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In this study, strength attributes and compaction susceptibility of the main classes of Brazilian Latosols
(Oxisols), under native vegetation, were studied using the load bearing capacity models relating
precompression stress, compression index and water potential through statistical regression models.
These models were developed based on the results of the analysis of undisturbed soil samples collected
at the B horizon at the different sites. The results showed that the maximum value of the compression
index was 0.53 for the Acric Red Latosol, indicating its higher susceptibility to soil compaction. The
Dystrocohesive Yellow Latosol had the highest load bearing capacity, while the Acric Red Latosol had the
lowest one. The Dystrocohesive Yellow Latosol due to its high load bearing capacity and bulk density
(mechanical resistance) behave similarly to hardsetting soil, in which the plants root system has severe
physical restrictions to explore deeper horizons during the dry periods. Differences in the load bearing
capacity and compaction susceptibility were found to be influenced by soil structure which is associated
with clay mineralogy in these very weathered-leached soils and water potential. The study also showed
that soil compression index is influenced by water potential and clay mineralogy also. Our work has laid

Keywords:
Precompression stress
Compression index
Water potential
Water retention curve
Soil structure

Load bearing capacity

a foundation for estimation of compaction susceptibility of Latosols.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The geographical extent of the soil order Latosols (Oxisols—U.S.
Soil Taxonomy, Sols ferralitiques—French classification, and Ferral-
sols—World Reference Base for Soil Resources) has been established
in several studies in Brazil. It is found in almost all states of the
country (associated with different parent materials) in spite of the
varied climatic conditions (Ker, 1997). According to the distribu-
tion map of the various classes of soils in the study by Camargo
et al. (1987), Latosols cover about 65% of the land mass in Brazil.

Latosols represent by far the major soils under mechanized
agriculture and forestry operations in Brazil. Latosols have good
potential in response to chemical correction (lime, gypsum and
fertilizer application) and exhibit good drainage attributes (Marques
etal.,2004). They are highly weathered, strongly leached and friable,
dominated by 1:1 clay minerals, Fe-and Al-oxides (in this paper, this
general term includes oxides, hydroxides and oxihydroxides), quartz
and other highly resistant minerals (Curi, 1983)
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The structure of the Brazilian Latosols is mainly associated with
the kaolinite and gibbsite minerals content. Whereas kaolinitic
Latosols tends to exhibit blocky structure and higher bulk density,
the gibbsitic Latosols present granular structure and lower bulk
density (Embrapa, 2006; Ferreira et al., 1999a,b). The horizons are
poorly differentiated, because differences in properties with depth
are so minimal (Curi, 1983).

In mechanized agriculture and forestry harvesting prevalent in
Brazil, there are growing concerns on the possible damage to the
soil structure in view of increasing mass of machineries and
equipment used in field operations (Larson et al., 1980; Peng et al.,
2004; Dias Junior et al., 2007; Veiga et al., 2007). The ability of soil
to withstand pressure exerted by applied loads depends on its
strength, which influences the resistance of soil to compaction. It
has been linked to several intrinsic attributes of the soil including
texture, clay mineralogy, structure, bulk density, porosity, pore-
size-distribution and pore-shape (Ohu et al., 1986; Horn, 1988).

Soil strength (mechanical resistance) and compaction suscept-
ibility may be assessed by different parameters from soil
compression curves (bulk density plotted versus log applied
pressure), as discussed in some scientific articles (Larson et al.,
1980; Horn, 1988; Dias Junior and Pierce, 1996; Alakukku et al.,
2003; Imhoff et al., 2004; Gregory et al., 2006; Veiga et al., 2007).
The compression curve is composed of two regions: a region of
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plastic and unrecoverable deformation called the virgin compres-
sion curve, and a region of small, elastic and recoverable
deformation called the secondary compression curve (Larson
et al., 1980; Dias Junior and Pierce, 1995; Gregory et al., 2006). The
slope of the virgin compression line is called the compression
index (CI). The point that separates these two regions in a
compression curve is the precompression stress (o,). These
parameters define the soil compression curve and may change
with soil type, initial moisture content or water potential and
management history (Culley and Larson, 1987; Larson et al., 1988;
Alakukku et al., 2003). The precompression stress have been used
as an indicator of the load bearing capacity and mechanical
strength of a soil, to estimate quantitatively the compaction risk
(Alakukku et al., 2003) in a specific soil condition at given moisture
content or water potential (Oliveira et al., 2003; Peng et al., 2004;
Dias Junior et al., 2007).

