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1Abstract. The objective of this work was to the study the erosive force of raindrops and the shear 
stress on the soil erodibility of disturbed and saturated agricultural soil. A mathematical development 
was used to determine a new approach to the shear stress. The soil erodibility is calculated using the 
WEPP (water erosion prediction project) model. To realize this work, an experimental study was 
led in a laboratory using the rainfall simulator. The soil tray used in this study has a length of 2 m, 
width of 50 cm and a depth of 15 cm and the slope was adjusted with a system. The soils used were 
sandy and silty agricultural soils. The results show that the relationship between the erosive force 
of raindrops and the shear stress on the soil erodibility increased respectively as a power and linear 
function with an important coefficient of determination. As regards the relationships between soil 
erodibility and the mean raindrop diameter, the evolution is represented by a power function with 
high coefficient of determination.
Keywords: erosive force, raindrops, rainfall simulator, shear stress, soil erodibility

1. INTRODUCTION

The problems of soil erosion became a major preoccupation of researchers 
in such fields as hydraulics, agronomics, ecology and economics. Ellison (1947) 
defines erosion as a complex phenomenon, resulting from the soil detachment by 
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the impact of raindrops and from the transport of particles removed by the sur-
face flow. This phenomenon is mainly due to the parameters of rainfall erosivity 
and the parameters of resistance of the soil to erosion referred to as “erodibility”. 
The erosive potential of the rain is indicated by the term “erosivity” (Bergsma et 
al. 1996). Rainfall erosivity is the capacity of the rain to cause erosion (Hudson 
1995). There are several parameters of erosivity which cause soil erosion. The 
rain represents the most determining climatic factor of the soil erosion. The influ-
ence of the rain can be represented by the rainfall intensity, rainfall velocity, rain-
drops’ erosive power (Shih and Yang 2009), report between the rainfall intensity 
and the flow depth (Ferro 1998). Hudson (1995) quoted that the rainfall intensity 
is particularly important as an erosivity parameter. The rainfall erosivity depends, 
on the one hand, on the rainfall intensity and, on the other hand, on the charac-
teristics of raindrops as far as the size, the velocity, the form and the angle of 
impact are concerned (Riezebos and Epema 1985, Salles et al. 2000, Erpul et al. 
2002). Zachar (1982) cited that the kinetic energy of raindrops is the basic factor 
when determining soil erosion. This size is important to know because it condi-
tions the mechanical work made by the rain under the influence of the mass and 
the terminal velocity of raindrops. Bultot and Coppens (1985) indicated that the 
erosive power of rain is directly dependent on its power. The relationship between 
the mass and raindrops’ diameter which free a kinetic energy with a raindrop fall 
velocity develop destructive aggregates under the name of erosive force of rain.

Some researchers consequently cited the erosive parameters of runoff. Fer-
ro (1998) said that the shear stress or the tangential force exercised by the flow 
on the bed has an effect on the detachment and the transport of sediments. Gov-
ers et al. (1990) defined the soil detachment particles as the displacement of 
the soil particles in a particular place on the soil surface by the erosive force of 
the precipitation and the runoff, which can lead to the training of rill and gully. 
Bryan et al. (1989) quoted that various properties determine the soil erodibili-
ty for every under-erosion process and the erodibility can be defined only and 
exactly for identified processes and erosive strengths. The erodibility is the soil 
capacity to resist erosional processes (Bryan et al. 1989). The slope gradient is 
one of the factors affecting the runoff and the soil erosion. The quantity of soil 
eroded increases with the gradient of slope (Fox and Bryan 1999, Kinnell 2000). 
It depends essentially on the texture and the structure of the soil. Soil erodibility 
is also the soil capacity to resist a runoff force (Ozoko and Edeani 2015).

The objective of this study is to better understand the phenomenon of soil 
erosion, the influence of erosive forces of rainfall and runoff on agricultural 
soils’ erodibility using the rainfall simulator. These forces depend on various 
erosive parameters like rainfall intensity, shear stress, raindrops’ diameters, 
raindrop fall velocity, stream velocity and flow sediments. The soil erodibility 
was estimated using the WEPP model. It can be accurately estimated only by 
defined wrenching and drive forces which affect soil.
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2. THEORETICAL APPROACH

2.1. Erosive rainfall force

The force of raindrops is the combination of the characteristics of raindrops 
such as the mass, the velocity and the raindrops’ diameter. Mouzai and Bouha-
def (2003) quoted that this combination shows the extent to which the mass, the 
velocity and the raindrops’ diameter affect the detachment and the transport of 
sediments. This strength was defined by Riezebos and Epema (1985) using the 
following formula:

 (1)

Where: M (kg) is the mass of raindrops, V (m∙s-1) is the raindrops fall veloc-
ity and d (m) is the raindrops’ diameter.

