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Abstract

:

Soil detachment is the initial phase of soil erosion and is of great significance to study in seasonal freeze-thaw regions. In order to elucidate the effects mechanism of freeze-thaw cycles on soil detachment capacity of different soils, a sandy loam, a silt loam, and a clay loam were subjected to 0, 1, 5, 10, 15, and 20 freeze-thaw cycles before they were scoured. The results revealed that with increased freeze-thaw cycles, soil bulk density and water-stable aggregates content decreased after the first few times and then kept nearly stable after about 10 cycles, especially for sandy loam. The shear strength of all soils gradually decreased as freeze-thaw cycles increased, except the values of clay loam increased subsequent to the 5th and 15th cycles. After the 20th cycle, the degree of decline of silt loam was the greatest (77.72%), followed by sandy loam (63.18%) and clay loam (39.77%). The soil organic matter of clay loam was much greater than silt loam and sandy loam and all significantly increased after freeze-thaw. Soil detachment capacity of silt loam and sandy loam was positively correlated with freeze-thaw cycle, which was contrary to findings for clay loam. The values of clay loam increased at first and then decreased during the cycles, reaching minimum values at about the 15–20th cycle. After the 20th cycle, the values of sandy loam and silt loam significantly increased 1.62 and 4.74 times over unfrozen, respectively, which was greater than clay loam (0.53 times). A nonlinear regression analysis indicated that the soil detachment capacity of silt loam could be estimated well by soil properties (R2 = 0.87, p < 0.05). This study can provide references for the study of the soil erosion mechanism in seasonal freeze-thaw regions.
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1. Introduction


Soil erosion has become one of the most critical environmental problems influencing sustainable development and agricultural productive capacity [1,2]. It comprises a series of complex physical processes including detachment, entrainment, transport, and the deposition of soil particles as the result of one or more natural or anthropogenic erosive forces [3]. During the initial stages of soil erosion, soil detachment is defined as the process by which constituent particles are separated from the matrix at a particular location on the surface by erosive agents [4].



Soil detachment capacity is affected by slope, overland flow hydraulics parameters, land use, biocrusts, and soil properties [5,6,7,8,9]. Among them, soil properties exert a profound influence on soil erosion, to an even greater extent than flow discharge and slope under some circumstances [10]. The process of soil detachment involves the interaction between flow and soil particles. Water shear stress increased as result of the adhesion between soil particles when soil particles were detached [6,7]. Additionally, the adhesion between soil particles was positively proportional to clay content, soil bulk density, shear strength, water stable aggregates content, and soil organic matter. However, the increase in sand content, soil porosity, and water content causes a decrease in adhesion [9,10,11,12]. These soil properties were important indices for evaluating soil erodibility [13]. Previous research has demonstrated a 2 to 3 times higher rate of soil erodibility during the winter-spring thaw period than the rest of the year [14], while other studies have shown that temporal variation in this variable might result from freeze-thaw action [15,16].



In recent decades, as global climate has tended to be warmer, the effects of freeze-thaw in areas of high latitude and high elevation have been intensified [17,18]. Freeze-thaw erosion does not always occur, but freeze-thaw action can provide effective material sources for other erosion forces by affecting soil properties, and its distribution range is larger than that of freeze-thaw erosion [19]. Generally, frozen soil melts from the surface downward, and an impermeable layer forms at the boundary, with the underlying soil remaining frozen [20]. Due to decreased friction at this border, water can easily flow [21]. Via laboratory simulation experiments, Ferrick and Gatto [22] found that average groove depth, width, and degree of powdery soil erosion following freeze-thaw were significantly greater than those of soils without freeze-thaw. Barnes et al. [23] used an erosion needle method to monitor the impact of freeze-thaw cycles on gully erosion of clay soil in the field over prolonged periods of time, finding freeze-thaw significantly increased erosion of gullies, especially the lateral walls.



During a period of soil thawing, the frozen soil starts thawing with the process of water and heat transfer, and the water changes and migrates in solid, liquid, and gas phases [20,24]. Due to the different densities of water and ice, the constant phase change of soil water causes ice crystal growth and water migration, the frequent frost heaving and thawing of soil leading to changes in soil structures and properties [25]. However, with the increase of freeze-thaw cycles, research results on the changes of soil properties have not been completely consistent as a result of soil texture. For example, soil aggregates—as important components of soil structure, its composition, and stability—influence soil erodibility [26]. Since the 1950s, many studies have investigated the effects of freeze-thaw action on the stability of soil aggregates. It has been shown that freeze-thaw significantly decreased water stable aggregates [27,28,29]. However, the treatment of freeze-thaw cycles led to disaggregation of micro aggregates and thus enhanced the formation of surface sealing that reduced splash erosion [30]. Hence, the effects of freeze-thaw on the stability of soil aggregates have been studied extensively over several decades; results have proved contradictory because of differences in soil texture, structure, chemical properties, and freeze-thaw cycles.