The precompression stress might be derived from a confined
compression test, shear strength derived from a triaxial or a direct
shear test, and penetration resistance measurements among other
methods (Horn and Lebert, 1994; Arvidsson, 2001; Zhang et al.,
2001; Horn and Fleige, 2003; Arvidsson and Keller, 2004; Dias
Junior et al., 2005, 2007; Veiga et al., 2007). The various soils
present mechanical strength values which can be quantified from
precompression stress (Dias Junior et al., 2007; Veiga et al., 2007),
being this a dynamic attribute influenced by structure, texture,
water suction and bulk density (Horn, 1988), besides pedogenetic
processes, anthropogenic effects, or hydraulic site-specific condi-
tions (Horn et al., 2004). The soils would also be submitted to an
additional soil compaction as long as their internal strength is
smaller than the applied pressure (Veiga et al., 2007).

Precompression stress also gives an indication of the maximum
pressure that should be applied to a soil in order to avoid soil
compaction (Défossez and Richard, 2002; Dias Junior et al., 2005)
and it is a useful indicator of the soil’s load bearing capacity (Dias
Junior et al., 2005; Riicknagel et al., 2007). If the applied pressure to
a soil does not exceed the precompression stress value the soil
reacts elastically. However, if it exceeds, there would be plastic
deformation in the soil (Horn and Lebert, 1994).

Load bearing capacity is a relationship between precompres-
sion stress and moisture content (Dias Junior and Pierce, 1996) or
water potential (Oliveira et al., 2003) and it means the capability of
a soil to withstand stress induced by field traffic without changes
in the three-dimensional arrangement of its constituent soil
particles (Alakukku et al., 2003). Likewise, these authors suggested
that the risk of subsoil compaction is high when the exerted
stresses are higher than the load bearing capacity of the subsoil and
that the wetness decreases the load bearing capacity. Several
studies in tropical and temperate soils showed that the load
bearing capacity exponentially decreases as a function of increas-
ing moisture content (Dias Junior and Pierce, 1996; Silva et al.,
2002; Peng et al., 2004; Assis and Langas, 2005; Dias Junior et al.,
2007; Gontijo et al., 2008) or increases as a function of increasing
water potential (Oliveira et al., 2003; Ajayi et al., 2009).

The soil compression index is an attribute estimated from
compression curves and it is an indicator of susceptibility of soil to
compaction (Larson et al., 1980; Imhoff et al., 2004; Gregory et al.,
2006).

Keeping in mind the above considerations, the objectives of this
study were: (1) to determine the values for the precompression
stress and the compression index of the various classes of Brazilian
Latosols under native vegetation, and (2) to assess the load bearing
capacity of these Latosol classes through statistical regression
models.

2. Materials and methods
2.1. Site description and sampling protocol

Undisturbed soil samples were collected from four representa-
tive sites under native vegetation in Brazil. The selected sites
represent geographically distinct sub-regions, wide ranges of
ecological conditions and cultivation practices, beyond differential
clay mineralogy. They also present the ranges of Latosols that had
been associated with different types of parent materials in
Brazilian conditions (Table 1).

Ten undisturbed samples were collected in the B horizons at all
the sites using aluminium rings with 6.5 cm diameter and 2.5 cm
height. The sampling device was pushed carefully into the soil
using a falling weight. The sampling pits (1 m width x 2 m
length x 1 m depth) were dug very carefully to guard against
self-compaction of the soil. They were collected randomly in each
pit to ensure good representation. The samples were collected
between 80 and 100 cm depth at the sites, because in the B horizon
the structure is truly expressed once in the A horizon the granules
behave as blocks due to higher swelling-shrinking characteristics.
As these Latosols are very much homogeneous in morphology, we
decided to collect the samples in the “clean B horizon” in order to
avoid as much as possible the organic matter influence on soil
attributes. In this way, our data can be extrapolated to the B
horizon top where possible damage due to traffic can occur. Also in
some Brazilian regions having dry periods, the cohesive Latosols
are being prepared up to 120 cm depth using ripper subsoilers
aiming to favor an adequate root distribution of perennial plants,
such as eucalyptus sp. In addition to that, with the mechanical
resistance breakdown by the subsoiler, the precompression stress
of the soil is much reduced (Gontijo et al., 2008). At each point of
sample collection, the ring filled with soil was removed from the
Uhland sampler, and wrapped with plastic materials and paraffin
wax until compressibility and other tests were performed.

2.2. Laboratory experimental procedure

In the laboratory, the soil samples were carefully trimmed to
the size of their respective rings, whose inner diameter, height and
weight had been pre-measured. The disturbed soil samples
scraped near the intact soil cores were collected, air-dried, sieved

Table 1

Sampling sites and soil descriptions.

