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Abstract

The velocity correction coefficient is the key to calculate the mean velocity of overland flow, which is a parameter of slope soil erosion process model. Therefore, this paper systematically studied the variation mechanism of the correction coefficient under 5 kinds of slope, 5 kinds of flow rate, 5 kinds of roughness, 9 kinds of gravel coverage and 3 kinds of rainfall intensity conditions based on fixed-bed resistance and simulated rainfall test. The results showed that the relationship between the coefficient and the slope was the inverse function, and its influence on the correction coefficient was weak when the slope was steeper than 10°; both Reynolds number and rainfall intensity could promote the increase of correction coefficient; the relationship between correction coefficient and the submergence degree was in the form of logarithm function, which was alos the same as Reynolds number, but the response of the correction coefficient to both was just opposite. The research results provide the theoretical basis for the accurate selection of velocity correction coefficient, which has important theoretical and practical significance for the investigation of soil erosion power and sediment carrying mechanism of overland flow related to the mean velocity. 
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0 Introduction

China's Loess Plateau is formed after water and wind erosion and more than two million years of loess deposition. The Loess Plateau is famous for its unique landform, which is a typical soil erosion area in China, and has been widely concerned by the government and academic circles (Ostwald & Chen, 2006; Chen et al., 2013; Hou et al., 2014). Soil erosion on the loess plateau causes farmland loss, river reservoir siltation and potential flood disaster in the Yellow River basin (Hessel et al., 2003; Liu et al., 2006). It is well known that the source of soil erosion is rainfall, and the overland flow from rainfall is the main part of erosion power (An et al., 2012). Therefore, the study of hydrodynamic characteristics of overland flow is the theoretical basis for deep understanding of soil erosion mechanism, in which the mean flow velocity is an important parameter of slope hydrodynamic characteristics and is the basis for calculating other hydrodynamic parameters, which is directly related to soil separation, sediment transport and deposition process of slope erosion (Zhang et al., 2008; Yang et al., 2018a; Rahma et al., 2013). 

Worldwide, many techniques have been used to estimate the mean velocity of overland flow, such as dye tracing (Takken & Govers, 2000; pan et al., 2016; Wang et al., 2019), hot film velocimetry (Ayala et al., 2000), pulse method (Lei et al., 2005, 2010). However, each technique was developed under laboratory controlled conditions with certain limitations. Dye tracing method is a common method for a long time in the measurement of overland flow velocity, but this method cannot overcome the error caused by manual timing and visual observation. Later, scholars improved the dye tracer method and put forward the salt-liquid tracer method, which reduced the error caused by manual timing and visual observation to some extent. However, it was only suitable for the observation of concentrated water flow and rill water flow, but not for the measurement of the flow velocity of slope runoff with shallow water depth. Hot film velocimetry cannot be used to measure the velocity of sediment-laden flow, since thin layer of quartz can be abraded by sand particles or coated by colloidal deposits. With the extensive study of overland flow velocity and the development of science and technology, some of the more advanced methods have emerged gradually (Liu et al., 2001; Dunkerley, 2003), which are mainly represented by optical-based (e.g. photography or laser, etc.) and combined with automated techniques (e.g. image analysis system, binary fiber laser Doppler flow meter, etc.). However, the feasibility and accuracy of these measuring instruments for measuring the flow velocity of high sediment should be further studied because of their precision, high price, high maintenance cost and harsh conditions. In view of the limitations of these techniques, dye tracing is still used to measure overland flow velocity. Although this method has some defects, it is widely used in the field and indoor, clean water and muddy water, and its main advantage is that it can be applied without any instruments (Wirtz et al., 2010, 2012). Mean velocity is generally estimated by multiplying the surface flow velocity by a correction factor, α, where the surface flow velocity is identified by the leading edge of the tracer plume (Di Stefano et al., 2018). Some studies have shown that the velocity correction coefficient varies with flow rate, slope, bed roughness, etc. For example, Li et al. (1996) used the dye tracing technique to measure the flow velocity in the rough flume, and a prediction model was established by stepwise multivariate regression analysis based on the data collected in the test, thus proposing an alternative method for estimating α. The results showed that correction factor varied inversely with slope (S) and directly with Reynolds number (Re), but their subsequent experiments found that the value of α did not change with the gradient (Li et al., 1997). Ali et al. (2012) studied the effect of slope, particle size, and flow rate on α through the flume test. The experimental results showed that the average value of α increased with the increase of particle size, but the effect of slope on α was not significant. When the median particle size were 0.230, 0.536, 0.719 mm, the α value was 0.44, 0.77, 0.82, respectively. So far, scholars have mainly explored the effect of slope, flow rate, water depth, roughness on α, but rarely consider the contribution of large-scale roughness sources and rainfall intensity to α. Overland flow often occurs during rainfall, and the disturbance of raindrops may have a great influence on the surface velocity. In addition, the large-scale roughness sources such as weeds and gravel on the slope sometimes also affect the vertical velocity distribution of overland flow, so the consideration of these factors is of practical significance. As for the function expression of α, few parameters such as roughness and rainfall intensity were taken into account, and all parameters in the expression were basically in the form of logarithm function, without considering the most suitable functional relationship between each parameter and α.
In order to accurately measure the velocity correction coefficient, it is necessary to know the mean velocity of overland flow, which is determined by the ratio of flow rate to water depth. Because of the unstable flow direction under the field conditions, the mass source and the momentum source along the path are imported and separated, and the flow rate is constantly changing, so the mean flow velocity cannot be indirectly obtained by the measurement of water depth. In view of this, this test specially designed indoor sink scour test. Many researchers (Holden et al., 2008; Ali et al., 2012) believed that the relationship between α and slope is not significant under the condition of clear water, and considering the prevalent existence of 15° steep slope condition in the Loess Plateau, the effect of flow, roughness, gravel cover and rainfall intensity on α was mainly studied on this slope. For the study of flow velocity, scholars paid more attention to the mean velocity, but seldom consider the influence of different working conditions on the surface flow velocity. In order to understand the change mechanism of α, it is necessary to study the evolution of mean velocity and surface velocity systematically. The main purposes of this experiment were as follows: (1) to study the effect of slope, flow rate, roughness, coverage and rainfall intensity on mean velocity, surface velocity and α; (2) to determine the optimal function form between α and the above parameters; (3) to establish the functional expression of α by stepwise multivariate regression.