On the Loess Plateau of China from March to May every year are the periods of thawing; the plateau belongs to a seasonal freeze-thaw area, so freeze-thaw, snowmelt, and rainfall agents occur interactively or simultaneously. After the freeze-thaw cycles in early spring, soil properties—such as bulk density, water stable aggregates, and shear strength change—that lead to erosion easily occur when rain intensity or snowmelt is not too great [31]. However, limited research has been carried out to date to understand how freeze-thaw affects soil properties, and thus soil detachment capacity. The main aim of this study was therefore to research the effects of freeze-thaw cycles on soil properties and soil detachment capacity, and then to quantify the relationship between soil detachment capacity and properties of sandy loam, silt loam, and clay loam under conditions of freeze-thaw. This study can provide a scientific basis for the study of the mechanism of complex erosion of freeze-thaw and water during thawing periods.




2. Materials and Methods


2.1. Soil Samples


The three soils used in this study (loessal soil, aeolian sandy soil, anthropogenic-alluvial soil) were collected from the central and north of Loess Plateau and had the widest distribution or were most affected by human activity (Figure 1). The minimum and maximum daily temperatures can reach about −26 °C in February and 37 °C in July, and mean annual precipitation is about 360 mm. During the freeze-thaw periods, the minimum and maximum recorded daily temperatures in this region can reach about −10 °C and 22 °C (March and April), and maximum daily precipitation can be as high as 198 mm.



All the above three soils were taken from 0–20 cm of the surface of abandoned land. Based on United States textural classification standards, the aeolian sandy soil, loessal soil, and anthropogenic-alluvial soil used in this study were sandy loam, silt loam, and clay loam, respectively (Table 1).




2.2. Determination of Soil Properties


The soil samples were collected by a ring knife with a volume of 100 cm3. During the sampling process, the handle was placed on the ring knife. The edge of the ring knife was pressed down vertically into the soil with consistent force until the ring knife was filled with soil samples. Then the ring knife filled with soil was taken out and the excess soil around the ring knife was carefully cut off. Finally, the soil sample was put into a dried cylindrical aluminum box in the oven. The soil moisture content and bulk density were measured by oven-drying. Soil particle size distribution was determined by using laser diffraction (Malvern Mastersizer 2000, Malvern, UK) [32,33]. Water stable aggregates (>0.25 mm) were measured by the wet-sieving method. The content of larger than 0.25 mm aggregate was computed from the size distribution of aggregates [29]. Soil organic matter was measured by potassium bichromate by external heating. Shear strength was measured by miniature adhesion instrument (Pocket shear 15.10, Royal Eijkelkamp Company, Giesbeek, The Netherlands). Soil unconfined compressive strength (CS) before and after each freeze-thaw cycle was measured by soil firmness meter. The tests of all soil properties were repeated three times.




2.3. Design of Freeze-Thaw and Scour Simulation Experiments


To remove stones, grass, and other debris, soil samples were stored in polyvinyl chloride (PVC) cylindrical boxes (10 cm diameter, 5 cm depth) based on their bulk densities in the field. There were nine holes at the bottom of each box and gauze covered box bottoms before being filled with the soil samples. According to the measured average value of the samples taken in the field, all the test soil samples were configured with an initial mass water content of about 10%. Then they were frozen at −10 °C for 12 h and thawed at room temperature between 5 and 10 °C for 12 h to simulate the natural phenomenon of night freezing and day thawing. The slope gradient of experiments was controlled at 15°, flow discharge constant was held at 6 L min−1, and the experiments used soils with three textures (i.e., sandy loam, silt loam, and clay loam). The samples were subjected to six distinct freeze-thaw cycles (0, 1, 5, 10, 15, and 20 times) and utilized a full-factorial design that required 54 tests, each comprising three replications. All tests were carried out between November and March in order to ensure that air and water temperatures were similar to those recorded in the field during thawing.



