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Abstract

Soil-atmosphere interactions comprise a multidisciplinary and transdisciplinary subject of
interest to numerous applied and research knowledge areas. In this work, aspects related
to geotechnical, geoenvironmental and geological engineering, not usually considered in
applied civil or environmental engineering projects, are put forward, exemplifying the
role that micro-climatic conditions may have in the development of gravitational soil mass
movements such as erosion processes and natural slope stability comprising unsaturated
tropical soils. Based on literature data, proposals are put forward to consider cracks that
develop under dry climatic conditions in engineering projects. Additionally, laboratory
testing results indicate that the shear strength of soils may decrease due to climatic dry-
wetting cycles, potentially compromising the accuracy of slope stability analysis results.
In addition, the need to evaluate initial soil-water profile conditions in flow analysis is
presented and discussed under various scenarios, and the effects of further atmospheric
events, such as lightning, are also presented and discussed. Furthermore, based on data
collected from diverse Brazilian sanitary landfills designed to operate primarily on municipal
solid waste, relationships between soil-atmospheric variables and biogas generation and
emission are investigated. Finally, based on the results generated in a physical model, a
type of final municipal landfill cover is presented and discussed, whose design strongly
depends on atmospheric data.

1. Introduction

processes that occur over geological time scales (e.g., van
Breemen & Buurman, 2002; Chai et al., 2015; Conciani et al.,

Soil-atmosphere interactions encompass a multidisciplinary
and transdisciplinary subject of interest to numerous areas of
knowledge, including geosciences, soil science, agronomy,
geography, hydrology, ecology, climatology, civil engineering,
geological engineering, and environmental engineering.
Atmospheric conditions affect the climate and meteorological
scenarios prevailing in a specific region or site. This contributes,
along with geological and geomorphological conditions, to
the formation of soil profiles through variable weathering

2023). In this context, soil-atmosphere interactions have long
been of interest. However, physical-chemical-mineralogical
and, consequently, hydro-mechanical properties of soil
profiles may vary along human time scales due to changes
in the physical environment imposed by anthropic actions
(e.g., carbon dioxide emissions, changes in hydrogeological
conditions, acidic rain production and natural drainage
path changes), and variations of climatic conditions (e.g.,
extreme temperatures, rainstorms intensity raise and rainfall
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distribution change) at a given region or site. Thus, soil-
atmosphere interactions have become a significant research
topic today, particularly in the context of global reporting
on extreme climatic variations (e.g., Marengo et al., 2021;
Brasil, 2021; IPCC, 2023; Dunn et al., 2024).

Bearing in mind the above and considering the
geotechnical and geoenvironmental aspects, soil-atmosphere
interactions have been studied. They are being increasingly
investigated by various authors with differing research
interests, as exemplified in Table 1.

Table 1. Examples of soil-atmosphere interactions aspects being
investigated within the geotechnical and geoenvironmental areas.

Subject References

(a) Stability aspects g= unsaturated, Rianna et al.

natural or cut (2016);
slopes Tsiampousi et al.
(2016); de
Campos et al.
(2018);

Bordoni et al.
(2021); Chen et al.
(2024)
Vargas Junior et al.
(2013); Collins
& Stock (2016);
Soukatchoff &

- Barbier (2023);
Stoffel et al. (2024)
Ghosh et al. (2024)
Speranza et al.
(2022); Melo et al.
(2023); Tian et al.
(2023)

Jucéd et al. (2021)
Kossoff et al.
(2014); Maknoon
& Aubertin (2021);
Clarkson &
Williams (2021);

o] Zhang et al. (2024)
(b) Erosion processes development in the Almagro et al.
natural ground and earthen structures (2017); Joris et al.
(2022); Mandal

rock slopes

earthen structures
retaining walls /
reinforced slopes

sanitary landfills
mine tailings
dams / piles

& Roy (2024);
de Carvalho et al.
(2025)
(c) Greenhouse or toxic gas emissions Langenbach et al.
from landfills and agricultural areas (2017);

Damasceno et al.
(2019); Gama et al.
(2019); IEA (2023)

(d) Contaminant transport underground Ahmadi et al.
(2022)
(e) Storage and retention of Carbon in Kramer &
the soil Chadwick (2018);
Heckman et al.
(2023)

From the viewpoint of geotechnics, regardless of the
biological or biochemical processes that may be relevant
to a given site, soil-atmosphere processes, essentially
comprising unsaturated soil wetting and drying conditions,
are summarized in Figure 1. This figure, modified from
Borma et al. (2023), illustrates a generic soil profile
distribution in terms of saturation degree and water table
level. In the saturated soil zone, fluxes occur between
the water table and the unsaturated soil zone, while in
the latter zone, fluxes occur between the saturated zone
and the atmosphere. In any case, water and heat flows,
related respectively to hydric and energy balances, act
simultaneously, implying complex interaction processes
between water infiltration into and evaporation out of the
soil profile, not always easy to model (e.g., Hillel, 1998;
Borma et al., 2013; Stocker et al., 2013; Cui, 2022).

