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ABSTRACT

The soil penetration resistance has been used to represent the compaction situation and several authors have
attempted to relate the cone index (Cl) with the bulk der@ityimportance of using the CI as source of information
for decisions in agricultural activities, livestock and forestry marrees become increasinglyder, which requires
more knowledge about the penetrometers and penetrographs behhigostudy aimed to verifyin controlled
laboratory conditions, the influence of soil water content and cone penetration rate to obtain the cone index, when
density variation occurs. The soil was compacted by compression through a universal press cylinder which was
specially designed to produce the test specimens. Bulk densities were determined from samples taken from the test
specimens and their moisture content. The Cl values obtained were between 0.258 and 4.776 MPa, measured in 4
moistures and 7 soil densities with 3 penetration speeds. It was concluded that the determination of IC is strongly
influenced by the soil moisture but the penetration speed variation, used in thjs\stsidpt sufcient to influence
the IC determination. Howevghe decrease in soil water content may increase the sensitiveness to detect a variation
in bulk density by the use of cone index.
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RESUMO

Resisténcia a penetracdo num Latossolo sob diferentes umidades
e velocidades de penetracéo

A resisténcia do solo a penetracdo tem sido muito utilizada, para representar seu estado de compactacéao, e varios
autores tém relacionado o indice de cone (IC) com a densidade do solo. Sua importancia como fonte de informacdes
para decisdes na conducdo das atividades agricolas, pecuaria e florestal tem-se tornado cadaovgaareime
mais conhecimentos a respeito do comportamento dos penetrdmetros e penetrégrafos. Este estudo teve o objetivo de
verificar, em condi¢des controladas de laboratério, a influéncia do teor de agua do solo e da velocidade de penetracdo
do cone para a obtencdo do indice de cone, quando ocorre variacdo da densidade. O solo foi compactado por
compressao por meio de uma prensa universal dentro de um cilindro especialmente construido para produzir os corpos
de prova. Foram determinadas as densidades de amostras retiradas dos corpos de prova e suas respectivas umidade
Os valores de IC obtidos situaram-se entre 0,258 e 4,776 Mpa, medidos para solos, com quatro graus de umidade e sete
graus de densidade, em trés velocidades de penetracdo. Concluiu-se que a determinacéo do IC é fortemente influenci-
ada pela umidade do solo, o que ndo ocorreu com a variacdo da velocidade de penetracédo, nos limites do estudo. No
entanto, a diminuicdo do teor de agua do solo pode aumentar a sensibilidade, na deteccéo da variacdo da densidade
pelo uso do indice de cone.

Palavras-chaveindice de cone, densidade do solo, compactag

Submitted: 25/10/2012; Approved: 03/05/2013

tAgronomist engineerDoctor of Science. Departamento de Engenharia de Biossistemas, Escola SupAgoculéura “Luiz de Queiroz”Avenida Padua Dias,11 13418-900,
Piracicaba, Sdo Paulo, Brasil. wfmolina@usp.br (corresponding author).

2Agronomist engineerDoctor of Science. Departamento de Ciéncias Exatas, Escola SupeAgrideltura “Luiz de Queiroz” Avenida Padua Dias,11 13418-900, Piracicaba,
Sao Paulo, Brasil. soniamsp@usp.br

SEletronic engineerMaster of Science. Departamento de Engenharia de Biossistemas, Escola SupAgacuéeura “Luiz de Queiroz” Avenida Padua Dias,11 13418-900,
Piracicaba, Sao Paulo, Brasil. jramaral@usp.br

