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Abstract

Rainfall-induced slope failures pose significant risks and economic impacts globally. This study investigates
the impact of rainfall on the hydromechanical behavior and stability of unsaturated lateritic slopes,
commonly found in tropical regions. By employing both experimental and computational analyses, this
research goes beyond traditional assumptions about soil behavior, providing an insight into the behavior of
clayey and sandy lateritic soils in unsaturated condition. A probabilistic Monte Carlos analysis highlights
the critical role of the variability of soil strength parameters on the assessment of slope stability. Detailed
experimental design and computational modeling capture the complex interactions between hydraulic and
mechanical soil behaviors, contributing substantial empirical data to geotechnical engineering fields.
Notably, the shear strength prediction models adapted for unsaturated soils significantly influence slope
behavior, demonstrating similar patterns in factor of safety reduction across different hydraulic models
during rainwater infiltration. The analysis also confirmed hydraulic parameters with marked differences in
porosity and water retention capacities between the soils impacting their susceptibility to saturation and
shear strength reduction under similar conditions. This comprehensive approach not only advances our
understanding of lateritic soils under changing climatic conditions but also enhances the predictive
capabilities for slope stability, guiding effective risk management and engineering practices in tropical
regions.

Keywords: Hydromechanical properties; Unsaturated lateritic soils; Slope stability; Monte Carlo
simulation; Rainfall infiltration.

Resumo

As rupturas de taludes induzidas pela chuva representam riscos significativos e impactos econdmicos em
todo o mundo. Este estudo investiga o impacto da chuva no comportamento hidromecénico e na estabilidade
de taludes lateriticos ndo saturados, comumente encontrados em regides tropicais. Ao empregar analises
experimentais ¢ computacionais, esta pesquisa vai além das suposi¢des tradicionais sobre o comportamento
do solo, fornecendo uma visdo sobre o comportamento de solos lateriticos argilosos e arenosos em
condigdes ndo saturadas. Uma analise probabilistica de Monte Carlo destaca o papel critico da variabilidade
dos parametros de resisténcia do solo na avaliacdo da estabilidade do talude. O projeto experimental
detalhado e a modelagem computacional capturam as interagdes complexas entre os comportamentos
hidraulicos e mecénicos do solo, contribuindo com dados empiricos substanciais para os campos da
engenharia geotécnica. Notavelmente, os modelos de previsdo da resisténcia ao cisalhamento adaptados para
solos ndo saturados influenciam significativamente o comportamento do talude, demonstrando padrdes
semelhantes na redugdo do fator de seguranga em diferentes modelos hidraulicos durante a infiltragdo da
agua da chuva. A andlise também confirmou os pardmetros hidraulicos com diferengas marcantes na
porosidade e nas capacidades de retencdo de agua entre os solos, afetando sua suscetibilidade a saturagéo e a
redugdo da resisténcia ao cisalhamento em condi¢des semelhantes. Essa abordagem abrangente ndo apenas
amplia nossa compreensdo dos solos lateriticos em condigdes climaticas variaveis, mas também aprimora as
capacidades preditivas para a estabilidade de taludes, orientando praticas eficazes de gestdo de riscos e
engenharia em regides tropicais.

Palavras-chave: Propriedades hidromecanicas; Solos lateriticos ndo saturados; Estabilidade de taludes;
Simulagdes de Monte Carlo; Infiltragdo de agua da chuva.

1. Introduction life. From 2004 to 2016, a total of 4,862 fatal landslides
were recorded globally, resulting in 55,997 deaths
(Zhou et al. 2021). In Italy, over 4,103 landslide-related
fatalities were recorded from 1950 to 2008 (Salvati et

Rainy seasons can lead to devastating slope
failures, causing extensive material damage and loss of
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al. 2010). Indonesia is also affected by frequent
landslides during its rainy season, with 569 incidents
and 1,362 fatalities recorded between 1998 and 2007
(Allo et al. 2014). Since 1900, areas along China are
also severely affected (Huang & Li 2011). In the
United States of America, landslides imposed repair
costs of about US$ 106 million annually to the state
highway system, with total national expenses
projections surpassing US$ 2 billion (Walkinshaw
1992, Klose et al. 2016).

Being a worldwide issue, slope failures also affect
Brazil. Brusque, a city in the state of Santa Catarina,
documented 500 landslides, while S&do Paulo's
metropolitan area recorded 2,038 landslides in 2010
alone. Pernambuco state listed 3,138 landslides from
1988 to 2019 and Rio Grande do Sul state registered
16,862 mass movements in 2024 (Osako 2021,
Abramento et al. 2022, Xavier et al. 2022, Mayumi et
al. 2023, Andrades-Filho & Mexias 2024). These
events are expected to become more frequent and
severe in the context of climate change, which is
projected to intensify precipitation patterns and
increase the occurrence of extreme rainfall events
globally (Comegma et al. 2013, Aufli¢ et al. 2023,
Koch et al. 2023, Pei et al. 2023). Studies such as
Huaxiang et al. (2023) indicate that more frequent and
intense rainfall could significantly affect landslide
rates, particularly by increasing the risk of shallow
failures during wet seasons. Understanding and
predicting the hydromechanical response of slopes to
rainfall is therefore of growing urgency, especially in
tropical regions already susceptible to landslide
hazards.

Understanding the hydromechanical behavior of
unsaturated soils is crucial for soil mechanics-based
stability analysis. The impact of rainwater infiltration
on the soil's shear strength and hydraulic conductivity
in the unsaturated zone is well documented and often
predicted based on the soil-water characteristic curve
(SWCC) (Fredlund et al. 2012, Karim et al. 2022).
Consequently, the SWCC is essential for implementing
mechanistic models in practice (Lu 2016, Guillaume et
al. 2023), with models such as those proposed for van
Genuchten (1980) model being widely adopted. More
recently, Priesack & Durner (2006) extended the use of
the SWCC to predict the hydraulic conductivity
function for bimodal soils. These models, widely
discussed in literature (Ghezzehei et al. 2007),
necessitate careful consideration of "model selection
uncertainty" during application (Li et al. 2019). There
are also several tools for the in-situ determination of
properties  associated to the triggering of
rainfall-induced landslides processes. For instance,
tools like the Guelph Permeameter are instrumental in
measuring field-saturated permeability and estimating
unsaturated permeability through Gardner's (1958)
empirical equation (Reynolds & Elrick 1986).

The shear strength of unsaturated soils is often
found to be nonlinear (Zhang et al. 2014, Pande et al.

2021, Pham & Melis (2022), with Vanapalli et al.
(1996) highlighting how shear strength changes can be
estimated based on water content changes obtained
from the SWCC. A prediction model that has been
frequently used for tropical soils was proposed by Vilar
(2006) based on a hyperbolic equation, allowing a
straightforward approach (Patil et al. 2017).