1.1 Active zone

The depth up to which atmospheric changes affect
conditions in the near soil surface (active zone in Figure 1)
depends on factors such as land use, soil cover, soil profile,
depth of the water level and water balance. As shown
in Figure 2 (Khalili et al., 2022), such depth may vary
from some 1 to 6 m depth, according to the climate of the
region or site, expressed by the Thornthwaite Moisture
Index - TMI (Thornthwaite, 1948; Fityus et al., 1998;
Olaiz et al., 2017; Karim et al., 2024). Considering water
balance, Figure 2 suggests that the thickness of the active
zone may be more relevant in regions of dryer climates.
However, TMI alone may not always represent conditions
at specific sites (e.g., Thornthwaite & Mather, 1955, 1957;
Andrade, 2019). Indeed, a better definition of the depth of
the active zone requires, typically, monitoring of variables
such as temperature, soil suction, and/or moisture content
variations over time. However, it must be considered that
such thickness may vary according to the variable under
consideration and where the instrumentation was installed
in the soil profile. An example of that is given in Figure 3,
which shows the results of temperature and volumetric
water content measurements taken along depth in a plateau
and at the slope surface of a given site (An et al., 2017). In
this figure, measurements based on temperature indicate
active zone depths above 4 m in the plateau area and below
4 m in the slope face. Measurements based on volumetric
water content indicate an active zone above 2 m depth due
to water infiltration in the plane area (changes below 4 m in
Figure 3¢ probably reflect interferences of the water table)
and below 3 m depth in the open slope area.

Summarizing, together with boundary conditions
regarding human interventions associated with geological and
geomorphological features, and consequently, bio-physical-
chemical and hydro-mechanical soil property variations,
evaluation of climatic characteristics is mandatory in
assessing susceptibilities to failure and excessive deformation
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Figure 1. Fluxes at the soil-atmosphere interface and the saturated-unsaturated soil zone interfaces. Not at scale. Adapted from Borma et al. (2023).
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Figure 2. Association between active zone and TMI. Adapted from Khalili et al. (2022).
processes, as well as evolved mechanisms in geotechnical ii) development of soil-erosion processes and potential
engineering as a whole. In this sense, knowledge of regional microclimatic effects,
and local weather regimes or hydric balance is crucial. iii) slope stability analysis with emphasis on evaluation
In the present work, this wide and complex subject is of initial suction profiles in unsaturated soil slopes
dealt with by considering some particular aspects related to and effects of drying in shear strength parameters,
soil-atmosphere issues comprising: iv) further atmospheric potential effects on gravitational
i) simulation of hydric balance and cracks formation mass movements,
under soil drying, relevant to analyses of effects of v) soil-atmosphere interactions on biogas production
soil-atmosphere interaction in any area of interest, and emissions from sanitary landfills.
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Figure 3. Depth of the active zone based on field monitoring data -
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(a) and (¢) instrumentation installed in a plateau or horizontal plane
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area; (b) and (d) instrumentation installed at a slope area. Adapted from An et al. (2017).

Complementary and further aspects related to soil-
atmosphere interactions, not herein considered, may be found
in the works by Boscov et al. (2025), Coutinho et al. (2025)
and Gitirana et al. (2025) published in this same issue of the
Soil & Rocks Journal.

2. Hydric balance aspects

An extensive review on hydrologic cycles and hydric
and energy balances on the earth surface considering
soil-plant-atmosphere interactions has been put forward
by Borma et al. (2023). Disregarding the important role
of vegetation, Equation 1 represents the hydric balance,
variable with time, within the soil compartment due to the
soil-atmosphere interaction:

P=E+FF+RO+Be (1)

where: P = precipitation, £= Evaporation, FF' = free water
flow within the soil mass, which is given by I + Ss(-t)),
where / = infiltration and Ss(z-7)) = variation in the soil-
water stock (or soil-water volume) over time, RO = runoff,
and Be = basal or lower frontier water flow.