Soil detachment capacities were obtained by performing flow scouring experiments. To do this, a scouring device comprised of a water supply tank and flume (400 cm in length, 15 cm in width, and 5 cm in depth) made of PVC material (Figure 2) was used. Fine sand was adhered to this flume to simulate field surface roughness, and a flowmeter was used to control the scouring flow from the water supply tank. Each sample was placed in the test section (10 cm in diameter, Figure 2) of the flume bed, located at a distance of 0.3 m from the flume outlet, and the slope gradient and flow discharge were adjusted to 15° and 6 L min−1 prior to each experiment. Tests were timed as soon as they began and ended when the depth of the eroded soil in the soil sample box reached 2 cm [9,10,11]. The wet soil was then oven-dried at 105 °C for 24 h and then weighed.



Soil detachment capacities was then calculated as follows:


  S D C =    w w  −  w d    A · T    



(1)




where SDC is soil detachment capacity (g m−2 s−1),    w w    is the dry weight of soil before testing (g),    w d    is the dry weight after testing (g), T is the test’s duration(s), and A is the sample cross-sectional area (m2).




2.4. Data Analyses


All data were analyzed by using SPSS 22.0 (International Business Machine Company, Chicago, IL, USA), and detected significant differences in mean physical properties and soil detachment capacity between soil types and number of freeze-thaw cycles were analyzed via a one-way analysis of variance (ANOVA) followed by least significant difference tests (LSD) (p < 0.05) and two-way ANOVA. A nonlinear regression method was used to estimate the relationships between soil detachment capacity and the physical properties of soils. Determination coefficients (R2) and Mann–Whitney U tests were used to evaluate the effectiveness of the models. The figure plotting was conducted by Origin v. 2020 (OriginLab Corp., Northampton, MA, USA).





3. Results


3.1. The Effects of Freeze-Thaw Cycles on Soil Properties


On average, for bulk density, the values of sandy loam were the greatest (1.39 g cm−3), followed by silt loam (1.29 g cm−3) and clay loam (1.17 g cm−3). With the increase of freeze-thaw cycles, bulk density of the three soils decreased significantly and gradually tended to be stable after the 10th freeze-thaw cycle, especially for sandy loam (Figure 3). It could be seen that bulk density of the three soils all had no significant difference between the 1st and 5th cycles, which was similar to the values between 15th and 20th cycles. After a 20th freeze-thaw cycle, the bulk density of sandy loam, silt loam, and clay loam decreased 5.87%, 8.99%, and 9.07% under unfrozen, respectively.



Contrasted with bulk density, the water stable aggregates content (>0.25 mm) of clay loam was the greatest with a mean of 50.58%, followed by silt loam (32.70%) and sandy loam (11.73%) before freeze-thaw. Water stable aggregates content of clay loam ranged from 45.72% to 36.19% with a mean of 41.26% after the 1st to 20th freeze-thaw cycle, from 25.04% to 16.83% with a mean of 20.70% for silt loam, and from 15.13% to 8.08% with a mean of 11.05% for sandy loam. The values of clay loam and silt loam decreased significantly after a 1st freeze-thaw cycle, then increased initially and decreased afterward, especially for silt loam; there were significant differences between each of their freeze-thaw cycles (Figure 4). However, the values of sandy loam increased after the 1st freeze-thaw cycle, and there was basically no significant change after the 10th freeze-thaw cycle. After a 20th freeze-thaw cycle, the water stable aggregates of silt loam, clay loam, and sandy loam decreased 48.54%, 28.44%, and 7.04% under unfrozen, respectively.



The soil organic matter of clay loam was greater than silt loam and sandy loam, no matter before or after freeze-thaw, and the means of the three soils all significantly increased with the increase in freeze-thaw cycle (p < 0.05, Figure 5). Significant changes in the means of soil organic matter were no longer observed for all three soils after a 15th freeze-thaw cycle. After a 20th freeze-thaw cycle, the means of sandy loam, silt loam, and clay loam increased 1.27, 1.49 and 1.28 times over unfrozen, respectively.



The shear strength of silt loam was the largest (13.49 ± 1.27 kPa) before freeze-thaw, followed by clay loam (11.67 ± 0.84 kPa), and last was sandy loam (6.38 ± 0.83 kPa). The shear strength of all soils gradually decreased as freeze-thaw cycles increased, especially after the 1st time, except the values for clay loam increased subsequent to the 5th and 15th cycles (Figure 6). After a 20th cycle, the degree of decline of silt loam was the greatest (77.72%), followed by sandy loam (63.18%), and clay loam (39.77%).