Label and location Geographical coordinate and altitude  Climatic description Brazilian soil classification = Parent material Native

vegetation

(DRL1) Lavras county, 21°13'47"'S; 44°58'6""W 918 m Gentle temperate with dry Dystroferric Red Latosol Gabbro Forest
Minas Gerais State winter and rainy summer

(ARL) Uberlandia county,  18°58'37"'S; 48°12'05""W 866 m Tropical monsoonal with Acric Red Latosol Tertiary detritic cover ~ Cerrado
Minas Gerais State dry winter and rainy summer sediments

(DYL) Aracruz county, 19°47'10”S; 40°16’29”"W 81 m Moisty tropical with dry Dystrocohesive Yellow Barreiras group Forest
Espirito Santo State winter and rainy summer Latosol sediments

(DRL2) Santo Angelo 28°16'16"S; 54°13/11”"W 290 m Moisty tropical without Dystroferric Red Latosol Basalt Forest

county, Rio Grande
do Sul State

long dry period
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(2 mm) and subjected to particle-size-distribution analysis using
the pipette method (Gee and Bauder, 1986), particle density using
pycnometer (Blake and Hartge, 1986b) and organic matter
(Embrapa, 1997). Bulk density was determined as dry soil weight
per unit volume of the intact soil cores (Blake and Hartge, 1986a).

For the mineralogical characterization, gibbsite (Gb) and
kaolinite (Ka) contents were determined in the iron-free clay
fraction, while goethite (Gt) and hematite (Hm) contents were
determined in the iron-concentrated clay fraction according to
Kampf and Schwertmann (1982).

The moisture retention curves were performed using undis-
turbed soil samples (three replications per site). For the uniaxial
compression tests, seven samples at each site were prepared and
soil cores were saturated by capillary with distilled water, and
equilibrated to a water suction (¥;,) to 2 and 6 kPa on a pressure
table and 10, 33, 100, 500 and 1500 kPa on ceramic plate inside a
pressure chamber (Klute, 1986).

The undisturbed soil samples at the different water suctions
were then subjected to uniaxial compression test using a
pneumatic S-450 Terraload floating ring consolidometer (Durham
Geo Enterprises, USA). For the test, the undisturbed soil samples
were kept within the coring cylinders, which were placed into the
compression cell, and afterwards submitted to pressures to 25, 50,
100, 200, 400, 800 and 1600 kPa. Each pressure was applied until
90% of the maximum deformation was reached (Taylor, 1948) and
then the pressure was increased to the next level. The 90% of
maximum deformation was determined by drawing a straight line
through the data points of the initial part of the curve obtained
when dial readings were plotted versus square root of the time,
until this line intercepts the y axis (dial readings). A second straight
line was drawn from this intersection with all abscissas 1.15 times
as large as the corresponding values on the first line. The
intersection of this second line and the laboratory curve is the
point corresponding to 90% consolidation (Taylor, 1948).

2.3. Analyses

The applied pressure versus deformation data were used to
construct the soil compression curves, from which the compres-
sion index (CI) and precompression stresss (o) were determined
following the procedure of Dias Junior and Pierce (1995). The
compression index, CI, slope of virgin compression line was
estimated for each sample based upon the slope of the virgin
compression line [Eq. (1)] plotted as bulk density against log
applied pressure (Larson et al., 1980; Bradford and Gupta, 1986).

Bdy — Bdg

A=+———
lOg(Ua/Ul()

(1)

where Cl is a compression index (slope of virgin compression line),
Bdy and Bd,, are bulk densities (Mg m~3) determined at the end of
compression line (applied pressure 1600 kPa) and determined at
applied pressure 800 kPa, respectively; o, and oy are the pressure
applied 1600 and 800 kPa.

Table 2
Some attributes of the Latosols studied.

The precompression stress, op,, was estimated for each sample
using a spreadsheet procedure according to Dias Junior and Pierce
(1995).

The precompression stress values were thereafter plotted
against water suction (¥,) and a regression line was fitted from
an exponential function in the form o}, = a + b In ¥, (Oliveira et al.,
2003) that is the load bearing capacity model of the soils under
study. The parameters a and b represent empirical parameters of
adjustment of the model. The regression analyses were accom-
plished using the software Sigma Plot 10.0 (Jandel Scientific).

The volumetric total porosity (VTP) was estimated using the
relationship between bulk density and particle density (Vomocil,
1965) [Eq. (2)]:

- 1- ()

where, Bd (Mg m~3) is bulk density and Pd is particle density
(Mg m~3).

The pore size distribution was characterized from soil water
retention, using the concept of equivalent diameter derived from a
capillary model considering microporosity, pores with effective
diameter smaller than 50 pwm (water retention at ¥y, 6 kPa) and
macroporosity, pores with effective diameter greater than 50 pm
(total porosity — microporosity).

