [29]. The experiment included four initial thaw depth (0 cm, 2 cm, 4 cm, 6 cm) and three rainfall intensity (0.6 mm/min, 0.9 mm/min and 1.2 mm/min) [30]. Initial soil moisture content was held constant at 15%, and the designed slope was 15 degrees [31] (Table 1). The soil samples collected in the field were sifted through a 5 mm × 5 mm screen, and impurities such as roots and stones were removed. Before filling the soil tank, a layer of gauze and 5 cm of natural sand was laid on the bottom to ensure that the permeability of the soil used in the experiment was close to that of the natural slope. The amount of soil to be used is calculated using the designed dry soil capacity (1.30 g/cm3) and the layered filling method is used. To ensure that the two layers are tightly bound, fill the trough with 5 cm of soil at once, then the top layer need to be slightly roughened before laying the next layer. The depth of soil was 20 cm. In order to avoid the influence of the wall on the erosion process, the slope was designed to be high in the middle and low on both sides.



The initial thaw depth was controlled by the frozen soil system. The soil tank was pushed into the frozen soil device, which maintained the temperatures between −18 °C and −22 °C. The soil tank was left in the frozen soil device for more than 24 h to ensure that all the soil froze. The soil tank was then pushed out of the frozen soil system and allowed to thaw at room temperature until the thaw reached the desired depth. The thaw depth was measured by a 2 mm diameter steel needle [32]. The thaw depth was tested every 25 min at 12 uniformly distributed monitoring points in the soil trough.



Rainfall intensity was determined to be uniform before each test by using six rainfall gauges. Uniformity was measured three times before starting the test, and the average value was taken. When the uniformity of the rainfall was greater than 85% and the difference between the measured rainfall intensity and the target rainfall intensity was less than 5%, then the subsequent formal rainfall test could be performed. The runoff duration was set to last for 60 min. Runoff and sediment were collected in the storage bucket every minute, and the runoff volume was measured. Sediment was separated from the muddy water and then dried at 105 °C for 24 h and subsequently weighed.




2.3. Methods


The coefficient of variation (CV) indicates the degree of data dispersion, the formula is as follows [33]:


  CV = ( SD / Mean ) ∗ 100 %  



(1)




where CV is the coefficient of variation (%); SD is the standard deviation; Mean is the average value.



The Photoshop (Adobe Photoshop CS4 Extended 11.0.1, San Jose, CA, USA) was used to design the experimental system. Origin 8.5 (OriginLab, Northampton, MA, USA) software was used to conduct the regression analysis and to plot the data. Descriptive parameters were calculated using SPSS 21.0 (IBM SPSS Statistics Version 21, Armonk, NY, USA).





3. Results


3.1. Characteristics of Runoff and Sediment Yield under Different Treatments


3.1.1. Initial Runoff Time and Rills Occurrence Time under Different Treatments


Table 2 is initial runoff time and rills occurrence time. After the beginning of rainfall, the time when the slope began to occur runoff and the water outlet forms continuous runoff is the initial runoff time. Under the same initial thaw depth, the initial runoff time decreased with the increases in the rainfall intensity. As the initial thaw depth increased from 0 cm to 6 cm under the same rainfall intensity, the initial runoff time lengthened significantly (Table 2). When the initial thaw depth increased from 0 cm to 6 cm under different rainfall intensities, the initial runoff time increased by 28.13 min (0.6 mm/min), 25.91 min (0.9 mm/min) and 11.43 min (1.2 mm/min). The results showed that the greater the rainfall intensity, the smaller the delay in the initial runoff time with the increase of initial thaw depth. Rills occurrence time refers to the time when the back wall of the drop sill has obvious traceable erosion development. Under the same initial thaw depth, rills occurrence time decreased with the increase of rainfall intensity (except FT6). The rills occurrence time increased sharply with the increase of initial thaw depth (4 cm to 6 cm) under larger rainfall intensity (1.2 mm/min). Rills occurrence time had no obvious change rule with the increase of initial thaw depth under the same rainfall intensity.




