Response of the headcut erosion process to flow energy variation in the loess gully region of China
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[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Abstract: Headcut erosion is usually associated with the consumption and transformation of flow energy that occurs when runoff is used to transport sediment. Therefore, flow energy variations in the headcut erosion process are critical in the loess gully region of the Loess Plateau. The aim of this study was to clarify the effects of the flow discharge and slope gradient on flow energy and the response of the headcut erosion process in the gully region of the Loess Plateau. This study examined the headcut erosion process using slope gradients ranging from 1° to 7° in the upstream catchment area and downstream gully bed and inflow discharges ranging from 3.6 to 7.2 m3·h-1. The results showed that the slope gradient has a significant impact on the potential energy in the upstream catchment area; thus, changes in the slope gradients produced changes in the sediment yield. Moreover, the flow discharge significantly influenced not only the potential energy but also the kinetic energy in the upstream catchment area and downstream gully bed. The kinetic energy at the downstream gully bed was 0.03~0.16 J·s-1 lower than that in the upstream catchment area due to the flow drop at the gully head. Greater energy consumption occurred at the gully head than in the upstream catchment area and downstream gully bed, and the gully head contribution to the flow energy consumption was 44.30~64.29%, which increased with increasing flow discharge and decreasing slope gradient. The influence of the slope gradient on the sediment yield was more significant than that of the flow discharge, and a nonlinear regression equation was developed to estimate sediment the yield. The flow energy consumption was significantly correlated with the sediment yield. These findings could improve our understanding of the flow energy characteristics and headcut evolution process during headcut erosion.
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1. Introduction
The loess gully region covers an area of approximately 14.8×103 km2 in the northern Loess Plateau and is one of the most fragile ecological areas in China (Zhang et al., 2016). Headcut erosion is one of the most serious environmental problems in the loess gully region and represents a serious threat to soil resources, agricultural productivity and sustainable development (Wells et al., 2009, 2010). A headcut is a sudden change in bed elevation, and at a headcut, intense erosion, referred to as headcut erosion, occurs due to the jet impact of overland flow from the upstream area (Bennett and Alonso, 2006; Dey et al., 2007). Headcut erosion is mainly caused by erosion driven by water and gravity, the latter of which mainly causes slope instability. Flow energy provides the power for headcut erosion, and sediment yield is an important index in expressing erosion intensity. The study of flow energy variation in the headcut erosion process is very helpful for thoroughly revealing the processes and mechanisms associated with headcut erosion and can provide scientific support for controlling headcut erosion in the gully region of the Loess Plateau.
[bookmark: OLE_LINK6]Many studies on headcut erosion have focused on erosion processes and their influencing factors. In America, some researchers (Bennett, 1999; Bennett et al., 2000; Bennett and Casalí, 2001; Alonso and Bennett, 2002; Gordon et al., 2007a, 2007b; Wells et al., 2009; Bryan and Poesen, 2010; Bennett and Wells, 2019) have illustrated the effects of the overland flow discharge, bed slope, soil characteristics (soil stratification, soil texture and pore water pressure) and initial step height on headcut erosion. In Iran, Babazadeh et al. (2017) and Ashourian et al. (2018) studied the headcut erosion processes in eight samples of cohesive soils under different consolidation types. In the dry-hot valley region of China, a systematic in situ scouring experiment was conducted to describe the headcut erosion process, and a series of significant achievements were derived (Dong et al., 2013, 2014, 2019; Su et al., 2014, 2015; Yang et al., 2015; Zhang et al, 2016, 2018;). In the Loess Plateau of China, Han et al. (2002) and Qin et al. (2018, 2019) conducted a series of specific experiments to analyse the headcut erosion process on loess slopes and found that the sediment yield is highly correlated with the flow discharge and that landslip events often occur when the slope gradient is more than 65°. Rudi and Theo (2003) measured the largest gully headcut and estimated the quantity of loose soil material in the rolling hill region. These researchers made significant progress in headcut erosion. However, the combined influence of the slope gradient and flow discharge on headcut erosion in the loess gully region remains unclear.
