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RESUMO GERAL

MACEDO, Pietro Menezes Sanchez. Erosdo hidrica sob chuva simulada com variacéo
instantanea de intensidade de precipitacdo e avaliacdo automatica da enxurrada. 2022.
70f. Tese (Doutorado em Agronomia-Ciéncias do Solo). Instituto de Agronomia,
Universidade Federal Rural do Rio de Janeiro, Seropédica, RJ, 2022.

A eroséo hidrica é um fendmeno natural de grande importancia no cenario global no que diz
respeito a conservacdo e exploragédo sustentavel do solo e da agua, e o0 uso de simuladores de
chuvas tem gerado inimeras informacdes relevantes para a compreensdo desse tema. O
aprimoramento desses equipamentos visando a aplicagdo de chuvas com variacdo de
intensidade de precipitagéo e o desenvolvimento de um coletor eletronico de enxurrada sdo
etapas cruciais no estudo dos processos erosivos. Partindo do pressuposto que vairar a rotacdo
do simulador de chuvas possibilitaria 0 controle das intensidades de precipitacdo aplicadas
durante as simulacGes e que um coletor automatico de enxurrada facilitaria a obtencdo de
dados em campo desenvolvemos a tese em trés capitulos de maneira a abordar todo o
procedimento adotado no desenvolvimento e avaliacdo dos dispositivos associados ao
simulador de chuvas InfiAsper. O objetivo do primeiro capitulo foi avaliar se a variacdo na
rotacdo do disco obturador, associada a sua abertura, possibilita a obtencdo de diferentes
padrdes de chuva no simulador de chuva InfiAsper. A instalacdo de componentes eletronicos
no painel de controle do simulador permitiu a variacdo da rotacdo do obturador durante sua
operacdo de acordo com programacao prévia, possibilitando a simulacdo de chuvas com
diferentes padrdes de precipitacdo. Eventos com picos de intensidade de precipitacdo (IP) de
110 mm h! e duragdo de 40 min foram adequadamente simuladas pelo equipamento, com
uniformidade de aplicacdo acima de 75%. Com esse dispositivo tornou-se possivel simular
outros padrbes de chuva, com IP e duracdo diferentes, alterando as configuracfes para o
ensaio desejado. O segundo capitulo teve como objetivo avaliar a operacionalidade do
simulador de chuva InfiAsper com o novo painel de controle que varia a intensidade de
precipitacdo durante a aplicacdo da chuva e as perdas de solo e dgua associadas a diferentes
padrdes de chuva em um Argissolo Distréfico com textura franco-argilosa. O painel foi
programado para simular chuvas de 40 min de duracdo e lamina total de 30 mm em um
terreno com declividade de 0,09 m m™, gradeado no sentido da curva de nivel e em condicdo
de solo exposto. Operando com o novo painel de controle, o InfiAsper funcionou
satisfatoriamente permitindo variar a intensidade das chuvas, confome as caracteristicas das
chuvas esperadas nos eventos naturais. Padrdes de chuvas intermediario e atrasado
produziram maiores perdas de solo e 4gua do que o padrdo avancado. Os padrbes de chuva
intermediario invertido e constante ndo produziram perdas significativas para a aplicacdo de
lamina d'agua média de 30 mm. No terceiro capitulo é apresentado o desenvolvimento e a
avaliacdo em campo de um coletor de dados para simuladores de chuva, capaz de quantificar
0 volume de enxurrada e estimar a taxa de perda de solo automaticamente. Utilizando um
microcontrolador (Arduino Mega® 2560), foram testados sensores com principios capacitivo,
ultrassonico e por pressdo, para computar o volume de enxurrada, e um turbidimetro, para
computar as taxas de perda de solo. Os sensores foram selecionados quanto a calibragdo e
incerteza dos dados. O coletor automatico de enxurrada equipado com o transdutor de pressdo
PSI1.420 e o sensor de turbidez ST100 se mostrou eficaz na obtencdo e armazenamento de
dados de volume de enxurrada e perda de solo obtidos durante ensaio de chuva simulada em
campo.

Palavras-chave: Simulador de chuva. Arduino. Padrdes de precipitacdo. Coletor de
enxurrada.



GENERAL ABSTRACT

MACEDO, Pietro Menezes Sanchez. Water erosion under simulated rainfall with
instantaneous variation of precipitation intensity and automatic runoff assessment.
2022. 70p. Thesis (Doctor in Agronomy-Soil Science). Institute of Agronomy, Rural
University of Rio de Janeiro, Seropédica, RJ, 2022.

Water erosion is a natural phenomenon of great importance in the global scenario with regard
to the conservation and sustainable exploration of soil and water, and the use of rainfall
simulators has generated a lot of relevant information for the understanding of this topic. The
improvement of these equipments aiming at the application of rains with variation of
precipitation intensity and the development of an electronic runoff collector are crucial steps
in the study of erosive processes. Assuming that changing the rotation of the rainfall simulator
would make it possible to control the precipitation intensities applied during the simulations
and that an automatic runoff collector would facilitate the collection of data in the field, we
developed the thesis in three chapters in order to approach the entire procedure adopted in the
development and evaluation of devices associated with the InfiAsper rainfall simulator. The
aim of the first chapter was to evaluate whether the variation in the shutter disc rotation,
associated with its aperture, makes it possible to obtain different rainfall patterns in the
InfiAsper rainfall simulator. The installation of electronic components in the simulator's
control panel allowed the variation of the shutter rotation during its operation according to
previous programming, allowing the simulation of rains with different precipitation patterns.
Events with peak precipitation intensity (PI) of 110 mm h-1 and duration of 40 min were
adequately simulated by the equipment, with application uniformity above 75%. With this
device it became possible to simulate other rain patterns, with different Pl and duration,
changing the settings for the desired test. The second chapter aimed to evaluate the operability
of the InfiAsper rainfall simulator with the new control panel that varies the intensity of
precipitation during the application of rain and the soil and water losses associated with
different rainfall patterns in a Dystrophic Acrisol with texture clay loam. The panel was
programmed to simulate rainfall of 40 min duration and a total depth of 30 mm in a terrain
with a slope of 0,09 m m?, graded in the direction of the contour and in an exposed soil
condition. Operating with the new control panel, InfiAsper worked satisfactorily, allowing to
vary the intensity of the rains, according to the characteristics of the rains expected in natural
events. Intermediate and late rainfall patterns produced greater soil and water losses than the
advanced pattern. The intermediate inverted and constant rainfall patterns did’t produce
significant losses for the application of an average water depth of 30 mm. The third chapter
presents the development and field evaluation of a data collector for rainfall simulators,
capable of quantifying runoff volume and automatically estimating the rate of soil loss. Using
a microcontroller (Arduino Mega® 2560), sensors with capacitive, ultrasonic and pressure
principles were tested to compute runoff volume, and a turbidimeter to compute soil loss
rates. Sensors were selected for calibration and data uncertainty. The automatic runoff
collector equipped with the PSI.420 pressure transducer and the ST100 turbidity sensor
proved to be effective in obtaining and storing data on runoff volume and soil loss obtained
during a simulated rain test in the field.

Keywords: Rainfall simulator. Arduino. Precipitation patterns. Flood collector.
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1. INTRODUCAO GERAL

A erosdo hidrica € um fendmeno natural complexo e um dos principais fatores de
degradacéo dos solos que acarreta grandes prejuizos no setor agricola em todo planeta. E um
processo que tem sido acelerado pela intervencdo antropica em resposta a utilizacdo
desordenada dos recursos do solo visando o desenvolvimento da sociedade. O principal
prejuizo causado pela erosdo € a perda da fertilidade do solo, o que causa diversos outros
problemas como o aumento da acidez, a reducdo da biodiversidade, a desestruturacdo dos
agregados entre outras caracteristicas que retroaliemtam o sistema e favorecem ainda mais a
erosdo. Outro efeito nocivo da erosdo hidrica é o assoreamento e contamina¢do dos corpos
hidricos acumuladores de sedimentos. Portanto, a compreensdo dos seus mecanismos naturais
é fundamental para o desenvolvimento de um manejo sustentavel dos solos no que tange a
exploracdo agricola, viabilizando a ado¢do de praticas conservacionistas que, em sua maioria,
preconiza o uso de cobertura vegetal e um bom manejo da matéria organica como ferramentas
para proteger o solo dos efeitos oriundos da eroséo.

Considerando a importancia do estudo dos mecanismos da erosdo, em especial a
erosdo hidrica que afeta a maior parte das zonas agricultaveis de clima tropical, o uso de
ferramentas como simuladores de chuva ganha destaque. Os simuladores de chuva s&o
equipamentos que facilitam a obtencdo de informacdes cientificas a respeito da perda de solo
a medida que independe de eventos naturais e apresentam controle de boa parte dos processos
gue envolve a simulacdo. Desde a década de 30, varios modelos tém sido concebidos e
aprimorados visando a aplicacdo de chuvas com caracteristicas semelhantes aos eventos
naturais. Porém, para que um simulador possa ser devidamente empregado em estudos
cientificos 0 mesmo deve apresentar alta uniformidade de aplicacdo e energia cinética das
gotas semelhante a da chuva natural, além de controle da intensidade de precipitacéo.

Atualemente no meio cientifico ocorrem debates a respeito de como o0s picos de
intensidade em momentos distintos da precipitacdo ao longo de um evento (padrbes de
precipitacdo) podem influenciar a formacdo de enxurrada e as taxas de perda de solo. Essa
caracteristica das chuvas naturais € muito vezes negligenciada durante a simulacdo das
chuvas, sendo poucos 0s equipamentos que demonstram agregar esse aspecto a simulacéo de
forma eficiente. Nesse sentido, desenvolver um equipamento que permite personalizar as
intensidades de precipitacdo ao longo da simulagdo aumentaria o grau de realismo dos dados
avaliados.

Dentre os varios modelos de simuladores de chuva existentes, um dos mais utilizado
no Brasil em pesquisas € o InfiAsper com diverssas publicacdes citando seu uso nos Gltimos
anos. Esse equipamento que tradicionalmente simula chuvas com intensidades constantes
utiliza dois bicos pulverizadores que aplicam a &gua pressurizada sobre discos rotativos
sobrepostos que apresentam duas aberturas. Sendo constante a rotacdo dos discos, em
aproximadamente 260 rpm, a intensidade de precipitacdo da chuva simulada é definida a
partir do grau de abertura que se encontram os discos sobrepostos. Uma grande dificuldade
presente em trabalhos de campo com o InfiAsper € a coleta e analise dos dados de enxurrada,
que necessita a participacdo de uma equipe treinada e um bom planejamento logistico para
armazenamento e transporte do material coletado até o laboratorio.

Vislumbrando a possibilidade de aplicar chuvas com variacdo instantdnea da
intensidade de precipitacdo e avaliar as caracteristicas da enxurrada em condicGes de campo
formulou-se a hipotese de que a intensidade de precipitacdo do InfiAsper pode ser controlada
de forma eficaz pela rotagdo dos discos e que um coletor automatico de enxurrada pode
proporcionar uma melhoria na obtencéo dos dados em campo. Para atender a essas demandas,
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0s objetivos do trabalho foram: a) desenvolver um novo painel controlador para o InfiAsper
possibilitando a avaliagdo das perdas de solo e &gua sob diferentes padrdes de chuva, e b)
desenvolver um sistema automatico de coleta de enxurrada que possibilite a quantificacdo do
volume escoado e da perda de solo a partir de chuva simulada pelo InfiAsper.

Para elucidar as questdes levantadas, a presente tese foi arquitetada em trés Capitulos.
O Capitulo | abordando o desenvolvimento do novo painel de controle para o simulador de
chuvas. O Capitulo 1l referente ao uso do novo painel em teste de campo e avaliacdo dos
resultados de perda de agua e solo sob diferentes padrfes de precipitacdo. E o Capitulo 111
referente ao desenvolvimento do prot6tipo do coletor automatico de enxurrada para uso em
conjunto com equipamentos simuladores de chuva.



2. CHAPTERI

A MODIFIED PORTABLE RAINFALL SIMULATOR FOR SOIL
EROSION ASSESSMENT UNDER DIFFERENT RAINFALL PATTERNS
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2.1 RESUMO

Simuladores de chuva sao dispositivos utilizados em estudos de erosédo e infiltracdo da agua
no solo e possuem diferentes classificacGes e caracteristicas operacionais. A maioria desses
dispositivos simula chuvas com intensidade de precipitacdo (IP) constante, o que néo
representa as caracteristicas das chuvas naturais e pode levar a diferencas significativas nos
estudos de perdas de solo e agua. No presente estudo foi desenvolvido um sistema de controle
automatico da IP automético para um simulador rotativo equipado com bicos, por meio da
regulacdo da rotacdo do disco do obturador, visando simular diferentes padrbes de
precipitacdo. Foi montado um sistema de controle eletronico que atua no inversor de
frequéncia da poténcia do motor, permitindo ao usuario inserir o padrdo de chuva desejado
por meio de um arquivo texto, gravado em um cartdo de memoria micro SD. Para fins de
avaliacdo, diferentes padrdes de chuva foram programados para 40 min de duragdo, com picos
de IP maximos de 110 mm h' e Iamina total de 30 mm. O novo painel do simulador foi
construido com interface amigavel, permite a selecdo do padrdo de chuva desejado e 0 modo
de operacdo (manual ou automatico). As chuvas foram simuladas adequadamente e mesmo
com variacdo na IP, o simulador modificado apresentou uniformidade de aplicacdo acima de
75%.

