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Abstract: Machinery traffic and animal trampling can deform the soil and, consequently, impair
soil pore functioning. This study aimed to evaluate how soil structure affects the compressibility,
physical properties and air permeability of a Typic Paleudalf under forest, pasture and eucalyptus.
Soil samples with preserved structure were used to determine soil physical (bulk density, porosity,
degree of water saturation at 33 kPa-tension, air permeability) and mechanical properties (soil
deformation, precompression stress, compressibility index). After these evaluations, each soil sample
was fragmented, sieved, and the metal rings filled with structureless soil, and underwent the same
determinations as the samples with preserved structure. For loads greater than the precompression
stress (load greater than 200 kPa), soil with non-preserved structure had the largest deformation.
An increase in bulk density decreased macropores linearly (R2 = 0.77 and 0.87, respectively, to
preserved and non-preserved soil structure) and air flow exponentially. The soil with preserved
structure was less susceptible to further compaction. Air flow was greatest in soils with lower bulk
density, microporosity and water saturation degree, and a high volume of macropores. Soil structure
(preserved and non-preserved) had more significative differences in microporosity, compressibility
index, soil deformation, and bulk density at the end of the compression test.

Keywords: compressibility; precompression stress; soil compaction; soil permeability

1. Introduction

Soils are responsible for many processes essential to life [1], serving as a substrate
to support plant growth, a reservoir of nutrients [2,3], and the site for many biological
processes involving the decomposition and cycling of animal and plant compounds [4–6].
Soil influences air and water quality through interactions with the atmosphere, and as a
system for storing [7] and purifying water flowing through the soil profile [8].

Soil structural quality is essential for proper pore functioning for water and air flow
and biological activity, all important for the maintenance of life. In cultivated soil, its
structure is affected by machinery traffic, animal trampling and soil tillage, for example.
Management practices that alter the classes of pores with larger diameters will directly
affect flows of air and water in the soil [9]. Soil tillage alters the mechanical strength
of soil aggregates, pore continuity, and hydraulic, gas and heat fluxes [10]. Soil as a
three-phase system (solid–air–water) has limited resilience and sustainability and, when
stress-supporting limits are exceeded, soil properties and functions are affected, particularly
pore size and distribution, affecting the flux of water, gas and heat [11].
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Soil precompression stress and the compression index are useful indicators to apprise,
respectively, soil load bearing capacity and susceptibility to compaction [12,13]. When
pressure applied to the soil is lower than the precompression stress, elastic (recoverable)
deformation occurs in the soil, and physical properties undergo minor changes. However,
with pressure greater than the load-bearing capacity of the soil, plastic deformation (non-
recoverable) occurs, and soil physical properties change considerably [12,13].

A soil with good physical quality allows infiltration, retention and availability of
water to plants, streams and subsurface; responds to management and resists degradation;
allows exchange of heat and gases with the atmosphere and plant roots; and enables root
growth [14]. Water, oxygen, temperature and root penetration resistance directly affect plant
growth. These properties are affected by bulk density, aggregation, aggregate stability and
pore size distribution, all indirectly related to crop growth and yield [15]. Precompression
stress and compressibility index, soil mechanical parameters related to machinery traffic
and to animal trampling, are associated with soil structure [16–18] and plants [18], and
their knowledge may help maintain soil structure adequate for its functioning [19]. The
knowledge on the transition from elastic to plastic properties and changes of function
of the soil is essential to increase or at least maintain soil functions such as fluxes, root
penetrability, filtering and buffering [4].

Some studies were conducted to understand the influence of soil tillage (no-tillage,
plowing, chiseling) and land use (annual crops, forest, pasture) on the physical properties
of soil [19–34]. However, the knowledge on soil structure, especially porosity (arrangement
and continuity, for example), related to soil resistance to support loads and air flow is
still incipient.

Thus, for soil physical, chemical and biological processes to contribute to improved
environmental quality, soil structure must allow adequate aeration, infiltration and re-
tention of water and exchanges of gases and heat with the atmosphere. Furthermore,
field operations that involve soil rupture (e.g., by tillage) and/or machinery traffic and
animal trampling can substantially change soil structure (soil loosening or compaction),
modifying the conditions that determine root and plant growth and yield, and water and
air flows [18,34–36]. Remolded soil or non-preserved structure has been used in com-
pressibility tests, especially in engineering tests to demonstrate the soil supportability of
buildings [37–42], but few studies [43] have focused on soil function.

Considering the importance of soil structure, this study aimed to evaluate the effect
of soil structure on its compressibility, physical properties, and air permeability. Our
hypothesis was that a loose soil has lower load bearing capacity and is more susceptible
to soil compaction than a structured soil; and even with lower bulk density and greater
macroporosity, the loose soil has lower air permeability due to decreased pore continu-
ity. Therefore, this study contributes towards a better understanding of the relationship
between soil structure, compressibility, and permeability.