3. Results and discussion
3.1. Relationship between soil attributes and strength indices

Table 2 shows the different morphological, physical and
mineralogical attributes measured for different classes of Latosols
examined in this study. The clay content in the Red Latosols (DRL1,
ARL and DRL2) is higher than 600 g kg~ (Table 2). Even the Yellow
Latosol (DYL) is clayey (>350 g kg™ 1).

In general, in soils with a very high bulk density as the
Dystrocohesive Yellow Latosol (DYL) the plant root system has
physical restrictions to develop during the dry seasons. In such
cohesive soils (similar to hardsetting behavior, Giarola et al., 2003)
in Brazilian regions with accentuated dry periods the mechanical
operations include subsoiling until 120 cm depth.

The relationship between water potential and compression
index was investigated (Fig. 1). The compression index is a
reflection of the decrease in void ratio or bulk density per unit
increase in the logarithm of the applied stress (Larson et al., 1980;
Imhoff et al., 2004; Gregory et al., 2006). It is a measure of the
susceptibility of the soil to compaction. Our results revealed that
the compression index was directly related to water potential
(Fig. 1), indicating a higher susceptibility to compaction as water
potential increases, except for yellow soil (DYL). The fact that this
cohesive soil (when dry) becomes very friable (when moist)
(Corréa et al., 2008) and its average geometric diameter is much
reduced in water (0.71 mm) in comparison with dry conditions
(2.68 mm) (Ferreira et al., 1999b) helps to explain such differential
behavior. The increase in soil strength is a result of increased

Soil class Munsell Soil Sand Silt Clay Bd Pd Hm/(Hm + Gt) Gb/(Gb + Ka) OM
color (moist) structure
gkg ! Mg m > dag kg!
(DRL1) Lavras county, Minas Gerais State 10R 4/8 Granular 160 190 650 1.06 2.80 0.73 0.45 1.5
(ARL) Uberlandia county, Minas Gerais State 2.5YR 4/8 Granular 300 80 620 0.96 2.67 0.83 0.54 13
(DYL) Aracruz county, Espirito Santo State 10YR 6/6 Blocky 490 60 450 1.73 2.70 0.00 0.00 0.7
(DRL2) Santo Angelo county, Rio Grande 10R 5/6 Blocky 90 170 740 1.30 2.80 1.00 0.00 1.6

do Sul State

Bd = bulk density; Pd = particle density; Hm = hematite; Gt = goethite; Gb = gibbsite; Ka = kaolinite; OM = organic matter.
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° Dystroferric Red Latosol - DRL1
Cl =0.2836 + 0.0150 In (¥ ,) RZ=0.90* n=7
L Acric Red Latosol - ARL
Cl =0.3038 + 0.0280 In (¥,) R%=067* n=7
* Dystrocohesive Yellow Latosol - DYL
SRS C1=0.2401 - 0.0188 In (¥ ) RZ=0.86"* n=7
o Dystroferric Red Latosol - DRL2
— — == CI=0.1870 - 0.0195 In (¥;) RZ=0.80 n=7
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Fig. 1. Relationship between compression index and water potential of Latosols.

cohesion between the soil particles, occasioned by the gradual
increase of the water potential. This helps to explain why soils with
high bulk density and low porosity have higher strength at higher
water potential. The cohesiveness of the soil particles would only
continue to a certain water potential (around 6 kPa) associated
with the structure and clay content of the soil (Imhoff et al., 2004;
Reatto et al., 2007). When the soil moisture exceeds this point,
further addition of water would result in decreased strength and
create greater pore water pressure when external stresses are
applied.

This general trend was also reported by Sanchez-Girén et al.
(2001), which observed a strong dependence of compression
index on the soil water potential. However, these results
contradict some previous studies, which found the compression
index to be moisture independent for most of the studied soils
(Larson et al., 1980; O’Sullivan, 1992). In spite of that Larson et al.
(1980) reported that as initial moisture content increases, soil
compression curves are generally displaced down and to the left
in a parallel manner, indicating an increase in susceptibility of
soil to compaction. The maximum value of the compression
index (Fig. 1) found in this study was CI = 0.53 (Acric Red Latosol)
similar to CI=0.50 found by Larson et al. (1980) in highly
weathered soils with 500 gkg™! clay mainly constituted by
kaolinite and iron-and Al-oxides equilibrated to 30 kPa of water
potential.

Our field experience indicates that the structure of the
Brazilian Latosols is closely related to the strength indices, i.e.,
when we go from granular to blocky structure there is an increase
in bulk density and load bearing capacity of these very old tropical
soils.

3.2. Load bearing capacity

The load bearing capacity models varied with the different
classes of Latosols examined in this study. The model parameters
for each site, their coefficient of determination and the level of
significance are presented in Fig. 2.

