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Abstract

Several studies focus on the characteristic curve of the soil, which plays a fundamental role in the mechanics of
unsaturated soils and is also an important indicator of the physical quality. Therefore, the objective of this
research was to determine the characteristic curve of the soil by the methods of Filter Paper, Richards Pressure
Chamber, and Haines Funnel on an erodible slope in the Metropolitan Region of Recife, in the state of
Pernambuco, Brazil. The curves were designed by the models of van Genuchten, Fredlund & Xing, Seki, and
Dunner. In the suction x humidity ratios, during the wetting and drying processes, the experimental points were
very close, making it difficult to define the hysteresis effect. The Richards Chamber and Haines Funnel methods
allowed the complementation of the characteristic curve for low suction values, indicating that the techniques
can be used simultaneously. The statistical analysis resulted in a numerical model with a significance value
greater than 97%.
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1. Introduction

The knowledge of the behavior of the characteristic curve for unsaturated soil has been an important artifice for
the analysis of the performance of its physical-hydric properties. It is also fundamental for several areas such as
geotechnics, agriculture, hydrology, irrigation and fertilizer management, remediation of polluted areas, and
many others, Silva, Libardi and Gimenes (2018); Ahmed et al. (2021); Yan, Birle and Cudmani (2021); Wang et
al. (2021), in addition to its essential role in formulating constitutive equations applicable to unsaturated soils
(Maranha Das Neves, 2016).

The soil-water characteristic curve (SWCC) is the relationship between water content (gravimetric or volumetric)
or degree of saturation with suction (matrix or total) (FREDLUND et al., 2012). It is commonly illustrated in the
semi-log space of volumetric water content and matric suction (8:logy) and contains fundamental information to
describe geotechnical problems related to unsaturated soils (Rajesh et al., 2017).

As in the distribution of pores in the soil, it is possible to obtain dependence relationships between the
coefficients of the mathematical equations that describe the characteristic curve and various soil properties,
Cassaro et al. (2008). The presentation of the characteristic curve is influenced by properties such as structure
and aggregation, initial moisture content, void index, soil type, nature and compaction energy, stress history,
percentage of fines, mineralogy, pore size distribution, Parahyba et al. (2019), which may vary for each type of
soil. The choice of the number of points used to determine the curve is usually arbitrary, without a specific
criterion.

With the shape of the curve, it is possible to identify the classification as uni, bi, or trimodal: if the soil has only
one pore size range (macro, meso, or micro), it is called unimodal. This strip can be narrow, characterizing
uniform sand, or wide, characterizing well-graded sand. A soil that has two predominant bands can be considered
bimodal. The trimodal distribution is considered less frequent (Oliveira, 2019).
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Several laboratory types of equipment have been developed to obtain the characteristic curve independently,
although in some cases obtaining the curve is an expensive, time-consuming, and complex process. Some
researchers used the Tensiometer Method (Marinho et al., 2008), Pressure device (Bechtold et al., 2018),
electrical resistance blocks (Zeitoun et al., 2021), and filter paper (Fattah et al., 2021).

In recent decades, many empirical models have been developed to predict the characteristic, such as
Van-Genuechten (1980), Brooks-Corey (1964), Fredlund and Xing (1994), Gardner (1958), etc., and researchers
have also compared and evaluated the applicability and consistency of other models (Matlan et al., 2015; Fattan
et al., 2021). Based on this, scholars have investigated the characteristic curves of clay (Li et al., 2017), sand
(Yan & Zhang, 2015) and expansive soil (Tamer et al., 2017; Ahmed et al., 2018), and analyzed the effect of dry
density (Gallage & Uchimura, 2010), void ratios (Heshmati & Motahari, 2015), and grain size distribution on the
curve (Chen et al., 2018; Zhai et al., 2020).

In the laboratory, undisturbed samples measure the sensitivity of matrix suction, particularly for relatively low
suction values, in which capillary mechanisms tend to dominate the behavior of soil water retention.