2. Materials and Methods
2.1. Study Site and Treatments

The study area is located in the municipality of Butiá, in the physiographic region
of the Southeast Mountain Range (Rio-Grandense Shield) of the Rio Grande do Sul State,
southern Brazil, with geographic coordinates of 30◦06′06′′ south latitude and 51◦52′18′′

west longitude (Figure 1). According to the Köppen system of climatic classification, the
climate in the region is “Cfa” type—subtropical, humid, without drought. Based on 30 years
of data (1981 to 2020), the minimum and maximum temperature of the hottest (January) and
least hot (July) month is, respectively, 19.4 and 30.8 ◦C and 9.4 and 19.2 ◦C, and the rainfall
varies from 99.6 mm (March) to 149.7 mm (June), with an annual average of 124.37 mm [44].
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Figure 1. Map of Brazil, with Rio Grande do Sul State shown as hatched; map of Rio Grande do Sul
State with Butiá shown as hatched; and image from Google Earth with the land uses studied. Image
of Google Earth dated 5 September 2005.

The soil in the area is classified as Typic Paleudalf [45], Umbric Rhodic Acrisol [46]
or “Argissolo Vermelho Distrófico” by the Brazilian Soil Classification System [47], with
low-activity clays, moderate A horizon (i.e., not included in other categories of A horizon),
medium texture in the horizon A/clay in the horizon B with gravel, smooth undulated
and undulated relief, and the soil parent material is granite. The uses or treatments in this
study were in contiguous areas and were as follows:

(1) Anthropized forest: forest composed by tree and shrub species with a height of approx-
imately 4 m, used as shelter for cattle. Due to the possibility of cattle gaining access to
this sampling point in the driest periods, this area was called anthropized forest;

(2) Pasture: 5-y-old pasture, consisting of brachiaria brizanta (Brachiaria brizantha) in-
tercropped with Pensacola (Paspalum lourai) and clover (Trifolium sp.). The pasture
was installed in an area of 1200 ha under conventional tillage (plowing and harrow-
ing) in 2001. Before the pasture, there was natural forest and pasture, and soybean
intermittently;

(3) Eucalyptus 20: a 20-y-old Eucalyptus saligna stand, with conventional tillage used to
plant the stand in 1986. Before the eucalyptus, the area consisted of pasture;

(4) Eucalyptus 4.5: clonal Eucalyptus saligna in a second rotation, with 4.5 years of age.
The original planting occurred in 1993, with soil tillage in strip and a three-stem chisel.
The harvesting of eucalyptus in the first cycle, at 8.5 years of age, was performed
manually with a chainsaw, and the wood extraction was carried out with a Forwarder
Valmet 890 with a load capacity of 18 Mg, without burning the crop residue. The
traffic for the harvesting of eucalyptus in the first cycle was at random, with number of
passes reaching up to 16. The second planting of eucalyptus was carried out between
the rows in 2002. Before the first planting in 1993, the area was used for soybean
and pasture.
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Soil particle size distribution and total organic carbon content in soils are presented in
Table 1.

Table 1. Mean values of gravel, particle size distribution and total organic carbon for the studied
land uses and six soil layers.

Layer (m)

Sand

Gravel
(20–2 mm)

Total
(2–0.05 mm)

Coarse
(2–0.2 mm)

Fine
(0.2–0.05 mm)

Silt
(0.05–0.002 mm)

Clay
(<0.002 mm)

* Total
Organic
Carbon

g kg−1 g dm−3

Anthropized Forest
0.00–0.05 8 407 245 162 191 402 34
0.05–0.10 12 385 210 175 193 422 21
0.10–0.20 12 379 213 166 187 434 17
0.20–0.40 23 345 198 147 179 476 14
0.40–0.60 48 293 171 122 165 542 14
0.60–1.00 47 277 167 110 144 579 11

Pasture
0.00–0.05 38 362 206 156 193 445 27
0.05–0.10 21 355 200 155 199 446 24
0.10–0.20 36 334 193 141 185 481 19
0.20–0.40 41 301 175 126 165 534 16
0.40–0.60 75 300 186 114 137 563 14
0.60–1.00 68 282 167 115 130 588 12

Eucalyptus 20
0.00–0.05 30 374 212 162 161 465 32
0.05–0.10 40 371 213 158 161 468 18
0.10–0.20 75 385 220 165 157 458 17
0.20–0.40 274 353 206 147 156 491 17
0.40–0.60 110 302 185 117 134 564 13
0.60–1.00 97 285 176 109 120 595 11

Eucalyptus 4.5
0.00–0.05 14 475 272 203 200 325 34
0.05–0.10 14 460 265 195 194 346 16
0.10–0.20 19 426 240 186 192 382 16
0.20–0.40 55 376 226 150 162 462 15
0.40–0.60 47 314 188 126 151 535 14
0.60–1.00 37 288 171 117 141 571 9

* Source: [48].

2.2. Soil Sampling and Analyses

Samples of soil with preserved or undisturbed structure, as it was in the field, were
collected in September 2006. For this purpose, three trenches in each use were opened and,
in each trench, two samples per soil layer were collected, totaling six replicates per layer.
The samples were collected in metal cylinders of 2.5 cm height and 6.1 cm diameter, in the
0.025 to 0.05 m, 0.10 to 0.125 m, and 0.20 to 0.225 m soil layers. These were saturated by
capillarity and, later, positioned on a tension table at 0.60 m of water column to determine
the microporosity [49]. Soil macroporosity was calculated by the difference between the
total porosity and the microporosity. The total porosity was calculated by the equation:

Tp = 1 − (Bd/Pd) (1)

where Tp is the total porosity (m3 m−3), Bd is the bulk density (Mg m−3), and Pd is the
particle density (Mg m−3). Soil particle density was determined by the method proposed by
Gubiani et al. [50], in soil samples with non-preserved structure collected in September 2006
in three trenches within each use, in the 0.00–0.05; 0.10–0.20 and 0.20–0.40 m soil layers.
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The soil samples with preserved structure were re-saturated, equilibrated at a tension
of 33 kPa using Richards pressure chambers [51] and, then, submitted to the air permeability
test using an air permeameter. Permeability was calculated as:

K = ρ*g*[(∆v*L)/(∆t*∆p*A)] (2)

where K is the air permeability (m s−1), ρ is the air density in the moment of measurement
(kg m−3), g is the acceleration of gravity (m s−2), ∆v is the reading on the flowmeter (m3),
L is the height of the cylinder (m), ∆t is the time (minutes), ∆p is the air pressure applied
(hPa) and A is the area of the cylinder (m2). We used ρ = 1.169 kg m−3, g = 9.81 m s−2,
∆t = 1 min, and ∆p = 1 hPa. Air density was calculated as:

ρ = ρn*[(Tn*p)/(pn*T)] (3)

where ρ is the air density in the moment of measuring (kg m−3), ρn is the standard air
density (kg m−3), Tn is the standard temperature (◦K), p is the atmospheric pressure in the
measurement (mbar), pn is standard atmospheric pressure (mbar), and T is the temperature
in the measurement (◦K). We used: ρn (atmospheric pressure of 1013 mbar and temperature
of 273.15 ◦K = 0 ◦C) = 1293 kg m−3, Tn (0 ◦C) = 273.15 ◦K, p = 1000 mbar, pn = 1013 mbar,
and T (25 ◦C) = 298.15 ◦K.

After the air permeability test, the soil samples were submitted to a uniaxial com-
pression test in the laboratory, with a five minutes application of successive static loads
of 12.5, 25, 50, 100, 200, 400, 800 and 1600 kPa in the Terraload model S−450 (Durham
Geo-Enterprises) consolidator, with pressure applied by compressed air. Maximum soil
deformation was determined by following the methodology of Silva et al. [52], without
considering pore water pressure changes during the test, since our apparatus had no such
capability. Although this loading time might be considered a short interval in the multistep
loading because of water pressure, as discussed in Rosa et al. [53], with the possibility of
saturation and prevention, this loading time allows more than 99% of soil deformation.
After the compression test, the soil samples were oven dried at 105 ◦C.

Before the compression test, soil bulk density (Bd) and degree of water saturation at
33 kPa matric tension (Sd) were calculated. Based on the vertical displacement measured
in the laboratory by the consolidometer after the application of each load, the deformation
(Def) of the soil at the end of the test was calculated. The compressibility index (Ci) and
the precompression stress (Pcs) were calculated using Casagrande’s method [54]. Soil
compression curves were plotted relating the observed bulk density to the applied pressure
in the uniaxial compression test.

After performing the determinations of macroporosity, microporosity, total porosity,
air permeability, bulk density and compressibility with the soil samples with preserved
structure, the samples from each ring were unstructured so that the particles passed through
a 2 mm mesh sieve. Then the rings were filled with their respective soil (particles > and
<2 mm), suffering a slight compaction so that all the soil filled the ring, maintaining the
original bulk density of the soil sample. That soil was named non-preserved structure. The
samples went through the same processes (saturated by capillarity, submitted at 0.60 m
tension on a tension table and at 33 kPa tension using Richards pressure chambers, and
oven dried at 105 ◦C) and determinations (bulk density, macroporosity, microporosity,
total porosity, air permeability, degree of water saturation at 33 kPa matric tension and
compressibility) of the samples with preserved structure.

A completely randomized design was used, comparing samples with preserved and
non-preserved structure for each soil layer and land use. The analysis of variance and the
Tukey test of means were performed considering 5% significance, as well as regression
analysis considering the properties evaluated.
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3. Results

Soil macroporosity, total porosity and initial bulk density were not significantly
(p > 0.05) influenced by soil structure (Tables 2 and 3), whereas microporosity was sig-
nificantly (p < 0.05) influenced by soil structure (preserved and non-preserved), with an
increase in the soil with non-preserved structure in the eucalyptus areas. However, this in-
crease in microporosity was not reflected in significant differences in total porosity (p > 0.05).
The unstructured, sieving and reorganization of soil particles during sample accommoda-
tion in the cylinder with non-preserved structure may have contributed to the increase in
the microporosity and decrease (not statistically significative) in the macroporosity.

Table 2. Coefficient of variation (cv) and mean values of macroporosity, microporosity and total
porosity, for soil with preserved (Pres) and non-preserved (NPres) structure under different land uses
and layers.

Layer, m
Macroporosity, m3 m−3 Microporosity, m3 m−3 Total Porosity, m3 m−3

Pres NPres cv, % Pres NPres cv, % Pres NPres cv, %

Forest
0.025–0.05 0.109 a 0.149 a 41.73 0.367 a 0.337 b 5.93 0.475 a 0.486 a 7.54
0.10–0.125 0.159 a 0.183 a 17.10 0.347 a 0.335 a 6.42 0.506 a 0.518 a 2.64
0.20–0.225 0.150 a 0.146 a 18.66 0.336 a 0.348 a 5.06 0.486 a 0.495 a 2.54