Figure 4 shows an example of the application of
Equation 1 to a soil slope, including associated contour
conditions, which are of fundamental importance in any
analysis of soil-atmosphere interaction. In this figure, ULF

E (ET)

~Be=T

+ Be

Figure 4. Hydric balance in an unsaturated soil slope as related to
boundary conditions.

represents the upstream lateral frontier of the problem, usually
taken as impermeable in the presence of an unsaturated
soil profile, and DLF is the downstream lateral frontier
(considered a free flow contour condition in the case). The
top frontier (TF) represents a contour condition associated
with environmental variations, while the basal frontier (BF)
represents the contour condition associated, typically, with
a bedrock (or SPT impenetrable depth), which is strongly a
function of its potential drainage conditions (impermeable
or not), not easily identifiable.

Regarding Equation 1 (and Figure 4), P and E (or
ET=evapotranspiration in the presence of plants) are the
main variables usually taken in hydric balances. For instance,
if P-E > 0, the site is named as a wet site. On the contrary,

Soil. Rocks, Sao Paulo, 2025 48(3):¢2025001825
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if P-E < 0, the site is called as dry, which has significant
consequences when evaluating geotechnical engineering
issues. For example, it is well known that soils, particularly
those with a clayey composition, may crack under dry
conditions. This aspect is discussed in a subsequent item.

Precipitation (P) data is obtained from local or regional
climatic monitoring stations or a net of rainfall monitoring
instruments (rain gauges). Evaporation (£) is typically
defined using soil-atmosphere interaction equations or
theoretical formulations, such as those proposed by Wilson
(1990), which require data from climatological stations,
not always readily available. It can, however, be estimated
by monitoring simple devices installed at a given site (e.g.,
Sdo Mateus et al., 2012). An empirical alternative to do so
is included in what follows.

The term FF in Equation 1 encompasses both rainfall
water infiltration in the soil profile (/) and the free water
(water that is not retained by soil structure and flows through
interconnected soil pores) sub-superficial outflow Ss(¢-£,), which
is given by Equation 2, where ¢ =time, z = depth, S= degree of
saturation, n = soil porosity, V= water volume.

SS(t—to):J.S,n_J‘S()anO:AVw:Vw_VWO (2)
0 0

In a first approximation (homogeneous and infinite
depth soil), 1D infiltration can be computed using the Green
& Ampt (1911) proposal or, in a more rigorous form, based,
for example, on Simunek et al. (2005). Ss(z-¢)) cannot be
evaluated separately. Indeed, it is included in the internal
water flow analysis, which is conducted according to contour
conditions (in conjunction with the infiltration process). For
that, extended 2D forms of Green-Ampt (e.g., Fernandez-
Pato et al., 2018) and, for instance, the Richards saturated-
unsaturated flux equation (Richards, 1931) are employed.
Solutions for these are currently available in well-known
software packages (e.g., FLO-2D, PLAXIS).

The initial water volume (V) in Equation 2 is a function
of the structure of each soil layer, particularly regarding the
mineralogy of its fine fraction (e.g., Mitchell et al., 2025).
In geotechnics, it may represent the initial moisture (or
associated suction) profile required in numerical analysis.
In other application areas, such as agriculture, this term
may refer to the amount of water in the subsoil required for
vegetation to survive under dry conditions. Some aspects
related to defining such initial moisture content profile are
discussed in item 4.2.1.

The term RO (runoff or above-ground surface free
water flow) is generally taken as given by P - /. It essentially
depends on the rate of rainfall water infiltration at a given site,
which is limited by the saturated permeability of the upper
layer of the soil profile. Lysimeters, associated or not with
instrumentation to monitor water moisture and/or soil suction,

can be used to evaluate such parcel of the hydric balance at
a given site (e.g., Portocarrero et al., 2017,2021). However,
this is not usual, as RO is evaluated based on numerical
analysis results that comprise the FF term mentioned above.
To do so, apart from contour conditions defining drained
(e.g., high permeability zones in the soil profile, free flow
at a slope face) or undrained (e.g., sound rock) interfaces in
the soil profile under consideration, it is required, at least,
the knowledge of the saturated permeability of the materials
involved as well of their soil-water retention or soil-water
characteristic curve (SWRC - e.g., Fredlund et al., 2012).
The term Be in Equation 1 and Figure 4 represents the
amount of water that can enter and be stored in the subsoil
(+ Be) or leave it through its basal or lower boundary (- Be).
Positive Be implies an upward water flow through fissured
bedrock or sound bedrock with interconnected fracture planes,
potentially contributing to the formation of a water table at the
site, variable with time. Part of this basal inwards water flow
may run laterally, contributing to the sub-superficial outflow
Ss (¢-t,). Negative Be implies water infiltration through this
boundary, which is usually not easy to define and potentially
contributes to an increase in the lateral outflow Ss (7 - 7).

