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SUMMARY
Modern agriculture techniques have a great impact on crops and soil quality,
especially by the increased machinery traffic and weight. Several devices have
been developed for determining soil properties in the field, aimed at managing
compacted areas. Penetrometry is a widely used technique; however, there are
several types of penetrometers, which have different action modes that can affect
the soil resistance measurement. The objective of this study was to compare the
functionality of two penetrometry methods (manual and automated mode) in the
field identification of compacted, highly mechanized sugarcane areas, considering
θ) on soil penetration resistance
the influence of soil water volumetric content (θ
(PR). Three sugarcane fields on a Rhodic Eutrudrox were chosen, under a sequence
of harvest systems: one manual harvest (1ManH), one mechanized harvest (1MH)
and three mechanized harvests (3MH). The different degrees of mechanization
were associated to cumulative compaction processes. An electronic penetrometer
was used on PR measurements, so that the rod was introduced into the soil by
hand (Manual) and by an electromechanical motor (Auto). The θ was measured in
the field with a soil moisture sensor. Results showed an effect of θ on PR
measurements and that regression models must be used to correct data before
comparing harvesting systems. The rod introduction modes resulted in different
mean PR values, where the “Manual” overestimated PR compared to the “Auto”
mode at low θ.
Index terms: sugarcane, mechanization, compaction, soil water content.
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RESUMO: DESEMPENHO DE DOIS PENETRÔMETROS E EFEITO DO TEOR
DE ÁGUA NA AVALIAÇÃO DA RESISTÊNCIA DO SOLO À
PENETRAÇÃO
As técnicas da agricultura atual geram grande impacto na qualidade do solo e na
produtividade das culturas devido, principalmente, aos aumentos do tráfego e peso dos
maquinários. Diversos equipamentos têm sido desenvolvidos para avaliação a campo de
atributos do solo, visando manejar áreas compactadas. A penetrometria é uma técnica muito
utilizada para este fim, entretanto, existem diversos tipos de penetrômetros, os quais possuem
modos de atuação diferenciados que podem influir nas medições de resistência à penetração. O
objetivo deste estudo foi verificar a funcionalidade de dois métodos de penetrometria (esforço
manual e automático) na identificação in situ de áreas compactadas sob manejo altamente
mecanizado de cana-de-açúcar, considerando a influência do teor de água do solo (θ) sobre a
resistência do solo à penetração (RP). Foram escolhidas três áreas cultivadas com cana-deaçúcar em um Latossolo Vermelho eutrófico típico, nas quais havia ocorrido uma colheita
manual (1ManH), uma colheita mecanizada (1MH) e três colheitas mecanizadas (3MH).
Nestas áreas, os graus de mecanização foram associados aos processos cumulativos de
compactação do solo. Utilizou-se um penetrômetro eletrônico para medição da RP, de modo
que a introdução da haste no solo foi realizada por esforço manual (Manual) ou utilizando um
motor eletromecânico (Auto). A verificação do θ foi realizada in situ por meio de um sensor da
umidade do solo. Os resultados comprovaram que o θ influi nos resultados de RP e que
equações de regressão devem ser utilizadas para correção dos dados antes da comparação de
sistemas de colheita. Os modos de introdução da haste para penetrometria apresentaram
diferenças significativas entre os valores médios de RP, ocorrendo superestimação pelo modo
“Manual” em relação ao “Auto” em baixos valores de θ.
Termos de indexação: cana-de-açúcar, mecanização, compactação, teor de água no solo.

INTRODUCTION
Sugarcane (Saccharum officinarum L.) is
responsible for two main Brazilian commodities - sugar
and ethanol. The area of sugarcane plantations in the
2011/2012 growing season was 8.4 million hectares,
of which 52.6 % (4.4 million hectares) in the state of
São Paulo (CONAB, 2012). From planting to harvest,
sugarcane cultivation is a highly mechanized process
(Ceddia et al., 1999; Paulino et al., 2004), and the
increase of machinery traffic has caused soil physical
degradation, creating obstacles for root growth
(Carrara et al., 2007). Therefore, with the advent of
mechanization, measuring the compaction degree of
soils under sugarcane (Souza et al., 2006) as well as
the development of techniques that may improve the
compaction management have become crucial.
Soil compaction can be defined as the reduction of
soil porosity and increase in bulk density, resulting
from the application of external anthropogenic
pressure (Souza et al., 2010). The physical problems
for plant growth caused by soil compaction consist of
negative effects on root elongation, giving the soil a
massive appearance due to reduced porosity (Oliveira
et al., 2010). The determination and control of soil
compaction are based on reliable indices for decision
making. Soil penetration resistance (PR) has been
prioritized in soil management and studies on soil
physics (Blainski et al., 2008; Assis et al., 2009, Souza
et al., 2010; Medeiros et al., 2011; 2013), due to the
ease and speed of measurement (Busscher et al., 2000.)