Soil erosion is a process in which water flow overcomes the soil’s resistance to erosion, which consumes flow energy. Runoff energy is consumed when runoff is used to transport eroded sediment (Wang et al., 2018). Potential energy is transformed into kinetic energy when the runoff flows from the summit to the bottom of the slope. Quantitatively characterizing the soil erosion process based on runoff energy consumption is of great significance in understanding the mechanism of the headcut erosion process. Studies on flow energy are mainly based on the energy equilibrium theory. This theory is increasingly being used to describe the soil erosion process and has been widely applied to single slope, convex composite slope and hill slope-gully slope erosional systems (Li et al., 2001; Li et al., 2005; Zhang et al., 2010; Wei et al., 2014; Wang et al., 2018; Zhang et al., 2018). Shu et al. (2008) established an equilibrium equation for turbulence energy in sediment-laden flows on the basis of solid-liquid two-phase flow theory. Li et al. (2001) formulated the relationship between runoff energy consumption from the interaction between water flow and the slope bed. Therefore, the consumption of flow energy is meaningful in illustrating headcut erosion processes and worthy of further study.
In general, headcut erosion is the main producer of eroded sediment and can generate considerable damage. Many past studies have focused on headcut erosion processes in other regions, and the loess gully region has rarely been studied. In addition, no comparative research has been conducted to quantify the flow energy variations in the headcut erosion process and their relationship. This study represents an initial effort to analyse erosion characteristics by a series of simulated rainfall-based scouring experiments. Hence, this study specifically aims to (1) evaluate the flow energy and soil loss variation during the headcut erosion process under different slope gradients and flow discharges and (2) clarify the impact of flow energy consumption on sediment yield.
2. Materials and methods
2.1. Study area
A series of simulated rainfall-based scouring experiments were conducted in the Nanxiaohegou watershed, a basin located in Xifeng district (35°41′ ~ 35°44′ N, 107°30′ ~ 107°37′ E) (Figure 1), Gansu Province, China. This area is a typical gully region of the Loess Plateau and has an elevation range of 1050 to 1423 m. The study area features a semi-arid continental climate in a warm temperate zone, with a mean annual precipitation of 557.7 mm, a mean annual temperature of 8.7 °C and an average annual potential evaporation of 1475 mm. Soil erosion rates are estimated to be 4350 t·km-2·a-1, which accounts for the majority of the soil erosion in this area (Figure 2). The main soil type in this area is dark loessial soil and loessal soil (Guo et al., 2019). The soil type in the experiment site is clay loam soil with 44.82% sand (0.02~2 mm), 31.3% silt (0.002~0.02 mm) and 23.88% clay (<0.002 mm) according to the international soil quality grading standards (Fao, 1956). The major types of vegetation in this area are Robinia pseudoacacia, Platycladus orientalis, Hippophae rhamnoides, Agropyron cristatum, Bothriochloa ischaemum and others.
2.2 Experimental design
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The experimental plots were composed of an upstream catchment area, a gully head and a downstream gully bed (Figure 3). The width of the composite slopes was 1.5 m. The upstream area had a length of 5 m, the gully head had a vertical height of 0.9 m and the downstream gully bed had a length of 1 m. The range of slope gradients on the tableland in this study area is 1~7°. Therefore, the slope gradient of the upstream catchment area was set to 1°, 3°, 5°and 7°, and the slope gradient of the gully bed was the same as that of the upstream catchment area. According to the typical intensity of rainstorms in the study area, the rainfall intensity was set to a constant value of 0.8 mm·min-1. According to topographic data, such as the average length of the gully head, the size of catchment areas in the study area and the average runoff coefficient, the flow discharge was set to 3.6, 4.8, 6.0 and 7.2 m3·h-1. The duration of each flow discharge and slope gradient experiment was 180 min, and each experiment was divided into 6 stages (0~30, 30~60, 60~90, 90~120, 120~150 and 150~180 min) according to the natural rainfall duration and erosion conditions in previous experiments.
The tested soil was passed through a 1-cm sieve to remove the influence of roots and gravel, and the soil moisture content was controlled between 13% and 15% before the soil was added to the experimental plot. The soil was compacted in the experimental plot in four successive 20 cm thick layers, and the top layer was 10 cm thick. The bulk density was set to 1.27 g·cm-3. Before the simulated rainfall-based scouring experiment, antecedent precipitation was applied until surface runoff was generated.