Using the median diameter of raindrops the relation (1) becomes:

 (2)

Where: d50 is the median raindrop diameter (mm).
For measuring the raindrop diameter, we used the stain method or method 

of absorbent paper (Hudson 1995). This method is based on the principle that 
the falling drop on a uniform absorbent surface produces a stain the diameter of 
which is proportional to the diameter of the raindrop. For our experiments, we 
used absorbent paper with potassium permanganate powder (KMnO4) which is 
a dye which changes the color when it gets wet and becomes mauve.

The treated paper is placed on a glass plate of the same size and is held hori-
zontally, covered with another glass plate of a larger size. The paper is then simply 
submitted, at a very short time, to the simulated rain and when the sheet is dry, 
the impact of raindrop appears mauve. A magnifying glass to measure the impact 
diameter was used. The number of drops varies from one sheet to another depend-
ing on the rainfall intensity. Then we determine the raindrops’ median diameter.

The relation between the median diameter (d50) and the rainfall intensity (I) 
is represented in Moussouni et al. (2012) by the following power formula:

 
(3)

Where: I (mm∙h-1) is the rainfall intensity and d50 (mm) is the median rain-
drop diameter.



78 A. MOUSSOUNI et al.

The raindrop fall velocity depends on its mass, thus, on its diameter. It 
increases during the fall to reach a limit velocity or a terminal velocity.

Schmidt (1993) cited in Shih and Yang (2009), gave the relation of the rain-
drops’ fall velocity according to the rainfall intensity by the following relation:

 (4)

2.2. Shear stress

Rauws and Govers (1988) and Torri et al. (1987) showed in their studies on 
soil erosion mechanics that the condition at which rill flow becomes erosive is 
controlled by soil surface shear strength (Brunori et al. 1989). Besides, Nearing 
and Bradford (1985) quoted that splash detachment processes are strictly linked 
to soil shear strength (Brunori et al. 1989).

In the case of a flow generated by rainfall on a saturated no cohesive soil, 
the difference of the total load between two sections of a distance dx is equal 
to losses due to the friction force. This equation is mentioned by Graf and Alti-
nakar (2000):

 (5)

Where: p is the wet perimeter (m), A is the wet section (m²), ρ mix is the 
density of the mixture water-sediments (kg∙m-3), z is the soil elevation (m), g is 
the gravity (m∙s-2), h is the flow depth (m), U is the flow velocity (m∙s-1), x is the 
flow length (m) and τ is the shear stress or the tractive force of particles.

The item   is only the energy by the unit mass. This energy  
changes along the soil because of the changes of bottom height and the energy 
losses.

In the case of a flow of a disturbed agricultural soil, the variation of the 
flow velocity is negligible in front of the depth. The equation (5) becomes, by 
dividing on dx: 

 (6)

 
is the soil slope.

To determine the variation of the depth 
 
we leave the unidimensional 

equation of continuity which is based on the principle of the determination of 
rate sediments detachment during the precipitation and requires prediction of 
slope variation and flow depth. This slope variation and flow depth are deter-
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mined by approximation of the flow kinetics, which implies that the surface 
slope of the flow is parallel to the slope gradient. For a flat slope, the following 
equation is provided:

 
(7)

Where: qe is the streaming water flow by width unity (m²∙s-1), h is the flow 
depth (m), I is the rainfall intensity (m∙s-1) and ƒ is the infiltration capacity.

In the case of a saturated soil and when the rainfall intensity is constant 
with the time t, the equation (7) becomes:

 
(8)

After integration, the equation (8) becomes: 

 (9)

Several researchers, for example, Abrahams et al. (2001) represented the 
flow of water-sediment mixture, by the following formula:

 (10)

From which:

  (11)

Where: I is the rainfall intensity (m∙s-1), x (m) is the streaming length, qmix is 
the flow of water-sediment mixture by width unity, qe is the liquid volume flow 
by width unity (m²∙s-1), qs is the solid volume flow by width unity (m²∙s-1).