and correlation with plant properties, such as root
growth (Dexter, 1987; Busscher & Bauer, 2003; Otto
et al., 2011) and yield (Whalley et al., 2008; Oliveira
et al., 2011; Bangita & Rao, 2012; Costa et al., 2012).
Several penetrometers have been developed to
assess PR in soil management systems (Figueiredo
et al., 2011). However, the values measured with these
instruments may differ (Beutler et al., 2007). The
main difference is related to the insertion speed of the
rod into the soil, which can be constant or interfere
with the results of the in situ measurements,
according to the operator (Herrick & Jones, 2002).
The reliability of data generated by hand penetrometers
is directly related to the control of the rod speed during
insertion into the soil, although maintaining a constant
speed is almost impossible (Carrara et al., 2007). So,
when the speed is not constant, neither is the applied
force (Herrick & Jones, 2002); if the rod insertion speed
is accelerated, the force is increased, and decreased
in the case of deceleration (Sun et al., 2006).
Intrinsic soil properties can also affect PR values,
among which water content (θ) deserves attention.
According to Cunha (2002), although many studies
have been carried out, there is no conclusive
measurement of the influence of θ on PR variation in
different soils, or a result whether water additions
influence the coefficient of variation of PR data for a
given soil. Some researchers assume that field capacity
θ is ideal for determining the PR (Henderson, 1989;
Arshad et al., 1996.). However, Assis et al. (2009)
disagreed, stating that water decreases the ability to
detect possible differences in the results.
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Soil tillage before planting consisted of: one heavy
harrowing (26" discs spaced 25 cm apart, weight
750 kg), one sub soiling with five subsoiler rods coupled
to a Massey Ferguson MF292 tractor stroke, two
diskings, a heavy and a medium (26" discs, spaced
25 cm apart, weight 450 kg), and furrowing for setts
planting. Variety RB86-7515 was planted in the area
1ManH, IAC87-3396 in 1MH and SP81-3250 in 3MH.
Three months after planting, a “hilling-up” operation
was performed, consisting of leveling ridges with a
ridger, using a harrow between rows, and covering
the tillers. The sugarcane was mechanically harvested
with a single row harvester, accompanied by a trailer
(1MH and 3MH). Manual harvesting was performed
by cutting the plants with a machete and subsequently
piling them on trucks for removal (1ManH). In all
cases the sugarcane trash was not burnt.

Thus, the aim of this work was to verify the
functionality of two electronic penetrometers (a manual
and an automatic) for field identification of areas with
different compaction degrees under highly mechanized
sugarcane cultivation, considering the influence of
water content on soil penetration resistance.

MATERIAL AND METHODS
The experiment was conducted in 0.24 ha
sugarcane fields (80 × 40 m plots) of the Agência
Paulista de Tecnologia dos Agronegócios (APTA), in
Piracicaba, São Paulo. The experimental area is
located at 22o 41' 04" S and 47o 38' 52" W, at 550 m
altitude. The region has a humid subtropical climate,
Cwa according to Köppen, with an average
temperature of 24 oC, hot and humid summers and
an average rainfall of 229.5 mm in January and mild
winters with average rainfall of 28.2 mm in July, with
average annual rainfall of 1,273 mm. For this
experiment three areas were selected, in the middle
slope (550 m), in an undulating relief, with 10 %
northwest slope and aligned in the same terrace in
the northeast direction: one with a sugarcane ratoon
crop, planted in July/2010 and harvested by hand in
July 2011 (1ManH), one with sugarcane ratoon crop,
planted in April 2010 and harvested mechanically in
July 2011 (1MH) and another with sugarcane, planted
in April / 2008 and harvested mechanically three times
(June 2009, June/2010 and July/2011) (3MH). In the
areas 1ManH and 1MH all rows were covered with
crop residues. In the 3MH area, differently, two of
every three rows were tilled with a cultivator, that
relocated all residues to the third row. In this area,
data were only collected from the uncultivated rows,
while in 1ManH and 1MH all rows were sampled. The
selection criteria of the areas was based on the increasing
mechanization of the areas during sugarcane cultivation,
since at a higher degree of mechanization, the soil is
more likely to be affected by compaction. The soil is a
fine, isothermic Rhodic Eutrudox (Soil Survey Staff,
1999). The uniformity of the areas was confirmed by
the low variation in particle size distribution and soil
organic carbon content (Table 1). Sugarcane had been
grown on all experimental areas for the last 20 years.

