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ABSTRACT: This study aimed to describe the behavior of models for adjusting data of soil
penetration resistance for variations in soil moisture and soil bulk density. The study was carried out
in Lucas do Rio Verde, MT, Brazil in a typic dystrophic red-yellow Latosol (Oxisol) containing
0.366 kg kg of clay. Soil penetration resistance measurements were conducted in the soil
moistures of 0.33 kg kg™, 0.28 kg kg™, 0.25 kg kg™ and 0.22 kg kg™". Soil penetration resistance
behavior due to variations in soil moisture and soil bulk density was assessed by estimating the soil
resistance values by non-linear models. There was an increase of the soil penetration resistance
values as soil was losing moisture. For the same edaphic condition studied, small differences in the
data of soil bulk density affect differently the response of soil resistance as a function of moisture.
Both soil bulk density and soil moisture are essential attributes to explain the variations in soil
penetration resistance in the field. The good representation of the critical soil bulk density curve as
a limiting compression indicator requires the proper choice of the restrictive soil resistance value for
each crop.
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MODELAGEM E CORRgcAO DARESISTENCIA DO SOLO A PENETRACAO PARA
VARIACOES NA UMIDADE E DENSIDADE DO SOLO

RESUMO: O presente trabalho buscou descrever o comportamento de modelos para ajustes dos
dados de resisténcia do solo & penetracdo para variagfes na umidade e na densidade do solo. O
trabalho foi realizado no municipio de Lucas do Rio Verde-MT, em Latossolo Vermelho-Amarelo
distréfico tipico contendo 0,366 kg kg argila. As determinacdes da resisténcia do solo & penetracio
ocorreram nas umidades de solo de 0,33 kg kg?, 0,28 kg kg, 0,25 kg kg?, 0,22 kg kgt. O
comportamento da resisténcia do solo a penetragdo, em funcdo de variagdes na umidade e densidade
do solo, foi avaliado pela estimativa nos valores de resisténcia do solo por modelos ndo lineares.
Houve aumento dos valores de resisténcia do solo a penetracdo, a medida que o solo foi perdendo
umidade. Para uma mesma condicdo edafica estudada, pequenas variagdes nos dados de densidade
do solo afetam diferentemente a resposta da resisténcia do solo em funcdo da umidade. A densidade
do solo € atributo imprescindivel para explicar as variagdes na resisténcia do solo a penetracdo em
campo, tanto quando a umidade do solo. A boa representacdo da curva de densidade critica do solo
como indicador de compactacao limitante requer a escolha adequada do valor de resisténcia do solo
restritivo para cada cultura.

PALAVRAS - CHAVE: compactacdo do solo, funcGes de pedotransferéncia, indice de cone.

INTRODUCTION

Soil compaction identification and your location in soil profile can be performed by
measuring various attributes, such as density, water infiltration rate, porosity and penetration
resistance, being the latter the most used (FRANCHINI etal., 2011; MORAES et al., 2013). Studies
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such as those of BIANCHINI et al. (2002) have demonstrated the use of penetrometer as a practical
and reliable way to characterize the soil compaction and estimate the resistance it offers to the
growth of plant roots.

However, as postulated by SILVA et al. (2008), there is a great variability of soil penetration
resistance (SPR) for a given degree of compaction or coincidence of values for different degrees of
compaction. This variability of SPR in field is linked to several controlling variables, which, as
described by the review study of MORAES et al. (2014a), include soil bulk density (OTTO et al.,
2011), soil water content (ASSIS et al., 2009; MORAES et al., 2012), water pressure in the pores
(KIM et al., 2008), particle size distribution (VAZ et al., 2011), clay content (MOLIN et al., 2006),
and soil-metal friction (DEXTER et al., 2007).

Penetrometer use difficulty has been mainly observed when defining whether the SPR is a
limiting factor or not to crop growth. There are cases in which these determinations, when
conducted in soil with low water content, result in values higher than 2 MPa, which is a value
commonly accepted as critical to crops development (TORMENA et al., 1998) in a non-compacted
soil. VAZ et al. (2002) recommend measuring soil moisture along with penetration resistance and
then applying certain corrections or normalization to a reference value of soil water content. This
procedure is important to reduce misinterpretation of results obtained in different field conditions
and soil management systems (BUSSCHER et al., 1997).

Among the mathematical models developed for estimating or correcting SPR, the one
described by MIRRED & KETCHESON (1972) relates soil bulk density (Mg m™) and matric
potential (MPa) as main controlling variables. However, the simplified nonlinear model used by
BUSSCHER & SOJKA (1987) and tested by BUSSCHER (1990), relating soil bulk density and
gravimetric moisture as SPR controlling variables, is currently the most used to represent such
relationship (TORMENA et al., 1998; CHEN et al., 2014; GONCALVES et al., 2014; MOREIRA
etal., 2014b).