Palavras-chave: Erosdo hidrica. Chuva simulada. Intensidades de precipitac&o.



2.2 ABSTRACT

Rainfall simulators are devices used in studies on erosion and water infiltration in soil and
have different classifications and operating characteristics. Most of these devices simulate
rainfall with constant precipitation intensity (P1), which does not represent the characteristics
of natural rainfalls and may lead to significant differences in studies on soil and water losses.
In the present study we have developed an automatic Pl control system for a rotating
simulator equipped with nozzles, through the regulation of the shutter disc rotation, aming
simulate different hydrological patterns. We have set up an electronic control system that acts
on the motor power frequency inverter, allowing the user to enter the desired rainfall pattern
through a text file, recorded on a micro SD memory card. For evaluation purposes, different
rainfall patterns were programmed for 40 min duration, with maximum P1 peaks of 110 mm h-
! and total depth of 30 mm. The new panel of the simulator was built with user-friendly
interface, enables the selection of the desired rainfall pattern and the operating mode (manual
or automatic). The rainfalls were adequately simulated and, even with variation in PI, the
modified simulator showed application uniformity above 75%.

Keywords: Water erosion. Simulated rainfall. Rainfall intensities.



2.3 INTRODUCTION

The search for sustainable use of soil resources is one of the main motivations for the
study on erosion and the development of conservation practices that mitigate this natural
process commonly accentuated by anthropic action. The world demand for food, fiber and
fuel and the increase in areas with agricultural production and pastures have intensified
erosion (MERTEN & MINELLA, 2013).

The erosive process is associated with large-scale factors, such as global warming (Lal
et al.,, 2011), and with the characteristics of rainfall, climate, management, topography, as
well as soil types and cover (Hamanaka et al., 2019), and is considered a global concern
because it degrades the natural resources of soil and water, leading to major economic losses.
In countries of tropical climate, water erosion is the among the main causes of losses in the
agricultural yield of food crops, resulting in increased production cost and environmental
contamination (ANDRADE et al., 2011).

Soil losses can be generated with natural rainfall or through rainfall simulators, which
are tools used in hydrogeomorphological or hydrological studies, in the field and in the
laboratory (ASKOQY et al., 2012), related to runoff, infiltration and sediment loss due to use,
cover and management in different soil classes (SARASTY et al., 2017; BOULANGE et al.,
2019). These devices make it possible to simulate rainfall with different characteristics
(precipitation duration and intensity) and have been used to evaluate soil erodibility
(MHASKE et al., 2019) and the impact of revegetation (ASKOY et al., 2012), besides
generating information that validates conservation practices and models for estimating soil
losses, provided that they have characteristics similar to those of natural rainfall, such as drop
diameter and kinetic energy (MUNSTER et al., 2006). In addition to being simple, portable
and economical (MHASKE et al., 2019), the simulators should have low water consumption
(ISERLOH et al., 2012), precise control of precipitation intensity and provide a relationship
between simulated/natural rainfall kinetic energy and uniformity above 75% (ALVES
SOBRINHO et al., 2008).

According to the form of production of the drops (MORIN et al., 1967), rainfall
simulators are classified into two categories, being equipped with drippers, composed of
capillary tubes, or with nozzles, which operate with a wide range of precipitation intensity and
drop diameter, enabling the formation of a more random drop falling pattern, similar to that of
natural rain. The simulator developed by Alves Sobrinho et al. (2008), called InfiAsper,
operates with two pressurized nozzles and is one of the most used devices in Brazil to
simulate rainfall with constant precipitation pattern, according to previous calibration
(CARVALHO et al., 2015; PANACHUKI et al., 2015; VALIM et al., 2016; ALMEIDA et al.,
2018; MARQUES et al., 2019; MORAES et al., 2019). However, as natural rainfall events are
variable in space and time (ASSOULINE, 2009), the natural process of soil loss is best
reproduced when the simulators have mechanisms for varying the intensity during the
occurrence of precipitation (NIELSEN et al., 2019). According to Alavinia et al. (2019),
rainfalls simulated with constant intensity do not represent the characteristics of natural
rainfalls, leading to significant differences in the results of soil losses.

The combination of different precipitation intensities during rainfall is called a rainfall
pattern (LUO et al., 2020) and is considered one of the main factors that influence soil erosion
(HUIHUI et al., 2016). Rainfall pattern classified as delayed, when the peak of precipitation
intensity occurs on the final third of the rain (FLANAGAN et al., 1988), tends to generate
higher rates of soil loss and runoff volume considering that the highest intensity occurs in
water-saturated soil (WANG et al., 2016; SOFIA et al., 2019). Therefore, the possibility of
adapting and updating the original control panel of InfiAsper with the application of a rotation
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microcontroller device, to obtain different pre-set rainfall patterns, is a fundamental
improvement in its operation and, consequently, in the quality of the obtained data.

The study was conceived based on the hypothesis that the variation in the shutter disc
rotation in the rainfall simulator InfiAsper (ALVES SOBRINHO et al., 2008) makes it
possible to change precipitation intensity and obtain different rainfall patterns with no
simultaneous alteration in the shutter opening. Thus, the objective of this study was to
evaluate whether the variation in the shutter disc rotation, associated with its opening, enables
the obtaining of different rainfall patterns in the rainfall simulator InfiAsper.



2.4 MATERIAL AND METHODS

The rainfall simulator used in this study was the InfiAsper, developed by Alves
Sobrinho et al. (2002, 2008), composed of five independent modules, which facilitate
transport and operation in the field (Figure 1). It has two fixed spray nozzles (Veejet 80.150
model), which must be positioned at 2.30 m height from the ground during operation (Figure
2a). The nozzles are located above the shutter’s overlapping discs (Figure 2b), whose rotation
is defined by the input frequency of the shutter motor, using the frequency inverter installed
on rainfall simulator panel (Figure 2c).

Figure 1. Scheme of the components of the InfiAsper rainfall simulator (Legend: metallic
structure (1); water application unit (2); control panel (3); reservoir and water pump (4);
and runoff collector (5)).

Traditionally, the device is used with constant rotation and the precipitation intensity
(PI) is obtained by adjusting the opening of rotating shutter’s discs. The water that does not
pass through the disc opening is collected by blocking device for intercepting water, that
redirects it to a deposit, reducing the demand for water. Thus, as the flow applied by the
nozzles is constant, for a given water pressure, the larger the disc opening, the greater the
amount of water that passes through them and, consequently, the greater the PI. However, we
conducted tests in the laboratory to evaluate the possibility of varying Pl in response to the
variation in the rotation of the shutter’s discs. Thus, for better adjustment in frequency
variation, a 10 kQ potentiometer was installed in the control port of the frequency inverter,
which was previously set to remote mode.
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Figure 2. InfiAsper rainfall simulator (a), shutter discs for regulating precipitation intensity
(b) and control panel (c).

Figure 3 shows the electrical diagram of the motor pump drive circuits, consisting of a
switch (S1), contactor switch (K1), thermal relay (TR1) and the shutter activation and rotation
control circuit, composed of a switch (S2), frequency inverter (INV) and potentiometer (P1).
For the rotations of 140, 200, 260, 400, 600 and 800 rpm and disc openings of 33, 44, 56 and
60 mm, the PI was evaluated in tests with duration of 10 min and pressure of 27.6 kPa in the
nozzles. The consumption (Cw) and efficiency of water application (Ew) were also evaluated
for the same rotations and openings, during 3-minute tests. The Cw represents the volume of
water applied by simulator, collected manually at the exit of the nozzles, while the Ew is the
ratio between the volume of water collected in simulator runoff collector (Figure 1) and Cw.
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Figure 3. Electrical scheme of the original panel with the addition of the potentiometer for
controlling the rotation.

Considering the structure of the device and the shutter openings, rotation values below
140 rpm favor the undesirable intermittency of rainfall directed to the flow collector. On the
other hand, rotations above 800 rpm cause instability of the simulator structure and direct the
water out of the simulator, significantly reducing its efficiency and precipitation uniformity.
With the results obtained from this first evaluation, a multiple regression analysis was carried
out in order to select the best model for the estimation of PI, from rotation and disc opening
data. The regression models were analyzed using the minimal squares method and the
significance of the estimated coefficients and the adequacy of the model were tested using the
t test and analysis of variance, respectively, at 5% probability. All statistical analyzes were
conducted using the R software package, version 3.6.0.

After identifying the disc opening that generated the best results and maintaining the
previous rotations, we evaluated the water pressures in the nozzles of 20.7 and 34.6 kPa, for
which we measured the PI and the coefficient of uniformity (CU) according to Christiansen
(1942) (Eq. (2)).

cu = Lz X 1)

X*Nn
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Where xi is individual water amount per rain collector [mL], x the arithmetic mean of
applied water amount per rain collector [mL] and n is the total number of rain collectors. In
the calibration tray (0.7 m2), corresponding to the simulator runoff collector, we used a grid of
25 collectors, with area of 50 cm? per collector.

With the most adequate disc opening and water pressure, we conducted tests to
determine the average volumetric diameter of the drops, using the flour method (Kathiravelu
et al., 2016). In these tests, the drops are collected on a tray containing sifted wheat flour and
positioned at 30 cm height from the ground, to avoid the splash effect. After 5 s under rainfall,
the collected material is covered with a thin layer of flour and remains at rest, drying in the air
for 24 h. After this time, the material is placed in a microwave oven for 3 min (Garcia et al.,
2014) for complete drying. Dry granules are then separated by sieving through 4.0, 2.0, 1.0,
0.5 and 0.25 mm meshes and weighed on an electronic scale to obtain the average mass of the
granules. Considering that the drops have a spherical shape, their diameter and volume were
determined using the equations presented by Iserloh et al. (2013). The accumulated volume
and the average diameter of drops retained on each sieve were used to determine the average
diameter shown by 50% of the drops (D50). The data of PI, D50, water pressure, fall height
and applied water depth were used to calculate the fall time, the initial and final velocities of
the drop, the kinetic energy of simulated rainfall (KeS) and its relationship with the kinetic
energy of natural rainfall with equivalent intensity (KeN). The calculations were performed
using a computational routine developed according to the methodology described by Alves
Sobrinho et al. (2008).

After evaluating the device under different shutter rotations, a new control panel was
built for the InfiAsper, which enabled the simulation of rainfall with variable intensity in time.
For this, we set up an electronic control system that enables the user to enter rainfall patterns
using an SD memory card, which is read by a microcontroller, and sends analog signal to the
frequency inverter, acting on the shutter rotation. The control system has a user interface
equipped with buttons, which enable the selection of the desired rainfall pattern and the mode
of operation: manual (precipitation intensity controlled by potentiometer) or automatic
(precipitation intensity controlled by data on the memory card). These features provide
flexibility for the user in rainfall simulation tests, meeting the most diverse demands in
research.

The new control panel is composed of frequency inverter, thermal relay, contactor
switch, Arduino Mega® 2560 microcontroller, relay module, 10 kQ potentiometer, micro SD
card module and electronic circuit for user interface, composed of buttons and other basic
components. The relay module is responsible for changing the simulation function, from
manual to automatic, besides enabling the activation of the thermal relay/contactor switch set
that controls the motor pump activation. After receiving the information through the
Arduino’s PWM (Pulse Width Modulation) analog port or through the potentiometer (manual
mode), the frequency inverter is able to control the level of rotation of the device’s shutter.
The microcontroller is responsible for controlling the relay module and frequency inverter,
according to the embedded program in C++ language, whose algorithm is presented in Figure
4. Data of rainfall patterns are obtained by reading the micro SD card, on which the
corresponding files are recorded with text file extension (txt). Therefore, in each reading of
the selected file, the microcontroller sends the analog signal to the frequency inverter,
corresponding to the previously calibrated rotation values.

In the flowchart, the routines associated with the variables i give access to the rainfall
patterns recorded on the micro SD card, in which the indices 1, 2, 3 and 4 correspond,
respectively, to the Advanced, Intermediate, Delayed and Custom patterns. As indicated, the
Custom pattern is defined by the user and, for testing purposes, the inverted Intermediate was
used. Delays of 0.1 s correspond to the delays employed in the programming. After choosing
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the routine, the confirmation button is activated and, after 1 min, the Arduino begins
transmitting the information to the frequency inverter and starting the rainfall simulation,
which can have a maximum duration of 60 min (t < 60).