Rev CeresyVicosa, v60, n.5, p. 715-721, set/out, 2013



716 Walter Francisco Molina &t al.

INTRODUCTION increases cone index values. Ligtal.(2007) states that

. . _ . different penetration resistance values occur when soil
The cone index achievement, resulting from resistance . . . .
. . moisture varies, with 2 MPa cone index may represent

measurementftered to the soil by the penetration of a .
metal cone in the profile, is one expedite method t%ensmes from 1.44 to 1.76 g cirand the 3 MPa cone
P ' P Index could be relative to the range of 1.53 t0 1.88 ¢ cm

characterize its physical state. The resulting parameter However Sojkaet al. (2001) reported that, besides the

from this determination is often correlated with the . .
se of instruments to measure the cone penetration into

mechanical impedance for roots’ development, orsowitxjI - . o
the dearee of compaction or soil densits well as. with e soil is very common as a physical characterization
9 P 5 ' method, such determinations are rarely followed by

the changes i this parameteaused by the i of .another information that allows to quantify how obtained

machines and equipments, with the traction capacit . .

rediction and the results of operations performed L one index values are influenced by other parameters
P ) . P P r)élated with physical properties of each soil. Morepver
agricultural implements, among other uses.

. : . as found by Beutlest al.(2007), different equipments can
The interest in cone index measurement was - .

. . . _ (EJroduce distinct results under the same conditions,
considerably increased with the acreage developing un Gif o . .

. i o although indicate equivalent tendencies. The authors
no tillage system, where there is the compaction increase, . . .

. . . noticed that these results are related with devices

of the soil surface layers and its consequential interference

) . . . . construction characteristics, even though the cone used
in the agricultural productivitfHowever the information . .
in the measurements were standardized.

he n ive eff f soil com ion in cr . L
about t.e_,- egat ef effects .0. soil compactio crop Using distinct geometry cones, Suddatfal. (2004)
productivity, under field conditions, are scarce, as a resultb . . . .
- S . . .__observed different penetration resistance values, in
of the difficulty in isolating the factor soil compaction

_.equivalent soil conditions. The same tests were repeated
(Secccet al.2004). These authors concluded that densm(?sq . . . P
. . for varied penetration speeds, and no differences were
up to 1.51g cMand penetration resistance of 2.6 MPa di : .
not afect sovbean vieldWorking in diferent soil observed between the equipment responses. In addition,
y y 9 Fritton (1990) observed that laboratory tests had shown

conditions, variety and moisture, Beutler & Centurio . .
. hat the average variation of speed penetration of a cone
(2004) found productivity decrease (also for soybean) from

. ) . _ n soil may result in 1% cone index values variatiSAE
penetration resistance with superior values than 0.85 M (3003) recommends that cone penetration rate should be
Freddiet al. (2009) affirm that both increases, the bul P

. . . ; é) mm ¢ and suggests that for hard or firm soil, which is
density and the penetration resistance, influence . AT L
|[[1T1p055|ble to maintain this speed, small variations to less

negatively in corn yield, even as top values of root growt S .
. . . would not result in significant errors. Despite many
were at intermediate levels between the highest and lowest o ep ) .
. . . . authors’ affirmations about the influence of cone
penetration resistance values obtained in the study . L
. L . ) penetration speed of the penetrometers, Oliveiral.
With the objective of evaluating the tfiafeffects of

. L _ o 2011) afirm that many tests are still necessamorder to
tires with different tread construction characteristics (reg- ) y >amp

. . . . btain more details about the soil-penetrometer interaction
dial or diagonal) and the applied loads on the soll, Nagaoﬁ . . P
at penetration variable rates.

I (2 luding th . . .
et a_ ( 003_) used cone pe_netrometers, cor_1c uding that Therefore, this study aimed to verifin controlled
the increasing of load applied, causes an increment Pn o . .
uzﬂPoratory conditions, the influence of the soil water

penetration resistance, and this fact is credited to the b . .
o content and the cone penetration rate, to obtain the cone
density increase. It was also detected the effect due.to

