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ABSTRACT

Soil pore structure characterization using 2-D image analysis constitutes a simple method to obtain essential informa-
tion related to soil porosity and pore size distribution (PSD). Such information is important to infer on soil quality,
which is related to soil structure and transport processes inside the soil. Most of the time soils are submitted to wetting
and drying cycles (W-D), which can cause important changes in soils with damaged structures. This report uses 2-D
image analysis to evaluate possible modifications induced by W-D cycles on the structure of damaged soil samples.
Samples of three tropical soils (Geric Ferralsol, GF; Eutric Nitosol, EN; and Rhodic Ferralsol, RF) were submitted to
three treatments: OWD, the control treatment in which samples were not submitted to any W-D cycle; 3WD and 9WD
with samples submitted to 3 and 9 consecutive W-D cycles, respectively. It was observed that W-D cycles produced
significant changes in large irregular pores of the GF and RF soils, and in rounded pores of the EN soil. Nevertheless,
important changes in smaller pores (35, 75, and 150 pm) were also observed for all soils. As an overall consideration,
it can be said that the use of image analysis helped to explain important changes in soil pore systems (shape, number,
and size distribution) as consequence of W-D cycles.
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INTRODUCTION 1987). Modifications on soil pore size distribution
The soil pore system (SPS) is directly related to the (PSD), pore shape, and pore arrangement can be used
to characterize possible SPS changes due to W-D cycles
(Hussein and Adey 1998).

Compaction is one of the most important causes of
SPS changes (Pires et al. 2004). These SPS alterations

can raise questions regarding the representativeness of

shape, size and spatial arrangement of individual soil
particles and aggregates. This arrangement of soil con-
stituents originates different soil pore distributions and
porosities, which is crucial, for instance, for good soil

aeration, water infiltration, and root penetration (Pagliai ‘ ' ' '
soil hydraulic characterizations performed in the labora-
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tory. Soil compaction can be a result of compression pro-
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As a result, soil bulk density increases followed by soil
pore volume decreases can in general be observed.

Wetting and drying (W-D) cycles can also act as a
mechanism of SPS changes (Pagliai et al. 1987, Hussein
and Adey 1998, Bresson and Moran 2003). During a W-
D cycle the soil pore system can be modified, mainly due
to changes in soil particle orientations. Some authors
have shown that sequences of W-D cycles can cause,
for instance, aggregate formation in non-aggregated
soils. It can in some circumstances regenerate struc-
turally damaged soils and can induce, by increasing soil
porosity, significant changes in SPS (Pagliai 1987, Sar-
tori et al. 1985, Newman and Thomasson 1979, Telfair
etal. 1957).

The 2-D image analysis of resin impregnated soil
blocks has been used to evaluate SPS changes at meso
and microscopic scales. It allows evaluating variations
of the type and size distribution of pores in damaged soil
samples after W-D cycles (Pillai and McGarry 1999).
It can give useful information about the number, area,
perimeter, diameter, shape, arrangement, and PSD.

The image analysis technique to quantify and char-
acterize the porosity of impregnated soil blocks was
firstly introduced by Jongerius et al. (1972) and Murphy
et al. (1977a, b). Several other contributions describing
its use were presented afterwards (Cooper et al. 2005,
Horgan 1998, Thompson et al. 1992, Ringrose-Voase
1990, Boumaetal. 1979, Bullock and Thomasson 1979).

The objective of this study was to evaluate the
ability of the 2-D micromorphologic image analysis in
measuring the behavior of damaged SPS of weathered
soils (Oxisols and Nitosols) with low clay activity from
Brazil, through evaluations of PSD and pore shape
changes, when these soils are submitted to sequences
of W-D cycles.

MATERIALS AND METHODS

Soil core samples were collected from the surface layer
of three soils characterized as Geric Ferralsol (GF), Eu-
tric Nitosol (EN), and Rhodic Ferralsol (RF) (Table I)
(FAO soil classification 1998). The experimental area
is located in Piracicaba, SP, Brazil (22°4'S; 47°38'W;
580 m above sea level).