. Dystroferric Red Latosol - DRL1
Op =154.0+ 6.0 In (¥py) R2=0.90" n=7
o Dystroferric Red Latosol - DRL2
SIS, Op =214.9+ 5.3 In (Y1) RZ2=0.97* n=7
. Dystrocohesive Yellow Latosol - DYL
it Op =247.9 + 12.7 In (¥m) R2=0.95"* n=7
u Acric Red Latosol - ARL
Op =134.6 +7.91In (¥py) RZ2=095* n=7

350 -
G — e
c i
= 300 PRI
% . - -
g e
™ 250 ——n
c * U e
L ——pa—
7] o’
B 200
S
[ . . L
E ] [] .,.
8 0] o m-
100 : — : ; . .
2 6 10 33 100 500 1500

Water potential (kPa)

Fig. 2. Bearing capacity models for Latosols collected at all sites.

Based on the results comparing the four models, the load
bearing capacities follow the order Dystrocohesive Yellow Latosol
(DYL) > Dystroferric Red Latosol (DRL2) > Dystroferric Red Latos-
sol (DRL1) > Acric Red Latosol (ARL) (Fig. 2). It is worthy to
comment that in the yellow soil the absence of gibbsite (Table 2)
and the very low amount of iron oxides (11 gkg™!), favors the
face-to-face arrangement of kaolinite plates, resulting in a
cohesive character and dense aspect of this soil, similar to
hardsetting soils (Giarola et al., 2003), contributing for the highest
bulk density value (Table 2) and the highest load bearing capacity
of this soil.

For the red soils, the load bearing capacities reduce, in the order
of changing soil structure from blocky to granular (Fig. 2). For
example, in the Dystroferric Red Latosol (DRL2) site where the clay
mineralogy is totally kaolinitic (Gb/(Gb + Ka) = 0.00—Table 2), with
high amount of iron oxides (227 g kg~!) but with no gibbsite, soil
structure is blocky with bulk density value of 1.30 Mg m~>. On the
other hand, the clay mineralogy of the Acric Red Latosol (ARL) and
Dystroferric Red Latosol (DRL1) is dominantly gibbsitic (Gb/
(Gb +Ka) = 0.54 and 0.45, respectively—Table 2). The gibbsitic soil
exhibits a strong well-connected macroporosity (Furian et al.,
2001), as a result of the granular structure. This structure
influences bulk density values near 1.0 Mg m~> (Table 2), thus
lowering the soil strength and increasing the susceptibility to soil
compaction. Various studies in Brazil (UFV, 1979; Ferreira et al.,
1999a,b; Resende et al., 2005, 2007) showed that in all the studied
Latosols, the kaolinite-gibbsite ratio is associated with the soil
structure. This structure influences the bulk density and the soil
packing state, thus conditioning the soil response to applied
stresses.

The higher amounts of organic matter and high activity clays of
the temperate region soils compared with tropical soils (Resende
et al.,, 2005, 2007) help to explain the lower values of the
precompression stress for the former soils reported by Horn and
Fleige (2003) and Peng et al. (2004) compared to the values showed
in Fig. 2. However, some researchers (Arvidsson and Keller, 2004;
Cavalieri et al., 2008) suggest that the use of different methods to
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Table 3

Volumetric water retention at different water potentials and pore size distribution of the Latosols studied.

Soil class Water potential (kPa) MACRO MICRO
VTP 2 6 10 33 100 500 1500 ¢ >50 um ¢ < 50 pm
cm?® cm—3

(DRL1) Lavras county, Minas Gerais State 0.62 0.33 0.29 0.28 0.27 0.26 0.25 0.24 0.33 0.29

(ARL) Uberlandia county, Minas Gerais State 0.64 0.55 0.36 0.32 0.29 0.27 0.26 0.25 0.28 0.36

(DYL) Aracruz county, Espirito Santo State 0.36 0.29 0.26 0.24 0.21 0.19 0.18 0.17 0.10 0.26

(DRL2) Santo Angelo county, Rio Grande do Sul State 0.54 0.53 0.51 0.50 0.48 0.47 0.46 0.44 0.03 0.51

VTP = volumetric total porosity; MACRO = macroporosity, pores with effective diameter greater than 50 wm; MICRO = microporosity, pores with effective diameter smaller

than 50 pm.

calculate precompression stress can lead to different results, thus
affecting the estimation of the load bearing capacity by this
methodology. In the present study we utilize only the spreadsheet
developed by Dias Junior and Pierce (1995).

