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1Abstract. The purpose of this study is to investigate the effects of rainfall erosivity index AI on 
the hydraulics of overland flow parameters such as, the flow velocity, the flow depth, the flow 
regime, overland flow power and on soil surface characteristics, such as surface roughness and 
sediment concentration. The erosivity index AI represents six rainfall intensities, 31.40 mm·h-1; 
37.82 mm·h-1; 69.49 mm·h-1; 81.85 mm·h-1; 90.39 mm·h-1 and 101.94 mm·h-1 generated by a rain-
fall simulator. To simulate the soil plot, a soil tray was filled with remolded agricultural sandy 
soil. The results found have shown that the AI represents better the rainfall than rainfall intensity 
and related to drop diameter with a power function. Overland flow never exceeded the laminar 
and subcritical regime; the Reynolds number reacted differently with AI and rainfall intensity, 
whereas the Froude number has similar reaction with both parameters. Re, Fr and n follow with 
AI logarithmic, linear and power functions respectively. Finally, AI is a good predictor of soil  
erosion.       
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1. INTRODUCTION

Among the purposes of soil erosion research is to determine the erosive 
effects of rainfall, especially the effects of raindrops impact. In the literature, 
the latter phenomenon generally referred to the term rainfall erosivity or poten-
tial ability of rainfall to erode soil. In the recent research, the erosivity of nat-
ural rainfall developed to determine the artificial rainfall erosivity index. This 
serves as an important parameter for the calculation of potential soil erosion, if 
soil erodibility and the other soil surface parameters are known as well. Several 
methods were developed and used to study the erosive rainfall effects on soil 
erosion (Meyer 1958, Lal 1977, Kinnell 1981, Zhao et al. 2015). These methods 
are based on the combination of rainfall characteristics parameters. The effect of 
rainfall was treated under a single drop parameters such as, velocity diameter, 
kinetic energy, drop force, drop pressure, drop power; and under rainfall param-
eters such as, rainfall depth, intensities, duration, the total amount of rain, the 
area of impact and all the soil characteristics were investigated to enhance the 
understanding of soil erosion (Marshall and Palmer 1948, Palmer 1965, Kinnell 
1981, Mualem and Assouline 1986, El Kateb et al. 2013, Guo et al. 2013a).  

The first measurement of the sizes of raindrops was made in 1892 by Lowe 
(Zachar 1982), who measured the size of the stain made by a raindrop on a slate. 
By further investigation, the size of raindrops, drop disintegration, and other 
processes governed by meteorological conditions are known. More research 
is investigated on this subject, and more results are reported. Detailed studies 
carried out by Laws (1941) concern the velocity of raindrops. Laws and Par-
sons (1943) studied the structure of raindrops in rainfall of different intensities, 
and Hudson (1995) reported the average size of raindrops and other properties. 
According to the reviewed literature, we point out that many papers have treated 
the subject of drop characteristics leading to the determination of the rainfall 
erosive effects. An important step forward in understanding the relationships 
between the kinetic energy of rain and its erosive effect on soil erosion was 
made by Ellison (1944), who carried out the first investigation of the process of 
raindrop erosion, particularly with regard to the disaggregation of soil raindrops 
splash.

In order to overcome the disadvantages of stationary volumetric methods 
involving long observation periods and expensive installations, a new approach 
has used the technique of sprinkling water on experimental plots, measuring 
the amount and intensity of the artificial rain, the energy of the falling drops, 
the discharge of surface runoff, and the flow of the mixture. Such methods are 
called rainfall simulation methods. 