Twenty-seven samples, nine from each soil, were
collected at the soil surface layer (3—7 cm depth) with
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aluminum cylinders (# = 3.0 cm, D = 4.8 cm, V =
55 cm?®). According to the classical sampling procedure,
the cylinders were introduced into the soil by the weight
of a rubber mass falling from a given height. The ex-
tracted cylinders were completely filled with the soil and
the excessive soil was carefully trimmed off each volu-
metric ring so that the volume of the ring was completely
filled with the soil and the top and bottom surfaces of the
sample were flat assuring that the soil volume could be
taken as the cylinder volume.

To impose W-D cycles on the collected samples the
capillary rise method was chosen to saturate them (Klute
1986). Twenty-four hours was found to be the neces-
sary time interval to saturate the samples and to avoid
entrapped air bubbles inside them. After saturated the
samples were dried by submitting them to a pressure of
400 kPa in a pressure chamber (Klute 1986). These two
steps consisted in a W-D cycle.

Three different treatments were investigated: OWD,
the control treatment, in which samples were not submit-
ted to any W-D cycle; 3WD, samples submitted to 3 W-D
cycles, and 9WD, samples submitted to 9 W-D cycles.

For image analysis nine samples of each soil were
used and for each treatment three samples were selected
for impregnation with resin. From the impregnated sam-
ples two vertical slices (4.6 x 3.0 cm) were cut (Murphy
1986) and a small area (2.8 x 1.1 cm?), located next to
the border of the samples, was selected for 2-D image
analysis procedures (Fig. 1).

Impregnated core Impregnated
soil sample soil block
Selected area for
_2-D image analysis

£ £
£ £
[=) [+2]
W (o]
|—| a
11 mm
-—»‘
46 mm

Fig. 1 — Schematic diagram of the soil block (4.6 x 3.0 cmz) used for

2-D micromorphologic image analysis.

A color CCD camera of 1024 x 768 pixel resolution
(area of 100 um? pixel™) coupled to a petrographic mi-
croscope (10 times magnification) was used to obtain the
digital images. The images were stored on a PC and pro-
cessed by the Noesis-Visilog® 5.4 computer software.
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TABLE I
Physical and chemical characteristics of the 0—0.10 m layer for the experimental soils.
Soil
Characteristic Geric Ferralsol Eutric Nitosol Rhodic Ferralsol

(GF) (EN) (RF)

Sand (%) 66 24 15

Clay (%) 28 43 56

Silt (%) 6 33 29

Dry Bulk density (Mg.m™>) 1.53 1.61 1.34

Particle density (Mg.m ) 2.55 2.68 2.54

Organic matter (g.dm ) 16.0 20.2 27.0

pH (in CaCl,) 39 53 4.9

Ca (mmol. kg™!) 13.0 29.0 27.0

K (mmol..kg ™) 2.6 43 3.4

Mg (mmolc.kg™!) 4.0 20.0 15.0

Pore area (¢) of the selected soil samples was eval-
uated dividing the total void space area of the selected
cross-section by the total area of the field under analy-
sis, expressed as a percentage. Measured values of ¢
in general underestimate the volumetric total porosity.
During the analysis pores were separated according to
their shape and size. Soil pores were divided into three
shape classes (rounded, elongated, and irregular) char-
acterized using two indexes and thresholds (Lima et al.
2006, Cooper et al. 2005). Pores of each shape group
were subdivided into three different size classes (20-50;
50-500; and > 500 pm).

The SAS software (SAS Institute 1996) was used
for data processing. Normality tests were performed on
the data prior to their statistical processing. An analysis
of variance (ANOVA) and the Duncan test (@« = 0.05)
were performed to analyze statistical differences and to
discriminate means.

