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Introduction
The different management systems in the various agricultur-

al soils, combined with the pressures exerted on the soil surface 
by the intensive use of agricultural machines and implements, are 
capable of causing variations in soil physical-chemical properties, 
which have great influence on its mechanical behavior [1-3].

The compressibility of agricultural soils in the literature is pre-
sented with various definitions, but all of them explain that the pro-
cess is characterized by a variation in soil volume and increase of 
its density in response to a pressure applied on its surface [4,5].  
According to Braida et al. [6], plant residues applied on soil sur 

 
face absorb part of the compaction energy produced by the traffic 
of machines and animals. Therefore, during the compression, plant 
residues deform and dissipate the energy, thus not transferring this 
energy completely to the soil. Thus, the total transfer of this energy 
will only occur when the residue is no longer efficient at absorbing 
all the compressive energy, when its total deformation occurs.

Considering a soil mass, unsaturated, being subjected to exter-
nal load (P), inside it will develop pressures in the phase solid (ps), 
liquid (pw) and gaseous (pg). The distribution of pressures is shown 
schematically in Figure 1.
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Abstract 

Compressibility and shear strength in agricultural soils are associated with pressures exerted on the soil surface by the intensive use of machines. 
This study aimed to evaluate the mechanical behavior of an Ultisol cultivated with sugarcane under the application of sugarcane residues (vinasse 
and filter cake) and compare it with an Atlantic Forest soil. Uniaxial compression tests were performed through the application of increasing with 
pressures from 12.50 to 1,600 kPa, at three water contents in undisturbed samples from the layers of 0-0.20 and 0.20-0.40 m, and for shear direct 
test were collected in the layers of 0-0.20 m and, subjected to three water content levels and four levels of normal tensions of direct shear. The higher 
content of total organic carbon in the soil under native forest (2.42 g kg-1) allowed higher pre-compression stresses (101.21-143.55 kPa) due to an 
increase in soil cohesion from 22.58 to 61.23 kPa, with the reduction in the volumetric water content. Thus, this natural condition was significantly 
different from the management systems, with respect to the mean values of cohesion, by Tukey test (p<0.05). The application of filter cake and 
vinasse for 25 years significantly favored the dissipation of pre-compression stress in the soil, compared with the soil under native forest. The 
system with filter cake application showed higher shear strength from the tension of 100 kPa on, with values from 120 to 190 kPa, in comparison to 
the system with vinasse application.
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Figure 1: Distribution of the stresses in the phases solid, liquid and gaseous in unsaturated soils when submitted to normal load. Source: 
Caputo [9] modified.

Considering two solid particles in contact with a surface area As 
and the total force (load) normal to the plane of contact, in equilib-
rium condition, have:

           (1)s w gP p p p= + +

then, assuming that P is the total resulting force normal to the 
plane of contact between two soil particles, from the indications in 
Figure 1 it may be deduced that:

( ) ( ) ( )               (2)s s w w g gP p A p A p A= + +  

thus, by dividing equation (2) by the total area (A), have:

                  (3)gs w
s w g

AA AP p p p
A A A A

α= + +  

where: P = normal total force at the point of contact; ps = force 
acting on the solid phase; pw = force acting on the liquid phase pg = 
force acting on the gaseous phase; A = total area; Aw = area of the 
liquid phase; As = area of the solid phase; Ag = area of the gaseous 
phase.

Assuming that the relation P / A = σ, As / A = ‘a’ and, Aw / A = X, 
may rewrite equation (3) as:

= (1 ) ( )               (4)s g g wp p X p pσ α α+ − ⋅ − ⋅ −

Considering that ‘a’ is little, so (1-a) → 1; and that, on the con-
trary, ps is high, so by making a.ps = σ› (effective pressure), may re-
write equation (4), obtaining:

' _ ( )            (5)g g wp X p pσ σ= − ⋅ −

where: σ’= effective pressure at the point of contact; σ = normal 
pressure in the contact plane; pg = pressure acting on the air and X = 
coefficient of resistance proportional to the degree of saturation of 
the soil, being equal to one for the saturated soil and equal to zero 
for the dry soil and pw = working pressure in the meniscus of water.