The mean soil compressive strength before the freeze-thaw of clay loam (1.68 ± 0.14 KPa) and silt loam (1.65 ± 0.05 KPa) were significantly higher than sandy loam (1.14 ± 0.19 KPa, p < 0.05). The values of clay loam decreased after the 1st freeze-thaw cycle, then increased after the 5th freeze-thaw cycle, but no significant differences were found between before and after freeze-thaw cycles (p > 0.05). However, this variable for silt loam initially increased and then decreased after the 1st cycle, and no significant change in sandy loam was recorded before the 10th freeze-thaw cycle. Different freeze-thaw cycles exerted no significant influence on the CS of sandy loam (p > 0.05, Figure 7).




3.2. Freeze-Thaw Cycles Impacts on Soil Detachment Capacity


The soil detachment capacities of three soils were calculated by using Equation (1). The mean value of sandy loam (370.09 ± 53.61 g m−2 s−1) was greater than that of clay loam (251.30 ± 39.87 g m−2 s−1) and silt loam (144.90 ± 10.28 g m−2 s−1) before freeze-thaw cycles. The mean values of sandy loam and silt loam from the 1st to the 20th freeze-thaw cycle significantly increased 1.38 and 3.56 times over unfrozen (p < 0.05). However, the values decreased 1.29 times under unfrozen for clay loam. The means of sandy loam and silt loam had no significant difference and were all 2.6 times over clay loam after a 20th freeze-thaw cycle (Figure 8).



The variation of three soils soil detachment capacities with freeze-thaw cycles increased and is shown in Figure 9. The soil detachment capacity of clay loam increased after the 1st freeze-thaw cycle, but then decreased gradually with the increase of freeze-thaw cycles. The values after the 10th cycle were significantly less than the early stages of freeze-thaw cycles (0–5 times, p < 0.05). After the 20th cycle, soil detachment capacity of clay loam decreased 47.47% under unfrozen. The soil detachment capacity of sandy loam and silt loam significantly increased 1.39 and 2.81 times over unfrozen after the 1st freeze-thaw cycle, while as the number of cycles increased, there was no longer significant change until the 15th cycle. After the 15th cycle, soil detachment capacity of silt loam became larger than sandy loam, and after a 20th cycle the values of sandy loam and silt loam significantly increased 1.62 and 4.74 times over unfrozen, respectively. After the 20th cycle, the soil detachment capacity of silt loam was the greatest (709.65 ± 44.14 g m−2 s−1), then sandy loam (601.33 ± 56.60 g m−2 s−1), and clay loam was last (132.00 ± 26.25 g m−2 s−1).




3.3. Relationship between Soil Detachment Capacity and Soil Properties


Under the condition of freeze-thaw, there were significant correlations between soil detachment capacities and different soil properties based on correlation analysis (p < 0.05). The relationship between soil detachment capacity of sandy loam and soil properties could only be well fitted by a linear function of shear strength (p < 0.05, Table 2). However, soil detachment capacity of silt loam had a significant relationship with soil organic matter, bulk density, water stable aggregates, and shear strength (p < 0.05), and it was negatively correlated with bulk density and shear strength and positively correlated with soil organic matter and water stable aggregates. Soil detachment capacity of clay loam also could be fitted by a linear and exponential function of bulk density and soil organic matter for clay loam (p < 0.05), but it was negatively correlated with soil organic matter, which was contrary to findings for bulk density.



Generally, soil detachment capacities of different soils are difficult to obtain because measured soil erosion processes under different soils, slopes, and flow discharges are needed. Thus, it is helpful to develop regression equations based on easily measured parameters of soils. A nonlinear regression analysis indicated that soil detachment capacity (SDC) of silt loam could be estimated well by soil organic matter (SOM), bulk density (BD), water stable aggregates (WSA), and shear strength (SS) (Equation (2), Figure 10). Additionally, linear regression analysis indicated that soil detachment capacity of clay loam could be estimated well by soil organic matter and bulk density (Equation (3), Figure 11).


SDCsilt = SOM0.68 × BD−2.63 × WSA−2.05 × SS0.23 × 8.85 × 104



(2)






SDCclay = −51.29 × SOM-20.96 × BD + 785.57



(3)









4. Discussion


4.1. Effect of Freeze-Thaw on Soil Properties


With increasing subsequent freeze-thaw cycles (10–15 times), soil bulk density decreased to stable values (Figure 3) which indicates that freeze-thaw cycles had limited effect on soil bulk density. Frequent phase changes of soil water slowly altered the porosity ratio of soil, causing modifications in soil bulk density. However, there exists a critical freeze-thaw cycle related to the soil remodeling properties and the limited degree of freeze-thaw [34,35]. On the other hand, development of variation tendency and the stable state of soil bulk density depend on soil texture and initial state. Bulk density of saline–sodic soils would increase when the initial value was lower, while soils with larger initial values would become looser in structure and decrease in bulk density [36]. In this study, the bulk density of all three soils decreased with the increase of freeze-thaw cycles, which may be due to the initial moisture content and that there were no impurities in the soils. Starkloff et al. [37] found that looser sandy soil was more affected by freeze-thaw than silt soil of Nordic countries by X-ray scanner, which contrasts with this study.