RESULTS AND DISCUSSION

Pore shape presented important changes due to W-D cy-
cles and they induced changes in SPS (Figs. 2A to 2C).
For the GF soil (Fig. 2A), the W-D cycles promoted a de-
crease in the number of rounded pores, a slight increase
in the elongated ones, and a significant increase in the
irregular pores. For the control samples (OWD), the ¢
composition was: rounded pores 60%, irregular pores

31%, and elongated ones 9%, indicating that the 3WD
and 9WD treatments, showed remarkable differences in
relation to OWD. Nevertheless, 3WD and 9WD did not
presented substantial differences regarding to their pore
shape. As an example of the mentioned changes, irreg-
ular pores, that were initially responsible for 31% of ¢
for OWD, after 9W-D cycles represented 62% of ¢.

For the EN soil (Fig. 2B), with exception to irreg-
ular pores, the 3WD presented the most significant mod-
ifications, mainly in the rounded pores. A possible ex-
planation for this result can be the small number of re-
plicates for 3WD (only 2 replicates) as compared to the
other treatments (6 replicates). This small number of
replicates for the 3WD treatment was due to problems
during soil impregnation with resin. Comparing OWD
samples to those submitted to 9 W-D cycles, the increase
factor for rounded, elongated, and irregular pores was
2.2, 3.2, and 3.6, respectively. Although representing
only 15% of ¢ after 9 W-D cycles, the high increase fac-
tor observed for elongated pores (3.2) shows that W-D
cycles improved the EN soil from the agronomic point
of view, as also observed by Sartori et al. (1985).

The RF soil showed similar results as those found
for the GF soil (Fig. 2C). A slight decrease of rounded
pores after 9 W-D cycles was observed. Initially rounded
pores represented 42% of ¢ (OWD), a percentage that
decreased to 24% after 9 W-D cycles. In relation to
elongated pores there were minimum differences among
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Fig. 2 — Effects of wetting and drying (W-D) cycles on the pore shape of damaged samples for the three soils. Round = rounded; Elon = elongated;

Irr = irregular; ¢ = total porosity by image; TNP = total number of pores; OWD (samples not submitted to W-D cycles), 3WD (samples submitted

to 3 W-D cycles), and 9WD (samples submitted to 9 W-D cycles) treatments; Porosity values followed by the same letters are not significantly

different according to the Duncan test (¢ = 0.05).
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treatments. The percentage in ¢ due to irregular pores
changed from 42% to 66% after 9 W-D cycles. For the
RF soil, both rounded and irregular pores are the main
pores present in the impregnated analyzed blocks for
OWD. Nevertheless, it was observed that the number of
the irregular pores increased enormously after the se-
quences of W-D cycles for this soil.

The results for the GF and RF soils show that few
sequences of W-D cycles can cause strong modifications
on SPS of damaged (compacted) samples. On the other
hand, W-D cycles did not promote any great change in
any particular class of pore of EN samples. A constant
increase in ¢ due to the W-D cycles was only observed
for this soil. Pillai-McGarry and Collis George (1990)
working with puddled and non-puddled soils found that
a minimum of 3 W-D cycles caused significant changes
in soil structure; however, in another study, Pillai-Mc-
Garry (1991) showed that more than 3 W-D cycles were
needed to regenerate the original structure of the topsoil
layer of a Vertisol. Rajaram and Erbach (1999) indi-
cated that only one cycle of W-D changed several prop-
erties (cone penetration resistance, soil cohesion, aggre-
gate size) of a clay loam soil. The results presented by
these authors indicated that there is no detailed infor-
mation about the number of cycles needed to cause any
significant change in SPS.

Pillai-McGarry (1991) investigating Vertisols sug-
gested that W-D cycles represent an important process in
soil structuring. Sarmah et al. (1996) found an increase
in water infiltration and a reduction in shear strength due
to low to moderate changes in soil structure of samples
after repeated W-D cycles. Pardini et al. (1996) also in-
dicated possible variations of surface roughness, poros-
ity, and pore size distribution during W-D cycles. They
found after three W-D cycles an increase in soil porosity
induced by the formation of big cracks and fissures. The
presence of cracks was not observed in our soil samples,
although W-D cycles could promote the formation of
microfissures. However, our studied soils are not com-
posed by swelling clays that present large content of
smectite clay minerals (Hussein and Adey 1998). Gen-
erally this kind of behavior occurs in some clayey soils
in which it is common to observe soil cracks or fissures
(Chertkov and Ravina 2000).