) . . index, when dnsity variation occurs.
different types of tire construction. Fernandeal.(2008) y

identified areas where the cone penetration reSiStanceI\i/PATERIALS AND METHODS
soil is influenced by the traffic of forest harvesting

equipment. The granulometric composition of the soil used in the
Studying the moisture influence in resistance t&ests consisted of 438 gkglay, 151 g kg siltand 41 g
penetrationAssiset al.(2009) concluded that the relationskg* sand and were classified, according to Embrapa
are reversed. Major changes were observed in the cdg809), as eutroferric red latosol, clay texture. The water
index for small moisture variations and higher degrees 6@ntent and the bulk density were obtained in each test,
resistance in clay soils than in sand soils. Furthermoragcording to Embrapa (1997).
Molin et al.(2006) comment that the soil moisture largely ~ Soil samples were collected and scattered in a black
affected by its clay content, is one of the factors thatastic film, for air dryingAfter that, were sieved through
influences the values of cone index measured B4 mm mesh sieve, again distributed over the black plastic
penetrometers. Cunhet al. (2002) showed similar film, in a uniform layer with a thickness of approximately
conclusions, adding the fact that compaction amount al88 mm, moistened with watgradualy sprayed by a costal
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sprayey until an approximate saturation condition wagylinders, metal rings were laterally placed, whose
observedWith the purpose of homogenizing the wateobjective was to obtain samples to determine soil density
content, the material was exposed to the weather for thr@ed water content and, subsequertyrelate with cone
days, and at the end of this time, was divided into foundex observed at that position (see Figure 2). The
equal volume parts. One of then was immediately wrappataximunt stresses the soil was exposed to promote the
in polyethylene plastic bags, in order to preserve its watdifferent densities were 98.1 kPa, 196.1 kPa, 294.2 kPa and
content.The other three parts kept exposed to therir 392.3 kPaAfter each layer addition, a metal plate with the
shade, so that, upon evaporation, the water contesgme cross-sectional shape of the compaction device was
variation was obtained. Every two days, each of thglaced over the soil portion, to its compression by verti-
remaining parts was also wrapped in plastic bags. cal displacement, at a constant speed of 0.33- nBefore
The penetration resistance tests were performed adding a new layer of soil, the previous layer surface was
artificially compacted soil specimengo obtain these scarified, and the process was repeated, until the distance
specimens, devices were constructed, from methétween the cylinder upper edge and the soil therein was
cylinders, with 0.4 m length and 0.16 m internal diametefewer than the corresponding value of two rings samplers’
The cylinders were lengthwise divided, and these halvégights. In this case, the cylinder volume was completed
were joined together by hinges, to allow its opening, de its maximum, and the final compression proceeded,
shown in Figure 1. Diametrically opposed flanges wer®rming the specimen.
used to keep the device closed, during the compression The soil penetration resistance was determined using
of the soil deposited inside. ASAE standard cone (1999), in three speeds levels: V1 =
The experiment was conducted in a completel2.83 mm g, V2=5.67 mm$and V3=8.47 mm'sThe rod
randomized design, with four moisture levels and threghich supports the cone was adapted to the press used
cone penetration speeds. Preliminary tests determingdcompress the specimen, whose load cell recorded, with
that, due to the standard deviation observed for tfse mm intervals, the cone displacement and the
compacted soil density obtained, each procedure mustrrespondent force to penetration resistance. The first
be repeated four times. Furthermore, it was observed ti2& mm readings, corresponding to the cone height, were
at the end of each compression was necessary that digcarded.
press used remained static for at least 600 s until the After each determination, the cylinders were opened
compression stress was stabilized in each Jayi#h no  for removing the metal rings from its inside position, being
volume change. Figure 2 shows the soil behavior fordetermined each metal ring position in relation to the device
certain compressive layewhich refers to the volume bottom. The rings were thinned at both ends, and the
variation and subsequent stress stabilization. collected soil from its inside were transferred to aluminum
Soil compaction was performed accordingA®NT  caps and forwarded to oven drying for moisture and
NBR 7182 (1986), adapted to the use of universal tensiensity determination.
and compression equipment Insttbrmodel 4466. The The statistical analysis were performed based on
soil was placed on the cylindén layers, with a volume of different repetitions numbers. It was considered repetition
4.98 dni eachAs the soil of each layer was added into théhe values pairs that make correspondence between the
cone index and soil densjtijounded in each metal ring
placed inside the cylinders. The measurements produced
@\_ g more than ten thousand pairs of points, which were divided
// Yemmation into seven density classes. The objective was to determi-
8 Position of Rod ne an average for the soil density value, which the variation
e Lo]  coeficient was less than 4%t first, the variance analysis

