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Preconsolidation pressure (rP) of soil can be considered as an indicator of the Load Bearing

Capacity (LBC), which is the tolerated surface pressure before compaction, often caused by

the traffic of agricultural machinery. In this pioneering study, a remote sensing approach

was introduced to estimate LBC through rP from soils of the ‘‘Rio Preto” Hydrographic

Basin, Bahia State, Brazil, in a monthly time lapse from 2016 to 2019. Traditionally, rP is

measured by a laborious and time demanding laboratory analysis, making it unfeasible

to map large areas. The innovative methodology of this work consists of combining

active–passive satellite data on soil moisture and pedotransfer functions of clay content

and water matric potential to obtain geo-located estimates of rP. Estimates were analysed

under different classes of soil use, land cover and slope; 95% confidence intervals were built

for the time series of mean values of LBC for each class. The overall seasonal variation in

LBC estimates is similar in areas with annual crops, grasslands and natural vegetation, and

flat areas are less affected by soil moisture variations over the year (between seasons). LBC

decreased, in general, at about 0.5% a year in flat areas. Therefore, these areas demand

attention, since they occupy 86% of the Basin and are mostly subjected to agricultural soil

management and surface pressure by heavy machinery.

� 2022 China Agricultural University. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last few decades, Brazil has established itself as a major

global agricultural power due to the intensified incorporation

of technologies and mechanized operations in the production

process, allowing the expansion of the agricultural frontier,
especially in the Cerrado (Savanna) areas [1,2]. The high

degree of soil weathering in the Cerrado promotes structural

stability, which combined with the smooth topography,

greatly favours soil management. On the other hand, incor-

rect management leads to structural degradation [3,4]. There-

fore, it is necessary to have information about the potential

for use and risk of damage of soils caused by different man-

agement systems, with the help of indicators that make it

possible to keep or improve the soil physical quality [5].
td.
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The preconsolidation pressure can be used as ameasure of

the load bearing capacity (LBC) of soil, that is, the tolerable

upper limit of surface pressure that precedes irreversible soil

compaction [6,7]. In regions where the applied surface pres-

sure is low, there is low probability of compaction, and the

soil undergoes small, elastic or reversible deformations. The

LBC reflects the history of pressures that a soil has already

suffered. LBC has been used [2,8–10] to predict pressure levels

which can be applied to the soil under different water con-

tents without further compaction and to quantify the effects

of agricultural operations on soil structure. Furthermore, the

propagation of surface pressures through the soil profile can

also be predicted [11].

Traditional methods applied to assess physical status of

soil are generally laborious, time demanding in the field,

costly, and sometimes dependent on laboratory analysis,

which is the case when measuring LBC through compres-

sion tests. Thus, the development of alternative techniques

for assessing the mechanical behaviour and physical attri-

butes of the soils is both technically and economically rele-

vant [12]. Soil physical and structural assessments can be

done using modern sensors, through their spectral

responses [13–19]. However, there is still a gap regarding

the use of remote sensing techniques to estimate LBC. In

practice, mapping that soil attribute would increase the per-

formance of soil management procedures and the appropri-

ate land use, but it would rather be feasible only through a

remote sensing approach based on sensor data and accu-

rate pedotransfer functions. Some pedotransfer functions

were developed for the Brazilian Cerrado soils [2], but with

incipient application in remote sensing studies. And, to the

best of our knowledge, none using remote sensing data to

estimate LBC of Brazilian soils.

Watersheds represent areas of natural resources of

remarkable importance in Brazil, but they have been com-

monly exploited for human activities, especially for farming.

This is the case of the ‘‘Rio Preto’’ Hydrographic Basin, located

in western Bahia, in the region known as MATOPIBA, an agri-

cultural frontier in the Brazilian Cerrado known to be highly

exploited for cultivation of annual crops. Mechanized opera-

tions applied to soils with high moisture content must be

planned according to the estimated LBC [20] to avoid struc-

tural degradation of the soils, especially when the machinery

crosses the same area more than once.

The objective of this study was to combine remote sensing

techniques and data with pedotransfer functions developed

for Brazilian soils to estimate the LBC of the ‘‘Rio Preto” Basin

under the effects of different classes of soil use, land cover

and slope.

The methodological part of the paper was organized in

order to: (a) describe the hydrographic basin in terms of

geographic and topographic characteristics, and type of veg-

etation; (b) describe how satellite data were managed to

classify the hydrographic basin in classes of land cover

and slope; and (c) to show how remotely-driven soil physi-

cal data were organized in a spatial grid to estimate LBC.