2.1 Empirical evaporation assessment

Besides the well-known relevance of infiltration processes
in soils, evaporation is an important aspect to be considered
in air/atmosphere water exchange problems. An empirical
procedure for assessing evaporation in cover layers of solid
waste landfills was proposed by Sao Mateus et al. (2012), who
analyzed the water balance at the Metropolitan Center landfill
in Salvador, BA. Undisturbed soil samples were collected
from the cover layer, and a double evaporation experiment
was performed, measuring water loss using two identical
vessels under the same atmospheric conditions. One vessel
contained the soil specimen initially saturated, while the other
was filled only with water. The water reservoir is intended
to reproduce potential evaporation conditions (Ep), while the
soil reservoir represents the evaporation conditions in the
soil cover (£) under the same weather exposure conditions.
Based on the experimental results of the evaporation rates
in soil (E) and water (Ep), the function E/Ep x 0, the soil
volumetric water content, is determined. In this case, the
authors successfully employed a linear fitting (Figure 5).

Conceicao et al. (2021) used the same procedure as
Sdo Mateus et al. (2012) to create a boundary condition
modifier function to evaluate the long-term stability of
two urban slopes at Salvador-BA. Although present in
many geotechnical suites for problem simulation using the
Finite Element Method (FEM), the use of evaporation or
soil-climate interaction boundaries often requires seldom
available or estimated input data. Using this procedure, the
soil-climate interaction boundaries are replaced with time-
variable boundaries adjusted by modifier functions, which
are also present in many geotechnical modeling packages.

Soil. Rocks, Sao Paulo, 2025 48(3):¢2025001825
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Figure 5. (a) double evaporation test for E/EP determination: vessel at left filled with water and, at right, containing undisturbed,
saturated soil; (b) linear fitting of the E/Ep data as a function of the cover layer water content. Adapted from Sdo Mateus et al. (2012).

The unity flow (g) boundary conditions are applied to
the soil surface, representing rainfall events and potential
evaporation for the analysis period. Most modern rain gauges
produce rain data on a ten-minute basis, and rainfall data
can be imported from the closest weathering station into
the slope stability/unsaturated flow program. Furthermore,
for potential evaporation E , mean daily data are perfectly
admissible, and experimental values are usually available.
After entering the rainfall (¢ >0) and £ (g <0) for the analysis
period, the E/Ep function is used as a boundary modifier
function, adjusting the evaporation rate as a function of the
soil’s water content or suction, since in such an analysis the
SWRC is required. This empirical procedure has the advantage
of applying boundary conditions derived from experimental
results obtained using undisturbed soil samples collected
from the study area. Figure 6 illustrates a typical modified
function for soil-climate interaction. For positive values of
pore water pressure, the modifier factor is equal to unity, i.e.,
no modification is applied in the raining events. However, as
evaporation progresses and the soil water content decreases
(see Figure 5), the modifier factor assumes progressively
smaller values, reducing the evaporation rate at the soil
surface as a reflection of the decrease in interstitial water
due to matric suction.

2.2 Cracks formation
One of the consequences of soil-atmosphere interactions

is the development of desiccation cracks, which occur due to
the wetting and drying cycles to which soils are subjected.

1.00

0.75

0.50

Modified factor

0.25

0.00

-2000 -1500 -1000 -500 o 500 1000

Pore water pressure (kPa)

Figure 6. Typical modifier function in terms of pore water pressure.

Among the climate change predictions in the latest [IPCC
(Intergovernmental Panel on Climate Change) reports, the
average global temperature is expected to increase by between
1.8°C and 4.0°C by the end of the 21st century (IPCC, 2023).
Forecasts indicate that droughts will be the most severe since
those observed in the pre-industrial period in the 19th century.
In Brazil, areas susceptible to climate adversity may suffer
the most severe implications of these changes, with the most
intense droughts likely to occur with an increasingly shorter
return time (Cunha et al., 2019; Rocha Junior et al., 2020).