8 '\ \ F-test was applied and, subsequentihye cone index
S average, for each speed of penetration, were compared
Hinges
Metallic /

by Tukey test.
E Rings <’8 ‘/

u/

Soil Level
E after Compaction

4

f\

N

~5] RESULTSAND DISCUSSION

Flanges for
8 Eplinder Glosing Moisture conditions where the soil was worked and
/—\8 | the bulk density obtained, after the compression process,
&//A N are shown ifable 1.
Figure 1. Schematic cylindrical device built for soil compression
and test of specimens production. “ Equivalent variations stress between 1 and 4 kgf cm
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The compaction process did not produced uniform Working with dystrophic latosol confined in PVC
density soil blocks at specimens and, when the wattibes, which the texture is similar to the soil texture used
content was higher than 0.2 kgk@J1 and U2), it was for this test, Beutleet al.(2007) concluded that there is a
difficult to obtain bulk densities with lower values (1.11correlation between the cone index values obtained by
and 1.21 g crf), while when the water content was lespenetrometers, and bulk densifjhe authors used the
than 0.2 kg kg (U3, U4), higher values of density werespecimens with three levels of compactation (soil densities
not obtained. Probablysoil particles are better equal to 1.17, 1.41 and 1.58 g&to a water content of
accommodated in the presence of wamulting in higher 0.12 kg kg to 0.93; 1.15 and 1.27 g ¢ito a water content
bulk density even with lower compressive loads. Bulkof 0.27 kg kd) and three replications. When these results
density variation occurred, within each sample, in evenyere compared with the present study results, it was
determination, mainly in the transition region betweenbserved that they agreed with those obtained for
compacted layers, successivelpich was satisfactorily moisture U4 (0.12 kg k§, but it was impossible to compa-
found by the introduction of metal rings in the cylindersre the results obtained for moisture U1 (0.264 kd)kg

Regardless the cone penetration speedl€lr2), it because in this case, corresponding values of bulk density
was observed that as the soil moisture decreases, the caree not obtained to allow the comparison. Nevertheless,
index values increase with increasing of bulk densityhe trend observed ifable 2 shows that the bulk density
which agrees with the results of Limigal.(2007). However values lower than 1.50 g cinfor moisture U1, doesn'’t
as the bulk density values decrease, there is a difficultyshow significant statistics differences.
correlating its variation with the corresponding value Figure 3 shows the results obtained for cone index
obtained for the cone index, which is evident in the cas@lues, for different density and soil moisture degrees.
of higher moisture levels (U1, U2). In U4 moisture contenfhese results indicate that cone index values are
the cone index was able to detect changes in soil densitfluenced by the soil water content, which agrees with
for all levels. the information of Moliret al(2006).
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Figure 2. Stress variation during the soil compression process and its response during the stabilization period, when the press stopped
the dislocation by the force at the maximum, for which it was scheduled (3.842 kN), with soil water content of 0.224 kg kg

Table 1.Water contents (U1 to U4) and bulk density (Ds, 1-7) and their respective variatifici@atsf (cv), obtained from the
analysisof the collected material from the rings included in the specimens

1 2 3 4 5 6 7
Soil water contents* 0.264 0.224 0.187 0.120 -X- -X- -X-
(kg kg?) cv 4.71 4.72 3.51 7.14 X~ -X- -X-
SoilDensity 111 1.21 1.30 141 1.50 161 1.70
(gcmd) cv 2.57 2.65 2.08 1.96 1.92 1.79 2.00