Traditional slope stability analyses for circular
slides typically employ a deterministic method based
on Limit Equilibrium (LE) and Factor of Safety (FS)
principles (Duncan et al. 2014) and geotechnical
analysis software, often combining LE and Finite
Element models for transient seepage analysis.
Researchers have applied these types of software tools
to investigate the effects of rainwater infiltration on the
stability of unsaturated slopes, demonstrating their
utility in various studies (e.g., Rahardjo et al. 2007, Yeh
et al. 2015, Lin & Zhong 2019, Rahardjo et al. 2019,
Augusto Filho & Fernandes 2019, Yu et al. 2020, Wang
et al. 2020, Zhou et al. 2022). However, probabilistic
approaches, such as the Monte Carlo Method, are
becoming popular for its ease and adaptability (Fenton
& Griffiths 2008, Huvaj & Oguz 2018, Lu et al. 2022,
Siacara et al. 2024), allowing a more detailed
assessment of the role of the uncertainty of strength
parameters on the likelihood of landslides (Nguyen &
Likitlersuang 2019). In this context, a detailed
assessment of statistical input parameters becomes of
paramount importance. For instance, the correlation
between cohesion (c¢') and the internal friction angle
(¢") must be evaluated, as it is known to significantly
influence the analysis results (Siacara et al. 2020).

The statistical evaluation of shear strength
parameters for probabilistic analysis presents
challenges due to the inherent limitations of testing
methods. These investigations are costly and
time-consuming. Therefore, employing simplified
methods to derive mean values, standard deviations,
and the cohesion-friction angle (¢’-¢") correlation for
local soils can prove beneficial to the implementation
of probabilistic approaches. Furthermore, the unique
texture and overall characteristics of lateritic soils can
result in unexpected behavior. Comparative data and
studies on the variability of soils with such pedological
characteristics are scarce (Osinubi & Nwaiwu 2009,
Sun et al. 2016, Miguel & Vilar 2009, Camapum de
Carvalho & Gitirana Jr. 2021).

This study provides a detailed examination of how
rainfall infiltration affects the hydromechanical
properties and slope stability of two types of
unsaturated lateritic soils — clayey and sandy — found in
the in the south region of Brazil. By integrating data
from both laboratory experiments and field
observations with computational and statistical
analyses, this paper offers new insights into the
behavior of lateritic soils under wetting conditions. The
findings contribute to the understanding of slope
stability challenges in tropical soils and offer practical
guidance for geotechnical engineering applications,
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particularly in regions with similar soil profiles. This
work adds valuable knowledge to the field of
Geotechnical Engineering, enhancing the predictive
accuracy of slope stability models and informing
effective landslide risk management strategies.

2. Study area

The soils investigated in this study are from the
cities of Londrina and Mandaguagu, situated in the
state of Parand, in the southern region of Brazil (Fig.
1). Table 1 outlines the climatic characteristics of these
cities. The prevailing climatic conditions in these areas
significantly influence the pedogenesis of tropical soils,
characterized by intense weathering processes
(Almeida et al. 2011, Gidigasu 1976).

In geological terms, Londrina region is
predominantly underlain by basaltic volcanic rocks of
the Serra Geral Group. This volcanic sequence
comprises multiple lava flows with distinct lithological
and geochemical characteristics, which may be
reflected in different weathering profiles (Gomes et al.
2018, Licht & Arioli 2020). In Londrina region, above
the bedrock lies a residual horizon averaging 10 meters
in thickness, with varying degrees of weathering along
the soil depth (Cavalcante et al. 2007). The
municipality of Mandaguagu falls within the Goio-Eré
Formation, part of the Caiuda Group. This formation
primarily consists of quartzose sandstones and features
erosive and abrupt contacts with the basalts of the Serra
Geral Group (Sa& et al. 2021). Figure 2 shows the
geological map of the study area.

BRAZIL IN THE AMERICAS

Table 1: Range of the average climatic characteristics of Londrina
and Mandaguacu (Nitsche et al. 2019 — adapted).

. L. Location
Characteristics Londrina Mandaguacu
Koppen Climate

Cﬂ)ssiﬁcation Cfa Cfa
Annual 1600-1800 1400-1600
P (mm) Summer 500-600 500-600
Winter 200-300 200-300
Annual 21-22 22-23
T(C)  Summer 24-25 25-26
Winter 17-18 18-19
Annual 600-700 500-600
]lel)i)T Summer  200-250 150-200
Winter 50-100 50-100

Note: P = Precipitation. T = Temperature. P-PET =

Precipitation minus

Potential

Evapotranspiration.

Summer coincides with the wet season while winter
aligns with the dry season.

The soils of Serra Geral Formation in the Londrina
region exhibit a structure highly porous and, in some
instances, may be metastable, exhibiting collapsible
behavior (Christoni et al. 2019, Zanin et al. 2021,
Fredlund et al. 2012, p. 33). The soil in Londrina is
classified using the MCT (Miniature, Compacted, and
Tropical) system developed by Nogami & Villibor
(1980) as lateritic clayey soil, while the soil in
Mandaguagu is identified as lateritic sandy soil.

STUDY AREA: MANDAGUAGCU AND LONDRINA, PARANA STATE
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Figure 1: Study area location.
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Figure 2: Geological map of the region, northern Parana State, Brazil, showing the locations of Londrina and Mandaguagu cities. Adapted from
Licht and Arioli (2018).

The studied lateritic soils were formed through Table 2 — Physical .chgracterization of soils from Londrina and
advanced weathering and laterization processes acting RIRMSATEN MRS TSR s
on volcanic and sedimentary parent materials under Londrina  Mandaguacu
humid climatic conditions. These soils are typically Property Lateritic  Lateritic Sand
characterized by iron and aluminum oxide enrichment, Clay (LC) (LS)
microaggregated structure, and predominance of *Sand (%) 21 71
kaolinite in the clay fraction (Oliveira et al., 2022). *Silt (%) 235 15.5
Additional  information  regarding  particle-size *Clay (%) 55.5 13.5
distribution, physical indexes, and lateritic soil **Sand (%) 20 84
structure of the studied materials is presented in Table 2 **Silt (%) 77.5 16
and discussed in detail by Oliveira et al. (2022), **Clay (%) 25 0
including the influence of macro and microporosity on Natural Water 30 12
the hydraulic behavior of these soils. Table 2 outlines content, w (%)
the characterization and average index properties of Liquid limit, w; (%) 51 31
these soils, from samples collected in a range of 2 Plastic limit, w (%) 38 15
meters depth Plast1c1ty index (%) 13 16
Particle density, p,
(g/cm?) 3.03 2.69
Void ratio, e 1.7 0.7
Porosity, n (%) 63 41
Natural Dry density, 112 1.59
py(g/em’)

Note: *Particle size distribution with deflocculant —
ABNT (1995) and ASTM (2017). ** Particle size
distribution without deflocculant — ABNT (1995) and
ASTM (2017).
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3. Materials and Methods

The research program was structured in two parts.
The first covers the experimental characterization of
the soils through field and laboratory testing, producing
the input data for the numerical models. The second
comprises the design and implementation of the
computational models and the analyses performed. The
methodological sequence is presented as follows:

a) Experimental Program

- Identification of study sites: Londrina —
lateritic clay (LC) and Mandaguagu — lateritic
sand (LS), northern Parana, Brazil; soil
parameters from existing literature were used
to complement field and laboratory data.

- Undisturbed soil sampling for laboratory
testing. Field investigations and soil sampling
were performed at the same locations in each
area.

- Determination of the SWCC.

