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A B S T R A C T   

Horizons with cohesive character impose physical restraints on plant development, particularly when it occurs 
near the soil surface. Howbeit, the genesis of cohesive character in soils is associated with temporary and 
reversible cementation by amorphous silica. Thus, we hypothesized that the biochar obtained from residues from 
cashew processing would improve soil porosity and promotes silicon adsorption, consequently reducing cohesion 
and mechanical resistance while improving the physical quality of soils with cohesive character. We collected 
soil samples with deformed structure from the Bt1 horizon of a Typic Haplustult with cohesive character in 
northeast Brazil. These samples were used to prepare test substrates by combining air-dried and sieved soil 
samples and biochar at application rates of 0, 5, 10, 20, and 40 Mg ha− 1. All the samples in each treatment 
underwent ten cycles of wetting and drying (one cycle per week) to allow the manifestation of the cohesive 
character. Subsequently, we assessed silicon adsorption capacity, soil bulk density, porosity, soil penetration 
resistance, tensile strength, and rheometric properties. In the 5 and 10 Mg ha− 1 doses, the physical quality 
remained like the control treatment (0 Mg ha− 1). The 20 and 40 Mg ha− 1 doses resulted in increased soil silicon 
adsorption capacity (+7.6 and +15.3%, respectively), total porosity (+2.0 and +1.9%, respectively), and 
macroporosity (+14.6 and +15.3%, respectively), compared to the treatment without biochar. Conversely, these 
doses led to a reduction in soil bulk density (-0.1 and − 0.8%, respectively), penetration resistance (-16.2 and 
− 16.1%, respectively), tensile strength (-24.2 and − 36.5%, respectively), deformation at the end of the linear 
viscoelastic range (-6.3 and − 10.5%, respectively), shear stress at the end of the linear viscoelastic range (-16.4 
and − 26.9%, respectively), and maximum shear stress (-13.7 and − 22.3%, respectively). In conclusion, the 
application of biochar improved soil porosity and promoted silicon adsorption, thus reducing the bulk density, 
cohesion, and mechanical resistance, enhancing the physical quality of soils with cohesive character, especially 
for doses of 20 and 40 Mg ha− 1.   
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1. Introduction 

Soil quality refers to the ability of soil to perform different functions 
in natural and managed ecosystems (Doran and Parkin, 1994). These 
functions include supporting the development of plants and animals, 
maintaining or improving the water quality, providing mechanical 
support for structures, as well as promoting the health of humans, 
plants, and animals, sequestering atmospheric carbon, and serving as a 
habitat for various organisms (Karlen et al., 1997; Lal, 2016; Seifu and 
Elias, 2018). From the perspective of soil physical quality, penetration 
resistance stands out as an indicator because it directly influences root 
growth and, consequently, plant development and productivity 
(Valadão Junior et al., 2014). Another indicator is tensile strength, 
which can be used to infer the effect of soil use and management prac
tices on soil quality (Oliveira et al., 2020). 

Soil structure, especially at the microscale, depends on electrostatic 
interactions between particles and the presence of binding agents 
(Markgraf et al., 2006). Therefore, in addition to evaluation at the 
mesoscale (samples between 100 and 300 cm3), soil mechanical resis
tance can be assessed at the microstructural scale (samples between 7 
and 10 cm3) through rheometry (Holthusen et al., 2012a, 2012b). It is 
worth mentioning that, as classical fluid mechanics cannot describe the 
deformation and flow process for all materials, rheology comes to be 
considered when the flow properties are more complex than those of a 
simple fluid (Markgraf, 2011). 

Soils with cohesive character have limitations in their physical 
quality (Mota et al., 2018). These soils are characterized by densified 
subsurface pedogenic horizons, found at a depth between 0.30 and 
0.70 m, that are very to extremely hard when dry and friable or firm 
when moist, with massive or weakly aggregated structure (Lima Neto 
et al., 2009; Santos et al., 2018). One of the hypotheses for the genesis of 
these horizons is densification through processes of reversible poly
merization and precipitation of low crystallinity siliceous and 
silico-aluminous compounds associated with wetting and drying cycles 
(Araújo Filho et al., 2001). The primary consequence of this process is a 
more compact arrangement of soil particles, imposing physical limita
tions on root development and plant growth (Marques et al., 2021). 

As most of the metabolically active plant roots are concentrated in 
the topsoil (Tang et al., 2023), the presence of cohesive horizons near 
the surface can hinder the productive potential of the plants cultivated 
on these soils. This happens because of the increase of both bulk density 
and root penetration resistance, as well as the decrease in total porosity, 
affecting the water and air flow (Giarola et al., 2001), particularly in dry 
soil when the cohesion increases (Mota et al., 2021; Queiroz et al., 
2023). So, management of this type of limitation is necessary in 
high-technology agricultural systems, in which soil conditions are 
optimized to maximize crop productivity. 

The costs of subsoiling operations tend to be high in areas with 
cohesive horizons (Corrêa et al., 2023). Therefore, in situations where 
the cohesive horizon is close to the surface, one strategy to improve the 
soil physical quality and promote plant development is the use of soil 
conditioners. These materials can be incorporated into the soil at depths 
of up to 0.40 m in conventional systems, but with the possibility of 
reaching up to 0.80 m in depth (Campos et al., 2022). One conditioner 
that has gained prominence is biochar, obtained by the pyrolysis of 
biomass in a limited oxygen atmosphere (Nascimento et al., 2023). High 
specific surface area and high density of negative surface charges 
characterize biochar, which allow the conditioner to adsorb water and 
nutrients to plants (Yang et al., 2019). The application of biochar also 
improves soil aeration and microbial activity and contributes to carbon 
sequestration due to the high recalcitrance of carbon in its structure 
(Elkhlifi et al., 2023; Li and Tasnady, 2023; Luo et al., 2023; Nascimento 
et al., 2023). 

The impact of biochar on the biogeochemical cycle of silicon (Si) is 
still not clear, thus showing the importance of studying the relationship 
between biochar and Si, which is the second most abundant element in 

the Earth’s crust (Savant et al., 1999; Sommer et al., 2006; Wang et al., 
2020). Once incorporated into the soil or reaching the subsurface layer 
due to vertical mobility (Zhang et al., 2023), biochar can adsorb silicic 
acid (H4SiO4) into its porous structure (Wang et al., 2018). The effect is 
more pronounced for biochar derived from materials with low Si con
tent, which can act as Si sinks in the soil (Wang et al., 2019). Hence, 
biochar with low Si content could adsorb the element from the solution 
and alleviate mechanical constraints on plant development in soils with 
cohesive character. 