3.3. Moisture retention

The moisture retention obtained for the Latosols from different
sites are presented in Table 3. Our results showed that the highest
water retention at all the water potentials equal or higher than
6 kPa was recorded in the Dystroferric Red Latosol (DRL2) while
the lowest one was in the Dystrocohesive Yellow Latosol (DYL).
This observation points out the importance of preserving the soil
structure in conducting reliable moisture retention experiment
and other experiments based on the physical processes in the soil
system (Horn and Lebert, 1994), mainly at 6 kPa water potential,
where structure influences water retention in Latosols (Mello et al.,
2002).

The average values of moisture retained at the different
water suctions increase in the direction of increasing clay
content. This was similarly observed by Reatto et al. (2007).
The Acric Red Latosol (ARL) was observed to specifically retain
more water at 2 kPa without any clear explanation for this
behavior.

4. Conclusions

In this study, the precompression stress of soil samples at
different water potential was used to develop the load bearing
capacity model, to determine the strength attributes and evaluate
compaction susceptibility in the main Latosol classes prevalent in
Brazil. The models were developed using undisturbed soil samples
collected at the B horizon at the different sites under native
vegetation. Differences in the load bearing capacity and compac-
tion susceptibility were found to be influenced by the structure
(which is associated with the clay mineralogy) and water potential
of the soil under native vegetation.

The study also showed that soil compression index is
influenced by water potential and bulk density. Granular
structure favors lower values of precompression stress in
comparison with blocky structure. Our study has laid a founda-
tion for estimation of compaction susceptibility of Latosols in
Brazil.

Acknowledgements

The first author appreciates TWAS/CNPq for the postdoctoral
fellowship at Federal University of Lavras, during which this study
was conducted and the article prepared. We are grateful to ICTP for
initiating the College on Soil Physics which allowed the first author
met with the Brazilian host. We also appreciate Delanne Ribeiro
and Dulce Claret Monteiro Moraes for their help in some laboratory
analyses.

References

Ajayi, A.E., Dias Junior, M.S., Curi, N., Gontijo, L., Araujo Junior, C.F., Inda Junior, A.V.,
2009. Relation of strength and mineralogical attributes in Brazilian Latosols.
Soil Till. Res. 102, 14-18.

Alakukku, L., Weisskopf, P., Chamen, W.C.T., Tijink, F.G.]., van der Linden, ].P., Pires,
S., Sommer, C., Spoor, G., 2003. Prevention strategies for field traffic-induced
subsoil compaction: a review. Part 1. Machine/soil interactions. Soil Till. Res. 73,
145-160.

Arvidsson, J., 2001. Subsoil compaction caused by heavy sugarbeet harvesters in
southern Sweden . Soil physical properties and crop yield in six field experi-
ments. Soil Till. Res. 60, 67-78.

Arvidsson, ]., Keller, T., 2004. Soil precompression stress I. A survey of Swedish
arable soils. Soil Till. Res. 77, 85-95.

Assis, RL., Lancas, K.P., 2005. Avaliacdo da compressibilidade de um Nitossolo
Vermelho distroférrico sob plantio direto, preparo convencional e mata nativa.
R. Bras. Ci. Solo 29, 507-514 (in Portuguese, with English abstract).

Blake, G.R., Hartge, K.H., 1986a. Bulk density. In: Klute, A. (Ed.), Methods of Soil
Analysis. Part 1. 2nd ed. Agron. Monogr. 9. ASA, Madison, WI, pp. 363-375.

Blake, G.R., Hartge, K.H., 1986b. Particle density. In: Klute, A. (Ed.), Methods of Soil
Analysis. Part 1. 2nd ed. Agron. Monogr. 9. ASA, Madison, WI, pp. 377-382.

Bradford, J.M., Gupta, S.C., 1986. Compressibility. In: Klute, A. (Ed.), Methods of Soil
Analysis. Part 1. 2nd ed. Agron. Monogr. 9. ASA, pp. 479-492.

Camargo, M.N,, Klamt, E., Kauffman, J.H., 1987. Classificacdo de solos usada em
levantamento pedolégico no Brasil. Boletim Informativo da Sociedade Brasileira
de Ciéncia de Solo 12 (1), 11-33.

Cavalieri, KM.V., Arvidsson, J., da Silva, A.P., Keller, T., 2008. Determination of
precompression stress from uniaxial compression tests. Soil Till. Res 98, 17-26.

Corréa, M.M,, Ker, J.C., Barrén, V., Torrent, J., Curi, N., Torres, T.C.P., 2008. Caracter-
izacdo fisica, quimica, mineraldgica e micromorfoldgica de horizontes coesos e
fragipds de solos vermelhos e amarelos do ambiente tabuleiros costeiros. R.
Bras. Ci. Solo 32, 297-313 (in Portuguese, with English abstract).

Culley, J.L.B., Larson, W.E., 1987. Susceptibility to compression of a clay loam
Haplaquoll. Soil Sci. Soc. Am. J. 51, 562-567.