Generally, soil moisture transport and phase transition during freeze-thaw process can lead to the fragmentation of aggregates. However, the influence of freeze-thaw cycles on aggregates was not only related to soil texture but also to the size of aggregates. Smaller aggregates were reformed under the action of soil deformation compression and soil moisture adsorption after the large aggregates were broken. There were studies that have shown that it can reach a peaking after 2–3 freeze-thaw cycles [38]. Additionally, the negative effects of freeze-thaw on water stable aggregates are more pronounced for aggregates larger than 0.25 mm, in comparison with micro aggregates [39]. For sandy loam in this study, during the freeze-thaw process, fragmentation and recombination occurred frequently, and the aggregate content reached the peak value before the 5th freeze-thaw cycle (Figure 4). After 10th freeze-thaw cycle, it had no significant change, maybe because of the lower content of water stable aggregates [40]. For silt loam and clay loam in this study, aggregates contents were relatively high, and the crushing effect was greater than recombination at the beginning of freeze-thaw. Nonetheless, aggregates contents peaked after the 10th and 5th freeze-thaw cycle for clay loam and silt loam, respectively (Figure 4). Overall, freeze-thaw decreased the aggregates stability of all soils, but the effect was more severe on the silt soil (reduced by 48.54%), which was similar to existing research [27].



Freeze-thaw breaks soil aggregates, exposes carbohydrates, fatty acids and sterols, and increases their contact with and utilization by microorganisms. Extractable nutrients have been observed to increase by 2 to 3 times [41]. Moreover, the increase of fine particulate or clay, which has large surface areas, has strong adsorption capacity for organic matter, resulting in redistribution or dissolution of soil organic matter [42]. Thus, the phase changes of water led to contraction of organic matter, destruction of bonds with soil particles, and led to increased release of soil organic matter in this study (Figure 5). Especially for silt loam, the increase of organic matter content (1.49 times) was related to the decrease of aggregates content (48.54%) and was the largest among the three soils. However, as freeze-thaw cycles increased, soil organic matter would not rise significantly at all after the 10th cycles due to its relatively small proportion of total soil carbon and the limited effect of freeze-thaw cycles.



After freeze-thaw cycles, an important index to gauge soil resistance to erosion, the shear strength of three soils significantly decreased, being supportive to most previous studies showing that soil structure becomes looser, and the mechanical properties and microstructure of soils change significantly [43,44,45,46,47]. Soil cohesion was determined by the tensile forces of menisci at the particle contact surfaces as well as the contact relationships between solid particles and liquid films [15]. In the process of freeze-thaw, the frequent phase changes of the water between soil particles led to tensile forces being destroyed and the extent of damage varied with freeze-thaw cycles and soil texture. The shear strength of sandy loam and silt loam decreased after the first few freeze-thaw cycles and then kept nearly stable after about the 5th to 15th cycles, which was similar to the aforementioned other soil properties (Figure 6). However, shear strength of clay loam still increased after the 15th freeze-thaw cycle, mainly because of the indirect effect of its higher soil aggregates content after the 10th cycle and the increased soil organic matter [48].




4.2. Effect Mechanism of Freeze-Thaw on Soil Detachment Capacity


Soil detachment is the initial stage of soil erosion, and the most affected by freeze-thaw. Soil erosion amounts during periods of thawing were higher than those of other seasons, and they could reach 2–3 times [21,22,23]. Similarly, this study showed that soil detachment capacity of sandy loam and silt loam under freeze-thaw was larger (by approximately 1.38 and 3.56 times) than that under unfrozen, which contrasts with clay loam (Figure 8). Obviously, soil properties in this experiment proved to be the most important factor that significantly influenced soil detachment capacity, determined by soil types and the number of freeze-thaw cycles. The process of soil detachment in the Qinghai-Tibet plateau was significantly lower than that of other regions of China, which was related to the degree of freeze-thaw and soil properties, but the specific mechanism of the effect was unclear [49].