To obtain the PR (MPa), an electronic penetrometer
model PLG1020 (Falker Agricultural Automation) was
used. Data acquisition in the field occurred in two
ways: by hand (“Manual”), in which the conical tip
and the penetrometer rod were inserted into the ground
by the operator’s force; and automated (“Auto”), in
which the equipment was coupled with an
electromechanical soil sampler, developed by
Figueiredo (2010), which performed measurements at
constant speed (5 × 10-3 m s-1). The conical tip had a
basal area of 7.74 × 10-5 m², angle of 30o, stuck in a
rod of 0.40 m length and 6 × 10-3 m diameter.
PR readings were obtained in the field instantly.
Measurements were taken at 0.01 m intervals to a
depth of 0.3 m and means were calculated for every
0.1 m interval. All measurements were performed
between rows in a fixed grid, totaling 182 points per
plot. In 1ManH and 1MH, the sampling grid was 5 ×
1.5 m, totaling 13 sampling points in each interrow
and 14 rows per area. In 3MH, the grid was 2.5 ×
4.5 m with 26 sampling points per interrow and 7
rows in total. At each point, PR was first measured
by “Manual” mode in the center of the interrows; then,
at a 0.15 m distance, parallel to the crop rows, “Auto”
mode was performed; θ (m3 m-3) data were collected
between these two points. For analysis of PR values,
data greater or equal to 2 MPa were considered high,
for affecting root growth of most crops (Taylor et al.,
1966). For each 0.1 m, to a depth of 0.3 m, θ was
obtained directly in the field with a Delta T Devices

Table 1. Particle size distribution and organic carbon content of experimental sugarcane fields on a Rhodic
Eutrudox, where one manual harvest (1ManH), one mechanized harvest (1MH) and three mechanized
harvests (3MH) were performed
Clay

Total Sand

Silt

Organic carbon

Layer
1MH

1ManH

3MH

1MH

1ManH

3MH

1MH

1ManH

3MH

1MH

1ManH

3MH

g kg-1

m
0.0-0.1

541

570

542

319

311

333

140

119

125

11

11

12

0.1-0.2

543

565

540

322

309

332

135

126

128

11

10

11

0.2-0.3

566

609

549

304

283

328

131

108

123

11

9

11
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sensor (ML2x ThetaProbe), to enable the correlation
with the average PR values.
Disturbed and undisturbed soil samples were
randomly collected. From each experimental area, 30
undisturbed soil samples, 10 per soil layer, were taken
in metal cylinders (9.8 × 10 -3 m 3 ), using an
electromechanical soil sampler (Figueiredo, 2010).
These samples were used to determine soil bulk density
(BD) (Mg m-3) (Grossman & Reinsch, 2002) and field
capacity (FC) (m3 m-3) on a suction table at 0.01 MPa
suction (Ball & Hunter, 1988). Disturbed samples were
collected and used to obtain soil particle density (PD)
(Mg m-3) by a helium gas pycnometer (AccuPyc 1330
model, Micromeritics Instrument Corporation ®), soil
particle size distribution by a hydrometer (Grossman
& Reinsch, 2002) and soil organic carbon content (OC)
by Walkey–Black method (Anderson & Ingram, 1992).
Total soil porosity was calculated (TP) (m3 m-3) from
the equation: TP = 1 - (BD/PD) (Vomocil, 1965) and
macroporosity (Mac) was considered the difference
between TP and FC.
Statistical analysis was performed in the R Project
software (R Development Core Team, 2011). For
analysis of θ influence on PR, the mean confidence
interval was used, with α<5 % (Payton et al., 2000),
to compare mean PR before (field data) and after
correlation with θ (corrected data). Thus, PR values
were measured in the field and an average PR value
was obtained per experimental area and layer.
Additionally, an average PR was obtained by
estimation, using regression models (corPR). To
compare the modes “Manual” and “Auto”, a paired t
test was applied to corPR, with α<5 %, and, due to
the heterocedasticity of correlation θ × RP, verified
by analysis of a 1:1 correlation line, corPR was
calculated for an average field capacity (0.35 m3 m-3)
and for a lower in situ θ (0.10 m3 m-3). The regression
model used was PR=aθb (Busscher & Sojka, 1987;
Busscher, 1990; Busscher et al., 1997), where a and b
are empirical parameters.