2.3 Experimental procedure
Rainfall was produced by an artificial rainfall simulator with downward pointing nozzles with a spacing of 67 cm and a mean fall-height of 2.05 m. The flow discharge was kept stable through the equalization pond. A collection groove was installed at the end of the gully bed to direct the runoff to a cylindrical sediment collection tank. The water supply was monitored and adjusted via valves in real time to maintain the average standard deviation of flow discharge within ±5.0%. The flow velocity in 5 sections in the upstream catchment area and 1 section in the downstream gully bed was measured using a potassium permanganate tracer at 2-minute intervals, and the flow velocity was calculated by dividing the distance travelled by the tracer in a given time interval. Physical measurements of the flow width were made using a flexible rule. The runoff and sediment samples were collected by a collection tank at the outlet of the collection groove at 2-minute intervals, and the sediment samples were dried in an oven for 12 h at 105° to a constant weight and then weighed.
2.4 Parameter calculation and statistical analysis
The gully head was viewed as the zero potential surface. The flow energy at the summit of the slope was as follows (Su et al., 2015):
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where Ek is the kinetic energy (J·s-1) at the summit of the slope, ρ is the water density (kg·m-3), q is the flow discharge (m3·s-1), v is the flow velocity at the summit (m·s-1), Ep is the potential energy (J·s-1) at the summit of the slope, L1 is the slope length of the upstream catchment area (m), and ∂ is the angle of the slope (◦) in the upstream catchment area.
Due to energy consumption, the flow energy at a specific slope position was as follows (Su et al., 2015):
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where Ekx is the flow kinetic energy (J·s-1) at the upstream catchment area and downstream gully bed slope positions, q' is the runoff rate at the corresponding slope position (m3·s-1) and vx1 and vx2 are the flow velocity at the corresponding slope position (m·s-1):
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where Epx is the flow potential energy (J·s-1) at the upstream catchment area and downstream gully bed slope positions, x1 is the distance from the summit of the slope (m), x2 is the distance from the bottom of the headcut (m), H is the headcut height (m), and β is the slope angle of the slope (◦) in the downstream gully bed:
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where ΔE is the flow energy consumption (J·s-1) from the slope summit to any lower cross-section position.
The cumulative energy consumption (ΔEc, J) from the summit of the catchment area to the bottom of the gully head can be calculated as follows (Wei et al., 2014; Su et al., 2015; Wang et al., 2018):
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where ΔEc is the cumulative energy consumption (J) and L2 is the slope length of the downstream gully bed (m).
The soil erosion rate is calculated by the following formula (Dai et al., 2017):
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where Sr is the soil erosion rate (g·m-2·min-1), md is the mass of sediment (kg) and sp is the projection area (m2).
The sediment yield is calculated by the following formula:
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where Sy is the sediment yield (kg).
The data were processed with Microsoft Excel; regression analysis and correlation analysis were conducted in SPSS 17.0; figures were drawn with the Origin software (Version 8.5); and the experimental apparatus was illustrated with Auto CAD 2017.
3. Results
3.1 Flow energy variation
3.1.1 Changes in kinetic energy
Figure 4 shows the kinetic energy values for the different flow discharges and slope gradients. For the upstream catchment area, the kinetic energy values associated with the slope gradients of 1°, 3°, 5° and 7° were 0.08~0.21, 0.09~0.26, 0.09~0.28 and 0.09~0.23 J·s-1, respectively. There was no significant correlation between the kinetic energy and the slope gradient (P>0.05), and the kinetic energy rank order under different slope gradients was completely different for each flow discharge. According to Figure 3, the kinetic energy clearly increased with increasing flow discharge. The correlation analysis also showed that there was a significant positive correlation between the kinetic energy and the flow discharge for each slope gradient (P<0.01). The highest kinetic energy values were observed at the largest flow discharge (7.2 m3·h-1), and the kinetic energy increased 4.26~102.75% as the flow discharge increased by 1.2 m3·h-1.
