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A B S T R A C T 
Several devices have been developed to assess soil losses by water 
erosion. However, they rarely assess the combined effects of raindrop 
impact and surface runoff together with vegetation cover on varying 
slopes. This study aimed to design and validate an equipment, on 
laboratory scale, to evaluate the effect of water erosion on undisturbed 
soil samples with and without plant cover, as well as to assess the 
kinetic energy of simulated rain and the resultant shear stress at varying 
runoff intensities. The equipment is composed of a rainfall simulator, an 
adjustable stand for different slopes and falling heights, and a runoff 
ramp for testing undisturbed soil samples measuring 15 x 20 x 40 cm 
(height, width, and length). In this study, the equipment simulated and 
evaluated the effect of precipitation and runoff on soil losses, allowing 
to obtain different values of the kinetic energy of precipitation and 
runoff. For a f﻿low rate of 12 L min-1 and slope of 35%, the shear stress 
could reach up to 8 Pa. Furthermore, the equipment showed the effect 
of vegetation cover and slope on soil losses in different granulometric 
fractions (< 0.106 mm, 0.106 to 0.25 mm, 0.25 to 0.5 mm, 0.5 to 
1.0 mm, 1.0 to 2.0 mm, and > 2.0 mm), revealing the potential of its use 
in several erosion studies on a laboratory scale.

Keywords: rainfall simulator; erosometer; Lithic Quartzipsamment; 
surface runoff.

R E S U M O
Diversos equipamentos foram desenvolvidos para a avaliação das 
perdas de solo por erosão hídrica. No entanto, raramente eles avaliam 
o efeito do impacto das gotas de chuva e do escoamento superficial 
em conjunto com a cobertura vegetal em diferentes declividades. 
Este estudo objetivou projetar e validar um equipamento, em escala 
de laboratório, para avaliar o efeito da erosão hídrica em amostras 
indeformadas de solo, bem como avaliar a velocidade de queda 
e tamanho das gotas de chuva simulada na superfície do solo e a 
intensidade do escoamento superficial em amostras com e sem 
cobertura vegetal. O equipamento é composto de um simulador de 
chuva, um suporte ajustável para diferentes declividades e alturas 
de queda e uma rampa de escoamento para testar amostras de solo 
indeformadas, com 15 x 20 x 40 cm (altura, largura e comprimento). 
Neste estudo, o equipamento simulou e avaliou o efeito da precipitação 
e do escoamento superficial nas perdas de solo, possibilitando a 
obtenção de diferentes valores de energia cinética de precipitação 
e escoamento. Para uma vazão de 12 L min-1 e inclinação de 35%, a 
tensão de cisalhamento pode chegar a 8 Pa. Além disso, o equipamento 
evidenciou o efeito da cobertura vegetal e da declividade nas perdas 
de solo em diferentes frações granulométricas (< 0,106 mm, 0,106 a 
0,25 mm, 0,25 a 0,5 mm, 0,5 a 1,0 mm, 1,0 a 2,0 mm, e > 2,0 mm), 
demonstrando o potencial do seu uso em diversos estudos de erosão 
em escala de laboratório.

Keywords: simulador de chuva; erosômetro; neossolo litólico; 
escoamento superficial.
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Introduction
Erosion is the leading global threat to soil degradation and 

food, water, and energy security. Projections indicate that water 
erosion could increase from 30 to 60% or more by 2070 (Borrelli 
et al., 2020). Several factors affect soil losses through water erosion, 
such as rainfall erosivity and slope length, vegetation type and den-
sity, soil strength, and conservation practices (Bryan and Luk, 1981; 
Ran et al., 2012; Aksoy et al., 2013; Lassu et al., 2015; Duarte et al., 
2021; Jin et al., 2021).