Equation (5) represents the principle of effective pressures, 
proposed by Terzaghi [7] and generalized, for unsaturated soils 
by Bishop [8]. For unsaturated soils, Tower & Childs [9] and Tower 
[10] demonstrated that the effective stress or pressure (σ›) may be 
determined by expression (6):

' ( )            (6)mXσ ψ= − ⋅

where: Ψm is the soil matrix suction, and “X” is the resistance 
parameter.

Mosaddeghi et al. [11], using equation (6), concluded that the 
increase in soil resistance, defined by the pre-compression voltage 
and, due to soil matrix suction, can be explained in terms of effec-
tive stress (σ›). Caputo [12] emphasizes that all measurable effects 
of variations in soils, such as compression, distortion and shear 
strength are due to variations in the effective stresses. According to 
Braida [13], when the effective stress resulting from the application 
of normal load on the soil surface exceeds the shear strength at the 
points of contact between the particles, the compression and defor-
mation processes become eminent.

Shear strength is the resistance (𝜏) that the soil can offer to
shear stresses in its matrix or structure, and it is directly related to 
the cohesion forces between soil particles and to cohesion parame-
ters and the angle of internal friction. Other intrinsic properties of 
the soil, such as clay content and organic matter are also directly 
related to soil resistance to shear [14,15].

The effects of soil organic matter on shear parameters are 
somehow controversial. Some studies [16,17] reported a decrease 
in shear tension with the increase of soil organic matter due to its 
capacity to decrease soil density, leading to a reduction in shear 
strength. On the other hand, soil organic matter increases the co-
hesion forces between soil particles, which is directly related to 
soil shear strength [18]. Other studies [13-21] reported increase in 
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soil shear strength with the increase of organic matter in cultivated 
soils.

Soil mechanical behavior tends to show different values accord-
ing to the variability of the properties of cultivated soils under dif-
ferent management systems. In Brazil, the types of soil cultivated 
with sugarcane range from Entisols Quatzipsamments to Oxisols, 
the latter of which, along with Ultisols, are the most representative 

soils in the Northeast region [22]. In the state of Pernambuco, the 
soils of most areas cultivated with sugarcane are Ultisols, Oxisols 
and, in lower proportion, Gleysols and Spodosols.

Given the above, this study aimed to evaluate the mechanical 
behavior of an Ultisol cultivated with sugarcane and subjected to 
the application of vinasse and filter cake for more than 25 years.

Material and Methods

Study area

Figure 2: Soil map of the municipality of Sirinhaém-PE [31].

The study was conducted in a sugar and ethanol unit, located in 
the municipality of Sirinhaém, 80 km away from Recife-PE, Brazil. 
Two sugarcane cultivation areas were selected from thereabout 17 
hectares each, both with Ultisol, one of the three most predominant 
soils in the region (Figure 2). The two management systems were 
the applications of filter cake and vinasse. These systems were 
compared with an area of native forest, which were located on the 
slope of the terrain.

History and management of the sugarcane cultivation 
areas

The areas have been cultivated for more than 50 years. Vinasse 
and filter cake have been applied in the areas of the sugar and eth-
anol unit for approximately 25 years. In the management system 
with vinasse application, irrigation is performed for 0.5-2 h in each 
sprinkler, with water depths ranging from 40 to 45 mm in the ra-
toon from the second cut on. In the management system with filter 
cake application (industrial organic residues from sugar produc-
tion), approximately 40 t ha-1 of filter cake are applied in the total 
area during the planting.

Chemical fertilization with N-P-K in the areas under vinasse 
application is performed only in the ratoon, using 500 kg ha-1 of 
the 21-00-00 formulation, exclusively composed of ammonium sul-
fate. For areas under filter cake application, 500 kg ha-1 of natural 
phosphate are applied inside the furrows during the planting and, 

after 60 days, 500 kg ha-1 of the 15-00-26 formulation, which is ex-
clusively composed of urea and potassium chloride, are applied as 
topdressing.