1 Materials and Methods

1.1 Testing apparatus
The experiment was carried out in the laboratory of the Institute of Soil and Water Conservation Engineering in Northwest A&F University, China. In order to ensure that the flow along the path did not change, and to facilitate the measurement and control of its boundary conditions, a fixed bed resistance test scheme was designed for the overland flow. The fixed bed meant that the bottom roughness of the flume remained the same during the test, and the flow cannot change the roughness of the flume during the test, which cannot only simulate the natural surface roughness, but also eliminate the influence of the surface roughness change on the test law.

As shown in figure 1, the test device included a rainfall device and a test flume device. The water source of the rainfall device was supplied by two water tanks with 6 m3 capacity on the roof of the laboratory, which was connected to the rainfall device through the main water pipe. In order to ensure sufficient rainfall pressure in the course of rainfall, a pipeline pump was added to the water supply pipeline with a water supply pressure of 2.7 kg/cm3. The rainfall device was 12 m above the ground, and the range of rainfall intensity that could be simulated was 12 to 180 mm/h with a uniformity of more than 0.7 on an area of 20 m2. Raindrop gradation, raindrop kinetic energy was close to the natural rainfall, which could simulate a variety of rainfall intensity change processes similar to the natural rainfall process. The rain sprinklers adopted the down-spray type X nozzle, which could control the rainfall intensity by changing the opening of the sprinkler cover plate and the combination of each nozzle.
 The flume device was mainly composed of four parts: water supply device, steady water device, test flume and water return device. The water supply device consisted of the pipe pump, electromagnetic flowmeter and wire pipe. The pipe pump can ensure the flow rate designed by the test, and flow rate of the pipe pump could be controlled and monitored by the electromagnetic flowmeter with a range of 0~ 6 m3/h and an accuracy of 0.4%. Steady water device included a constant head feed tank, a steady flow tank, a leveling facility and a peristaltic pump. The steady flow tank was arranged in the inlet section of the test tank with a steady flow grid inside to prevent the influence of the influent flow disturbance, and the outlet was on the same horizontal plane as the top of the test tank. During the test, the outlet of water pipe was inserted into the steady flow water tank to form submerged flow, thus achieving the goal of eliminating flow energy. The steady flow tank was a hump weir followed by a test flume. The peristaltic pump adjusted flow rate range from 0 to 10 L/min, which could be adjusted to the required flow rate. The test flume was made of plexiglass and designed with a rectangular structure with a size of 6 m × 0.5 m × 0.25 m. The flume slope was controlled by pulley device and brake system with a control range of 0°~30°. Because of the small water depth in the test tank, hydraulic characteristics were easy to change significantly due to the interference of external factors, so the quality of the production and placement of the test tank should be strictly required. When installing the tank glass groove surface, it was necessary to strictly control the flatness of the test tank surface along the path and carefully handle the joint between the plexiglass, so that the flow through the joint was even and smooth and there was no obvious local disturbance. A special cleaning agent was used to clean the organic glass surface so as to remove residual dirt on the bed surface. The results showed that there was no local disturbance and the water depth could be evenly distributed along the slope width at any section of the tank. To ensure that the roughness of the bottom and side walls of the glass tank remained constant in each test, the dirt on the tank surface and inner wall was carefully cleaned with detergent before each test.

1.2 Test design

The test included variable slope and fixed slope test schemes. The variable slope test was carried out on a smooth bed surface with a slope range of 5° ~ 25°. Considering that steep slope is common in the Loess Plateau, the experimental study of rough bed surface and rainfall experimental was focused on the 15° slope condition. In order to simulate the roughness of the natural underlying surface and to ensure that the roughness had a certain gradient change, the roughness was realized by the combination of water-sand cloth and sediment. The adhesive water-sand cloth included 240, 120 and 24 mesh, and the converted particle size was 0.061, 0.120, 0.700 mm respectively. The pasted sediment with median diameter of 1.770 mm and 3.680 mm was obtained by natural air drying and then passing through 3 mm sieve and 5 mm sieve, respectively. The coverage test was carried out with gravel with an equivalent diameter of about 2 cm to ensure that the flow was in a non-submerged state. In order to make the coverage range as large as possible, 300 ~ 2200 pieces of gravel were laid at the bottom of the flume, and corresponding coverage were 6.28%, 10.46%, 14.65%, 18.84%, 23.02%, 27.21%, 37.58%, 41.86%, 46.05%. According to the loess plateau frequent erosive rainfall range and runoff situation, and combined with the size of the scour tank to determine the design flow rate was 5, 10, 15, 20, 30 L/min, respectively. The Loess Plateau is a temperate monsoon climate with annual rainfall of about 200~700 mm. According to statistics, the Loess Plateau's erosive rainstorms are mostly concentrated in June, July and August, and one rainstorm often accounts for 30% or more of the annual rainfall. The rainstorm less than 1 h accounts for about 40% to 70%, and the rainstorm below 3 h accounts for 70% to 80%. Considering the annual rainfall of the loess plateau and the maximum rainstorm intensity over the years, the design rainfall intensity of this experiment was i= 60, 90, 120 mm/h, respectively.

1.3 Experimental method
Flow rate and rainfall intensity calibration sat first before each test began. The flow rate was controlled by the flow meter and valve, and required flow rate was calibrated by the weighing mass method. The rainfall intensity was obtained from the opening of the nozzle cover plate and the combination of each nozzle. In the test area, the beaker was evenly arranged to collect rainfall and measure it by volume method. The uniformity of rainfall was calculated to be more than 85%, and the actual rainfall intensity was within the allowable error range of the design rainfall intensity.

