
Revista Brasileira de Engenharia Agrícola e Ambiental
Campina Grande, PB, UAEA/UFCG – http://www.agriambi.com.br

ISSN 1807-1929

v.24, n.6, p.357-363, 2020

Effective hydraulic conductivity and its relationship
with the other attributes of Cerrado soils

DOI: http://dx.doi.org/10.1590/1807-1929/agriambi.v24n6p357-363

Edwaldo D. Bocuti1, Ricardo S. S. Amorim2, Luis A. Di L. Di Raimo1, Wellington de A. Magalhães1 &
Emílio C. de Azevedo3

ABSTRACT: The objective of this study was to determine the effective hydraulic conductivity of six areas 
located in the Cerrado region of Mato Grosso, Brazil, and to identify physical attributes of soils with potential 
for predicting effective hydraulic conductivity. The tests to determine the effective hydraulic conductivity 
were carried out in six areas, covering the textural classes sand, sandy loam and clay, and the following 
uses: pasture, Cerrado and agriculture. Particle size, sand fractionation, total carbon content, degree of clay 
flocculation, bulk density, macroporosity, microporosity, mean weight diameter, mean geometric diameter and 
aggregate stability index were determined. From the data, statistical analyses of contrasts were performed by 
the Kruskal - Wallis test, and simple Pearson’s correlation coefficient was determined between variables. The 
average values of effective hydraulic conductivity for the pasture, agriculture and Cerrado areas were 95.73, 
27.83 and 48.31 mm h-1, respectively. Higher value of effective hydraulic conductivity was observed in the 
Pasture area point 2 when compared to the Agriculture area point 2, because the amount of clay determined 
in Agriculture area was approximately 16 times greater than that of the area Pasture point 2, conditioning 
lower water infiltration in the soil profile of the area Agriculture point 2. Among the physical attributes 
analyzed, those with the highest potential for Ke prediction were: clay, silt, sand (coarse, medium and fine), 
total carbon and aggregate stability index.
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Condutividade hidráulica efetiva e sua relação
com os demais atributos dos solos do Cerrado

RESUMO: Objetivou-se neste estudo determinar a condutividade hidráulica efetiva de seis áreas localizadas no 
Cerrado Mato-Grossense e identificar atributos físicos dos solos com potencial de predição da condutividade 
hidráulica efetiva. Os ensaios da condutividade hidráulica efetiva foram executados em seis áreas, 
contemplando solos de classes texturais areia, franco arenosa e argila e os seguintes usos: pastagem, Cerrado 
e agricultura. Foram determinadas a granulometria, fracionamento da areia, teor de carbono total, grau de 
floculação da argila, densidade do solo, macroporosidade, microporosidade, diâmetro médio ponderado, 
diâmetro médio geométrico e índice de estabilidade de agregados. A partir dos dados foram realizadas análises 
de contrastes pelo teste de Kruskal-Wallis e determinação do coeficiente de correlação de Pearson simples 
entre variáveis. Os valores médios de condutividade hidráulica efetiva para as áreas pastagem, agricultura e 
Cerrado foram, respectivamente, 95,73; 27,83 e 48,31 mm h-1. Maior valor de condutividade hidráulica efetiva 
foi observado na área Pastagem ponto 2 quando comparada à área Agricultura ponto 2, devido à quantidade 
de argila determinada na área agricultura ser aproximadamente 16 vezes maior que a da área pastagem, o 
que condicionou a menor taxa de infiltração da água no perfil do solo da área agricultura ponto 2. Dentre 
os atributos físico avaliados, aqueles que apresentaram maior potencial para predição da Ke, foram: argila, 
silte, areia (grossa, média e fina), carbono total e índice de estabilidade de agregados.

Palavras-chave: chuva simulada, perda de solo, taxa de infiltração da água
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Introduction

Increments in production costs and reduction in the 
productive capacity of agricultural areas are conditioned by 
soil loss (Dechen et al., 2015), which has water erosion as one 
of its main causes. In studies involving the quantification of 
soil losses by water erosion, hydraulic conductivity is a relevant 
hydrological attribute, as it expresses the dynamics of soil 
water movement.

According to Gonçalves & Libardi (2013), hydraulic 
conductivity expresses the ease with which water moves in 
the soil. Therefore, it directly influences the volume of runoff, 
enhancing the capacity to transport particles and impacting 
the erosion process.