There are no records of cashew trees (Anacardiaceae, Anacardium 
occidentale L.) being silicon accumulators, a characteristic primarily 
associated with monocots of the Poaceae family (Hodson et al., 2005), 
and some dicots like those in the Curcubitaceae family (Ma and Taka
hashi, 2002). Therefore, the use of cashew tree residues allows the 
production of biochar with low silicon content, favoring the adsorption 
of the element over its release. Additionally, cashew production is 
concentrated in the Northeast Region of Brazil (Oliveira and Ipiranga, 
2011), where this study was conducted, and cashew farming faces sig
nificant challenges related to waste management (Kannan et al., 2021), 
such as the destination of the bagasse resulting from the processing of 
the pseudo fruit. 

So, we hypothesized that the application of biochar obtained from 
the pyrolysis of residues from cashew processing improves soil porosity 
and promotes silicon adsorption, thus reducing cohesion and mechani
cal resistance, and improving the physical quality of soil with cohesive 
character. The objectives of this study were to assess if biochar appli
cation improves soil silicon adsorption capacity and reduces soil cohe
sion and resistance and to identify the most effective biochar dose for 
improving the physical quality of soils with cohesive character. 

2. Material and methods 

2.1. Soil sample collection 

Soil samples were collected in an experimental area of the Federal 
University of Ceará, located in Fortaleza, Ceará, Brazil (Fig. 1A). For
taleza has a tropical wet-dry climate – Aw (Koppen, 1918). The studied 
area (3◦44’41.6"S, 38◦34’51.5"W, Fig. 1B) has not undergone anthro
pogenic intervention in the last 15 years, remaining fallow. The soil was 
classified as an Argissolo Amarelo Eutrocoeso típico (Santos et al., 
2018), Typic Haplustult (Soil Survey Staff, 2022), or Haplic Lixisol (IUSS 
Working Group WRB, 2022). The characterization of the studied soil, 
according to Vieira (2013), is presented in Table 1. The soil samples with 
deformed structure were collected in the center of the Bt1 horizon with 
cohesive character (0.96 – 1.45 m) for the assembly of test specimens. 
The studied horizon has 45.9% sand, 10.1% silt, and 44.0% clay, 
belonging to the sandy clay textural class. The samples were air-dried to 
equilibrium with ambient moisture, then crushed using a roller and 
sieved with a mesh opening of 2 mm to obtain air-dried fine earth. 

2.2. Preparation of test specimens, treatments, and experimental design 

The experimental design was completely randomized, with five 
treatments and five replicates, totaling 25 experimental units per 
treatment. Test specimens were prepared using air-dried soil samples 
and biochar obtained from the pyrolysis of cashew processing residues, 
considering the treatments 0 (B0), 5 (B5), 10 (B10), 20 (B20), and 40 
(B40) Mg ha− 1. To produce the biochar, the cashew bagasse was dried in 
an oven (40◦C for 24 hours). Then, the biomass was ground and sieved 
through a mesh with an opening of 2 mm. Slow pyrolysis was carried out 
in a tubular furnace (FTHI/20, EDG), at 550◦C for 90 minutes, under a 
moderate flow of nitrogen. The biochar characteristics were previously 
described by Fregolente et al. (2023), however, the elemental compo
sition and ashes content of biochar are presented in Table 2. As 
explained in the introduction, cashew residues were chosen due to their 
availability in the given region as well as due to their low Si content. 
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Using the molybdenum blue colorimetric method (Kilmer, 1965), we 
measured a silicon adsorption capacity of the final biochar of 
2.3 mg g− 1. For methodology, see section 3.2.1 “Silicon adsorption 
capacity”. 

At the time of preparing the test samples, the doses were transformed 
into mass percentages. For this, the mass of biochar from the respective 

treatment and the mass of soil that occupies the area of 1 ha were 
considered. The soil mass was obtained using the thickness and bulk 
density data from the cohesive horizon where the soil was collected 
(thickness = 0.49 m; bulk density = 1550 kg m− 3). For example, for the 
dose of 40 Mg ha− 1, there is 40,000 kg of biochar for 7595,000 kg of soil. 
This results in a biochar-to-soil ratio of 0.005–1, which is equivalent to 
0.5% w/w. Before preparing the test specimens (soil with biochar, in 
metallic rings measuring approximately 100 cm3 – internal diameter 
and height of approximately 5 cm), the soil was carefully mixed with the 
biochar considering the treatments described previously. For this pur
pose, we added soil and biochar into a plastic bag which was then sealed. 
Subsequently, the plastic bag was shaken to ensure the mixture was 
homogenized. 

Initially, two sets of samples were prepared: the first for the evalu
ation of penetration resistance and the collection of material for silicon 
adsorption trials; and the second for the evaluation of total porosity, 
macroporosity, and microporosity. Soil bulk density was evaluated in 
these sets of samples. Each sample was manually packed in metallic 
rings (approximately 100 cm3, with an internal height and diameter of 
approximately 5 cm). To obtain clods for evaluating tensile strength and 
material for rheometric tests, we assembled larger specimens (volume of 

Fig. 1. Location of collecting point – Fortaleza, Ceará, Brazil (A). Profile of the Argissolo Amarelo Eutrocoeso (Typic Haplustult) (B). Soil profile photo: Vieira (2013).  

Table 1 
Characterization of the soil.  

Horizon Depth (cm) Exchangeable cations 
(cmolc kg¡1) 

SB CEC BS (%) pH Granulometric fractions (%) 

Ca2þ Mg2þ Kþ Naþ Al3þ Hþ (cmolc kg¡1) Sand Silt Clay 

Ap 0–8 3.0 4.4 0.36 0.37 0.2 2.0 8.13 10.33 79 6.0 82.6 10.9 6.5 
AE 8–15 2.0 3.8 0.21 0.37 0.2 1.2 6.39 7.79 82 6.2 82.3 9.0 8.7 
E 15–32 1.4 2.8 0.24 0.36 0.4 1.8 4.79 6.99 69 6.3 81.0 6.6 12.4 
EB 32–62 1.4 3.2 0.30 0.43 0.4 1.8 5.33 7.53 71 6.3 70.6 7.8 21.6 
BE 62–96 2.2 2.0 0.39 0.41 0.6 1.5 5.00 7.10 70 6.3 61.4 9.4 29.2 
Bt1 96–145 1.6 3.8 0.40 0.43 0.6 1.6 6.23 8.43 74 6.3 45.9 10.1 44.0 
Bt2 145–190+ 1.8 3.0 0.17 0.46 0.4 1.6 5.43 7.43 73 6.4 47.9 10.8 41.3 

SB – Sum of bases. CEC – Cation exchange capacity. BS – Base saturation. pH measured in water. 
Source: Vieira (2013). 