- Determination  of  saturated hydraulic
conductivity by Guelph permeameter field
tests, with statistical treatment of results.

- Determination of the unsaturated hydraulic
conductivity function.

- Direct shear tests under flooded and air-dried
conditions, including statistical analysis of
strength parameters and prediction of the
unsaturated shear strength envelope.

b) Numerical Modeling

- Definition of representative hypothetical slope
geometry, initial pore water pressure
conditions, and design rainfall event.

- Definition of two hydraulic models with
distinct unsaturated hydraulic conductivity
functions, MODI1 (Priesack & Durner, 2006)
and MOD2 (Gardner, 1958), applied to both
soils, resulting in four numerical models.

- Transient flow analyses in SEEP/W
(GeoStudio, 2020a) to simulate rainfall
infiltration and obtain pore water pressure
distributions over time.

- Deterministic slope stability analyses in
SLOPE/W  (GeoStudio,  2020b), with
determination of the minimum Factor of
Safety throughout the rainfall event duration.

- Complementary probabilistic slope stability
analysis via Monte Carlo method in
SLOPE/W (GeoStudio, 2020b), to assess the
influence of shear strength parameter
variability.

3.1. Hydraulic behavior parameter determination
methods

a) Determination of the soil-water characteristic
curve:

The filter paper method was used for the
determination of the SWCC of the materials along

wetting and drying paths. The testing procedure
adhered to the guidelines set by ASTM D5298-16 and
Marinho & Oliveira (2006), utilizing Whatman 42 filter
paper. The calibration equations proposed by Chandler
et al. (1992) were adopted for this purpose:

For w, <47%:

\Pp (kPa) — 10(4.84 -0.0622 wp) % (1)
For w, > 47%:

\I_/p (kPa) — 10(6.05 -248 logwp) % (2)

where: ¥, is the suction of the filter paper; and w,, is
the volumetric moisture content of the filter paper.

In this study, both the LC and LS soils were
analyzed along drying and wetting paths to define their
soil-water retention behavior of undisturbed soil
samples. For the LC soil, the drying path was obtained
from Oliveira et al. (2022) using filter paper and
pressure plate tests, while the wetting path was
obtained by Oliveira (2023) using the filter paper
method. For the LS soil, the drying path data were
obtained from Oliveira et al. (2022) using filter paper
and pressure plate tests, whereas the wetting path was
determined in the present study using the filter paper
method. The combination of filter paper and pressure
plate technique allows a more comprehensive
characterization of the soil-water retention curve over a
wider suction range, since these methods are
complementary.

Although the drying and wetting curves were
obtained at different moments, they were considered
representative of the hydraulic behavior of the soils and
were combined to define the complete retention curves.
All tests were performed on undisturbed soil samples,
and the consistency between specimens obtained at
different stages was verified based on their physical
index properties.

The SWCC were fitted using the bimodal equation
proposed by Gitirana Jr. & Fredlund (2004):

S5,=5, + 5,5, + S35,

S =

3)

where: S, S, and S, are degrees of saturation but can
also be treated as volumetric moisture contents; ¥, P,
and W, represent suction levels; and d is a
curve-smoothing parameter.

Furthermore, the SWCC was also refined by Durner
(1994) model in equation (4), with parameters
manually adjusted for optimal alignment.

B U L T
=gy ®

where: w=(1-wl); m;=(1-(1/n,)); and

m,=(1-(1/ny)).
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The curves obtained from the regression analyses
using the Gitirana Jr. & Fredlund (2004) model was
used in the numerical simulations. The curve
established using Durner (1994) model was employed
to obtain the parameters for the Priesack & Durner
(2006) unsaturated hydraulic conductivity model.

b) Permeability

The permeability of the soils found in the study
areas was measured using the Guelph Permeameter. A
total of 21 tests were conducted in LC and 15 in LS,
utilizing the Guelph Permeameter model 2800, Figure
3.

The boreholes were drilled to depths of 50 to 70
cm, with a diameter of 6 cm, spaced at least 2 m apart.
The tests commenced under the soil's natural moisture
conditions, with water head heights of 5 and 10 cm
applied.

The field-saturated permeability coefficient (&), the
matric potential of flow (¢ Gm) and the parameter (ocgp)

were calculated using the method proposed by
Reynolds & Elrick (1986), as follows:

o - (Zanplz N naz)k N 2utl,

9p, - c, fs ( c, )(me ®)
o - (Zanpzz N naz)k N 2ni,,

w, " . fs ( C, )cpcm (6)
a = e @)
g P,

where: Q,, is the steady-state flow rate; H,, is the
water head height; a is borehole radius; C,; and C, are
the shape factor, which depends on the soil type and the
H

—‘f”— ratio; and a as defined in Equation (7).

The a, parameter was initially estimated at 0.12

cm’, and the C, and C, values were derived from the
equations provided by Zhang et al. (1998).

Regarding the variables k; and a statistical

analyses including the Shapiro-Wilk normality test, as
well as determinations of mean, variance, standard
deviation, and probability density function were
executed. The formulation of unsaturated hydraulic
conductivity curves was achieved through the
application of two distinct methodologies: the
approaches developed by Priesack & Durner (2006)
and Gardner (1958). This research utilized the average
ky, across both models for the analysis.

3.2. Determination of Resistance Parameters

Direct shear tests were conducted under both
flooded and air-dry conditions, following ASTM
D3080-11 standards with a conventional direct shear
apparatus. Undisturbed soil specimens measured 60
mm in width and length, and 20 mm in height. In total,

48 tests were carried out, divided equally between two
soil types. Specifically, 16 tests were performed under
flooded conditions and 8 under air-dry conditions,
grouped into sets of four specimens, establishing 12
shear envelopes. The normal total stresses applied were
50, 100, 200, and 300 kPa, representing stress levels
compatible with the field conditions analyzed in this
study. The shear displacement rate was 0.095 mm/min,
with a maximum relative horizontal displacement of 6
mm.

\. e . ) ~
Figure 3: Guelph permeameter tests location. (a) LC (b) LS.

The flooded specimen tests aimed to assess
statistically the saturated shear strength parameters.
The failure stress-state dataset (i.e., the pairs of normal
and shear stresses) underwent combinatorial analysis to
produce 256 envelopes per soil, following the
procedures developed by Di Matteo et al. (2013).
Linear regression was used to determine these
envelopes, from which ¢, ¢' and tan ¢’ were
calculated. These wvariables underwent descriptive
statistical analysis, including probability density
function evaluation and correlation coefficient
calculation between ¢’ and ¢'.

Conversely, the air-dry tests aimed to determine the
ultimate unsaturated resistance values, employing Vilar
(2006) method. For these tests, specimens were stored
in a dry, cool, and sun-protected environment, with the
drying process extending until moisture content was
constant.
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Building on this, an analysis was carried out to
compare the predicted shear strength envelopes for the
unsaturated soils obtained using the Vanapalli et al.
(1996) and Vilar (2006) models. Unlike the linear
increase in shear strength with suction commonly
associated with the ¢” (rate of shear strength increase
with matric suction) parameter in the extended
Mohr-Coulomb criterion proposed by Fredlund et al.
(1978), these models allow a nonlinear representation
of the contribution of matric suction to shear strength,
and are respectively presented as:

' ' ew_er

cp,=ct (ua - uw) (tand )(—es_er ) 8)
' u(l_uW

Cap =c+ a+blu -u, (9)

where: ¢, is the apparent cohesion of the
unsaturated soil; ¢' is the effective cohesion intercept;
(u,~u,,) is the matric suction of the soil on the failure
plane; ¢' is the effective friction angle; GW is the

volumetric water content; Qr is the residual volumetric
water content; 65 is the saturated volumetric water

content; a and b are curve-fitting parameters,

1 1 a .
b = - ; and ¢, 1S the

BT G =
u-—-u

a

maximum measured cohesion, determined under
air-dried conditions.