Thus, to obtain the parameters of the characteristic curve, the methods of filter paper, Richards chamber, and
Haines funnel were used to measure the matrix potential of water in samples of erodible soil on a slope located
in the Metropolitan area of Recife/Brazil.

2. Method
2.1 Characterization of the Study Area

The area selected for the study is located on a hillside in the Armando de Holanda Cavalcanti Metropolitan Park,
located in the municipality of Cabo de Santo Agostinho, in the southern portion of the Metropolitan Region of
Recife, approximately 40 km from the capital. It occupies an area of approximately 270 ha. (total park surface),
as shown in Figure 1. The choice of this area is associated with the alarming proportions of erosive features; the
landscape presents intense gullies and ravines.
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Figure 1. Location of the study area
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2.2 Simple Recognition Poll

Three percussion-sounding holes were drilled on the central slope until the impenetrability condition was
reached. In Figure 2, the penetration resistance index (SPT) values are practically constant along the profile, with
the lowest value of 15 blows at 4.2 m depth, and the highest value of 60 blows at 15 m depth. depth.

The profile consists of a layer of clayey sand, followed by a 1.0 m thick silty sand and up to 4.3 m deep, clayey
sand (5YR 7/3 — MUNSSEL, 1992), and up to this depth; the soil was identified as belonging to the Barreiras
Formation.

This Formation has brightly colored tones that vary from yellow-red to white, outcropping on the eroded cliffs
along the beaches and the steep slopes of the valleys. From this point on, there is a hard sandy clay (10YR 7/6
MUNSSEL, 1992), belonging to the residual granite soil, often marked by variation between light yellow and
whitish veins (feldspars in alteration processes), referring to the passage of water and the removal of iron
sesquioxides.
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Figure 2. Location of the study area

2.3 Laboratory Geotechnical Investigation

Assays of physical and mineralogical characterizations were carried out and the characteristic curves were
obtained by the filter paper, Haines, and Richards Pressure Chamber methods.

2.3.1 Physical Characterization

Soil granulometric analysis was performed every 0.5m depth reaching 5.5m depth, as shown in Table 1. Soils
were classified from loamy sand to sandy clay. Geologically, it is assumed that there are two distinct types of soil
formation in the profile: soil belonging to the Barreiras Formation up to a depth of 4.5 m and, from this depth,
residual granite soil.

Table 1. Grain size composition

Features 1,5 m-1,8 m (FB)* 4,5 m—4,8 m (SR)*
Clay 25 60

Silt 5 16

Sand 69 24

Boulder 1 -

P 9,5 22

Note. *FB — the soil of the Barreiras Formation; *SR — residual granite soil.
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2.4 Mineralogical Analysis

The analysis of soil microstructure in systems susceptible to erosion can help a lot in understanding certain
behaviors and in finding solutions. The first would deal with the explanation of the behavior and functioning, as
the systems are, and the second would deal more with the search for desirable patterns of microstructures, which
could guarantee a longer useful life for engineering control works, or soil conservation. For the time being,
microstructures have served as an important aid in understanding the behavior and functioning of soil systems
and as a strong ally of other indicators used for a long time in erosion studies. Soil microstructure analysis was
performed using scanning electron microscopy (SEM). In Figure 3 (a, b) the soil structure is characterized by
quartz grains, which are partially or covered with fine material (clay and iron oxide). It is a potentially thin
matrix with poorly selected grains (subrounded and rounded). Some simple packings are identified where the
grains are directly connected. For Earle (2019), quartz represents a non-reactive material and is quite resistant to
weathering, providing greater stability to the soil structure.

Figure 3. Scanning electron microscopy. a) (1.5 m - 800X magnification); b) (4.5 m - 1000X magnificaticn)

Mineralogy using the petrographic microscope confirmed the presence of quartz, biotite, and muscovite and
identified minerals such as plagioclase (the mineral from the sodium feldspar group) and orthoclase (the mineral
from the potassium feldspar group), as shown in Figures 4, respectively. The images had a magnification of
100X and are with crossed-Nicols, that is, two polarizers that let through rays that are vibrating orthogonally to
each other; the polarizer and the microscope analyzer are at 90°. Figure 4 was visualized with an auxiliary slide
so that the minerals could be identified through the colors. The orange and blue colors represent quartz, purple
orthoclase, brown biotite, and reddish purple represent plagioclase.