Pasture
0.025–0.05 0.093 a 0.094 a 35.96 0.356 a 0.370 a 4.03 0.449 a 0.463 a 4.90
0.10–0.125 0.105 a 0.107 a 26.10 0.358 a 0.366 a 3.84 0.463 a 0.473 a 4.25
0.20–0.225 0.140 a 0.126 a 46.87 0.342 a 0.363 a 9.21 0.482 a 0.489 a 6.72

Eucalyptus 20
0.025–0.05 0.354 a 0.333 a 10.25 0.237 b 0.258 a 4.78 0.591 a 0.591 a 5.00
0.10–0.125 0.226 a 0.204 a 52.43 0.287 a 0.315 a 17.59 0.513 a 0.519 a 11.95
0.20–0.225 0.205 a 0.196 a 26.27 0.303 a 0.319 a 11.66 0.508 a 0.515 a 4.13

Eucalyptus 4.5
0.025–0.05 0.082 a 0.068 a 54.58 0.299 b 0.339 a 3.08 0.381 a 0.407 a 9.97
0.10–0.125 0.127 a 0.099 a 51.04 0.286 b 0.330 a 6.24 0.413 a 0.429 a 11.67
0.20–0.225 0.120 a 0.085 b 17.09 0.311 b 0.355 a 4.20 0.432 a 0.440 a 4.08

Means followed by same letters in a given line, for each physical property, do not differ statistically from each
other by Tukey’s test at 5% significance.

Although the initial bulk density was equal for soil with preserved and non-preserved
structure, the latter soil reached the highest values at the end of the compression test
and, consequently, the largest soil deformation (Table 3, Figures 2–5). As the initial bulk
density increased, there was a decrease in soil deformation, and this decrease was more
pronounced in soil with preserved structure (Figure 6a). Macropores decreased as bulk
density increased (R2 = 0.77 and 0.87, respectively, for preserved and non-preserved soil
structure) (Figure 6b); therefore, the soil became less compressive, i.e., lower deformation
occurred (R2 = 0.88 and 0.32, respectively, for preserved and non-preserved soil structure)
(Figure 6c). With an increase in the initial bulk density, there was an increase in the range of
the final bulk density between soil with preserved and non-preserved structure (R2 = 0.46
and 0.74, respectively, for preserved and non-preserved soil structure) (Figure 6d).
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Table 3. Coefficient of variation (cv) and mean values of bulk density in the beginning and in the end
of the uniaxial compression test, and deformation, for soil with preserved (Pres) and non-preserved
(NPres) structure under different land uses and layers.

Layer, m
Bulk Density Initial, Mg m−3 Bulk Density Final, Mg m−3 Deformation, mm

Pres NPres cv, % Pres NPres cv, % Pres NPres cv, %

Forest
0.025–0.05 1.28 a 1.25 a 6.93 1.64 b 1.80 a 3.31 0.551 b 0.759 a 12.41
0.10–0.125 1.25 a 1.23 a 2.69 1.72 a 1.81 b 1.61 0.673 b 0.792 a 8.76
0.20–0.225 1.30 a 1.27 a 2.41 1.73 b 1.85 a 1.72 0.624 b 0.783 a 6.11

Pasture
0.025–0.05 1.38 a 1.32 a 3.39 1.73 b 1.89 a 3.03 0.513 b 0.744 a 7.91
0.10–0.125 1.36 a 1.33 a 3.77 1.72 b 1.88 a 3.61 0.538 b 0.728 a 6.24
0.20–0.225 1.29 a 1.27 a 6.67 1.69 a 1.78 a 6.14 0.593 a 0.711 a 17.38

Eucalyptus 20
0.025–0.05 1.03 a 0.99 a 6.33 Not determined Not determined
0.10–0.125 1.19 a 1.21 a 13.24 1.79 a 1.89 a 4.87 0.639 a 0.756 a 15.03
0.20–0.225 1.23 a 1.21 a 4.35 1.78 a 1.78 a 3.65 0.769 a 0.702 a 11.46

Eucalyptus 4.5
0.025–0.05 1.50 a 1.47 a 6.82 1.87 b 1.99 a 2.88 0.483 b 0.650 a 16.10
0.10–0.125 1.47 a 1.43 a 8.48 1.86 a 1.96 a 5.77 0.539 a 0.656 a 16.70
0.20–0.225 1.44 a 1.42 a 3.19 1.82 b 1.96 a 2.38 0.530 b 0.695 a 8.25

Means followed by same letters in a given line, for each physical property, do not differ statistically from each
other by Tukey’s test at 5% significance.
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Soil Syst. 2022, 6, 98 8 of 19
Soil Syst. 2022, 6, x FOR PEER REVIEW 8 of 20 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 3. Soil compression curve for soil with preserved and non-preserved structure in the 0.10–

0.125 m soil layer for four land uses. Vertical error bars for each pressure indicate the least signifi-

cance difference, while vertical bars that accompany the superior and inferior axes in the figure 

indicate the precompression stress value for the preserved and non-preserved soil structures. 

  
(a) (b) 

  
(c) (d) 

Figure 4. Soil compression curve for soil with preserved and non-preserved structure in the 0.20–

0.225 m soil layer for four land uses. Vertical error bars for each pressure indicate the least 

Figure 3. Soil compression curve for soil with preserved and non-preserved structure in the
0.10–0.125 m soil layer for four land uses. Vertical error bars for each pressure indicate the least
significance difference, while vertical bars that accompany the superior and inferior axes in the figure
indicate the precompression stress value for the preserved and non-preserved soil structures.