3.1.2. Runoff Process and Characteristics


Figure 3 shows temporal variations in runoff rate under different experimental treatments. As shown in Figure 3, the runoff yield of different treatments increased rapidly at the beginning of each treatment, and then tended to stabilize as the rainfall continued. Runoff rate tended to be greater and to stabilize faster at higher rainfall intensities (Figure 3). Under weak rainfall intensity conditions (0.6 mm/min), runoff rate gradually stabilized after 35 min at different initial thaw depth. For the rainfall intensity of 0.9 mm/min, runoff rate fluctuated sharply with the prolongation of runoff time and tended to stabilize at about 25 min. Runoff rate tended to stabilize at about 10 min under 1.2 mm/min intensity. Combined with Figure 3 and Table 2, it can be seen that the occurrence of rills has little impact on the runoff.



In order to further understand the effects of rainfall intensity and initial thaw depth on the runoff process, the variation range of runoff rate, average runoff rate and coefficient of variation CV under different treatments were calculated in Table 3. Table 3 proves that under the same initial thaw depth, the variation range of runoff rate and the average runoff rate increase with the increase of rainfall intensity. When rainfall intensity increased, average runoff increased significantly. The minimum values of average runoff occurred at 0 cm under 0.6 mm/min intensity and at 6 cm thaw under 0.9 mm/min and 1.2 mm/min intensities respectively. For the same treatment, the CV of runoff rate of different treatments ranged from 17.82% to 43.13%. The CV of runoff rate tended to decrease with increased rainfall intensity (except FT6, 0.9 mm/min), which indicates that runoff fluctuated less at greater rainfall intensities.




3.1.3. Sediment Yield Process and Characteristics


Figure 4 shows temporal variations in sediment yield rate under different experimental treatments. In general, sediment yield rate increased with runoff time over different initial thaw depths under different rainfall intensity. With the extension of runoff duration time, sediment yield rate plateaued or slightly decreased in some experiments. When rainfall intensity was 0.6 mm/min and initial thaw depth was 0 cm or 2 cm, the frozen soil layer was close to the surface, and the effect of rainfall on the thaw rate was limited. The frozen soil layer can only be thawed slowly through heat conduction. The thin thawed surface layer offered little erodible substance, which reduced the erosion dynamic and sediment yield. When the initial thaw depth was 2 cm, the change trend of sediment yield rate under 0.9 mm/min and 1.2 mm/min intensity is approximately the same. When the initial thaw depth was 4 cm, the sediment yield rate decreased after 30 min under 1.2 mm/min intensity. When the initial thaw depth was 6 cm, the change trend of sediment yield rate under 0.6 mm/min and 0.9 mm/min intensity is approximately the same. Under the rainfall intensity of 1.2 mm/min, sediment yield rate increased and tended to stabilize as runoff continued, but then it decreased at the end of the runoff yield (except at the greatest initial thaw depth of 6 cm). When rainfall is strong, the erodible substances in the thawed surface layer can be quickly washed away, generating runoff and leading to rapidly increasing erosion shortly after the formation of a landslide [34]. Due to the slow thawing of the frozen layer, the amount of remaining erodible material decreases with continued rainfall, therefore gradually stabilizing sediment yield. At the end of the experiment with the deepest thaw (6 cm), sediment yield increased sharply under each of the different rainfall intensities.



In order to further understand the effects of rainfall intensity and initial thaw depth on the sediment yield process, the variation range of sediment yield rate, average sediment yield rate and coefficient of variation CV under different treatments were calculated in Table 4. Table 4 proves that under the same initial thaw depth, the variation range of sediment yield rate increase with the increase of rainfall intensity (except FT4, 1.2 mm/min). Under the same rainfall intensity, the variation range of sediment yield rate increase with the increase of initial thaw depth. Under the same initial thaw depth, with the increase of rainfall intensity, average sediment yield rate increased by 5.17 times (FT0), 4.19 times (FT2), 1.81 times (FT4) and 1.89 times (FT6), respectively (Table 4). In general, average sediment yield increased with the increases in initial thaw depth (except FT6, 0.9 mm/min). For the same treatment, the CV of the sediment yield rate of different treatments ranged from 38.66% to 86.72%, which indicates that sediment yield fluctuated more than runoff, perhaps as a result of the development of rill erosion [35,36,37,38].