The rainfall erosivity factor is defined as a combination of two factors, the 
rainfall energy (the erosive force) and the maximum continuous 30-min intensi-
ty (Wischmeier, 1959). The quantitative expression of energy per unit of rainfall 
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that, Wischmeier and Smith (1978) developed, was based on the work of Laws 
and Parsons (1943). This rainfall energy is known as erosivity index (EI30). It 
is then a function of total rainfall, rainfall distribution, rainfall intensity, rain 
frequency and rainfall terminal velocity. Soil particles are detached from the 
soil surface by the raindrops impact and shearing force of flowing water. The 
erosivity of rainfall can be split into two components. The first component is 
the kinetic energy contained in a drop when hitting the soil (action of rainfall). 
The impact of raindrops detaches and displaces particles from the soil matrix, 
which are then added to particles detached by overland flow (action of runoff). 
The second component is the erosive power of overland flow. It is equal to the 
energy of water supplied by slope gradient. Many authors have investigated the 
climatic parameter and variable results and conclusions have been reported. 
Pauwelyn et al. (1988) reported that, Bols (1979) observed that the kinetic ener-
gy of storms is high enough to detach sufficient soil and saturate the runoff in 
sediments. That is the reason, why the impact of overland flow on detachment 
was neglected. Then, we can say that, soil erosion by water occurs if the com-
bined power of rainfall energy (mechanical detachment) and overland flow ener-
gy (hydraulic detachment) exceeds the resistance of soil to detachment. Several 
researches showed that soil losses were controlled by the erosion index both for 
natural and simulated rain (Sukhanovskii 2007). Sukhanovskii and Khan (1983) 
proposed a new approach to evaluate rainfall erosivity based on physical basis. 
This approach was applied in this study under artificial rainfall intensities.

The aim of this paper is to contribute to finding relationships between the 
rainfall erosivity index AI generated by the rainfall simulator and the rainfall 
intensity, the rainfall power, the hydraulics of overland flow, such as depth, 
velocity, flow regime and sediment concentration using a remolded agricultural 
sandy soil.  

2. BASIC EQUATIONS 

The rainfall erosivity index AI used in this study is that defined by Sukhano-
vskii (2007) and recommended by Sukhanovskii and Khan (1983). This index is 
expressed as:

 (1)

Where, Ec is the kinetic energy of the rain, J·m-², given by the following 
equation:

 (2)
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Where, ρ is the water density, kg·m-3; V is the velocity of rain drop, m·s-1; 
I is the rainfall intensity, m·s-1; and t is the time, s.

The rainfall velocity was calculated using the equation (3) reported by 
Sukhanovskii (2007); 

 (3)

Where,  is gravity acceler-
ation; d is the drop diameter, m; H is the height of the drop fall, m; ρ = 1,000 
kg·m-3 is the water density; ρa= 1.29 kg·m-3 is the air density; and φ = 0.6 is the 
dimensionless coefficient of the air resistance. For these given values, α1 = 41.5 
and ß = 1.16×10-3 (Sukhanovskii 2007).

In this study, the mean diameter of raindrop was determined for each rain-
fall intensity by using the spots method (blotting paper) (Hudson 1995). 

3. EQUIPMENT AND EXPERIMENTAL PROCEDURE 

3.1. Rainfall simulator

To run the experiences, a rainfall simulator (EID 340 ORSTOM) was used, 
with a spray nozzle fixed at the top of a carriage at a height of about four meters 
(see detailed: Figure 1). A water pump was used to supply the nozzle with con-
stant discharge. To avoid wetting the surrounding of the simulator, a plastic sheet 
was fixed round the carriage. To simulate the natural soil, a soil tray was per-
formed according to the width carriage space. The dimensions are 2 m length, 
0.5 m width and 0.15 m height. The soil tray was positioned in such a way that, 
the entire soil surface receives the same rainfall intensity. A sloped collector is 
fixed at the bottom end of the tray to collect the water/sediments mixture. At the 
output of the collector, a water tank is put to receive the runoff water. The water 
tank is empted after each run.

3.2. Rainfall intensity

Six simulated rainfall intensities were produced by two spray nozzles of 
type: TEEJET SS 65 60 and H¼ VV 8008: 31.40 mm·h-1; 37.82 mm·h-1; 69.49 
mm·h-1; 81.85 mm·h-1; 90.39 mm·h-1 and 101.94 mm·h-1. The nozzles were used 
separately. The adjustment of these rainfall intensities is performed by varying 
the pressure using a gate valve at the output of the pump and another gate valve 
on the bypass line (Figure 1). The swing of the sprinkler is realized by changing 
the frequency of the battery charger. 
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A large number of preliminary tests were performed to obtain the rain inten-
sities with incoming uniformities in the standards. For this, we placed 30 beakers, 
spread uniformly on the entire surface of the flume soil (Mantovani et al. 1995). 
The longitudinal distance between two beakers is 6.8 cm while the transverse dis-
tance is 11.3 cm. The volume of water collected in each beaker is measured using 
a graduated cylinder. This volume is divided by the sampling time and the recep-
tion surface of the beaker. The rainfall intensity is the average of five tests run in 
the same conditions with the same pressure and the same rotation velocity. 