In addition, knowing the hydraulic conductivity of the 
soil enables the planning of actions aimed at conserving 
the environment, agricultural areas and water resources, 
minimizing losses of soil, water and solutes in unsaturated soils.

There are several methodologies for determining soil 
hydraulic conductivity, which can be carried out in the 
field or in the laboratory (Silva Junior et al., 2013). When 
determined in the field with the aid of a rainfall simulator, 
it is called effective soil hydraulic conductivity (Ke), but this 
determination is laborious (Mubarak et al., 2010), requires 
time and generates high costs. In this context, it is necessary 
to find soil attributes that are predictors of Ke for tropical soils 
and thus enable the generation of adequate mathematical 
models to estimate it.

The scarcity of values of Ke and of properties with potential 
for its prediction has made it difficult to adapt functions 
to estimate this soil attribute, which makes it impossible 
to use erosion prediction tool for tropical edaphoclimatic 
conditions. Thus, the objective of this study was to obtain 
the Ke of the soil of six areas in the Cerrado region of Mato 
Grosso, Brazil, and to identify physical and physical-hydraulic 
attributes of the soil with the potential for predicting Ke.

Material and Methods

The study was conducted in the municipalities of Campo 
Verde and Santo Antônio de Leverger, both in the state of 
Mato Grosso, Brazil. The tests for determining the effective 
hydraulic conductivity (Ke) were performed in six areas (Table 
1), contemplating soils with the textural classes sand, sandy 

loam and clay, and the following uses: pasture (Points 1 and 
2 - Pp1 and Pp2), Cerrado (C) and agriculture (Points 1, 2 and 
3 - Ap1, Ap2 and Ap3).

The study was conducted in three stages. The first stage 
consisted of the characterization of the physical and physical-
hydraulic attributes of the soils of the areas where the field tests 
were performed; in the second stage, the tests were carried out 
to determine Ke; and in the third stage the correlation between 
Ke and soil attributes was evaluated. 

In the characterization stage, disturbed samples, 
undisturbed samples and soil clods were collected in each 
area, in four mini soil pits at 0-0.20 m depth, and used for 
the determination of particle size, sand fractionation, bulk 
density, total carbon content, degree of clay flocculation, 
macroporosity, microporosity, mean weight diameter, mean 
geometric diameter and aggregate stability index in four 
replicates (Table 2).

Analyses of particle size and degree of flocculation were 
performed using the pipette method (EMBRAPA, 2017). Sand 
fractions were obtained by dry sieving, following the scale of 
Soil Survey Staff (2017). Total carbon content was determined 
using the Total Carbon (TC) analyzer, N/C 3100 model, 
coupled to the device HT 1300 Solids Module.

Macroporosity and microporosity were determined based 
on the manual of soil analysis methods (EMBRAPA, 2017). 
Aggregate stability was evaluated using semi-preserved 
samples passed through a 4.00-mm-mesh sieve and retained 
on 2.00-mm-mesh sieve; to obtain the aggregates, these were 
subjected to wet sieving by the standard method of Yoder 
(EMBRAPA, 2017).

The mean weight diameter (MWD) and mean geometric 
diameter (MGD) of the aggregates were obtained by wet 
sieving, as respectively proposed by Van Bavel (1949) and 
Schaller & Stockinger (1953).

Bulk density was determined by the volumetric cylinder 
method, based on the manual of soil analysis methods 
(EMBRAPA, 2017).

The tests for determining effective hydraulic conductivity 
followed the methodology proposed by the Agricultural 
Research Service of the United States Department of 
Agriculture (ARS/USDA) (Elliot et al., 1989), which consisted 
in conventionally tilling an area with dimensions of 10 x 10 m, 
by one plowing with a disc plow and two harrowings, at 0.20 m 
depth. In the recently tilled area, galvanized plates were used 

(1) Pasture point 1; (2) Pasture point 2; (3) Agriculture point 1; (4) Agriculture point 2; (5) Cerrado 1; (6) Agriculture 3; (7) Micro-basin; (8) Vegetation; (9) Local slope; (10) 
Additional information

Table 1. Characteristics of the pedological units studied
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to delimit three experimental plots with dimensions of 0.70 x 
1.00 m, with the largest dimension in the direction of greater 
slope of the area.

Each experimental plot was subjected to a continuous 
simulated rain with average precipitation intensity of 
approximately 65 mm h-1, except in the area of pasture, points 
1 and 2 (Pp1 and Pp2), where the mean precipitation intensity 
was approximately 145 mm h-1. Adopting higher precipitation 
intensity in points Pp1 and Pp2 was necessary to enable the 
occurrence of surface runoff.