The variation of the flow of water-sediments mixture according to the dis-
tance can be written in the following form (Kinnell 1993, Kinnell 1991):

 (12)

The derivative of the equations (11) and (12) in relation to the length x and 
the equality of this equation gives: 

 (13)

The equations (6) and (13) become: 

 (14)

 (15)
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The combination of the equations (14) and (15) becomes:

 (16)

For a rectangular section with width b (m), the wet perimeter dP = b+2h and 
the wet section dA = bh. The report 

The equation (16) becomes: 

 (17)

After integration we have:

 
(18)

With τ is the shear stress (kg∙m-1∙s-2).
The density of the water-sediment mixture is defined by the following 

relation:

 (19)

Where: me is the mass of water, ms is the mass of sediments, mmix is the 
mixture mass of water/sediment, We is the volume of water, Ws is the volume of 
sediments and Wmix is the volume of water-sediment mixture.

The equation (19) becomes: 

 

From which we will have:

 
(20)

The sediments concentration was defined as the ratio between the dry 
weight of sediment and the runoff volume (Guy et al. 1990, Abrahams and 
Atkinson 1993):

                                                                                             (21)

Or:

                                                                                                   (22)
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The density of the water-sediments mixture can be written by the following 
relation: 

 (23)

Where: Cs is the sediments concentration (kg∙m-3).

2.3. Soil erodibility

In the WEPP (Water Erosion Prediction Project) model, interrill surfaces 
erosion is expressed as (Kinnell and Cummings 1993):

 (24)

Where: E is the interrill erosion rate (mass of soil eroded per area unit per time 
unit), K is the soil erodibility, I is the rainfall intensity and Sf is the slope factor, 
which is expressed by the equation (Truman and Bradford 1993, Kinnell 1993):

 (25)

Where: θ is the slope angle.
Kinnell (1993) quoted the equation that connects the interrill erosion rate 

with the solid flow by the relation:

 
(26)

Where: x is the length of the surface affected in the flow direction.
The combination of the equations (24) and (26) gives the expression of the 

erodibility as follows:

 (27)

With K is the soil erodibility (kg∙s∙m-4).
Dividing the numerator and denominator of the equation (21) by the width 

and time, becomes: 

 (28)

Where: qs is the unit solid discharge (kg∙m-1∙s-1), qmix is the unit mixture dis-
charge (m²∙s-1) and Cs is the sediments’ concentration. Replacing equation (28) 
with equation (27) becomes:

 
(29)
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3. EXPERIMENTAL PROCEDURE

3.1. Rainfall simulator

The simulator which is used is an ORSTOM type with a spray nozzle fixed 
on a gantry at a height of about three meters on the soil tray, livened up by 
a pendulum movement of such manners to cover the soil surface. The nozzle 
sprinkles a surface test of 1 m2. This system includes a motor provided with 
an arm serving to assure the oscillation. The nozzle is supplied with water by 
a pipe, which, in turn, is connected with a tank. To change the rainfall intensity, 
a control valve is installed on the discharge pipe; a manometer, placed before the 
nozzle, allows indicating pressure corresponding to each rainfall intensity. The 
carriage allows placing the cover in order to protect the parcel from the wind. 
This type of rainfall simulator is used, inter alia, by Moussouni et al. (2012).

3.2. Soil tray

The tray is made of Plexiglas. It is similar to the one used by, for example, 
Abrahams and Atkinson (1993) during their study on the relation between the 
velocity of grain and the sediments concentration in the surface flow. The soil 
tray has a length of 2 m, width of 0.5 m and a depth of 0.15 m. It is fixed on 
a metallic frame serving as a support. On one end of this support is fixed an axis 
which allows the tray to pivot. On the other end, it is lifted via two threaded 
rods, provided with flywheels, to fix the desired inclination of the tray. A collec-
tor of liquid solid flow is fixed to the outlet of the tray with an inclined bottom in 
order to avoid the decantation of the solid particles.

3.3. Soil preparation

The soils material used to run the experiments was an agricultural soil 
which had been examined for stones and roots which were removed in order to 
have a homogenous structure. The results of physical analyses of soils are pro-
vided in Table 1.