RESULTS AND DISCUSSION
Soil physical properties
There was no significant difference (p>0.05) in BD
(Table 2) among the studied areas (1ManH, 1MH and
3MH) and the values were considered high (general
mean of 1.49 Mg m-3). Reichert et al. (2003) reported
that, for clayey soils, root growth-limiting BD values
are between 1.30 and 1.40 Mg m-3. Several studies
demonstrated that mechanization increases BD
(Jorajuria & Draghi, 1997; Yavuscan, 2000; ShaferLandefeld et al., 2004). Furthermore, it is known that
there is a positive correlation between PR and BD
(Mirreh & Ketcheson, 1972; Perumpral & Ayers, 1982;
Henderson et al., 1988; Blanco-Sepulveda, 2009). The
variation in BD within each area was low (CV < 5 %
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in most cases), in agreement with Warrick (1998),
who stated that BD is a low variability property with
CV < 15 %. The CV was highest for the surface layer
(0.0-0.1 m), which can be explained by changes due to
management and by the fact that this layer is explored
most by the root system (Imhoff et al., 2001). The PD
means were close to 2.70 Mg m-3, close to the mean
values of 2.65 Mg m-3 often mentioned in the literature
(Timm & Reichardt, 2004; Libardi, 2005).
As no differences were found in BD between areas,
TP followed the same tendency (Table 2). However,
FC behaved differently, with values following an order
of 1ManH > 1MH = 3MH in the surface layer. It can
be inferred that the different harvesting systems
influenced mainly soil mesoporosity and
microporosity, decreasing FC under more intense
machine traffic. The same was not observed for Mac,
which did not differ between the studied areas.
The high mechanization at all sugarcane crop
stages contributed to high BD values, regardless of
the harvesting system. Since BD values were similar,
it is assumed that changes between areas are due to
differences in soil microstructure, resulting in
modification of the microporosity and related to the
FC. Some micropores could be turned into blocked
pores, which are filled with air even when soil is
saturated and can be quantified by the difference
between TP and θ at saturation (Bernadier et al.,
1991), which contributed to decrease water retention
in more mechanized harvesting systems. These pores
are generated by soil particles approaching one
another, increasing contact surfaces and preventing
water from entering into voids. By micromorphological
analysis, Silva & Cabeda (2006) found particle
rearrangement under sugarcane soils due to
compaction, increasing the contact points in the soil
matrix, which may explain the formation of blocked
pores and the differences in FC due to the sugarcane
management. The increase in points of contact may
also cause differences in PR, even when BD is similar.
This occurs when the soil highly cohesive, i.e.,
particles are more closely connected (Vepraskas, 1984)
Under these conditions, the chances that the
penetrometer rod would find pores that allow a less
restricted passage are reduced, since its entry into
the soil is facilitated when a pore, or a crack, reduces
the frictional forces between rod and soil. Therefore,
PR values tend to increase under these conditions.
The BD, PD and TP data show the uniformity of
the three areas and the differences in the key properties
influencing PR were insufficient to influence the
results. Thus, it can be inferred that PR values
depended mainly on the hydraulic properties,
influenced by the harvesting system, expressed by
different FC values in the areas.
Relationship between PR and θ
The PR ratings in the three areas were performed
with a θ variation between 0.10 and 0.42 m3 m-3. By
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Table 2. Descriptive statistics of soil bulk density (BD), soil particle density (PD), total soil porosity (TP),
field capacity (FC) and macroporosity (Mac), with values of mean, maximum (Max), minimum (Min),
standard deviation (SD) and coefficient of variation (CV) of experimental sugarcane fields on a Rhodic
Eutrudox, where one manual harvest (1ManH), one mechanized harvest (1MH) and three mechanized
harvests (3MH) were performed
BD