Table 2 
Biochar elemental composition, ash content, and O/C and H/ 
C atomic ratios.  

Variables  

Specific surface area (m2 g− 1) 70.0 
C (%) 80.1 
H (%) 2.5 
N (%) 2.8 
S (%) 0.2 
O (%) 10.8 
Ash (%) 3.6 
O/C Atomic ratio 0.10 
H/C Atomic ratio 0.38 

Source: Fregolente et al. (2023). 
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approximately 330 cm3, height and diameter of approximately 7.5 cm), 
where samples were packed with the aid of a hydraulic press. The initial 
bulk density of each test specimen was defined as the bulk density of the 
horizon where soil material was collected (1550 kg m− 3). 

In a study on horizons with cohesive character, Vieira et al. (2012) 
found that samples packed with air-dried fine earth, when subjected to 
wetting and drying cycles, tend to exhibit strong cohesion when dry. 
Therefore, all experimental units were subjected to ten cycles of wetting 
and drying to allow for structural changes and the manifestation of 
cohesive character. One cycle was conducted per week, from August 23, 
2021, to November 1, 2021, totaling ten weeks. The ten-week interval 
allowed biochar doses to promote changes in the structure detectable by 
the used soil physical quality indicators. Always at 2 PM, on Monday, the 
samples were placed on sponges saturated with distilled water to 
moisten by capillarity. After that, every Wednesday at 2 PM, the samples 
were removed from the sponges and left to air-dry in plastic trays, where 
the samples remained until the following Monday. Thus, the cycle 
consists of two days of wetting and five days of air drying. The average, 
minimum, and maximum temperatures in the laboratory where the 
study was conducted were 28.8, 26.6, and 30.8 ºC, respectively. 

2.3. Analyzed attributes 

2.3.1. Silicon adsorption capacity 
At the end of the wetting-drying cycles, the test specimens were 

removed from the aluminum rings and disaggregated manually. The 
material obtained was used to perform silicon adsorption capacity tests 
for the soil + biochar mixture, at the respective biochar doses. For this 
purpose, in triplicates, 5 g of the material was added to 50 mL Falcon 
tubes along with 25 mL of a solution containing 10 ppm of Si (1:5 w/v), 
using Na4SiO4 as the Si source due to its good water solubility. This 
mixture was stirred for 24 hours on a horizontal mechanical shaker, 
centrifuged for 5 minutes at 5000 rpm (3214 G), and, finally, the su
pernatant was collected to determine the remaining Si in solution. 

Quantification of remaining Si after equilibrium was carried out by 
UV–VIS spectroscopy at a wavelength of 660 nm, following the molyb
denum blue colorimetric method as described by Kilmer (1965). The 
method is based on the formation of a yellow silico-molybdic complex 
that, after the addition of ascorbic acid, turns blue, allowing the Si 
quantification even at small concentrations. The Si adsorption capacity 
was calculated using Eq. (1): 

qe =
(Ci − Cr) × V

m
(1)  

where qe is the Si adsorption capacity (mg g− 1), Ci is the initial con
centration of the solution (mg L− 1), Cr is the remaining concentration 
after equilibrium (mg L− 1), V is the supernatant volume (L), and m is the 
mass of adsorbent (g). 

2.3.2. Soil bulk density and porosity 
Soil bulk density was determined by considering the soil volume in 

the metallic rings after cycles of wetting and drying. Using the cross- 
sectional area of the ring and the height of each sample, volume was 
calculated. The mass of the particles, on the other hand, was obtained 
after drying the samples in an oven (105◦C, until constant mass). Then, 
bulk density was calculated using Eq. (2) (Blake and Hartge, 1986a), 

ρs =
Mp

Vs
(2)  

where ρs is the bulk density (kg m− 3); Mp is the mass of particles (kg), 
and Vs is the soil volume (m3). 

Total porosity was obtained using the data of soil and particle den
sities, according to Eq. (3), 

α =

(

1 −
ρs

ρp

)

(3)  

where α is the total porosity (m3 m− 3), and ρp and ρs are the particle 
density and bulk density (kg m− 3), respectively. Soil particle density was 
obtained for each treatment using the volumetric flask method, which 
involves determining the volume of alcohol needed to fill a 50 mL 
volumetric flask containing 20 g of the material to be analyzed. The 
volume of particles is equal to the difference between the flask volume 
and the volume of used alcohol (Blake and Hartge, 1986b). 

Microporosity was determined by applying a pressure of 6 kPa on a 
tension table to empty macropores (Klute, 1986). Macroporosity was 
calculated as the difference between total porosity and microporosity. 

2.3.3. Penetration resistance and tensile strength 
Penetration resistance was determined with test specimens with 

moisture equilibrated to − 33 kPa tension, commonly associated with 
field capacity (Assouline and Or, 2014). We used a static cone pene
trometer with a linear actuator system operating at a speed of 
1 cm min− 1, a load cell of 2000 kPa, and a cone with a base diameter of 
0.4 cm, an angle of 60◦, and an area of 12.566 mm2. The penetrometer 
used is connected to a microcomputer for data acquisition, as described 
by Tormena et al. (1998), recording one reading per second. Three 
equidistant readings were taken for each experimental unit. 

To determine tensile strength, the test specimens with a volume of 
approximately 330 cm3 (height and diameter of 7.5 cm) were moistened 
by capillarity and subsequently disintegrated into clods with diameters 
ranging from 19 to 25 mm. The clods were air-dried before the tests. 
Tensile strength tests were conducted using a dynamometer with an 
electronic linear actuator at a constant speed of 0.08 mm s− 1 (Tormena 
et al., 2008). Five clods from each experimental unit were analyzed, so 
that the tensile strength for the respective repetition corresponded to the 
mean value of the five clods. Thus, 25 clods per treatment were tested. 
Before evaluation, the mass of each clod was determined using an 
analytical scale. The arithmetic mean of the tensile strength of the five 
clods was used to define the value of the respective replication. 

Each clod was individually placed in the most stable position be
tween two metal plates: one fixed to the base of the equipment and the 
other mobile and connected to the load cell of the electronic linear 
actuator (capacity of 2000 kPa). The applied load value at clod rupture 
was stored by an electronic data acquisition system. After each rupture 
procedure, the mass of a portion of each clod was measured, and then 
the material was oven-dried (105◦C for 48 hours) for moisture 
calculation. 