Numerous studies aimed to quantify the influence of each of these 
parameters on soil losses by erosion (Seeger, 2007; Lassu et al., 2015; 
Fernández-Raga et  al., 2019). Soil erosion research in the field has 
largely relied on standard plots that allow collecting water and sedi-
ments from surface runoff (Anache et al., 2017; Bagarello et al., 2018; 
Boardman and Evans, 2020). Standard plots are used to quantify the 
effects of plant cover and management practices on different soil, slope, 
and climate conditions (Chen et al., 2018; Gao et al., 2020; Klik and 
Rosner, 2020). However, the combined effects of these factors are dif-
ficult to test in the field, due to the costs and effort required in mon-
itoring field experiments (Bryan and Luk, 1981). Additionally, these 
parameters vary in time and space, even within a single rainfall event 
(Zhao et al., 2013; Lassu et al., 2015).

Researches based on rainfall simulation can expand the knowl-
edge about erosive process under different conditions (Cao et  al., 
2014; Lassu et al., 2015; Fernández-Raga et al., 2019). Rainfall simu-
lation is one of the most widely used methods in soil erosion studies 
(Seeger, 2007; Bertol et  al., 2012). The main objective is to produce 
simulated precipitations with intensity and duration control (Aksoy 
et al., 2013; Iserloh et al., 2013). Studies on rainfall simulation often 
require costly equipment and laborious installation and tests (Mey-
er, 2017; Dunkerley, 2021), which limit their application to numerous 
sites that would be required to grasp the effect of the different factors 
that cause soil erosion.

Laboratory studies, such as the Inderbitzen test, allow control over 
several variables that affect soil erosion, which would be almost impos-
sible to achieve in field studies (Inderbitzen, 1961; Luk, 1977; Bryan 
and Luk, 1981; Fernández-Raga et al., 2019). On the other hand, labo-
ratory studies are a precursor and not a substitute for field experiments 
on a large scale. Still, they provide prior understanding, reduce com-
plexity, time, and costs, and can increase field experiment efficiency 
(Lassu et al., 2015). 

The Inderbitzen test was introduced in Brazil in the 1970s to assess 
the stability of slopes based on soil erodibility (Inderbitzen, 1961; Silva 
and Melo, 2016). The equipment proposed by Inderbitzen in 1961 mea-
sured the erodibility of soils for geotechnical purposes and consisted 
basically of a flume that conducted runoff over the surface of a soil 
sample. Despite the possibility of evaluating different slope conditions 
and runoff intensities, the original equipment did not simulate the im-
pact of raindrops on the soil surface, nor did it allow the evaluation 

of factors effect that act on larger scales, such as vegetation cover and 
infiltration (Inderbitzen, 1961).

In order to simulate the effect of rainfall and expand the Inderbit-
zen test applications, the original procedure was improved through-
out time by the development of modified equipment (Fácio, 1991; 
Silva and Melo, 2016). Despite the existence of numerous tests us-
ing modified Inderbitzen equipment, most of them are related to the 
simulation of soil erodibility for geotechnical purposes (Fácio, 1991; 
Bastos et al., 1999; Soares et al., 2018; Bandeira et al., 2021; Stresser 
and Passini, 2023). As soil erosion is the object of study in several 
areas, including agronomy, geology, geography, and engineering, the 
development of a device that allows the direct evaluation of the vari-
ous factors related to soil erosion and that provides reliable results is 
of the uttermost importance.

In this sense, the objective of the present study was to design and 
test a device to analyze factors related to water erosion in undisturbed 
soil samples, with or without surface vegetation at different slopes, 
evaluating both the impact of raindrops and water runoff.

Material and Methods

Modified Inderbitzen equipment
The proposed equipment consists of a support unit, a water storage 

tank, a runoff application unit, and the rainfall simulator unit (Figure 1).
Figure 2 details the measures of the support unit through its or-

thographic front and top views. This unit was made using square me-
tallic tubes of the “Metalon” type with a section of 25 x 25 mm and a 
thickness of 2 mm. This component has elements for fixing the storage 
unit, the rainfall simulator, the undisturbed soil sample, and a plas-
tic tray that collects runoff and sediments detached from the samples 
during the tests. The support unit allows the adjustment of two param-
eters that affect the kinetic energy of raindrops and runoff. The vertical 
distance of the sample surface to the rainfall simulator affects the fall 
height of the water drops and their velocity, allowing them to reach 
higher or lower kinetic energy depending on whether the sample is 
farther or closer to the rainfall simulator, respectively. The energy as-
sociated with surface runoff (shear stress), on the other hand, can be 
modified by the sample slope. 