Despite numerous studies about the effect of W-

D cycles in soil structure of swelling soils like Verti-
sols, there are only a few reports about the influence
of these cycles on the structure of tropical not swelling
soils. Viana et al. (2004) conducted an experiment to
investigate the structural modifications engendered by
W-D cycles in Brazilian Latosols (Oxisols) with differ-
ent mineralogical properties. They observed that after
W-D cycles important alterations occurred in both soil
shape and structural pattern, which were attributed to a
re-organization of soil particles during the plasma shrink-
age after drying process. Oliveira et al. (2005) also re-
ported the influence of W-D cycles on the structure of
Brazilian Latosols and they reported that there is a close
interdependence among mineralogical composition, ag-
gregate stability, and water-dispersible clay influenced
by the cycles.

Soils of reduced aggregate stability with kaolinitic
mineralogy are more susceptible to the action of W-D
on the water-dispersible clay. Soil mineralogy has a
substantial effect on aggregate stability and dispersion,
being the smectitic soils the most dispersive and kaolin-
itic ones the least. The dispersivity of illitic soils is
intermediate, but may sometimes exceed that of smec-
titic soils. In soils dominated by 2:1 clays (Vertisols),
the aggregate stability is affected mainly by polyvalent
metal-organic matter complexes that form bridges be-
tween the negatively charged clay platelets. In 1:1 clay-
dominated soils, the stability is attributed to the bind-
ing capacity of the minerals themselves (Wakindiki and
Ben-Hur 2002). Unfortunately as we did not carry out
mineralogical composition analysis in our work it is
impossible to compare our results with those obtained
by Viana et al. (2004) and Oliveira et al. (2005) for the
GF soil and the RF soil (both Latosols). In the world it is
also possible to find some scientific literature about the
effect of W-D cycles on the structure of not swelling soils
in which the authors describe that important changes in
SPS occurs after sequences of soil hydration and dehy-
dration (Augeard et al. 2008, Bresson and Moran 2004,
Li et al. 2004, Attou and Bruand 1998, Bresson and
Moran 1995).

In relation to TNP for the GF soil (Fig. 2A) there
were just slight differences among treatments in relation
to changes in the elongated and irregular pores. This
means that the increase in ¢ among treatments occurred
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due to an increase in the area of soil macropores (Pires
etal. 2005). For the 3WD treatment, only the few irreg-
ular large pores contributed substantially to the observed
changes in ¢. W-D cycles caused changes in TNP mainly
due to decreases in the number of small pores (35, 75,
and 150 um) (Fig. 3A). However, TNP was not substan-
tially modified in relation to large pores (from 250 to
1000 wm) This confirms that the observed increase in ¢
among treatments probably occurred due to an increase
in the area of soil macropores. Pardini et al. (1996) also
reported increases in soil porosity of clayey soils due to
the raising of the number of pores and also to the forma-
tion of cracks and fissures in the structure. The reduction
of the contribution of rounded pores to ¢ can be ex-
plained by the reduction of TNP among treatments.

For the EN soil (Fig. 2B), the W-D cycles raised
the number of rounded and elongated pores. This caused
a constant growth in TNP and also increased the contri-
bution of these pores to ¢ among treatments. In relation
to small pores (35, 75, and 150 wm) the EN soil presented
an opposite behavior in relation to those noticed for the
GF soil (Fig. 3B). Nevertheless, the application of W-D
cycles did not result in substantial differences related to
larger pores (250 to 1000 wm). The constant mentioned
increase in TNP for different treatments is confirmed
by analyzing the areas below the curve (Agc) of the
plot shown in Figure 3B.

