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in determining the hydraulic conductivity of saturated soil’

Automacao da medigdo de registro do tempo na determinagao
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HIGHLIGHTS:
Auto Ksat allows real-time data visualization, enabling discrepant data verification.
The created and tested system improved the precision of the measurement of soil water flux in laboratories of soil physics.
The automated system is a viable option to determine the hydraulic conductivity by the falling head method.

ABSTRACT: The objective of this study was to automate the acquisition of water travel time, as well as the
computation of hydraulic conductivity of saturated soil by the falling head method, using water sensors and the
Arduino platform. To automate the measurement of travel time, the Arduino Uno board was used, and two water
sensors were installed at the initial (h)) and final (h ) heights of the water inside the core. When the water flows
across the soil and the water level passes the bottom part of the initial sensor (h, ), the time recording starts; it ends
when the water is absent from the final height of the second sensor (h,). The equation for calculating the hydraulic
conductivity was inserted into the algorithm so the calculation was automatic. Undisturbed soil samples were taken
in a long-term no-tillage area. There were no significant differences for the time and hydraulic conductivity means
between the permeameters. The coeflicient of the residual mass index showed an overestimation of the time variable;
thus, the automated permeameter improves the precision of time recording and saturated hydraulic conductivity
estimated by the falling head method.
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RESUMO: Objetivou-se com esse estudo automatizar a aquisicdo da varidvel tempo bem como o célculo da
condutividade hidraulica do solo saturado pelo método da carga decrescente usando sensores de dgua e a plataforma
Arduino. Para automatizar a medi¢ao da variavel tempo, foi utilizado a placa Arduino Uno e instalados dois sensores
de nivel de d4gua analdgico nas alturas inicial (h ) e final (h,). Quando a dgua flui pelo solo e o nivel da d4gua passa
pela parte inferior do sensor inicial (h ), o registro do tempo comega; termina quando a 4gua estd ausente da altura
final do segundo sensor (h,). A equagao para cdlculo da condutividade hidrdulica foi inserida no algoritmo para se
ter o calculo automaticamente. Amostras de solo indeformadas foram coletadas em uma 4rea de plantio direto de
longo prazo. Os valores médios do tempo e da condutividade hidraulica ndo apresentaram diferencas significativas
entre os permeametros. O indice coeficiente de massa residual (CRM) mostrou superestimagdo da variavel tempo,
indicando que o permeametro automatico melhora a precisdo da medigdo do tempo e da condutividade hidraulica
do solo saturado estimada pelo método da carga decrescente.
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INTRODUCTION

Soil hydraulic conductivity represents the ease with which
water moves into the porous soil system and is an important
variable in studies on soil management, crop production,
and the transport of chemical elements (Oliveira et al., 2003;
Mesquita & Moraes, 2004; Gongalves & Libardi, 2013).

There are several methods to determine hydraulic
conductivity both in the field and in the laboratory. Tests
under laboratory conditions have some advantages, such as
the control of boundary conditions (saturation, hydraulic load,
and flux direction), time efficiency, and low costs (Marques
et al., 2008).

Among the laboratory methods, the falling head method uses
undisturbed soil samples previously saturated and submitted
to variable hydraulic loads (Reynolds & Elrick, 2002). Using
this approach, the time spent by the water to pass from the
initial to the final height is determined via a chronometer. The
automation of the measurement of time through the water
sensors and algorithms represents an improvement in obtaining
the hydraulic conductivity of saturated soils.

Di Prima (2015) and Fatehnia et al. (2016) have developed
an apparatus for automating the measurement of hydraulic
conductivity in the field. In the same way, Judrez et al. (2018)
have developed an automated apparatus to monitor water
flux rates and hydraulic conductivity in intermittent rivers
and areas considered recharge zones to study and quantify
infiltration volumes. None of them have used methods to
determine hydraulic conductivity in the laboratory with the
falling head method.

The objective of this study was to automate the acquisition
of the water travel time, as well as the computation of the
hydraulic conductivity of saturated soil by the falling head
method, using water sensors and the Arduino platform.

MATERIAL AND METHODS

The conventional permeameter of the falling head method
was built according to the methodology described by Reynolds
& Elrick (2002) (Figure 1A), developed from August 2018 to
March 2019 at the Soil Laboratory of Federal University of
Parand (UFPR) at Campus of Jandaia do Sul (23° 35’477 S, 51°
38 55”7 W, altitude of 803 m). The conventional permeameter
is composed of a plastic recipient with a porous system (little
pebbles) at the bottom (Figure 1A). The cylinders used were
0.05 m in diameter and 0.05 m in height (Figure 1B). In the
metallic height measurer, the distance between h and h is 0.01
m (Figure 1A). The same distance was used in the automated
permeameter (Figures 1B and C).