The water storage and application unit consist of a water reservoir 
(fed by a hose attached to the tap water source) and an opening with a 
small gutter that conducts the runoff evenly over the sample surface.

The rainfall simulation unit includes a water reservoir, hydraulic 
elements, and a motor used for uniform distribution of water drops 
over the sample. Rainfall is simulated using PVC pipes (nominal di-
ameter 20 mm) perforated with 2 mm diameter holes. Figure 3 shows 
the bottom view of the arrangement of the holes in the pipes through 
which the water droplets exit, simulating a rainfall. The three rows of 
perforated pipes are 67 mm apart, with six holes in each row equally 
spaced by 67 mm.
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Figure 1 – Units and sample arrangements in the modified Inderbitzen equipment evaluated in this study.
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Figure 2 – Orthographic front and top view of the assembly structure 
(measurements in mm).
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Figure 3 – Top view of the rainfall simulation unit component, showing 
the holes arranged along the pipe through which the simulated rainfall is 
applied (measurements in mm).

The set of perforated tubes is supported by an element that has a 
plane rotation with a turning radius of 46 mm. Thus, the water drops 
that exit through each hole reach the sample in a precipitation zone with 
an area equal to that of a circle with a radius of 46 mm (6,647.6 mm2), 
as indicated by the shaded areas in Figure 3. This ensures that the drops 
can randomly fall at any point of the collected soil sample. The circular 
motion of the set of pipes is achieved with an electric motor attached to 
the top of the rainfall simulator, with a turning radius of 46 mm.

Collection of undisturbed samples
The sampling system is composed of a U-shaped plate (Figures 4 and 5). 

After excavating the soil to the desired depth (0.15 m), this plate is inserted 
into one of the excavation walls using wooden blocks and a sledgehammer.  
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Once fully inserted, the plate accommodates the undisturbed soil sample 
inside. The smaller sides are then excavated, releasing the sample from 
the adjoining soil. Finally, the sample is lifted by hand and the open sides 
are closed with auxiliary plates (Figures 4 and 5).

The size of the samples and the collecting equipment were based on 
the following conditions: 

•	 maximum sample weight of 40 kg, allowing sampling with fewer 
people and facilitating sample transportation; 

•	 minimum sampling depth of 0.15 m, considered sufficient to ad-
equately represent the phenomena that occur at the soil surface; 

•	 specific mass of the wet soil of 2,500 kg m-3; 
•	 rectangular shape with one side twice the size of the other. 

Thus, measurements of 0.4 m and 0.2 m were adopted for the un-
disturbed sample, resulting in an area of 0.08 m2. The metal plate used 
to make the sample collection system was chosen according to Equa-
tion 1 (Arroyo et  al., 2006) to determine the necessary thickness so 
that the maximum deformation arrow of the plate produced by the soil 
weight was 1 mm.

� (1)

Where:
p: the load applied to the plate per meter. The value of p is equal to 
2,500 kg m-3 x (0.15 m x 0.4 m) x 9.81 m s-2 = 1471.5 N m-1;
lsp: the length of the smaller side of the plate (0.2 m);
E: the modulus of deformation of the steel (210,000 N mm-2 = 210 x 
109 N m-2);
I: the inertia of the sheet section used and is given by (Equation 2):

Auxiliary plates for 
closing the sides 

Figure 4 – (A) Soil sample collection with U-shaped plate and (B) soil sample prepared for evaluation.

Figure 5 – Orthographic views of the (A) plate for soil sampling and (B) soil 
sample closure plate (all measurements in mm).
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� (2)

Where:
llp: the length of the smaller side of the plate (0.4 m);
Thickness: the thickness of the metal plate (m).

For the designed conditions, the maximum arrow for a plate with 
thickness of 2 mm would be 0.74 mm, considered adequate according 
to the initial proposition of a maximum arrow of 1.0 mm.

Characterization of simulated precipitation
The precipitation intensity (i), is defined by the applied water dis-

charge and the sample area (Equation 3).