3.3. Computational Analysis Methods and Models
for Slope Stability

The study was designed to enable analyses of slope
response under varied loading and environmental
conditions. For this purpose, the GeoStudio (2020a,
2020b) software suite was utilized. The study was
carried out on theoretical slope models whose geometry
is illustrated in Figure 4. The soil profile was
considered homogeneous and isotropic, with the initial
groundwater level set at 5 meters below the base of the
slopes.

The definition of the initial pore pressure
distribution is dependent on antecedent atmospheric
conditions. The initial pore pressures were defined
according to the work of Oliveira (2023). The author
conducted in situ measurements with tensiometers in
LC over the years 2020 to 2021, at depths of 0.50 m,
0.75 m, and 1.00 m. This scenario was assumed to
reflect summer/wet climate conditions. The initial
distribution for the analysis is presented in Figure 5.

I+ 27m Fl4-4.5m ¢ 27m +
— a D
i 1
am
1 643N ¢ d
= 57 —
2m |D L Fi e
ground
water 18m
table
g f

Figure 4: Geometry and analysis domain (modified from Rahardjo et
al. 2007). Note: a, b, ¢, d, e, f, g, h = geometric definition points.
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Figure 5: Initial distribution of pore-water pressures based on the
initial pore-pressure data obtained by Oliveira (2023).

A representative rainfall event was wused to
investigate the effects of weather conditions, similar to
those approaches adopted by Ng et al. (2001) and Zeng
et al. (2017). The design rainfall scenario adopted in
this study was defined according to the Huff (1967)
method for the fourth quartile with 50% probability,
considering rainfall events lasting longer than 24 hours.
Based on the regional IDF equation and its parameters,
the method defines the rainfall intensity, temporal
distribution, and total accumulated precipitation for the
selected location. In order to evaluate the
representativeness of the adopted rainfall scenario, the
rainfall obtained through the Huff method was
compared with historical accumulated daily rainfall
records obtained from Hydrological Information
System (IAT, 2021) monitoring data. The comparison
indicated that the adopted rainfall scenario is consistent
with historically observed rainfall events in terms of
both precipitation distribution and accumulated
volume. The rainfall scenario adopted for the numerical
analyses corresponded to the design rainfall calculated
for LC, which presented the highest accumulated
precipitation among the evaluated conditions. This
rainfall event was selected as a representative and
conservative scenario for application to both studied
soils, and the resulting rainfall distribution is presented
in Figure 6.
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Figure 6: Design rainfall obtained using the Huff (1967) method and
validated against historical rainfall records from IAP monitoring data.

3.4. Analyzed Scenarios

Two models, MODI1 and MOD?2, were developed
featuring distinct unsaturated hydraulic properties. The
models are structured to analyze infiltration using
different parameterizations of hydraulic properties
derived from various sources and methodologies.

MODI1 is based on saturated permeability
coefficients (k;) obtained wusing the Guelph
Permeameter, unsaturated hydraulic conductivity
curves (kzpp) obtained using the Priesack & Durner
(2006) model, and SWCCs (f;0(y)) obtained by using
methodologies developed by Gitirana Jr. & Fredlund
(2004).

MOD2, on the other hand, adopts similar
methodologies but integrates different parameter
estimations for unsaturated hydraulic conductivity. This
model uses initial k; values from the Guelph
Permeameter and refines the conductivity curves and
characteristic curves using a . as described in

equation (7), and Gardner (1958) models based on
experimental data and theoretical formulations to
obtain the unsaturated hydraulic curve (k;c(y)).

Both  MOD1 and MOD2 models utilize a
combination of empirical data, field measurements
such as those from tensiometers (Oliveira, 2023), and
theoretical models to establish a robust framework for
analyzing water movement through unsaturated soil
systems. The approaches provide a comprehensive
view of how each model behaves under simulated
conditions reflecting realistic environmental scenarios,
such as varying soil moisture levels and hydraulic
pressures.

3.5. Seepage and Slope Stability Analyses

The SEEP/W 2018 (GeoSlope, 2020a) package
allows flow analyses in unsaturated soils using the
finite element method, enabling the determination of
pore-water pressure distributions within the soil mass
under rainfall infiltration conditions and considering
the hydraulic properties of unsaturated soils. In the
analysis, a 5-day rainfall event (design rainfall) was
considered, followed by an additional 2-day period
without precipitation, resulting in a total simulation
period of 7 days. The SEEP/W (GeoSlope, 2020a)

analysis was performed under transient conditions
using 84 time steps with a linear time increment of
0.083333 day (2 hours), while results were saved every
2 steps (4 hours). The initial pore-water pressure
distribution was assigned through a spatial function
based on a kriged surface. The finite element mesh
used in the transient seepage simulation was a hybrid
type (i.e., 2D quadrilateral and triangular elements),
with dimensions ranging from 0.1 m near the surface to
1 m at greater depths. Linear elements were utilized,
totaling 25,642 nodes and 25,377 elements.

The Bishop (1955) limit equilibrium method was
employed to compute FS values. A slope stability
analysis was conducted every 4 hours, from day 0 to
day 7. It is not feasible to directly apply the shear
strength envelope from Vilar (2006) in the SLOPE/W
2018 software (GeoSlope, 2020b). Therefore, a strategy
was developed for implementation using the equations
from Vanapalli et al. (1996) along with an equivalent
SWCC that would produce an apparent cohesion
identical to that predicted using the Villar (2006)
model.

3.6. Monte Carlo Simulations

Monte Carlo probabilistic analyses were performed
using the native probabilistic analysis module available
in SLOPE/W considering the state of the slope after the
end of a seven-day atmospheric event. The same
parameters and conditions from the deterministic
analysis were used. The probabilistic analyses were
conducted considering independently distributed
random variables for the shear strength parameters ¢’
and ¢’ based on the defined probability density
functions and without spatial correlation between
variables. The probability density function of ¢’ and ¢’,
were truncated at the maximum and minimum values
obtained in the combinations, to avoid unacceptable
negative values in solutions by Monte Carlo Simulation
(Siacara et al. 2020).

The number of simulations was set at 5,000,
allowing reasonable computation times and still
providing sufficiently accurate results. This number of
simulations is consistent with that adopted in other
studies, such as Nguyen and Likitlersuang (2019).