Mathematical models of prediction and correction of soil penetration resistance values that
limit plant development are major tools for decision making in soil management (BETIOLI
JUNIOR et al., 2012; MORAES et al, 2014b). It happens mainly because direct SPR
determinations without any variable control are not able to assess critical compaction conditions
that are plant growth limiting. Knowing the influence degree of soil bulk density and moisture on
SPR can facilitate data sampling and processing at various soil use and management conditions.

In this study, the penetration resistance data fit models according to variations in soil moisture
and bulk density was evaluated, simulating spatial variability of soil attributes applied to this model.

MATERIAL AND METHODS

The study was conducted in Lucas do Rio Verde - MT, Brazil, at the experimental farm of the
Fundagdo Lucas do Rio Verde (12° 59°S, 55° 57°W, altitude 0£392 m). The experiment was carried
out between July and August of 2010, throughout a minimum rainfall period, making it easier to
control soil water content. Local soil was classified as a typic dystrophic Red-yellow Latosol
(Oxisol) (EMBRAPA, 2013) with sandy clayey texture, containing 366.4 g kg™' of clay, being
slightly plastic and sticky, and with a granular structure.

We used a completely randomized experimental design with 12 replications. Treatments
consisted of four levels of soil water content, making up 100%, 85%, 75% and 65% of field
capacity. We assessed soil penetration resistance (SPR), volumetric soil moisture (6) and soil bulk
density (BD). For the experiments, within the center of an 84 m? area, we delimited a 48 m? area
that was divided into 12 sites of 4 m®. The area was grown with soybean under no-tillage system in
the last five years prior to the experiment. On the occasion of the experiment, land was in fallow
covered by grasses, especially finger-grass (Digitaria spp.).

Vegetation was eliminated by means of manual weeding and remains were subsequently
removed. Water was added to the soil through an agricultural sprayer promoting a slow and
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homogeneous irrigation, saturating soil layer from 0 to 0.2 m. For that, calculations of the required
amount of water were made using the methodology adopted by BERNARDO (1986). After soil
saturation, the area was covered with a plastic canvas to prevent evaporation and allowing a better
water distribution within the studied layer.

Data sampling was restricted to a soil layer between 80 and 130 mm depth, for all the
variables, since it is less susceptible to large soil moisture fluctuations. This choice was made
following the methodology adapted by TORRES & HAIL (1999).

Water drainage monitoring was made by collection of deformed samples taken daily to
determine soil moisture (Mg) through standard gravimetric method, as proposed by EMBRAPA
(2011). The samples were taken from day to day until variation was lower than 1%, reaching thus
soil field capacity (FC), as described by REICHARDT (1988). Afterwards, gravimetric moisture
data were converted into volumetric water content (0), using the soil bulk density of each site
sampled. In turn, soil bulk density (BD) was estimated by method proposed by EMBRAPA (2011),
using undisturbed samples collected at a depth range of 80-130 mm within each plot central part.

The first SPR experiments for water content at FC were collected at distances of 1 m, with
three repetitions, surrounding BD collecting point. Concomitantly, deformed samples were taken
for determination of 6. The SPR experiments were performed in a depth range of 0.00 to 200 mm,
by using an electronic penetrograph with constant speed developed by BIANCHINI et al. (2002).

After data collecting, we made sure that soil loses moisture up to reaching 85% of FC, within
the pre-established layer (80-130 mm). Soil samples were taken every 12 hours for monitoring.
When soil moisture reached values close to 85% of FC, it was again covered for a minimum period
of 24 hours, aiming to balance soil moisture in this layer. Then, SPR experiments and soil sampling
were simultaneously carried out for the determination of0. In this way, we proceeded with the other
moisture levels established in the experiment.

Soil penetration resistance curve depends on soil moisture and bulk density variations. The
experiment has solely promoted variations on soil moisture, while BD variations derived from
spatial variability in the soil. Thus, in order to study the behavior of SPR curve as function of 6 and

BD variations, we fit the sampled data using [eq. (1)] (BUSSCHER, 1990):
SPR =c0°Ds*® 1)

where,
SPR is the soil penetration resistance (MPa);
0 is the volumetric soil moisture (cm® cm>);
BD is the soil bulk density (g cm>), and

¢, d and e are the model parameters.