� (3)

Where:
I: the precipitation intensity (mm h-1);
Q: the applied water discharge (L min-1);
A: the sample area (A = 0.2 x 0.4 = 0.08 m2).

For the samples employed in the present study, with a surface 
area of 0.08 m2, a small water discharge of 0.1 L min-1 would already 
produce a precipitation intensity of 75 mm h-1. Precipitation  and 
runoff can be applied to different periods, with a collection of run-
off and sediments at pre-established intervals. Inderbitzen tests 
are commonly performed every 30 minutes (Thoma et  al., 2022). 
The kinetic energy of the precipitation depends on its intensity and 
duration (total precipitation). The raindrops produced by the sim-
ulator do not reach the sample surface at their terminal velocity 
due to the short distance traveled. Disregarding the interaction with 
the fluid environment during the fall, the terminal velocity of the 
falling particles could be calculated through Torricelli’s equation 
(Equation 4).

� (4)

Where:
vf: the final velocity of the particle in free fall (m s-1);
v0: the initial velocity of the particle (m s-1);
a: the acceleration of gravity (9.81 m s-2);
Δs: the distance traveled (m).

However, a particle in free fall in a fluid environment (such as the 
air) is subject not only to its weight but also to buoyancy and drag forc-
es (Figure 6). So, the resultant force acting on the simulated raindrops 
is given by the difference between these acting forces (Equation 5).

� (5)

Where:
FR: the resultant force acting on the falling drop (N);
FP: the weight force (N);
FE: the buoyancy force (N);
FA: the drag force (N).

Once the resultant force is determined, the acceleration acting on 
the falling drops can be calculated by Equation 6. Hence, with the ac-
celeration value, the velocity of the drops can be calculated for any fall-
ing distance by Equation 4.

� (6)

Where:
F: the force acting on a body (N);
m: the mass of that body measured in kg;
a: the acceleration measured in m s-2.

The weight force is a consequence of gravity’s action. If the re-
sistive forces are not present, the acceleration of gravity increases 
the velocity along the entire path traveled according to Equation 4. 
The weight force acting on the falling particle can be calculated by 
Equation 7.

� (7)

Where:
FP: the weight force (N);
ρp: the specific mass of the particle (ρp = 1,000 kg m-3 for water); 
VP: the particle volume (V = πD3/6, where D is the average drop-
let diameter); 
g: the acceleration of gravity (9.81 m s-2).

Figure 6 – Schematic representation of the forces acting on a spherical 
particle of diameter D in free fall in a fluid environment.
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Buoyancy is a resistive force with a value equal to the weight of 
the fluid volume displaced by the particle (Equation 8). In experi-
mental conditions, its value is practically negleted since the fluid in-
volved has a specific mass (ρ) about 1,000 times smaller than the fall-
ing particle (ρair = 1.2 kg m-3 and ρwater = 1,000 kg m-3 approximately).

� (8)

Where:
FE: the buoyancy force (N);
ρf : the specific mass of the fluid (ρar = 1.2 kg m-3); 
VP: the particle volume (Vp = πD3/6, where D is the average drop-
let diameter); 
g: the acceleration of gravity (9.81 m s-2).

The drag force is more difficult to calculate since its value depends 
on the particle velocity, which in turn, depends on the value of the drag 
force to be measured. The drag force is calculated from the particle 
speed and its projection area (area of the circle in the case of droplets), 
as shown in Equation 9.

� (9)

Where: 
FA: the drag force (N);
ρf: the specific mass of the fluid (ρf = 1.2 kg m–³ for the air);
v: the particle drop velocity (m s–¹);
D: the average droplet diameter (m);
Cd: the drag coefficient.

The drag coefficient is also a parameter that depends on the displacement 
velocity since it is calculated from the Reynolds number. The Reynolds num-
ber can be calculated by Equation 10, while the drag coefficient can be cal-
culated according to the proposition of Cheng (2009), through Equation 11.