PD

TP

1MH 1ManH 3MH

1MH 1ManH 3MH

1MH 1ManH

3MH

FC

Mac

1MH 1ManH 3MH

1MH 1ManH 3MH

Mg m-3

m3 m-3
0.0-0.1 m

Max

1.54

1.51

1.54

2.68

2.68

2.71

0.55

Mean

1.39 a

1.44 a

1.45 a

2.67 b

2.68 b 2.70 a 0.48 a

0.50

0.46 a 0.46 a

0.53

0.34

0.31 b 0.34 a 0.32 b

0.35

0.34

0.26

0.15 a 0.17 a 0.12 a

0.28

0.17

Min

1.19

1.35

1.26

2.64

2.67

2.69

0.42

0.44

0.43

0.27

0.32

0.28

0.09

0.09

SD

0.14

0.05

0.08

0.02

0.01

0.01

0.05

0.02

0.03

0.03

0.01

0.02

0.05

0.08

0.03

CV (%)

9.83

3.53

5.62

0.61

0.24

0.25

10.7

4.1

6.53

8.31

2.47

6.3

33.64

45.98

20.45

Max

1.64

1.59

1.62

2.69

2.69

2.70

0.46

0.47

0.37

0.37

0.37

0.14

0.13

0.13

Mean

1.54 a

1.49 a

1.53 a

2.67 b

2.68 b 2.70 a 0.42 a

0.44 a 0.43 a

0.09

0.1-0.2 m
0.47

0.34 ab 0.35 a 0.34 b

0.09 a 0.08 a 0.09 a

Mín

1.45

1.41

1.44

2.64

2.66

2.69

0.39

0.41

0.4

0.32

0.33

0.32

0.05

0.04

0.04

SD

0.06

0.07

0.06

0.02

0.01

0

0.02

0.02

0.02

0.01

0.01

0.01

0.03

0.03

0.03

CV (%)

4.07

4.46

3.77

0.78

0.34

0.17

5.53

5.61

4.94

3.77

3.25

3.77

28.23

40.67

33.79

0.38

0.4

0.38

0.19

0.11

0.13

0.2-0.3 m
Max

1.56

1.58

1.64

2.69

2.69

Mean

1.52 a

1.51 a

1.54 a

2.68 b

2.68 b 2.70 a 0.43 a

2.7

0.45

0.47

0.48

0.44 a 0.43 a

0.36 a 0.37 a 0.33 b

0.10 a 0.07 a 0.07 a

Mín

1.47

1.43

1.39

2.64

2.67

2.7

0.42

0.41

0.39

0.32

0.33

0.29

0.03

0.04

0.03

SD

0.03

0.06

0.08

0.02

0.01

0

0.01

0.02

0.03

0.02

0.02

0.03

0.05

0.03

0.03

CV (%)

2.17

3.98

4.91

0.64

0.25

0.06

2.85

5.12

6.48

6.11

4.43

9.94

49.88

34.35

51.49

Means followed by same letter, on the same row, do not differ significantly (p<0.05) by the t test.

comparing the PR and disregarding θ, we observed
contrasting results for the mean confidence interval,
so that in measurements in both modes, “Manual”
and “Auto”, the PR values in 1MH were lower in all
layers (0.0-0.3 m) (Figure 1).
This area (1MH) had the most homogeneous cover
of plant residues in the sugarcane interrows of the
ratoon crop, where the area of covered was larger than
of exposed soil. This may have contributed to a lower
drying rate in that area compared to the others. Souza
et al. (2005) found that in the green-harvested
sugarcane system, with and without trash
incorporation, soil water storage was higher, possibly
due to the barrier these residues formed on the surface,
hindering the water outlet and decreasing
evapotranspiration (Oliveira et al., 2010).
Furthermore, the protection against light rays
maintains the soil temperature lower (Bortoluzzi &
Eltz, 2000). Because the increase in θ decreases PR
(Perumpral, 1987), the harvesting system that
contributed to θ maintenance for a longer time may
have induced the lower PR in 1MH. From 1ManH, θ
was quickly lost due to the almost absence of trash in
interrows. Due to the cumulative machinery traffic
effect the PR increase with reduction of θ was most
significant in 3MH, despite an intermediate amount
of trash (1MH > 3MH > 1ManH).
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In the soil surface layers there was no significant
difference (p>0.05) between 1ManH and 3MH. A
similar result was found by Koch et al. (2008) when
studying the cumulative effect of machinery passages.
They observed that in the subsurface layer (0.01-0.05 m)
there were no differences between control areas,
without passing machines, and measurements after
three machinery passages. However, at greater depths
(0.18-0.35 m), PR values were three times higher in
areas of more machinery traffic.
Another important factor that affects PR results
is the relationship between compaction/surface and
pressure/machinery weight. Smith and Dickson (1990)
pointed out that, at the surface, compaction depends
on the pressure of the wheelset, whereas in the deepest
layers it is governed by its weight. They concluded
that, to decrease compaction in the deeper layers, it
is necessary to construct lighter machinery. However,
Jorajuria & Draghi (1997) affirmed that traffic
frequency also interferes with the soil response to
compaction and a lightweight tractor, in several
passages, may cause as much or more damage than
a heavy tractor used less frequently. Therefore,
considering that in all experimental areas machinery
was used throughout the crop cycle and that, after a
stress, soil becomes more resistant to structure
changes, a similar response to compaction is expected
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Soil penetration resistance, MPa