The model constants ¢, d and e were calculated by non-linear fits using standard error
Bootstrap estimation through SPSS 20.0 software — Statistical Package for Social Sciences (IBM
Corp., 2011). After obtaining constants, we performed several fits of the SPR data as a function of0
collected for several variation values of increasing BD (1.0, 1.05, 1.10, 1.15, ..., 1.50 Mg m73) to
verify whether BD variability could compromise SPR data fit as a function of 8.

For regression model fits, we applied 36 of the 48 values comprising the sampled data set for
each variable, and the remaining 12 values were used to validate the model. Good SPR curve fits
were found by SILVA et al. (1994), MOREIRA et al. (2014a) and GUBIANI et al., (2014) by using
the equation of BUSSCHER (1990); so that is why we chose it to fit our data.

The constants ¢, d and e in [eq. (1)] were also used to estimate critical soil bulk density (BDc)
curve, defined as the one where soil penetration resistance reaches restrictive values to crop
development. The BDc values are dependent on soil moisture, whose relationship was estimated by
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[eq. (2)], proposed by IMHOFF et al. (2000). Since restrictive resistance values vary from 1.5 to 4.0
MPa according to literature data (KLEIN & CAMARA, 2007; MORAES et al., 2014b); we adopted

values of 1.5, 2.0, 2.5,..., 5.0 MPa for this model. Among them, 2 MPa is most commonly accepted
as an impediment to root system growth (TORMENA et al., 1998).

Dsc = (SPR, /¢c0%)*® )

where,
BDc is the critical soil bulk density (Mg m™);
SPR; is the restrictive soil penetration resistance (MPa);
0 is the volumetric soil moisture (cm® cm ), and

c, d and e are the model parameters.

Data underwent Levene and Kolmogorov-Smirnov test to verify variance homogeneity and
normal distribution. In sequence, we proceeded a Pearson correlation and regression analyses. The
regression models obtained by egs. (1) and (2) were tested by linearity degree of both observed and
estimated data, as well as standardized residual distribution. Fit differentiations with fixed BD and
SPR values were performed by identity model tests, using the statistical software package NCSS 4.0
- Number Cruncher Statistical System (HINTZE, 2006).

RESULTS AND DISCUSSION

BD values did not differ with treatments since belonging to a single sample made during the
study period (Table 1). However, BD data have varied between 1.20 to 1.32 Mg m™, giving a
variation coefficient of 3%, which is low (< 12%) according to the classification proposed by
WARRICK & NIELSEN (1980).

TABLE 1. Soil bulk density, penetration resistance and volumetric moisture in the layer of 80 to
130 mm for each studied soil moisture.

Treatments BD SPR 0
Mg m™ MPa cm cm

FC 1.27 1.93a 0.33a
85% of FC 1.27 244D 0.28b
75% of FC 1.27 3.22¢ 0.25c¢
65% of FC 1.27 431d 0.22d
Standard deviation 0.04 0.47 0.02
CV (%) 3.04 12.17 4.49

* Means followed by the same letter do not differ by the Tukey test a 5% probability.

Significant differences (p < 0.05) were found between average values of SPR and 6, which
followed a reduction order of soil moisture levels evaluated (FC > 85% of FC > 75% of FC > 65%
of FC) for both variables. The results support inferences widely cited in the literature that soil
moisture has an effect on SPR determination.

SPR average values increased with 6 levels in the evaluated soil profile (Figure 1),
corroborating results of ASSIS et al. (2009) and MORAES et al. (2013) in different soil types. It is
noteworthy mention that not only SPR values varied with soil 6 reductions, but also average
standard error bars became larger as soil lost moisture, indicating larger variation of the determined
values. Since it is a clayey soil, the greatest variation of values found in lower moisture conditions
may be a result of soil-metal friction, which is promoted by increasing soil cohesion and adhesion
forces with moisture loss, commonly observed in soils of high clay content (FERMINO & KAMPF,
2006).
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FIGURE 1. Soil penetration resistance average + standard error at different volumetric moisture
values within the layer of 0-200 mm.

Similarly, the results also show that the higher soil moisture leads lower variation in the
obtained values. This trend can be explained by reductions in soil cohesion and adhesion forces
with its increased moisture, besides the water lubricating effect on cone penetration. This inference
is confirmed in a study with hydraulic-electronic penetrometer conducted by GUERRA et al.
(2000), in which the authors report an influence of water content in SPR determination,
demonstrating such lubricating effect on soil, making soil very plastic and facilitating rod
penetration. The same authors indicated that compact layers are best detected by taking penetration
resistance in soils with low water content.