Determination of pressures of the machines on the soil

The vehicles considered in this study were used in the sugar-
cane cultivation areas for planting and periodical soil preparation. 
In these two operations, the characteristics of the vehicles were re-
corded: five BH-180 tractors, with mean weight of 10 t. The front 
axle consisted of two 18.4-26 Goodyear tires with inflation pres-
sure of 179 kPa and the rear axle consisted of two 24.5-32 Good-
year tires with inflation pressure of 165 kPa, both ballasted with 
75% of water. These data were plotted in SoilFlex, where the ver-
tical distribution of contact stresses has all been simulated with a 
contact area as a super ellipse, according to Keller et. al [23].

The model proposed by Keller et al. [11], using analytical equa-
tions for vertical propagation of stresses developed by Boussinesq 
[24] and Frohlich [25], and uses the approach Soane’s [26] to cal-
culate the normal stress. The procedure used by Soane [26] for cal-
culate the load applied by the wheels is to divide the contact area 
of small elements (i) where each element will have an area (Ai) in 
which an axial force is exerted (σi) therefore, the point charges σiAi 
= Pi. Therefore, the vertical stress at a given depth z is calculated by 
Soane’s approch [42] by equation (7):
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where ξ is the concentration factor defined by Frohlich (1934), 

r is the distance from the load P to the desired point and θ is the 
angle between the normal vector of the load and position vector 
of load. The concentrations of factors used for simulations corre-
sponds to the described by Défossez et al. [27].

Soil compressibility test of soils under drained conditions

For the compressibility test, soil samples were collected in each 
management system using rings with dimensions of ∅i = 0.073 m 
and h = 0.026 m, with ∅i / h ratio corresponding to 2.80, as recom-
mended by the norm MB 3336/90 of the Brazilian National Stan-
dards Organization [28]. The samples were collected in two layers 
(0-0.20 m and 0.20-0.40 m) in five replicates on a delineament in-
tirely casualized and were evaluated at three water contents (0.42, 
0.36 and 0.32 cm3 cm-3), totaling 90 samples for the three manage-
ment systems.

The test was performed in a loading press with capacity of 
1,000kgf consisted in the application of pressures of 12.50, 25.0, 
50.0, 100, 200, 400, 800 and 1,600 kPa, established by the norm 

MB 3336/90 [28]. The readings of vertical deformation were per-
formed using a micro comparator in the beginning of each pressure 
stage, which lasted for 30 s, and the pressure was increasingly ap-
plied on the samples. At the end of the test, the samples were dried 
in an oven at 105 °C for 24 h.

The data obtained from vertical deformation were inserted in 
an Excel supplement developed in VBA (Visual Basic for Applica-
tions) by Gubiani et al. [29], which makes it possible to calculate 
the pre-compression pressure and the compression index by Casa-
grande [30], mathematically operationalized by the Van Genuchten 
equation [31] (8).

( )
                (8)

1 ( )
s

mn
Eγ

γ

θ θ
θ θ

α ψ

−
= +

 + ⋅ 
Where θ = is soil water content (cm3cm-3); θr = is soil resid-

ual water content, corresponding to permanent wilting point 
(cm3cm-3); θs = is soil saturated water content (cm3cm-3); α = is a 
scale parameter inversely proportional to mean pore diameter (cm-

1); Ψ = is soil water potential (kPa) and, n and m are shape parame-
ters of soil water retention curve, m = 1−1/n, 0< m<1, according to 
van Genuchten [31]. 

Direct shear test of soils under drained conditions
Table 1: Physical characterization of the Ultisol in the studied area.

Attributes
0 - 0.20 m 0.20 - 0.40 m

Forest Filter Cake Vinasse Forest Filter Cake Vinasse

Clay (g kg-1) 480.67 (± 9.42) 324.00 (± 25.81) 369.00 (± 30) 507.33 (± 24.94) 454.00 (± 28.28) 474.00 (± 28.28)

CV(%) (1.96) (7.96) (1.96) (4.91) (6.23) (5.96)

Sand (g kg-1) 504.41 (±14.63) 608.20 (± 49.84) 628.45 (± 30) 428.54 (± 16.27) 474.75 (± 24.41) 513.55 (± 26.40)

CV (%) (1.29) (8.19) (1.96) (3.79) (5.14) (5.14)

Silt (g kg-1) 74.66 (±20.67) 67.80 (± 27.50) 12.55 (± 5.92) 64.13 (± 38.09) 71.25 (± 29.32) 12.45 (± 4.76)

CV (%) (27.69)  (40.57) (1.96) (59.4) (41.15) (38.25)