The assembly to estimate the hydraulic conductivity from
the conventional permeameter was done as follows: a cylinder
without soil was fixed on the cylinder with the undisturbed
soil sample, and both were placed inside a recipient that
is filled with water. The height measurer (h, and h,) was
gently positioned on the top of the undisturbed soil sample.
Subsequently, the bottom hole of the recipient was opened, and
water flowed through the soil sample, whose length (L) across
the time (t) corresponds to the water displaced between the
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h,and h, markers The hydraulic conductivity of the saturated
soil (K ) was calculated using Eq. 1:

L), (h,
Ksat - (TJ In (h_l] ( 1)

where:
L, h;and h - given in mm;
t - time in hours; and,
K, - hydraulic conductivity of saturated soil, mm h™'.
A.
B.
C.

1 - Bottom hole; 2 - Undisturbed soil sample; 3 - Cylinder without soil; 4 - Height measurer;
5 - Porous system; 6 - Recipient; 7 - Sensor

Figure 1. Conventional permeameter of the falling head
method according to Reynolds & Elrick (2002) (A); automated
permeameter of the falling head: design with sensors and
measurements (B) and design with the sensors and the
variables of the K equation (C)
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To automate the time measurement, the WiFi ESP8266
NodeMcu ESP-12 module was used (Figure 2A), and two
Fundino FD-10 model analogic sensors were installed for
measuring the water level (Figure 2B) at the initial (h ) and
final (h,) heights. The sensor characteristics are shown in
Table 1; according to the manufacturer, if the drop sensor were
completely dry, the value would be zero. Whenever a drop of
water touches the contacts of the sensor, the value would be at
about 480. With this information, the sensors were tested and
calibrated in the laboratory, and the values obtained were entered
into the algorithm. The algorithm to determine the time the
water travels between h and h  was developed using the Arduino
platform. The circuit mounting of the WiFi ESP8266 NodeMcu
ESP-12 module with analogic sensors is shown in Figure 2C.

When the bottom hole of the recipient is open, the water
flow across the soil sample starts, and the water level passes by

A.

Figure 2. WiFi ESP8266 NodeMcu ESP-12 module (A); FD-
10 analogic water level sensor, (B); circuit mounting of the
WiFi ESP8266 NodeMcu ESP-12 module with two analogic
sensors (C)

Table 1. Characteristics of the analogic water level sensor
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the bottom part of the sensor (h ) (Figure 1C). The time is then
measured until the water level reaches the bottom of the second
sensor (h,). Subsequently, the time measurement is automated
by the Arduino algorithm, and then hydraulic conductivity is
calculated by the software. The design of the sensors in the
automated permeameter is shown in Figures 1B and C.

The computational logic was developed through the
Integrated Development Environment (IDE) of Arduino,
adopting the following steps:

o The microcontroller starts the system, variables, and

defined constants.

o  From the serial communication, sensor reading is done

by the conditions imposed on the algorithm.

o Based on the reading, variable transformation is

performed to obtain the actual condition and time.

o The data collected by the sensors are sent from the

serial port and exhibited on a serial monitor.

To calculate the hydraulic conductivity of saturated soil
by the algorithm, the dimensions of volumetric cylinders 0.05
x 0.05 m were considered (most used for undisturbed soil
samples). The values of hO, hl, and L were fixed, and time was
determined via the software. To simplify the user interface,
software was created that saves the data in an output table.
This software was developed using the Visual Platform Studio
Code version 1.36 and Eléctron version 5.0.5 (Visual Studio
Code, 2019; Eléctron, 2019).

The Wi-Fi module was chosen because of its practicality;
it does not need to be connected to the board by a USB cable
but is powered by a 127-V plug. The module communicates
in wireless mode with the computer, and the collected data
are sent and stored. To fix the sensors at their height, double-
sided tape was used, allowing the sensors to be removed
without damaging the cylinder or the sensor and facilitating
replacement if necessary.

For data acquisition, software was developed that
communicates with the Arduino platform, transferring the
collected values to the software. The interface is simple; the
START command is pressed to initiate data collection. This
command opens a box for entering information such as the
computer’s IP address, value update time, and the name of the
file to be saved. When clicking SAVE, the data are collected
automatically. The program stops collecting data automatically,
and the STOP command is pressed to stop data collection if
necessary. The EXPORT command is used to export data in
xls format; when it is pressed, a DOWNLOAD box appears,
and clicking that box saves the data.

When the Wi-Fi network is not available, hydraulic
conductivity analysis can be performed using the Arduino
serial board. For this, the Arduino serial board should be
connected by USB to the computer, and data must be typed
in by the user because the serial board does not automatically
save the data.