Consequently, climate-driven processes, such as the
appearance of desiccation cracks, are expected to change in
incidence and severity over the next 50 years. Furthermore,
precipitation values of around 200 mm/h could go from a current
recurrence period of 100 years to 10 years, i.e., they would
become commonplace. Extremely long periods of drought,
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interspersed with intense rainfall, can alter the condition of
soils. Fine soils, for example, are prone to cracking during
prolonged wetting and drying cycles, which can compromise
their integrity and alter their behavior (Li et al., 2016).

Desiccation cracks affect the long-term hydraulic
and mechanical behaviour of cohesive soils. Cracks can
significantly accelerate water infiltration in clay soils
(Mitchell & Van Genuchten, 1993; Zhang et al., 2020),
affecting the stability of natural and constructed slopes.
Moreover, Gao et al. (2025) state that an increase in crack
ratios can significantly reduce the safety factor of a cracked
slope compared to an intact slope. Oliveira (2021) also
demonstrated the need to include the effect of cracks in
stability analysis. After numerical simulations, the author
stated that the stability of an unsaturated soil slope subject
to rain infiltration can be up to 40% lower in the presence
of desiccation cracks compared to the stability of the same
slope without desiccation cracks. The factor of safety is
lower the greater the depth of cracked soil.

Some of the impacts on soil are difficult to determine
and may be influenced by multiple soil-climate interaction
processes. When exposed to high temperatures, soils undergo
volume changes that can cause desiccation cracks. The cracks
begin when the tensile strength of the soil is exceeded by
tensile stresses induced by the drying process.

Experiments have already been carried out to understand
the mechanisms of initiation and propagation of desiccation
cracks (Levatti et al., 2019). Various test methods have been
employed to measure the behaviour of crack-prone soils,
such as triaxial testing, flexural testing, hollow cylinder,
unconfined penetration, etc. (Vanicek, 2013).

Cuietal. (2013,2014) described a large-scale environmental
chamber developed to conduct desiccation tests on reduced
models. The authors realized that in the clay soil studied,
which was initially compacted, cracks began when the soil
had a high volumetric moisture content (60%). The evolution
of'the number of surface cracks and the average crack width
was considered very consistent, indicating that only one of
the two parameters is needed to analyse the influence of soil
cracking on soil-atmosphere interaction.

Tang et al. (2011a, b) employed image processing
techniques to monitor crack development in three soil samples
subjected to drying. A Soil-Cracking Ratio (R ), which is the
ratio of the surface area of cracks to the total surface area of
a soil sample, was defined to quantify the crack extension
at the soil surface for different gravimetric water content.
Figure 7 illustrates the evolution of R with respect to the
moisture content during drying.

R increases while water content decreases at the
early cracking stage. Conversely, as the drying process
continues, the growth in R starts to drop when the water
content approaches the air entry value (AE point). After the
water content reaches a transition point corresponding to
9.5%, which is actually identical to the shrinkage limit (SL)
determined from the shrinkage curve (Tang et al., 2011b),

further water loss does not result in any additional increase in
R . This indicates that cracks have approached stabilization.
Figure 7 also shows that almost 90% of cracks were well-
developed before the water content reached the AE point.

In addition to wetting, which can cause cracks to close,
very high temperatures can also cause the soil to self-heal
the desiccation cracks once the soil has already reached its
shrinkage limit. At a temperature of 105°C, Hedan et al. (2012)
found that desiccation cracks were no longer observable and
appeared to have closed. The healing process was interpreted
as a thermally driven process, i.e., a thermal dilatation of
the water and the clay minerals after the shrinkage limit was
reached. This could lead to a gradual closure of desiccation
cracks. Thus, it is understood that both forms of volume
variation can occur during extreme drying processes. Firstly,
contraction is induced by high suction, and once the soil’s
contraction limit has been reached, expansion is induced by
high temperatures (Di Donna & Laloui, 2015).

Cracking evolves not only on the soil’s surface but also
at depth. Miller et al. (2016) propose a theoretical equation for
determining the depth of desiccation cracking (Equation 3).

E o
Z = Au, —u,)+—
KoyH (1- 1) ( ) Koy )

where: Z_is the depth of the crack, E is the modulus of
elasticity corresponding to the effective normal stress, K,
is the ratio between the total horizontal and vertical stress
before the desiccation process, y is the total specific weight,
H is the modulus of elasticity related to suction, p is the
Poisson’s ratio, A(u -u, ) is the variation in matrix suction
and o, is the tensile strength of the soil. As an example, this
calculated crack depth can be related to the wetting front
depth observed in field experiments.