Dp (g cm-3) 2.51 (±0.04) 2.50 (± 0.09) 2.48 (± 0.08) 2.49 (± 0.01) 2.55 (± 0.04) 2.58 (± 0.08)

CV (%) (1.57) (3.74) (1.96) (0.58) (1.64) (3.07)

Ds (g cm-3) 1.17 (±0.07) 1.58 (± 0.13) 1.63 (± 0.21) 1.36 (± 0.08) 1.61 (± 0.01) 1.61 (± 0.08) 

CV (%) (5.82) (8.29) (1.96) (6.03) (0.74) (4.86)

PT (g cm-3) 55.31(±0.03) 42.88 (± 0.02) 36.17 (± 0.02) 52.89 (± 0.04) 43.38 (± 0.01) 39.40 (± 0.03)

CV (%) (15.66) (5.89) (1.96) (7.66) (2.08) (8.33)

MWDD (mm) 2.97 (±0.03) 2.64 (± 0.16) 2.38 (± 0.31) 2.45 (± 0.10) 2.81 (± 0.08) 2.83 (± 0.18)

CV (%) (2.22) (6.16) (1.96) (4.19) (2.89) (6.32)

ΘFC (cm3 cm-3) 0.40 (±0.05) 0.27 (± 0.02) 0.24 (± 0.02) 0.40 (± 0.02) 0.33 (± 0.01) 0.32 (± 0.01)

CV (%) (1.55) (7.8) (1.96) (4.5) (3.35) (3.64)

ΘPWP(cm3 cm-3) 0.32 (±0.03) 0.20 (± 0.02) 0.17 (± 0.02 0.34 (± 0.01) 0.27 (± 0.01) 0.25 (± 0.01)

CV (%) (9.14) (11.06) (1.96) (3.51) (5.03) (4.58)

TOC (g kg-1) 2.42 (±2.57) 1.32 (± 1.74) 1.04 (± 1.16) 2.52 (± 1.56) 0.91 (± 1.90) 0.82 (± 1.48)

 (10.65) (13.15) (1.96) (6.21) (20.78) (18.09)

Dp = Soil particle density; Ds = Soil bulk density; MWDD = dry mean weight diameter; PT = Total porosity; θFC = volumetric water content at field ca-
pacity; θPWP = volumetric water content at the permanent wilting point; TOC = total organic carbon in the soil; CV= coefficient of variation; ± = Standard 
deviation
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Figure 3: Soil water retention curves.

Samples were collected in the layer of 0-0.20 m in all manage-
ment systems using a stainless steel box, with dimensions of 0.06 
(w) x 0.06 (l) x 0.043 (h) m. Three repetition were collected in each 
management system on a delineament intirely casualized, which 
were used in each normal tension (50, 100, 150 and 200 kPa) for 
the established water contents (0.42, 0.36 and 0.32 cm3cm-3), total-
ing 108 samples. In the laboratory, the excess of soil was removed 
and saturated for 48h. Then, the tension table and/or Richards’ 
chamber were used according to the tensions applied in the sam-
ples, which were removed after the drainage stopped, thus estab-
lishing the potential equilibrium according with metod’s Richard et 
al. [32] (Table 1).

The direct shear test was performed according to the norm 
D-3080/98 of the American Society for Testing and Materials [33], 
conducted in a direct shear device with shear velocity of 0.125 mm 
min-1, four stages of normal tensions and the three water contents 
previously mentioned.

At the end of the test, the data required in Equations (9) and 
(10) were obtained. 

                   (9)N
a

σ =

where: σ = normal stress (kgf.cm2, kPa); N = normal force ap-
plied on the test body (kgf, N); a = area of the transversal section of 
the sample (cm2);       
 

                   (10)T
a

τ =

where: 𝜏= shear stress (kgf.cm2, kPa); T= force applied on the 
test body (kgf, N); a = area of the transversal section of the sample 
(cm2);

Soil cohesion was determined using the value of direct shear 
stress in each normal stress at the end of the test, by plotting a 
graph with the relation shear stress x normal stress. Cohesion val-
ues were obtained by the intercept of the equation.