Tensile strength (TS) was evaluated, following Dexter and Kroes
bergen (1985), by Eq. (4), 

TS =
0, 576P
D2103 (4)  

where TS is the tensile strength of the clod (kPa); 0.576 is the propor
tionality constant relating the applied compressive stress to the tensile 
stress generated within the clod; P is the applied force (N); and D is the 
effective diameter of the clod (m), calculated with Eq. (5) (Watts and 
Dexter, 1998), 

D = Dm
(

M
M0

)0.333

(5)  

where D is the effective diameter of the clod (m); Dm is the mean 
diameter of the clods (m), obtained by averaging the sizes of the sieve 
openings; M is the mass of the clod when dried at 105◦C (g); and M0 is 
the mean mass of the clods when dried at 105◦C (g). 

2.3.4. Rheometric analyses 
For the rheometric tests, samples with a bulk density equal to that of 
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the soil under study (1550 kg m− 3) were prepared using homogenized 
material from the test specimens previously undergone cycles of wetting 
and drying. Homogenized material was chosen because of the small final 
sample volume (only a few cm3), and the assessment is very sensitive to 
structural heterogeneities such as cracks and fissures. 

Soil bulk density is one of the factors that affect the rheological 
behavior of the soil (Holthusen et al., 2020b), so all the samples were 
packed with the same density. Furthermore, it should be considered that 
soil structure has little effect on the rheological properties, as the sample 
volume is small and the main acting forces depend on the electrostatic 
interactions between the particles and the presence of binding agents 
(Markgraf et al., 2006). On the other hand, Holthusen et al. (2019), 
found quite different results for the same soil material with preserved 
structure and after homogenization. Nonetheless, most soil rheological 
studies are conducted with deformed soil samples, from the earliest 
oscillatory tests applied to agricultural soils (Ghezzehei and Or, 2001; 
Holthusen et al., 2010; Markgraf et al., 2006; Or and Ghezzehei, 2002) 
to recent ones (Batista et al., 2022; Batistaão et al., 2020a, 2020b; 
Holthusen et al., 2019; Sobucki et al., 2022). 

Before the rheological tests, the samples were saturated with distilled 
water in Petri dishes and then equilibrated on tension tables to a matric 
potential of − 10 kPa (Sobucki et al., 2022). Subsequently, the amplitude 
sweep test (AST) was performed using a modular compact rheometer 
(MCR 102, Anton Paar, Germany), equipped with a measurement system 
with rough parallel plates of 25 mm (upper plate) and 50 mm in diam
eter (lower plate). Immediately before the test, the samples were hori
zontally cut at a height of approximately 4.5 mm using a nylon thread, 
and vertically using a 25 mm diameter ring. Thus, the diameter of the 
sample was adjusted to match the diameter of the upper plate of the 
equipment. The temperature of the lower plate was kept constant at 
20◦C; the gap distance between the plates was 4.0 mm; the waiting time 
before the test was 30 seconds; the amplitude of deformation varied 
from 0.0001% to 100%; the angular frequency was 0.5 Hz; the number 
of measured points was 30; and the average test duration was 
12 minutes. In addition, the moisture reduction during the test did not 
exceed 10% in any evaluation. 

In oscillatory tests, the shear stress (τ, Pa) results from the force 
required to generate strain (γ, %) along the shear surface. The strain (γ, 
%) was calculated using Eq. (6), while the shear stress (τ, Pa) was 
calculated using Eq. (7) (Holthusen et al., 2010; Mezger, 2020): 

γ =
S
h

100 (6)  

τ =
2M
πr3 (7)  

where γ is the strain (%); s is the deflection distance (m); h is the distance 
between the plates (m); τ is the shear stress (Pa); M is the torque required 
for deformation (N); and r is the radius of the upper plate (m). 

To quantify the rheological properties of the soil through oscillatory 
tests, some parameters of classical mechanics are modified (Pértile et al., 
2018, 2016). The shear modulus (G), derived from Hooke’s law, must be 
modified for the condition of oscillatory stress, giving rise to a complex 
shear modulus (G*, Pa), as in Eq. (8), 

G∗ =
τA

γA
(8)  

where G* is the complex shear modulus (Pa); τA is the amplitude of shear 
stress τ (Pa); and γA is the amplitude of strain γ (%). 

The complex shear modulus (G*, Pa) was divided into a storage 
modulus (G’, Pa) (Eq. (9)) and a loss modulus (G’’, Pa) (Eq. (10)). The 
storage modulus (G′, Pa) represents the elastic component of a material 
and relates to the fraction of energy stored and later released, while the 
loss modulus (G′’, Pa) represents the viscous component of a material 
and relates to an imaginary fraction of energy that is permanently lost 

during flow (Mezger, 2020). 

G′ =
τA

γA
cosδ (9)  

G′′ =
τA

γA
senδ (10)  

where G’ is the viscoelastic storage modulus (Pa); G’’ is the loss modulus 
(Pa); τA is the amplitude of shear stress τ (Pa); γA is the amplitude of 
strain γ (%); and δ is the phase shift angle obtained by the displacement 
of the response curve τ relative to the controlled γ curve. For viscoelastic 
substances like soil, 0 < δ < 90◦. 

The ratio of G’’ to G′ results in the tangent of δ (Eq. (10)), called the 
"loss factor," as it relates to the amount of energy lost from the system 
with deformation. When δ < 1 (G′ > G’’), the elastic component pre
dominates, and when δ > 1 (G′ < G’’), the viscous component is pre
dominant (Markgraf et al., 2006): 

tanδ =
G′′
G′ (10)  

where tanδ is the loss factor (-); G’’ is the loss modulus (Pa); and G’ is the 
viscoelastic storage modulus (Pa). 

To obtain final rheological properties in an amplitude sweep test, the 
values of G’, G′’, tan δ, and τ are graphically represented as functions of 
γ, as illustrated in Fig. 2. With the curves of G′ and G" as a function of γ 
(Fig. 2A), the linear viscoelastic range (LVE) was determined. This range 
is defined as the region of the curve where G′ and G" are constant and a 
limit strain value (γLVE, %) has not been reached, indicating irreversible 
changes in the sample’s structure (Holthusen et al., 2010; Mezger, 
2020). Considering the intersection of the G’ and G” curves as a function 
of γ (Fig. 2A), we calculated the "yield point" (YP), where tan δ = 1 and 
G’ = G” (G’G” YP), meaning the viscous and plastic components are 
equal. This value occurs in the nonlinear viscoelastic range and defines 
the critical deformation (γYP, %) at which the viscous component pre
dominates, and the sample irreversibly flows. The associated stress (τYP, 
Pa) at γYP was also obtained (Holthusen et al., 2019, 2010; Markgraf 
et al., 2006; Mezger, 2020; Pértile et al., 2018, 2016). 