For the downstream gully bed, the effect of the flow discharge and slope gradient on the kinetic energy was coincident with that for the upstream catchment area (Figure 4). In conclusion, the influence of the flow discharge on the kinetic energy of the downstream gully bed was significant, while no significant correlation was found between the slope gradient and the kinetic energy. The kinetic energy was much lower in the downstream gully bed than in the upstream catchment area (Figure 5). As the concentrated flow dropped across the gully head, the kinetic energy decreased by 0.03~0.04, 0.02~0.07, 0.03~0.13 and 0.03~0.16 J·s-1 for slope gradients of 1°~7°, respectively, indicating that the kinetic energy markedly decreased due to the influence of the gully head.
3.1.2 Changes in potential energy
The potential energy values at the summit of the plot were constant for a given slope gradient and flow discharge, with values of 1.88~2.74, 5.64~8.21, 9.4~13.67 and 13.14~19.11 J·s-1 for slope gradients of 1°, 3°, 5°and 7°, respectively, and increased as the slope gradient and flow discharges increased. Figure 6 shows the temporal potential energy variation at the bottom of the gully bed. The variable coefficient of the potential energy at the bottom was 0.01~0.04 under different slope gradients and flow discharges, indicating that the potential energy was relatively stable over the entire experiment.
A slight increase in the mean bottom potential energy was observed as the slope gradient increased when the flow discharge was 3.6, 4.8, 6.0 and 7.2 m3·h-1. The potential energy at the bottom increased by 2.39~7.19% when the slope gradient increased by 2° for each flow discharge level, and it increased by19.75~36.50% when the flow discharge increased by 1.2 m3·h-1 for each slope gradient. In conclusion, the potential energy at the bottom tended to increase as the slope gradient and flow discharge increased (Figure 7). To evaluate the response relationship of mean bottom potential energy at the bottom to the variations in the flow discharge and slope gradient, a multivariate regression analysis was conducted to establish a regression equation to fit the potential energy at the bottom. The equation was Epbottom=3.527×(tanS)0.058×Q0.984 (R2=0.99, P<0.01, n=16). The dimensionless coefficient determined by regression after the Z-score was standardized also indicated that the flow potential energy at the bottom was primarily dependent upon the flow discharge.
3.1.3 Changes in flow energy consumption at the gully head
Figure 8 shows the flow energy consumption at the gully head for different slope gradients and flow discharges. The flow energy consumption at the gully head clearly increased with increasing flow discharges, whereas no increasing or decreasing trend was observed with increases in the slope gradient. The flow energy consumption of the gully head increased by approximately 1.26 times as the flow discharge increased by 1.2 m3·h-1. The results showed that the flow energy consumption at the gully head was dependent upon the flow discharge (P＜0.01) and that no significant correlation existed between the slope gradient and the flow energy consumption at the gully head (P>0.05).
3.1.4 Changes in the flow energy consumption of the total plot
Figure 9 shows the flow energy consumption of the total plot for different slope gradients and flow discharges. When the flow discharge increased by 1.2 m3·h-1, the flow energy consumption of the total plot increased by 3.71, 4.29, 4.98 and 5.60 J·s-1, at slope gradients of 1°, 3°, 5° and 7°, respectively. Similarly, the flow energy consumption of the total plot increased by approximately 1.32, 1.23 and 1.19 times when the slope gradient increased by 2°. The results indicated that the higher the slope gradient and flow discharge, the higher the flow energy consumption. By multiple regression analysis, the relationship among the flow energy consumption (Eu), slope gradient (S) and flow discharge (Q) was as follows: Eu=17.299×(tanS)0.347×Q0.772 (R2=0.92, P<0.01, n=16). The regression results after standardization showed that the flow energy consumption was determined by the slope gradient.
Figure 10 shows the flow energy consumption of the gully head and the total plot. We defined the ratio calculated by the flow energy consumption of the gully head divided by the flow energy consumption of the total plot as the gully head contribution to the flow energy consumption. The gully head contribution to the flow energy consumption decreased from 64.19% to 44.30% as the slope gradient increased from 1° to 7°. Additionally, the values of the gully head contribution to the flow energy consumption were 40.20~82.85%, 43.88~83.48%, 45.76~84.87% and 47.36~85.58% at flow discharges of 3.6, 4.8, 6.0 and 7.2 m3·h-1, respectively; thus, the contribution increased with increasing flow discharge. In conclusion, the gully head contribution to the flow energy consumption increased with increasing flow discharge and decreasing slope gradient. The relationship among the gully head contribution to the flow energy consumption (re), the flow discharge (Q) and the slope gradient (S) was re=0.205×(tanS)-0.303×Q0.121 (R2=0.97, P<0.01, n=16). The regression results after standardization showed that the gully head contribution to the flow energy consumption was also determined by the slope gradient.