�
(10)

Where:
Re: the Reynolds number;
v: the particle drop speed (m s-1);
ρf: the specific mass of the fluid (ρf = 1.2 kg m-3 for the air);
D: the average droplet diameter (m);
μ: the dynamic viscosity of the fluid (μ = 1.75 x 10-5 Pa.s for the air).

� (11)

Where:
Re: the Reynolds number;
Cd: the drag coefficient.

In order to determine the drag force, the drag coefficient, and the 
Reynolds number, the method of attempts was employed in the pres-
ent study, using as initial estimates the velocities obtained through 
Equation 4, which disregards the interaction of the falling particle 
with the environment. From this baseline velocity estimate, the drag 
force (Equation 9) and the resultant force (Equation 5) were calculat-
ed. Therefore, the acceleration was calculated by Equation 6, and the 
droplet velocity by Equation 4. The velocities thus determined were 
used as initial estimates in a next attempt. The procedure was repeat-
ed five times, and the differences in the Reynolds number calculated 
between the initial estimated velocity and the final calculated velocity 
of the last attempt resulted in less than 1%, indicating that the velocity 
values achieved could be considered adequate.

The kinetic energy of each drop was calculated by Equation 12. 
The kinetic energy of the simulated precipitation was calculated from 
the product of the estimated number of drops (precipitation volume 
divided by the estimated volume of drops) by the kinetic energy of 
each drop, making it possible to obtain kinetic energy values in MJ ha-1 
mm-1, which is the most commonly adopted unit in erosion studies 
(Morgan, 2005).

� (12)

Where:
EC: the kinetic energy of the droplet (J); 
m: the mass of the drop. Considering the density of water equal to 1.0, 
m is equal to the volume of the drop Vd. Considering perfectly spherical 
drops, the volume of the drops was calculated as Vd = μ D3/6 , where D 
is the diameter of the drop.
v: the velocity of the drop (m s–¹).

The calculation routine employed assumed that the droplets were 
perfectly spherical and had a constant diameter. To evaluate the char-
acteristics of the droplets produced, videos were taken through a cam-
era with a resolution of 1,920 x 1,080 pixels and 30 frames per minute. 
The videos were processed with the Media Player application and images 
were captured every 1/30 of a second. These images were imported into 
the Autodesk AutoCAD 2020 application where the area of the droplets 
was measured. Finally, the equivalent droplet diameter was determined 
from the measured areas and assumed its perfectly spherical shape. 
The data thus obtained were fitted to frequency distributions employing 
the MASS package in R software (R Core Team, 2007). Subsequently, the 
fitted distributions and the observed data were subjected to the Kolmog-
orov-Smirnov test to verify that the fitted distributions were adequate.

Characterization of simulated runoff
To characterize the surface runoff and determine the shear stress 

applied by the runoff, the methodology employed by several research-
ers for the evaluation of soil losses in canal waterways was applied (En-
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riquez et al., 2015; Griebeler et al., 2005). The shear stress applied by 
the runoff in the bed of a canal can be determined by Equation 13.

� (13)

Where: 
τ: the hydraulic shear stress (Pa);
γ: the specific weight of water (9,810 N m-3); 
Rh: the hydraulic radius of the flow section. For large canal conditions, 
the hydraulic radius can be replaced by the flow depth itself, which 
would be more appropriate for surface flow conditions; 
S: the slope of the sample surface in the test (m/m).

The hydraulic radius depends on the flow section and the wetted 
perimeter. Both parameters are defined by the width of the flow bed 
sample and the depth of the flow. The depth of the flow can be esti-
mated by Manning’s equation for free surface flow (Equation 14, for 
rectangular canals). This equation can be solved numerically to deter-
mine the flow depth from the flow and canal characteristics (using the 
Microsoft Excel® Solver tool). The Reynolds number for the surface 
runoff was calculated by Equation 15.

�
(14)

Where:
Q: the flow rate of the runoff applied in the test (m3 s-1);
n: Manning’s roughness coefficient (value for earthen canals in poor 
condition n = 0.025 s m-1/3);
S: the slope of the sample surface in the test; 
A: the area of the flow section, being equal to the product of the canal 
width and the flow depth; 
Rh: the hydraulic radius of the flow section, being given by the ratio 
between the area of the flow section and the area of the flow section 
and the wetted perimeter; 
p: the flow depth (m); 
w is the flow width, which was considered to be 0.2 m.