During the tests, it was observed that the analogic sensor
is extremely sensitive. Thus, it is suggested that for each data
collection, the sensors must be cleaned. Before the analysis, a
test should be done to assure the sensors are working properly.
The assembly of the sensors is shown in Figures 3A and B.
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Figure 3. Final assembly of the automated permeameter (A);
the assembly of the sensors is shown on the cylinder (B)

To test the automated permeameter, ten undisturbed soil
samples were taken using volumetric cylinders (0.05 x 0.05
m) from a depth of 0-0.10 m in soil under long-term (since
1997) no-tillage in Borrazdpolis, Parand State, Brazil (23° 52’
S and 51° 32’ W, altitude of 444 m). The soil is an Oxisol with
a clayey texture (Table 2). The soil samples were saturated and
split into two groups for K estimation by the falling head
method using an automated permeameter (Arduino) and the
conventional permeameter applying a chronometer.

The K, data were compared between the two methods,
using the following statistical indices:

a) Agreement index - d (Legates & McCabe, 1999):

N
Yo, -r|

(-3]+fo.-3)

d=1-

()

M=

1

Table 2. Soil physical-chemical characterization

b)Deviation ratio - RD (Loague & Green, 1991):
RD=E2—— (3)

c) Efficiency coefficient - EF (Legates & McCabe, 1999):

N
2.[0, -]

EF=1-&— (4)

N —
> |o,-9|
i=1
d) Mean absolute error - MAE (Willmott et al., 1985):
N
MAE=N"-)"|0, -P| (5)
i=1

e) Square root of the normalized quadratic mean error -
RMSE (Loague & Green, 1991):

RMSE = {N' - i(oi -P) TS (%) (6)

f) Unsystematic (RMSEu) and systematic (RMSEs)
components of the normalized total error (Legates & McCabe,
1999):

i=1

RMSEu = {N‘ —i(fz -P )2_045 (%j (7)

RMSEs = {Nl - i(fg -o,) T (%} (8)

g) Coeflicient of residual mass - CRM (Loague & Green,
1991):

CRM=]-4i =t )

(10)

and P, is the estimate of the dependent variable (Willmott et
al., 1985):

P - phosphorous; OC - organic carbon; Al - aluminum; Ca - calcium; Mg - magnesium; K - potassium
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Pi=a+bO, (11)
where:
O, - corresponds to conventional permeameter data;
P, - corresponds to automated permeameter data; and,
N - number of experimental observations.

The student’s t-test was used to analyze the data means
atp <0.05:

t= (12)

where:

x - arithmetic mean of time and conductivity variables
from the automated permeameter;

Y, -arithmetic mean of time and conductivity variables
from the conventional permeameter;

s - standard deviation; and,

n - number of experimental observations.

RESULTS AND DISCUSSION

The descriptive statistics of the conventional and automated
permeameter are shown in Table 3. According to Warrick &
Nielsen (1980), the coefficients of variation are classified as
low (< 12%), average (12 to 60%), and high (> 60%). The K__
and time variables for both permeameters presented moderate
coefficient of variation values. However, Klein et al. (2015) and
Almeida et al. (2017) obtained high CV values for K_ by the
falling head method at the laboratory, varying from 54 to 108%.
In addition, Lima et al. (2006) found CV values between 112 to
248% for K determined by the constant head method. Gubiani
etal. (2010) also found higher variability in K_ measurements
using the constant head method.

The CV values of K and time were similar when comparing
between permeameters in laboratory boundaries (Table 3).
On the other hand, Di Prima et al. (2015), when evaluating
field permeameters, found smaller CV values for automated
versus conventional systems. All these results showed that K
is a variable measurement in the field or laboratory, which is
directly dependent on soil structure heterogeneity rather than
the determination methods.

The variables K and time were not significantly different
between the conventional and automated approaches (Table
3). The linearity obtained for K_, and time (Figures 4A and B)
corroborates with the absence of significance. This similarity

>

Hydraulic conductivity (mm h)
600 -
500 4
400 A
300 ~
200 A

100 T T T T
100 200 300 400 500 600

Conventional permeameter

Automated permeameter

@ Automated permeameter 4 Conventional permeameter

B. Variable time (s)
130 -
110 +
90 -
70 4
50 -

30 T T T T T 1
30 45 60 75 90 105 120

Conventional permeameter

Automated permeameter

® Automated permeameter 4 Conventional permeameter

Figure 4. Relationship of the hydraulic conductivity (mm h™')
data obtained by automated and conventional permeameters
(A); relationship of the time data obtained by automated and

conventional permeameters (B)

suggests that the automated permeameter did not change
how the data were collected. However, the difference between
the means of the conventional and automated permeameter
indicates a delay for the conventional permeameter due to the
manual setting of the chronometer.