3.2 Soil loss variation
3.2.1 Temporal variation in sediment yield
Figure 11 shows the sediment yield variation under different time periods. The sediment yield was 376.43~454.13, 545.73~787.71, 761.95~1044.18 and 1221.08~1533.60 kg at slope gradients of 1°, 3°, 5° and 7°, respectively. The sediment yield was the greatest during the initial 30 min under each experimental condition; however, the timing of the minimum sediment yield varied under different slope gradients and flow discharges. Approximately 35% of the soil loss took place in the initial 30 min, and 41% of the soil loss occurred in the last 120 min. This trend indicated that the greatest soil erosion took place during the initial stage.
3.2.2 Impact of slope gradient and flow discharge on sediment yield
Figure 12 shows the variations in the sediment yield in response to different slope gradients and flow discharges. Generally, the sediment yield tended to increase with increasing slope gradient and flow discharge.
When the slope gradient was relatively gentle (1°), the flow discharges ranked in the following order in terms of the sediment yield: 7.2 m3·h-1>4.8 m3·h-1>3.6 m3·h-1>6.0 m3·h-1, and the variation in the sediment yield under different flow discharges was small. However, as the slope gradient increased (3°, 5° and 7°), the sediment yield increased with increasing flow discharge. At slope gradients of 3°, 5° and 7°, an increase in the flow discharge of 1.2 m3·h-1 produced increases in the average soil erosion rate of 9.57~19.05%, 5.89~13.97% and 4.06~10.14%, respectively. Hence, the sediment yield tended to increase as the flow discharge increased.
Soil erosion also gradually increased as the slope gradient increaed for different flow discharges. Under flow discharges of 3.6, 4.8, 6.0 and 7.2 m3·h-1, an increase in the slope gradient of 2º produced increases in the sediment yield of 0.40~0.60 times, 0.45~0.54 times, 0.29~0.86 times and 0.33~0.73 times, respectively. Therefore, the sediment yield showed an increasing trend as the slope gradient increased.
To evaluate the response relationship of the total sediment yield to the variations in the slope gradient and flow discharge, a multivariate regression analysis was conducted to establish multiple regression equations to fit the measured total sediment yield, and the equation was as follows: Sy=3165.47×(tanS)0.73×Q0.381, R2=0.95, n=16, P<0.01. In addition, we standardized the data of each variable by the Z-score in SPSS to determine the critical independent variable affecting soil erosion. The results indicated that the soil erosion rate was more sensitive to the slope gradient than to the flow discharge. The estimated sediment yield using the above equation appears to satisfactorily match the measured sediment yield (Figure 13). The results showed that there was good agreement between the calculated and measured sediment yield.
3.3 The response of flow energy consumption to sediment yield
The sediment yield plotted against the cumulative energy consumption (ΔEc) is shown in Figure 14. Sy increased as ΔEc increased, indicating that ΔEc can be used to calculate Sy. By regression analysis, there was a significant positive exponential function between Sy and ΔEc (S=209.24e0.0047ΔEc, R²=0.55, P<0.01, n=16).
4. Discussion
4.1 Impact of slope gradient and flow discharge on flow energy
For the upstream catchment area and the downstream gully bed, the kinetic energy increased with the flow discharge but neither increased nor decreased with the slope gradient. Govers (1992) also concluded that the flow velocity is mainly determined by the flow discharge. The irregularity of the kinetic energy under different slope gradients contributed to the irregular changes in the flow velocity. However, the flow velocity usually increases with increasing slope gradients, as reported by Zhang et al. (2003) and Huang et al. (2018). The discrepancy was caused by the following reasons: (1) Soil was eroded from the upstream catchment area and gully head under the force of gravity, and the sediment was deposited in the gully; therefore, the underlying surface in the upstream catchment area and the downstream gully bed changed continually (Obiechefu, 2014; Dey et al., 2007), which caused increases and decreases in the flow path. (2) For the downstream gully bed, when the jet flow impinged on the surface soil, a plunge pool developed near the bottom of the headcut (Zhang et al., 2018). Vortex or cyclic waves existed in the plunge pool (Obiechefu, 2014) and increased the flow turbulence, thus increasing the fluctuation in the flow velocity in the downstream gully bed. Based on the above reasons, the flow velocity in the downstream gully bed changed irregularly under different slope gradients. This finding was confirmed on the Loess Plateau by Wei et al. (2014), who thought that the runoff kinetic energy showed more complex variation in convex composite slopes.