Sample collection for soil physical tests 

The collection of soil samples for the determinations of soil 
bulk density, total porosity and soil water retention curve was per-
formed in the layers of 0-0.20 m and 0.20-0.40 m, with five rep-
etition on delineament intirely casualized in each management 
system, totaling 30 samples for all the management systems. The 
collection of undisturbed soil samples was performed using an Uh-
land soil sampler and volumetric rings with height (h) of 0.05 m 
and internal diameter (∅i) of 0.05 m. In addition, the same number 
of disturbed soil samples was also collected for the tests of granu-
lometry was carried out by the methodology proposed by Gee et 
al.[34], particle density and bulk soil by methodology of proposed 
by Black & Hartge [35] the mean diameter of soil aggregates [36].

Statistical analysis

It was used a delineament intirely casualized. The data were 
subjected to verification of normal distribution, homoscedasticity 
and the assumptions of the analysis of variance. Then, the analysis 
of variance (ANOVA) was performed and means were compared by 
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Tukey test at 5% of probability, using the statistical program SAS, 
version student 2.0.

Results 

Soil water retention curve of the management systems

According to the inflection point (α=1/Ψ) of the soil water re-
tention curve (Figure 3), which corresponds to the tension value 
at which there is exit of water and consequently the entry of air, in 
both layers, there was an expressive variation between soils under 
native forest and sugarcane cultivation. In the native forest system, 
the inflection point occurred at a more negative matric potential, 
thus difficulty water drainage with the application of the tensions. 
The exit of water, and consequent air entry, in the systems under 
native forest and filter cake application occurred at tensions above 
1.0 kPa. The soil under Atlantic forest was observed a very expres-
sive change compared to soil under agricultural cultivation, proba-
bly the highest content of total organic carbon (Table 2), may have 
allowed greater retention of water on high matrixial tensions when 
compared to the other management systems, once, for all systems 
are within of the same soil class. medium textured soils according 
EMBRAPA [37].

It is also observed that the volumetric water content selected in 
the study (0.32; 0.36 and 0.42 cm3cm-3) are nearby to field capacity 
(Table 1) in either management systems. Thereby, it was decided to 

establish the same level of volumetric water content the samples 
under study in order to “isolate” the effect that the increase in the 
amount of organic matter (OM) has on the increase in the water 
content retained in the same voltage [25] in both soils under study. 
Thus, it was possible to equalize the samples in the same volumet-
ric water content in the different levels of tension.

Pre-compression stress (σp) and prediction parameters 
determined under drained conditions

In the layer of 0-0.20 m, the soil under native forest showed 
higher values of pre-compression stress (σp), from 101.21 to 
143.55 kPa (Table 2), in comparison to the soils cultivated with 
sugarcane under vinasse and filter cake application. In addition, it 
showed a reduction in σp, from 143.55 to 101.21 kPa, with the in-
crease in the volumetric water content from 0.32 to 0.42 cm3cm-3. 
The values of σp with the reduction in water contents are within the 
range considered from high to high, according to the classification 
of Horn & Fleige [14]. A more stable organic matter (humus) prob-
ably contributed to the increase in soil resistance to compression 
in the native forest soil, compared with the systems with filter cake 
and vinasse application. These systems showed contents of total 
organic carbon (TOC) in the soil of 1.32 and 1.04 gkg-1, respectively, 
thus differing significantly (p<0.05) from the highest TOC content 
(2.42 gkg-1), observed in the native forest system.

Table 2: Pre-compression stress of an Ultisol under Atlantic forest and sugarcane cultivation with the application of filter cake and vinasse.

Management 
Systems Methods

0-0.20 (m) 0.20-0.40 (m)

0.32 0.36 0.42 TOC 0.32 0.36 0.42 TOC

σp (kPa) (g kg-1) σp (kPa) (g kg-1)

Native forest 
(Soil)