The equation presented in Figure 5 made it possible to calculate the rotation as a
function of the desired PI, enabling the construction of the rainfall patterns evaluated and the
programming of the microcontroller of the new InfiAsper panel.
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Figure 4. Flowchart illustrating the logic used in the programming of the microcontroller
which controls the reading of the hydrological patterns. i: index of hydrological patterns;
t: test time (min) and line number in the txt file; N: total duration of the test, min; FILE:
File to be read on SD card; ADV: advanced; INT: intermediate; DEL.: delayed.
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Figure 5. Calibration curve of the device’s rotation according to the precipitation intensity
used for constructing hydrological patterns that can be programmed on the panel.

For evaluation of the device, rainfalls of 40 min-duration were simulated, with
maximum Pl of 110 mm h! and total depth of 30 mm (Figure 6). These values represent the
IP and the average depth of intense rainfall in the region of Seropédica, State of Rio de
Janeiro, Brazil (CARVALHO et al., 2005), where the study was developed.
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Figure 6. Rainfall patterns generated with the calibration of the device programmed for tests
with duration of 40 min, maximum PI peaks of 110 mm h* and total depth applied of 30
mm.

The minimum P adopted is 20.0 mm h and every minute it varies according to the
rainfall pattern. Other Pl and depths can be programmed and applied by the simulator, by
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changing the application time and/or the device’s settings, such as opening of the discs and
water pressure in the nozzles.

According to Mohamadi and Kavian (2015), rainfall patterns of the types Advanced,
Intermediate, Inverted Intermediate and Delayed were programmed and new tests were
conducted with the new panel, with three repetitions for each of the aforementioned rainfall
patterns, in addition to the constant PI pattern. In each test, rainfall uniformity (CU) and water
consumption (Cw) were evaluated, in addition to Pl variability in the collection channel,
presented in the following classes: Pl < 20; 20 <PI <25; 25 <PI <30; 30 <PI<35;35<PI
< 40; 40 < PI < 45; 45 < PI < 50 and PI greater than 50 mm h™. To evaluate the manual
function of the system and as a control in comparative tests, the constant pattern was
simulated with an average blade of 30 mm.

In other words, P variability is presented in classes from 5 to 5 mm h*. In order to
check the operation of InfiAsper with the new panel in field conditions, some tests were
carried out in an area with soil classified as Ultisol, of medium texture, with 540, 150 and 310
g kg of sand, silt and clay, respectively, in the 0-27 cm layer (ALMEIDA et al., 2019). The
soil layer from 0 to 20 cm was tilled with two operations with a disc harrow and one with a
leveling harrow. With the same programming used in laboratory, the data were collected and
compared with the results obtained in the same experimental area by Almeida et al. (2019),
using the traditional InfiAsper, and Oliveira et al. (2010), using an intermittent rainfall
simulator, according to Meyer and Harmon (1979).

14



2.5 RESULT AND DISCUSSION
2.5.1 Precipitation intensity, water consumption and efficiency

With the tested rotations (140, 200, 260, 400, 600 and 800 rpm) and disc openings (33,
44, 56 and 60 mm), the device showed PI ranging from 0.7 to 123.4 mm h™, Cw from 0.02 to
2.53 L min" ! and Ew from 41.2 to 56.8% (Table 1). These results indicate the ability of the
equipment to apply rains with different Pl values, which resembles natural events that
normally do not present constant intensity.
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Table 1. Precipitation intensity (PI), water consumption (Cw) and water use efficiency (Ew) for the different openings and rotations of the

device.
Openings (mm)

Rotation 33 44 56 60
(rpm) Pl CcwW EW Pl CW EW Pl CW EW PI CwW EW
(mm h?) (L min?) (%) (mmh?) (L min?) (%) (mmh?) (L min?) (%) (mmh?) (Lmin?) (%)
140 58.4 1.18 57.7 80.0 1.66 56.2 110.3 2.22 57.0 123.4 2.53 56.8
200 44.0 1.02 50.3 62.1 1.34 53.9 83.4 1.78 57.1 98.2 2.15 53.3
260 36.0 0.74 56.7 54.1 1.15 55.0 76.1 1.60 56.4 89.2 1.88 55.3
400 21.0 0.43 57.2 37.0 0.79 54.9 59.3 1.27 53.7 71.0 1.56 53.3
600 6.9 0.15 54.5 18.4 0.39 54.5 35.7 0.86 51.9 48.2 1.12 50.1
800 0.7 0.02 41.2 6.1 0.15 48.5 22.8 0.52 47.0 30.5 0.73 48.6
Average 0.59 52.93 0.91 53.82 1.37 53.87 1.66 52.91
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These values indicate that InfiAsper is more efficient and requires lower water volume
than the 13 simulators evaluated by Irseloh et al. (2013), which had Ew ranging from 4.2 to
49.3% and Cw from 0.48 to 3.24 L min’?, for fixed P1 from 37 to 75 mm h.

Precipitation intensity increases with the reduction in shutter rotation and increase in
disc opening. According to equation 2, there is a polynomial relationship of two factors
(rotation and opening), which had adjusted R? of 0.985, with significance of the parameters
(**p < 0.01). The equation enables the estimation of PI for other values of opening (Opn) and
rotation (Rot), within the range of evaluated values, giving versatility to the simulator and
facilitating the planning of new studies.

Pl = 63,38 - 0,38 Opn - 0,1579 Rot+0,03019 Opn?+ 0,0001361 Rot? - 0,00169366 Opn Rot
)

According to the preliminary results, the 56 mm opening was adopted for the
continuity of the tests, since it provided, on average, higher values of Ew and the desired
range of PI.

2.5.2 Coefficient of uniformity and operating pressure

For the different pressures evaluated, the CU ranged from 54.2 to 81.4%, with the
highest values associated with the lowest rotations and, consequently, the highest intensities
(Table 2). The decrease in uniformity with increasing rotation, for a given opening of the
discs, is a consequence of the greater dispersion of water out of the runoff collector.

Table 2. CU values and precipitation intensity (Pl) for different shutter rotations and
operating pressures, for a disc opening of 56 mm.
Water Pressure (kPa)

Rotation Frequency 20,7 27,6 34,5
(rpm) (H2) CuU Pl Cu Pl Cu Pl
(%) (mm.h) (%)  (mm.h?1) (%) (mm.h?)

140 2.35 80.5 95.7 81.4 110.3 81.4 107.1
200 3.36 79.2 79.7 81.2 83.4 83.2 86.7
260 4.35 78.5 76.0 78.6 76.1 78.9 73.2
400 6.65 71.1 60.3 72.7 59.3 72.5 65.1
600 10.00 54.9 255 61.8 35.7 66.3 51.6
800 13.35 60.4 38.9 54.2 22.8 55.5 40.8

Average 72.6 66.4 73.4 67.8 74.8 74.3

Frequency (Hz) values presented were used as a basis for calculating the rotation
(rpm) in the frequency inverter programming. For rotations greater than 260 rpm, CU is lower
than 75%, hence considered not suitable for rainfall simulators (Alves Sobrinho et al., 2002).
However, this fact does not indicate limitation of the device because in rainfalls simulated
with variable intensity CU should be evaluated along the entire event and not at specific
intensities. Among the simulators evaluated by Iserloh et al. (2013), CU values ranged from
60.6 to 97.8%, operating with P1 of 51 and 48 mm h, respectively. These devices belong to
the same category as InfiAsper but have a circular collector channel. As the mean CU values
were above 70%, we chose to maintain the water pressure in the nozzles of 27.6 kPa in the
sequence of the proposed evaluation tests, given the wider range of PI values.
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2.5.3 Kinetic energy and drop diameter

For the different rotations of the discs, D50 values ranged from 1.45 to 2.20 mm
(Figure 7) and are consistent with those found by Kavian et al. (2019) and Naves et al. (2020).
The simulators evaluated by Iserloh et al. (2013) showed D50 ranging from 0.5 to 5.0 mm. It
IS worth mentioning that drop diameter is a function of several factors such as water pressure,
type of nozzle and fall height.
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Figure 7. Accumulated volume versus drop diameter for obtaining D50.

Besides this, the reduction in the average diameter of drops for rotation above 260 rpm
occurs due to the impact between them caused by the drag in response to the increased
turbulence in the water jet. Regardless of its value, the most important point is that the device
must be able to simulate rainfall with kinetic energy similar to that of natural rainfall. For the
rotations and other characteristics adopted, the kinetic energy of the rainfall ranged from
17.82 to 23.73 J m2 mm™, simulating the natural rainfall from 73.82 to 88.03% (Table 3).

2.5.4 Development of control panel and evaluation of precipitation patterns

From the proposed flowchart (Figure 4), a new electrical scheme was developed
(Figure 8), enabling the construction of the new InfiAsper control panel (Figure 9). The
activation buttons present in the original panel (Figure 3) were replaced by relays (RL1; RL2;
RL3 and RL4), which make it possible to choose the simulator’s operation mode (manual or
automatic), the activation of the motor pump and the activation and control of the shutter
rotation from the electronic system (controller), composed of the microcontroller, micro SD
card and interface (buttons: MENU and NEXT,; LEDs: test, adv, int, del, menu, ok).
Additionally, an emergency button has been inserted for full interruption of inverter operation
(BO).
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Table 3. Values of rotation, drop diameter (D50), simulated rainfall kinetic energy (KeS)
and relationship between simulated/natural kinetic energy (KeS/KeN) for tests with

pressure of 27.56 kPa.
Rotation (rpm) Dso (mm) KeS (J m? mm?) KeS/KeN (%)
140 2.10 23.09 83.06
200 2.15 23.41 86.21
260 2.20 23.73 88.03
400 1.95 22.05 83.58
600 1.60 19.23 76.32
800 1.45 17.82 73.82

During the tests, no failures were identified in the configuration of the controller
through the interface developed, demonstrating its robustness and simplicity, which is
important for a rainfall simulator, especially for operation under field conditions. In addition,
there was adequate communication between the components, and no failures were identified
during the tests. After conducting new tests, we found that the spatial distribution of PI is
similar between the rainfall patterns tested (Figure 10) and similar to that obtained for the
device called Tubingen, evaluated by Iserloh et al. (2013). Despite the variation of PI during
the rainfall application, CU values higher than 75% indicate adequacy of the device in the
simulation of different rainfall patterns and are higher than those presented in Table 2, for
constant PI.
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Figure 8. Electronic diagram of the new InfiAsper panel.
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(@) (b)

Figure 9. New control panel of the rainfall simulator InfiaAsper: (a) internal components and
(b) external interface.
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Figure 10. Spatial distribution of PI of the rainfalls applied by InfiAsper ranging from <20 to
>50 mm for Advanced (a), Intermediate (b), Delayed (c), Inverted Intermediate (d) and
Constant (e) patterns (mm h).

As the mean Cw of all patterns was 1.0 L min* and the Ew was 51.4%, we found that
InfiAsper, with the proposed modifications, is more efficient in water application than the
models evaluated by Iserloh et al. (2013), which had efficiencies ranging from 4.2 to 49.3%.
From the characterization and evaluations carried out, we can confirm the viability of the
device in obtaining rainfall with regional hydrological characteristics, according to Carvalho
et al. (2005).

2.5.5 Field testing

The simulator was evaluated under field conditions following the patterns of the
Figure 6 and the results are presented in the form of surface runoff and soil loss rate (Figure
11). Runoff was monitored up to 50 min, as it continues even after the end of the simulated
rains. The simulated rainfalls with constant and inverted intermediate patterns did not provide
runoff and, consequently, soil losses. In the intermediate and delayed patterns, the Pl peak
occurs when the superficial layers of the soil are already wet, which potentializes the runoff
and erosion process, mainly in the absence of land cover (CARVALHO et al., 2012).

The soil losses obtained are different than those found in other studies carried out in
the same experimental area, but with simulated rainfall of different characteristics. Using the
traditional InfiAsper, Almeida et al. (2019) obtained a maximum soil loss rate of 9.5 g m2h,
after 25 min of rain with PI constant of 76.5 mm ht. With an intermittent rainfall simulator,
Oliveira et al. (2010) found 36.2, 66.3 and 86.2 g m? h of soil loss, respectively, for
advanced, intermediate and delayed patterns, when simulated rains with the same
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characteristics were applied. However, the tests were carried out after preparing of soil
towards the slope, simulating critical runoff conditions, which is why higher soil loss values
were obtained.