To run an experiment, a layer of examined soil was deposited and spread 
gently over the surface tray. To obtain a flat plot, in the purpose to generate a flat 
sheet of water, a straight piece of hardwood was used to flatten the surface until 
the top soil is at the level of the bottom end of the tray. Afterwards, the soil was 
wetted gently without disturbing the soil structure, with a watering can (fine 
rain) until saturation (Pan and Shangguan 2006). This operation was made on 
a flat surface. Then the rainfall simulator is put on to run the experiment. When 
the soil is saturated, we fixed the slope angle of the soil tray at 3%, 4%, 5% and 
7% which amounts respectively to 1.7°, 2.3°, 2.9°, 4° and is appropriate for 
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generating an interrill flow. These slopes represent average slopes of the plots of 
technical institute of market gardening and industrial. This method was already 
used by Bryan (1976, 1979) and Collinet and Valentin (1984). The application 
of the simulated rain is realized as soon as the slope is fixed so that the soil does 
not lose water caused by the slope. When the water wave is established, the 
measurements are taken.

Table 1. Physical analysis of soil

Sample Clay Fine silt Coarse silt Fine sand Coarse sand Organic matter
Silty soil (%) 17.80 26.50 36.75 10.50 8.45 1.92

Sandy soil (%) 3.55 13.35 20.36 23.30 39.44 2.57

3.4. Measure of the rainfall intensity

The procedure used to measure the rainfall intensities is the volumetric 
method. The measurement is taken by means of a gate installed on the conduct 
of expulsion and by the speed of oscillation of the pendulum. For this, we placed 
beakers, spread uniformly on the entire surface of the flume soil. This method 
has been already used by Moussouni et al. (2012). The volume of water collect-
ed in every beaker was measured by means of a gradual test tube. This volume 
is divided by the duration and the beaker surface. This handling is repeated five 
times with the calculation of the uniformity coefficient in order to receive mean 
rainfall intensities. The rainfall intensities used in this study are: 102 mm∙h-1; 90 
mm∙h-1; 73 mm∙h-1; 66 mm∙h-1; 38 mm∙h-1 and 28 mm∙h-1.

3.5. Surface velocity measurement 

The method used to measure the surface velocity (Us) is the same as the 
one used by several authors (Guy et al. 1990, Farenhorst and Bryan 1995, Li 
2009, Gimenez and Govers 2002, Pan and Shangguan 2006, Maaliou and Mou-
zai 2018). This method is based on using potassium permanganate (KMnO4) as 
a dye tracer. The surface velocity was measured by tracing the traveling time of 
dyes over the distance specified according to the soil tray dimensions. Wherev-
er this tray is divided into sections of 50 cm, the measure marks are fixed. The 
distance is limited from 0.5 m to 2.0 m; four positions (0.5 m, 1 m, 1.5 m and 
2 m) were selected to record the travelling time of the leading edge in order to 
get a uniform flow avoiding the effects of the top edge of the surface flow. To 
avoid the effects of the rain impact on the dye tracing, potassium permanganate 
powder is used. The colored liquid is injected at the head of the soil tray. Surface 
flow velocities were then measured visually by recording the time of the leading 
edge of the dye cloud travelling between the injection point and 2.0 m bottom 
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end of the soil tray. The mean flow velocity U is calculated from the surface 
velocity Us using the conversion factor of 0.67 (Li 2009).

The surface velocity measured is equal to the distance covered x by the 
travels time t:

 (30)

The mean flow velocity is equal in:

 (31)

3.6. Flow sediments concentration measurement

The discharge Q was measured volumetrically. Determined from the rate of 
water-sediment mixture volume Wmix and time t using . The volume of 
the water-sediment mixture is measured in the output collector. The stream flow 
begins just after the rain reaches the soil, it is due to the initial saturation of the 
soil and the measurement is taken in the first minute. The water volume collect-
ed in each beaker was measured using a graduated cylinder of 1,000 ml for the 
time of 30 seconds; this operation is reproduced every 3 minutes until the end of 
the test (Fox and Bryan 1999, Bryan and Brun 1999). Thereafter, the beaker is 
stirred so that all the solids particles are suspended in water; we take a sample of 
100 ml in a small glass beaker which we measured previously the empty weight 
(Pan and Shangguan 2006). Having noted the volumes of all the beakers and 
collected after cleared volumes of 100 ml of the mixture, we put these glass bea-
kers in the oven at a temperature of 105°C for 24 hours (Fox and Bryan 1999).

After 24 hours, we weight the beakers with dry sediments to obtain the 
mass of sediments in 100 ml from some mixture (Pan and Shangguan 2006). 
The difference between the weights of empty and filled beakers gave the mass 
of sediments in kg∙m-3.