Casagrande 143.55 Aa 133.89 Aa 101.21 Aa

2.42 A

144.03 Aa 221.18 Aa 104.92 Aa

2.52 ADJ & P 146.01 Aa 126.10 Aa 64.28 Ab 159.10 Aa 176.42 Aa 138.88 Aa

IVI 131.95 Aa 134.61 Aa 89.33 Aa 132.13 Aa 167.16 Aa 105.66 Aa

Filter Cake Soil

Casagrande 74.98 Ba 54.52 Ba 49.39 Ba

1.32 B

155.78 Aa 105.75 Ba 82.89 Ba

0.91 BDJ & P 57.71 Ba 35.22 Ba 39.19 Aa 157.83 Aa 112.25 Bab 98.78 Ab

IVI 76.33 Ba 75.01 Ba 60.95 Aa 145.61 Aa 94.77 Ab 81.33 Ab

Vinasse soil

Casagrande 76.43 Ba 73.34 Ba ---------

1.04 B

143.90 Aa 129.75 Ba ---------

0.82 BDJ & P 107.42 ABa 82.46 ABb --------- 160.42 Aa 146.43 Ba ---------

IVI 121.76 ABa 98.37 ABa --------- 150.92 Aa 133.82 Aa ---------

Uppercase letters in the columns evaluate precompression stresses for the same water content, through the same method in different management 
systems, while lowercase letters in the rows evaluate precompression stresses in the same management system and method for different water 

contents, by Tukey test at 5% of probability; IVI = Intercept void index; DJ&P= Dias Júnior & Pierce (1995); TOC = total organic carbon in the soil.

In the system with filter cake application, under the same condi-
tions of volumetric water content, there was a significant reduc-
tion (p<0.05) in pre-compression stress compared with the native 
forest. However, the increase in volumetric water content in this 
system did not show significant differences (p<0.05) for the means 
of pre-compression stress and values from 49.39 to 74.98 kPa can 
be observed, which are considered as low to medium according to 
Horn & Fleige [14].

In the vinasse application system, it was not possible to obtain 
σp values at the water content of 0.42 cm3 cm-3, because it was high-
er than the saturation water content, according to the soil water 
retention curve (Figure 3). For the layer of 0-0.20 m, this system 
showed significant difference in relation to the native forest soil, 
with stress values between 73.34 and 76.43 kPa, not differing sta-
tistically from the system with filter cake application. Still for this 
layer, in all situations, the pre-compression stress tended to de-
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crease in systems with sugarcane cultivation compared with the 
native forest soil.

For the layer of 0.20-0.40 m in the soils under native forest 
and residues of the sugarcane application, the factor water content 
was not significant for the pre-compression stresses, as well as for 
the different management systems at the water content of 0.32 
cm3cm-3. However, for the water contents of 0.36 and 0.42 cm3cm-3, 
there were significant differences (p<0.05) between the native for-
est soil and the soils cultivated with sugarcane under filter cake and 
vinasse application. For the water area of 0.36 cm3cm-3, there was a 
significant reduction of the pre-compressive pressure of the native 

forest (221.18 kPa) in relation to the soils cultivated with sugarcane 
under vinasse and filter cake, which presented respectively σp of 
129.75 and 105.75kPa

The mean values of pre-compression stress (σp) dissipated in 
the cultivated systems (Table 2), in both layers, are close to the val-
ues reported by Oliveira et al. [38], in two depths of a Ultisol cul-
tivated with sugarcane. The lowest values for this soil class were 
reported by Pacheco & Cantalice [39], studying soils with sugarcane 
cultivation of 4-14 years, where σp values from 34 to 48kPa were 
observed at the lowest water contents.

Shear strength of soil under drained conditions

Figure 4: Shear strength of the different management systems in the layer of 0-0.20 m.

Table 3: Cohesion, internal friction angle of an Ultisol under Atlantic forest and sugarcane cultivation with the application of filter cake and vinasse, 
in the layer of 0-0.20 m.

Water Content (cm-3 cm-3)

Management Systems

Forest Soil Filter Cake Soil Vinasse Soil

Cohesion (kPa)