For the RF soil (Fig. 2C), a decrease in the total
number of rounded pores was observed between OWD
and O9WD treatments and also the maintenance of the
number of elongated and irregular pores (except for
3WD). Probably the observed changes in ¢ were due
to the increase of the area of large macropores for YWD
(Pires et al. 2005). Figure 3C shows that this soil pre-
sented an increase in TNP for smaller pores (35, 75, and
150 pm) for 3WD and a decrease for 9WD in relation to
OWD. As compared to the other soils, the TNP of large
pores (from 250 to 1000 pm) for this soil was not subs-
tantially affected by the W-D cycles. This confirms that
the changes in ¢ are related to the increase of the area
of this type of pores after the application of W-D cycles.
The W-D cycles produced important changes in PSD
for the GF soil samples (Fig. 4A). There was a great
variation in TNP of irregular pores larger than 500 um
and rounded pores with radii between 50 and 500 pm.
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Fig. 3 —Changes in total number of pores (TNP) for different pore radii
with repetitions of wetting and drying (W-D) cycles. Agc represents
the calculated area below the curve (f, (TNP)dr = ABC)-
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Fig. 4 — Effects of wetting and drying (W-D) cycles on the pore size distribution of damaged samples.
Round = rounded; Elon = elongated; Irr = irregular; OWD (samples not submitted to W-D cycles),
3WD (samples submitted to 3 W-D cycles), and 9WD (samples submitted to 9 W-D cycles) treatments.
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Contributions to ¢ due to rounded pores with radii
between 20 and 1000 pum decreased from 59% (OWD) to
30% (9WD), and due to irregular ones passed from 31%
(OWD) to 62% (9WD). Several authors have shown mod-
ifications in SPS as a consequence of soil structure mod-
ifications resulting of natural soil processes or anthro-
pogenic actions (Zund et al. 1997, Pillai and McGarry
1999, Bresson and Moran 2003, Kutilek et al. 2006).

For the EN soil (Fig. 4B), the percentage of ¢ re-
lated to rounded pores with radii varying from 20 to
500 um was reduced from 68% (OWD) to 44% (9WD),
a different behavior as compared to the GF soil. The
main contribution to ¢ for the 3WD treatment was due
to the irregular pores larger than 500 um (51%). For
9WD, 17% of ¢ is related to rounded pores larger
than 500 um. Another important result for this soil
was the increase factor of about 3.2 in the contribution
of elongated transmission pores (50-300 pm) to ¢ be-
tween OWD and 9WD treatments. Changes in all classes
and types of pores among treatments indicate some soil
structure remediation with the sequences of W-D cycles.

The results for the RF soil (Fig. 4C) indicate that
contributions of irregular pores larger than 500 um to
¢ varied from 41% (OWD) to 65% after 9 W-D cy-
cles. A slight decrease from 16 to 10% in the contribu-
tion of elongated transmission pores (50—400 pum) to ¢
was observed. Also, after 9 W-D cycles a decrease of
rounded pores (from 42% to 24%) was observed for
RF soil samples. An increase in ¢ due to the raising
of the number of pores larger than 500 m confirms that
W-D cycle repetitions reduced the damaged areas for
this type of soil.

Figure 5 illustrates the changes in pore morphol-
ogy for all soils submitted to W-D cycles. The objective
of showing these 2-D micromorphologic images is to
give an insight on the effects of W-D cycles on dam-
aged SPS.

In conclusion it can be said that there were remark-
able differences between compacted SPS of OWD and
those submitted to sequences of W-D cycles, for all
soils. For all soil samples an evolution from massive
structures (Figs. 5A, 5D and 5G) to structures with a
great number of large and connected pores after W-D
cycles could be noticed. A progressive increase in ¢
as the soil structure changed from massive, in plowed
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(disturbed) soils, to complex crumb, block, and platy af-
ter repeated W-D cycles was also reported by Hussein
and Adey (1998). Pagliai et al. (1987) and Sartori et al.
(1985), also demonstrating important modifications on
the structure for different soil textures after sequences of
W-D cycles. Viana et al. (2004) working with Brazilian
Latosols showed similar results like those obtained by
us for the GF soil and the RF soil after the application of
W-D cycles. The hydration and dehydration produces
cycles of contraction and retraction of the clay parti-
cles and aggregates in a soil affecting its pore distribu-
tions. Aggregation by contraction promoted by gravita-
tional forces produces large, irregularly distributed pores
which in later stages of development are separated by
connected pores as observed by Li et al. (2004).