Thus the uniformity of the distribution of the rain drops on the soil surface 
is ensured by evaluating the coefficient of uniformity CU that must be greater or 
equal to 80%. According to Mantovani et al. (1995), this coefficient is as follows:  
 

 (4)

Where, hi is the height of rain in the beaker i, mm; hm is the average heights 
of rain in the beakers, mm and n, the number of beakers. Once CU is justified 
(greater or equal to 80%), the rainfall intensities is selected. 

Fig. 1. Scheme of rainfall simulator. 1) Spray nozzle; 2) Sprinkler unit; 3) Metallic portico; 
4) Tank 600 liters; 5) Valve; 6) Pump; 7) Manometer; 8) Command of the sprinkler unit;  

9) Soil tray 2×0.5 m²; 10) Collector of waters; 11) Device of regulation of the flume soil slope

3.3. Soil preparation and sediment concentration measurement 

The soil used in this study is a remolded agricultural sandy soil collect-
ed from the ITCMI Algiers (Technical Institute of Industrial Vegetable Crops), 
while the physical and chemical analyses of the soil were made in the laborato-
ry of soil science of the INRAA (National Institute of Agronomic Research of 
Algeria). The results obtained are presented in Table 1. 
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Table 1. Characteristics of the used soil

Gravel Coarse sand Sand fine MO 
Soil particle fraction (%) 20 67 9 4

Dimension (mm) 2–4 0.2–2 0.05–0.2 /

First of all, the soil is sieved to remove all the big stone and roots. Then, 
the soil tray is filled with soil until the surface is flush with the rim of the water 
collector, using a flat ruler. Before each experience, the soil is saturated using 
a bucket sprinkler (Pan and Shangguan 2006). This operation is carried out on 
a horizontal slope.

Once the soil is saturated, we adjust the flume soil at a slope of 3°. This 
slope is used by several researchers such as (Bryan 1979, Collinet and Valentin 
1984).The simulated rainfall is applied as soon as the slope is fixed in the pur-
pose to avoid the heterogeneous of the soil saturation. Once the runoff is estab-
lished, we collect the volume of water/sediments mixture in a beaker of 1,000 
ml, at the output of the collector (see: Figure 1); this operation is reproduced 
each 4 minutes until the end of the experience (Fox and Bryan 1999). The dura-
tion of each collection is 30 seconds. After reading the volume of the mixture 
collected in the beaker of 1,000 ml, we agitate this beaker up and down to have 
a homogeneous mixture, then we take a volume of 100 ml in a small beaker, 
which is already weighted. At the end of the experiences, the beakers filled 
with water/sediments mixture are dried in the oven at 105°C for 24 hours until 
a constant weight (Fox and Bryan 1999, Pan and Shangguan 2006). After 24 
hours, we weight the beakers with dry sediments and the difference between the 
weights of empty and filled beakers gives the mass of sediments in 100 ml (Pan 
and Shangguan 2006).

3.4. Hydraulic parameters measurement

The knowledge on the hydraulic parameters is important in the study of soil 
erosion. The overland flow results generally from an excess of rainfall intensity 
compared with the infiltration rate. According to Julien and Simons (1985), the 
main variables associated with overland flow are: the geometrical variables such 
as (sin θ), which could be replaced by the slope (S), for low values of (θ) and 
the length of the slope (L), and the physical variables such as the rainfall inten-
sity (I), the flow depth (h), the mean flow velocity (V), the unit flow discharge 
(qw), and the roughness coefficient (n). Generally, the parameter associated with 
sediment discharge (qs) is shear stress of soil surface (τ). Other properties of 
overland flow are the acceleration of the gravity, the kinematic viscosity and the 
density of the flow.

The surface velocity (U) of overland flow is measured by measuring the 
travel time on 4 positions along the flume soil: 0.5 m; 1.0 m; 1.5 m and 2.0 m 
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using KMnO4 coloration method. Once the color-front propagation reaches the 
fixed position, the time is recorded using a stopwatch (Giménez and Govers 
2001, Zhang et al. 2003, Pan and Shangguan 2006). This surface velocity meas-
urement is used to evaluate mean flow velocity (V) given by equation (5): 

  (5)

The surface and mean flow velocity are in m·s-1. The ratio of 2/3 which 
could be obtained theoretically, was adapted by Li et al. (1996), and Pan and 
Shangguan (2006). 