Firstly, the variable slope test was carried out, and the slope changed step by step from 5°. When the overland flow was stable, the flow velocity and depth began to be measured. The 6 m long flume was divided into 6 equal parts along the path, and 2~3, 3~4, 4~5 m was selected as the observation section from top to bottom. Each observation section was divided into three parts with 10.0 cm, 25.0 cm and 40.0 cm from the side wall. The surface flow velocity was measured by dye tracer method, and the water depth was measured by SX402 digital display needle meter produced by Chongqing Hydrological Instrument Factory with a precision of 0.01 mm. Each group of working conditions was measured three times, and 27 sets of test data were averaged as the average surface velocity and water depth in that operating condition. The thermometer degrees were read before and after the test in order  to calculate the flow viscosity coefficient. When carrying out the fixed slope test, the test slope was fixed at 15°, and the water-sand cloth or sediment particles were pasted on the bed surface to change the roughness. The large rough unit bed surface was to first paste a layer of sandpaper on the plexiglass bed surface, then lay gravel on its foundation with arranged in plum blossom shape.

1.4 Calculations of Hydraulic Parameters

1) Mean velocity. The mean velocity is a very important parameter in the hydrodynamic elements, and it is the main measure of the flow intensity. According to the flow continuity equation, the mean velocity u can be solved by using the measured average water depth h. The formula is as follows:
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Where u is the mean velocity (m/s); Q is the test flow rate (m3/s); h is the measured mean water depth (m); and b is the flume width (m).

2) Velocity correction coefficient.
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    Where α is the velocity correction coefficient and v is the surface velocity (m/s).
3) Reynolds number. Reynolds number is the ratio of inertial force to viscous force, and it is the important discriminant parameter of flow pattern. The larger the Reynolds number, the greater the inertial force, which meant the possibility of turbulence is great. The formula is as follows:
	
[image: image3.wmf]Re/

uR

n

=


	(3)


Where R is the hydraulic radius (m); ν is the coefficient of motion viscosity.

4) Kinematic viscosity coefficient. Kinematic viscosity coefficient is the ratio of the dynamic viscosity coefficient μ to its density ρ.It has no special physical significance, and because of its kinematic dimension, it is called the kinematic viscosity coefficient. The formula can be expressed as:
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Where t is temperature, °C.

5) Hydraulic Radius R.
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Where A is the area of the cross section (m2); χ is the wet cycle (m), that is, the circumference of the contact between the fluid and the solid wall on the cross section. The flume used in this test was rectangular structure, so wetted cross-sectional area 
[image: image6.wmf]=(

 

)

 

AhwFlume

width

´

, wet cycle
[image: image7.wmf]2

hw

c

=+

, and formula (5) may become
[image: image8.wmf]/(12/)

Rhhw

=+

.
6) Nash-Sutcliffe efficiency coefficient. NSE was generally used to verify the results of hydrological model simulation, and the formula is as follows:
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Where Oi is the ith observation value; Om is the average of n observation values; Pi is the ith simulation value. The value range of NSE is -∞ ~ 0, and NSE is close to 1, indicating that the model has good quality and high reliability; NSE is close to 0, indicating that the simulation result is close to the average level of the observed value, that is, the overall result is credible, but the process simulation error is large; if NSE is far less than 0, the model is not credible.
2 Result

2.1 Effect of slope on velocity correction coefficient
The velocity correction coefficient is a parameter commonly used in the study of overland flow velocity, which represented the ratio of mean velocity to surface velocity, and can indirectly reflect the variation of vertical velocity distribution of overland flow. In general, the value of α was larger, the flow velocity distribution was more uniform. The variation of velocity correction coefficient depended on the sensitivity of mean velocity and surface velocity to external factors, so it was necessary to first analyze the variation of surface velocity and mean velocity with slope so as to grasp the mechanism of velocity correction coefficient more clearly. Table 1 showed the data of mean flow velocity, surface flow velocity and α under different slope and flow rate conditions, and figure 2 showed the evolution law of mean velocity and surface velocity with slope under different flow rate conditions intuitively.

Figure 2(a) showed the change process of the mean velocity with the slope under different flow rate conditions. It could be seen from the diagram that under the same flow rate conditions, with the slope gradually increased, the mean velocity also gradually increased. However, according to the slope of the curve, the effect of the slope on the mean velocity was different under different flow rate conditions. When the slope was slow, the mean velocity increased little with the increase of the slope. For example, when Q= 5 L/min, the slope increased from 5° to 15°, and the mean velocity changed 0.02 m/s; when Q= 30 L/min, the slope increased from 5° to 15°, and the mean velocity changed 0.06 m/s. As the slope continued to increase, the effect of the slope on the mean velocity under larger flow rate condition was highlighted. For example, as the slope increased from 15° to 25° and the flow rate increased from 5 L/min to 30 L/min, the mean velocity changed in turn to 0.035, 0.084, 0.091, 0.158, 0.200 m/s. The above rule meant that the effect of slope on the mean velocity was weak under the condition of gentle slope, but the contribution of slope to the mean velocity was significant under the condition of steep slope and large upstream flow rate. According to the traditional hydraulics view, the mean velocity should be the power function of flow rate and slope. Whether it is the Chezy formula of laminar flow or the Manning formula of turbulence, the mean velocity is defined as the power function of water depth and slope. From this experiment, it could be seen that the mean velocity under the condition of steep slope was a function of the slope and the flow rate, whereas in the gentle slope, it was only related to the flow rate and was not sensitive to the change of the slope. The reason might be related to the ratio of potential energy to kinetic energy in cross-section. When the slope S≥ 15°, the inertial force of the flow was large, and the average kinetic energy played a leading role in the cross-section ratio energy. The larger the flow rate, the greater the proportion of kinetic energy in the cross-section energy, so the contribution of the slope to the mean velocity increased gradually. When the slope was slow, the potential energy was dominant in the cross-section ratio energy, resulting in the weak effect of the change of the slope on the mean velocity.