Also based on the G′ and G" curves as a function of γ (Fig. 2A), the 
integral z (Fig. 2A) and the maximum shear stress (τmax, Pa) were 
determined (Fig. 2B). The integral z is calculated as the area defined, at 
the lower limit, by the tanδ curve and, at the upper limit, by the line 
parallel to the x-axis at the level of YP (tan δ = 1). The higher the integral 
z value, the greater the proportion of elastic deformation and the greater 
the soil stiffness. The τmax value is obtained by observing the highest τ 
(Pa) value in each test. The τmax value indicates the maximum shear 
stress supported by the soil before the main friction is overcome 
(Holthusen et al., 2010; Markgraf, 2011; Markgraf et al., 2006; Mezger, 
2020; Pértile et al., 2018). The rheological properties were calculated 
using Rheoplus/32 v 3.62 software (Anton Paar, Germany). 

2.4. Statistical analysis 

The normality of the data was assessed using the Shapiro-Wilk, 
Kolmogorov-Smirnov, Cramer-von Mises, and Anderson-Darling tests 
(P < 0.05). In cases where normality was not confirmed, data trans
formation was performed using the Box and Cox (1964) procedure, 
which seeks to find an optimal power (λ) such that the transformed data 
assume a distribution as close as possible to normal. 

Analysis of variance (ANOVA) was performed using the F-test, and 
mean comparisons were conducted using the Tukey test (P < 0.05). 
Regression and correlation analyses were carried out between the 
evaluated attributes and the biochar doses, considering linear (y = ax +
b) and quadratic models (y = ax2 + bx + c). The significance of the linear 
regression coefficient (a) and the dominant coefficient of the polynomial 
(a) was tested. The model that provided the best fit (r2) and was 
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statistically significant was chosen. Principal component analysis (PCA) 
was conducted to characterize the treatments, and cluster analysis was 
performed to group treatments with higher similarity. All analyses were 
conducted using the SAS® OnDemand for Academics platform. 

3. Results and discussion 

3.1. Silicon adsorption capacity 

From the results of silicon removal from the solution (Na4SiO4 
10 ppm), there was a removal of 37.5, 37.4, 37.2, 40.3, and 43.2% for 
treatments B0, B5, B10, B20, and B40, respectively. Silicon adsorption 
capacity (qe) was affected by the treatments (Fig. 3A), with an increase 
in qe as the proportion of biochar increased in the soil + biochar sub
strate (Fig. 3B). This increase was noticeable starting from the dose of 20 
Mg ha− 1, with qe reaching the maximum value (0.0220 mg g− 1) at the 
40 Mg ha− 1 dose (Fig. 3A). Considering the 40 Mg ha− 1 dose and the 
studied horizon (bulk density of 1550 kg m− 3 and thickness of 0.49 m), 
this result implies the capacity of adsorbing an additional 11.2 kg of Si 
per hectare compared to the control treatment. 

At the lowest doses (5 and 10 Mg ha− 1), the qe remained statistically 
unchanged relative to the control treatment, which suggests that high 
doses of the conditioner (> 20 Mg ha− 1) may be necessary to achieve 
significant improvement of the silicon adsorption capacity. Addition
ally, the dose of 20 Mg ha− 1 appears to be a threshold from which 
increasing the biochar dose results in a proportional increase in Si 
adsorption capacity due to the greater proportion of the adsorbent in the 
system. Wang et al. (2018), in a study evaluating the dissolution kinetics 
of silicon by adding biochars to the soil (pyrolyzed biomass: rice husk, 

rice straw, sawdust, and orange peel; application rate: 2.5% w/w), state 
that once incorporated into the soil, the conditioner can adsorb silicon, 
presumably in its porous structure, through a process of physical 
adsorption – which makes it a reservoir (sink) for the element. This ef
fect is more pronounced for biochar derived from materials with low 
silicon content, especially those from non-accumulator plant species 
(Wang et al., 2019), such as cashew – the plant whose residues were used 
to obtain the biochar that we utilized. Therefore, other biomass sources 
can be used when aiming to obtain biochar with the capacity to adsorb 
silicon, taking care to use plants that do not accumulate the element to 
favor the adsorption over its release. 

Horizons with cohesive character result from densification because 
of reversible polymerization and precipitation of low crystalline sili
ceous and silico-aluminous compounds (Araújo Filho et al., 2001). 
Therefore, it can be inferred that the biochar derived from cashew 
bagasse residues has the potential to adsorb silicon, preventing its pre
cipitation and, consequently, acting as a mitigator of the already 
established cohesion; likely, interrupting the process of formation of 
horizons with cohesive character. 

3.2. Bulk density and porosity 

There was no significant change in bulk density from 0 to 20 Mg ha− 1 

doses; however, at 40 Mg ha− 1 the bulk density was significantly 
reduced, approximately 0.8% lower concerning the control treatment. It 
is important to mention that all samples, regardless of treatment, were 
prepared with the same initial bulk density. Therefore, the reduction in 
bulk density after the experimental period occurred due to modifications 
in the soil structure provided by the added biochar. The application of 

Fig. 2. Illustration of rheological properties obtained in an amplitude sweep test (AST). Viscoelastic storage modulus (G′), loss modulus (G′’), and loss factor (tan δ) as 
functions of deformation (γ) (Logarithmic scale) (A). Shear stress (τ) as a function of strain (γ) (B). Source: Pértile et al. (2016). 

Fig. 3. Mean values of silicon adsorption capacity (qe) as a function of biochar doses (A). Regression between qe and biochar doses (B). Means followed by the same 
letter do not differ according to the Tukey test (P < 0.05). Bars represent the standard error of the mean. **Significant regression coefficient (P < 0.01). 
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biochar promotes the aggregation of soil particles, improving soil 
porosity, which implies an increase in pore volume and a reduction in 
bulk density (Nascimento et al., 2023). These processes occur because 
biochar particles can interact with cations and mineral particles and 
reduce the net balance of repulsive forces in the soil, favoring the ag
gregation process (Glaser et al., 2002; Hu et al., 2021; Ibrahim et al., 
2013). Horizons with cohesive character have a high bulk density (be
tween 1500 and 1800 kg m− 3) (Araújo Filho et al., 2001; Ribeiro, 2001), 

and often exhibit weak structural organization (Lima Neto et al., 2009). 
Therefore, strategies that promote aggregation – increasing porosity and 
reducing bulk density – are crucial to providing a physical soil envi
ronment more favorable for plant development. 