As for the Santo Agostinho granite, it corresponds to the surface with the largest outcrop area. Predominant
equigranular rocks, medium to coarse texture and whitish gray to pink color. The essential mineralogy is
represented by feldspar, orthoclase, plagioclase, and quartz, making up more than 90% of the set of minerals,
while the mafic phases vary between 0.4 and 10%.

Feldspar makes up the group of primary minerals, being among the most common in rocks and the earth's crust
itself, being also relatively resistant to weathering (Saraiva et al., 2020). It is found most often in the sand and
silt fractions and, only in small amounts, in clay, so its presence depends on the composition of the parent rock
and the intensity of weathering to which it has been exposed (Earle, 2019).
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Figure 4. Plagioclase, orthoclase and quartz, orthoclase and biotite

The main mafic mineral is amphibole, Figure 5, which can reach up to 4.1%, still occurring as opaque
accessories. In orthoclasses, subhedral grains up to 0.5 mm and is frequently serialized to varying degrees.
Figure 5 presents granophyric texture, represented mainly by radial and spherulitic fringe types. This is a texture
formed by the simultaneous intergrowth of quartz, which together with the cavities seen in the field, confirm the
hypabyssal positioning.

Figure 5. Microscopic features of the Granite in Santo Agostinho (Nascimento, 2003).

2.5 Characteristic Curves

The soil water characteristic curve shows the relationship between soil water and water potential providing
information to quantify and model soil water processes for groundwater input, storage, flow, and recharge. It can
be obtained through traditional direct or indirect methods.

Direct methods result in suction measurements without the need for correlations between this and other soil
parameters. Indirect methods allow the determination of soil suction through its relationship with the properties
of other materials. Therefore, choosing the best method depends on the time for carrying out the tests and the
equipment.

Several empirical models have been proposed and used to describe the curve from a certain number of measured
points. These empirical functions are still widely used to adjust soil characteristic curves. Thus, important
experimental research has enabled the determination of parameters in the characteristic curves: Lafayette (2006);
Carvalho et al. (2015); Zeitoun et al. (2021); Li and Vanapalli (2021). In this research, the characteristic curves
of the soils were obtained by the Filter Paper methods, suction lacquer or Haines funnel, and pressure plate or
Richard Chamber. The curves were calculated according to the models of Van Genutchen (1980); Fredlung and
Xing (1994), Dunner (1994) e Seki (2007).

2.5.1 Filter Paper

In determining the suction values of the water retention curve, the filter paper technique was applied, considering
the different advantages it presents and its diffusion in the academic environment (Marinho & Oliveira, 2006;
Lafayette, 2006; Campos, 2015; Trevisolli, 2018; Hernandez, 2020; Wang et al., 2021; Zhou et al., 2021).

The filter paper method consists of indirect quantification through filter papers and matrix or total soil suction
(Carvalho et al., 2015). The filter paper used was Whatman No. 42 type 2. To determine the matrix suction, the
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undisturbed samples were molded into metallic rings measuring 7.20 cm in diameter and 3.0 cm in height. The
equilibrium time used was approximately 7 days. After equilibrium, soil and filter paper moisture is obtained.
Suction is achieved through the calibration curve of the filter paper through its humidity. Figure 6 shows the
samples with the filter paper.

Figure 6. Test execution with filter paper

2.5.2 Haines Funnel

The Haines Method is used to determine the soil suction, only for low-stress points on the curve. The equipment
is composed of a porous plate properly saturated, a flexible tube connected to a compartment filled with water,
and a level regulator. The porous plate also called the suction plate, must have an air inlet value of less than 40
kPa, Carvalho et al. (2015). Porous plates with very high air inlet values, above 70 kPa, can cause very
time-consuming tests, due to the low permeability of the porous material.