4. Results and Discussion
4.1. Soil-Water Characteristic Curve

Figure 7 displays the obtained soil-water
characteristic curves and Table 3 lists their
corresponding best-fit parameters. The SWCC of the
soil from LC presents significant hysteresis, while the
soil from LS exhibits virtually no hysteresis. This
observation coincides with the findings of Malaya &
Sreedeep (2012), who noted a tendency for less
hysteresis in coarse soils compared to fine collapsible
soils. The almost complete absence of hysteresis was
also identified by Fernandes (2016) and Augusto Filho
& Fernandes (2019) in a study of a similar Brazilian
residual tropical sand. The models have shown good fit
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for tropical soils and high accuracy in fitting bimodal
SWCCs of tropical soils.

The volumetric moisture content of LC is at least
50% higher than that of LS across the entire suction
range. The air-entry values of both soils are similar,
around 2 kPa. The slopes of the desaturation lines for
the macropores are also quite similar, decreasing at a
rate of approximately 2 cm’/cm® for each 1 kPa
increase in suction.
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Figure 7: Drying and wetting SWCC from LC and LS fitted with
Gitirana Jr. & Fredlund (2004) model. Note: Symbol shape indicates
the test method. Circles: filter paper. Triangles: pressure plate.
Symbol fill indicates the hydraulic path. Filled: drying. Open:
wetting. LC and LS drying data from Oliveira et al. (2022); LC
wetting data from Oliveira (2023); LS wetting data from this study.

The residual volumetric moisture content of the
macropores is defined at similar suctions, with 10 kPa
for LC and 30 kPa for LS. This slight difference may
be related to the larger volume of inter-aggregate pores
in LS, as per Oliveira et al. (2022). It is in this region
where the greatest differences in volumetric moisture
content between the soils occur, with values for LC
being more than twice as high as those for LS.

The most pronounced difference between the curves
occurs in the desaturation zone of the micropores,
caused by the larger volume of micropores in LC
compared to LS. Generally, these behaviors are close to
what would be expected for the studied soils, which are
tropical (Camapum de Carvalho & Gitirana Jr 2021).

The curves determined using Durner (1994) model
are similar to the curves from the model by Gitirana Jr.
& Fredlund (2004). The coefficients of determination
of the Gitirana Jr. & Fredlund (2004) model applied to
the data for the soils from LC and LS are 0.9841 and
0.9507, respectively. The coefficients of determination
of the Durner (1994) model applied to the soils from
LC and LS are 0.9864 and 0.9674, respectively.

4.2. Guelph Permeameter

A lognormal distribution for k; and a  was

identified based on the p-value results from the
Shapiro-Wilk test on valid and transformed data. This
distribution is characterized by the property that the
logarithms of the values follow a normal distribution.

Valid data were considered those from tests where no
calculated variables (k; or (xgp) resulted in negative

values. Outliers were identified and removed from the
analysis using the interquartile range method and Full
Normal Plot. Table 4 presents the statistical parameters
obtained, considering the lognormal distribution, as per
Koch & Link (2002).

Table 3: Fitting parameters for the wetting SWCCs.

Soil
LC LS
Fitting by Gitirana Jr. & Fredlund (2004)
Osat (%) 60 39
YVEALI (kPa) 2 2
Yresl (kPa) 10 30
Ores1 (%) 52 18
YVEA2 (kPa) 11000 1400
0b (%) 40 14
Yres2 (kPa) 20000 8700
Ores2 (%) 5 1
o 0.07 0.03
R? 0.984 0.951
Fitting by Durner (1994)
0s (%) 60 39
or (%) 1.05 0.85
wl 0.562 0.875
al (cm™) 0.313 0.185
nl 2.0 2.3
a2 (em™) 0.000087 0.0010
n2 3.05 2.005
R? 0.986 0.967

The average k; values for LC and LS were
consistent with the saturated permeability values
obtained in other tests and studies conducted in the
same region, as reported by Teixeira & Pinese (2006),
Souza & Celligoi (2011), and Rodriguez et al. (2015)
for LC, and Fink (2018) for LS. Feki et al. (2020)
highlights that field tests generally exhibit lower
permeability values compared to laboratory tests, and
such results may be related to air entrapment during the
wetting process.
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Table 4: Statistical parameters of k fs and ocgp.

Soil
LC LS
kfs
Mean  (cm/s)  2.33:10* 2.69+10*
var.  (cm/s)?  4.15+10° 6.36+10°
SD  (cm/s)  2.04+10" 2.52+10%
CoV 0.87 0.94
%o
Mean  (cm™) 0.114 0.037
Var. (cm™)? 0.0091 0.0028
SD  (cm) 0.096 0.053
CoV 0.84 1.43

Note: Var. = variance; SD = standard deviation; CoV =
coefficient of variation.

Additionally, the potential formation of a smeared
layer during the drilling of boreholes for the Guelph
Permeameter tests could influence results, particularly
for the soil of LC, although the borehole walls were
scarified using the standard bristle brush provided with
the equipment. Reynolds (2008) and Rienzner &
Gandolfi (2014) discuss extra precautions that can be
taken concerning testing procedures.

The field-saturated permeability coefficients
obtained for LC and LS are similar, in the order of 10
cm/s. Initially, one might expect that clayey soils would
have lower permeability than sandy materials.
However, the macropores of LC contribute to a
permeability coefficient much higher than expected. At
the same time, the relatively small clay fraction in LS's
soil may still contribute to a slight reduction in the
permeability coefficient. Therefore, the similar
saturated permeability values observed can be
explained by the bimodal pore-size distribution with
macro and micropores characteristic of mature tropical
lateritic soils (Oliveira et al., 2022).

The coefficients of variation (CoV) for k4 and @

are high, around 100%, indicating significant
variability in the hydraulic properties of the studied
soils. Nielsen et al. (1973) and Duncan (2000) report
CoV values between 68 and 90% for saturated
permeability; Nielsen et al. (1973) and Benson et al.
(1999) report values between 130 and 240% for
unsaturated permeability. LS exhibits higher variation
coefficients compared to LC, which is an expected
result, as deduced from Gitirana Jr. & Fredlund (2016).
Other statistical results of saturated hydraulic
conductivity of Brazilian lateritic soils can be seen in
Souza et al. (2022). The mean values (log-normal
distribution) for k; and a  were adopted for the

calculation of the unsaturated hydraulic conductivity
functions.

4.3. Hydraulic Conductivity Curve

Figure 8 displays the unsaturated hydraulic
conductivity curves for the two studied soils, estimated
using the methods proposed by Priesack & Durner
(2006) and Gardner (1958). The greatest discrepancies
arise from the bimodality and are most significant at
suctions above 100 kPa, a range not addressed by the
computational simulations, neither measured in field.
Additionally, it is worth noting the existence of a
minimum permeability coefficient, as discussed by
Ebrahimi-B et al. (2004), which was not necessary to
impose in the SEEP/W (GeoStudio, 2020a) modeling
performed in this study. However, for analyses
involving higher suction ranges, this minimum value
should be considered.

The permeability values obtained using the Gardner
(1958) model for LS are consistently higher compared
to the values for LC. The soil permeability of LS is
greater than that of LC up to 30 kPa suction for all
models. Beyond 30 kPa suction, the Priesack & Durner
(2006) model for LC’s soil predicts higher soil
permeability compared to the Gardner (1958) model for
LS.