Soil bulk density is usually greater than the density of various types 
of biochar. Thus, in the field, the mixture of a material with low density 
(biochar) with another of high density (soil) results in a reduction in the 
mass/volume ratio of the mixture, i.e., in bulk density after conditioner 

Fig. 4. Mean values of Bulk density (A); Total porosity (B); Macroporosity (C); and Microporosity (D) as a function of biochar doses. Regression between Bulk density 
(E); Total porosity (F); Macroporosity (G); and Microporosity (H) and biochar doses. Means followed by the same letter do not differ according to the Tukey test (P <
0.05). Bars represent the standard error of the mean. **Significant regression coefficient (P < 0.01). *Significant regression coefficient (P < 0.05). nsNot significant 
regression coefficient. 
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incorporation. This effect becomes more pronounced with higher 
application rates, and greater differences between bulk density and 
biochar density (Blanco-Canqui, 2017). Bulk density is a key indicator 
related to other soil physical properties, such as total porosity and me
chanical resistance to root penetration (Al-Shammary et al., 2018; Keller 
and Håkansson, 2010). Therefore, as expected, the reduction in density 
through the application of biochar improved other evaluated physical 
soil quality indicators, as discussed below. 

Total porosity exhibited a parabolic relationship with biochar dose 
(Fig. 4F). The maximum value of the quadratic equation corresponds to 
a dose of 30 Mg ha− 1 and a total porosity of 0.4248 m3 m− 3 (x and y 
coordinates of the vertex of the parabola, respectively). In this way, a 
maximum plateau of total porosity was reached given the mixture of soil 
with biochar, so that the addition of biochar, even at high doses (> 50 
Mg ha− 1) would probably not result in increases in the variable. 

Doses of 20 and 40 Mg ha− 1 showed the highest total porosities 
(0.4248 and 0.4244 m3 m− 3, respectively), differing from doses of 0, 5, 
and 10 Mg ha− 1 (Fig. 4B). Voids between particles and aggregates form a 
complex network of pores of various sizes (Ambus et al., 2023; Hao 
et al., 2008), whose functionality is crucial for plant development. Ag
gregation provided by the interaction between biochar particles and soil 
particles can result in the formation of new pores, leading to an increase 
in total porosity. 

Macroporosity did not differ statistically according to the Tukey test 
(P <0.05) (Fig. 4C), although there was a linear response of macro
porosity to the biochar doses (Fig. 4G). The regression analysis dem
onstrates the effects of treatments on the soil. Only the 20 and 40 Mg 
ha− 1 doses showed macroporosity greater than 0.1 m3 m− 3 (10%), 
which corresponds to the minimum aeration porosity required for the 
proper development of most crops (Grable and Siemer, 1968). 

Studying horizons with and without cohesive character in the state of 
Ceará, Brazil, Mota et al. (2018), concluded that cohesive horizons have 
lower macroporosity, which results in restrictions to water and air flow 
and hinders plant growth. Thus, biochar application emerges as an 

alternative to improve permeability in cohesive horizons, given that air 
(Holthusen et al., 2018a; Mentges et al., 2016; Reichert et al., 2022) and 
water flow (Reichert et al., 2016b, 2009) predominantly occur in mac
ropores. Another factor to consider was the ten weeks of the experi
mental period, coinciding with soil wetting and drying cycles. 
Therefore, it is suggested that new studies be conducted with longer 
periods to verify if the changes imposed by the conditioner can be even 
more pronounced. 

Microporosity was not affected by the application of biochar 
(Fig. 4D), and there was no significant correlation between these vari
ables (Fig. 4H). This behavior corroborates the statement that the in
crease in total porosity due to the conditioner application was provided 
by the increase in macroporosity, not by a potential increase in micro
porosity, which remained statistically constant. However, the last two 
values of microporosity are slightly lower than at the control and at 
biochar doses < 10 Mg ha− 1. Possibly, doses > 40 Mg ha− 1 or inter
mediate (15, 25, 30 Mg ha− 1) might result in a significant trend of 
decreasing microporosity with higher biochar dosage. 

3.3. Penetration resistance and tensile strength 

Penetration resistance (PR), measured at field capacity (Ψm = − 33 
kPa), reduced with increasing biochar dose, with the vertex coordinates 
of the quadratic function corresponding to a PR of 1.27 MPa and a dose 
of 24.1 Mg ha− 1 (Fig. 5A). The PR reduction was significant from the 
dose of 10 Mg ha− 1, reaching the lowest values at doses of 10, 20, and 40 
Mg ha− 1 (reduction of 13.3, 16.2, and 16.1%, respectively) (Fig. 5C). 
The reduction of PR is in line with the increased Si adsorption capacity 
(Fig. 6), as the latter is supposed to reduce the cohesion and the me
chanical resistance. 

There was a correlation of 43.9% between PR and bulk density, 
following the Busscher et al. (1997) model. Thus, a crucial factor in 
reducing PR was the reduction in bulk density provided by the condi
tioner (Fig. 4A and E). According to Blanco-Canqui (2017), the effects of 

Fig. 5. Mean values of Penetration resistance (Ψm = − 33 kPa) (A); and Tensile strength (B) as a function of biochar doses. Regression between Penetration resistance 
(C); and Tensile strength (D) and biochar doses. Means followed by the same letter do not differ according to the Tukey test (P < 0.05). Bars represent the standard 
error of the mean. **Significant regression coefficient (P < 0.01). 

Í.V. Nascimento et al.                                                                                                                                                                                                                          



Soil & Tillage Research 241 (2024) 106101

9

biochar application on PR may not be significant depending on the 
biochar dose and residence time in soil, often requiring high application 
rates and enough residence time for a noticeable change in the attribute. 
However, considering the scale of this experiment, the type of biochar, 
the experimental time, and the tested doses, there was a noticeable 
reduction in PR averages. The lower PR values associated with doses of 
10, 20, and 40 Mg ha− 1 require less mechanical effort and energy by the 
root system of plants growing in such cohesive soil. 