The rainfall simulator used had Veejet 80.100 nozzles at a 
pressure of 32.7 kPa. The desired precipitation intensity was 
previously set by adjusting the opening of the infiltrometer 
shutters. The uniformity of water distribution by the 
infiltrometer was expressed by the Christiansen’s uniformity 
coefficient, which was equal to 85%.

Soil water infiltration rate was calculated indirectly, based 
on the difference between the precipitation volume and the 
surface runoff volume, collected in the plots at each interval of 
5 min. Knowing that effective hydraulic conductivity assumes 
values close to that of the steady-state water infiltration rate, 
then equality between these attributes was adopted.

The Ke values of the study areas were compared by contrasts 
between the different treatments using the Kruskal-Wallis 
test. This nonparametric test was used because the present 
study did not follow an experimental design. To identify soil 
physical attributes with potential for Ke prediction, an analysis 
of correlation between Ke and the other soil attributes was 
performed using simple Pearson’s correlation coefficient.

Results and Discussion

Figure 1 presents the soil water infiltration rate as a 
function of the time of simulated rainfall application, for 
the studied areas. Each point represents the average of three 
repetitions.

The tests to determine the effective hydraulic conductivity 
of the soil (Ke) lasted on average 114, 118, 115, 98, 204 and 
126 min per repetition, for the areas of Pasture point 1 (Pp1), 
Pasture point 2 (Pp2), Agriculture point 1 (Ap1), Agriculture 
point 2 (Ap2), Cerrado (C) and Agriculture point 3 (Ap3), 
respectively.

The longest duration of 204 min occurred in the Cerrado, 
where the roots of native plants removed in the conventional 
soil tillage formed preferential channels for water, which 
functioned as drains. 

At the beginning of the test, the drains were slightly 
clogged by soil, but over time they were cleared by the water, 
making it difficult to establish a constant film of water, which 
compromised the stability of the runoff and, consequently, 
the end of Ke test.

Applying higher precipitation intensity in Pp1 and Pp2 
caused the soil water infiltration capacity to be achieved more 
quickly, which led to puddling followed by surface runoff in 
the initial 5 min of the test. Alves & Cabeda (1999) also found 
a reduction in Tp and Es0, in a Ultisol, when subjected to two 
precipitation intensities, and attributed it to the increase in 
precipitation intensity.

On the other hand, the higher precipitation intensity in 
Pp1 and Pp2 also generated an increase in the kinetic energy 
of the impact of raindrops on the soil, causing disaggregation 
and a new surface arrangement of particles, since the soil was 
extremely sandy, recently mechanized and with no vegetation 
cover. 

Such arrangement may have compromised pore continuity 
at the beginning of the test, consequently reducing the time of 
puddling and surface runoff. Panachuki et al. (2011), in a study 
on water loss in agriculture, also verified influence of the impact 
of raindrops on the surface arrangement of soil particles.

At the beginning of the test for areas Pp1 and Pp2 it was 
possible to observe a sharp drop in soil water infiltration rate, 

Table 2. Physical characterization of the soils where Ke tests were performed
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followed by infiltration rates close to stabilization. This abrupt 
alternation of infiltration followed by stabilization occurred 
only in soils with high sand content.

The arrangement of sand particles and the maintenance of 
soil macroporosity enabled the establishment of continuous 
flow of water and, consequently, standardization in water 
infiltration rate.

However, it is important to emphasize that even after the 
decrease in infiltration, the soils of the areas Pp1 and Pp2 
showed stable infiltration rates above 63.5 mm h-1 and were 
classified as of moderate permeability, based on the manual of 
Soil Survey Staff (2017).

According to the trend of soil water infiltration, the areas 
Ap1, Ap2 and Ap3 (Figure 1) tended to have lower water 
infiltration capacity, which can be explained by the clay content 
and microporosity of these soils, which were on average 
519.70, 521.10 and 572.10 g kg-1 and 46.34, 38.34 and 40.56%, 
respectively (Table 2).

The clay content and microporosity of the areas Ap1, Ap2 
and Ap3 led to slower water percolation and increased the water 
retention capacity by the soil, resulting in lower steady-state 
infiltration rates and, consequently, lower values of Ke. Klein 
& Klein (2015), studying soil water retention and availability, 
claim that the clay fraction is among the factors that establish 
water retention. Thus, texture was more important than soil 
structure in the control of water infiltration, retention and 
percolation.