3.2. Runoff-Sediment Relationship under Different Treatments


3.2.1. Relationship between Runoff Rate and Sediment Yield Rate


In this study, the relationship between sediment yield and runoff rate on thawing slopes could be divided into two stages: a slow growth period and a rapid growth period. During the slow growth period, sediment yield increased slowly with increasing runoff, mainly due to the lack of infiltration in the early stage of rainfall (when thaw depth is 0 cm) and to the ability of the frozen soil to resist erosion. For thawed soil, a large amount of rainfall infiltrated in the early stages, which reduced runoff, the transport capacity of sediment, and sediment yield [39]. As rainfall continued during the period of rapid growth soil water content increased, infiltration decreased and gradually stabilized, runoff increased rapidly, and rills formed on the soil surface. The length and depth of rills developed rapidly with continued rainfall, and sediment yield increased rapidly [40].



The two stages intersected when the water-sediment relationship suddenly changed. When holding initial thaw depth constant, the ordinate of the mutation point of the runoff-sediment relationship increased with increasing rainfall intensity, and the corresponding runoff yield increased too (Figure 5). At greater initial thaw depths, the sudden change point approached gradually for rainfall intensities of 0.6 mm/min and 0.9 mm/min, and the gap between runoff rates decreased. This indicated that the influence of rainfall intensity on the water-sediment relationship gradually decreased at greater initial thaw depths.




3.2.2. Correlation between Accumulative Runoff and Accumulative Sediment Yield


The change-point between slow growth and rapid growth in the water-sediment relationship indicated a change in the erosion pattern. Based on the timing of rill occurrence in the experiment, the slope erosion was divided into stage I (before the appearance of the rills) and stage II (after the appearance of the rills). The cumulative sediment yield and cumulative runoff in the two erosion stages of each field test are fitted respectively, and it is found that the relationship between cumulative runoff and cumulative sediment yield is a linear function:


  y =  A 1  x +  B 1   



(2)






  y =  A 2  x +  B 2   



(3)




where y is the cumulative sediment yield (kg); x is the cumulative runoff (L); and A1, A2, B1 and B2 are regression coefficients.



The fitting coefficient R2 of cumulative runoff and cumulative sediment yield is more than 0.9 (Table 5). In this study, parameter A is defined as the sediment yield capacity coefficient. The larger the A, the stronger the sediment yield capacity. The size of A mainly depends on the erosion type, and the A value of inter-rill erosion is less than that of rill erosion. Under weak rainfall intensity (0.6 mm/min), the A values of stages I and II increase with the increase of initial thaw depth. Under the rainfall intensity of 0.9 mm/min, the A value of stage II increases with the increase of initial thaw depth, but the change of A value of stage I has no obvious law. For the rainfall intensity of 1.2 mm/min, the A value of stage I decreases with the increase of initial thaw depth, while the A value of stage II increases with the increase of initial thaw depth. In general, the sediment yield capacity in stage II increases with the increase of rain intensity and initial thaw depth.





3.3. Contributions of Rainfall Intensity and Initial Thaw Depth on Erosion


In this study, the contribution rate method was used to quantify changes in erosion caused by rainfall intensity and initial thaw depth [16]. The contribution ratio of rainfall intensity and initial thaw depth to erosion was calculated by comparing erosion at a rainfall intensity of 0.6 mm/min and at an initial thaw depth of 0 cm (Table 6). At the intermediate rainfall intensity (0.9 mm/min), the contribution rate of rainfall intensity to erosion decreased at greater initial thaw depths, and the contribution of initial thaw depth to erosion dominated at greater initial thaw depths. At the greatest rainfall intensity (1.2 mm/min), the contribution rate of rainfall intensity to erosion be always greater than that of the initial thaw depth. At initial thaw depths from 0-4 cm, the contribution rate of initial thaw depth to erosion increased gradually.