Curi, N., 1983. Lithosequence and toposequence of oxisols from Goias and Minas
Gerais States, Brazil. West Lafayette, Purdue University. p. 158 (Tese Ph.D.).

Gee and Bauder, Gee, G. W., Bauder, ]. W. 1986 Particle-size analysis. In: Klute, A.
(Ed.), Methods of soil analysis. Part 1. Physical and Mineralogical Methods 2nd
ed. Agron. Monogr. 9. ASA, Madison, WI, pp 383-411.

Défossez, P., Richard, G., 2002. Models of soil compaction due to traffic and their
evaluation. Soil Till. Res. 67, 41-64.

Dias Junior, M.S., Fonseca, S., Araujo Junior, C.F,, Silva, A.R., 2007. Soil compaction
due to forest harvest operations. Pesq. Agropec. Bras. 42, 257-264.

Dias Junior, M.S., Leite, P.F., Lasmar Janior, E., Araujo Junior, C.F., 2005. Traffic effects
on the soil preconsolidation pressure due to eucalyptus harvest operations. Sci.
Agric. 62, 248-255.

Dias Junior, M.S., Pierce, F.J., 1996. Revisdo de Literatura. O processo de compactacao
do solo e sua Modelagem. R. Bras. Ci. Solo 20, 175-182 (in Portuguese, with
English abstract).

Dias Junior, M.S., Pierce, F.J., 1995. A simple procedure for estimating preconsolida-
tion pressure from soil compression curves. Soil Tech. 8, 139-151.

Embrapa, 2006. Sistema Brasileiro de Classificacdo de Solos. 2 ed. Empresa Brasileira
de Pesquisa Agropecuaria, Rio de Janeiro, p. 306.

Embrapa, 1997. Centro Nacional de Pesquisas de Solos. Manual de métodos de
analises de solo. 2 ed. Ministério da Agricultura e Abastecimento, Rio de Janeiro,
p. 212.

Ferreira, M.M., Fernandes, B., Curi, N., 1999a. Mineralogia da fracdo argila e estrutura
de latossolos da regido sudeste do Brasil. Rev. Bras. Ci. Solo 23, 507-514 (in
Portuguese, with English abstract).

Ferreira, M.M., Fernandes, B., Curi, N., 1999b. Influéncia da mineralogia da fracdo
argila nas propriedades fisicas de latossolos da regido sudeste do Brasil. Rev.
Bras. Ci. Solo 23, 515-524 (in Portuguese, with English abstract).

Furian, S., Barbiéro, L., Boulet, R., Curmi, P., Grimaldi, M., Grimaldi, C., 2001.
Distribution and dynamics of gibbsite and kaolinite in an oxisol of Serra do
Mar, southeastern Brazil. Geoderma 106, 83-100.

Giarola, N.F,, da Silva, A.P., Imhoff, S.C., Dexter, A.R., 2003. Contribution of natural
soil compaction on hardsetting behavior. Geoderma 113, 95-108.

Gontijo, I., Dias Junior, M.S., Guimaraes, P.T.G., Araujo Junior, C.F., 2008. Atributos
fisico-hidricos de um Latossolo de cerrado em diferentes posi¢des de amos-



A.E. Ajayi et al./Soil & Tillage Research 105 (2009) 122-127 127

tragem na lavoura cafeeira. Rev. Bras. Ci. Solo 32, 2227-2234 (in Portuguese,
with English abstract).

Gregory, A.S., Whalley, W.R., Watts, CW., Bird, N.R.A,, Hallett, P.D., Whitmore, A.P.,
2006. Calculation of the compression index and precompression stress from soil
compression test data. Soil Till. Res. 89, 45-57.

Horn, R., 1988. Compressibility of arable land. Catena, 11, pp. 53-71, Supplement.

Horn, R., Vossbrink, J., Becker, S., 2004. Modern forestry vehicles and their impacts
on soil physical properties. Soil Till. Res. 79, 207-219.

Horn, R., Fleige, H., 2003. A method for assessing the impact of load on mechanical
stability and on physical properties of soils. Soil Till. Res. 73, 89-99.

Horn, R, Lebert, M., 1994. Soil compactability and compressibility. In: Soane, B. D.,
van Ouwerkerk, C. (Eds.), Soil Compaction in Crop Production. Development in
Agricultural Engineering, vol 11. Elsevier Science, Amsterdam, The Netherlands,
pp. 45-69.

Imhoff, S., da Silva, A.P., Fallow, D., 2004. Susceptibility to compaction, load
support capacity, and soil compressibility of hapludox. Soil Sci. Soc. Am. ]. 68,
17-24.