The samples were molded into PVC rings, with a diameter of 5.2 cm and a height of 2.5 cm and placed on the
porous plates of the funnels. Then water was added until saturation, around 24 h. Suctions were applied: 0.1 kPa;
0.3 kPa; 0.5 kPa; 1.0 kPa; 1.5 kPa; 2.0 kPa; 3.0 kPa; 5.0 kPa; 7.5 kPa and 10 kPa. Figure 7 illustrates carrying
out the test.

Figure 7. Test execution (Meurer, 2014)

2.5.3 Richards Pressure Chamber

The pressure plate apparatus allows the direct measurement of water content under matrix suction applied to a
sample and used to withstand high pressures Hong et al. (2016).

This equipment, Figure 8, allows the extraction of soil moisture, through the drying process with a pressure of
1500 kPa. The ceramic plate has its underside covered by a rubber diaphragm sealed at its edge. Between the
plate and the diaphragm, there is a nylon screen that allows the solution to flow during the application of
pressure. It causes the solution to move from the ground to the small reservoir under the plate, dripping in the
outlet tube.
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PN

Figure 8. Pressure chamber by Richards Azmi et al. (2019)

Four undisturbed samples were molded in PVC rings, with a diameter of 5 cm and a height of 1 cm and taken to
the Richards Pressure Chamber, where the applied suctions were: 10.33 kPa; 34 kPa; 53.7 kPa; 258 kPa; 775 kPa
and 1549 kPa.

At the break-even point (typically 10 days after the start of the test), the applied suction was turned off and each
ring was weighed. Then the samples were taken to the oven to determine their humidity.

2.5.4 Response Surface Methodology

The response surface methodology (RSM) is a mathematical and statistical method widely used for modeling
and analyzing a process in which the response of interest is influenced by multiple variables. The objective is to
optimize the response. The parameters that affect the process are called dependent variables.

Thus, for the solution, an empirical mathematical model is necessary, as the RSM needs to establish the
relationship between the independent variables and the response variables. Therefore, the adequacy of the
problem can be assessed for linear functions of the first order, quadratics of the second order, or polynomials of
the higher order (Olgun, 2013).

The model used in the research was based on the general form of the complete quadratic model presented by
Giilli and Fedakar (2017), as presented in Equation 1:

RC5=b0+ZbLXL+Zb])(] +Zkak+ZquL2 (1)

Where the terms X; and b represent the i-th random variable and the coefficients of the complete quadratic
model, respectively.

From the determination of the quadratic model, it is necessary to verify its adherence, which takes place through
the externalized conference of the residuals, with the conference by possible outliers, and with the calculation of
the coefficients of determination (R?), Adjusted R?, and the predicted R

The model verification formulations are presented in Equations 2 to 4, according to the model proposed by Giillii
and Fedakar (2017).

2 SSR

R® = )

" SSM+SSR

Where SSR and SSM are the sum of the squares of the residuals and the model, respectively. The sum of both
parameters produces the SST coefficient (sum of total squares).

R2Adjusted = 1 — Z—:; (1-R?) 3)

Where n and p are, respectively, the number of observations and the model parameters containing intercepts.

PRESS
SST

R?Predicted = 1 — 4)

Where PRESS is the error of the predicted sum of squares. This coefficient is obtained through the difference
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between the actual or measured and predicted values, that is, the residual sum of squares.

The general form of the independent variables used in the complete quadratic model was identified based on the
analysis of the parameters obtained with the parameters of the soil characteristic curve. The entire analysis was
performed with the help of Minitab Statistical Software (version 19.0), which made it possible to apply the RSM
method, as well as the ANOVA analysis.

3. Results and Discussion

The characteristic curve is an important relationship to interpreting the response of unsaturated soil. It represents
how the permeability, the shear strength, and the volumetric deformations behave under the variation of suction,
obtained through wetting paths and drying. Table 2 presents the initial conditions of each specimen, the
gravimetric (W), and volumetric (6,) mixtures.