0.0-0.1
0.1-0.2
0.2-0.3

Soil layer, m;
Harvesting systems

0

1

2

3

4
Aa ab
Aa a
Ab a
Ab a
Aab b
Aab a
Aab a
Aa a
Ab a
Bb a
Aa a
Aa a
Ab b
Bb b
Ab a
Bb a
Aa a
Ba a

1ManH
1MH
3MH
1ManH
1MH
3MH
1ManH
1MH
3MH
Manual

Auto

Figure 1. Mean values of soil penetration resistance
(PR) data, obtained with penetrometer rod
introduction by hand (Manual) and by automated
force (Auto), compared without correlation to soil
θ), using the mean confidence
water content (θ
interval, of experimental sugarcane fields on a
Rhodic Eutrudox, where one manual harvest
(1ManH), one mechanized harvest (1MH) and
three mechanized harvests (3MH) were
performed. Bars followed by the same capital
letters do not differ significantly (p<0.05) between
insertion mode of penetrometer rod in the same
experimental area and soil layer; bars followed
by the same lowercase letters do not differ
significantly (p<0.05) between harvesting
systems in the same soil layer and rod insertion
mode; bars followed by the same lowercase letter
in italics do not differ significantly (p<0.05)
between the soil layers of the same harvesting
system and rod insertion mode.
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soil matrix, the difference between harvesting systems
is most pronounced at lower θ. Minor R2 values found
in 1MH (Table 3) showed low representativity of the
fitted model, making it impossible to accurately
compare this area to others, since misleading
conclusions would be generated. Based on the
differences between 1ManH and 3MH, conclusions
with greater scientific precision could be drawn, since
aside from the similarity of the R2 values, the response
of PR data was exponential in both cases.
Given the corPR values obtained from data
modeling for each soil layer, based on θ field values,
differences were found by mean confidence intervals
(Figure 3). The results show that, although the
behavior before and after modeling was similar, the
error decrease of fitted model contributed to a
decreased mean confidence interval (Figures 1 and
3), which allowed better distinction between
experimental areas. Thus, the uniformity of modeled
data facilitates interpretations, makes differences
between areas more distinct, and permits corPR
ordering in 1MH < 1ManH = 3MH at surface layer
(0.0-0.1 m) and 1MH = 1ManH < 3MH in subsurface
layers. Currently, researchers seek to perform PR
measurements in a short time, to avoid interferences
of θ with the evaluation of agricultural soil compaction.
However, the results of this experiment showed that
the harvesting system may interfere with θ, even
where other properties (particle size distribution, OC,
BD and TP) are similar. This influence on PR
demonstrates the need for θ measurements in this
type of study in order to compare different harvesting
systems.
Methods comparison for PR assessment

in the surface layer for the three areas, while
compaction in the remaining soil layers would be more
pronounced in the experimental area where heavier
machinery (sugarcane harvesters) was used more
often.
Observing PR data correlated to θ, it was found
that the curves (Figure 2) were different for each
harvesting system, especially in deeper layers, where
a more compacted layer was detected. In the surface
layer (0.0-0.1 m), it is difficult to distinguish the three
areas by the PR curves. However, in the deeper soil
layers, it becomes distinguishable, and PR values at
the lowest θ (0.10-0.30 m3 m-3) occur in the order
3MH > 1ManH > 1MH, while at higher θ this order
is rearranged to 1MH > 3MH > 1ManH. This behavior
was observed for both modes, “Manual” and “Auto”.
PR subsurface values were mostly above 2 MPa in all
areas. Although many studies consider the value of 2
MPa proposed by Taylor et al. (1966) as critical for
root development, Dexter (1986) reports that a critical
PR for a crop can change according to θ, since root
elongation depends on tension differences between soil
and θ. Thus, because it is more difficult for waterstressed plants to generate tensions that exceed the