Kampf, N., Schwertmann, U., 1982. The 5-M-NaOH concentration treatment for iron
oxides in soils. Clays and Clay Minerals 30, 401-408.

Ker, J.C., 1997. Latossolos do Brasil: Uma Revisao. Geonomos 5, 17-40.

Klute, A., 1986. Water retention: laboratory methods. In: Klute, A. (Ed.), Methods of
Soil Analysis. Part 1. 2nd ed. Agron. Monogr. 9. ASA and SSSA, Madison, WI, pp.
635-660.

Larson, W.E., Gupta, S.C., Culley, J.L.B., 1988. Changes in bulk density and pore water
pressure during soil compaction. Catena Sup. 11, 123-128.

Larson, W.E., Gupta, S.C., Useche, R.A., 1980. Compression of agricultural soils from
eight soil orders. Soil Sci. Soc. Am. J. 44, 450-457.

Marques, ]J., Schulze, D.G., Curi, N., Merttzman, S.A., 2004. Major element geo-
chemistry and geomorphic relationships in Brazilian Cerrado soils. Geoderma
119, 179-195.

Mello, C.R,, Oliveira, G.C., Resk, D.V.S., Lima, ].M., Dias Junior, M.S., 2002. Estimativa
da capacidade de campo baseada no ponto de inflexdo da curva caracteristica.
Ci. Agrotec. 26, 836-841 (in Portuguese, with English abstract).

Ohu, J.0., Raghavan, G.S.V., Mckyes, E., Mehuys, G., 1986. Shear strength prediction
of compacted soil with varying added organic matter contents. Trans. Am. Soc.
Agric. Eng. 29, 351-355.

Oliveira, G.C., Dias Junior, M.S., Resk, D.V., Curi, N., 2003. Alteracdes estruturais e
comportamento compressivo de um Latossolo Vermelho distrofico argiloso sob
diferentes sistemas de uso e manejo. Pesq. Agropec. Bras. 38, 291-299 (in
Portuguese, with English abstract).

O’Sullivan, M.F., 1992. Uniaxial compaction effects on soil physical properties in
relation to soil type and cultivation. Soil Till. Res. 24, 257-269.

Peng, X.H., Horn, R., Zhang, B., Zhaoa, Q.G., 2004. Mechanisms of soil vulnerability
to compaction of homogenized and recompacted Ultisols. Soil Till. Res. 76,
125-137.

Reatto, A., Bruand, A., Silva, E.M., Martins, E.S., Brossard, M., 2007. Hydraulic
properties of the diagnostic horizon of Latosol of a regional toposequence
across the Brazilian Central Platea. Geoderma 139, 51-59.

Resende, M., Curi, N., Ker, C.J., Rezende, S.R., 2005. Mineralogia de solos Brasileiros—
interpretacdes e aplicacdes. Lavras: Editora UFLA, p. 192.

Resende, M., Curi, N., Rezende, S.R., Corréa, G.F., 2007. Pedologia: Base para distin¢do
de ambientes. 5 ed. Lavras, Editora UFLA, p. 322.

Riicknagel, J., Hofmann, B., Paul, R., Christen, O., Hiilsbergen, KJ., 2007. Estimating
precompression stress of structured soils on the basis of aggregate density and
dry bulk density. Soil Till. Res. 92, 213-220.

Sanchez-Girdn, V., Andreu, E., Hernanz, J.L., 2001. Stress relaxation of five different
soil samples when uniaxially compacted at different water contents. Soil Till.
Res. 62, 85-99.

Silva, V.R,, Reinert, D.J., Reichert, ].M., 2002. Fatores controladores da compressi-
bilidade de Argissolo Vermelho-Amarelo distréfico arénico e de um Latossolo
Vermelho distrofico tipico. Il Grau de saturacdo em agua. R. Bras. Ci. Solo 26, 9—
15 (in Portuguese, with English abstract).

Taylor, D.W., 1948. Fundamentals of Soil Mechanics. Wiley, New York, p. 700.

Universidade Federal de Vigosa, 1979. Levantamento exploratorio, com intensidade
de solos do Centro-oeste do Estado do Para. Vigosa: Convénio INCRA/UFV, p. 266.

Veiga, M., Horn, R., Reinert, D.J., Reichert, M.J., 2007. Soil compressibility and
penetrability of an Oxisol from southern Brazil, as affected by long-term tillage
systems. Soil Till. Res. 92, 104-113.

Vomocil, J.A., 1965. Porosity. In: Blake, C.A. (Ed.), Methods of Soil Analysis. American
Society of Agronomy, Madison.

Zhang, B.R,, Horn, R., Baugmartl, T., 2001. Shear strength of surface soils as affected
by soil bulk density and soil water. Soil Till. Res. 59, 97-106.