Soil Syst. 2022, 6, x FOR PEER REVIEW 8 of 20 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 3. Soil compression curve for soil with preserved and non-preserved structure in the 0.10–

0.125 m soil layer for four land uses. Vertical error bars for each pressure indicate the least signifi-

cance difference, while vertical bars that accompany the superior and inferior axes in the figure 

indicate the precompression stress value for the preserved and non-preserved soil structures. 

  
(a) (b) 

  
(c) (d) 

Figure 4. Soil compression curve for soil with preserved and non-preserved structure in the 0.20–

0.225 m soil layer for four land uses. Vertical error bars for each pressure indicate the least Figure 4. Soil compression curve for soil with preserved and non-preserved structure in the
0.20–0.225 m soil layer for four land uses. Vertical error bars for each pressure indicate the least
significance difference, while vertical bars that accompany the superior and inferior axes in the figure
indicate the precompression stress value for the preserved and non-preserved soil structures.



Soil Syst. 2022, 6, 98 9 of 19

Soil Syst. 2022, 6, x FOR PEER REVIEW 9 of 20 
 

 

significance difference, while vertical bars that accompany the superior and inferior axes in the fig-

ure indicate the precompression stress value for the preserved and non-preserved soil structures. 

 
Figure 5. Soil with preserved and non-preserved structure with the same bulk density before the 

uniaxial compression test and the differences in soil deformation and pores decrease at the end of 

the test. 

  
(a) (b) 

  
(c) (d) 

Figure 6. Regression between physical properties for soil with preserved (P) and non-preserved 

(NP) structure. Macro = macroporosity; Bdi and Bdf = bulk density in the beginning and in the final 

of the uniaxial compression test, respectively; Def = soil deformation in the final of the uniaxial 

compression test. 

Soil precompression stress was similar for both types of soil structure (p > 0.05) (Table 

4), while differences between soil structure occurred at loads greater than the precompres-

sion stress, i.e., greater than 200 kPa (Figures 2–4). Soil compressibility index was affected 

by soil structure (p < 0.05) for forest and pasture uses, where the non-preserved structure 

presented highest values (Table 4), i.e., the soil was more susceptible to compaction. The 

Figure 5. Soil with preserved and non-preserved structure with the same bulk density before the
uniaxial compression test and the differences in soil deformation and pores decrease at the end of
the test.

Soil Syst. 2022, 6, x FOR PEER REVIEW 9 of 20 
 

 

significance difference, while vertical bars that accompany the superior and inferior axes in the fig-

ure indicate the precompression stress value for the preserved and non-preserved soil structures. 

 
Figure 5. Soil with preserved and non-preserved structure with the same bulk density before the 

uniaxial compression test and the differences in soil deformation and pores decrease at the end of 

the test. 

  
(a) (b) 

  
(c) (d) 

Figure 6. Regression between physical properties for soil with preserved (P) and non-preserved 

(NP) structure. Macro = macroporosity; Bdi and Bdf = bulk density in the beginning and in the final 

of the uniaxial compression test, respectively; Def = soil deformation in the final of the uniaxial 

compression test. 

Soil precompression stress was similar for both types of soil structure (p > 0.05) (Table 

4), while differences between soil structure occurred at loads greater than the precompres-

sion stress, i.e., greater than 200 kPa (Figures 2–4). Soil compressibility index was affected 

by soil structure (p < 0.05) for forest and pasture uses, where the non-preserved structure 

presented highest values (Table 4), i.e., the soil was more susceptible to compaction. The 

Figure 6. Regression between physical properties for soil with preserved (P) and non-preserved
(NP) structure. Macro = macroporosity; Bdi and Bdf = bulk density in the beginning and in the
final of the uniaxial compression test, respectively; Def = soil deformation in the final of the uniaxial
compression test.

Soil precompression stress was similar for both types of soil structure (p > 0.05)
(Table 4), while differences between soil structure occurred at loads greater than the pre-
compression stress, i.e., greater than 200 kPa (Figures 2–4). Soil compressibility index was
affected by soil structure (p < 0.05) for forest and pasture uses, where the non-preserved
structure presented highest values (Table 4), i.e., the soil was more susceptible to com-
paction. The increase in bulk density (R2 = 0.79 and 0.76, respectively, for preserved and
non-preserved soil structure) (Figure 7a) and the degree of water saturation (R2 = 0.78
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and 0.65, respectively, for preserved and non-preserved soil structure) (Figure 6b) was
associated with a decrease in the compressibility index.

Table 4. Coefficient of variation (cv) and average values of precompression stress, compressibility
index, degree of water saturation and air permeability for soil with preserved (Pres) and non-
preserved (NPres) structure under different land uses and layers.