The results presented in these articles are also associated with the form of rain
application and the type of equipment used, either by constant Pl or by intermittent
application, situations that do not fully represent the natural rainfall conditions. Therefore, it
is possible to verify that the erosive process is consistent with the applied rain, depending also
on the land cover and soil properties and preparation. Even with the promising results using
the new panel of InfiAsper, measurements of soil and water losses from rainfall simulators
should be carried out with caution and whenever possible compared to natural rain events.
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Figure 11. Surface runoff (a) and soil loss rates (b) for different simulated rainfalls patterns
obtained by new InfiAsper.
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2.6 CONCLUSIONS

The installation of electronic components in the InfiAsper control panel makes it
possible to vary shutter rotation during its operation according to previous programming,
enabling the simulation of rainfalls with different rainfall patterns. Rainfalls with PI peaks of
110 mm h and duration of 40 min were adequately simulated by the device, with uniformity
of aplication above 75%. It is possible to simulate other rainfall patterns, with different Pl and
duration, by changing the settings on the device’s panel.
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3.1 RESUMO

A aplicacdo da intensidade de precipitacdo constante, 0 que normalmente ndo ocorre em
eventos naturais, € uma das principais limitagdes dos simuladores de chuva em estudos de
erosdo do solo. Assim, a aplicacdo de inovacges tecnologicas que permitam obter acuracia nos
resultados com baixo custo é relevante econdmica e ambientalmente. O presente trabalho
avaliou o simulador de chuvas InfiAsper operando com um novo painel de controle para
programar chuvas com diferentes intensidades de precipitacdo (IP). As taxas de infiltracdo e
as perdas de solo e 4gua foram avaliadas em um Argissolo Distrofico de textura franco-
argilosa com chuvas simuladas de 30 mm e duragdo de 40 min, considerando os padrdes
avancado (AV), intermediario (IN), atrasado (AT) e intermediario invertido (Il), todos com
picos de Pl de 110 mm h't e um padrdo constante (CT). O delineamento experimental foi em
blocos casualizados com cinco tratamentos (padrGes pluviométricos) e unidades
experimentais medindo 2,5 x 2,5 m com espacamento de 1,0 m. O simulador funcionou
satisfatoriamente, aplicando as chuvas de acordo com o0s programas pré-configurados. As
chuvas simuladas com os padrdes CT e Il ndo promoveram escoamento superficial nem perda
de solo. As taxas de infiltracdo e escoamento variaram de acordo com o padrdo de chuva
aplicado, atingindo picos de 97,8 e 27,3 mm h! (AV), 82,1 € 39,5 mm h* (IN) e 76,2 e 49,7
mm h (AT), respectivamente. A perda de solo e o escoamento superficial totalizaram cada
477 g m? e 3,9 mm (AV), 6,70 g m? e 6,8 mm (IN), e 6,03 g m? e 7,0 mm (AT). O
simulador InfiAsper modificado para aplicar padrdes de chuva personalizados permite variar a
intensidade de precipitacdo, além de obter resultados satisfatorios em campo e informacdes
condizentes com as caracteristicas esperadas dos padrdes naturais de chuva. Nos padrdes de
chuvas intermediario e atrasado, as perdas de solo e &gua foram maiores do que no avancado.

Palavras-chave: Erosdo hidrica. Simulador de chuvas. Intensidade de precipitag&o.
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3.2 ABSTRACT

Applying constant precipitation intensity, which normally does not occur in natural events, is
one of the main limitations concerning rainfall simulators in soil erosion studies. Thus, the
application of technological innovations that allow obtaining accurate results at a low cost is
economically and environmentally relevant. The present work evaluated the InfiAsper rainfall
simulator operating with a new control panel to program rainfalls with different precipitation
intensities (PI). Infiltration rates and soil and water losses were evaluated in a Distrophic
Acrisol with a clay loam texture with simulated rainfalls of 30 mm and duration of 40 min,
considering advanced (AD), intermediate (IN), delayed (DE), and inverted intermediate (1)
patterns, all with PI peaks of 110 mm h™, and a constant (CT) pattern. The experimental
design was in randomized blocks with five treatments (rainfall patterns) and experimental
units measuring 2.5 x 2.5 m with 1.0 m spacing. The simulator worked satisfactorily, applying
the rainfall according to the preconfigured programs. The simulated rainfall with the CT and
Il patterns did not promote runoff nor soil loss. Infiltration and runoff rates varied according
to the applied rainfall pattern, reaching peaks of 97.8 and 27.3 mm h! (AD), 82.1 and 39.5
mm h (IN), and 76.2 and 49.7 mm h* (DE), respectively. Soil loss and surface runoff totaled
each 4.77 g m2 and 3.9 mm (AD), 6.70 g m? and 6.8 mm (IN), and 6.03 g m2 and 7.0 mm
(DE). The InfiAsper simulator modified to apply customized rainfall patterns enables varying
precipitation intensity besides obtaining satisfactory results in the field and information
consistent with the expected characteristics of natural rainfall patterns. In the intermediate and
delayed rainfall patterns, soil and water losses were higher than in the advanced.

Key words: Water erosion. Rainfall simulator. Precipitation intensity.
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3.3 INTRODUCTION

Research involving the use of rainfall simulators dates to 1930. Since then, the
evolution of this equipment has made it increasingly accessible, practical, and accurate
(ALVES SOBRINHO et al., 2008). Its applications include evaluating the impacts of water
erosion on soil degradation as a function of land use and occupation (WANG et al., 2016;
BORRELLI et al., 2018; ALMEIDA et al., 2019) and soil water infiltration rate (ALMEIDA
et al., 2018; MORAES et al., 2019), besides promoting the calibration of hydrological and
erosion prediction models (CONNOLLY etal., 1991; ALAVINIA et al., 2019).

Studies with rainfall simulators have advantages compared to natural rainfall, such as
reducing the time and costs necessary for research conduction. Experiments based on natural
rainfall require lengthy monitoring periods and repetitions over time (ALVES SOBRINHO et
al., 2008). In addition, either in the field or in the laboratory, the use of simulators eliminates
the erratic and unpredictable variability of natural rainfall (BOULANGE et al., 2019),
enabling the repeatability of rainfall events, and thus, a better evaluation of the factors that
influence the process (ISERLOH et al., 2013).

With the evolution of rainfall simulators, the accuracy of the generated information
has increased, especially when using new generation simulators capable of applying rainfall
with varying intensities (NIELSEN et al., 2019), reproducing different precipitation patterns.
Pérez-Latorre et al. (2010) developed simulators to obtain variable rainfall intensities
combining a cone jet nozzle controlled by a solenoid valve and a variation of up to three flat
jet nozzles working simultaneously. Although the equipment successfully resembled natural
rainfall regarding droplet size and energies, it limited precipitation intensity to the range of 20
to 80 mm ht,

In Brazil, the InfiAsper model (ALVES SOBRINHO et al., 2008) has been used in
different regions and soil use and management conditions (CARVALHO et al., 2015;
PANACHUKI et al., 2015; VALIM et al., 2016; ALMEIDA et al., 2018; MARQUES et al.,
2019; MORAES et al., 2019), applying rainfall with a constant pattern, following a previously
calibrated rainfall intensity. The equipment has all the necessary characteristics to simulate
natural rainfall (MORIN et al., 1967) and is classified as a simulator with pressurized nozzles
(ALVES SOBRINHO et al., 2008). Recently, Macedo et al. (2021) developed an electronic
device that acts on the frequency inverter of the InfiAsper control panel, allowing the user to
save a text file containing the desired rainfall pattern on a micro-SD memory card. By varying
the rotation of the shutter disk during the rainfall application, the authors evaluated the
equipment in the laboratory with intensities ranging from 20 to 110 mm h'* and uniformities
for different rainfall patterns higher than those observed with the constant pattern.

When considering isolated precipitation events, intermediate and delayed patterns tend
to produce higher runoff rates and soil losses than advanced patterns. The latter is given by
the increased moistening of the soil surface layers and consequent lower infiltration capacity
when using the simulator to apply the maximum precipitation intensity (CARVALHO et al.,
2012). Still, the advanced pattern can lead to significant damage due to the number of
occurrences and its ability to saturate certain soil types, leading to severe problems for
agriculture and even landslides (CASSOL et al.,, 2008; CARVALHO et al.,, 2009;
MAZURANA et al., 2009; WANG et al., 2016; BACK & POLETO, 2017; BACK et al.,
2018; FAN et al., 2020).

Reproducing rainfall patterns by varying the precipitation intensity is one of the main
limitations when using simulators. Therefore, this study evaluated: a) the operationality of the
InfiAsper rainfall simulator with the new control panel that varies the precipitation intensity
during the rainfall application and b) the soil and water losses associated with different
rainfall patterns in a Distrophic Acrisol with a clay loam texture.
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3.4 MATERIAL AND METHODS
3.4.1 Characterization of the experimental area

The study was conducted between July and August 2019 in an experimental area
located in Seropédica, Rio de Janeiro, Brazil (22046’ S, 43041° W, and an average altitude of
33 m). Several studies with natural and simulated rainfall have been performed in this area
(CARVALHO et al., 2009; OLIVEIRA et al., 2010; CARVALHO et al., 2012; EDUARDO et
al., 2013; CARVALHO et al., 2015; ALMEIDA et al., 2019; 2021). Its average slope is 9.0%,
and the soil classification corresponds to a Dystrophic Acrisol with a clay loam texture (Table
4). The experiment was carried out in exposed soil conditions.

Table 4. Characteristics of the Distrophic Acrisol with a clay loam texture of the
experimental area.

Granulometric Composition (%0)

Horizon [Zgﬁ]t)h Send Silt Clay Degree of Silt/
(2-0.05 mm) (0.05-0.002 mm) (<2umm) floculation (%) Clay

A 0-16 58 16 26 27 0.58
AB 16-27 50 14 36 19 0.38
BA 27-46 42 14 44 44 0.30
Bt: 46-90 46 12 42 77 0.30
Bt 90-117 40 15 45 82 0.33
Bts 117-155+ 30 12 58 99 0.21

Source: Almeida et al. (2021).

The total pore volume (TPV), macro and microporosity, and soil density (SD) were
evaluated in the 0 - 20 and 20 - 40 cm layers. Additional assessments included mean weight
diameter (MWD), mean geometric diameter (MGD), aggregate stability index (ASI), and
content of soil organic carbon (SOC) in the 0 - 20 cm layer. All analyses were performed
following the methodologies described by Teixeira et al. (2017).

The soil had an average ASI of 83.59%, with MGD and MWD values of 2.82 mm and
3.58 mm, respectively. The average TPV was 0.3626 cm® cm™® and SD 1.52 g cm?,
suggesting good aeration and infiltration given by the soil preparation with plowing and
harrowing in the direction of the terrain contour curves. Finally, the mean content of SOC was
16.6 g kg. In general, these values indicate adequate soil structure, aeration, and water
infiltration in the experimental area.

3.4.2 Soil erosion evaluation under different precipitation patterns

The InfiAsper rainfall simulator with the new control panel (MACEDO et al., 2021)
(Figure 12a) was used to evaluate the effect of precipitation patterns on soil erosion. Its
programming included five precipitation patterns differentiated by the occurrence of the
highest intensity (PIl): advanced (AD), intermediate (IN), inverted intermediate (II), and
delayed (DE) (Figure 12b), besides the constant pattern (CT). Rainfall was simulated with a
depth of 30 mm and a duration of 40 min, with PI ranging from 20 to 110 mm h™’. For each
pattern, P alterations followed the variations in the rotation of the shutter disk, which ranged
from 140 to 800 rpm, according to equipment’s calibration curve (MACEDO et al., 2021).
The exception was the CT, for which P1 remained at 45 mm h™.
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Figure 12. New InfiAsper control panel (a) and applied precipitation patterns (b). Source:
Macedo et al. (2021).

The equipment was installed according to Alves Sobrinho et al. (2008), with the
sprinkler nozzles (model Vejeet 80.150) leveled and positioned 2.30 m from the soil (Figure
2a). A collector measuring 0.70 m2 was stuck in the ground in the direction of the terrain
slope (Figure 13b). Throughout the tests, water pressure at the nozzles remained at 27.6 kPa
and the disc opening at 56 mm (MACEDO et al., 2021). Before each test, the soil was wet to
achieve uniform initial humidity conditions of the experimental plots and reduce the time
between the beginning of the precipitation and the surface runoff. The wetting was performed
close to the surface using a watering can and applying a water depth of approximately 15 mm.

Figure 13. InfiAsper model rainfall simulator (a) and collector plot (b).

When the runoff began, it was collected every 1 min and stored in 1.0 L plastic bottles.
Once in the laboratory, soil loss was quantified by adding aluminum sulfate (0.018 mol L) to
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the collected material to promote the sedimentation of the suspended particles. The latter was
followed by excess water removal and the drying of the samples in an oven at 105°C until
constant weight and the final weighing of the solids from the surface runoff (ALMEIDA et
al., 2021). The infiltrated water depth was determined by the difference between precipitation
and runoff depths at each measurement interval.

3.4.3 Experimental design and statistical analyses

The experiment was conducted using a randomized block design with five treatments
(advanced - AD, intermediate - IN, delayed — DE, inverted intermediate - Il, and constant -
CT precipitation patterns) and five repetitions per treatment. Data regarding accumulated soil
loss (ASL), accumulated runoff depth (ARD), time to start runoff (TSR), runoff ending time
(RET), and maximum runoff rate (MRR) were submitted to the Shapiro-Wilk (Shapiro &
Wilk, 1965) and Bartlett's tests (Bartlett, 1937) to evaluate the fulfillment of the statistical
assumptions normality and homogeneity of residuals, respectively. The calculated probability
of normality and homogeneity were each p < 0.866 and p < 0.349 (ASL); p < 0.5774 and p <
0.6973 (ARD); p < 0.3625 and p < 0.6567 (TSR); p <0.7792 and p < 0.1181 (RET); and p <
0.5475 and p < 0.0630 (MRR). Data transformation with the log function was only necessary
for the RET variable to meet the homogeneity assumption. Once these assumptions were
fulfilled, the differences between treatments were verified by variance analysis (F test, p <
0.05). When obtaining significant effects of the treatments, these were compared using the
Scott-Knott grouping test (SCOTT & KNOTT, 1974), considering a 5% significance level.
All statistical analyses were performed using the R language version 4.1.0 (R Core Team,
2021).