4. Discussion


4.1. Effects of Rainfall Intensity and Initial Thaw Depth on Runoff and Sediment Yield Processes


The initial thaw depth of soil strongly influences soil infiltration, runoff yield and erosion. In fact, incomplete thawing of soil is a primary factor affecting soil erosion in spring [41]. When frozen soil is closer to the surface, the infiltration flow reaches the frozen soil interface more quickly, and the soil infiltration capacity decreases rapidly. This shortens the time required for flow convergence on the slope surface while advancing the runoff generation time [42]. When holding initial thaw depth constant, increases in rainfall intensity can saturate the thawed soil relatively quickly and produce runoff, leading to earlier runoff generation times which is consistent with the previous results of Liu et al. [39].



When holding rainfall intensity constant, the variation in runoff with initial thaw depth mainly results from the interaction of two factors: (1) The greater the initial thaw depth, the more time it takes for rainfall to reach the frozen soil layer, saturate the surface soil and generate runoff. The surface soil stores more water before runoff. (2) After runoff generation, the infiltration of precipitation accelerates the soil thawing, and runoff generation and infiltration undergo a process of mutual growth and decline. When infiltrating water reaches the frozen soil layer, the nonfrozen soil layer reaches saturation and runoff occurs. At that point infiltration capacity decreases and runoff yield increases rapidly. However, as the frozen soil layer thaws, the infiltration capacity gradually increases along with the infiltration volume, and the surface runoff decreases [1,3,39].



The fluctuation of sediment yield during rainfall is mainly affected by rill erosion. As rainfall progresses, a drop ridge forms at the exit of the slope, which intensifies the erosion and eventually evolves into rill erosion, where the erosion sediment yield increases rapidly. In this study, rill erosion accounted for most of the erosion, and the sediment yield increased at greater initial thaw depths. This differs from the research of Liu et al. [39], whose study showed that sediment yield is affected by a combination of soil moisture content, rainfall intensity and initial thaw depth. To some extent, sediment yield decreases at greater initial thaw depths. This may be due to the differences in rainfall duration and soil texture used in the experimental designs. In the experimental study of Liu et al. [39], rainfall lasted only 20 min, and greater initial thaw depth resulted in the increase of infiltration. Rill erosion began to develop but was relatively short in duration. When the initial thaw depth was large, the slope surface had not experienced traceable erosion and sliding (in contrast to this experiment, which did have traceable erosion and sliding), so the sediment yield was low. In addition, the soft texture of loess soil is much more erodible than black soil [43]. The soft texture is one of the reasons why loess soil is more prone to slide and undergo headward erosion [44].




4.2. Effects of Rainfall Intensity and Initial Thaw Depth on Soil Erosion Amount


The basic theory of the Water Erosion Prediction Project (WEPP) model characterizes two types of soil erosion: inter-rill erosion and rill erosion [45]. Inter-rill erosion refers to the separation and transport of soil particles on the soil surface by thin-layer flow, which is the initial stage of hydraulic erosion on slope surface. Rill erosion is a process of erosion and transportation of runoff to rill head, wall and bottom soil after the formation of rills [46,47].



In this study, the process of soil erosion is divided into two stages (I and II). The ratios of stages I and II to total erosion amount were calculated (Table 7). At the lowest rainfall intensity (0.6 mm/min) and the highest rainfall intensity (1.2 mm/min), erosion amount of stage II increased with initial thaw depth. At the rainfall intensity of 0.9 mm/min, the contribution rate of stage II increased with increased initial thaw depth when the initial thaw depth was 0–4 cm. When the initial thaw depth exceeded 4 cm, the contribution decreases, which indicates that there may be a critical initial thaw depth for high rainfall intensity that changes the trend of the contribution rate of stage II.



In the stage I, rainfall is the main erosive force, and the erosion type is mainly inter-rill erosion; In the stage II after the appearance of the rills, runoff becomes the main erosive force, and the erosion type is mainly rill erosion. During the experiment, stage II erosion amount accounted for more than 90% of the total erosion in all treatments, indicated that rill erosion is the main erosion form of slope erosion, which is consistent with previous studies, but there are also some important differences. Wang et al. [48] found that rill erosion can account for 50% to 70% of total sediment transport, and in some extreme cases it can account for 90% of total erosion. Kimaro et al. [49] and Bewket et al. [50] found that rill erosion can account for about 70% of the total erosion in different areas. The results of this study showed that incomplete thawing can aggravate rill formation and soil erosion, and that relatively small amounts of runoff from snowmelt or rainfall during thawing can lead to the loss of large amounts of soil.