All PR values, including the control treatment, were below 2 MPa – 
the critical PR threshold beyond which there is a physical restriction to 
the root growth of most cultivated crops (Cortez et al., 2018; Silva et al., 
1994; Tormena et al., 1998). When moist, horizons with cohesive 
character exhibit a consistency ranging from friable to firm (Santos 
et al., 2018) which may result in lower PR values under dry soil con
ditions (maximum cohesion). However. the lower PR values were 
associated with biochar application. 

Tensile strength (TS) reduced with increasing biochar dose (Fig. 5D), 
with a minimum value at the dose of 40 Mg ha− 1 (13.98 kPa) (Fig. 5B). 
Horizons with cohesive character typically have higher TS values than 
non-cohesive horizons (Mota et al., 2021). Biochar application was 
effective in reducing TS and, therefore, the cohesion of this horizon, 
since the conditioner promotes Si adsorption (Fig. 3), reducing the 

precipitation of the element and acting as a mitigator of the existing 
cohesion. 

The importance of organic materials in cohesion, shear strength, and 
load transmission within the soil has already been demonstrated for non- 
cohesive compactable soils, whether in the form of organic matter 
within the soil matrix (Braida et al., 2011, 2010, 2008, 2007; Holthusen 
et al., 2020a; Reichert et al., 2018), biochar (Alves et al., 2021; Awe 
et al., 2021), or as plant residue on the soil surface (Braida et al., 2006; 
Holthusen et al., 2018b; Reichert et al., 2016a). Biochar application 
reduced bulk density (Fig. 4A and E) because the conditioner promotes 
particle interaction and aggregation, increasing total porosity (Figs. 4B 
and F) and decreasing tensile strength (Ahmed and Raghavan, 2018; 
Sokołowska et al., 2020). 

According to Zong et al. (2014), biochar application is a viable 
alternative for improving the physical quality of clayey soils, as is the 
case with the studied horizon (44.0% clay), resulting in a reduction in 
tensile strength with the incorporation of low-density, porous material. 
This material reduces the number of contact points between soil mineral 
particles, which in turn reduces shear stress and cohesion. The authors 
also claim that this reduction in mechanical resistance implies a 
decrease in energy consumption during soil cultivation operations. This 
effect is beneficial in horizons with cohesive character since, when dry, 

Fig. 6. Mean values of properties related to shear strength: Stress at the end of the linear viscoelastic range (τLVE) (A); Maximum shear stress (τmax) (B); and Storage 
and loss modulus at the yield point (G’G” YP) (C) as a function of biochar doses. Regression between τLVE (D); τmax (E); and G’G” YP (F) and biochar doses. Means 
followed by the same letter do not differ according to the Tukey test (P <0.05). Bars represent the standard error of the mean. **Significant regression coefficient (P 
<0.01); nsNot significant regression coefficient. 
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cohesion increases to the point of hindering soil preparation operations 
and plant development (Giarola and Silva, 2002). 

The more pronounced effect observed at the highest dose (40 Mg 
ha− 1) suggests that high doses of the conditioner may be necessary to 
achieve significant reductions in soil tensile strength (Sokołowska et al., 
2020). However, reduction in frequency and cost of soil tillage opera
tions, such as subsoiling, that are often necessary in areas with soils with 
cohesive character (Corrêa et al., 2023) may offset the expenses asso
ciated with biochar application, even at high doses. Another positive 
aspect is the persistence of biochar in the soil (Nascimento et al., 2023). 
This can be an advantage in tropical or subtropical regions where the 
mineralization of organic matter is accelerated due to high 
temperatures. 

3.4. Rheometric properties 

The τLVE and τmax decreased with the application of biochar, 
without affecting G′G’’YP (Fig. 6). For the two shear stress variables, the 
effects of the conditioner application were significant starting from the 
dose of 5 Mg ha− 1, with the lowest values corresponding to the dose of 
40 Mg ha− 1. 

One of the factors related to the reduction in τLVE and τmax is the 
decrease in the number of contact points between soil mineral particles 

provided by the application of biochar, resulting in reduced friction, 
cohesion, and shear strength (Zong et al., 2014). Another possibility is 
the lubricating effect that occurs due to the formation of water films on 
the surface of biochar particles, reducing microstructural shear resis
tance which is naturally high in the horizons of cohesive soils (Sobucki 
et al., 2022). 

Soil structure, at the microscale, depends on electrostatic in
teractions between particles and the presence of cementing agents 
(Markgraf et al., 2006). Therefore, we infer that the biochar, by favoring 
the adsorption of Si instead of its precipitation (Fig. 3), favored the 
reduction of cohesion, reflecting the reduction of microstructural shear 
strength, particularly in τLVE and τmax. As discussed before, soil 
penetration resistance and tensile strength (Fig. 5) were also sensitive to 
cohesion reduction provided by biochar addition. 

Despite the tendency for G’G” YP to decrease with increasing biochar 
dose, the linear regression coefficient was not significant, and there was 
no significant difference between the means. However, in soil with 
biochar application, structure collapsed and flow occurred at lower 
stresses than in the control treatment, indicating lower resistance to 
applied stress (Alves et al., 2021). 

Fig. 7 shows the mean values of properties related to soil viscoelas
ticity at the microstructural level as a function of biochar doses. There 
was a significant trend of γLVE reduction with increasing doses of 

Fig. 7. Mean values of properties related to viscoelasticity: Deformation at the end of the linear viscoelastic range (γLVE) (A); Deformation at the yield point (γYP) 
(B); and Integral Z (C) as a function of biochar doses. Transformed variables (λ = − 1.89, − 0.72, and − 0.81, respectively). Regression between γLVE (D), γYP (E), 
Integral Z (F), and biochar doses. Means followed by the same letter do not differ according to Tukey’s test (P <0.05). The bars represent the standard error of the 
mean. **Significant regression coefficient (P <0.01); nsNot significant regression coefficient. 
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biochar (Fig. 7A). The effect of the conditioner application was signifi
cant, with the lowest value associated with the dose of 40 Mg ha− 1 

(Fig. 7D). Therefore, the strain value that signals irreversible changes in 
soil structure (γLVE) (Holthusen et al., 2010; Mezger, 2020) was reached 
earlier in soil with biochar application (the earlier the higher applica
tion), which can be interpreted as an indicator of lower microstructural 
stability. 