3.7. Mean flow depth

Mean flow depth is an important factor of the surface flow, but it is very 
difficult to determine, because of the soil erosion process. Pan and Shangguan 
(2006) and Guy et al. (1990) used the h equation (12)  to calculate the 
mean flow depth, where qmix is the mixed overland flow discharge and U is the 
mean velocity.
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4. RESULTS AND DISCUSSION

4.1 Erosive raindrop force

Our results show that the impact of the erosive force on the soil erodibility 
is connected with the raindrop diameter and the raindrop fall velocity by the 
equations (3) and (4). The detachment rate by the splash is linked to the rain-
drop kinetic energy, the type of soil and the size of raindrops (De Ploey and 
Savat 1968). In this study the raindrops diameter varied between 2.138 and 
2.935 mm for rainfall intensities from 28 to 102 mm∙h-1. These raindrops diam-
eters and their impact bear the greatest responsibility for the erosion rate, soil 
particle detachment and the splashing of the detached particles. Mouzai and 
Bouhadef (2003) mentioned that when raindrops hit the bare sandy soil, the 
droplets appear and divide into several droplets of different sizes. Sets of drop-
lets were splashed out carrying soil particles. The quantity of these particles 
depends on the droplet’s characteristics such as diameter, volume, transport 
capacity and the arrangement of particles. The impact of raindrops is visible 
in decomposition of the aggregates, detachment of the particle from the soil 
surface, and the transport of these particles in random directions (Leguédois et 
al. 2005).

The relationships between the median raindrop diameter and the soil erod-
ibility for the various slopes and for both types of soil are presented in Figures 
1 and 2.

Fig. 1. Relation between soil erodibility and the raindrops median diameter of a silty soil
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Fig. 2. Relation between soil erodibility and the raindrops median diameter of a sandy soil

The functions and the determination coefficients which govern the soil 
erodibility and the median raindrops diameter are provided in Table 2.

Table 2. Functions and determination coefficients of the soil erodibility and the median 
raindrops diameter

Soil type Silty soil Sandy soil

Slope (%) Function (K 104) R² Function (K 104) R²

3 K = 0.72 D50
2.35 0.77 K = 2.12 D50

1.81 0.72

4 K = 0.93 D50
2.85 0.73 K = 0.37 D50

3.81 0.76

5 K = 4.52 D50
1.40 0.75 K = 0.36 D50

4.47 0.82

7 K = 4.71 D50
2.12 0.71 K = 1.21 D50

3.75 0.83

For all the range of the rain intensity, the soil erodibility increases with 
the increasing slope. For intensity going from 28 to 102 mm∙h-1 and for slope 
angles going from 3% to 7%, the correlation is significant, ranged from 0.71 to 
0.77 for a silty soil and from 0.72 to 0.83 for a sandy soil. The function follows 
well the power law.

The detachment of particles influenced by the raindrops diameter is much 
more important for a sandy soil than a silty one. It is certainly due to the soil 
texture. Diaz Zorita et al. (2002) indicated that the soil erodibility is related to 
the structural stability. Silty soils have a low cohesion and contain very small 
particles. Thus, they are easily removed from the soil matrix and easily trans-
ported. Fine sands have an even lower cohesion. Coarse sands have a very low 
cohesion, but because they are sediments bigger than silt and fine sands, they 
are less easily transported by runoff water. In our case the size of sediments did 
not influence the transport of sediments by runoff. 



87NEW APPROACH TO ESTIMATE THE SHEAR STRESS AND THE FORCE OF RAINDROPS…

The combination impact of the mass and the fall velocity of raindrops are 
transformed, when they contact the soil surface, in erosive force of raindrops 
which remove and splash the soil particles. Figures 3 and 4 show the effect of 
the erosive force of raindrops on the soil erodibility for the various slopes.

Fig. 3. Relation between the erosive force of raindrops and the soil erodibility of a silty soil

Fig. 4. Relation between the erosive force of raindrops and the soil erodibility  
of a sandy soil

The functions and the determination coefficients are illustrated in Table 3.