4.3. Implications for the Relationship between Rainfall Intensity and Soil Thawing Depth and Erosion


Variation in rainfall intensity and initial thaw depth inevitably lead to different erosion patterns, although the impact of each on erosion is quite different. The results of this study showed that initial thaw depth had a greater impact on erosion at low rainfall intensities (Table 5). As rainfall intensity increased, the contribution of rainfall intensity to erosion gradually became the dominant factor. The study of Zhou et al. [41] shows that for the same initial thaw depth, the erosion amount increases with the increasing rainfall intensity. Under the same rainfall intensity, the amount of soil erosion decreases with increased thawing depth, which is different from the results of this study. This is because the experiment of Zhou et al. [41] only lasted for 20 min, and this experiment continued for 60 min after the slope began to produce flow. As rainfall continues, soil water content approaches saturation, which results in increased runoff. The greater the runoff sand content, the greater the final amount of erosion. Moreover, the study of Zhou et al. [41] did not quantitatively show the joint influence of initial thaw depth and rainfall intensity on erosion.





5. Conclusions


In this study, the effects of rainfall intensity and thawing depth on loess slope erosion were analyzed. The major findings were as follows: First, the initial runoff generation time quickened at greater rainfall intensities and slowed at greater initial thaw depths. Second, the minimum values of average runoff occurred at 0 cm under 0.6 mm/min intensity and at 6 cm thaw under 0.9 mm/min and 1.2 mm/min intensities, respectively. In general, the average sediment yield increased with initial thaw depth. The sediment production process had more severe fluctuation than the runoff process. The relationship between water and sediment on thawing slopes was found to vary between two stages: a slow growth period and a rapid growth period. As soil thawed at greater depths, rainfall intensity had less influence on the relationship between runoff and sediment. A linear relationship exists between the cumulative runoff and the cumulative sediment yield of the two slopes. Third, rainfall intensity and depth of thaw had interacting effects on erosion. The initial thaw depth played a leading role in the erosion process at low rainfall intensities, but rainfall intensity played a larger role at higher rainfall intensities. Stage II erosion amount accounted for more than 90% of the total erosion across all treatments.
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Figure 1. The geographical location of tested soil. 
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Figure 2. Experimental device diagram. (a) Setting for the artificial simulation of rainfall. (b) Test equipment real diagram. 
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Figure 3. Temporal variations in runoff rate under different treatments. (a) FT0. (b) FT2. (c) FT4. (d) FT6. 
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Figure 4. Temporal variations in sediment yield rate under different treatments. (a) FT0. (b) FT2. (c) FT4. (d) FT6. 
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Figure 5. Relationship between runoff rate and sediment yield rate under different treatments. (a) FT0. (b) FT2. (c) FT4. (d) FT6. 
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Table 1. Design table of simulated rainfall test.
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State of Slope

	
Initial Thaw Depth (cm)

	
Treatments

	
Rainfall Intensity

(mm/min)

	
Slope (°)

	
Initial Soil Moisture Content (%)

	
Runoff Duration

(min)






	
Freeze–thaw slopes

	
0

	
FT0

	
0.6

	
15

	
15

	
60




	
0.9

	
15

	
15

	
60




	
1.2

	
15

	
15

	
60




	
2

	
FT2

	
0.6

	
15

	
15

	
60




	
0.9

	
15

	
15

	
60




	
1.2

	
15

	
15

	
60




	
4

	
FT4

	
0.6

	
15

	
15

	
60




	
0.9

	
15

	
15

	
60




	
1.2

	
15

	
15

	
60




	
6

	
FT6

	
0.6

	
15

	
15

	
60




	
0.9

	
15

	
15

	
60




	
1.2

	
15

	
15

	
60
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Table 2. Initial runoff time and rills occurrence time.
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Treatments

	
FT0

	
FT2

	
FT4

	
FT6






	
Rainfall Intensity

(mm/min)

	
0.6

	
0.9

	
1.2

	
0.6

	
0.9

	
1.2

	
0.6

	
0.9

	
1.2

	
0.6

	
0.9

	
1.2




	
Initial Runoff Time (min)