*In Table 2 the water contents are associated with capital letters U, followed by numbers 1 to 4.
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For the same soil density values, it is observed theharacterized in the last lay&ven ignoring the first 25
the cone index values increase with the decrement of soim on the specimens surface readings, and as the soll
water content, in agreement with Bussobieal (1997), was still loose in the surface layérwas resulted from
Cunheet al (2002),Tormenzet al.(2002) andVatanabet this, penetration resistance lower values.
al. (2002), except for values under 1.21 g’cim moisture The soil moisture was determinant in the results’
U4, for the same values, in U3. This fact can be explaindghaviour (Figure 4), because, for soil water content higher
because, by removing the disk used on the cylinder tioan 0.187 kg kg(U3), the cone penetration speed variation
subordinate the soil to compression when the specimetign’t show a conclusive tendency to the middle in the
were compacted, it was noticed that the surface was mesult, while for the lower moisture (U4 = 0.120 kgkthe
aggregated enough (loose soil), a fact that wassults were antagonistic, with the bulk density increase.

Table 2 Satistical analysis of cone index (MPa) values, obtained when comparing the bulk densityf(g each speed (V) at each
moisture level (U)

Ds uivli uivz uUlv3 u2vli u2vz u2v3
1.11 -X- -X- -X- -X- -X- -X-

1.21 -X- -X- -X- 0.798c 0.842c 0.880c
1.30 0.258d 0.329d 0.332c 0.818c 0.786¢ 0.873c
1.41 0.364cd 0.370d 0.412c 0.859c 0.863c 0.959c
1.50 0.472c 0.527c 0.475c 0.934c 0.982c 1.080c
1.61 0.766b 0.864b 0.934b 1.275b 1.331b 1.698b
1.70 1.024a 1.470a 1.521a 2.054a 2.118a 2.163a
Ds u3vl u3vz uU3v3 u4vl u4vz2 u4v3
1.11 1.087d 1.158d 1.116d 0.572d 0.599d 0.857d
1.21 1.276d 1.272d 1.243d 1.846¢ 1.824c 2.018c
1.30 1.581c 1.645¢ 1.628¢c 3.267b 2.947b 2.828b
1.41 2.670b 2.663b 2.730b 4.276a 3.808a 3.840a
1.50 3.135a 3.189a 3.126a -X- -X- -X-

1.61 3.449a 3.327a 3.170a -X- -X- -X-

1.70 -X- -X- -X- -X- -X- -X-

*In columns, same letters indicate equal value3ultey test, with statistical significance at 5% probabhilfgr lower moisture, it was
difficult to obtain bulk density higher values, probably because of water lubrication action. The opposite occurred for high moisture, where
the material were more easily compacted by the load.
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4.00

Cone Index (MPa)
Figure 3.Influence of water content on the cone index variation, according to thebulk denséigh studied speed. Equal letters
represent equal amounts at 5% probability values of cone index byTukey test.
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In this case, lower bulk densities produced higher comarameter as characteristic or physical soil prop#rey
index values, in higher speeds, inverting the result froralues be supplemented by the information of which
1.21 g cn?, while the lower speeds produced higher valuesmoisture they were obtained.

The result; showed thgt, n cgntrast to Frlttgn The speed penetration variation of the cone into the
(1990) assertions, it was impossible to generalize

. . . soil, in the studied limits, was not sufficient to influence,
penetration speeds effects by varying the cone mdt(ejx - .
ecisively the cone index values. Howeyesome

values, since statistical analysis results do n%t . . . .
- . 0 _ endencies suggest that, for higher levels of water in soill,
indicate a standardized behaviarhich agrees with

higher penetration speeds may change the readings, with
Oliveira et al. (2011) conclusions. The results gnerp P Y g d

. : "the increase of bulk density
however suggest that higher moisture content (Ul

and U2), influence on cone index speed, especially The reduction of soil water content may increase the
when the bulk density increase, disagreeing witBone index sensitiveness to detect bulk density variations.
Sudduthet al.(2004) andASAE (2003) assertions. In However more studies are necessary to confirm this
this study the variation from 3 mm’s(10% relative Statement.

value as the established standard in the cone index

determinations) in the speed penetration was sufficie EFERENCES

to cause differences on results. _ . ,
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