Layer, m
Precompression Stress, kPa Compressibility Index Degree of Water Saturation, % Air Permeability, mm h−1

Pres NPres cv, % Pres NPres cv, % Pres NPres cv, % Pres NPres cv, %

Forest
0.025–0.05 47.53 a 49.85 a 18.46 0.25 b 0.39 a 18.69 66.52 a 52.71 b 16.67 17.29 a 27.71 a 87.15
0.10–0.125 48.10 a 49.85 a 20.18 0.33 a 0.38 a 16.67 57.07 a 50.37 b 7.84 34.55 a 30.69 a 80.60
0.20–0.225 39.35 b 51.92 a 17.42 0.28 b 0.40 a 7.89 61.73 a 54.04 b 9.56 19.03 a 19.78 a 95.27

Pasture
0.025–0.05 44.56 a 38.47 a 20.31 0.21 b 0.34 a 10.51 69.62 a 64.21 a 6.74 26.09 a 10.07 a 69.75
0.10–0.125 35.53 a 35.50 a 22.58 0.22 b 0.32 a 9.83 67.39 a 62.34 a 11.93 15.09 a 10.21 a 53.41
0.20–0.225 34.42 a 40.76 a 39.80 0.25 a 0.33 a 21.35 61.94 a 60.04 a 17.74 16.10 a 14.75 a 65.28

Eucalyptus 20
0.025–0.05 31.24 a 35.85 a 28.57 0.60 a 0.58 a 16.43 36.65 a 33.92 a 8.58 Not determined

0.10–0.125 42.20 a 54.40 a 32.70 0.43 a 0.45 a 26.76 45.87 a 47.98 a 29.49 192.70
a 110.99 a 78.48

0.20–0.225 46.47 a 46.62 a 27.51 0.38 a 0.45 a 15.23 50.33 a 47.42 a 13.60 66.33 a 119.39 a 67.66

Eucalyptus 4.5
0.025–0.05 46.00 a 38.65 a 18.27 0.18 a 0.25 a 24.57 68.45 a 67.83 a 15.84 19.16 a 7.37 a 117.84
0.10–0.125 42.27 a 34.85 a 28.26 0.21 a 0.28 a 24.41 63.23 a 59.95 a 18.08 27.53 a 17.18 a 107.33
0.20–0.225 50.92 a 39.33 a 25.42 0.21 b 0.29 a 12.01 62.02 a 61.27 a 5.11 26.35 a 9.67 a 78.51

Means followed by same letters in a given line, for each physical property, do not differ statistically from each
other by Tukey’s test at 5% significance.
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Figure 7. Regression between physical properties for soil with preserved and non-preserved structure.
Bdi = bulk density in the beginning of the uniaxial compression test; Dws = degree of water saturation;
Ci = compressibility index.

The degree of water saturation was affected by soil structure type (preserved and
non-preserved) (p < 0.05) only in forest (Table 4). By decreasing macroporosity (R2 = 0.87
and 0.91, respectively, for preserved and non-preserved soil structure) (Figure 8a) and
increasing microporosity (R2 = 0.47 and 0.71, respectively, for preserved and non-preserved
soil structure) (Figure 8b), there was an increase in the degree of water saturation. Air
permeability did not differ statistically (p > 0.05) between soil structure types (Table 4).



Soil Syst. 2022, 6, 98 11 of 19

Soil Syst. 2022, 6, x FOR PEER REVIEW 11 of 20 
 

 

 

  
(a) (b) 

Figure 7. Regression between physical properties for soil with preserved and non-preserved struc-

ture. Bdi = bulk density in the beginning of the uniaxial compression test; Dws = degree of water 

saturation; Ci = compressibility index. 

  
(a) (b) 

Figure 8. Regression between physical properties for soil with preserved and non-preserved struc-

ture. Macro = macroporosity; Micro = microporosity; Dws = degree of water saturation. 

Soil structure condition (preserved or not) had few influences on bulk density, 

macroporosity, total porosity, air permeability, and precompression stress (p > 0.05). How-

ever, for loads greater than the precompression stress (load greater than 200 kPa), the soil 

with non-preserved structure had greater deformation. The results show that compaction 

reduced macropores and air flow; as a consequence the soil experienced less deformation 

with further loading and was less susceptible to additional compaction. 

  

Figure 8. Regression between physical properties for soil with preserved and non-preserved structure.
Macro = macroporosity; Micro = microporosity; Dws = degree of water saturation.

Increase in air permeability was associated with an exponential decrease in bulk
density (Figure 9a), degree of water saturation (Figure 9b), microporosity (Figure 9d), and
an increase in macropores (Figure 9c). This behavior shows that the air flow occurred
mainly in the macropores. By increasing macroporosity (Figure 9c) and reducing the degree
of water saturation (Figure 9b), more pores were available for air flow.
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Figure 9. Regression between physical properties for soil with preserved and non-preserved structure.

Soil structure condition (preserved or not) had few influences on bulk density, macro-
porosity, total porosity, air permeability, and precompression stress (p > 0.05). However,
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for loads greater than the precompression stress (load greater than 200 kPa), the soil with
non-preserved structure had greater deformation. The results show that compaction re-
duced macropores and air flow; as a consequence the soil experienced less deformation
with further loading and was less susceptible to additional compaction.

4. Discussion

We observed that soil structure (preserved and non-preserved) had significant in-
fluence, especially on microporosity, compressibility index, soil deformation, and bulk
density at the end of the compression test. Increasing bulk density and degree of water
saturation decreased air permeability, soil deformation, macropores and compression index
(Figure 10).
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Figure 10. Scheme showing alterations on bulk density and degree of water saturation, with changes
on physical and compressive properties and air permeability.

Chiseling and/or harrowing disaggregate the soil and modify the relation of mass/volume
in the field [19,34,55]. In our case, in the laboratory the soil mass was the same for both preserved
and non-preserved structure, justifying the similar values of bulk density and total porosity
in both structural conditions. However, when the soil sample with non-preserved structure
was disrupted, sieved and rearranged in the metal ring, the relation between microporosity
and macroporosity was modified, with an increase in the microporosity and a decrease in the
macroporosity. Pores in the soil with preserved structure were more continuous, formed by the
decomposition of roots and biological activity [56,57], while pores in the soil with non-preserved
structure were randomly distributed in the soil mass.