The obtained data were also presented in form of relative losses of water and soil as a
function of the relative depth applied in order to demonstrate the influence of precipitation
patterns in the evolution of the erosive process. For this purpose, the accumulated values of
applied depth and soil and water losses evaluated every minute were related to the respective
total values obtained, allowing the presentation of relative values ranging from 0 to 1.
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3.5 RESULTS AND DISCUSSION

The InfiAsper simulator worked well with the new control panel, applying rainfall
with varying the precipitation intensity following each programmed pattern, according to the
information recorded on the micro-SD memory card and previously calibrated in the
laboratory (MACEDO et al., 2021).

3.5.1 Surface runoff

Despite the initial wetting of the experimental plots, there was no surface runoff
associated with the simulated rainfall under the CT and Il patterns. The combination of
rainfall intensity and short duration might have been insufficient to promote soil saturation
and, consequently, surface runoff. In the same experimental area, Almeida et al. (2021)
obtained low sediment yield (3.17 + 2.13 g m™) for simulated rainfall lasting 38 min with a
constant Pl of 75 mm h', confirming the reduced erosive effect of constant pattern rainfall.
Furthermore, according to Flanagan et al. (1987), in areas with high infiltration capacity,
surface runoff occurs only as a result of high precipitation intensity. For the other patterns,
time to start runoff (TSR), the runoff ending time (RET), and the maximum runoff rate
(MRR) varied with the PI peak (Figure 12b), and their values were significantly different
from each other (Table 5). Differences regarding TSR and RET are associated with the Pl
peaks that characterize the precipitation patterns. On the other hand, MRR values vary
according to surface conditions and soil moisture in the superficial layers, which themselves
change during rainfall (ELTZ et al., 2001).

Table 5. Mean values and respective standard deviations of the time to start runoff (TSR),
the runoff ending time (RET), and the maximum runoff rate (MRR).

Treatment TSR (min) RET (min) MRR (mm h?)
Advanced 7.40+152c¢ 22.60+5.18¢ 24.62 £10.83b

Intermediate 16.40+1.67b 38.60+4.22b 46.48 +19.97 a
Delayed 23.00£4.69 a 43.40+1.82a 56.23 +13.13a

Mean values followed by different letters, in the column, represent significant statistical diferences between
them (p < 0.05).

The MRR in DE pattern was 2.28 times higher than in AD pattern. Flanagan et al.
(1987) obtained runoff peaks four to eight times higher when applying maximum Pls at the
end of simulated rainfall. According to Alavinia et al. (2019), this variation depends on the
soil type, as they verified no differences in the MRR as a function of the rainfall type. These
authors applied four simulated rainfall patterns in the laboratory, using two soil types and an
experimental bench with a 0.5% slope.

Surface runoff is inversely proportional to soil water infiltration, which itself has its
effects affected by rainfall intensity (PARSONS & STONE, 2006). Unlike the classical
curves obtained in field tests, infiltration rates follow rainfall intensity (Figure 14), and
according to Flanagan et al. (1987), their peaks occur slightly before the maximum runoff
rates. The average infiltration rates reached 101.4, 75.1 and 71.0 mm h%, respectively, for the
AD, IN, and DE patterns, after 8, 20, and 32 min of simulated rainfall, with the maximum
InfiAsper Pl (110 mm h-1). The percentage of macropores in the surface horizon of the
experimental area, which was 12.5% + 0.05% within the 0 — 20 cm depth, explain these high
infiltration rates. According to Falc&o et al. (2020), this is a determinant factor for infiltration
under different types of soil management.
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As a result of the applied rainfall and the soil water infiltration, surface runoff began
when the average rainfall intensities were 80, 60, and 34 mm h for the AD, IN, and DE
patterns, respectively, with the MRR occurring after 11, 22 and 34 min of simulated rainfall
(Table 5). According to Carvalho et al. (2012), the Pl peak of the IN and DE patterns occurs
when the superficial soil layers are almost saturated, which, in turn, favors runoff and the
erosion process, especially in bare soils. Gao et al. (2018) also highlight the DE and IN
precipitation patterns as the most damaging, causing flood peaks. There was an average lag of
2 - 3 min between the infiltration rate peaks and the surface runoff (Figure 14), which might
be due to water storage on the soil surface and the concentration time for the runoff within the
plot taken to the collection point.

Using the InfiAsper simulator, Almeida et al. (2021) quantified surface runoff for
rainfall with constant PI higher than 44 mm h after 19.2 min of simulated rainfall. The
authors did not evaluate rainfall with intensities lower than 44 mm h,

3.5.2 Accumulated losses of water and soil

The accumulated loss of soil and the runoff depth varied according to the simulated
rainfall patterns. On average, the lowest values corresponded to the AD pattern (Table 6),
accounting for 47,41 and 32,12% of the maximum soil and water accumulated losses. These
results indicate a greater influence of the patterns on surface runoff than on soil loss.
Dunkerley (2012), Carvalho et al. (2012), and Almeida et al. (2021) reported similar results.
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Figure 14. Precipitation intensity and average 206 infiltration and surface runoff rates during
simulated rainfall with the AD (a), IN (b), and DE (c) patterns.

Table 6. Mean values and respective standard deviations of accumulated soil loss (ASL)
and accumulated runoff depth (ARD).

Treatment ASL (g m?) ARD (mm)
Advanced 357+1.08b 265+141b

Intermediate 753 +2.66a 8.01+4.33a
Delayed 6.65+1.28a 8.25+3.49a

Mean values followed by different letters, in the column, represent significant statistical diferences between
them (p < 0.05).
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Almeida et al. (2021) reported sediment yields lower than those verified in the present
study (3.17 + 2.13 g m) for simulated rainfall lasting 38 min with a constant P1 of 75 mm h,
confirming the reduced erosive effect of constant pattern rainfall. An et al. (2014) found a
1.13 to 5.17 fold reduction in soil loss under patterns with varying PI. In another study,
Alavinia et al. (2019) found that on two different soils, the constant pattern produced on
average 94% and 88% of the mean soil loss verified for the pattern with varying IP.

In the same experimental area, Almeida et al. (2019) obtained a maximum soil loss
rate of 9.5 g m h'! after 25 min of rainfall with a constant precipitation intensity of 76.5 mm
hl. Using a pendulum simulator, with intermittent rainfall application and soil preparation in
the slope direction, Oliveira et al. (2010) verified soil losses of 6.7, 10.8, and 12.5 g m™ for
the advanced, intermediate, and delayed patterns, respectively. These values are 40, 61, and
107% higher than those found in this study, evidencing the influence of land preparation on
the erosive process.

The higher soil loss in the IN and DE patterns confirms the hypothesis that these
patterns provide high erosion potential per event (Wang et al., 2016; Back & Poleto, 2017).
Considering the conditions of the experiment, the time of the Pl peak within the IN pattern
might have favored particle carryover by the runoff. Given the soil moisture conditions before
rainfall application and the kinetic energy of the droplets generated by the simulator, the
impact of the droplets on the soil causes the sealing of the surface layer and might promote
runoff (Zambon et al., 2021). In the InfiAsper simulator, the kinetic energy ranged from 17.82
to 23.73 J m? mm™ and can be defined by rotation control up to a safety limit of 800 rpm
capable of promoting drops in known sizes, whose Dso (mean diameter of 50% of the
precipitated drops) varies between 1.45 and 2.20 mm (Macedo et al., 2021), which is
suficiente to promote runoff at Pl peaks. In soils with fine granulometry, especially when
lacking cover, surface sealing intensifies the erosive process. Intense rainfall disaggregates
particles, clogging the pores and decreasing infiltration (Vaezi et al., 2017; Hamanaka et al.,
2019). Additionally, after applying Pl peaks, high variability in runoff was observed,
corroborating the effect of soil moisture on runoff formation.

Data regarding laboratory simulated rainfall suggest that the moment at which the PI
peak occurs significantly affects water erosion (Wang et al., 2017). Alavinia et al. (2019) and
Dunkerley (2020) confirmed this significant effect, reporting runoff rates, on average 5.7
times higher in the delayed pattern than in the advanced one. Analyzing soil erosion under
natural rainfall, Huo et al. (2020) indicate that events with high Pl and short

durations favor soil particle carryover.

Carvalho et al. (2009) observed natural precipitation events that promoted 62.6, 11.8,
and 25.6% of water loss and 35.1, 6.6, and 58.3% of soil loss in the AD, IN, and DE patterns,
respectively. Thus, the highest erosion potential corresponded to the DE pattern, contrasting
with the fact that the rainfalls of the AD pattern provided the highest erosion rates in the
period (75.9%). These results reinforce the need to consider rainfall patterns when studying
the process of water erosion.

3.5.3 Water and soil relative losses as a function of the applied and runoff depths

The relative losses of water and soil as a function of the relative depth applied (Figure
15a and 15b) in each treatment (AD, IN, and DE) demonstrate the influence of precipitation
patterns in the evolution of the erosive process. Half of the water loss occurs after applying
approximately 45, 65, and 80% of the total depth. On the other hand, 50% of the soil loss
occurs when around 48, 70, and 80% of the total depth is applied. These results confirm that
the rainfalls with delayed patterns are more erosive than the advanced e intermediate patterns,
according to Carvalho et al. (2019) and Huo et al. (2020).
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Figure 15. Relative surface runoff (a) and relative soil loss (b) as a function of the relative

depth applied in advanced, intermediate, and delayed precipitation patterns.

There was less relative soil loss than runoff in AD and IN patterns (Figure 16). Soil
loss was proportionally smaller than the relative runoff along the rainfall characterized by an
AD pattern, as opposed to the DE pattern, where the soil loss was greater than the water loss
until the occurrence of 65% of the runoff. Therefore, for 50% of the soil loss to occur, 65, 56,
and 47% of the runoff must occur for the AD, IN, and DE patterns, respectively. This result
suggests that compared to the other precipitation patterns, in the DE pattern, soil loss is more
influenced by the droplet impact on the soil and surface conditions than by runoff. Thus, each
precipitation pattern provides specific erosive characteristics and differently impacts soil

degradation.
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3.6 CONCLUSION

The InfiAsper simulator modified to apply customized rainfall patterns allows varying
the rainfall intensity and obtaining satisfactory results in the field and information consistent
with the expected characteristics of natural rainfall patterns.

Intermediate and Delayed rainfall patterns produce higher soil and water losses than
the Advanced pattern.

The constant and inverted intermediate rainfall patterns do not generate significant
losses for when applying an average water depth of 30 mm.
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4. CAPITULO 111

DESENVOLVIMENTO DE UM COLETOR PARA AVALIACAO
AUTOMATICA DA ENXURRADA EM ESTUDOS COM CHUVA
SIMULADA
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4.1 RESUMO

Diante das dificuldades relacionadas a coleta e avaliacdo de dados em campo, O
desenvolvimento de um coletor que mensure de forma automatica o volume e a quantidade de
solo e residuos transportados pela enxurrada, contribui significativamente para estudos na
area de manejo e conservacao do solo e da agua. No presente estudo foi desenvolvido um
coletor para testes com chuva simulada, capaz de quantificar o volume de enxurrada e estimar
a perda de solo em tempo real, com base em um sistema de medic¢do de volume (sensores de
pressdo ou capacitivo) e sensores de turbidez. A selecdo dos sensores foi baseada nos seus
desempenhos, avaliados pela incerteza tipo A, calculada a partir de 30 repeti¢Oes realizadas
com diferentes volumes de dgua e concentracdes de sedimentos de solo. Foi também avaliada
a robustez da calibracdo e o programa desenvolvido, e utilizado em um microcontrolador
Arduino Mega® 2560. Usando cartdo micro SD, a programacdo desenvolvida possibilitou o
registro do volume, concentracdo de sedimentos e o tempo de ocorréncia das coletas,
correspondentes, aproximadamente, a cada 200 cm® de enxurrada. Os sensores de pressao
(PS1.420) e de turbidez (ST100) foram selecionados para o desenvolvimento do protétipo que
foi avaliado em campo com o simulador de chuvas InfiAsper. Os dados coletados
automaticamente foram comparados aos obtidos de forma tradicional. A partir do ensaio de
campo foi possivel constatar que 0 método de calibragdo do sensor de turbidez influencia na
incerteza dos resultados. Apesar disso, observamos erros médios de apenas 12,25% na
determinacdo do volume e de 13,16% na perda de solo. O protétipo de coletor apresentou
resultados promissores sendo considerado uma ferramenta adequada na obtencao de dados em
campo com simuladores de chuva.

Palavra-chave: Erosdo Hidrica. Medicao de VVolume. Perdas de Solo.