0.32 61.23 Aa 11.5 Ab 9.51 Ab

0.36 31.19 Aba 5.4 Ab 7.4 Ab

0.42 22.58 Ba 2.06 Ab ___

TOC (g kg-1) 2.42 a 1.32 b 1.04 b

Means followed by the same letters, uppercase in columns and lowercase in rows, do not differ by Tukey test at 5% of probability. TOC = total 
organic carbon in the soil.
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The cohesion values of the management systems ranged from 
61.23 to 2.06 kPa (Table 3), with significant differences between 
the native forest and the other systems cultivated with sugarcane, 
which did not differ significantly at the same water content. With 
the decrease in volumetric water content, there was a significant 
increase in cohesion values (Table 3) for the native forest soil, from 
22.50 to 61.23 kPa. The higher TOC content in the soil under native 
forest promoted higher cohesion, which allowed the highest shear 
strength values (Figure 4) compared with the other systems at the 
same volumetric water content (0.32 cm3cm-3), as well as in all nor-
mal tensions (50,100, 150 and 200 kPa), with shear strength values 
from 105.0 to 280.0 kPa. Still in Figure 3, the shear strength for the 
soil cultivated with sugarcane under filter cake application showed 
higher values from the tension of 100 kPa on (from 120 to 190 kPa), 
in relation to the management system with vinasse application, 
which showed values between 90 and 160 kPa.

Simulations of the vertical stress of the agricultural 
machines in the soil and comparisons with the pre-
compression stress

The highest pressure on the soil surface (Figure 5A) was gener-
ated by the tractor’s front tires (229 kPa) compared with the rear 
tires (215 kPa). The smaller width and size of the front tires, com-

bined with their higher inflation pressure, compared with the rear 
ones, led to a decrease in the contact area and, consequently, an in-
crease in the contact pressure on the soil surface.

The tractor used for planting and periodical soil preparation 
in the selected areas under sugarcane cultivation shows a mean 
weight of about 49 kN per axle and inflation pressures of approx-
imately 179 kPa and 165 kPa in front and rear tires, respectively. 
Thus, if the dissipation process promoted by sugarcane residues 
did not exist, the pressure exerted by the tires would cause an addi-
tional compaction to the soil, under the tested conditions, since the 
pressures of front and rear tires are higher than the pre-compres-
sion stress and, consequently, these pressures would occur in the 
plastic region of the soil. Thus, the soil would suffer an irreversible 
deformation for water contents above 0.32 cm3cm-3 in the layer of 
0-0.20 (m) when the machines entered the area.

In Figure 5B, at the depth of 0.25 m, the pressures from rear 
and front tires were respectively 115 and 95kPa. Thus, the relation 
between the load applied on soil surface and the evaluated layer 
corresponds to 2.4:1 for the front tires and 1.8:1 for the rear tires. 
Therefore, the pressure dissipated until the depth of 0.25 m corre-
sponded to 58% for the front tires and 48% for the rear tires.

Figure 5: Pressures on soil surface generated by the front (A) and rear tires (B) of the BH 180 tractor.
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In the layer of 0-0.20 m, the values of pre-compression stress in 
the system with filter cake application are lower than the pressure 
exerted by machines on the soil surface. However, in the layer of 
0.20-0.40m, most of the pre-compression stresses at all water con-
tents are higher than the pressure exerted by the machines.

Discussion

Pre-compression stress (σp) and prediction relations 
The native forest system, where the lowest soil density was ob-

served (Table 1), was expected to show the lowest pre-compres-
sion stresses for the studied soil class, as reported by Pacheco & 
Cantalice [39], Vasconcelos & Cantalice [2] and Oliveira et al. [38], 
since the external pressure from the agricultural machines are 
higher than the pre-compression stress in the cultivated areas of 
this study (Figure 5). In addition, under high moisture conditions, 
these two factors cause a more dense packing of soil mineral par-
ticles, which reduces the amount of pores (macropores) and con-
sequently promote a higher number of contact points between the 
particles, because, according to Gupta et al. [40], this can result in a 
new state of resistance to external pressures. However, in the native 
forest soil, the organic matter caused an increase in soil resistance 
to compression due to the predominance of the effect of increase in 
shear strength parameters (cohesion), increase of capillary tension 
with the increase of the apparent cohesion.

 

According as observed in the Table 1, all these are grouped as 
medium texture soils according to EMBRAPA [37]. Soils of cultivat-
ed areas have different contents of clay in depth of 0-0.20m How-
ever, in all situations, the silt + clay values of the filter cake system 
(391.80gkg-1) and vinasse (381.55 gkg-1) are higher than 300 gkg-1, 
so the mechanical behavior in these systems Is influenced by the 
finer fractions of the soil. Chik & Villajo [41] report that in soils 
where silt + clay fractions are greater than 300 g kg-1 the finer frac-
tions govern mechanical processes, and Monkul & Ozden [42] con-
cluded that the interval between 190-340 gkg-1 in the contents of 
silt + clay correspond to the ideal transition range of the mechanical 
behavior of sandy soils to clayey soils. Thus, in comparison to soil 
under Atlantic forest (480.67 gkg-1 of clay) it may be affirm wich the 
systems present same mechanical behavior as to influence of the 
granulometric fractions on soil mechanic in study.