� (15)

Where:
Re: the Reynolds number;
v: the flow velocity (m s-1);

Rh: the hydraulic radius of the flow section being considered equal to 
flow depth for surface flow conditions; 
μ: the kinematic viscosity of the fluid.

Erodibility tests and equipment validation
For evaluation of soil loss and equipment validation, tests were 

performed on the modified Inderbitzen equipment. The tests were 
conducted at the Universidade Federal dos Vales do Jequitinhonha e 
Mucuri (UFVJM), in Diamantina/MG, with geographical coordinates 
of 18° 12’ 13” S and 43° 34’ 43” W and average altitude of 1,400 m.

Samples were collected from a Typic Quartzipsamment (Table  1) 
according to the methodology presented in Soil Taxonomy (1999). 
They were collected with vegetation cover (spontaneous vegetation in the 
area) and without vegetation cover (removed before sampling). The veg-
etation cover is part of the Cerrado biome, with savanna and rupestrian 
field phytophysiognomies. The precipitation flow rate employed in the 
tests was 0.4 L min-1, resulting in an intensity of 300 mm h-1. In addition, 
the samples were subjected to surface runoff at a flow rate of 6 L min-1. 
Soil losses were expressed in g cm-2 and soil loss rate in g cm–²min–¹; 
these units are the most commonly employed in studies with Inder-
bitzen equipment. The trials were conducted at three different slopes, 
5%, 17.5%, and 35%. The runoff from the tests and the eroded material 
were collected 1, 5, 10, 15, 20, and 30 minutes after the test started. The 
eroded material was sedimented, collected, oven dried, and sieved. The 
following particle size fractions were quantified: < 0.106 mm, 0.106 to 
0.25 mm, 0.25 to 0.5 mm, 0.5 to 1.0 mm, 1.0 to 2.0 mm, and > 2.0 mm. 
After drying, the material from each fraction was weighed.

The tests were performed in triplicate, totaling 18 samples (2 surface 
conditions x 3 slopes x 3 repetitions). The data were submitted to variance 
analysis and comparison of means tests (Tukey test at 5% significance lev-
el) when significant effects of any source of variation were observed. The 
statistical analyses were performed in R software (R Core Team, 2007).

Results and Discussion

Rainfall characterization
Varying the distance from the sample to the rainfall simulator al-

lowed a wide range of droplet velocities (Figure 7). The terminal ve-
locity of the drops is reached when the resultant of the forces acting 
on the falling particle (Figure 8) is null. For the conditions evaluated 
in this study, we found terminal velocity values of 6.11; 7.71; 8.45; and 
8.91 m s-1 for drops with diameters 2; 3; 4, and 5 mm, respectively. 

Table 1 – Physical characterization of the Lithic Quartzipsamment used in the experiments.

ρr ρg N
Granulometric distribution (mm)

> 2,0 2,0–1,0 1,0–0,5 0,5–0,25 0,2–0,106 < 0,106 

--- kg m-3 --- m3 m-3 --------------------------------- g k-1 ---------------------------------

2,450 1,460 0.40 14.2 48.1 222.1 656.8 48.7 10.1

ρr: real specific mass or particle density; ρg: apparent specific mass or soil bulk density; n: void coefficient or total porosity.
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These velocities are higher than those obtained for the rainfall simu-
lator considering the range of distances from 0.5 to 1.50 m (Figure 7), 
which indicates that the simulated erosivity would be lower than that 
of natural rainfall at the same intensity. 

At heights of 0.5 m, the drops reach the soil surface at velocities 
of about 3.0 m s-1. By increasing the vertical distance of the sample to 
1.0 m, the drops reach the surface at velocities of 3.9 to 4.2 m s-1 de-
pending on the drop diameter. Velocities above 5 m s-1 are reached only 
by larger drops (4 and 5 mm diameter) and with a drop height of 1.5 m. 
At these drop heights (0.5 to 1.5 m), the differences in velocity due to 
different droplet diameters are small, while the kinetic energy of pre-
cipitation is markedly different (Figure 7). For the 0.5 m drop height, 
for example, the kinetic energy of precipitation varied from 0.04 to 
0.73 MJ ha-1 mm-1 as the droplet diameter increased from 1 to 5 mm – 
a difference of 1,700%. The range of variation in kinetic energy is wider 
because it depends on the mass of the falling drops and increases with 
the square of the velocity (Equation 12), which amplifies its effect. 