4.4. Direct Shear Tests
4.4.1. Tests on Flooded Specimens

Figure 9 displays the dispersion of data points and
the linear regression line adopted as corresponding to
the shear strength envelopes. Figure 10 displays the
histograms and distribution for ¢’ and ¢'. The
descriptive statistics results for the parameters ¢, ¢’,
and tan ¢’ obtained are listed in Table 5.
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Figure 8: Unsaturated hydraulic conductivity functions of the soils
from LC and LS.
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Figure 9: Shear strength envelopes for flooded specimens.

The average values of the analyzed parameters — ¢’,
¢', and tan ¢' — correspond to those obtained from the
best-fit envelop. In terms of effective cohesion, LS
exhibits a greater range of values, while LC has the
lowest minimum and LS the highest maximum values.

The standard deviation of effective cohesion found
for LS is slightly higher, indicating a greater deviation
from the central tendency. The coefficient of variation
found for LC was 35% and for LS was 39%. These
values are compatible with those determined in other
studies, see Gitirana Jr & Fredlund (2016).

Regarding the effective friction angle, LC shows
higher minimum and maximum values, with its
minimum value only 2.3 degrees lower than the
maximum value of LS. LS, despite being a sandy soil,
exhibited an average effective friction angle of 25.6
degrees, which is lower than that presented by the
clayey soil of LC, with a difference of 2.7 degrees.
Oliveira et al. (2018) found a friction angle of 26.2
degrees in a triaxial test with an undisturbed soil
sample from LS, which is compatible with that
determined in this study. The standard deviation and
coefficient of variation for ¢ were considered within
expected ranges for both soils. Duncan et al. (2014)
reports typical values between 2 and 13%.
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Figure 10: Histograms of shear strength parameters: (a) and (b) LC;

(c) and (d) LS.
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Table 5 — Statistical parameters of flooded shear data.

LC LS
PR
Min — Max
(kPa) 0.5-17.3 2.6-21.5
Mean (kPa) 9.8 11.5
SD (kPa) 3.45 4.54
CoV 0.35 0.39
o'
Min — Max (°) 26.2-31.1 22.1-28.6
Mean (°) 28.3 25.6
SD (°) 1.10 1.88
CoV 0.04 0.08
tan ¢’
Min — Max 0.492 — 0.603 0.406 — 0.546
Mean 0.540 0.479
SD 0.025 0.040
CoV 0.05 0.08

Note: SD = Standard deviation; CoV = Coefficient of
variation.

Figure 11 shows the dispersion of the ordered pairs
of the parameters ¢’ and ¢' obtained from the shear
strength envelopes, to better understand the local
variability of the data. Each ¢’-¢' pair was obtained
from an individual shear strength envelope generated
through the combinatorial analysis procedure described
previously, resulting in 256 envelopes for each soil.
The dispersion of c¢'-¢' pairs, histograms, and the
probability density function follow a normal
distribution for ¢’ and ¢'. Notably, there is a lesser
presence of points in the central region of LS's point
cloud. This characteristic can also be observed in the
histograms and the probability density function. In
particular, the LS data suggest a tendency toward
bimodal behavior, with a lower concentration of values
around the central region and two preferential ranges of
occurrence. This aspect may have been influenced by
differences related to the samples used, the
pre-consolidation stress, the natural heterogeneity of
the soil, and even some degree of anisotropy resulting
from the features of the original sedimentary rock.
Further research is needed.

It is possible that this dispersion found is
representative of the mechanical behavior for this soil.
A similar distribution was found by Soulie et al. (1990)
in assessing the variability of undrained strength of a
clay, based on Vane Test trials, and by strength data
from studies reported in Wu (2015). Correlations
between effective cohesion and effective friction angle
was -0.7272 (R? = 0.5288) for LC and -0.9002 (R? =
0.8104) for LS.
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Figure 11: Dispersion plot for ¢’ and ¢’ for the soils from LC and LS.

Greco (2016) provides an extensive evaluation of
the wvariability and correlation of soil strength
parameters, obtained from direct shear tests. The
authors conclude that, generally, the -correlation
between strength parameters is predominantly negative,
and the coefficients of variation are strongly affected
by the sample size.

Di Matteo et al. (2013) and Branco et al. (2014)
found c¢'-¢' correlations of -0.925 and -0.9,
respectively, values close to those found for LS in this
study, indicating a strong negative correlation.
Cherubini (2000) notes that c¢'-¢’ correlation values are
usually between -0.5 and -0.75. The value determined
for LC was -0.727, also considered a strong negative
correlation. The range between -0.5 and -0.7 marks
moderate negative correlation.

Di Matteo et al. (2013) and Di Matteo et al. (2015)
performed a methodological approach and statistical
analysis very similar to the proposal in this study for
conducting flooded direct shear tests. The tests were
combined into 256 ¢'-¢' pairs in alluvial fine-grained
compacted samples. Wang & Akeju (2016) proposed an
approach to characterize the distribution of ¢’ and ¢’
and to quantify the c¢'-¢’ correlation of the soil. The
authors used data from Di Matteo et al. (2013),
generated statistical models with n = 10,000. The
results indicate that the application of the proposed
model allows good estimates of the ¢’-¢' correlation of
a specific soil with about only 10 ¢'-¢’ pairs. Strong
negative correlations of c¢'-¢' are also found in
probabilistic studies of back analysis, for example, Liu
et al. (2023).

4.4.2. Air-Dried

The suctions of the air-dried shear test specimens
were estimated based on the measured gravimetric
moisture content and the corresponding characteristic
curve. For LC, w(average) = 4.7%, corresponding to
20,000 kPa; for LS, w(average) = 2.4%, 2,000 kPa.
Additionally, the specimens from LC exhibited some
shrinkage while maintaining their integrity, yet
detached from the steel mold during drying. The
dimension of one specimen was measured, varying
from 60 mm to 59 mm. Figure 12 shows the dispersion
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of points and the linear regression line adopted as
corresponding to the shear strength envelope of the
air-dried samples. The mean envelopes obtained from
the flooded direct shear tests (8 points) resulted in ¢’ =
43.1 kPa and ¢’ = 27.4° for LC, and ¢’ =75.0 kPa and
¢'=28.7° for LS.

Notably, the cohesion parameter shows a significant
increase compared to the flooded tests. The angle of
friction exhibits closer proximity between the tests. The
average value of the friction angle obtained from the
air-dried tests in LC is close to the end of the first
quartile of friction angles determined in the statistical
analysis of the flooded tests. For LS, the friction angle
obtained from the air-dried tests is near the maximum
values of friction angles determined in the statistical
analysis of the flooded tests.
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Figure 12: Shear strength envelopes for air-dried specimens.
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4.4.3. Shear Strength Envelopes of Unsaturated
Soils

Table 6 presents the values used for the calculations
of the equations by Vilar (2006) and Vanapalli et al.
(1996).

Table 6: Parameters of the unsaturated shear strength models of Vilar
(2006) and Vanapalli et al. (1996).

LC LS
Vilar (2006)
tan ¢’ 0.5396 0.4791
a 1.8532 2.0875
Suction (kPa) 20000 2000
¢y (air dryed) (kPa) 43.0 75.0
' 9.8 11.5
b 0.0301 0.0147
Vanapalli et al. (1996)
tan ¢’ 0.5396 0.4791
0 (%) 59.8 38.6
0, (%) 5 1.5

Figure 13 shows the predicted shear strength of the
unsaturated soils by the models of Vanapalli et al.
(1996) and Vilar (2006) for LC and LS. The graphs
display the variation of ¢ and ¢, in relation to suction.