Figure 2(b) showed the variation process of surface velocity with slope under different flow rate conditions. As with the mean velocity, the surface velocity also increased gradually with the increase of slope. The difference was that the surface velocity was related to the slope under the condition of gentle slope, and its variation was significant with the increase of slope. From the relationship between the mean velocity and the slope, it could be seen that the effect of the slope on the mean velocity was related to the flow rate, while observing the changing trend of the curve in figure 2(b), it was found that the relationship between the surface velocity and the slope was also affected by the flow rate to some extent. When the flow rate was small, the surface velocity gradually tended to be stable as the slope increased. As the flow continued to increase, this phenomenon disappeared and the surface velocity increased steadily. For example, when the flow rate was 5 L/min and the slope increased from 5° to 25°, the increase of surface velocity was 0.101, 0.140, 0.173, 0.082 m/s in turn; when the flow rate was 30 L/min and the slope increased from 5° to 25°, the increase of surface velocity was 0.131, 0.233, 0.345, 0.294 m/s in turn. To sum up, the change trend of mean velocity and surface velocity was basically the same, but the sensitivity to slope change was different.

Table 2 presented the relevant data of the velocity correction coefficient under different flow rate and slope conditions. It could be seen that under different flow rate conditions, the velocity correction coefficient was inversely related to the slope change. When the slope increased, α decreased, which meant that the surface velocity was more sensitive to the slope change than the mean velocity. To further explore the functional relationship between slope and α, 8 kinds of curve fitting functions were performed by SPSS 22.0 software in this paper.

The model results at flow rate of 5 L/min were presented in table 3. It could be seen from the fitting results that the determinable coefficients of the inverse model and the S-type function were both higher and the probability P value was 0, which indicated that the inverse model and S-type were statistically significant and the fitting effect was better. The above eight curve fittings were also carried out for the relevant data under the remaining flow rate conditions, and it was found that the inverse model was the optimal function form between the slope and α. Figure 3 showed the fitting effect of the inverse model under different flow rate conditions. The function form indicated that α decreased gradually with the increase of slope, and the value of α tended to be stable under the condition of large slope.
2.2 Effect of Reynolds number on velocity correction coefficient

For overland flow, the water depth was generally only a few millimeters, so the 2h/w in formula (5) could be approximately equal to 0, and the hydraulic radius of overland flow could be approximately equal to the water depth. If the temperature difference is not too large during the test, the kinematic viscosity coefficient is basically constant. To sum up, formula (3) could be changed to 
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 for overland flow, which meant that the change of flow rate could be characterized by Re.

Table 4 showed the correlation values of the mean velocity and the surface velocity under different flow rate and roughness conditions. It could be seen from the table that under different roughness conditions, the mean velocity increased with the increase of flow rate. For example, when the bed surface roughness size was 0.061 mm, the mean velocity u= 0.10, 0.18, 0.27, 0.31, 0.39 m/s under different flow rate conditions, and the increase of the mean velocity between the adjacent flow rate was 0.08, 0.09, 0.04, 0.07 m/s, which showed a positive correlation between the upstream flow rate and the mean velocity. The possible reason for this phenomenon was that, in terms of energy, the total potential energy of the flow increased with the increase of the flow rate. According to the law of conservation of energy, the gravitational potential energy of the flow was converted into kinetic energy which was proportional to the square of the flow velocity, so the average flow rate increased with the increase of the flow rate. From the analysis of mechanical perspective, with the increase of the flow rate, the inertia force along the path increased, and the influence of the bed surface roughness on the whole flow decreased, so the downward acceleration and the mean velocity of the flow increased.

From table 4, it could be seen that for the surface velocity under different roughness conditions, which also gradually increased with the increase of the flow rate. For example, when ks= 0.120 mm, the surface velocity v= 0.54, 0.55, 0.58, 0.68, 0.72 m/s under different flow rate conditions, and the increase of surface velocity between adjacent flow rate was 0.01, 0.03, 0.10, 0.04 m/s, respectively. The reason was that, in addition to the transformation of the potential energy mentioned above, it might also be related to the weakening of the water surface affected by the bed roughness. Generally speaking, the roughness of the bed surface and the large velocity gradient near the bed surface are easy to produce the vortex (Minaev et al., 2005). The displacement of vortices to the water surface would inhibit the surface velocity, but not all the vortices produced by the bed surface could move to the water surface. During the upward migration, some vortices would be destroyed by the viscosity of the water body and disappear. With the increase of the flow rate, the water depth increased gradually, and the vortex was affected by the viscosity of the flow, so the number of vortices reaching the water surface decreased. Therefore, with the increase of flow rate, the inhibition effect of roughness on surface velocity gradually weakened.

It could also be seen from table 4 that the larger the flow rate under different roughness conditions, the greater the velocity correction coefficient, which meant that under the same underlying surface conditions, the contribution of the flow rate to the mean velocity was relatively large, and the growth rate of the mean velocity was more significant, so the vertical velocity distribution of the overland flow tended to be uniform. The phenomenon might be related to the flow state in which the flow was located. As the flow rate increased, the flow gradually transitioned from the laminar zone to the turbulent zone. The laminar particle flowed in a regular trajectory, and there was no exchange of momentum between layers. However in the turbulent flow, the liquid particles were mixed each other, and the particle at the water surface often exchanged momentum with the particle with a smaller velocity, so the growth rate of the surface velocity slowed down and gradually approached the mean velocity. 

It could be seen from the table that when the bed surface was smooth and the flow rate varied from 5 L/min to 30 L/min, the Re increased from 169.8 to 1043.97 and the corresponding α increased from 0.165 to 0.389. Horton theoretically gave α= 0.67 for a fully laminar flow with an infinitely wide smooth bed in 1934. Later, in 1978, Emmett carried out a water scour test on a smooth bed with a slope of 0.33% to 7.75% (0.2° to 4.5°), giving the laminar flow α= 0.53. From this paper, it could be seen that when the bed surface was smooth, the maximum value of α was also only 0.389, which was obviously less than 0.53 and 0.67 and the cause of this result might be related to the slope. In this paper, it was found that with the increase of slope, the value of α generally decreased, and especially the effect of slope change on α was more significant under the condition of gentle slope. Compared to the steep slope condition of 15°, both Horton and Emmett's tests were carried out under gentle slope conditions, so the α value obtained in this paper was small and the vertical velocity gradient was relatively large.