As the most important factors, shear strength and water stable aggregates were strongly negatively correlated with soil erodibility [50,51,52]. Soil detachment capacity significantly increased as a result of reductions in soil shear strength, and water stable aggregates were destroyed by freeze-thaw [13]. In the case of sandy loam, for example, soil detachment capacity was basically larger than silt loam and clay loam without freeze-thaw cycles in this study. These discrepancies were mainly due to the fact that shear strength, water stable aggregates, and soil organic matter of sandy loam were less, while the tensile forces of coarse particles and the contact relationships between them and liquid films were weaker in some cases than others [50,53]. Additionally, the soil properties had not changed significantly, as freeze-thaw cycles increased after it had been destroyed by the first freeze-thaw (Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7). This means that soil detachment capacity of sandy loam did not significantly increase with the increase of freeze-thaw cycles and only had a significant negative correlation with shear strength (Table 2).



Likewise, soil detachment capacity of silt loam was the greatest after the 20th freeze-thaw cycle in this study (Figure 9). Higher powder content has been related to greater formation of capillaries, leading to more rapid moisture migration and greater damage due to freeze-thaw [50]. Therefore, silt loam was most prone to erosion when exposed to freeze-thaw. The process of soil detachment was complex, and in our experiments, it was significantly influenced and well estimated by bulk density, soil organic matter, water stable aggregates, and shear strength (Table 2, Figure 10). Compared to sandy loam and silt loam, the decreased soil detachment capacity of clay loam after freeze-thaw mainly depended on soil organic matter and soil bulk density mainly because increased freeze-thaw times, the variation trend of water stable aggregates, and the relative complexity of shear strength cannot represent the change of soil detachment capacity. Additionally, soil detachment capacity cannot be determined well by a single factor, and the comprehensive effect of various factors should be considered [9,10,11].





5. Conclusions


The effects of freeze-thaw cycles on the properties and soil detachment capacity of three loamy soils were examined by using the artificial freeze-thaw and scour experiments. Soil bulk density, water stable aggregates, and shear strength of three soils were negatively correlated with freeze-thaw cycles. However, the change of soil organic matter was the opposite. After 10 to 15 freeze-thaw cycles, soil properties were basically stable. Soil detachment capacity of silt loam and sandy loam were positively correlated with freeze-thaw cycles, which was contrary to findings for clay loam. The mean soil detachment capacity of sandy loam was the greatest before and after freeze-thaw. After the 15th freeze-thaw cycle, the soil detachment capacity of sandy loam was exceeded by silt loam. A nonlinear regression function could be used to describe the relationship between the soil detachment capacity of silt loam and soil organic matter, bulk density, water stable aggregates, and shear strength. Soil organic matter and bulk density were the best hydraulic parameters to simulate soil detachment capacity of clay loam.
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Figure 1. Location of sampling points and soil types of Loess Plateau in China. 






Figure 1. Location of sampling points and soil types of Loess Plateau in China.



[image: Water 13 00342 g001]







[image: Water 13 00342 g002 550] 





Figure 2. Schematic diagram of experimental setup. 
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Figure 3. Relationships between soil bulk density and freeze-thaw cycles of three soils. Note: The letters indicated whether the differences in the test results were significant or not. “a, b” stands for sandy loam, “A, B” stands for silt loam, “c, d” stands for clay loam. And different letters indicate a significant difference of test results among the different freeze-thaw cycles and soils at the 0.05 level. 
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Figure 4. Relationships between soil water stable aggregates and freeze-thaw cycles of three soils. Note: The letters indicated whether the differences in the test results were significant or not. “a, b, c, d” stands for clay loam, “A, B, C, D, E, F” stands for silt loam, “e, f, g” stands for sandy loam. Different letters indicate a significant difference of test results among the different freeze-thaw cycles and soils at the 0.05 level. 
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Figure 5. Relationships between soil organic matters and freeze-thaw cycles of three soils. Note: The letters indicated whether the differences in the test results were significant or not. “a, b, c, d” stands for clay loam, “A, B, C, D, E” stands for silt loam, “e, f, g, h” stands for sandy loam. Different letters indicate a significant difference of test results among the different freeze-thaw cycles and soils at the 0.05 level. 
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Figure 6. Relationships between soil shear strength and freeze-thaw cycles of three soils. Note: The letters indicated whether the differences in the test results were significant or not. “a, b, c” stands for clay loam, “A, B, C, D” stands for silt loam, “d, e, f” stands for sandy loam. Different letters indicate a significant difference of test results among the different freeze-thaw cycles and soils at the 0.05 level. 
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Figure 7. Relationship between soil compressive strength and freeze-thaw cycles of three soils. Note: The letters indicated whether the differences in the test results were significant or not. “a, b” stands for clay loam, “A, B, C” stands for silt loam, “c, d” stands for sandy loam. Different letters indicate a significant difference of test results among the different freeze-thaw cycles and soils at the 0.05 level. 