We expected greater values of precompression stress for undisturbed soil samples
because of the history of loads applied by machinery traffic and animal trampling, and dif-
ferences in the precompression stress values when comparing the soil structure (preserved
and non-preserved), but our expectations were not confirmed. For instance, the pressure ap-
plied on the soil by forest machines and by horse-hoof can exceed 300 kPa [58]. When com-
paring soil tillage treatments (no-tillage, chisel plow, conventional tillage), Veiga et al. [43]
obtained differences using undisturbed soil samples, but less difference in the precom-
pression stress between treatments when using remolded soil samples, and suggested that
remolding soil samples eliminates the effect of age hardening and soil aggregation.

Furthermore, in our study, we did not observe significative differences in the porosity
and bulk density that could differently influence the precompression stress values when
comparing preserved and non-preserved soil structure. For instance, Suzuki et al. [59]
demonstrated the negative and positive correlation between precompression stress with,
respectively, total porosity and bulk density, and Nunes et al. [18] showed correlation of
precompression stress with macroporosity and bulk density.
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Our precompression stress values (31.24 to 54.40 kPa) were low, suggesting a possible
effect of mineralogy and contents of gravel and sand. The studied soil was derived from
granite substrate and may have contained micas in its mineralogical composition, including
in the clay fraction 1:1 clay minerals, such as kaolinite dominant in the clay fraction,
and feldspars in the sand and silt fractions [60]. Horn and Lebert [61] stated that soil
compressibility depends on soil strength, particle size distribution, type of clay mineral,
content and type of organic substances, root distribution, soil bulk density, soil distribution,
pore size and pore continuity in soil and simple aggregates, and water content and/or water
potential. The resistance of the soil to decrease its volume when subjected to pressure is less
pronounced in sandy soils and less aggregated. The increment in clay content increased the
precompression stress, while the compression index decreased in denser soils and increased
in clay soils and with higher void index, except in higher soil moisture [62]. Sandy soils
retain less water on their surfaces [63–67], and present greater friction resistance between
soil particles, which makes it difficult for particles to move to close-together positions [68].

Other studies [69,70] have shown higher precompression stress values (77 to 183 kPa
for natural forest, annual crop and pasture areas in Oxisols, and values larger than 230 kPa
for non-irrigated and irrigated grazing systems in Hapludalf) than those obtained in our
study (31.24 to 54.40 kPa). However, Capurro et al. [71] showed similar values (35 to 47 kPa)
in Vertissol under grazing cattle to those of our study, while Horn et al. [58] found values
lower than 60 kPa in Inceptisol under forest. Suzuki et al. [59] verified precompression
stress values ranging from 57.09 to 232.42 kPa depending on the sampling position (wheel
line, interline planting, line planting and near the peach plant) and soil depth in a peach
orchard, and that values were correlated positively with bulk density and negatively with
total porosity.

As shown, there is a wide range of precompression stress values in the literature, in
different soil types, use and management, and in our study the lower values may have been
associated to mineralogy, gravel and sand influence. Corroborating with this suggestion,
in the same site of the present study, Suzuki et al. [7] verified that soil texture (sand, silt
and clay) and organic matter presented greater correlation with mean weight-diameter
of aggregates than with properties related to soil structure, such as porosity and bulk
density. The authors also found that, even in a small amount, gravel decreased the mean
weight–diameter of aggregates because its low reactivity and greater diameter hindered
the formation of stable aggregates.

A classification for precompression stress was proposed by Horn and Fleige [72],
considering pF values of 1.8 and 2.5, (respectively, for soil when macropores are drained,
and soil at field capacity), density and shear strength parameters. The authors classified
precompression stress as very low (<30 kPa), low (30–60 kPa), medium (60–90 kPa), high
(90–120 kPa), very high (120–150 kPa), and extremely high (>150 kPa). In our study, the
range of precompression stress (31.24 to 54.40 kPa) was considered low according to the
proposed classification.

Although the initial bulk density was equal for soil with preserved and non-preserved
structure, the latter soil reached the highest values of bulk density at the end of the
compression test and, consequently, the largest soil deformation. When the internal soil
strength is high, the rigidity of the pore system will be more pronounced, and the more
elastic the soil will be within the recompression load range [73]. As the initial bulk density
increased, there was a decrease in soil deformation and macropores, making the soil less
compressive. Suzuki et al. [17,59] also observed that soil with larger bulk density had
smaller deformation and was less susceptible to soil compaction (larger load bearing
capacity) when submitted to external loads. Powers et al. [74] observed that soil bulk
density augmented with increased compaction, particularly in soils with low or moderate
initial bulk density, while for soils with higher bulk density this increase was small. This
behavior was attributed to the difficulty in compressing smaller pores, caused by high bulk
density and pores filled with water. Soil deformation occurs when particles are able to
separate and move towards each other, having their movements limited by friction and
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bonds between particles. Therefore, the more compact the soil and the closer the particles,
the greater the friction forces, which are responsible for resistance [75].