Although the flow depth is often a few some millimeters, depending on rain-
fall intensity, it is still a very important parameter although difficult to measure 
because of the disturbances generated by the impact of rainfall along the slope 
length. Several authors measured this depth using a precision ruler (Emmett 
1970); others used the equation of continuity (Pan and Shangguan 2006). In our 
case, the depth is calculated from equation (6):

 (6)

Where, qw is unit flow discharge, m²·s-1 and V is overland flow mean veloc-
ity, m·s-1. 

3.4.1. The flow regime

Overland flow generated by rainfall is characterized on the one hand, by the 
Reynolds number, and on the other hand, by the Froude number. The equations 
(7) and (8) give the values of Reynolds and Froude numbers, respectively:

  (7)

  (8)

Where, V is the mean flow velocity, m·s-1; h is the mean flow depth, m; ν is 
the kinematic viscosity of water equal to 10-6 m²·s-1; and g is the acceleration of 
gravity, 9.81 m·s-2.

3.4.2. Manning roughness coefficient

The Manning coefficient (n), which is used to quantify the degree of surface 
roughness, depends on soil surface characteristics. It can be used to explain the 
flow retardation. It is calculated by the following equation (Guo et al. 2013b) (9):
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   (9)

Where, the hydraulic radius R is replaced by h, n is in, s·m-1/3; s is the sur-
face slope, V, h, and g are as defined above.

3.4.3. Rain power

During a rainfall event, raindrops hit the soil surface and detach surface 
particles from the soil matrix. Soil particles detachment depends on rainfall and 
soil characteristics. Hui-Ming and Chih (2009) reported that the influence of 
rainfall can be represented by rainfall intensity, ratio of rainfall intensity to flow 
depth, rainfall velocity, rainfall power, or ratio of rainfall intensity to flow veloc-
ity (Ferro et al. 1998). Rainfall power is reported by Gabet and Dunne (2003) 
and expressed as follows:

   (10)

Where, P is the rain power, kg·s-3; θ is the soil surface angle with the hor-
izontal, °; ρ = 1000 kg·m-3 is the water density; I is the rainfall intensity, m·s-1; 
and V is the rainfall velocity,   m·s-1. 

3.4.4. Overland flow power

Guo et al. (2013b) reported that Lye and Smerdon (1965) are among the 
earliest who used a hydraulic flume to investigate the relationship between soil 
erosion and hydraulic shear stress. Later studies by Hairsine and Rose (1992) 
showed that the shear stress of runoff was not a good predictor for soil detach-
ment, and the stream power of flow (or the unit stream power) was a better one. 
The stream power (ω) is the energy of the flow dissipated to the flow boundary 
layer (Bagnold 1977) and used by many authors.

The stream power (ω) is reported by Nearing et al. (1997) in the following 
equation (11).

 (11)

Where, ω is the stream power, kg·s-3; τ is the hydraulic shear stress, kg·m·s-².
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4. RESULTS AND DISCUSSION

4.1. Rainfall characteristics

4.1.1. Mean diameter of rain drops (d50)

The curves shown in Figure 2 represent the relationship between the aver-
age measured values of rain drop diameter and rainfall intensity of this study 
compared to the diameter calculated by several authors. The shape of the curve 
shows that our results are close to those obtained by Sukhanovskii (2007) and 
Atlas (1953). The relationship between the rain drop diameter, d, mm and the 
rain intensity I, mm·h-1 is best described by a power function with a high coeffi-
cient of determination R² = 0.99. 

Fig. 2. The relationship between the rainfall intensity and mean rain drop diameter

4.1.2. Relationship between the rainfall erosivity index AI and rain drop diameter

The curve shown in Figure 3 represents the relationship between the meas-
ured mean raindrop diameter and the rainfall erosivity index AI. We point out 
that the relationship evolves in a power function with a high degree of power 
(6.8) in comparison to the previous relationship between the drop diameter and 
rainfall intensity with a power degree (0.31). This means that the rainfall erosiv-
ity index AI is highly related to drop diameter than rainfall intensity. 