Figure 7. Relationship between soil compressive strength and freeze-thaw cycles of three soils. Note: The letters indicated whether the differences in the test results were significant or not. “a, b” stands for clay loam, “A, B, C” stands for silt loam, “c, d” stands for sandy loam. Different letters indicate a significant difference of test results among the different freeze-thaw cycles and soils at the 0.05 level.
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Figure 8. Soil detachment capacities before and after freeze-thaw cycles of three soils. Note: The letters indicated whether the differences in the test results were significant or not. “a, b, c” stands for before freeze-thaw cycles (FTCs), “A, B” stands for after freeze-thaw cycles. Different letters indicate a significant difference of test results among the different freeze-thaw cycles and soils at the 0.05 level. 
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Figure 9. Variation of soil detachment capacity with freeze-thaw cycles. Note: The letters indicated whether the differences in the test results were significant or not. “a, b, c” stands for sandy loam, “A, B, C, D” stands for sandy loam, “d, e” stands for clay loam. Different letters indicate a significant difference of test results among the different freeze-thaw cycles and soils at the 0.05 level. 
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Figure 10. Measured soil detachment capacity vs. estimated ones using Equation (2) of silt loam. 






Figure 10. Measured soil detachment capacity vs. estimated ones using Equation (2) of silt loam.



[image: Water 13 00342 g010]







[image: Water 13 00342 g011 550] 





Figure 11. Measured soil detachment capacity vs. estimated ones using Equation (3) of clay loam. 
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Table 1. Information on three soil samples.
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Soil Samples

	
Geographic Coordinates

	
Soil Texture %




	
Clay (<0.002)

	
Silt (0.002–0.05)

	
Sand (>0.05)






	
Aeolian sandy soil

	
110°31′17″ E

	
39°58′12″ N

	
11.14

	
14.84

	
74.02




	
Loessal soil

	
109°15′46″ E

	
36°46′28″ N

	
20.17

	
61.04

	
18.79




	
Anthropogenic-alluvial soil

	
107°40′47″ E

	
40°54′21″ N

	
32.18

	
23.68

	
44.14
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Table 2. Regression analysis of soil detachment capacities of three soils and soil properties under the condition of freeze-thaw.
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Soil Properties

	
Sandy Loam

	
Silt Loam

	
Clay Loam




	
Regression Equation

	
R2

	
Regression Equation

	
R2

	
Regression Equation

	
R2






	
Soil organic matter

	
-

	
-

	
y = 20.19e0.69x

	
0.74 *

	
y = 3617.3e−0.27x

	
0.63 **




	
Bulk density

	
-

	
-

	
y = −2165.1x + 3238.5

	
0.54 *

	
y = 915.48x − 877.94

	
0.49 *




	
Water stable aggregates

	
-

	
-

	
y = 3255.1e−0.09x

	
0.85 **

	
-

	
-




	
Shear strength

	
y = −38.88x + 634.25

	
0.49 *

	
y = −44.28x + 762.83

	
0.80 **

	
-

	
-








Note: The number of samples for each soil property was 18; y is soil detachment capacity, x is soil properties. * Significant at p < 0.05, ** Significant at p < 0.01.



















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











© 2021 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 (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Soil organic matter (2/kg)

Clay loam
ilt loam:

12
4 Sandy loam
10
s
A ] i
h

4

o ! 5 10 15 20

Freeze-thaw eyele times (time)





media/file13.png
Soil compressive strength (kPa)

0.6

| 5
I'reeze-thaw cycle tim

10
es (time)

B Clay loam
B silt loam
B sandy loam

ab





media/file12.jpg
kPa)

ab &P !
AB AB
= A
I cd |
cd
I I |

b

0 ' s 10

Ereeze-thaw cyele times (time)

I Clay loam

| Silt lowm

I sandy loam

ab

cd

| I





media/file18.jpg
807 SDCyipy = SOMP™ x BD26 x WS x S*B x 885 x 104~

T2700] R-087 NSE-085 n-12

=

3600

Lo

Esm+

g .
2 4004 Yl
5 7~

2 % -
200 P

0 100 200 300 400 500 600 700 800

Measured soil detachment capacity (¢ m™s™)





media/file9.png
Soil organic matter (g/kg)

—

2

—u— Clay loam

4 Sandy loam b

—e— Silt loam ‘% /%_ .

- - e
: IR ot 4
S Lo

=

C D

; ___..___..4_. g

h
.