For both soils, the envelopes are only coherent at
very low suction levels, around 2 kPa, close to the
air-entry value of the soils. For LC, in the suction range
between 5 and 77 kPa, there is an underestimation of
the resistance increment of up to 16%, equivalent to 3
kPa. Here, 3 kPa is just under one-third of the effective
cohesion determined for the soil. After 77 kPa of
suction, the increment begins to be overestimated,
reaching the same magnitude mentioned at 100 kPa.
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Figure 13: Predicted unsaturated shear strength using the Vanapalli et
al. (1996) and Vilar (2006) models.

For LS, the inconsistency between the envelopes is
even more noticeable. At 10 kPa of suction, there is a
17% underestimation of the resistance increment, 2
kPa. At 55 kPa, the underestimation is about 100%,
with the value expected by the Vanapalli et al. (1996)
model being half of the value expected for the Vilar
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(2006) model. This discrepancy continues until 100
kPa of suction. Above 100 kPa of suction, LC starts to
show values even more discordant from those observed
for LS.

The ¢” equals ¢’ when suction approaches zero, for
both models. ¢’ also varies quite correspondingly
between the models in the range of 0 to 2 kPa, the
air-entry value of the two soils. Increasing the levels of
suction, the Vilar (2006) model describes a smooth
variation of ¢’ reduction throughout the range up to
100 kPa of suction. For the Vanapalli et al. (1996)
model, there is a marked reduction in ¢* between the
air-entry value and approximately 10 kPa of suction for
LC and 30 kPa for LS. From these points, for the
Vanapalli et al. (1996) model, ¢° tends towards
constancy and leads the linear format of resistance
increment. In the Vilar model, ¢” tends towards zero as
suction approaches infinity.

Given the considerable discrepancy between the
two models studied for the two soils, efforts were made
to reconcile the resistance prediction of Vanapalli et al.
(1996) — feasible to apply in the software — with the
resistance prediction of the Vilar (2006) model.

The equations for the increments of shear resistance
of unsaturated soils due to suction for Vilar (2006),
Vanapalli et al. (1996), Fredlund et al. (1978), and
Bishop (1959) are as described in equations (10) to
(13).

ua_uw T eW_eT
a+biua—uW - (ua - uw) (t‘g¢ )( 6.6, ) =
b L}
(1, )0t = xlu, - w)ow 10
b 1 (878
o = arctg(m) = arctg(tgqb ( gy )) (1)
_ tﬂgh _ ew_er
X= tgp' ( 6.6, (12)
Considering the relationship:
_ tgpVilar(w) [ B8,
Xy (V) = tg¢’ - (_91—9, (13)

Where: xVilaT(‘P) is the parameter x from Vilar's

equation (2006) as a function of suction; qbeilar(‘P) is
the ¢b from Vilar's equation (2006) as a function of
suction; GW eq(‘{’) is the equivalent volumetric moisture

content as a function of suction. The equations (14) and
(15) is given:

0, e(P)= X

Or:

(¥).0_ =%, (¥).0 +6  (14)

Vilar

a(6.-6)
GW eq(q’) = W + GT (15)

Where GW eq(‘l’) can be understood as a function
OW(‘P), such that it enables obtaining the results of

Vilar's resistance from the application of the Vanapalli
et al. (1996) equation. In this context, GW eq(‘P),

functions as a characteristic curve for compatibility.
The reconciled envelopes match accurately across the
entire range of applied suction. Figure 14 shows the
GW eq(‘l’) curves obtained for the soils of LC and LS.
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Figure 14: Compatibility characteristic curve, GW eq(‘{’).

4.5. Computational Analysis

The computational analyses were performed using
the parameters obtained from the field investigations,
laboratory tests, and numerical modeling assumptions
discussed in the previous sections. Due to the large
amount of data generated and employed throughout the
study, Table 7 summarizes the main input parameters
adopted in the numerical simulations, including
hydraulic, mechanical, and boundary condition
parameters used in the SEEP/W and SLOPE/W
analyses.

4.5.1. Flow Analysis

Figure 15 illustrates the variation in pore pressures
from a vertical subsection from the top surface of the
slope. Similar patterns are observed from the base of
the slope surface and perpendicular to the inclined
surface of the slope body.

The general behavior of pore pressure variation is
quite similar among the studied soils and consistent
with other studies, despite differences in hydraulic
properties (e.g., Yu et al. 2020, Liu et al. 2017). LS
exhibits more pronounced wetting fronts, reaching 1.6
m in MODI and 2.0 m in MOD?2.

The porosity, or saturated volumetric moisture
content of LC, is about 50% higher compared to LS —
approximately 60/40 (Table 2). Despite LC's greater
total water storage capacity in its pores, the variations
in water volume in the pores also show some degree of
correspondence since both soils have similar air-entry
values and slopes of the macropore desaturation lines.

The same initial pore pressure for both soils implies
that they started from relatively similar conditions. The
kg values are also very similar. This reinforces the
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evidence that the differences observed are related to the
shape of the unsaturated conductivity curve of the soils.

It is also noteworthy that the maximum depths
reached by the wetting fronts for LC were greater in
MODI than in MOD2, and for LS, they were greater in
MOD?2 compared to MODI.

Table 7: Summary of input parameters adopted in the computational
analyses.

LC LS
SEEP/W
MODI  MOD2 MODI MOD?2
SWCC GF GF GF GF
(CIESS) 23+10%  23.10*  27.10%  2.7-10"*
k(y) PD G PD G
SLOPE/W - LE
y 16.5 20.0
(kN/m?)
¢' (kPa) 9.8 11.5
@' (°) 28.3 25.6
USM \Y% \Y%
SWCC 0, ..(¥) 0, ,.(¥)
SLOPE/W - MC
o
SD (kPa) 3.45 4.54
Min. 0.5 2.6
Max. 17.3 21.5
Py
SD (kPa) 1.1 1.2
Min. 26.2 22.1
Max. 31.1 28.6
Correlation
c'-¢' -0.72 -0.90

Note: GF = Gitirana & Fredlund (2004); PD = Priesack
& Durner (2006); G = Gardner (1958); USM =
Unsaturated Strength Model available in the software;
V = Vanapalli et al. (1996); Oweq: Compatibility

Characteristic curve used to convert the Vanapalli et al.
(1996) model into the Vilar (2006) model.
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Figure 15: Variation of pore pressures due to rainwater infiltration in:
(a) MOD1-LC; (b) MOD2-LC; (¢) MODI-LS; (d) MOD2-LS.

4.5.2. Stability Analysis — Factor of Safety

The Critical Surface identified by the limit
equilibrium method was the same from day 0 to day 7,
for all cases. It is observed that the influence of

rainwater infiltration on the stability analyses of the
slope models occurs through the advancement of the

51



Quaternary and Environmental Geosciences (2026) 17(1):37-57

saturation and wetting fronts that reach the slices
located at the extremities of the critical failure surfaces.