47



4.2 ABSTRACT

In view of the difficulties related to the collection and evaluation of data in the field, the
development of a collector that automatically measures the volume and amount of soil and
residues transported by the runoff, contributes significantly to studies in the area of soil and
water management and conservation. In the present study, a collector was developed for tests
with simulated rain, capable of quantifying the runoff volume and estimating the soil loss in
real time, based on a volume measurement system (pressure or capacitive sensors) and
turbidity sensors. The selection of sensors was based on their performance, evaluated by type
A uncertainty, calculated from 30 repetitions performed with different volumes of water and
soil sediment concentrations. The robustness of the calibration and the program developed,
and used in an Arduino Mega® 2560 microcontroller, were also evaluated. Using a micro SD
card, the developed programming made it possible to record the volume, sediment
concentration and the time of occurrence of the corresponding collections, approximately, for
every 200 cm?3 of runoff. Pressure (PS1.420) and turbidity (ST100) sensors were selected for
the development of the prototype, which was evaluated in the field with the InfiAsper rainfall
simulator. The data collected automatically were compared to those obtained in a traditional
way. From the field test it was possible to verify that the turbidity sensor calibration method
influences the uncertainty of the results. Despite this, we observed average errors of only
12.25% in volume determination and 13.16% in soil loss. The collector prototype showed
promising results and is considered an adequate tool for obtaining data in the field with rain
simulators.

Keywords: Water Erosion. Volume Measurement. Soil Losses.
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4.3 INTRODUCAO

Os avancos tecnoldgicos e a facilidade de obtencdo de dispositivos eletrénicos tém
impulsionado as pesquisas e o0 desenvolvimento de equipamentos em diversas areas da ciéncia
(GRANDO et al., 2021; KUMAR et al., 2021; MACEDO et al., 2021; ZHAN et al., 2021). O
uso de dispositivos para avaliacdo de processos erosivos torna-se relevante, a comecar pelos
simuladores de chuva, criados a partir da década de 30 (ISERLOH et al., 2013; NIELSEN et
al., 2019; SALEM & MESELHY, 2020).

Aos simuladores de chuva é atribuida uma grande importancia devido as inumeras
informagdes Uteis geradas, principalmente referente ao total de perda de solo, que embasam
técnicas de uso e manejo dos solos que contribui com a sustentabilidade da producéo agricola
em ambito global (AKSQOY et al., 2012; ISERLOH et al., 2013). Um dos grandes desafios
quanto ao uso dos simuladores de chuva é a obtencdo dos dados de escoamento superficial e
de perda de solo provenientes das coletas em campo e 0 posterior processamento em
laboratdrio. Nesse contexto, o erro humano e o procedimento trabalhoso de coleta reduzem a
expansdo dos estudos neste campo. Comumente a obtencdo dos dados com simuladores é
demorada e pouco prética, devido a necessidade de armazenar o volume escoado em um
grande nimero de recipientes, além do tempo de laborat6rio necessario para quantificacdo da
perda de solo (ALMEIDA et al., 2021).

A obtencdo dos dados a partir dos simuladores de chuvas depende de procedimentos
repetitivos que podem ser automatizados. Dessa forma, o uso de um coletor que possibilita a
medicdo automatica facilitaria o procedimento e reduziria o tempo de obtencdo dos dados,
reduzindo os custos e a demanda de mé&o-de-obra. Os dados de enxurrada gerados a partir da
chuva simulada representam o volume de &gua escoado superficialmente e a perda de solo
associada as condi¢des de manejo e cobertura do solo, caracterizando o objetivo de boa parte
das pesquisas nessa area do conhecimento (SEITZ et al., 2018; ALMEIDA et al., 2019;
CERDA et al., 2019; ALMEIDA et al., 2021). Dentre as possibilidades de obtencéo de dados
de volumes de maneira automatica destaca-se 0 uso de sensores de pressdo e capacitivos, além
dos turbidimetros, destinados a determinacdo da quantidade de sedimento na enxurrada
(GIPPEL, 1989; LANDERS & STURM, 2013; MERTEN et al., 2014; MUTTER, 2018; XU
et al., 2020). A partir da integracdo de tais sensores, de um microcontrolador e da
programacdo adequada é possivel desenvolver um coletor de enxurrada com medicdo
automatizada para suprir a demanda dos simuladores de chuvas. A integracdo destes
componentes a fim de facilitar a obtencdo de dados em estudos a respeito da erosao hidrica
caracteriza a inovagdo no presente trabalho, uma vez que a arquitetura proposta para ser
aplicada em simuladores de chuva € inédita, possibilitando também adaptacfes em estudos
com chuva natural.

Embora existam pesquisas na area de desenvolvimento de coletores de enxurrada
(ZHAN et al., 2021), ndo existe um modelo especifico para uso em campo gque menssure e
armazene o volume de escoamento e a perda de sedimentos em testes com chuva simulada.

O objetivo deste estudo foi desenvolver e avaliar um prototipo de coletor/analisador
automatico da enxurrada, capaz de quantificar o seu volume e estimar a perda de solo em
tempo real em ensaios de campo com chuva simulada. Para tal, foram testados sensores com
diferentes principios de funcionamento a fim de obter um protétipo confidvel para uso em
campo.
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4.4 MATERIAIS E METODOS
4.4.1 Construcéo do protétipo

O protétipo é baseado em um recipiente cilindrico que armazena e mensura o volume
de enxurrada, e possibilita estimar a perda de solo a partir de um sensor de turbidez. Para a
medicdo do volume escoado foram avaliados dois transdutores de pressdo (modelos
MPX5010Dp e PSI.420 A5 50MBAR 12N) e um sensor capacitivo que vem sendo
desenvolvido por nosso grupo de pesquisa. Os sensores de pressdo foram avaliados a partir da
variacdo do nivel da &gua no interior da estrutura coletora, que pressiona o ar contra o
elemento sensivel, enquanto no sensor capacitivo, a mensuracdo € direta pelo contato do
sensor com o nivel de &gua coletado.

A estrutura do protétipo foi desenvolvida com tubos de PVC (Figura 17), que € um
material de facil obtencéo e de baixo custo.

N : P F

Figura 17. Prot6tipo do coletor automético de enxurrada com suporte de instalacdo de campo
em vista externa (A) e vista interna mostrando o posicionamento dos sensores para
mensurar o volume (1B) e a perda de solo (2B).

O protétipo foi desenvolvido para realizar leituras consecutivas de até 200 cm? de
volume escoado, quando o software embarcado aciona a leitura do sensor de turbidez, registra
as informacfes da enxurrada em um cartdo micro SD e abre a valvula instalada na base da
estrutura coletora, permitindo a drenagem do material escoado. Assim, o registro das leituras
é variavel e ocorre em fungdo da quantidade de enxurrada produzida pela chuva simulada.
Para o desenvolvimento do equipamento foi previsto o uso de um Arduino Mega® 2560 para
controle de todo processo, um médulo SD, um cartdo de memdria de 16 Gb, dois médulos
relés e duas solenoides de agdo direta para o controle da entrada e saida da enxurrada, um
sensor para leitura do volume de enxurrada e um para leitura da turbidez, um display LCD
para visualizacdo dos dados em tempo real, interruptores para acionar e desligar o sistema e
fontes de alimentacgéo para energizar os componentes (Figura 18).
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Figura 18. Esquema interno do protétipo, indicando o posicionamento dos sensores, esquema
estrutural do coletor e configuracao elétrica do painel controlador.

4.4.2 Avaliacéo da incerteza de medicao e calibracdo dos sensores

A comparacdo e avaliacdo dos sensores utilizados no protétipo se embasaram na
avaliacdo de desempenho quanto a calibragdo (comparando os dados reais aos calculados a
partir de modelos gerados por regressao) e a incerteza tipo A, determinada pela Equacéo 3.

S

u(xi) = = 3)

Em que:

u — € a incerteza do tipo A (adimensional);
n —numero de repeticdes (adimensional);
s — desvio padrédo (adimensional).

Para a obtencdo da incerteza tipo A e das curvas de calibragdo dos sensores foram
realizados 30 testes com agua sem residuos sélidos, para volumes variando de 0 a 1200 cm?,
com incrementos de 50 cm?, sendo 0 maior volume correspondente & capacidade méaxima do
coletor, que foi definida a partir de dados coletados em campo, utilizando o simulador de
chuvas modelo InfiAsper (ALVES SOBRINHO et al., 2008).
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O sensor capacitivo utilizado foi produzido a partir de chapa fenolite dupla face
protegida com resina e alimentado com 5V. As suas leituras foram realizadas por meio de
rotina especifica desenvolvida a partir do valor de capacitancia gerado pelo contato do sensor
com a agua.

As leituras dos transdutores de pressdo foram efetuadas pela porta analdgica (porta
com conversor antoldgico-digital) do Arduino, sendo a pressdo correspondente a pressao do ar
comprimido pela coluna no interior do tubo de 20 mm ao qual os transdutores foram
acoplados. Esse procedimento foi adotado para evitar entupimentos e degradacéo do sensor ao
entrar em contato com a gua e particulas em suspenséo.

Para averiguar a melhor maneira de calibrar o sensor de turbidez (modelo ST100) a
fim de atender a demanda do coletor, propusemos dois métodos a partir de amostras de solo
extraidas da &rea em que o coletor foi testado posteriormente.

O primeiro, denominado SR (Simulated Runoff), consistiu em produzir amostras de
enxurrada em laboratério, peneirando o solo coletado na area experimental em uma malha de
500 um e depois fazendo as dilui¢des e homogeneizacio em 200 cm?® de 4gua, obtendo-se as
concentragdes de 0; 0,7; 1,93; 3,16; 4,39; 5,00 g m. Foram realizadas 15 repeticdes para cada
diluicdo, sendo inserido 0 sensor na amostra para a obtencao da leitura.

No segundo método, denominado CR (Collected Runoff), 40 amostras de enxurrada
de 200 cm?3 foram coletadas diretamente em campo com o simulador a partir de uma unica
parcela experimental sobre a qual chuvas foram aplicadas com intensidades de precipitacdo
(IP) de 30, 45, 60 e 75 mm h?, a fim de representar da melhor maneira possivel as condi¢des
em que o sensor deve funcionar no coletor (Figura 19). Para cada IP foram realizadas 10
repeticdes. A calibracdo foi gerada diretamente, por meio da regressdo de dados do
turbidimetro (0 - 5V) em relacdo a perda de solo de cada amostra obtida pelo método
gravimétrico.
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Figura 19. Amostras de enxurrada representativas das intensidades de precipitacdo de 30 (A),
45 (B), 60 (C) e 75 mm h! (D) aplicadas pelo simulador de chuvas em campo.

As amostras foram levadas ao laboratério onde foram realizadas trés repeticGes de
leituras dos dados pelo sensor ST100, totalizando 30 repeti¢bes ao todo para cada IP aplicada.
Em sequéncia as amostras foram secas em estufa e pesadas para se obter as perdas de solo de
cada amostra. As perdas de solo médias relativas as IPs aplicadas e utilizadas na confeccdo da
calibracdo foram de 0,1454; 0,2021; 0,3084; e 0,3787 g m™. Para as duas metodologias, as
curvas de calibracdo foram obtidas por meio de regressdao linear entre a leitura do sensor
(variavel independente) e a concentracdo de sélidos em suspencéo.
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A funcionalidade do sensor de turbidez para o protétipo coletor foi avaliada a partir
dos mesmos principios empregados para os sensores de volume, por meio da curva de
calibracdo e da incerteza tipo A. A opc¢édo em fazer a calibracdo do sensor de turbidez baseado
diretamente em dados de enxurrada gerada em campo se deve a dificuldade em reproduzir
uma enxurra artificial com as mesmas condi¢Ges das amostras produzidas por testes com
simulador de chuvas.

Sequencialmente, as curvas de calibracdo geradas a partir dos sensores selecionados para a
confeccdo do primeiro prototipo do coletor foram adicionadas a programacdo do
microcontrolador integrado no coletor o qual foi submetido a um ensaio preliminar a nivel de
campo, visando avaliar a sua eficacia e robustez.

Em seguida, as curvas de calibracdo dos sensores selecionados para a confeccdo do coletor
foram adicionadas a programacdo do microcontrolador integrado e visando avaliar sua
eficacia e robustez, o protétipo foi avaliado em campo na mesma area experimental onde as
amostras foram coletadas para a calibragdo do sensor de turbidez.