P

e xf:ﬂ____ e A~———
T T T T .
0 I 5 10 15

Freeze-thaw cycle times (time)





media/file14.jpg
[Before FTCs

29 B After FICs
A
A

E 500
)
2 a
20
5300 S B
g
5
]
EEY i
z
< 100

o

Sandy loam Silt loam Clay Toam

Soil types





media/file20.jpg
350

1
)

300

150

Estimated soil detachment capacity (g m™ s

50

SDCelqy = -51.29 % SOM-20.96 x BD+785.57 4
R =075 NSE=087 n
.
. .
- .
. .
.
Y .
100 150 200 250 300 350

Measured soil detachment capacity (g m?s™)





media/file5.png
Soil bulk density (g/cm™)

[—

—m— (Clay loam
—e— Silt loam
4 Sandy loam

T T I v 1 v I M I 4 |
0 1 5 10 15 20
Freeze-thaw cycle times (time)





media/file15.png
700 [ IBcfore TTCs

[ After FTCs

600 A

500

S

(=

(=1
1

Py

=3

<
1

200

Soil detachment capacity (g m~s™)

100

Sandy loam Silt loam Clay loam

Soil types





media/file19.png
800

SDCjzp = SOM*® x BD63 x 403 x §5°23 x 8.85 x 10*

L7004 R2=087 NSE=085 n=12

E

2 600

f °
S [ ]

<

500

o

= L]

£ 400 .

=

5 L J

5300 + A

E

5 200

Q

E

E 100

a °

[ ]
0 T T T T T T T 1
0 100 200 300 400 500 600 700 800

Measured soil detachment capacity (g m™ s™")





media/file2.jpg





nav.xhtml


  water-13-00342


  
    		
      water-13-00342
    


  




  





media/file11.png
Soil shear strength (kPa)

B Clay loam
B silt loam
- Sandy loam






media/file6.jpg
50

H &

Water stable aggregate (%)
B

—=— Clay loam
© Siltloam
—a— Sandy loam

a

b ; L b

g

0

1 5 10-— s 20
Freeze-thaw cycle times (time)





media/file1.png
35°0'0"N

105°0'0"E 110°0'0"E 115°0'0"E

40°00"N

:

200 km)’\

Calcic soil
Gray desert soil
Loessal soil
Red clay

Vi

it
|m] | [S{sf | 5] | W[N]
Y

:

£}

Chisley soil
Skeleton soil
Meadow soil

Noisture soil
Anthropog

enic-alluvial soil
Grass mat soil
Lake

!

®  Sampling points E
s

35°0'0"N

AT

AN Al
105°0'0"E 110°0'0"E 115°0'0"E

40°0'0"N





media/file10.jpg
169 B Clay loam
A Bl sitt loam

andy loam

10
Freeze-thaw cycle times (lime)





media/file7.png
Water stable aggregate (%)

—p— T

—a— (Clay loam
e Siltloam
—&— Sandy loam

/
/
/
/
—a—
: o

N ‘__A___,..f%-———--____

S S
N

= -

T T T 1 T

5 10 15
Freeze-thaw cycle times (time)





media/file16.jpg
Soil detachment capacity (g m

®  Clay loam
® Silt loam
—&— Sandy loam

0 1 5 10
Freeze-thaw cycle times (time)





media/file3.png
a. Steady Flow Section

h. Water Tank

e. Scoured Flume

i. Soil Samples

b. Test section 10 cm
i- PVC cylindrical box

c. Collection section

f. Scoured Sediments
g. Plastic Bucket





media/file17.png
U0 Clay loam

—e— Silt loam
700 4 —— Sandy loam

=)
<
(=]
1
=y

>
o 4
b

400 - . e
) d d

)
(=]
(=]
1
c.

'S 200 -+

D S i e
. .- %_ .
100 - =

Soil detachment capacity (g m~s™)

0 1 5 10 15 20
Freeze-thaw cycle times (time)





media/file4.jpg
16 #— Clay loam
Silt loam
4 Sandy loam

10

0 1 5 10 15 20
Freeze-thaw cycle times (time)





media/file0.jpg
100 g0E 105°00°E 1NO0TE NSO0E






media/file21.png
2 S-l

Estimated soil detachment capacity (g m

SDCejqy = -51.29 x SOM-20.96 x BD+785.57

R>=0.75 NSE=0.87 n=12

300 +
°
250 )
° °
200
° °
150
°
. .
100
50 T T T T T u T u T
50 100 150 200 250 300

Measured soil detachment capacity (g m?2s™)

1
350