2.3 Effect of roughness on velocity correction coefficient

It could be seen from table 4 that the surface velocity and mean velocity decreased with the increase of roughness. In order to reflect the variation law of surface velocity and mean velocity more intuitively, the relative data under different roughness and flow rate conditions were plotted in Fig.4.
Figure 4(a) showed that the mean velocity decreased gradually with the increase of roughness under different flow rate conditions. The reason was that the flow overcame resistance to do work under the solid wall constraint and the protruding block, resulting in the loss of mechanical energy, and the larger the roughness, the loss of water energy was greater. In addition, from the slope of the curve, it could be found that when the roughness was small, the change rate of flow velocity was large, but with the increase of roughness, the change range of flow velocity gradually decreased and tended to be stable. For example, when Q= 15 L/min, the roughness increased from 0.061 mm to 0.700 mm, and the mean flow velocity decreased from 0.27 m/s to 0.17 m/s; when the roughness increased from 0.700 mm to 3.680 mm, the mean velocity decreased from 0.17 m/s to 0.16 m/s, and the effect of the roughness on the mean velocity was very small. The reason might be that when the roughness was large, the particle size at the bed surface was in the same order of magnitude as the water depth, and the resistance of the roughness to the flow acted on the whole water depth range, so the increasing roughness would not make the mean velocity change significantly.

From figure 4(b), as with the mean velocity, the surface velocity also gradual decreased with the increase of roughness. The difference was that when the roughness was large, it still contributed to the surface velocity. In the range of 0.061 to 0.700 mm of roughness, the change rate of surface flow velocity was relatively fast. When the roughness was in the range of 0.700 to 1.770 mm, the surface velocity changed little, and the influence of roughness was weak. When the roughness size exceeded 1.770 mm, the surface velocity was negatively correlated with the roughness. For example, when Q= 15 L/min, ks< 0.700 mm, the surface velocity decreased from 0.69 m/s to 0.52 m/s with a variation of 0.17 m/s, and the effect of roughness was significant; when the roughness increased from 0.700 mm to 1.770 mm, the surface velocity was basically stable, and the roughness in this range contributed very little to the surface velocity. As the roughness continued to increase, the influence of roughness became apparent, and the surface velocity decreased from 0.52 m/s to 0.4 m/s, but was slower than that of the surface velocity at small roughness. When the roughness exceeded 1.770 mm, the particle units on the bed surface were already close to the water surface, and the effect on the water surface increased gradually. Experimental results showed that when the particle size was 3.680 mm, except for the flow rate of 30 L/min, the other flow rate conditions were non-submerged flow, and some particle units protruded out of the water surface. When the rough unit protruded from the water surface, the blocking effect on the surface velocity was obvious, and the vertical velocity distribution tended to be more uniform.

As could be seen from table 4, when the roughness ks≤ 1.770 mm, α basically decreased with the increase of roughness, which meant that the effect of roughness on the mean velocity was more significant, and the rate of decrease of the mean velocity was faster. From the microscopic point of view, the surface roughness and the large velocity gradient near the bed surface were easy to produce vortices. Compared with the blocking effect of the rough unit itself, the resistance of the vortex was relatively weak, so the decrease of the surface velocity was not as strong as the mean velocity. As ks grew from 1.770 mm to 3.680 mm, the corresponding α increased, which might be attributed to the formation of non-submerged flow as the particle units protruded out of the water surface. The flow at the surface was directly affected by the rough unit, which had a significant effect on the surface velocity, so the vertical flow velocity distribution tended to be uniform.

Considering that the resistance form of water flow at the roughness of 3.680 mm was morphological resistance (in addition to the friction between the bed surface and water flow, it also included the separation eddy current and the energy of secondary dissipation produced by larger roughness units such as microtopography, vegetation, gravel, etc.), the relationship between roughness and α might change, so the optimal function form in the roughness range of 0.061 ~ 1.770 mm was only considered in the study of the relationship between roughness and α. The effect of roughness on flow was directly related to flow rate, so a dimensionless parameter Δ (submergence degree) = ks/h (water depth) was constructed before fitting the curve. The optimal function form between slope and α was obtained by SPSS 22.0 software, and in order to determine the optimal function form between submergence and α, the curve fitting of 8 functions was also carried out in this paper. By fitting the relevant data under different flow rate conditions, it was found that the optimal function between submergence and α was in the form of logarithmic function, and the fitting equation under each flow rate condition was shown in table 5.

2.4 Effect of gravel coverage on velocity correction coefficient

From the analysis of table 4, it could be seen that when the equivalent diameter of the sediment pasted on the bed surface was 3.680 mm, some sediment would protrude the water surface to form non-submerged flow, and the particle unit at the bed surface significantly affected the surface velocity, thus the velocity correction coefficient tending to increase. Considering the existence of some large-scale rough sources such as weed and gravel on the slope surface, it was of practical significance to study the velocity correction coefficient of non-submerged flow. Figure 5 showed the variation of mean velocity and surface velocity with the increase of gravel coverage under different flow rate conditions.
Figure 5 presented the variation trend of mean velocity and surface velocity under 5 flow rates and 9 gravel coverage conditions. It could be seen from the graph that under the same coverage, the mean velocity and surface velocity increased with the increase of the flow rate. For example, when Cr= 14.65%, Q= 5, 10, 15, 20, 30 L/min, the mean velocity was u= 0.15, 0.24, 0.34, 0.37, 0.46 m/s and surface velocity was v= 0.24, 0.41, 0.46, 0.60, 0.70 m/s, respectively. Regarding the effect of coverage on the mean velocity and surface velocity, as could be seen from the trend lines in figures 5(a) and 5(b),  the mean velocity and surface velocity were positively correlated with gravel coverage. In general, when the flow went through large-scale rough units such as vegetation or gravel, a vortex was formed at its tail to hinder the increase of the flow velocity. However, the flow velocity would increase according to the continuity equation because the gravel narrowed the cross section of the water flow.

From figure 6, it could be seen that the gravel coverage had a significant effect on the flow turbulence strength, and Re also gradually increased as the coverage increased. Especially when the flow rate was large, the disturbance effect of gravel on the flow was more significant, and the Reynolds number increased faster with the increase of coverage. The above law might be due to the influence of the large rough unit. On the one hand, the movement of the overland flow along the path was undulating, which led to the change of the turbulence of the overland flow, resulting in the drastic change of the dynamic characteristics of the overland flow along the path; On the other hand, overland flow cannot submerge the large rough unit, and the phenomenon of the flow around the large rough unit occurred obviously, which made the distribution of the overland flow, the water depth and the flow velocity around the large rough unit also had a complex change, leading to the obvious change of the mechanical properties of the overland flow in the local area. This phenomenon increased with the increase of gravel cover, thus increasing the turbulence intensity in the flow.