Table 2. Physical indices of samples for determination of characteristic curves

Depth (m) W, (%) Yo (KN/m) € S (%) Saturation Humidity
Ws (%) 0, (%)
POI (1,5) 12,97 14,30 0,83 40,86 31,67 45,33
12,89 14,51 0,81 41,95 30,92 44,75
P01 (4,5) 11,46 13,97 0,90 33,81 33,96 47,36
11,69 13,90 0,91 34,20 34,33 47,64

The characteristic curves of the soils obtained through the filter paper, Haines funnel, and Richards chamber
methods are in Figures 11 and 12. The points of the curves during the wetting and drying process were very close,
making it difficult to identify the effect of hysteresis. Different hypotheses have been formulated to explain the
hysteresis of the characteristic curves; however, the best bases on differences in pore sizes, in which large and
small pores are interconnected, both during drying and wetting. This process can be interrupted by the pores
influencing the suction values.

The characteristic curve was transformed concerning the void ratio to facilitate the analysis of tropical soils since
it considers the pore size, which is generally not homogeneous. In this case, at each point on the curve, the
measurements in pF are multiplied by the respective void indices, removing its influence on the characteristic
curve. The soils at Point P-01 (1,5m), Figure 9, present an air entry value of around 1.5 kPa, where desaturation
of the soil macrostructure begins. This initial desaturation occurs for low suctions down to plus or minus 10kPa.
For Figure 10 at Point P-01 (4,5m) in residual granite soil, the characteristic curves are typical of clayey soils,
presenting a non-homogeneous (bimodal) pore distribution. This distribution is due to weathering, which is
responsible for the formation of aggregation of cemented particles or clay bridges. The shapes of the curves are
similar to a “saddle” and can be divided into three distinct sections. The sample has a first air entry value (in the
macropores) for small suctions, around 4 kPa, where desaturation begins. Afterward, a practically horizontal
level is observed, with the suction varying from 100 kPa to 2200 kPa. This threshold makes it hard to interpret
residual suction as a single value. In the last stretch, the second air entry value occurs, where the moisture
content decreases again with the addition of suction due to water removal in the soil microstructure.
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Figure 10. Characteristic curve — 4,5m

Table 3 presents the results of the statistical adjustments (R2) performed based on the equations of Fredlund and
Xing (1994) and Van Genutchen (1980), Dunner (1994), and Seki (2007).

It is observed that for the clayey sand at point P-01 (1.5m), the model that best fitted was the one by Fredlung

and Xing (1994) with (R? = 0.998); as for the sandy clay P -01 (4.5m), the fit that had the highest (R2 = 0.995)
was the Seki model (2007).

Table 3. Parameter result (R2)

Points PO1(FB) -1,5m PO1(SR) - 4,5m
Parameters VAN GENUTCHEN (1980) FREDLUND e XING (1994) DUNNER (1994) SEKI (2007)
R’ 0,994 0,998 0,994 0,995

3.1 Statistical Analysis

In order to obtain a full glimpse of the soil suction behaviour, statistical modeling was performed to measure the
importance that each statistical factor has on the variation of the soil suction. The range of values of the
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independent factors used in this study are listed in Table 4.

Table 4. Independent factors and their range

Term Range
Pfx e (Pe) 1.04 to0 7.72
Saturation (SAT) 10.34% to 100%

According to Myers, Montgomery ¢ Anderson-Cook (2009); Giilli e Fedakar (2017), and Silva et al. (2021) to
assure the success of the statistical model, the confiability of the measured factors is essencial. In order to
provide a higher rate of accuracy in the resulting model, it was necessary to suppress some of the outliers witthin
the independent factors and also of some of the factor interactions (SAT*SAT). Table 5 shows all of the
independent factors and the interactions used to create the full-quadratic model.