Fig. 3. The relationship between the rain erosivity index and rain drop diameter
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4.2. Overland flow characterization generated by rainfall intensity

4.2.1. Relationship between the rain intensity and flow regime

The relationships between the rain intensity and the Reynolds and Froude 
numbers are illustrated in Figures 4a and 4b, respectively. The values of the 
numbers vary with the six rainfall intensities used in this study, between 13 and 
38 for the Reynolds number and 0.35 and 0.58 for the Froude number. The val-
ues of Reynolds number found in this study are slightly different from those 
reported by Guy et al. (1990); the authors reported that the Reynolds number 
is increasing from 36 to 160 with increasing rainfall intensities from 45 mm/h 
to 180 mm/h. Zhao et al. (2015) found that for a range of rainfall intensities 
between 30 and 270 mm/h, the Reynolds number varies between 4 and 122, 
respectively; then we can say that these findings are almost close to the results 
reported in this study. For all the rainfall intensities, the corresponding Froude 
numbers vary between 0.35 and 0.58; this means that the overland flow regime 
is tranquil. Walker et al. (1978) also reported that, for a rainfall intensity of 45 
mm/h, with slope angle of 2.86°, the flow was also tranquil. In a study devoted 
for sediment transport in rill flow by Polyakov and Nearing (2003), the Reyn-
olds number is between 400 and 1500 and the Froude numbers between 0.25 
and 2.1.

Fig. 4. Overland Flow regime

4.2.2. Relationship between the rain erosivity index AI and overland flow parameters

By definition, the rainfall erosivity index AI investigated in this study, is 
highly related to kinetic energy. The results representing this index AI and the 
parameters of overland flow such as mean flow velocity, flow depth, the Reyn-
olds and Froude numbers were analyzed statistically and illustrated in Figures 
5, 6, 7 and 8.  
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Fig. 5. The relationship between the rainfall erosivity index and mean flow velocity

Fig. 6. The relationship between the rainfall erosivity index and flow depth

Fig. 7. The relationship between the rainfall erosivity index and Reynolds number

Fig. 8. The relationship between the rainfall erosivity index and Froude number
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As regards the mean flow depth, this parameter is calculated, then it depends 
on flow velocity and flow discharge. The relationship between this parameter 
and rainfall erosivity index AI is presented in Figure 6. This relationship is best 
described by an exponential function with R2=0.94.   

Concerning the relationship between overland flow regime and the ero-
sivity index AI, the results are plotted and the curves of the best fit are shown 
in Figures 7 and 8. From Figure 7, we point out that the relationship between 
the Reynolds number and AI follows a logarithmic function with R2=0.99. In 
comparison to the relationship between the Reynolds number and the rainfall 
intensity, the functions are different with high coefficients of determination. 
However, the relationship between the Froude number and AI is illustrated in 
Figure 8 and the curve is following a linear function with significant R2=0.94. 
In comparison to the previous relationship between Froude number and rainfall 
intensity, a similar linear regression function is found. From these findings, we 
can conclude that the Reynolds number reacted differently with rainfall inten-
sity and rainfall index, whereas the Froude number reacted similarly with both 
parameters.   

4.2.3. Relationship between the rainfall erosivity index and the Manning roughness 
coefficient (n)

Fig. 9. The relationship between the rainfall erosivity index and Manning roughness coefficient

The Manning roughness (n) is a calculated parameter depending on the flow 
velocity, on the flow depth and on fixed soil slope in this study. This parameter 
is related to rainfall erosivity index AI and presented in Figure 9. The regression 
function relating these parameters is a power function with high coefficient of 
determination R2=0.91. During the experimental run, some observations have 
been done. For each rainfall intensity, the roughness decreased with time and at 
the end of the run, a smooth surface appeared, especially on the end part of the 
soil tray.
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4.2.4. The relationship between the rainfall erosivity index and the rain power

Fig. 10. The relationship between the rainfall erosivity index and rain power

Both parameters are calculated and represent the rainfall impact. The rela-
tionship between these two parameters is plotted on Figure 10 and follows 
a power function with a maximum coefficient of determination R²=1. This coef-
ficient of determination could explain that the rainfall erosivity index AI and the 
rainfall power have an excellent relationship and express the rain aggressiveness. 