Some significant differences (p<0.05) can be
observed between measurements with and without
speed control of rod insertion (“Auto” and “Manual”)
(Figures 1 and 3) and were most evident in the
subsurface layers, for both measured and modeled
data. These differences can be assessed by comparing
the linear regression between the different modes of
introduction of the penetrometer rod and its deviation
from the 1:1 line, which is an indicator of data equality
(Figure 4).
At lower PR values (under 2 MPa), the dispersion
was minor (Figure 4). Knowing that PR is higher at
lower θ, larger PR differences were also found between
rod introduction modes with decreasing θ. Cohesion
increases proportionally during drying of clayey soils,
causing cohesion of solid particles which, together
with the reduced lubricant water film covering the
particles, increases the frictional force between
penetrometer cone and soil. In the “Manual” mode, as
PR increases, it becomes difficult to maintain a
constant speed and a perpendicular position to the
soil during rod insertion. This raises the friction
between soil and rod, since the movement is not
constant and in the same direction, causing soil-rod
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0-0.1 m

12
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0-0.1 m
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8
6
4
2

Soil penetration resistance, MPa

0
14

0.1-0.2 m

0.1-0.2 m

12
19
8
6
4
2
0
14

0.2-0.3 m

0.2-0.3 m

12

1ManH

19

1MH

8

3MH

6
4
2
0
0,1

0,2

0,3

0,4

0,1

0,5

0,2

0,3

0,4

0,5

Soil water content, m3 m-3

θ) at different depths
Figure 2. Correlation between soil penetration resistance (PR) and soil water content (θ
of experimental sugarcane fields on a Rhodic Eutrudox, where one manual harvest (1ManH), one
mechanized harvest (1MH), and three mechanized harvests (3MH) were performed. PR data obtained
with penetrometer rod insertion by hand (Manual) on the left and by automated force (Auto) on the right.

Table 3. Modeling equation parameters used to correlate soil penetration resistance (PR) to soil water
θ) at different depths of experimental sugarcane fields on a Rhodic Eutrudox, where one hand
content (θ
harvest (1ManH), one mechanized harvest (1MH), and three mechanized harvests (3MH) were
performed. The PR data are listed according to the penetrometer insertion mode: manually inserted
(Manual) - upper rows and automated insertion (Auto) - bottom rows
Parameter
Layer

m
0.0-0.1
0.1-0.2
0.2-0.3

1ManH

1MH
2

a

b

R

0.2412
0.1910
0.3168

-1.5353
-1.8692
-1.5199

0.40
0.53
0.45

a

b

R

a

b

R2

0.2822
0.4398
0.5269

“Auto”
-1.3421
-1.3278
-1.2340

0.51
0.36
0.24

0.2109
0.2731
0.3998

-1.5693
-1.7633
-1.5278

0.46
0.53
0.48

0.51
0.41
0.10

0.2729
0.3406
0.5140

-1.4495
-1.6657
-1.4498

0.48
0.54
0.54

0.0-0.1
0.2820
-1.4556
0.47
0.3391
0.1-0.2
0.2874
-1.6641
0.55
0.4846
0.2-0.3
0.6654
-1.0580
0.41
1.2725
a: intercept; b: exponential coefficient. Parameters of equation PR
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“Manual”
-1.3056
-1.3783
-0.6292
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Soil penetration resistance, MPa
1
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Aa a
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Aa b
Aa b
Ab a
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Bc a
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Bb b
Ab a
Bb a
Aa a
Ba ab

1ManH
1MH
3MH
1ManH
1MH
3MH
1ManH
1MH
3MH
Manual

Auto

Figure 3. Mean values of soil penetration resistance
(PR) data, obtained with penetrometer rod
introduction by hand (Manual) and by automated
force (Auto), compared after correlation with soil
θ), using the mean confidence
water content (θ
interval of experimental sugarcane fields on a
Rhodic Eutrudox, where one manual harvest
(1ManH), one mechanized harvest (1MH) and
three mechanized harvests (3MH) were
performed. Bars followed by the same capital
letters do not differ significantly (p<0.05) between
the insertion modes of the penetrometer rod in
the same experimental area and soil layer; bars
followed by the same lowercase letters do not
differ significantly (p<0.05) between harvesting
systems in the same soil layer and rod insertion
mode; bars followed by the same lowercase
letter in italics do not differ significantly (p<0.05)
between the soil layers of the same harvesting
system and rod insertion mode.