Table 3. Functions and determination coefficients of the soil erodibility according to the 
erosive force of raindrops

Soil type Silty soil Sandy soil
Slope (%) Function (K 104) R² Function (K 104) R²

3 K = 20.94 F0.89 0.77 K = 29.53 F0.70 0.72
4 K = 62.78 F1.14 0.77 K = 95.94 F1.48 0.76
5 K = 34.93 F0.55 0.69 K = 238.4 F1.74 0.82
7 K = 91.20 F0.75 0.71 K = 287.5 F1.46 0.83



88 A. MOUSSOUNI et al.

The estimation of soil erodibility depends on the mixture of water and sed-
iments, the sediments’ concentration, the rain intensity, the eroded length sur-
face and slope factor. According to the results presented above, we report which 
functions follow well the power law with a significant coefficient of determina-
tion. When the erosive force of raindrops increases, the soil erodibility increas-
es as well: for a silty soil, from 7.36 104 kg∙s∙m-4 to 37.78 104 kg∙s∙m-4 and for 
a sandy soil of 11.93 104 kg∙s∙m-4 to 49.80 104 kg∙s∙m-4 corresponding to the 
slope angles from 3% to 7% under the rain intensity of 102 mm∙h-1. The increase 
of the soil erodibility in our study is also registered with all the rainfall intensity 
going from 28 to 102 mm∙h-1. We notice in this case that the effect of the erosive 
force of raindrops is more important for a sandy soil than a silty one.

The values of this study are confirmed by the values measured by Romero 
et al. (2007) where they give range values of 1.9 105 kg∙s∙m-4 to 56 105 kg∙s∙m-4 
with an angle of natural inclination and the rainfall intensities from 7.5 to 150 
mm∙h-1. This last intensity (150 mm∙h-1) has a shorter duration. They indicated 
that most of the eroded soils are the ones which contain the highest amount of 
silt and fine sands and the most resistant are the clay soil.  The silt and sand are 
strongly correlated to the values of the soil erodibility.

4.2 Shear stress

The relation (18) shows that at the same time the shear stress depends on 
solid flow, the rainfall intensity, the flow velocity, the density of water-sediments 
mixture, slope factor, the length and the width of the soil tray. The influence of 
shear stress on the soil detachment particles involves the influence of all these 
runoff parameters. The results obtained in this study for various slopes and for 
various rainfall intensities are represented in Figures 5–8.

Fig. 5. Relation between the soil erodibility and the shear stress for a slope angle of 3%
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Fig. 6. Relation between the soil erodibility and the shear stress for a slope angle of 4%

Fig. 7. Relation between the soil erodibility and the shear stress for a slope angle of 5%

Fig. 8. Relation between the soil erodibility and the shear stress for a slope angle of 7%

We notice that the relation which concerned the shear stress with the soil 
erodibility follows well a linear law with significant coefficients of determina-
tion. The laws of regression and the coefficient of correlation are provided in 
Table 4.
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Table 4. Functions and determination coefficients of the soil erodibility according to the 
shear stress

Soil type Silty soil Sandy soil
Slope (%) Function (K 104) R² Function (K 104) R²

3 K = 3.26τ - 248.6 0.73 K = 4.59τ - 344.1 0.76
4 K = 24.96τ - 2553 0.82 K = 11.98τ - 1216 0.85
5 K = 4.67τ - 578.5 0.7 K = 17.55τ - 2197 0.88
7 K = 19.65τ - 3449 0.9 K = 29.02τ - 5090 0.91

The results presented in Table 4 and illustrated in Figures 5–8 show that the 
shear stress has a significant influence on the soil erodibility. This effect is certain-
ly connected, on the one hand, with the solid flow and the rainfall intensity which 
detached and transported the particles and, on the other hand, with the flow veloc-
ity which shears the soil particles along the streaming length.

The flow velocity varies from 0.01 m∙s-1 to 0.032 m∙s-1 corresponding with the 
intensities varying from 28 mm∙h-1 to 102 mm∙h-1 respectively with the slope angle 
of 3%. The flow velocity with the other slope angles of 4%, 5% and 7% develops 
in the same way with all the rainfall intensities. This evolution of the velocity was 
induced by the increase of the rainfall intensities.

Among the variables which also influence the shear velocity, there is a flow 
depth. The increase of the flow depth, which is due to the increase of the rainfall 
intensity, accentuates the flow velocity and gives the flow a high power to detach 
the surface soil particles and, consequently, the initiation of rill. This is confirmed 
by Govers (1985) and Rauws (1987). 