The γYP (Fig. 7B) and Integral Z (Fig. 7C) were not affected by the 
studied treatments. The regressions between these variables and the 
respective doses of biochar were also not significant. When applying 
biochar obtained from the pyrolysis of rice and soybean straw (10 Mg 
ha− 1) to soil samples collected in the topsoil of a Typic Hapludult, Alves 

et al. (2021) also reported little or no modification in soil properties 
related to viscoelasticity after biochar in soil for 15, 30, 45, and 60 days, 
highlighting the needing for longer residence time of biochar for the 
detection of its effects on soil rheometric attributes. The authors 
emphasize that this was not expected since the increase in electrostatic 
interactions and specific surface area of the soil provided by the 
conditioner should result in changes in viscoelasticity, relating the 
findings to residence time and applied dose. In our study, a 70-day 
experimental period and a dose of 40 Mg ha− 1 were sufficient to 
significantly change γLVE but not γYP and Integral Z, suggesting the 
need for evaluation at higher doses and longer residence periods of 
biochar in the soil. 

Fig. 8. Biplot graph, used to characterize the treatments (A); and Dendrogram, used to group treatments with higher similarity (B).  
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Improvement in physical quality and agronomic performance of soils 
and other substrates receiving biochar application results from the 
enhancement in microstructural conditions, as assessed in rheometry 
tests (Ajayi and Horn, 2016). In our study, the improvement provided by 
the conditioner was detectable through rheological properties, with 
particular emphasis on τLVE, τmax, and γLVE. 

3.5. Multivariate analysis 

In the principal component analysis (Fig. 8A), components 1 and 2 
together explained 88.47% of the data variability. According to Jolliffe 
and Cadima (2016), it is common to select the number of components to 
explain at least 70% of the variance. 

When analyzing quadrant I of the biplot graph (Fig. 8A), the control 
treatment (B0) is associated with a condition of greater microstructural 
stability and, consequently, higher cohesion, with values of τmax, τLVE, 
G’G” YP, and γLVE above the mean. Treatment B0 has penetration 
resistance above the mean, which is common in horizons with cohesive 
characteristics. The rheological properties τmáx, τLVE, G’G” YP, and 
γLVE high positive correlation with PR (83.38%, 87.39%, 86.74%, and 
86.70%, respectively) and TS (73.69%, 88.35%, 84.24%, and 87.06%, 
respectively). These correlations show rheometry is an important tool in 
characterizing horizons with cohesive character, as it is sensitive to 
modifications imposed on soil structure by management strategies. 

In quadrant II are treatments B20 and B40, associated with values of 
silicon adsorption capacity, total porosity, and macroporosity above the 
mean, as well as tensile strength, microporosity, and soil density below 
the mean. Thus, the application of biochar, especially at higher doses 
(20 and 40 Mg ha− 1), favored the flocculation of soil particles, which is 
the first stage of aggregate formation, resulting in reduced bulk density 
and increased total porosity and macroporosity. 

The correlation matrix generated in the principal component anal
ysis shows that tensile strength and silicon adsorption capacity had a 
strong negative correlation (-82.37%). Therefore, the lower TS and 
higher silicon adsorption capacity in treatments B20 and B40 confirm 
that biochar, by adsorbing silicon, leads to a decrease in tensile strength 
and, consequently, cohesion in horizons with cohesive character. 

In quadrant IV, treatments B5 and B10 are associated with values of 
silicon adsorption capacity, total porosity, and macroporosity below 
average, as well as bulk density, tensile strength, and microporosity 
above average. Thus, the application of biochar at low doses is not 
sufficient to improve attributes related to the soil porous network and to 
promote silicon adsorption and reduced cohesion, with physical quality 
remaining closer to treatment B0 than treatments B20 and B40. 

Fig. 8B shows the dendrogram resulting from the cluster analysis. 
When drawing a limit at a multivariate distance of 0.8, two distinct 
groups are formed: group I, consisting of treatments B20 and B40, where 
the effects of biochar application were more pronounced, resulting in 
reduced cohesion and mechanical resistance, and an increase in total 
porosity and macroporosity of the soil; and group II, consisting of 
treatments B0, B5, and B10, where the effects of biochar application are 
noticeable (B5 and B10), but not very pronounced, with physical quality 
remaining similar to the control treatment (B0). This information is 
important when choosing the dose of biochar to be applied in horizons 
with cohesive character, and it is recommended to use a dose between 
20 and 40 Mg ha− 1. 

4. Conclusions 

The biochar produced from cashew residues has the potential to 
adsorb silicon, reducing the precipitation of silicate compounds that 
cause particle cementation. Thus, it acts to reduce the cohesion already 
established and attenuates the genetic process of temporary cementation 
in horizons with the cohesive character. 

The application of biochar from cashew residues improves soil 
porosity and promotes silicon adsorption, thus reducing bulk density, 

cohesion, and mechanical resistance at meso and microstructural scales, 
leading to an improvement in the physical quality of soils with cohesive 
character. This could lead to a reduction in the frequency and cost of soil 
tillage operations, such as subsoiling, and may help offset the expenses 
associated with biochar application, even in substantial doses. 

For soils with cohesive character, the benefits of applying cashew 
residues biochar are noticeable even at low doses between 5 and 10 Mg 
ha− 1. However, doses between 20 and 40 Mg ha− 1 are more effective in 
improving soil physical quality, mitigating cohesion, and creating a soil 
physical environment more favorable for plant growth. 
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Tópicos Em Ciência Do Solo. Sociedade Brasileira de Ciência do Solo, Viçosa, 
pp. 221–278. 

Busscher, W.J., Bauer, P.J., Camp, C.R., Sojka, R.E., 1997. Correction of cone index for 
soil water content differences in a coastal plain soil. Soil Tillage Res 43, 205–217. 
https://doi.org/10.1016/S0167-1987(97)00015-9. 

Campos, M., Penn, C.J., Gonzalez, J.M., Alexandre Costa Crusciol, C., 2022. Effectiveness 
of deep lime placement and tillage systems on aluminum fractions and soil chemical 
attributes in sugarcane cultivation. Geoderma 407, 115545. https://doi.org/ 
10.1016/j.geoderma.2021.115545. 
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Chen, Z., 2023. Potential Role of Biochar on Capturing Soil Nutrients, Carbon 
Sequestration and Managing Environmental Challenges: A Review. Sustainability 15, 
2527. https://doi.org/10.3390/su15032527. 

Fregolente, L.G., Rodrigues, M.T., Oliveira, N.C., Araújo, B.S., Nascimento, Í.V., Souza 
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Lima Neto, J. de A., Ribeiro, M.R., Corrêa, M.M., Souza Júnior, V.S., Lima, J.F.W.F., 
Ferreira, R.F. de A. e L., 2009. Caracterização e gênese do caráter coeso em latossolos 
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