Soil penetration resistance, MPa
Auto mode

14

contact on the wall of the hole formed by the insertion.
When the speed is constant and the equipment is
placed perpendicularly to the soil and without
oscillation, the soil-rod contact is minimized, reducing
variability in PR data (Herrick & Jones, 2002).
Since, observing the 1:1 line (Figure 4), PR values
in the “Manual” mode were generally higher than by
the “Auto” mode, a paired t test was performed. Results
corroborate the 1:1 line, and the difference was highly
significant (p<0.001) for almost all soil layers (Figure
5). So, the oscillation in rod penetration speed and the
inconstant contact between soil and rod caused
significant increases in the PR “Manual” readings.
This is a response to the structural condition of the
soil and, although the interest is to measure the pressure
required to insert only the conical tip of the penetrometer,
the frictional force along the rod may represent an
additional influence. This effect can be avoided by taking
some precautions. There are studies that aim to reduce
systematic errors in PR measurement, as the ones of
Armbruster et al. (1990) and Barone & Faugno (1996),
which installed transducers directly on the cone and
found a PR decrease of up to 40 %, attributing this
difference to the unmeasured friction force between soil
and penetrometer rod. Bengough et al. (1997) measured
PR with a rotating rod penetrometer and observed
significant differences between PR measurements
with and without rod rotation. They claimed that
rotation changes the vector orientation of frictional
resistance in perpendicular direction to the rod axis,
decreasing PR values compared with those obtained
without rod rotation.

0

auto PR = 0.1360*** + 0.8492*** manual PR
R2 = 0.67***

12
10
8
6
4

1:1
Manual vs Auto

2
0
0

2

10
6
12
8
4
Soil penetration resistance, MPa
Manual mode

14

Figure 4. 1:1 correlation line and fitted equation
obtained by linear regression of correlating soil
penetration resistance (PR) measured by hand
“Manual” (independent variable) with that
measured by automated force “Auto” (dependent
variable), in the 0.0-0.3 m soil layer of three
experimental areas on a Rhodic Eutrudox.
Significance of linear regression parameters: **
and ***: significant at p<0.01 and p<0.001,
respectively.

Soil layer, m;
Harvesting systems
0.1-0.2
0.0-0.1
0.2-0.3

Soil layer, m;
Harvesting systems
0.1-0.2
0.0-0.1
0.2-0.3

0
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Soil penetration resistance, MPa
3
2
1

4

1ManH
1MH

a
a
a
b
a
b
a
b
a
b
a
b
a
a
a
b
a
b

3MH
1ManH
1MH
3MH
1ManH
1MH
3MH
Manual

Auto

Figure 5. Comparison of mean values of soil
penetration resistance (PR) obtained by
penetrometer rod insertion by hand (Manual)
and automated (Auto) in experimental
sugarcane fields on a Rhodic Eutrudox, on
which one manual harvest (1ManH), one
mechanized harvest (1MH) and three
mechanized harvests (3MH) were performed.
Using the paired t test, bars followed by the same
letters do not differ significantly (p<0.05) between
introduction modes of the penetrometer rod in
the same experimental area and soil layer.
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However, these researchers admit the difficulty
in the development and assembly of these
penetrometers. Therefore, simpler techniques are
preferable and can be used to obtain satisfactory
results. In this work, only with controlled penetration
speed, the PR values of “Auto” mode were 11.5 % lower
than the “Manual”, considering a general mean for
all soil layers and without θ modeling. Adjusting corPR
values so that θ was equivalent to FC (0.35 m3 m-3),
the difference between the modes tended towards zero.
However, by adjusting corPR so that θ was equivalent
to a minimum value measured in situ (0.10 m3 m-3),
reached after one rainless week, the “Manual” had a
36.4 % higher mean value than the “Auto” mode.

CONCLUSIONS
1. The correction of soil penetration resistance
values according to water content in the soil interferes
with the accuracy of penetrometry and its applicability
in the evaluation of soil compaction.
2. The insertion mode of the penetrometer rod into
the soil affects the results of soil penetration resistance,
with overestimation of the values measured by the
“Manual” mode in comparison to the “Auto” mode.
3. The difference between the “Manual” and “Auto”
modes was directly proportional to the water content
in the soil, so that the drier the soil, the greater was
the difference between the two modes.
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