	
10.13

	
5.47

	
2.58

	
17.00

	
12.83

	
5.37

	
18.80

	
16.44

	
6.75

	
38.26

	
31.38

	
14.01




	
Rills Occurrence Time (min)

	
16

	
10

	
7

	
12

	
8

	
8

	
15

	
7

	
7

	
11

	
11

	
12
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Table 3. Characteristic values of runoff process under different treatments.
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Treatments

	
Rainfall Intensity (mm/min)

	
Variation Range of Runoff Rate (mL/min)

	
Average Runoff Rate (mL/min)

	
CV (%)






	
FT0

	
0.6

	
20.42–350.24

	
225.51

	
39.74




	
0.9

	
40.88–830.91

	
599.19

	
28.83




	
1.2

	
266.05–1314.42

	
1067.06

	
20.10




	
FT2

	
0.6

	
28.89–440.05

	
256.41

	
43.13




	
0.9

	
73.89–1126.51

	
821.3

	
29.91




	
1.2

	
191.29–1340.45

	
1140.38

	
18.36




	
FT4

	
0.6

	
59.52–833.9

	
425.23

	
39.57




	
0.9

	
59.98–1065.54

	
747.16

	
24.59




	
1.2

	
269.72–1477.49

	
1244.58

	
17.82




	
FT6

	
0.6

	
18.69–627.71

	
365.62

	
37.37




	
0.9

	
83.33–757.98

	
392.92

	
44.01




	
1.2

	
163.02–1510.99

	
1019.07

	
24.55
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Table 4. Characteristic values of sediment yield process under different treatments.
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Treatments

	
Rainfall Intensity

(mm/min)

	
Variation Range of Sediment Yield Rate

(g/min)

	
Average Sediment Yield Rate (g/min)

	
CV (%)






	
FT0

	
0.6

	
1.13–155.81

	
83.35

	
58.61




	
0.9

	
2.04–529.54

	
293.38

	
46.80




	
1.2

	
66.21–672.04

	
431.15

	
41.36




	
FT2

	
0.6

	
4.04–324.98

	
145.38

	
68.11




	
0.9

	
7.94–1045.01

	
653.08

	
38.66




	
1.2

	
37.32–919.63

	
608.50

	
43.30




	
FT4

	
0.6

	
5.93–711.55

	
347.43

	
63.25




	
0.9

	
13.68–1051.00

	
688.27

	
51.33




	
1.2

	
39.36–949.16

	
627.14

	
44.03




	
FT6

	
0.6

	
12.1–888.36

	
443.77

	
60.96




	
0.9

	
16.48–1200.20

	
538.17

	
57.97




	
1.2

	
19.52–2029.92

	
838.52

	
86.72
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Table 5. Cumulative runoff and cumulative sediment yield fitted equation under different erosion stages.
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Rainfall Intensity (mm/min)