It could be seen from the above that the velocity correction coefficient increased obviously when the bed roughness was partially protruded to form non-submerged water flow. Under the condition of gravel coverage, the value of α was above 0.45, up to 0.8, which indicated that the correction coefficient in the non-submerged state increased significantly and the gradient of the vertical flow velocity changed less. With the increase of gravel coverage, α was basically increasing, which meant that gravel had a more significant effect on the mean velocity. The optimal function form between gravel coverage and α was studied by SPSS 22.0 software, and among the eight curve fittings, the S-type function had the best fitting effect. The relevant results were shown in figure 7.

The fitting equation showed that α increased first and then slowed down with the increase of coverage. When the coverage was small, the effect of gravel on the mean velocity was relatively large, and α showed a steady increasing trend. When the coverage increased to a certain extent, the effect of gravel on mean velocity and surface velocity was comparable, and the trend of α became slower and more stable gradually. It could be seen from the graph that the variation law of each curve corresponding to different flow rates was basically consistent, which meant that when the flow was in a non-submerged state, the change of flow rate had a weak effect on α, and α was mainly controlled by gravel coverage. According to the form of the optimal function between gravel coverage and α, the general equation between them was as follows:
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The fitting expression after introducing Reynolds number was as follows:
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The determinable coefficient of the expression after the introduction of the Reynolds number increased from 0.748 to 0.766, only increasing by 2.4%, which could be seen that velocity correction coefficient in the non-submerged state was mainly affected by the coverage, while the contribution of the Reynolds number was weak.

2.5 Effect of rainfall intensity on velocity correction coefficient

Overland flow commonly occurs when it rains. The flow during the early stage of rainfall is subjected to raindrop impact, and the raindrop disturbance could alter water depth and surface velocity, so the effect of rainfall on velocity correction coefficient should be considered. Figure 8 showed the variation of mean velocity under rainfall test.
It could be seen from the diagram that the existence of rainfall would not affect the basic trend of mean flow velocity, and with the increase of flow rate, the mean velocity of different rainfall intensity increased gradually. It was found by observing each subgraph that the mean velocity at i= 0 mm/h was smaller than the value at the rest of the rainfall intensity, which meant that the presence of rainfall could increase flow energy and velocity along the path. On the whole, with the continuous increase of rainfall intensity, the mean velocity showed a gradual increasing trend, which was especially significant under the condition of large roughness or small roughness and flow rate. For example, when ks= 0.120 mm, Q= 5 L/min, the mean velocity was 0.09, 0.14, 0.16, 0.18 m/s with the increase of rainfall intensity, and when Q> 15 L/min, the change law disappeared. However, this rule still remained when ks= 1.770 mm and flow rate Q> 15 L/min. For example, when Q= 30 L/min, with the increase of rainfall intensity, the mean velocity was 0.27, 0.31, 0.32, 0.32 m/s in turn. The cause of this phenomenon might be attributed to the influence degree of bed surface roughness on the water body. The above analysis indicated that when the bed surface roughness ks was in the range of 1.770 to 3.680 mm, especially when ks= 3.680 mm, it was able to significantly affect the flow within 30 L/min. In this roughness range, there was a significant positive correlation between rainfall intensity and mean velocity under different flow rate conditions, which meant that the disturbance effect of rainfall on the water body was suppressed under the condition of large roughness, so the relationship could be well demonstrated.

Figure 9 showed the variation of surface velocity under rainfall test conditions. It could be seen from the graph that the variation law of each curve under different roughness conditions was basically the same, but the curve corresponding to i= 0 mm/h gradually went up. The curves were staggered under different rainfall intensity, which meant that the disturbance effect of raindrops on water surface was obvious, so the variation of surface velocity with rainfall intensity was not significant. When the roughness increased from 0.061 mm to 3.680 mm, the corresponding curves under non-rainfall conditions gradually moved up, which meant that the “reducing resistance” effect of rainfall on the surface velocity was dominant in small roughness, and the phenomenon of “increasing resistance” of rainfall was gradually obvious with the increase of bed surface roughness.

To sum up, the existence of rainfall promoted the increase of mean velocity, and the greater the rainfall intensity, the greater the mean velocity, which reflected the “reducing resistance” effect of rainfall. For the surface velocity, there was a certain phenomenon of “increasing resistance” of rainfall, and especially under the condition of large roughness, the existence of rainfall even reduced surface velocity slightly. From the above analysis, the effect of rainfall on the surface velocity was more significant than that of the mean velocity, indicating that the existence of rainfall might promote the distribution of vertical velocity to be more uniform. A paired sample t test was used in table 6 to analyze the difference of the velocity correction coefficient in the non-rainfall and rainfall test under the same roughness and flow rate conditions.

Since the rainfall test was based on the same roughness and flow rate conditions, this paper determined whether the presence of rainfall significantly changed the velocity correction coefficient by paired sample t test. It could be seen from the table that the probability P value was less than the significant level 0.05 under most working conditions, which meant that the original assumption was not true (the existence of rainfall would not significantly change velocity correction coefficient), so the influence of rainfall on α was significant, and vertical flow velocity distribution tended to be uniform. From the probability values under each flow rate condition, it could be seen that when Q= 30 L/min, the probability P value was generally higher than 0.05, which meant that the effect of rainfall on flow was weak. The effect of rainfall was mainly to give flow rate and energy, but as the upstream discharge increased gradually, the proportion of flow rate provided by rainfall to the total flow rate decreased, thus weaking the influence of rainfall. Considering that the different flow rates might affect the correlation between rainfall intensity and α, a dimensionless parameter D= 0.05 * i/Q (where 0.05 referred to the bottom area of the flume test section) was constructed before data fitting.