The precipitation generated during the equipment validation tests 
presented a mean droplet diameter of 2.72 mm, with a range of varia-
tion from 1.36 to 6.04 mm. As shown in Figure 8, the distribution was 
slightly asymmetric to the right, with the median (2.46 mm) lower than 
the mean. The drop size distribution fitted a gamma-type distribution, 
with a shape parameter equal to 10.6 and a rate of 3.9 (Figure 8).

Runoff characterization
Variations in runoff flow rate and sample slope allowed different 

shear stress values (Figure 9). For flow rates from 1 to 12 L min-1, the 
Reynolds number ranged from 93 to 1,120. This indicates a transition to 
turbulent flow regime, with progressive increase of inertial forces over re-
sistive forces (viscosity) as the applied flow rate increases (Equation 14). 

According to Silva and Melo (2016), in a synthesis of several papers relat-
ed to the evaluation of erodibility with the Inderbitzen test, the flow rates 
used were between 3 and 18.8 L min-1, with average value of 6 L min-1. 
The hydraulic shear stress applied by the surface runoff over the sample 
surface was markedly affected by the slope (Figure 9). For the 5% slope, 
the flow rate had little effect on the shear stress exerted by the runoff, 
ranging from 0.5 to 2.1 Pa for flow rates of 1 to 12 L min-1. On the other 
hand, for the 35% slope, the shear stress amplitude as a function of the 
flow rate was much larger, varying from 1.8 to 8.2 Pa for flow rates from 
1 to 12 L min-1.

Figure 7 – Relationship between droplet velocity, precipitation kinetic energy, and drop height.

Figure 8 – Observed distribution of the droplet diameter generated by 
the rainfall simulator (vertical bars) and fitted distribution (gamma 
distribution with shape equal to 10.6 and rate of 3.9).
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Soil losses during the tests
The sediment eroded during the tests in the modified Inderbitzen 

test presented a particle size distribution significantly different from 
the original soil (Figure 10). While the original soil showed a wide pre-
dominance of coarser fractions (about 94% of the particles were larger 
than 0.25 mm), the eroded sediment consisted mainly of thinner frac-
tions, with about 60% of the material having a diameter smaller than 
0.25 mm. The finest fraction (< 0.106 mm) presented 8–15 times high-
er contents in the collected sediments than in the original soil, while 
the 0.106–0.25 mm fraction showed 10–12 times higher contents in the 
sediments. This process of fine material loss causes some implications, 
such as a marked reduction in soil fertility since the colloidal material 
retains nutrients and the aggravation of water erosion off-site effects 
since these smaller particles have less resistance to transport, being 
more easily carried over longer distances. 

The evolution of losses throughout the test was also markedly different 
depending on the particle size fraction considered (Figure 11). The largest 
losses were continuously observed in the fractions from 0.25 to 0.5 mm 
and 0.106 to 0.25 mm. The loss of the other fractions was generally below 
0.05 g cm-2 after 30 minutes of testing for all surface cover and slope con-
ditions. The fraction with diameter smaller than 0.106 mm, despite being 
thinner and therefore more easily transported, showed very low loss values 
due to the originally very low soil contents of only 1% (Table 1). 

In the condition without vegetation cover, besides the differences 
in the amount of soil loss at each slope (Table 2), the granulometric 
fractions also exhibited distinct behavior (Figure 11). On the slopes 
of 5% and 17.5%, the losses for the fraction from 0.106 to 0.25 mm 
remained far from the others, while on the 35% slope, this fraction and 
the 0.25 to 0.5 mm showed similar behavior to each other and marked-
ly different in relation to the other fractions. 