The potential energy at the bottom of the gully bed increased with increasing flow discharge and slope gradient. This may be because the potential energy at the bottom was determined by the runoff rate, slope length and slope gradient according to formula 2. The slope length was a constant value and the runoff rate on the bottom was influenced by the flow discharge. Therefore, the potential energy showed an increasing trend with increasing slope gradient and flow discharge. The flow energy consumption also exhibited an increasing trend with the flow discharge and slope gradient, and in their relationship, the slope gradient was more relevant to the flow energy consumption than the flow discharge. This may be attributed to the development of high turbulences within the flow and within the plunge pool at the toe of the headcut. Similarly, Su et al. (2015) found that the flow energy consumption gradually increased as the discharge increased from 1.8 to 7.2 m3·h-1. Wang et al. (2018) illustrated that the runoff consumption energy increased significantly with increasing flow discharge.
4.2 Impact of gully head on flow energy
The kinetic energy was much lower at the downstream gully bed than in the upstream area, indicating that the kinetic energy decreased markedly as the concentrated flow dropped across the gully head, which may contribute to the flow energy consumption at the gully head. This conclusion was confirmed by Zhang et al (2018) in the Yuanmou dry-hot valley region, southwestern China.
The flow energy consumption at the gully head accounts for 40.20~85.58% of the total flow energy. This result implies that more energy consumption occurs at the gully head than in the upstream area and downstream gully bed during the gully headcut erosion process. Furthermore, Wei et al. (2014) and Zhang et al. (2018) confirmed that the energy consumption increased significantly as the runoff travels to the downstream area. In the upstream catchment area and downstream gully bed, the slope was relatively gentle, and the potential energy increased by (0.017~0.123)×ρqg as the slope section increased by 1 m, while the change in the potential energy associated with the sudden change in the bed elevation at the gully head was 0.9×ρqg. This finding indicated that the potential energy significantly decreased when the concentrated flow dropped from the upstream catchment area to the bottom of the gully head; thus, the flow energy consumption was greater at the gully head than in the upstream catchment area and downstream gully bed.
4.3 Impact of slope gradient and flow discharge on sediment yield
The slope gradient and flow discharge are important controlling factors that influence the sediment yield, and the sediment yield in this study was primarily dependent upon the slope gradient rather than the flow discharge. The influence of the slope is mainly dependent on the movement status of the overland flow and the stability of the sediment on the slope. The steeper the slope gradient is, the greater the potential energy, and the lower the stability of the sediment on the slope (Zhang et al., 2018). Therefore, the sediment yield increased with increasing slope gradient. The higher the flow discharge is, the more concentrated the flow, and the stronger the runoff erosivity of the concentrated flow. Therefore, the sediment yield also increased with increasing flow discharge, similar to the results reported by Bennett et al. (2000), who determined that headcut erosion rates are positively correlated with overland flow discharge and bed slope. Some researchers have reported that power regression equations exist between sediment yield and flow discharge and slope gradient (Carson and Kirkby, 1972; Mathier and Roy, 1996; Fox and Bryan, 2000; Liu et al., 2015). Accordingly, we used the same equation model to quantify the relationship between these parameters, which achieved a good fitting effect. The difference of our coefficient maybe caused by the differences in the soil type and slope length.