Corroborating these results, Fatehnia et al. (2016) did
not find different means of K between conventional and
automated systems for double-ring infiltrometers. However,
they stated that the numeric difference in K promotes higher
precision for data obtained from automated systems compared
to those from conventional ones.

The statistical indices obtained from the relationship
between automated and conventional permeameters to obtain
time and K are shown in Table 4. The values of R? for both
measured variables demonstrate a better precision of the
automated permeameter compared to the conventional one. If
the adjusted degrees between the permeameters were perfect,
the statistical indices would be as follows: d = RD = EF = 1 and
MAE = RSME = RSMEa = RSMEs = CRM = 0.

Table 3. Descriptive statistics of the hydraulic conductivity of saturated soil (K ) and time obtained by conventional and

automated permeameters

For each variable, means followed by the same letter do not differ significantly by Student s t-test at p < 0.05. SD - standard deviation; CV - coefficient of variation

Rev. Bras. Eng. Agric. Ambiental, v.26, n.2, p.149-155, 2022.



154

Camila P. Cagna et al.

Table 4. Statistical indices for the relationship between automated and conventional permeameters

K, - hydraulic conductivity of saturated soil; R* - coefficient of determination; d - agreement index; RD - Deviation ratio; EF - efficiency coefficient; MAE - mean absolute error;
CRM - coefficient of residual mass; RMSE - square root of the normalized quadratic mean error (%); RMSEu - unsystematic component of the normalized total error (%);

RMSEs - systematic component of the normalized total error

The index d shows the homogeneity of data dispersion; the
values were close to one for both variables (time = 0.914 and
K_, =0.907). This indicates that the data acquisition affected the
measurement precision, which is corroborated by the difference
in the mean values (Table 3) of time and K .

The RD index describes the ratio between the values
obtained by the automated and conventional permeameters. A
value close to 1 indicates that the data dispersion was similar
for both permeameters. Similarly, the EF had values close to 1,
indicating consistency of the data between both permeameters.
The MAE indices were 4.62 and 18.69, respectively, for time and
K. The RMSE, RMSEu, and RMSEs describe the data values
as a measurement of the mean deviation between automated
and conventional permeameters; they presented values greater
than zero (Table 4).

The positive or negative signal of the CRM index indicates
if the automated permeameter tends to underestimate
or overestimate, respectively, the values of the variables
obtained compared to the conventional permeameter. The
occurrence of overestimation is desirable because this
indicates that automated permeameter promoted a more
precise measurement. Thus, as time records presented an
overestimation, the automated permeameter was more accurate
than conventional ones. However, K was underestimated
by the automated permeameter, but the calculation of K is
directly dependent on the time record, which is measured by
the sensors. Since K_ is time-dependent, the larger the time
variable, the smaller the K_, and the automated permeameter
tends to underestimate this variable. Thus, the results of the
CRM index indicate that the automated permeameter provided
a good precision to estimate the K_ values.

Ideally, the statistical indices should have values of d
= RD = EF = 1 and MAE = RSME = RSMEa = RSMEs =
CRM = 0, indicating that there is no difference between the
permeameters. However, the ideal adjustment degree is not a
desirable condition since it would mean that the automated
permeameter would not differ from the conventional
permeameter. Overall, the CRM, RMSE, RMSEu, RMSEs, and
MAE index values differed from zero, indicating that the use
of water sensors improved the precision when measuring the
hydraulic conductivity of saturated soil. Similar results were
found by Figueiredo (2010) using the same statistical indices
and showing that the electrical sampler increased the quality
of undisturbed samples compared to the Uhland sampler.

Besides the increase in precision of measurements by the
automated permeameter, the Auto Ksat software allows the
visualization of K values by the serial monitor in real-time.
Thus it is possible to verify discrepant data and repeat the test
if necessary. This advantage was also reported by Gubiani et al.
(2010) when evaluating the use of a falling head permeameter
associated with K_ software. They concluded that association
brought more practicality and precision to K measurements.
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CONCLUSIONS

1. The absence of statistical differences between the
permeameters indicates that time record automation is
recommended to estimate saturated hydraulic conductivity.

2. The coefficient of residual mass index showed
overestimation for the time variable, which indicates that
automated permeameter, improves the precision of the
time record and consequently of the saturated hydraulic
conductivity estimated by the falling head method.

3. The automated falling head system is a viable option due
to the facility of assembly as well as the open-access Arduino
platform.

4. The Auto Ksat software provides the K values in a serial
monitor, allowing the verification of results in real-time.
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