In the condition with vegetation cover, losses were always below 0.1 g 
cm-2 on the 5% and 17.5% slopes. On the 35% slope, the losses increased 
sharply throughout the test, especially in the fraction from 0.106 to 0.25 mm.

Significant effects of ground cover on the soil surface and slope on 
the identified soil losses in the different fractions were observed (Table 2). 
However, the interaction between these two factors was not significant for 
any particle size fraction. The general trend observed for total losses (sum 
of all fractions) was maintained for most fractions. As for total losses, the 
fractions 0.25 to 0.106 mm, 0.25 to 0.5 mm, 0.5 to 1.0 mm, and 1.0 to 
2.0 mm showed significantly higher losses in the condition without vegeta-
tion cover and at a slope of 35%, while losses at 5% and 17.5% did not differ. 

Figure 9 – Depth of surface runoff and hydraulic shear stress applied on the samples surface by the runoff.

Figure 10 – Particle size composition of the Lithic Quartzipsamment and 
sediment eroded during the modified Inderbitzen equipment tests for 
different soil cover conditions and slope.
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Figure 11 – Cumulative soil losses throughout the modified Inderbitzen trials.
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For the coarser fraction (> 2.0 mm), the effect of vegetation cover was not 
significant, only the slope, with higher losses also on the 35% slope. The 
losses of the finest fraction (< 0.106 mm) also did not show a significant 
effect of vegetation cover, but the slopes differed from each other more 
markedly, with a gradation of losses in 5% < 17.5% < 35%.

Averages followed by the same letter do not differ using Tukey’s test 
at a 5% significance level. Capital letters compare vegetation cover and 
lowercase letters compare slopes.

Conclusions
The proposed equipment allowed obtaining different values of 

the kinetic energy of precipitation and erosivity from changes in 
the distance of the samples in the simulator and in the precipita-
tion intensity. 

Different shear stresses could be applied by surface runoff from 
variations in runoff flow and sample slope. For a flow rate of 12 L min-1 

and slope of 35%, the shear stress could reach up to 8 Pa. The pro-
posed methodology allowed the collection of undeformed soil samples 
with dimensions of 0.40 m length, 0.20 m width, and 0.15 m depth, 
enabling the maintenance of vegetation cover over the collected soil 
surface. In the simulated erosion tests, the equipment allowed the effect 
of vegetation cover and slope on soil losses in different granulometric 
fractions to be highlighted, indicating the possibility of its use in labo-
ratory erosion studies.

This study allowed for the design and testing of the equipment to 
analyze factors related to water erosion in undisturbed soil samples. 
It evaluated the impact of raindrops and runoff on samples with and 
without surface vegetation, as well as on different slopes. Finally, this 
new equipment can assist researchers in the laboratory conducting 
analyses of soil erosion by reducing the need for laborious analysis in 
the field. Consequently, it would lead to cost reduction and shorter re-
search periods concerning soil erosion issues.

Table 2 – Average soil losses (g cm–²) for typical lithologic lithosols in the simulated erosion tests using the modified Inderbitzen equipment.

Slope (%)
> 2.0 2.0–1.0 1.0–0.5 0.5–0.25 0.25–0.106 < 0.106 Total

Without vegetation cover
5 0.003 Ab 0.013 Ab 0.031 Ab 0.071 Ab 0.177 Ab 0.029 Ab 0.325 Ab
17.5 0.001 Ab 0.010 Ab 0.026 Ab 0.075 Ab 0.210 Ab 0.043 Aab 0.365 Ab
35 0.006 Aa 0.027 Aa 0.057 Aa 0.265 Aa 0.339 Aa 0.059 Aa 0.752 Aa

With vegetation cover
5 0.001 Ab 0.002 Bb 0.006 Bb 0.013 Bb 0.030 Ab 0.006 Ab 0.058 Bb
17.5 0.001 Ab 0.005 Bb 0.014 Bb 0.064 Bb 0.078 Ab 0.018 Aab 0.180 Bb
35 0.005 Aa 0.018 Ba 0.043 Ba 0.121 Ba 0.305 Aa 0.062 Aa 0.554 Ba
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