During wetting and subsequent drying some soil
physical properties may change by mechanical factors
affecting the total porosity, stress state and energy state
(Baumgartl 1998). The wetting and drying processes,
in general, result in small alterations in total volume of
the core sample (Pires etal. 2005), caused by stresses due
to water/air interfaces originated from capillary forces,
which increase with soil drainage. As a consequence,
after each re-wetting process the soil structure will un-
dergo modifications achieving a new state of energy,
which most of the time promotes definitive changes in
soil structure like the formation of connected soil pores
(Viana et al. 2004).

To conclude it is important to recognize that the
hydration of the soil samples used in this study was ob-
tained through the capillary rise method, which some-
times can cause slaking of the soil aggregates leading
to significant changes in soil structure. According to
Baver et al. (1972) and Klute (1986) when a dry soil
aggregate is suddenly surrounded by liquid water, capil-
lary and adsorptive water forces drive the water into the
aggregate, compressing the entrapped gas in the intra-
aggregate pores. In this case an aggregate instability
will take place due to an internal collapse caused by
the escape of compressed air trapped in the micropores.
The procedure of dehydration by using 400 kPa of
pressure also can induced some changes in soil struc-
ture due to pressure and temperature effects during the
time needed to obtain the thermodynamic equilibrium
(Moraes et al. 1993).
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Fig. 5 — Binary images (pores appear in white and the soil matrix in black) representing the variations on the soil pore system (SPS) of damaged

samples with repetitions of wetting and drying (W-D) cycles. Lines at the right corner of the images represent the scale (1000 ©m).
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RESUMO

A caracterizagdo da estrutura do solo usando a analise de
imagens bidimensionais (2-D) constitui um método simples
na obten¢@o de informagdes essenciais relacionadas com a po-

rosidade do solo e a distribui¢ao do tamanho de poros. Tal infor-

magao ¢ importante para obter dados sobre a qualidade do solo,
a qual estd diretamente ligada a sua estrutura e aos processos
de transporte que ocorrem no seu interior. Na maior parte
do tempo os solos sdo submetidos a varios ciclos de umede-
cimento (“wetting”) e secamento (“drying”’) (W-D) que podem
causar importantes mudangas em solos que possuem estruturas
danificadas. Neste estudo foi usada a analise de imagens em
2-D na avaliagdo de possiveis modifica¢des devido a varios
ciclos de W-D na estrutura de amostras de solo danificadas.
Trés solos diferentes em textura (Latossolo vermelho-amarelo
distrofico — LVAd; Nitossolo vermelho eutréfico — NVe, Latos-

solo vermelho distrofico — LVd) foram submetidos a trés dife-
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rentes tratamentos: OWD, amostras controle ndo submetidas a
nenhum ciclo de W-D; 3WD e 9WD, amostras submetidasa 3 e
9 ciclos consecutivos de W-D, respectivamente. Foi observado
que os ciclos de W-D produziram mudangas significativas nos
poros grandes irregulares dos solos LVAd e LVd e nos poros
arredondados do NVe. Importantes mudangas nos poros de 35
até 150 um foram observadas para todos os solos estudados. A
partir dos resultados obtidos pode ser dito que o uso da analise
de imagens auxiliou com sucesso na explicagdo de variagdes
no sistema poroso (formato, niimero e distribuicdo de tamanho
dos poros) devido aos ciclos de W-D para todos os solos ana-

lisados.

Palavras-chave: densidade do solo, umidade do solo, poro-
sidade do solo, micromorfologia, estrutura do solo, compac-

tacao.
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