The results were organized into sections that allow one to

verify the effect of those classes on the temporal estimates

of LBC.
2. Material and methods

2.1. Study area

The data used in this study were driven from the ‘‘Rio Preto”

Hydrographic Basin, which covers an area of 23 223 km2, cen-

tred at the coordinates 11� 30 37.0100 S and 45� 1208.5500 W, and

located in the west of Bahia State (BA), Brazil. It reaches the

states of Tocantins (TO) and Piauı́ (PI), draining the municipal-

ities of Formosa do Rio Preto - BA, Santa Rita de Cássia - BA,

Mansidão - BA, Riachão das Neves - BA and Mateiros - TO

(Fig. 1).

The climate of the region, according to the Koppen classi-

fication system, is Aw (semi-humid tropical with summer

rains) with mean annual rainfall ranging from 800 to 1

700 mm [21]. The vegetation consists of the Brazilian Cerrado

(savanna) domain with physiognomies ranging from dense

trees (Cerradão) to grassy-woody plants [22]. Yellow Latosol,

Quartzarenic Neosols, Neosols-Litolics, Hydromorphic

Planossols, Red-Yellow Argisols, and Haplastic Gleysol [23]

are the dominant soil classes.

The landscape varies from flat to smoothly undulating

topography, which favours agricultural practices and high

yields of crops under intensive conventional agriculture.

The topography contributes to the expansion of crop cultiva-

tion in the region, mostly soybean, corn, cotton, and common

beans.

The next subsections describe the process of sensor data

processing and estimation of load bearing capacity of the

soils of the Basin, which defines the innovative methodology.

Fig. 2 gives a graphical summary of that process. Firstly,

LANDSAT 8 products were used to determine three classes

of soil use and land cover: Annual crops/Livestock, Forest/

Savanna, Grassland/Pasture. Next, elevation data retrieved

from the Shuttle Radar Topography Mission (SRTM) were used

to classify the soils of the Basin in three classes: Flat and

Slightly Wavy Relief, Wavy Relief, Steep Slopes and Cliffs.

Afterwards, gridded data on soil moisture were retrieved from

SMAP, combined with clay content (from SOILINFO) data and

then used in pedotransfer functions to obtain geo-located

estimates of LBC.

2.2. Classification of soil use, land cover and slope

The hydrographic basin was classified according to the fol-

lowing classes of soil use and cover: Annual Crops/Live-

stock, Forest/Savanna Formation, and Grassland/Pasture

Formation. The classification was based on images obtained

from the LANDSAT 8 Operational Land Imager (OLI) satel-

lite, from the United States Geological Survey [24] Earth

Explorer platform, using the following bands: B2 - blue (0.

450–0.515 mm), B3 - green (0.525–0.600 mm), B4 - red (0.630–

0.680 mm), B5 - near infrared (0.845–0.885 mm), B6 - mid-

near infrared (1.560–1.660 mm) and B7 - mid infrared (2.10

0–2.300 mm) [25] (NASA, 2019). The images were pre-

processed by transforming digital numbers into radiance

and reflectance using the Dark Object Subtraction (DOS)

method. A supervised classifier based on the Maximum

Likelihood method was trained by manually annotating pix-



Fig. 1 – Location of the ‘Rio Preto’ Hydrographic Basin, western Bahia, Brazil.

Fig. 2 – Flowchart of data processing for estimation of load bearing capacity of soil.
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els in areas of previously known classes, being 200 pixels

for Annual Crops/Livestock, 150 pixels for Forest/Savanna

and 100 pixels for Grassland/Pasture. The annotated data

were split into training (70%) and validation (30%) sets.

The validation data set was used to compute the confusion

matrix and the Kappa index, with values close to 1.0 indi-

cating satisfactory classification. The classifier’s algorithm

calculates the probability of new pixels to belong to each

of the three classes by assuming a multivariate Gaussian

distribution for the vector of spectral bands, thus taking

into consideration the covariance matrix of bands. Once

the pixels were classified, the spatial polygons of the

classes were obtained for further processing.

Classes of land slope were obtained using the methodol-

ogy presented by the Brazilian Soil Classification System

[26], based on the TauDEM (Terrain Analysis Using Digital Ele-

vation Model [27], with data retrieved from the Shuttle Radar

Topography Mission (SRTM, NASA). The following slope

classes were considered: flat and slightly wavy relief (<8%);

wavy relief (8%–20%); and topographies with strong and steep

slopes and cliffs (>20%).