Table 5. Analysis of variance

Source Degrees of freedom Adj SS Adj MS F-Value P-Value
Model 4 4079678608 1019919652 179.17 0.000
Linear 2 2473911743 1236955871 217.30 0.000
Pe 1 65692397 65692397 11.54 0.002
SAT 1 6890 6890 0.00 0.043
Square 1 154278908 154278908 27.10 0.000
Pe*Pe 1 154278908 154278908 27.10 0.000
2-Way Interaction 1 29504706 29504706 5.18 0.032
Pe*SAT 1 29504706 29504706 5.18 0.032
Error 25 142310223 5692409

Total 29 4221988831

The results of the interactions show good fitting for the model behavior, especially for the factors Pe and Pe*Pe,
who presented values very close to zero for the P-Values. According to Shirazi, Khademalrasoul e Ardebili (2020)
and Silva et al. (2021) those results are way below the limit for the P-Values (0.05) for RSM studies involving
soil parameters, indicating that the independent factors involving Pe have a strong influence on the soil suction
results.

The regression values obtained for the modeling were sumarized on Table 6. The results showed excellent
confiability values for R? (96.64%), which according to Myers Montgomery e Anderson-Cook (2009) and Silva
et al. (2021) is a good parameter to evaluate how the model can represent accurately the behavior of a soil
geotechnical property. The other regression results were 95,94% and 93,82% for the Adjusted R? and the
Predicted R?, respectively, showing a difference of less than 20% between the R? values as it is recommended by
DeLoach e Ulbrich (2007).

Table 6. Sumarized regression values

S R? (Model) R-sq R? Adjusted) R-sq(adj) R? Predicted R-sq(pred)
38,1015 97.76% 96.80% 94.94%

With the excellent values obtained for the regression analysis (Table 6), the model is now considered valid and
can be used for optimization purposes. The quadratic polynomial equation suggested through the RSM
methodology is now presented in equation 5.

SUCTION = 86078 — 48096 - Pe — 55317 - SAT + 6738 - Pe - Pe + 16257 - Pe - SAT &)

After the model validation, it was possible to draw the response surface, which is a key aspect of any RSM
analysis, making it possible to easily visualize which corresponding regions of the surfaces indicate response
minimization or maximization (Figure 11).
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Figure 11. Quadratic model response surface

The surface and model analysis showed that the mean interactions of the model showed the overall
model-tendency for reducing the value of the soil suction, leading the present study to optimize the model
response for the minimization of the soil suction. Therefore several conditions were applied to the model to
restrict the higher volume of mean results of possible suction solutions, leading to the interaction result presented
in Table 7.

Table 7. Predicted values for the optimized (minimized) response of the model

Variable Setting
Pe 2.36482
SAT 100%
SUCTION -6868.47

The selected values for the independent variables (Pe and SAT), show the lowest possible value for soil suction,
using the selected data. The overall behavior of the variable Pe shows that the suction results tend to decrease
until certain value (2.36482) and then tend to increase rapidly This relationship between soil suction and
Pefapproaches the shape of a parable with downward concavity, i.e., with a defined minimum point.

As for the variable SAT, the results show that by increasing its values, the suction response tends to decrease.
That behavior indicates a negative variation (decreasing in value) as the SAT variable increase in value, almost
assuming a negative linear relationship.

4. Conclusion

For evaluating characteristic curves, filter paper, Richards chamber, and Haines funnel methods were used,
considering efficient and complementary mainly to obtain low suction values.

Adjustments were used according to the models of Van Genutchen (1980); Fredlung and Xing (1994) for
sandy-clay soil at 1.5m depth. A bimodal tendency of pore distribution was identified in the characteristic curve
of the clayey-sandy soil, indicating that the microstructure and macrostructure command the entry and exit of
water from the pores of the soil, with the proposed adjustment by Dunner (1994) and Seki (2007). The models
were considered adequate concerning the experimental data, with an R2 above 99%.

The statistical optimization analysis resulted in a numerical model with an R? = 97.76%. Finally, tendency of the
suction results to decrease, as long as the SAT values increased, to a certain point and then increasing behavior
for the independent variable Pe.
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