The Kruskal-Wallis test (p ≤ 0.05) showed that there was 
a significant difference for Ke only between the areas Ap2 and 
Pp2, and the highest value of effective hydraulic conductivity 
was observed in the area Pp2 (Table 3). The main difference 
between the attributes of the areas Ap2 and Pp2 is the clay and 
sand contents of the soils (Table 2). 

The amount of clay determined in Ap2 was approximately 
16 times higher than that of Pp2, which after conventional 
tillage of the soil resulted in the lowest infiltration and slower 
passage of water by the profile of Ap2 and also favored water 
retention and reduced the speed of displacement of the wetting 
front, reducing the effective hydraulic conductivity of the 

soil. According to Stefanoski et al. (2013), soil management 
practices influence the structure, size and quantity of 
pores, which influences both water retention and hydraulic 
conductivity. 

The contents of sand and the sum of the fractions very 
coarse sand (VCS) and coarse sand (CS) were respectively 
946.30 and 289.60 g kg-1 for Pp2 and 355.35 and 46.80 g kg-1 

for Ap2, that is, Pp2 had sand particles of coarser fractions 
compared to Ap2. Soils with coarser particle size tend to have 
pores of larger diameters, which thus enable greater infiltration, 
percolation and hydraulic conductivity of the soil. 

These results corroborate those obtained by Bielschowsky 
et al. (2012), who studied the hydraulic conductivity of 
soils with different textures and found higher values in two 
Quartzipsamments, and the hydraulic conductivity was higher 
in the one with highest content of coarse sand (CS).

Compared to Pp2, the area Ap2 tended to have higher 
values of total carbon, mean geometric diameter, mean weight 
diameter and aggregate stability index (Table 2), characteristics 
that influence soil macroporosity and favor the increase 
in effective hydraulic conductivity. On the other hand, the 
area Pp2 had sand content of 946.30 g kg-1 and higher Ke, 
demonstrating again that, in recently tilled soils, the texture 
plays a decisive role in water percolation.

Based on the manual of Soil Survey Staff (2017), with regard 
to the effective hydraulic conductivity of the soils, the areas 
could be divided into two groups: the first one composed of 
Pp1 and Pp2, with Ke values between 63.50 and 127.00 mm h-1, 

(1) Steady-state infiltration rate; Pasture point 1 (Pp1); Pasture point 2 (Pp2); Agriculture point 1 (Ap1); Agriculture point 2 (Ap2); Cerrado (C) and Agriculture point 3 (Ap3)

Figure 1. Soil water infiltration rate as a function of the time of artificial rainfall application in six areas

Table 3. Effective hydraulic conductivity for different study 
areas

Means followed by the same lowercase letter in the column do not differ by Kruskal-Wallis 
test at p ≤ 0.05; Values between parentheses represent the standard deviation
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classifying Ke as moderate; and the second one composed of 
Ap1, Ap2, C and Ap3, with Ke values between 20 and 63.50 mm 
h-1, classifying Ke as slow to moderate. This division is mainly 
due to the sand contents of the soils, because the first group is 
composed of sandy soils and the second is composed of clayey 
and medium-textured soils (Table 1).

The effective hydraulic conductivity was significantly 
correlated, p ≤ 0.01 by t-test, with all physical attributes of the 
soils of the study areas (Table 4).

The effective hydraulic conductivity showed a positive 
correlation with the sand content and sand fractions, 
indicating that soils with higher values of these attributes had 
higher capacity for water infiltration and percolation and, 
consequently, higher values of Ke. These results corroborate 
those found by Fiorin (2008), who stated that sandy soils, due 
to their higher macroporosity, have higher rates of infiltration 
and hydraulic conductivity.

The attributes clay and silt showed a negative correlation 
with the effective hydraulic conductivity, that is, the increase in 
the finer fractions of the soil led to reduction in Ke. Clay and silt 
contributed to the increase in soil microporosity, intensifying 
the retention and decreasing the percolation of water in the 
profile. Alonso (2005) also found that the finer fractions of the 
soil form channels with smaller dimensions for the passage of 
water, reducing the hydraulic conductivity of the soil.

It is worth pointing out that the clay and silt fractions, 
when dispersed, cause partial interruption of soil pores, which 
compromises the flow of water, contributing to the reduction 
in Ke. This occurred because the finer fractions of the soil are 
more easily moved by the water flow and accommodated in 
the porous spaces, mainly because the soil has undergone 
conventional tillage before the start of Ke tests.