Images were processed using the software QGIS 3.4

Madeira (www.qgis.osgeo.org).

2.3. Soil physical data

Raster products containing soil moisture estimates were

obtained from the Soil Moisture Active Passive (SMAP) satel-

lite. The resolution of the L4_SM product used is 3 h at 9 km

surface, collecting information in the 0–5 cm depth layer.

The accuracy on estimating soil moisture is around 4% [28].

A regular grid of 280 points was obtained for the entire Basin.

From January 2016 to December 2019, a month-representative

raster was retrieved to build the time series grids of soil mois-

ture. Based on the soil moisture grid over the Basin, data on

soil density (Mg/m3), silt, sand and clay contents (%) were

retrieved from the World Soil Information (ISRIC), with the

SOILINFO online platform (https://www.isric.org/). The data

were processed with the packages smapr [29], sp [30] and raster

[31] for the software R (www.R-project.org).

2.4. Estimation of load bearing capacity

The soil moisture data (h, m3/m3) extracted from SMAP prod-

ucts and the clay content extracted from SOILINFO were used

in an adapted set of pedotransfer functions developed and

validated by [2] to estimate LBC (rP) for Brazilian soils as a

function of matric potential and clay content (L, g/kg), with

the equation:
Table 1 – Parameter estimates for pedotransfer functions of loa

Clay content (g/kg) a b a

L < 209 129.0 0.15 0.79
209 � L < 311 123.3 0.13 0.72
311 � L < 365 85.0 0.17 1.73
365 � L < 490 70.1 0.16 2.04
L � 490 62.7 0.15 2.27

R2: coefficient of determination.
rP ¼ a 1
a

h�hR
hA

� � n
1�n � 1

� �1=n( )b

(1)

Where a and b are empirical parameters used to describe

rP as a log-linear function of the matric potential; a, n, hR, hA
are parameters from the water retention model, where hR is

the residual water content, hA is the difference between the

water content at saturation and the residual water content,

a and n represent a scale and a shape parameter, respectively.

The estimates of these parameters are given in Table 1.

Predictions on the sampling grid were performed using the

package soilphysics [7]. The LBC data were then grouped

according to the classes of land use/cover and slope. After-

wards, 95% confidence intervals for the monthly mean of

LBC of each class were built based on the t-Student distribu-

tion, for statistical comparisons.

3. Results and discussion

3.1. Soil use and land cover

For the classification of soil use and land cover, it was found a

Kappa index of 0.94, indicating high accuracy, considering

other works of similar nature [32]. Fig. 3 shows the estimates

of average LBC for those classes. LBC varied with a similar

pattern over the years, as a response to the seasonal beha-

viour of precipitation (Fig. 3(c)). This was also observed by Ber-

gamin et al. [20] when they studied different management

systems in Red-Dystrophic Oxisols from Mato Grosso State.

The lowest LBC estimates were found between February

and April, with averages below 200 kPa for annual crop areas

(Fig. 3(a),(d),(g),(j)), indicating that traffic of heavy machinery

should be managed so that tyre inflation is carefully set for

pressure distribution onto soil surface. In those areas, the

grain harvest usually starts between March and April. Com-

paring this period with the months of highest estimates

(September to October), it was observed a significant

(p < 0.05) difference of about 20 kPa.

LBC tends to increase with the soil dryness, as the low

water content makes the soil particles more cohesive with

each other. At high soil moisture levels, the soil becomes

more plastic and adherent, promoting an increase in the

demand for power for traction of machines and implements

[33,34]. The increase of soil water content reduces the internal

resistance of soil matrix, since it forms a liquid film that sur-

rounds soil particles and aggregates, reducing friction and

increasing the deformation that can be intensified by external

pressures exerted on the soil [35]. Also, the load applied to a

soil associated with slippage degrades its structure which
d bearing capacity, based on Severiano et al. [2].

hR hA n R2

0.050 0.42 1.72 0.95
0.087 0.45 1.56 0.94
0.110 0.47 1.51 0.94
0.126 0.50 1.47 0.96
0.150 0.51 1.38 0.91



Fig. 3 – Predicted average load bearing capacity (kPa) of the soil classes of soil use and land cover. (a) Annual Crops/Livestock,

(b) Forest/Savanna Formation, (c) Grassland/Pasture Formation in 2016; (d) to (f) the same soil classes in 2017, (g) to (i) in 2018;

and (j) to (l) in 2019. Vertical lines indicate the 95% confidence interval for the mean. The same rainfall data were considered

for all classes in a given year.
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consequently contributes to the formation of compacted sur-

face and subsurface layers.