	
Treatments

	
Stage I

	
Stage II






	
0.6

	
FT0

	
y = 0.253x − 0.009

	
R2 = 0.9994 **

	
y = 0.364x − 0.227

	
R2 = 0.9835 **




	
FT2

	
y = 0.345x − 0.026

	
R2 = 0.9964 **

	
y = 0.573x − 0.359

	
R2 = 0.9816 **




	
FT4

	
y = 0.372x − 0.078

	
R2 = 0.9388 **

	
y = 0.962x − 0.859

	
R2 = 0.9987 **




	
FT6

	
y = 0.608x − 0.133

	
R2 = 0.9766 **

	
y = 1.389x − 1.571

	
R2 = 0.9939 **




	
0.9

	
FT0

	
y = 0.336x − 0.040

	
R2 = 0.9924 **

	
y = 0.537x − 1.424

	
R2 = 0.9910 **




	
FT2

	
y = 0.468x − 0.263

	
R2 = 0.9842 **

	
y = 0.871x+0.029

	
R2 = 0.9992 **




	
FT4

	
y = 0.275x − 0.053

	
R2 = 0.9806 **

	
y = 1.018x − 1.239

	
R2 = 0.9993 **




	
FT6

	
y = 0.464x − 0.094

	
R2 = 0.9550 **

	
y = 1.387x − 0.249

	
R2 = 0.9985 **




	
1.2

	
FT0

	
y = 0.242x+0.006

	
R2 = 0.9988 **

	
y = 0.442x − 2.222

	
R2 = 0.9925 **




	
FT2

	
y = 0.158x − 0.078

	
R2 = 0.9553 **

	
y = 0.590x − 1.765

	
R2 = 0.9975 **




	
FT4

	
y = 0.175x − 0.193

	
R2 = 0.9242 **

	
y = 0.618x − 0.004

	
R2 = 0.9950 **




	
FT6

	
y = 0.091x − 0.097

	
R2 = 0.9253 **

	
y = 1.194x − 6.953

	
R2 = 0.9728 **








Note: **, Correlation is significant at the 0.01 level.
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Table 6. Contribution rate of rainfall intensity and initial thaw depth to sediment.
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Treatments

	
0.6i

	
0.9i

	
1.2i

	
M (kg)

	
M1 (kg)

	
M2 (kg)

	
Contribution Rate of Rainfall Intensity (%)

	
Contribution Rate of Initial Thaw Depth (%)




	
0.9i–0.60

	
1.2i–0.60

	
0.9i–0.6i

	
1.2i–0.6i

	
0.6i–0.60

	
0.9i–0.6i

/0.9i–0.60

	
1.2i–0.6i

/1.2i–0.60

	
0.9i–0.90

/0.9i–0.60

	
1.2i–1.20

/1.2i–0.60






	
FT0

	
5.00

	
17.60

	
25.87

	
12.6

	
20.87

	
12.6

	
20.87

	
0

	
100

	
100

	
0

	
0




	
FT2

	
8.72

	
39.18

	
36.51

	
34.18

	
31.51

	
30.46

	
27.79

	
3.72

	
89.12

	
88.19

	
10.88

	
11.81




	
FT4

	
20.85

	
41.30

	
37.63

	
36.3

	
32.63

	
20.45

	
16.78

	
15.85

	
56.34

	
51.43

	
43.66

	
48.57




	
FT6

	
26.63

	
32.29

	
50.31

	
27.29

	
45.31

	
5.66

	
23.68

	
21.63

	
20.74

	
52.26

	
79.26

	
47.74








Note: 0.6i (0.9i and 1.2i) is sediment under the condition of rainfall intensity 0.6 mm/h (0.9 mm/min and 1.2 mm/min) and initial thaw depth i (i = 0, 2, 4, 6) cm; M is comprehensive increment of sediment; M1 is variable amount of sediment due to change of rainfall intensity; M2 is variable volume of sediment due to changes in thawing depth, M = M1 + M2.
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Table 7. Contributions of inter-rill erosion and rill erosion to slope erosion.
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Rainfall

Intensity

(mm/min)

	
Treatments

	
Total

Erosion Amount

(kg)

	
Stage I

	
Stage II




	
Erosion Amount (kg)

	
Contribution Rate (%)

	
Erosion Amount (kg)

	
Contribution Rate (%)






	
0.6

	
FT0

	
5.00

	
0.50

	
10.02

	
4.50

	
89.98




	
FT2

	
8.72

	
0.31

	
3.53

	
8.42

	
96.47




	
FT4

	
20.85

	
0.47

	
2.26

	
20.37

	
97.74




	
FT6

	
26.63

	
0.44

	
1.66

	
26.18

	
98.34




	
0.9

	
FT0

	
17.60

	
0.73

	
4.14

	
16.87

	
95.86




	
FT2

	
39.18

	
1.10

	
2.80

	
38.09

	
97.2




	
FT4

	
41.30

	
0.21

	
0.50

	
41.09

	
99.50




	
FT6

	
32.29

	
0.60

	
1.85

	
31.69

	
98.15




	
1.2

	
FT0

	
25.87

	
0.77

	
2.99

	
25.10

	
97.01




	
FT2

	
36.51

	
0.52

	
1.42

	
35.99

	
98.58




	
FT4

	
37.63

	
0.41

	
1.08

	
37.22

	
98.92




	
FT6

	
50.31

	
0.36

	
0.72

	
49.95

	
99.28
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