4.4.3 Prototipo de coletor de enxurrada

Para melhor aproveitamento dos dados de enxurrada, o coletor foi desenvolvido para
operar com volumes conhecidos ao invés tempos de coleta pré-fixados, o que tornaria o
processo de programacgdo mais complexo e o sistema mais sujeito aos erros de leitura para
diferentes volumes coletados (Figura 20). O volume de 200 cm? foi adotado para afericdo das
leituras e armazenamento de dados e equivale a altura minima para que a enxurrada coletada
cubra por completo o sensor de turbidez. Uma arquitetura de coletor de enxurrada semelhante
é apresentada por Zhan et al. (2021).
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CLOSE THE
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- TURBIDITY SENSOR.
TURBIDITY AND A READING

COLLECTION TIME DATA
CLOSES INPUT SOLENOID
DELAY OF 1000 OPEN OUTPUT SOLENOID

Figura 20. Fluxograma da programacdo utilizada no protétipo do coletor de enxurrada para
leituras realizadas considerando um volume pré-definido de 200 cm3.
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4.4.4 Avaliacdo em campo e andlise de custo-beneficio

A avaliacdo do coletor automatico em campo a partir de chuvas simuladas pelo
InfiAsper (ALVES SOBRINHO, 2008; MACEDO et al., 2021) foi realizada a partir de
ensaios realizados em um Argissolo Vermelho-Amarelo situado em uma area experimental na
Universidade Federal Rural do Rio de Janeiro. O solo foi preparado com uma aracéo e duas
gradagem no sentido das curvas de nivel do terreno. No momento da instalacdo da parcela foi
realizado um nivelamento manual para que a parcela ficasse posicionada a 0,09 m m? de
declividade, padronizando as condicdes iniciais do terreno.

Foi simulada uma chuva com IP constante de 45 mm h! e 40 min de duragéo, sendo as
coletas automaticas realizadas até o término do escoamento superficial. Antes do teste foi
realizado um umedecimento prévio, buscando uniformizar as condices iniciais de umidade
sob a parcela experimental, seguindo os procedimentos comumente utilizados em testes com
simuladores de chuva (ANACHE et al., 2014; PANACHUKI et al., 2015). A exemplo de
Carvalho et al. (2021), foi simulada uma chuva com IP constante de 45 mm h™ e 40 min de
duracgéo, sendo coletado todo o volume escoado ao longo das simulagdes.

Os dados de escoamento e perda de solo coletados automaticamente foram
comparados com dados obtidos pela andlise laboratorial, sendo calculados o erro e o desvio
padrdo. A analise manual conduzida em laboratério consistiu em mensurar o volume da
enxurrada coletada com auxilio de uma proveta graduada de 500 cm?®, enquanto a perda de
solo foi obtida a partir do método gravimétrico com adicao de agente precipitante (Sulfato de
Aluminio 3%). O material de solo presente em cada amostra foi em seguida seco em estufa de
circulacdo forcada a 60 °C até atingir massa constante. O material seco foi pesado em uma
balanca analitica com resolucdo de quatro casas decimais (método gravimétrico). A perda de
solo em g m™? foi calculada dividindo a massa do material pela area efetiva da parcela
experimental (0,70 m?2).

Por fim uma anélise dos custos para desenvolvimento do protétipo assim como suas
principais limitacdes e beneficios foi realizada baseado no estagio de desenvolvimento em
que 0 equipamento se encontra.
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4.5 RESULTADOS E DISCUSSAO
4.5.1 Avaliacéo dos sensores aplicados na determinacéo de volume

As incertezas obtidas nos testes com os sensores para avaliar o nivel de enxurrada no
coletor séo apresentadas na Tabela 7. Para o PSI.420, os resultados sugerem precisao em
torno de 0,05% para a faixa de leitura de 0 a 50 mbar, como consta nas especificacdes
técnicas do sensor.

Tabela 7. Resultado das incertezas obtidas pelos sensores testados para obter os dados de
volume no coletor de enxurrada.

Incerteza Type A (cm3)

Volume (cm3)

PS1.420 Sensor capacitivo MPX5010Dp
50 0,4763 2,0772 5,4854
100 0,1334 2,4792 4,4796
150 0,1905 2,5889 4,0028
200 0,1440 3,0690 1,9410
250 0,1428 2,9609 8,4474
300 0,2458 3,4375 2,6457
350 0,0899 3,6971 2,7264
400 0,1192 3,8166 6,9278
450 0,2496 3,7463 8,5407
500 0,1277 5,1682 4,3282
550 0,1029 5,7273 5,0693
600 0,1606 5,5379 4,2464
650 0,1176 7,5658 5,2537
700 0,2747 8,7422 10,0691
750 0,1992 9,5951 2,9899
800 0,2927 10,7440 5,0321
850 0,1430 11,1199 6,3141
900 0,2093 12,3729 5,5581
950 0,1585 - 3,6899
1000 0,1514 - 3,7053
1050 0,0929 - 5,3464
1100 0,1249 - 5,1807
1150 0,1705 - 1,6199
1200 0,1581 - 4,0381
Meédia 0,1781 5,8026 4,9016

Obs.: Os dados com o sensor capacitivo foram obtidos até volumes de 900 cm? devido ao tamanho do sensor
em relacdo ao recipiente utilizado na estrutura do reservatério do coletor.

A incerteza tipo A obtidas em funcdo das leituras do sensor de pressdo (média de

0,171 cm3) também demonstra a sua capacidade em repetir sua resposta para 0S mesmos
valores de volume real aplicados.
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Os valores médios da incerteza tipo A foram de 4,9016 e de 5,8026 cm3, para 0s
sensores de pressdao (MPX5010DP) e capacitivo, respectivamente. Os dados apresentados
apontam para o PS1.420 como a melhor escolha em funcdo de apresentar baixas incertezas em
todos os volumes testados se comparado aos demais sensores avaliados.

A curva de calibracdo geral do transdutor industrial PSI.420 indica ajuste adequado
das leituras do sinal aos volumes coletados (Figura 21).
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Figura 21. Curva de calibracdo do transdutor de pressdo de uso industrial modelo PS1.420 A5
50MBAR 12N.

Devido ao fato que a resposta do transdutor apresentou alta linearidade e estabilidade,
conforme demonstra do coeficiente de determinacdo (R2 = 0,9999), os resultados apresentados
na média calculada foram praticamente idénticos aos volumes adicionados no coletor,
indicando a exatiddo nas medidas e a adequacdo da curva de calibracdo (Figura 22), com erro
padrdo de 0,081 cm?. Portanto, o transdutor PSI.420 apresentou caracteristicas satisfatorias
para o desenvolvimento do coletor de enxurrada. Cabe destacar que para escoamento inferior
a 50 cm® pode ocorrer uma superestimativa do volume, decorrente da posi¢do do tubo de
acoplamento do transdutor que foi posicionado a uma distancia de aproximadamente 3 mm do
fundo do coletor, visando a entrada da agua. Ou seja, quando a lamina de agua € inferior a
esse valor o transdutor ndo percebe o volume de dgua no coletor. Porém, para a finalidade de

coleta de enxurrada esse fato ndo configura uma limitacdo pois o coletor opera a cada 200 cm3
de enxurrada coletados.
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Figura 22. Volume mensurado em proveta graduada em relacdo ao volume calculado pela
curva de calibracdo gerada para o sensor de presséo PS1.420 A5 50MBAR 12N.

A curva de calibracdo dos demais sensores é apresentada na Figura 23.
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Figura 23. Curvas de calibracdo para o sensor capacitivo (A) e o sensor de pressdo modelo
MPX5010Dp (B).

O erro padrdo médio para o sensor capacitivo e 0 MPX5010Dp foram de 3,058 e 2,237
cm?® respectivamente. Apesar de ambos 0s sensores terem apresentado boas curvas de
calibracdo e bons coeficientes de determinacgdo, o0 modelo industrial PS1.420 se mostrou mais
adequado ao desenvolvimento do coletor e foi selecionado para o desenvolvimento do
protétipo. A opcéo de utilizar um transdutor de presséo é baseada em resultados positivos de
seu emprego em trabalhos cientificos que integram tais componentes para mensurar o nivel da
agua, gés e outras substancias (SCHENATO et al., 2019; SA et al., 2021; CHAN et al., 2021).

4.5.2 Calibragéo do sensor de turbidez

A calibracdo do sensor de turbidez utilizando amostras de solo peneiradas (SR) e
amostras de enxurrada obtidas na mesma area experimental (CR) (Figura 24) proporcionaram
resultados satisfatorios, com coeficientes de determinacdo para regressdo linear superiores
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99%. Como esperado, a metodologia de calibracao altera os coeficientes das equacdes, sendo
obtido coeficiente angular 27 vezes maior quando a calibracéo é realizada a partir do método
CR. E importante ressaltar que os valores do sinal elétrico s&o inversamente proporcionais a
concentracdo de solidos em suspensédo. Isso ocorre pelo fato das emissdes de infravermelho
serem capitadas em menor proporcdo a medida que a solucdo se torna mais turva, chegando
menos luz ao fotodetector, que converte a luminosidade em sinal elétrico (Merten et al.,
2014).
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Figura 24. Curvas de calibracdo para o turbidimetro geradas a partir das médias das amostras
peneiradas e preparadas em laboratorio e obtidas a partir das metodologias SR e CR.

Na Tabela 8 sdo apresentados os dados médios gerados a partir da calibracdo SR. Para
as concentracdes utilizadas nessa metodologia de calibragdo que simula a enxurrada o0s
resultados de desvio padrdo, percentual de variagéo e incertezas foram baixos, indicando que
0 sensor é capaz de aferir leituras com boa precisdo nas condi¢oes ao qual foi submetido.

Tabela 8. Valores estatisticos do sinal de resposta do turbidimetro a partir dos dados (média
de 15 repeticdes) calibrado pelo método SR.

Perda de solo Sinal médio (V) Desvio padréo

CV% Incerteza tipo A

(@m?) (@m?) (@m?)
0,000 3,785 0,021 0,546 0.005
0,700 3,699 0,044 1,194 0.011
1,928 3,536 0,024 0,666 0.006
3,157 3,403 0,037 1,098 0.010
4,386 3,307 0,024 0,727 0.006
5000 3,223 0,023 0,698 0.006

Media 0,029 0,821 0,007

As médias do sinal do turbidimetro e respectivos desvios padrdes, coeficiente de
variacdo e a incerteza tipo A para a calibracdo pelo método CR s&o apresentados a seguir na
Tabela 9. Os resultados pelos indicadores estatisticos a partir da enxurrada coletada com o
simulador de chuva apresentam baixos valores médios, assim como na calibracdo anterior,
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sugerindo que o sensor € capaz de gerar uma boa repetibilidade de resposta para pequenas
quantidades do solo em suspenso em &gua, 0 que sugere que por esse método € possivel se
obter uma boa calibracéo para o sensor ST100.

Tabela 9. Valores estatisticos do sinal de resposta do turbidimetro (média de 30 repeticGes)
calibrado a partir do método CR.

Desvio padréo Incerteza tipo A

- . -
Perda de solo (g m?) Sinal médio (V) (g m?) CV% (g m?)
0,145 2,270 0,202 8,908 0.037

0,202 2,105 0,029 1,394 0.005

0,308 1,803 0,051 2,832 0.009

0,379 1,567 0,074 4,711 0.013

Média 0,089 4,461 0,016

O fato que de metodologia CR ter apresentado valores de CV% e incertezas maiores
em relacdo a metodologia SR pode estar relacionado com a falta de homogeneizacdo das
particulas na solucdo da enxurrada coletada se comparada a solucdo produzida em laboratorio
apos peneiramento. Mesmo assim, ambas as metodologias apresentaram resultados
promissores com o sensor avaliado.

Estudos indicam que existe alta correlacéo entre a turbidez e valores de concentragédo
de sedimentos em suspensdo, geralmente utilizados para aferir o efeito da erosdo em
ambientes fluviais (MERTEN et al., 2014; FERRAZ et al., 2018; BAUCKE et al., 2020). Em
nosso estudo, os dados de perda de solo obtidos em laboratério se correlacionaram em -
95,91% com os valores de sinal obtidos pelo sensor de turbidez. Dessa forma podemos
considerar que o sensor de turbidez ST100 pode ser considerado uma opc¢édo viavel para o
desenvolvimento do coletor automético de enxurrada integrando a equacdo gerada a partir do
método de calibracdo CR a programacdo no Arduino. Para outras classes de solo, 0 método
CR deve ser utilizado considerando que turbidimetros apresentam dependéncias quanto ao
tamanho, forma e cor das particulas (LANDERS & STURM, 2013; MERTEN et al., 2014,
XU et al., 2020; ZHAN et al., 2021).

4.5.3 Avaliacédo do equipamento em campo

O ensaio em campo com o protdtipo demonstrou que o0 equipamento atendeu as expectativas
iniciais em armazenar informac6es do momento da coleta, volume e perda de solo da
enxurrada produzida pelo InfiAsper. A imagem da instalacdo do equipamento e detalhamento
da parcela experimental de 0,70 m2 sdo apresentados na Figura 25.