Therefore, we can say that the rainfall intensity is the most dominant param-
eter and most influencing the soil erodibility. It influences the sediments concen-
tration, which, in turn, influences soil erodibility. For a slope angle of 3% and 
rainfall intensities going from 28 to 102 mm∙h-1, a sediments concentration varied 
respectively between 0.37 and 2.86 kg∙m-3 for a silty soil and between 0.34 and 
3.76 kg∙m-3 for a sandy soil. The sediments concentration with the slope angles of 
4%, 5% and 7% evolves in the same way with all the rain intensities. These results 
are confirmed by the conclusions of Kilinc and Richardson (1973). When studying 
the mechanics of the soil erosion, they used four rainfall intensities on sandy soil 
and six slopes angles (5.7%, 10%, 15%, 20%, 30%, and 40%). They found that the 
sediment concentration increases with increasing rainfall intensity for each slope.

We can indicate that the shear stress varied slightly with the variation of the 
rainfall intensity. For intensities ranged from 28 mm∙h-1 and 102 mm∙h-1, the shear 
stress varied respectively 77.7 kg∙m-1∙s-² and 78.57 kg∙m-1∙s-² for the silty soil, and 
between 77.13 kg∙m-1∙s-² and 77.87 kg∙m-1∙s-² for the sandy soil. It is practically 
constant for the various intensities and for the different types of soil. On the other 
hand, the variation of the shear stress is very significant when the soil slope var-
ied. For silty soil, the slope angle of 3% and an intensity of 102 mm∙h-1, the shear 
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stress equals 78.57 kg∙m-1∙s-², for the same intensity and the slope angle of 4%, the 
shear stress equals 103 kg∙m-1∙s-², changes into 128 kg∙m-1∙s-² for a slope angle of 
5% and into 178 kg∙m-1∙s-² for a slope angle of 7%.

5. CONCLUSIONS

Our objective was to understand the effect of the erosive force of raindrops 
and shear stress on the soil characteristics (soil erodibility, K). The effect of soil 
erodibility is sometimes studied by varying the slope with a fixed rainfall intensi-
ty and vice versa. We obtained interesting results:

Soil erodibility is influenced by the raindrop erosive force and the shear 
stress. The impact which is made by the raindrop erosive force is essentially due 
to the raindrops diameters and the velocity of falling raindrops. We noticed that 
when the raindrops’ diameter varied from 2.14 mm to 2.94 mm for rainfall inten-
sities going respectively 28 mm∙h-1 at 102 mm∙h-1, the raindrops erosive force 
varied from 0.17 kg∙m∙s-² to 0.38 kg∙m∙s-² and the soil erodibility passes from 
3.75 104 kg∙s∙m-4 to 7.36 104 kg∙s∙m-4 under a slope angle of 3%. These results 
develop in the same way with all the slopes degrees.

The influence of the shear stress is due to the combination of runoff hydrau-
lic parameters such as the solid flow, the flow velocity, the density of mixture 
water sediments and the slope factor. We concluded that this size varies lightly 
with the rainfall intensities and evolves with the evolution of the slope degrees. 
For a rainfall intensity of 102 mm∙h-1, the shear stress is 78.57 kg∙m-1∙s-² for 
a slope angle of 3%, this value changes into 178 kg∙m-1∙s-² under a slope angle of 
7%. We found out that the influence of shear stress is due to the increase of the 
flow depth, which is due to the increase of the rainfall intensity, accentuates the 
shear velocity and gives the flow a high power to detach soil surface particles. 
It is indicated that certain researchers neglect the influence of the parameters of 
streaming on the soil erodibility. Young and Wiersma (1973) analyzed the rel-
ative importance of the raindrops impact with regard to the influence of water 
on three various soil textures. Their study shows that the raindrops impacts are 
the main cause of the soil disintegration, whereas the flow transports the already 
detached particles. Bryan and Shiu-Hung (1981) show that the soil disintegration 
is due to the wash loss and splash loss.

We can mention that in the case of low slope, soil erodibility is due to parti-
cle-size distribution. We noticed that the sandy soil is more affected as compared 
to the silty soil. For a slope angle of 3%, the soil erodibility of sandy soil varied 
between 8.35 kg∙s∙m-4 and 11.93 kg∙s∙m-4 under rainfall intensities 28 mm∙h-1 and 
102 mm∙h-1, respectively. On the other hand, for a silty soil, the variation is from 
3.75 kg∙m-4 to 7.36 kg∙m-4. This is demonstrated by the fact that the size of aggre-
gates is different for both soils. 
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