In comparison, the hydraulic models MOD1 and
MOD2 exhibit very compatible behaviors with each
other. The lowest Factors of Safety found were 1.1139
in MOD1 for LC and 1.0003 in MOD1 for LS. Figure
16 presents the critical failure surfaces obtained from
the analyses performed using both software packages,
allowing the visualization of the failure geometry and
rupture depth associated with the minimum FS. The
minimum FS values were observed at the end of the
seventh day, coinciding with the maximum depth
reached by the wetting front associated with rainwater
infiltration. For context, the stability analysis of the
saturated slope, under the same boundary conditions,
indicates a FS of 0.933 for LC and 0.864 for LS.
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Figure 16: Critical failure surfaces. (a) MODI-LC Day 7; and (b)
MOD1-LS Day 7.

An increase in ¢”, from day 0 to day 7, is noted for
all the affected slices due to the pore saturation process.
This behavior is expected, with ¢’ tending to ¢’ at pore
pressure levels close to 0 kPa. There is also a
noticeable reduction in the increase of resistance due to
suction across all models, as well as a reduction in the
FS, a phenomenon extensively explored in the
literature, Figure 17.

4.5.3. Stability Analysis — Monte Carlo

As a complement to deterministic analyses, a
probabilistic Monte Carlo analysis was conducted for
the models where the lowest Factors of Safety were
found: MODI1-LC and MODI-LS, day 7. Figure 18
displays the probability density function resulting from
the Monte Carlo analyses for LC and LS, respectively.

Table 8 presents the parameters of the Monte Carlo
analysis.

The standard deviations of the Factors of Safety for
both models converged to constancy, approximately,
between simulations no. 3,000 and 4,000. The average
Factors of Safety found differed only in the hundredths
place compared to deterministic analyses. For LC, the
difference was 0.0038 and for LS, it was 0.0035.
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Figure 17: Variation of Factor of Safety vs. elapsed time.

Both probability density functions displayed a
normal-like distribution. The range between the
maximum and minimum Factors of Safety obtained
was 0.392 for LC and 0.351 for LS. It is noted that the
frequency of the average Factors of Safety for LC is
close to 10%, while for LS, it is around 6 to 7%. It is
also noted that LS has a higher standard deviation, as
well as a flatter distribution appearance compared to
LC. These factors are consistent expressions with the
c'-@' distributions determined in the study.

As with the Factors of Safety, the appropriate value
of Failure Probability associated with a project depends
on the consequences of failure. Failure Probability can
provide a more comprehensible basis for judging what
is an acceptable risk and can add significant value to
the results of slope stability analyses (Duncan et al.
2014). It should be noted that the models were
developed and evaluated in the context of the impacts
of rainwater infiltration on stability analysis and do not
necessarily represent a recommended condition for
design.

The failure probability for LC was 2.28% as in 114
simulations a Factors of Safety less than 1 (FS<1) was
determined. Thus, only a small portion of the left tail of
the probability density function is located in the failure
zone, FS<1. For LS, the failure probability was 48.38%
because in 2419 simulations a Factors of Safety less
than 1 was found. It is evident, then, that about half of
the probability density function is within the failure
zone, FS<1. Hence, the slope of LS appears much more
susceptible to failure than the slope of LC.
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Figure 18: Normal distribution curves and histograms obtained from
the Monte Carlo simulations for: (a) MODI1-LC Day 7; and (b)
MODI1-LS Day 7.

Table 8: Results of probabilistic Monte Carlo analysis for MOD1-LC
and MOD1-LS — Day 7.

Parameter LC LS
Average FS 1.110 1.004
Reliability Index 2.0659 0.0567
Probability of Failure 0.023 0.484
Standard Deviation 0.0533 0.0668
Minimum FS 0.905 0.837
Maximum FS 1.297 1.190

The reliability index is essentially related to the
probability of failure and can be understood as an
indicator of the number of standard deviations between
failure and the most likely value of the Factors of
Safety. Therefore, it can be used as an alternative
measure that shows the probability of a slope
remaining stable under specified conditions (Duncan et
al. 2014).

Wang et al. (2011) suggest — for usual design
conditions — that the failure probability ranges from
16% to 0.00003%, and the reliability index ranges from
1.0 to 5.0 respectively. Thus, a high probability of
failure is associated with a low reliability index. The
Reliability Index from the LC analysis was 2.0659,
considered low, and from LS was 0.0567, extremely
low.

The lowest Factors of Safety found in MOD1 LC
(Day 7) was 0.9055, a value 0.0275 less than the 0.933
from the deterministic saturated analysis. The lowest

Factors of Safety found in MODI1 LS (Day 7) was
0.8375, a value 0.0265 less than the 0.864 from the
deterministic saturated analysis. It should be noted that
in the deterministic saturated analysis, expected values
of ¢’ and ¢’ obtained from the statistical analysis mean
of these parameters were used. The maximum Factors
of Safety obtained in the probabilistic analysis were
1.2975 and 1.1904, for LC and LS, respectively. In
general, the impact of the variability of resistance
parameters in the stability analysis is significant,
consistent with Nguyen & Likitlersuang (2019) and
Huang et al. (2020).

5. Conclusions

This study advances the understanding of
rainfall-induced hydromechanical behavior in Brazilian
lateritic soils by providing a comparative framework
between two soils of contrasting texture - one clayey,
from Londrina, and one sandy, from Mandaguacu. A
central finding is that both soils exhibit
hydromechanical  characteristics  that  diverge
meaningfully from those described in classical
literature for generic clayey and sandy soils,
reinforcing the need for region-specific characterization
when assessing lateritic profiles.

The original contribution of this work is fourfold.
First, it demonstrates that statistical combination of
flooded direct shear test data represents a viable and
resource-efficient approach to quantifying the
variability of strength parameters - a practical tool for
contexts with limited testing resources. Second, it
proposes an equivalent characteristic curve to reconcile
the incompatibility between two widely used
unsaturated shear strength models, enabling more
consistent use in stability software. Third, it delivers a
systematic, multi-scenario evaluation of paired
hydraulic and mechanical models, producing a
sensitivity framework that can guide model selection in
lateritic slope stability assessments. Fourth, the Monte
Carlo probabilistic analysis reveals that strength
parameter variability exerts a non-negligible influence
on computed safety, even when deterministic factors of
safety appear adequate.

This study relies on the limit equilibrium method,
which does not capture coupled stress-deformation
behavior or progressive failure mechanisms, and
addresses infiltration from a short-term perspective that
does not account for cumulative seasonal effects. The
probabilistic analysis treats soil parameters as spatially
uniform random variables, providing the groundwork
upon which a random field approach, accounting for
spatial correlation, can be built in future research.

From a practical standpoint, the results indicate that
rainfall infiltration modifies pore pressures primarily
within the first 1-2 m of depth, and that the sandy
lateritic soil presents greater percolation capacity
despite similar field-saturated permeability coefficients
— a counterintuitive finding with direct implications for
slope stability assessment. Taken together, these
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outcomes suggest that geotechnical design in tropical
regions should move beyond single-value deterministic
analyses and incorporate probabilistic treatment of
strength parameters, particularly for soils whose
behavior cannot be reliably predicted by classical
frameworks.
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