4.2.5. The relationship between the rainfall erosivity index and overland flow power

Fig. 11. The relationship between the rainfall erosivity index and overland flow power
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power are shown in Figure 11. From the shape of the curve and the statistical 
analyzes, the linear function with a high coefficient of determination R²=0.93 
represents the best fit function. To specify that, overland flow power is a func-
tion of overland flow shear stress and mean flow velocity. These both parame-
ters contribute to soil erosion by overland flow; and in the presence of rainfall 
erosivity index AI, the erosion process is enhanced and more soil particles are 
detached and loosed. 
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4.2.6. The relationship between the rain power and overland flow power

Fig. 12. The relationship between the rain and overland flow power

The relationship between rain power and overland flow power is presented 
in Figure 12. An exponential function with a high coefficient of determination 
R2=0.93 is fitted to the curve. As mentioned previously, the rainfall and over-
land flow together have more power to detach and transport soil particles than 
each parameter reacted separately. In comparison to the relationship between 
the rainfall erosivity index AI and overland flow power, we point out that over-
land flow power reacted differently with P and AI, but with the same coefficient 
of determination R2=0.93. This could be explained theoretically using equations 
1, 2, and 10. In the rain power equation, the slope parameter is present and this 
could contribute to the effect of rain power on soil erosion, at the same time, in 
erosivity index equation, the factor time is present and this could contribute to 
the effect of AI on soil erosion. In addition to this, the powers of both parame-
ters are inversed and this could be one of the reasons to explain the difference 
between the fitting functions.     

4.3. Rainfall effects on sediment concentration 

4.3.1. Relationship between the rainfall erosivity index and sediment concentration

Sediment concentration against rainfall erosivity index is illustrated in Fig-
ure 13. The statistical analysis of the relationship between the rainfall erosivity 
index, which is a very important factor in the process of detachment of soil par-
ticles, and the sediment concentrations, have shown that the relationship is best 
presented by a power function with a high coefficient of determination of 0.99. 
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Fig. 13. The relationship between the rainfall erosivity index and sediment concentration

4.3.2. Relationship between the overland flow power and sediment concentration

The relationship between the rate of detachment of soil particles, which is 
expressed in this study by the values of the concentrations of sediments and 
the overland flow power, is illustrated in Figure 14. The results of the regres-
sion analysis have shown that the relationship follows a power function with 
a very satisfactory coefficient of determination R²=0.90. Whenever Nearing 
et al. (1997) used six series of experiments to study hydraulics and erosion in 
eroding rills, they found that the Reynolds number is not a consistent predictor 
of hydraulic friction, while stream power is a consistent and appropriate predic-
tor for unit sediment load for the entire data set. Their detachment rates are best 
correlated to a power function of either shear stress or stream power. Zhu et al. 
(1995) and Zhang et al. (2003) studied the mechanism of soil detachment by 
shallow flow and found that the linear relationship between detachment rate and 
shear stress gives a poorer prediction than a power function does, and stream 
power is a better parameter to predict detachment than shear stress.

Fig. 14. The relationship between the overland flow power and sediment concentration
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5. CONCLUSION 

In the light of these results and discussion, we can conclude that the func-
tion relating the mean drop diameters and the rainfall intensities follow a power 
function. In addition to this, the same power function was found between the 
mean drop diameter and the erosive index AI with a high power, and AI repre-
sents better the rainfall then rainfall intensity. 

The Reynolds number and the Froude number of overland flow generated 
by rainfall intensities ranging from 31.4 mm·h-1 to 101.94 mm·h-1 were test-
ed and the results have shown a laminar and subcritical regime. In addition to 
this, the Reynolds number reacted differently with rainfall intensity and rainfall 
index AI, whereas the Froude number reacted similarly with both parameters. 

The erosivity index AI increased linearly with overland flow velocity, 
whereas, it increased exponentially with depth. The relationships between AI 
and Reynolds number, Froude number and manning factor follow logarithmic, 
linear and power functions respectively. In addition to this, overland flow power 
reacted differently with P and AI, but with the same coefficient of determination 
R2=0.93. 

The erosivity index is a good indicator of soil erosion and this agreed with 
the power function found between AI and sediments concentration. The same 
function was found between sediments concentration and overland flow power, 
which means it is still the best predictor of soil erosion. 
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