Following the changes in data and SPR within the layer between 80 to 130 mm, we might
observe significant differences among the curves given reductions in soil moisture, according to the
average standard error bar, in which average values are different at points where they do not meet.
It was noticed that in all SPR curves, data variations decrease and stabilized from a certain depth.
These results suggest that at a depth from which variations decrease and stabilize, penetrometer rod
exceeds soil drying front and reaches a high-moisture environment, since the drying front moves
from surface towards deeper layers inasmuch as supplied water is drained out of soil.

The estimated soil penetration resistance (SPRest) Values were obtained by using Equation 3
from fit described in Equation 1. All the fitting coefficients are statistically significant (p < 0.05)
concerning the variance analysis of regression. The SPR is positively correlated with BD and
negatively correlated with 0, according to trends obtained by SILVA et al. (1994).

SPR =0.2570 1?7 Ds?8%8 €))
Fealculated = 264.63; p = 0.01; R? = 0.64; N = 36

The model validation was performed with 12 values that were not used for the fit obtained in
[eg. (3)]. Thus, the linear fit between observed (SPRoys) and estimated (SPRest) SPR values,

although the observed values have been overestimated in about 1.5% onaverage (Figure 2), as well
as model parameters are significant and can be corrected as shown in the equation presented.
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FIGURE 2. Regression fit of the soil penetration resistance values observed and estimated by
Equation 1 (a) and distribution of the calculated residuals of the difference between
the observed SPR values and the estimated values by the Busscher (1990) model for
the different evaluated 0 (b).

The standardized residual distribution tended to underestimate and overestimate the SPR
values estimated by the BUSSCHER (1990) model. Nonetheless, these trends are within an
acceptable limit for model validation according to MONTGOMERY et al. (2004). For these
authors, if 95% of the standardized residuals remain between a range of 2 and -2, the model errors
are distributed normally and residuals out of this range may indicate presence of outliers, i.e. an
unusual observation compared to the remaining data. Yet only one residual value reached 2, being
considered the range limit, indicating an acceptable distribution for validation of the proposed
model.

When correlated with 6, SPRops and SPReg had the best fit by the potential model (Figure 3),
corroborating statement postulated by BUSSCHER et al. (1997) who described the potential model
as the most appropriate for modeling such relationship. On the other hand, in a study conducted by
SILVEIRA et al. (2010), after testing several curves of exponential and potential fitting for the
relationship between soil moisture versus penetration resistance, these authors concluded that the
exponential model obtained the best admeasurement indexes for this relationship. The same authors
described the difficulty of indicating an ideal model to explain a relationship between SPR and soil
moisture, once several models are presented as significant when statistically assessed.
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FIGURE 3. Regression fits of soil penetration resistance (SPR) and soil volumetric moisture (0) to
the observed (a) and estimated (b) data.
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In the study carried out by ASSIS et al. (2009) for different soil types, the linear model
showed the best statistical parameters to explain a relationship between SPR and soil gravimetric
moisture. This condition suggests that a general equation that explains this relationship for various
soil types and management conditions requires inclusion of other physical attributes or soil
constituent elements, which may have significant influence on this relationship.

Considering BD as a physical attribute influencing the response of soil penetration resistance,
which is dependent on water content (SILVA et al., 2008; PORTZ et al., 2009; JUNIOR et al.,
2014), it was used [eq. (3)] to estimate SPR (MPa) behavior as a function of 8 (cm® cm ™) for
different density values (g cm ), which are to occur in the studied soil class (Figure 4).

9.0 q

80 1 *Ds-1504 TABLE 2. Grouping of similar fits as

. ODs- 1,45ab a function of the variations in BD.
=~ 7 eDs-1.40bc
% 6.0 4 oDs-1.35cd BD Equation R’
S | xDs-1,300de 1.50 0.74935~ 0 ~-1.27736 0.99
& 50 7 ops-125ef 135145 0.67927* 0 "A-1.27675 0.89
(2] - ) — * N
5 40 1 oDs-120fg I35 125 043507 0™n12775% 086
S 30 4 ®Ds-1150h 1.05-1.15 0.33845% 9 *"A-1.27792 0.84
E 77 | oDs- Ll10ghi 1.00 0.25683* 6 ~"-1.27570 0.99
G 2.0 1 +Ds-1,05hi

0.0 : : : . . . : :

0,00 0,05 0,10 0.15 0,20 0.25 0,30 0,35 0.40
0 (cm® cm®)

FIGURE 4. Regression fits of soil penetration resistance (SPR) estimated by the BUSSCHER
(1990) as a function of the volumetric moisture (0) between FC and 65% of FC for
different values of soil bulk density (BD) in Mg m™>.