A metodologia de calibracdo do volume aplicada ao PS1.420 se mostrou adequada, assim
como a perda de solo obtida a partir da calibragdo do ST100 com os dados de campo
possibilitou resultados mais proximos aos obtidos pelo método gravimétrico com aferi¢bes
em laboratério (Figura 26). O erro médio observado quando a perda de solo foi estimada a
partir da curva de calibracdo gerada pelo método SR foi de aproximadamente 46 vezes maior
em relacdo as perdas de solo aferidas pelo método gravimétrico e pelo método CR. Com a
metodologia que utilizou amostras obtidas previamente em campo, o erro médio observado
foi de 13,16%. Zahn et al. (2021) encontraram erros semelhantes (13,67%) em medicOes
instrumentadas para concentrages de 2 g L.
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Figura 25. Estrutura da parcela coletora (A) e foto da instalagdo do coletor em campo junto
ao simulador InfiAsper (B).
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Figura 26. Dados de perda de solo obtidos pela metodologia SR e CR a partir da calibragdo
com material peneirado e por coleta de campo.
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A superestimativa gerada na metodologia SR sugere que a forma com que a solucdo que
representa a enxurrada foi preparada destoa muito das condi¢des de campo. Esse fato pode
estar atrelado a questdo de como as particulas dispersas pelo impacto das gotas de chuva
simulada se distribuem em diferentes granulometrias suspensas na solugdo carreada. Como
essas caracteristicas apresentam alto grau de complexidade em se reproduzir em laboratério
(Deletic, 2005) calibrar o sensor de turbidez baseado no método SR n&o é uma opcéo viavel,
até que seja possivel o preparo dessas amostras de forma fidedigna ao que € reproduzido pelo
simulador em campo. Sendo assim, recomenda-se que a calibracdo do sensor de turbidez seja
efetuada com base no método CR.

A Figura 27 apresenta os resultados obtidos em ensaio completo em campo utilizando o
prototipo coletor em conjunto com o InfiAsper. Os desvios padrdes medios obtidos
automaticamente pelo coletor (23,18 g m™) e pela averiguagio em laboratério (20,65 g m?)
foram similares, indicando que o prototipo é funcional e atende ao objetivo de agilizar a
obtenc¢éo de dados de perda de solo a partir de chuvas simuladas. Com relacdo ao volume de
enxurrada, o erro médio observado foi de 12,25%, considerado aceitdvel em virtude das
dificuldades de mensuracao desse tipo de dados em campo.
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Figura 27. Perda de solo (PS) e volume de enxurrada coletados automaticamente e
manualmente aferido em laboratorio.

De um modo geral, os sensores selecionados para confec¢do desse prototipo
apresentaram um bom desempenho para mensurar o volume de enxurrada e a perda de solo
para a area onde foram conduzidos os testes e considerando as metodologias de calibracdo
aplicadas.

4.5.4 Andlise de custos e viabilidade técnica
O levantamento dos custos dos materiais utilizados no desenvolvimento do protétipo é
apresentado na Tabela 10. O sensor de pressdo PSI.420 foi o que apresentou a melhor

calibracdo e desempenho para computar o volume de enxurrada. Entretanto, seu custo de
aquisicdo é superior aos demais.
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Tabela 10. Custos dos principais componentes usados e sensores testados para o
desenvolvimento do coletor de enxurrada (precos datados de 30/06/2021).

Dispositivo Modelo Preco
Pressao PS1.420 A5 50MBAR 12N $431,64
Pressao MPX5010Dp $ 28,42

Capacitivo N&o comercial* $ 3,50

Turbidez ST100 $ 57,46
Microcontrolador Arduino Mega® 2560 $ 28,89
Modulo Micro SD REF: 4AMD36 $1,93
Cartdo Micro SD ScanDisc Ultra 16 Gb $9,74
Vélvula Solenoide 12V NF Acéo Direta** $ 58,59

Médulo Rele JQC-3FF-S -Z** $ 3,30
Display LCD SKU: 500 $4,30
Estrutura de PVC 200 e 100 mm + Caps usados * $ 68,62
Fontes Bivolt 12V 2A + 12V 3,5A $14,44
Painel Case 100x150x214 mm $13,44

*Preco especificado a partir do custo do material para producdo do sensor; ** Preco para duas unidades que
foram utilizadas; Obs.: Prego convertido para Délar na cotagdo de 16/03/2022.

Baseado nos custos dos sensores selecionados para a confeccdo do coletor e os demais
componentes utilizados o valor total aproximado do protétipo ficou em $ 692,56. Mesmo
sendo um equipamento de baixo custo, uma versdo mais barata e com eficiéncia semelhante
pode ser confeccionada a partir da substituicdo dos componentes por versdes de menor custo,
sobretudo substituindo o sensor PSI1.420 pelo MPX5010Dp, o que reduziria o custo total em
58,2%. Entretanto, isso implicaria na reducdo da precisdo e acuracia dos dados obtidos pelo
equipamento. Ao utilizarem o MPX5010Dp no desenvolvimento de um sistema coletor para
aspersores em laboratério, Queiroz et al. (2008) consideraram 0 uso do sensor como Vviavel
economicamente para seu uso em leituras automaticas de volumes de agua.

O protétipo desenvolvido cumpre satisfatoriamente a funcdo de obtencdo de
informacgdes de enxurradas oriundas de simuladores de chuva portateis, sendo uma ferramenta
atil para obtencdo de dados em menos tempo e reduzindo a possibilidade de erro humano.
erro humano. Uma das principais vantagens do coletor est4 na possibilidade de gerar maior
namero de informagdes em um unico teste, podendo ser utilizado para analisar toda a
enxurrada produzida ao longo de uma simulacdo e sem a necessidade de armazenar grande
guantidade de amostras, pois podem ser descartadas logo ap6s os dados terem sido realizados.
Essa metodologia, portanto, facilita o uso extensivo de simuladores de chuvas em estudos de
grande proporcdo e reduz gastos e minimiza os procedimentos para analise das amostras
coletadas em areas extensas, como o que ocorre em estudos de bacias hidrograficas (SANTOS
etal., 2018; ALMEIDA et al., 2018; ASSIS et al., 2021).

Algumas ressalvas quanto as limitacGes desse prottipo em campo também devem ser
destacadas, como a necessidade de posicionamento do coletor pelo menos 40 cm abaixo do
nivel da calha coletora do simulador de chuvas e o seu perfeito nivelamento para garantir o
funcionamento adequado. Além disto, o acimulo de particulas de solo no interior da estrutura
pode proporcionar erros grosseiros na determinacdo das perdas de solo, sendo necessaria
avaliacdo das respostas do equipamento pds calibracao.

O equipamento permitiu a rapida obtencdo dos dados de perda de solo e volume em
campo. O tempo para analise e processamento dos dados pelo método laboratorial foi de 4
dias aproximadamente, enquanto o processamento dos dados obtidos automaticamente levou
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apenas algumas horas. Além disso, para a coleta manual foram necessarios o transporte e 0
armazenamento de um grande ndmero de garrafas de 500 cm3, o que representa investimentos
monetarios e logisticos.

A partir de todas as informacGes geradas no desenvolvimento deste prot6tipo, um
novo equipamento mais eficiente tem sido preconizado, integrando uma arquitetura que
facilite sua instalagdo em campo, a portabilidade e a comunicagdo com o usuario (KUMAR et
al., 2021; ZHAN et al. 2021). Além disso, a metodologia de calibragdo do turbidimetro para
atuar em diferentes tipos de solo pode ser aprimorada (XU et al., 2020) e também adicionada
novas funcionalidades que facilite ainda mais a obtencéo dos dados gerados pelo simulador de
chuva e reduza custos e demais limitages observadas.

A partir de todas as informacdes geradas no desenvolvimento deste protétipo
observamos um bom potencial do coletor para gerar um produto possivel de ser
industrializado e com a possibilidade de futuras atualizacGes integrando uma arquitetura que
facilite sua instalagdo em campo, portabilidade e a comunica¢do com o usuério (KUMAR et
al., 2021; ZHAN et al. 2021). Além disso, a metodologia de calibracdo do turbidimetro para
atuar em diferentes tipos de solo pode ser explorada (XU et al., 2020).
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4.6 CONCLUSOES

Neste estudo, desenvolvemos um coletor de enxurrada capaz de quantificar em tempo
real o escoamento e a perda de solo com base em um sistema de medi¢do de volume da
enxurrada (sensores de pressdo ou capacitivos) e perda de solo (sensor de turbidez). Nosso
coletor proposto foi eficaz na determinacgdo do volume de escoamento e perda de solo durante
um teste simulado de chuva em campo, gerando erros médios de 12,25% e 13,16% para
volume de agua e perda de solo, respectivamente.

O coletor de enxurrada automatico equipado com o transdutor de pressdo PS1.420 e o
sensor de turbidez ST100 tem o potencial de obter e armazenar instantaneamente dados de
escoamento. O protétipo testado e avaliado possui baixo custo de fabricacdo e contribui de
forma relevante para futuras aplicagdes em estudos com simuladores de chuva, agilizando e
facilitando a obtencédo de dados de erosdo em campo.
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5. CONCLUSAO GERAL

Mediante as informacdes apresentadas neste documento de tese aceitamos as hipoteses
apresentadas neste trabalho, de que a instalagdo de componentes eletrénicos no painel de
controle do InfiAsper possibilita uma variacdo e prévia programacdo da IP ao longo de uma
simulacdo, e que o desenvolvimento de um coletor automatico de enxurrada facilita a
obtencéo dos dados em campo sob chuva simulada.

O painel desenvolvido possibilitou a simulacdo de chuvas com padrbes
personalizados, com picos de intensidade de precipitacdo de 110 mm h' e duracio de 40 min,
e uniformidade acima de 75%. Essa inovacdo no sistema do InfiAsper permite a
personalizacdo da chuva por minuto, possibilitando o desenvolvimento de pesquisas de campo
mais complexas com maior grau de realismo.

A utilizacdo do novo painel em testes de campo apresentou resultados satisfatorios e
informagdes condizentes com as caracteristicas esperadas dos padrdes naturais de chuva. Para
as condicOes avaliadas, os padrbes de chuvas intermediario e atrasado produziram maiores
perdas de solo e agua do que o padrdo avancado. Os padrdes de chuva intermediério invertido
e constante ndo produziram perdas significativas para a aplicacdo da lamina média de 30 mm.

O coletor automatico de enxurrada equipado com o transdutor de pressdo PS1.420 e o
sensor de turbidez ST100 apresenta potencial para a obtencdo e armazenamento de dados de
enxurrada de forma instantanea sendo eficaz na determinacdo no volume e perda de solo
proveniente da enxurrada produzida pelo InfiAsper.
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6. ANEXOS

6.1 Anexo A

| *AVA.txt - Bloco de Motas — O x

Arquive  Editar  Formatar  Exibir  Ajuda
484;341,;284;234;171,;122;887;067 ;867 ;887;0897,;122;153,;198,;234; 258,
284;295,3081,306;312;318;323;329;329,335,;335,;341;341;353;353;359;
359;366;372,;378;385;391;398;4684 ;801,001,001 ;001,881 ;881;881,001,
pﬂl;881;881;881;881;881;881;881;881;881;881;881;881;

Lnd4, Coll 100%  Windows (CRLF) UTF-8

Figura 28. Formato do arquivo de programacdo do padrdo Avancado (arquivo AVA.txt).
Valores “001” representam o codigo para finaliza¢do da simulagao.

6.2 Anexo B

| *INTxt - Bloco de Notas — O x

Arquive  Editar  Formatar  Exibir  Ajuda

484,484 ;484 ;484 ;398;391;385;378;372;341,;312,;284,258;234;198,;153;
122,;897,;887;067;067;887;097;122;153,;198,;234;258;284,;312;341,;372;
378;385;391,;395,;484,;484 ;484 ;484 ;881,001,001 ;001,801 ;881,881 ;801
bai;881;Bai;Bal;881;881;Bai;881;881;881;881;8815881;

Ln4, Col1 100%  Windows (CRLF) UTF-8

Figura 29. Formato do arquivo de programacdo do padrdo Intermediério (arquivo INT.txt).
Valores “001” representam o cddigo para finalizagdo da simulagao.
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6.3 Anexo C

| *ATR.txt - Bloco de Notas — O x

Arquive  Editar  Formatar  Exibir  Ajuda
A4B84;398;391;385;378;372;366;359;359;353;353;341,;341,;335;335; 329,
329;323;318;312,;386,;381;295;284;258,;234,190,;153,;122;897,;887;867;
B67;887,;122,171,;234,;284;341,;484 ;861,001,001 ;001,881 ;881,881 ;801,
pﬂl;881;881;881;881;881;881;881;881;881;881;8815881;

Ln4, Col1 100%  Windows (CRLF) UTF-8

Figura 30. Formato do arquivo de programacdo do padrdo Atrasado (arquivo ATR.txt).
Valores “001” representam o codigo para finalizagao da simulagao.

6.4 Anexo D

| *TEST.txt - Bloco de Motas — O x

Arquive  Editar  Formatar  Exibir  Ajuda
B67;887,897,122,;153,;198;234;258;284,312,341,372,;378;385;391,;398,
484,484 ;484 ;4684 ; 484 ; 484, 484 ;484 ; 398 ;391 ,;385;378,;372;341,;312,; 284,
258;234,;1968;153,;122,897;087,;067,0801,;001 ;881,001,001 ;801 ;801 ,0861;
bai;881;Bai;Bal;881;881;Bai;881;881;881;881;8815881;

Ln4, Col1 100%  Windows (CRLF) UTF-8

Figura 31. Formato do arquivo de programacao do padrdo personalizado aonde foi inserido o
padrdo intermediario invertido (arquivo TEST.txt). Valores “001” representam o cddigo
para finalizacdo da simulacao.
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