Especially in the dry period (from August to September) of

the last two years (2018–2019), soils cultivated with annual

crops presented lower LBC than grasslands and natural vege-

tation. This is probably associated with the amounts of

organic carbon (OC) and tillage practices at the surface layer,

which reflects a greater potential for water retention and soil

breakdown. Higher OC contents in the 0–3 cm soil layer pro-

vide greater potential for soil elasticity, contributing to the

release of tensions [36]. Soils with high OC contents tend to

be more resilient and have better structural recovery, which

reflects lower mechanical strengths and low bulk density. Iori

et al. found that soils under native forest presented higher

values of LBC than soils cultivated with pasture, mainly due
to the higher clay contents of soils under native vegetation,

as a consequence of greater cohesion between particles [10].

Animal trampling, inadequate stocking rates and animal

overload, depending on the availability of forage and/or

semi-intensive or intensive livestock practices, can be factors

that cause structural change if soils are at higher limits of sur-

face pressure [37]. In a medium term, they can exert pressures

that can cause compaction in the rainy season and break-

down in the dry period. In a long term, they contribute to

the irreversible degradation of soils and vegetation.

3.2. Land slope

Fig. 4 shows the mean estimates of LBC for three classes of

land slope (<8%, 8%–20%, and > 20%), assessed monthly from



Fig. 4 – Predicted average load bearing capacity (kPa) of the soil classes of land slope. (a) < 8%, (b) 8%–20%, (c) > 20% in 2016; (d)

to (f) the same classes in 2017; (g) to (i) in 2018; (j) to (l) in 2019. Vertical lines indicate the 95% confidence interval for themean.

The same rainfall data were considered for all classes in a given year.
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2016 (top) through 2019 (bottom). Especially in the dry period,

from May to September, significantly (p < 0.05) lower values

were observed in areas with smooth topography (slope < 8%).

On the other hand, areas with slope higher than 8% are more

susceptible to water runoff, causing a reduction in the rate of

water infiltration into the soil [38]. In addition, slope condi-

tions the accumulation of soil carbon content, as observed

by [39] in coffee plantations in flat areas (0%–3% slope).

About 86% of the Basin is flat to smoothly wavy, that is,

slope < 8%. Nonetheless, the LBC estimates presented the

lowest variability, based on confidence interval length. From

July to September, areas with slope higher than 8% showed

high variability of LBC.

In general, a temporal (2016–2019) reduction in LBC was

observed for all classes of slope, in the following proportions:

flat and smooth wavy reliefs (4 kPa or 1.8%); wavy reliefs
(3.32 kPa or 1.2%); and rugged, mountainous reliefs (0.74 kPa

or 0.31%).

4. Conclusion

In this study, the load bearing capacity of the soils from the

‘‘Rio Preto” Hydrographic Basin, Brazil was estimated using

active–passive satellite data on soil moisture and validated

pedotransfer functions based on clay content and water

matric potential. Estimates were analysed under different

classes of soil use, land cover and slope from 2016 to 2019.

The estimation is governed by soil moisture at the superficial

layer (5 cm depth), and is more affected by land slope than

soil use and land cover. The overall seasonal variation in

LBC estimates is similar in areas with annual crops, grass-

lands and native vegetation of the Brazilian Cerrado. LBC esti-
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mates in areas with slope < 8% are less affected by soil mois-

ture variations over the seasons. In a four-year lapse, LBC

decreased at about 1.8% in areas with slope < 8%. Therefore,

these areas demand attention, since they are predominant

in the Basin (86%) and mostly subjected to agricultural soil

management and heavy machinery.

The approach presented in this work is pioneer and allows

to map the dynamics of soil preconsolidation stress by com-

bining validated predotransfer functions and satellite-driven

data of physical properties. Future works shall be carried

out to increase spatial resolution of soil moisture estimates.
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EN. Capacidade de suporte de carga e umidade crı́tica de um
latossolo induzida por diferentes manejos. Revista Brasileira
de Ciência do Solo 2011;35:115–31.

[37] Parente HN, Maia MO. Impacto do pastejo sobre a
compactação dos solos com ênfase no semiárido. Revista
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