Using SPSS 22.0 to fit the dimensionless parameter D (disturbance intensity) with α in eight curves, the fitting effect of growth function and exponential function was the best. In order to further determine the optimal form of the two functions, the multivariate regression analysis of the relevant data under the rainfall test conditions showed that the fitting effect was better when the growth function was selected as the optimal function. The expression was as follows:
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From the fitting function, it could be seen that the contribution of Re to α was more significant than that of submergence.

2.6 Effect of slope and verification of formula

 Stepwise regression analysis was carried out on 25 groups of test data (table 1) in this paper under smooth surface conditions, and the results were shown below.
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For formula (10), the determinable coefficient was 0.965, which indicated that the correction coefficient could be well expressed by slope and Reynolds number under the smooth surface condition. From formula (10), it could be seen that the value of 0.463/S was 0.093 when S= 5°, while the value was significantly reduced when S= 10°, only 0.046, which meant that the effect on α might not be obvious when the slope was greater than 10°. To verify this conjecture, the curve fitting of logarithmic form yielded a determinable coefficient R2= 0.850 between α and Reynolds number, whereas when the slope was steeper than 10°, the determinable coefficient between α and Reynolds number reached 0.901, which meant that after the slope exceeds 10°, the change of α might be largely only related to the flow rate, and the contribution of slope to α was very small. The above conjecture could also be verified by the change rate of α, for which the relevant data in table 1 were further processed and listed in table 7.
The variation rate of α in table 7 referred to the ratio of the amount of α induced by each increase in the slope of per 5° to the original slope condition. From the variation of α under different flow rate conditions, it could be seen that the contribution of slope to α was very small, and especially when the slope was steeper than 15°, the variation rate of α under different flow rate conditions was basically less than 0.1. 

A multi-step regression analysis of 20 groups of test data under the condition of fixed slope was carried out, and the model was as follows:
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For formula (11), its determinable coefficient was 0.942, which similarly indicated that the regression relationship between independent and dependent variables in the model was close. Formula (11) satisfied the solution of α with slope steeper than 15º. When the slope was slower, the result might be slightly smaller. For formulas (8), (9), (10), (11), their determinable coefficient were 0.766, 0.638, 0.965 and 0.942. In order to further verify the fitting effect of the formula, two statistical coefficients, such as deviation (the ratio of calculated value to measured value) and NSE coefficient, were used to further evaluate the predicted results of the formula. The comparison relationship between α value calculated by the multivariate regression formula and the measured value was shown in figure 10 and table 8.
From figure 10(a), it could be seen that the fitting effect of the model was better, and the calculated values were within the allowable deviation range. It was found that the fitting effect of the model was more accurate when α was lower than 0.65, and the deviation of the calculated value increased when α was larger. Combined with the relationship between coverage and α shown in figure 7, it could be seen that the calculated values obtained when the gravel coverage was below 20% could be very good to the actual value. According to the figure 10(b) and table 9, it could be seen that the fitting effect of the functional relation formula of Reynolds number, submergence and disturbance intensity under rainfall test conditions was better. The ratio of calculated values to measured values was basically within the allowable deviation range of 0.75 ~ 1.25, and only 4 sets of data deviated far. Figure 10(c) showed that the fitting effect of formula (10) was remarkable, and the calculated results only fluctuated in a certain range of measured values, all of which were in the deviation range of 0.75 to 1.25 and there was no significant deviation point. For figure 10(d), the fitting effect of the expression was significant when the correction coefficient was large, but the deviation was relatively large when the correction coefficient was small. From the NSE coefficients of table 9, it could be seen that the NSE values of the four formulas were all higher, and the NSE coefficients of formulas (10) and (11) were close to 1. This meant that the calculated value was very close to the measured value and the model was highly reliable.

3 Discussion

3.1 Evolution law of flow velocity under different operating conditions

The velocity of overland flow was one of the main hydrodynamic factors of slope runoff, and its variation affected the process of particle stripping, sediment transport and deposition. In this paper, the evolution law of mean velocity under different working conditions was systematically studied by artificial rainfall and water erosion test. Based on 5 kinds of slope and 5 kinds of flow rate, the mean velocity was positively correlated with both slope and flow rate, and the conclusion was consistent with the rule obtained by Fu et al. (2019), Chen et al. (2018), Yang et al. (2018b). Chen et al. (2018) researched on the frozen soil slope, and the designed slope range was basically consistent with this paper. The results showed that flow velocity over frozen soil slope increased significantly with increasing slope gradient under the same flow rate, and when flow rate was 4 L/min, the slope changed from 5° to 20°, corresponding mean velocity increasing by 0.372 m/s. However in this experiment the corresponding mean velocity increased only 0.06 m/s when Q= 5 L/min. The reason for this difference might be related to frozen soil has a friction coefficient smaller than plexiglass. Combined with table 4, it could be seen that with the decrease of roughness, the amplitude of the corresponding mean velocity increased from 0.21 m/s to 0.31 m/s, so there were some differences in the variation of the mean velocity under different bed surface conditions. For the artificial rainfall test, the analysis found that when the bed surface roughness could affect the whole water depth, there was a significant relationship between mean velocity and rainfall, and the mean velocity increased gradually with the increase of rainfall intensity. she et al. (2014), Qian et al. (2016), Li et al. (2017) also showed that increase in rainfall intensity produces greater flow rate and water depth which result in greater mean velocity.

Pan et al. (2009) studied the effect of rainfall and slope on hydrodynamic characteristics on a variable-slope glass sink. He pointed out that the surface velocity increased with the increase of the slope, and under the condition of the larger slope (more than 10.5%), the rainfall basically increased the surface velocity in varying degrees. The results of this paper showed that the relationship between the surface velocity and the slope was the same as that of Pan et al. (2009), while the effect of rainfall on the surface velocity might be limited to some extent by the bed surface roughness. When the bed surface roughness was small, the existence of rainfall could increase the surface velocity of overland flow, but with the gradual increase of roughness, the effect of “increasing resistance” of rainfall was highlighted, which meant that with the increase of roughness, the effect of rainfall on surface velocity gradually became inhibitory.