The greatest erosion occurred in the initial stage. Zhang et al. (2016) reached a similar conclusion. This may be because in the initial stage, loose soil particles were eroded, and a gully developed in the catchment area in approximately 15 min. At that point, runoff constantly flowed into the gully channel, so the headcut erosion and lateral erosion were intense in the channel, resulting in collapses of the channel walls. As the simulated rainfall and scouring experiment progressed, the channel development became relatively stable, and the sediment yield reached an approximately steady-state condition. In some special conditions, the maximum soil erosion rate was not in the initial stage because of large-scale collapse over time. This tendency has been confirmed by other studies that reported that the soil erosion rate was greatest in the initial stage and progressively decreased as the scouring test progressed (Su et al., 2014, 2015; Bennett et al., 2000; Wells et al., 2009; Zhang et al., 2018). There was a logarithmic relationship between the experiment time and the soil erosion rate, while Zhang et al. (2015) found a declining power function trend. Similarly, Zhang et al. (2018) asserted that the sediment concentration was greatest at the beginning of the scouring experiment and that following an initial flush, the sediment concentration decreased rapidly, then decreased slowly and finally tended to be stable. Bennett et al. (2000) revealed that after a short adjustment, a constant rate of sediment yield was produced during overland flow. These discrepancies may be because rainfall produces a well-developed surface seal with a thickness of a few millimeters at the soil surface, which minimized soil erosion in Bennett’s experiment. An abrupt collapse or slide along the slope caused a change to appear in the time dependent soil erosion rate curve. This volatility was also observed in Su's experiment (Su et al., 2015).
4.4 Response of sediment yield on flow energy consumption
The flow energy consumption showed a good ability to estimate the sediment yield. There was a significant power relationship between the sediment yield and the flow energy consumption (P<0.01). Similarly, Wei et al. (2014) found a linear relationship when the flow discharge was 4.8 m3·h-1, and Su et al. (2015) also thought that flow energy consumption could be used to estimate the soil loss associated with headcut erosion. When concentrated flow moves from the summit of the catchment to the end of the gully bed, the flow energy decreased due to scouring-related erosion and the carrying and transport of soil particles (Wei et al., 2014). Thus, the flow energy consumption can be used to predict the sediment yield from headcut erosion.
5. Conclusion
In the gully region of the Loess Plateau, headcut erosion is an important sediment producing process; therefore, further attention must be paid to controlling sediment yield in this region. A series of simulated rainfall-based scouring experiments were conducted to clarify the influence of the slope gradient and flow discharge on the flow energy variation and the headcut erosion process.
Correlation analysis showed that the potential energy was significantly correlated with the slope gradient and flow discharge in the upstream area. For the gully head position with a steep step change, the potential energy and kinetic energy decreased significantly in the downstream gully bed. The flow energy consumption increased significantly with the increases in the slope gradient and flow discharge, and the slope gradient had a greater impact than the flow discharge on the flow energy consumption. Greater energy consumption occurred at the gully head than in the upstream area and downstream gully bed during the headcut erosion process. The gully head contribution to the flow energy consumption increased with increasing flow discharge and decreasing slope gradient. The soil erosion rate was relatively high during the initial stage and then gradually decreased as the experiment progressed, and the sediment yield could be calculated by a linear equation with two unknowns and a high determination coefficient. There was a significant exponential relationship between the sediment yield and the cumulative flow energy consumption, illustrating that the cumulative flow energy consumption could be used to estimate the sediment yield in the headcut erosion process.
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Figure Legends
Figure 1 Location of the study area
Figure 2 Severe headcut erosion on the loess tableland and gully region
Figure 3 Sketch map and experimental processes of the simulated experimental plot
Figure 4 Kinetic energy values in the upstream catchment area and downstream gully bed under different slope gradients and flow discharges
Figure 5 Kinetic energy variation induced by the gully head
Figure 6 Potential energy variations in the downstream gully bed over the time of the experiment
Figure 7 Potential energy at the bottom of the downstream gully bed under different slope gradients and flow discharges
Figure 8 Flow energy consumption at the gully head under different slope gradients and flow discharges
Figure 9 Flow energy consumption of the total plot under different slope gradients and flow discharges
Figure 10 The flow energy consumption values of the gully head and the total plot
Figure 11 Sediment yield in different time periods
Figure 12 Sediment yield under different slope gradients and flow discharges
Figure 13 Measured versus calculated sediment yield
Figure 14 The relationship between the cumulative flow energy consumption and the sediment yield
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