Thereby, is evident which the lowest values of pre-compression 
stress in the management systems with filter cake and vinasse ap-
plication (Table 2) showed the effect of the application of these res-
idues on the process of dissipation of pressures applied to the soil. 
As reported by Braida [6], the application of plant residues on the 
soil surface absorbs part of the compaction energy generated using 
agricultural machines, because the transfer of compaction energy 
does not occur during residue deformation. Thus, the lowest values 
of pre-compression stress in the management systems with filter 
cake and vinasse application showed that sugarcane fibers in these 
residues, applied for a period of 25 years, were able to dissipate the 

compaction energy through their deformation, and that the dissi-
pation of compaction energy can be effective for long periods, or at 
least for 25 years.

Reactions of direct shear strength of the Ultisols under 
different sugarcane managements in the superficial 
layer

The higher TOC content in the soil under native forest resulted 
in an increase of soil cohesion in the layer of 0-0.20m (Table 3). 
The higher OM content in the native forest, compared with the cul-
tivated soils, possibly promoted an increase in the forces of bonds 
and/or the establishment of new bonds between soil particles, 
whether through physical and chemical characteristics of organic 
molecules or through particle aggregation produced by organic fil-
aments, like fungal hyphae and roots, as mentioned by Soane [43]. 
Given the above, the increase in soil cohesion not only reflected 
in the increase in shear strength of this soil (Figure 4), but also in 
the increase of pre-compression stress in relation to the cultivated 
soils under vinasse and filter cake application (Table 2), since the 
increase in soil resistance due to OM will depend on the balance 
between its joint effects on soil density, shear parameters, capillary 
tension and the degree of saturation by water [44].

The system with filter cake application showed higher shear 
strength compared with the system with vinasse application 
(Figure 4). This can be related to the presence of cellulosic fibers 
from the filter cake, since according to Gao & Zhao [45], the shear 
strength of a soil with the presence of fibers is due to two factors: 
one inherent to soil properties and the other inherent to the fiber 
itself, for its tensile resistance. Given the nature of the fiber-soil in-
teraction, the response to shearing in the system with filter cake 
application was strongly influenced by the incorporation of longer 
fibers in the soil matrix, compared with the system with vinasse 
application. Therefore, according to Cristelo et al. [46], soil particles 
transfer normal and shearing stresses to the surface of the fiber, 
which is stretched until its rupture resistance; only after this, soil 
particles are totally mobilized, and the fiber contributes to the in-
crease in shear strength. This increase in resistance occurs because 
organic fibers have higher degree of elasticity. According to Horn 
[47], these materials, under compression forces, show higher de-
grees of elasticity compared to soil mineral particles.

The results for shear strength in the filter cake system, when 
compared with the vinasse system, agree with others in the litera-
ture on incorporation of organic fibers for the improvement of soil 
shear strength, as observed in Prabakar & Sridhar [48]. These au-
thors obtained good results in the increase of soil resistance with 
the incorporation of up to 0.75% of sisal fibers in the soil matrix 
[49-52].

Conclusion
The pressures applied on soil surface by the tires of agricultural 

machines were higher than the pre-compression stress of the stud-
ied management systems. However, the application of sugarcane 
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organic residues in the form of vinasse and filter cake allowed good 
results in the process of pressure dissipation in the areas cultivated 
with sugarcane, which showed the lowest pressures compared with 
Atlantic forest soil at all water contents evaluated.

 The highest content of soil organic carbon in the soil under At-
lantic forest favored the increase in soil cohesion and consequent-
ly the increase in soil shear strength, making it less susceptible to 
deformations. On the other hand, in the soils under cultivation, the 
presence of organic fibers from filter cake favored an increase in 
shear strength compared with the soil under vinasse application.
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