3.2 Influencing factors of velocity correction coefficient

In this paper, the variation law of velocity correction coefficient in the range of 5° ~ 25° was studied with variable slope test flume. Through the curve fitting, the optimal function between slope and α was obtained in the form of inverse function, and the two had a significant negative correlation. Li et al. (1996) conducted flume experiments with coarse sand (D50= 0.740 mm) and measured flow velocities also using the dye tracing technique. Li et al. (1996) designed a test slope of 2.7° to 10° with a velocity correction coefficient of 0.48. The water-sand cloth of 0.700 mm pasted in this test was approximately 0.740 mm, and it could be seen from the table that under this roughness condition, the α value was 0.328 when the slope was 15°, so when the roughness was a certain value, the α value decreased gradually as the slope increased.

Because steep slope is prevalent in the loess plateau, this paper focused on the effect of Reynolds number, roughness (submergence), coverage and rainfall intensity (disturbance intensity) on α under the 15° slope condition. From table 5, it could be seen that there was a logarithmic functional relationship between submergence and α. When the roughness exceeded 1.770 mm, the effect of roughness could propagate to the whole water depth, and even when ks= 3.680 mm, some of the particle units protruded the water surface, forming a non-submerged water flow. The coarse units in this range were similar to the action of the larger scale rough source such as vegetation, gravel and so on. Some researchers (Dunkelery, 2001; Zhao et al., 2013; Pan et al., 2015) had studied the change of α under the condition of large rough unit. Zhao et al. (2013) studied the effect of the form of resistance on α, pointing out that the greater the particle resistance (the resistance caused by the soil particles or micro-reunions with a height less than 10 times the thickness of the viscous bottom layer of water flow), the smaller the value of α. However, with the increase of vegetation resistance (which is caused by large scale rough sources such as vegetation and gravel hindering the movement of overland flow), α showed a significant increase in power function. In this paper, the change trend of α with the increase of gravel coverage (or unit diameter) was obtained by changing gravel coverage, which was consistent with the conclusion given by Zhao et al. (2015). Her explanation was that the tail of the large roughness unit was the root cause of the turbulence of the water flow, which caused the horizontal mixing to be more intense due to the large difference in speed between the coverage and the non-coverage area, so that the vertical velocity distribution tended to be uniform (Carollo et al., 2002; Gu et al., 2007). Dunkerley (2001) measured the α value of the flow through the surface of the sand bed with different particle sizes, and the results showed that the average value of α was 0.568 when the median particle size of the particle unit at the bed surface was 0.67 mm and α= 0.585 when the median particle size was 0.4 mm, which was consistent with the law of this experiment. However, for mobile erosion beds, Ali et al. (2012) found that α increases with an increasing median diameter, in contrast with the negative correlation. Therefore, the characteristics of flume beds, including protruding height, and mobile or fixed covers, would affect the variability of α.

In this paper, the effect of rainfall on α was studied by paired sample t test. From the probability p value, except for Q= 30 L/min, the rainfall of the other flow rate conditions all increased α value to varying degrees, and this result was consistent with the rainfall tests of Jiang et al. (2017) and Pan et al. (2015). The test of Jiang et al. (2017) was carried out on a steep slope of 20°, and the results showed that the velocity correction coefficient ranged from 0.04 to 0.37 without rainfall, while the velocity correction coefficient ranged from 0.42 to 0.98 when rainfall was present. However, Pan et al. (2015) found through comparative experiments under rainfall and non-rainfall conditions that when Re≈ 350, α varied from 0.18 to 0.48 for non-rainfall with an average of 0.28, and from 0.18 to 0.46 for rainfall with an average of 0.29; when Re≈ 1000, α varied from 0.27 to 0.43 for non-rainfall with an average of 0.33 and from 0.29 to 0.42 for rainfall with an average of 0.35. The presence of rainfall did not significantly alter α, which might be attributed to the fact that the experimental design of Pan et al. (2015) had a larger flow rate (1.5 to 70 L/min) and only 30 mm/h rainfall intensity, and the flow rate provided by rainfall was smaller than the total flow rate, so the effect of rainfall was not obvious. In addition, from the results of Pan et al. (2015), it could be seen that the velocity correction coefficient under rainfall or non-rainfall conditions increased with the increase of Reynolds number, which was consistent with the conclusions elaborated in this experiment.
4 Conclusion

In the investigation of overland flow hydraulics, mean flow velocity is commonly estimated using the measured surface flow velocity (using the leading edge of a dye tracer) multiplied by a correction factor, α. In this paper, the effects of slope, flow rate, roughness, coverage and rainfall intensity on mean velocity, surface velocity and α were studied by using indoor sink scour and artificial rainfall test. The following conclusions could be drawn from this study：

(1)For the mean velocity and the surface velocity, the change trend was the same with the increase of the slope, but the increase of the surface velocity was more significant. The optimal function between slope and α was in the form of an inverse model, which meant that with the increase of the slope, the value of α gradually decreased and tended to be stable under the condition of large slope.

(2)Both the mean velocity and the surface velocity showed a significant increase with the increase of the flow rate, but the effect of the flow rate on the mean velocity was greater. The model indicated that under the condition of large Re, the vertical flow velocity distribution was more uniform, and α would become more stable after the turbulence intensity reached a certain degree.

(3)The mean velocity decreased gradually with the increase of roughness, but the surface velocity was affected by the bed surface roughness. When the water flow was submerged, α decreased gradually as the degree of submergence increased, and the two also satisfied the logarithmic function relationship. When the rough unit protruded from the water surface, a non-submerged water flow was formed, at which the value of α was significantly increased, and the greater the coverage, the more uniform the vertical flow velocity distribution.

(4)When the roughness was large or the flow rate was small, there was a significant positive correlation between the rainfall intensity and the mean velocity. For the surface velocity, because of the significant influence of rain drop splash, its relationship with rainfall intensity was not obvious, and the blocking effect of rainfall on the surface flow velocity was gradually highlighted with the increase of bed surface roughness. By constructing the dimensionless parameter D (disturbance intensity), it was determined that the optimal function between D and α was an growth function, and the greater the ratio of rainfall intensity to flow rate, the more significant the effect of rainfall intensity on α.
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