The same letters indicate no significant difference between the models according to identity model tests at 5% probability.

The regression fits demonstrate that the response of SPR as a function of 0 is dependent on
soil compaction conditions, expressed as curves for different values of BD. The differentiation of
the potential regression fits, carried out by identity model tests, shows similar groups as soil bulk
density is increased, according to results of SILVA et al. (2008), who described a great variability
in penetration resistance for a given degree of compaction or coincidence of values for different
degrees of compaction. The same authors suggested that these relationships occur due to changes in
water content stored in the soil. BUSSCHER et al. (1997) described the relationship between SPR
and BD as a result of soil structure compaction and degradation.

However, the similar groups found between maximum and minimum adopted values could be
represented in a single equation, obtaining significant models and high coefficients of determination
(R?), ensuring certainty in their predicting ability (Table 2).

For the 11 soil bulk density values used in simulations, only six equations were enough to
represent the behavior of SPR in relation to 6 variations. The results demonstrate that for a spatial
variability of BD between 1.05 and 1.15 Mg m™>, only one equation allows describing the behavior
of SPR and 6. Conversely, the same equation does not describe with good reliability the behavior of
the variables when BD includes values of 1 Mg m™>. Likewise, different equations should be used to
describe the behavior of SPR for ranges of BD between 1.15 and 1.25 Mg m >, 1.25 and 1.35 Mg
m>, 1.35 and 1.45 Mg m, and for values of 1.50 Mg m>. This result implies that for SPR
modeling, spatial variability of BD has to be controlled, since commonly only soil moisture is
monitored for each sample condition in the field. The results obtained for the studied soil suggests
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great variations in BD may require more than one model to explain SPR behavior as a function of9,
which makes BD an important attribute to be sampled in the field.

This influence of BD in modeling SPR and 6 in compacted soils was also mentioned by
WHALLEY et al. (2005), who studied the effect of this active stress based on models proposed by
DEXTER et al. (2007) to predict penetration resistance in unsaturated agricultural soils. The authors
reported that active stress can be used by itself in SPR prediction in soils with low densities, but not
for high-density soils.

With regards to BD variations found in this study (Table 1), we understood that two models
would be necessary to describe more accurately a limiting soil penetration resistance (SPR.) as a
function of 0 values. In this case, there would be the need for setting two groups: one for BD values
between 1.15 and 1.25 Mg m > and another for values between 1.25 to 1.32 Mg m >, according to
the combined model groups presented in Table 2.

The BDc values, obtained from fit described in [eq. (2)], were calculated by [eq. (4)]. It was
considered the same values for the parameters a, b and ¢ of [eq. (3)], since [eq. (4)] is its
mod ification.

Dsc = (SPR, /0.2579+27%)/2888 @)

With [eq. (4)], we obtained the BDc curve fittings as a function of 9 for different fixed values
of restrictive soil penetration resistance (SPRr) to root development (Figure 5). Overall, we noted
for all fittings that as moisture increases, higher BDc values are admitted for a same SPRr,
corroborating results obtained by IMHOFF et al. (2000).
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FIGURE 5. Regression fit of critical soil bulk density estimated by Equation 4 as a function of
volumetric moisture between FC and 65% of FC for different values of soil
penetration resistance and limiting soil penetration resistance, in MPa.

Equal letters indicate no significant difference between the models according to the identity models test at 5% probability .

The test of identity models used to differentiate BDc has different fits to each SPR| value
between 1.5 and 2.5 MPa (Table 2). Yet for values between 3.0 and 4.5 MPa, these fits of BDc for
the same variation of0 can be combined with the ranges of 3.0-3.5, 3.5-4.0 and 4.0-4.5 MPa. This
indicates that from 3.0 MPa, there is a less influence of SPR; in the responses of BDc.

These results suggest that the choice of the SPR, value presents a great importance in
determinations of BDc, for evaluations of limiting effect of soil compaction on plant growth, since a
slight variation in the value of the adopted SPR, may lead to significantly different responses of
BDc for the same soil and moisture condition.
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CONCLUSIONS

The modeling showed that the lower soil water content increase the variability of penetration
resistance in soil profile.

For the same studied edaphic condition, small variations in the data of soil bulk density affect
differently the response of soil resistance as a function of moisture.

Soil bulk density is an essential attribute for modeling soil penetration resistance and, even as
the soil moisture, its variation in the field must be controlled for a correct modeling and data
interpretation.

The good representation of the critical soil bulk density curve as limiting compaction
indicator requires the proper choice of the restrictive soil resistance value for each crop.
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