With increasing bulk density, the soil becomes less compressive and less susceptible
to compaction. Additionally, increasing the degree of water saturation increases moisture,
firstly in micropores, resulting in the pore–pressure effect. Water in the micropores receives
the applied load and, as the drainage of these pores is very slow, decreases soil susceptibility
to compaction. Pore-pressure is the pressure exerted by water that occupies the pore space
of the soil and corresponds to a force that can delay the consolidation of a cohesive soil [13].

When soil aggregates (from homogeneous via prismatic to subangular blocky and
finally crumbly structure) are formed, the accessibility of particle and pore surfaces is
better and maintains site productivity and biodiversity. However, soil compaction and
deformation result in a platy rigid structure that is difficult for the roots to access water, ions
and gas and change flux directions, and this occurs within the virgin compression stress
range [4]. Mentges et al. [76] mention that the type of soil structure (prismatic, massive, for
example) should be considered in studies that relate elastic parameters of soil.

Soil with non-preserved structure presented the highest values of compressibility
index, while the increase in bulk density and degree of water saturation decreased the
compressibility index. Other authors [17,59,77] also observed that the increase in bulk
density decreased the compressibility index, while Reichert et al. showed that by increasing
moisture, the compressibility index increased as well [77].

Although the types of soil structure did not show statistical differences for macrop-
orosity and air permeability, a greater permeability was expected in samples with preserved
structure due to greater pore continuity associated with the activity and root decomposition,
while in samples with non-preserved structure there were possible less-continuous pores
due to soil disruption and rearrangement. Mechanical deep-ploughing or soil loosening
result in less dense soil layers, but they deprive soils of their internal strength and destroy
pore continuity and the increased sensitivity to further soil settlement [78]. Even with
lower total porosity than in conventional tillage, soil under no-tillage in agricultural areas
generally conducts water more efficiently [79], due to bioporosity [57,80]. Mando et al. [56]
found the efficiency of biological pores in increasing water infiltration.

We observed that increase in air permeability was associated with a decrease in bulk
density, microporosity and degree of water saturation, and an increase in macropores,
demonstrating that the air flow occurred mainly in the macropores; while increasing
macroporosity and reducing degree of water saturation caused more pores to be available
for air flow. During compaction, the larger pores responsible for soil aeration decreased
and were replaced by smaller pores, mainly pores that retain water.

This decrease in aeration porosity can be 1.5–2 times greater than the decrease in
total pore space. The decrease in the oxygen diffusion coefficient, however, will depend
on the geometry and stability of aeration pore channels and deformation degree during
compaction [81]. Horn et al. [58] found that soils with low bulk density generally have
high air permeability. Soil compaction caused by a tractor changed the pore orientation
that persisted two years after the traffic event in a Typic Argiudoll [82]. A long-term
no-tillage (around 25 years old), increased soil bulk density and reduced air-filled porosity
and macroporosity, but created a continuous and stable pore organization system, which is
one of the most important properties for gas transport through soils [83].

With reduction in soil moisture, there was an increase in air permeability because
of a greater amount of water-free and continuity of pores available for air flow [84,85].
Mentges et al. [84] also found that, in areas under no-tillage for annual crops, the increase
in permeability is greater in sandy soils than in clayey ones. In an area with eucalyptus,
the variation in soil saturated hydraulic conductivity and in air permeability was related
to pore size distribution, especially for the >300 µm diameter pores [8]. When a load is
applied to the soil surface, the stress is transmitted three-dimensionally through the solid,
liquid and gas phases. If air permeability in the soil is high enough to allow the immediate
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deformation of the pores filled with air, the air flow can be interrupted by changes in water
content or pore-pressure [13].

5. Conclusions

Our results contribute towards a better understanding of the relationship between soil
structure, compressibility and air permeability in a Typic Paleudalf under forest, eucalyptus
and pasture, with gravel and clay content ranging from 325 to 595 g kg−1. Total porosity and
initial soil bulk density were not influenced by soil structure (preserved and non-preserved),
but the relation between macroporosity and microporosity was influenced; moreover, by
increasing bulk density, there was a decrease in macropores and in deformation of soil
under loading.

Precompression stress was low (<54.40 kPa) and similar between soil structure (condi-
tion preserved and non-preserved), refuting one of our hypotheses that preserved structure
would have a larger precompression stress due to the history of loads applied by machinery
traffic and animal trampling. Structure effect occurred for loads above the precompression
stress (load larger than 200 kPa), where non-preserved structure presented a larger defor-
mation. Compressibility index was highest for non-preserved soil under forest and pasture
uses. With an increase in bulk density and degree of water saturation, the compressibility
index decreased.

Air permeability was not affected by soil structure (preserved and non-preserved) in
this soil with presence of gravel, and increase in air permeability was associated with a
decrease in bulk density, microporosity and degree of water saturation, and increase of
macropores, refuting our hypothesis since we expected lower air permeability in the loose
soil due to the absence of pore continuity.

Soil structure (preserved and non-preserved) significantly influenced microporosity,
compressibility index, soil deformation and bulk density at the end of the compression test.

In terms of farm management, both soil structures (preserved and non-preserved)
require greater care in machinery traffic and animal trampling because of compaction
susceptibility, especially for loads larger than the precompression stress, that can over-
compact the soil, increasing bulk density and decreasing macroporosity and air flow.
However, loose soil (non-preserved soil structure) requires more care, especially for loads
greater than 200 kPa, when the soil becomes more compressive (greater deformation) than
preserved structure.
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