Pedron et al. (2011) also found that the finest fractions of 
the soil, present in the surface horizon, can be translocated by 
the movement of water along the soil profile and deposited in 
macropores, hence leading to reduction and/or discontinuity 
of pores, thus decreasing permeability.

Rizzardi et al. (2014) attributed the decrease of hydraulic 
conductivity in soils with higher contents of fine particles to 
the migration of silt and clay from the mobilized layers to the 
site located immediately below the plowed layer.

The degree of flocculation (DF) had a negative correlation 
with Ke, that is, soils with lower percentages of flocculated clay 
had higher values of effective hydraulic conductivity. This can 
be explained by the peculiarity of the studied soils, as Pp1, Pp2 
and C had DF equal to 45.49, 57.66 and 50.34%, respectively, 
but also showed clay contents of 30.80, 31.80 and 135.30 g 
kg-1, respectively, so even with lower percentages of DF they 
also had low levels of water-dispersible clays (WDC), which 
partially contributed to pore obstruction and compromised 
water infiltration, causing a reduction in Ke.

According to Freitas (2011), WDC can migrate to depths 
that provide conditions for flocculation and thus obstruct the 
pores and alter the dynamics of water in the soil.

The effective hydraulic conductivity of the soil had a 
negative correlation with total carbon, that is, the accumulation 
of organic matter in the 0-20 cm layer contributed to the 
decrease in Ke. Two facts explained this situation; the first 
one is that soils with sand contents above 920 g kg-1, that is, 
sandy textural class, have low physical potential in protecting 
and accumulating organic matter, consequently having lower 
contents of total carbon, but higher values of Ke; and the second 
one is that the highest contents of organic matter intensified the 
capacity for water retention in the soil, causing a decrease in Ke.

Carvalho et al. (2007), studying an Oxisol, also found the 
tendency of hydraulic conductivity values to increase with 
depth, the inverse arrangement of the accumulation of carbon 
content in soil profiles.

Density was significantly and positively correlated with 
the effective hydraulic conductivity of the soil. This can be 
explained because the soil of the pasture area has average 
total porosity (41.89 g cm-3) composed mainly of macropores, 
while agricultural areas have average total porosity (59.69 g 
cm-3) mostly composed of micropores. Thus, in the pasture 
area, even with higher densities, the higher mean values of 
macroporosity (25.98 g cm-3) enabled a more pronounced 
percolation of water in the soil.

The mean geometric diameter (MGD), mean weight 
diameter (MWD) and aggregate stability index (ASI) were 
negatively correlated with the effective hydraulic conductivity 
of the soil, that is, it was observed that the better structured 
soils had lower Ke. However, these correlations are commonly 
positive, as stated by Gonçalves & Libardi (2013).

Nonetheless, the negative correlations between Ke and the 
attributes related to soil aggregates, observed in the present 
study (Table 4), occurred due to the great variation in the 
contents of sand and clay between the pasture areas (Ap1 and 
Ap2) and the agriculture areas (Ap1, Ap2 and Ap3), because 
when the correlation of Ke with the MGD, MWD and ASI only 
of the areas with medium texture (C) and clayey texture (Ap1, 
Ap2 and Ap3), the Ke tended to increase with the elevation of 
these attributes (Figure 2). Bocuti et al. (2019) also found that 
there was greater water percolation in better structured soils, 
i.e., with aggregates of larger diameter and more stable.

In this perspective, in order to obtain better correlations 
between Ke and the soil attributes that express aggregate 
stability and dimension, it is initially important to group soils 
by textural class, so it is possible to obtain better correlations  ** - Significant at p ≤ 0.01 by t-test

Table 4. Correlation between effective hydraulic conductivity 
(Ke) with the physical attributes of the studied soils
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and, through these, propose mathematical models that estimate 
Ke more accurately.

Conclusions

1. The effective hydraulic conductivity was higher in soils 
with sandy texture, and the values determined in the study 
areas ranged from 24.49 to 109.94 mm h-1, with highest value 
in the Pasture point 2 (Pp2).

2. The sand content and its different fractions showed a 
significant and positive correlation with the effective hydraulic 
conductivity of the soil, while negative correlations were found 
between Ke and the attributes silt, clay, total carbon, mean 
geometric diameter, mean weight diameter, aggregate stability 
index and degree of flocculation.
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