Desiccation cracking can severely impact the performance
of clay soils in various geotechnical, agricultural and

Ry (%0)
©
1

f/ AE point, w=14.5%
S S bttt —— -
5 10 15 20 25 30 35 40 45

Figure 7. Evolution of crack intensity factor with moisture content
during drying (Tang et al., 2011a).
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environmental applications. In geotechnics, the presence of
desiccation cracks can reduce the stability, hinder maintenance
and impair the hydraulic performance of earth structures
(Kodikara & Choi, 2006). This is because cracking on the
surface of soils increases the infiltration rate of rainwater
(Anderson et al., 1982; Zhan et al., 2006; Rouainia et al., 2009).
On the other hand, cracking indicates the development of a
perched layer with extremely low unsaturated permeability
that inhibits water transmission from the soil to the surface
where evaporation occurs.

Understanding the effects of micro- and macro-scale
cracking on the hydraulic and mechanical behaviour of
slopes is fundamental if the impacts of climate change on
slope stability are to be assessed. The development of cracks
in soils has been studied in the laboratory, but the prediction
of crack development in field conditions, where a greater
number of variables need to be considered, such as wetting
and drying variations, root reinforcement, preferential surface
drainage paths, etc. is still little studied (Tang et al., 2018).

Because of their low tensile strength, cracks can occur
when the value of the thrust coefficient K approaches zero and
the tensile strength is reached. Figure 8 illustrates a conceptual
model of tensile cracking in the unsaturated zone, which occurs
at a depth where K|, is zero or negative (Lu & Likos, 2004).
This at-rest coefficient of earth pressure, K, corresponds to the
definition by Fredlund (1979), which is the ratio of the horizontal
to the vertical net stresses. As discussed by de Campos et al.
(2021b), such a value of K, which can be seen as given in
terms of total stresses, is smaller than that defined in terms of
Bishop’s effective stresses (Bishop, 1959). Regardless of its
definition, K, will vary with the soil profile moisture content
(and thus, suction) under climate changes. Thus, the depth of
tension cracks might vary according to variations in temperature
and rainfall conditions at a given site, and, in agreement with
Equation 3, the lower the soil moisture content (and higher its
suction), the deeper the soil tension cracks.

Fredlund et al. (2010) used a continuum mechanics
approach to formulate unsaturated hydraulic conductivity
functions for fissured clay soils. The characteristic curve and
permeability function they found take a bi-modal form. They
discuss the impact of various levels of surface cracking on
soil suction distributions.

Tension Cracks

Li et al. (2011) developed a method for predicting the
characteristic curve and permeability function of cracked
soil, considering the volume variations of the cracks during
the drying and wetting processes. Cracked soil is seen as a
superposition of a network of cracks on a soil matrix. The cracks
are considered a series of known geometry pores in different
states. The authors utilize the pore size distributions of the two
systems (cracks and matrix) to estimate the retention curve
and the permeability function. The functions associated with
the two systems are then combined to determine the functions
corresponding to the fissured soil. Abbaszadeh et al. (2015)
also concluded that the characteristic curve of fissured soils
has a bimodal shape.

Lietal. (2011) monitored the development of cracks in
soils in the field. They concluded that except when considering
that the cracks did not vary in volume, the characteristic
curve of the cracked soil is not substantially affected by
the presence of cracks. On the contrary, the permeability
coefficient is significantly affected by the presence of
cracks and can be 3 to 100 times greater. The permeability
function is bimodal when the cracks are open under saturated
conditions. The crack network dominates permeability at
low suction levels, but the soil matrix controls permeability
at high suction levels. The saturated permeability prevails
in the soil matrix when the cracks close completely under
saturated conditions. If cracks appear later at low suction,
the permeability in the low suction range can be dominated
by that of the crack network.

The soil matrix also controls permeability at high suctions
because water is retained in cracks with large openings.
When cracks close under saturated conditions and open at
high suction, the permeability function of the cracked soil
is similar to that of the soil matrix.

According to Novak et al. (2000) and Mitchell & Van
Genuchten (1993), the infiltration capacity of soil without
cracks is less than half that of soil with cracks.

In turn, the soil suction profile depends on the initial
suction of the soil surface. According to Fredlund et al.
(2010), the results depend mainly on whether the initial
matric suction is lower or higher than the air entry value
in cracked soil. The variation in the soil’s matric suction
increases with the increase in the volume of cracks. When
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Figure 8. Development of tension cracks in unsaturated soil (Lu & Likos, 2004).

Soil. Rocks, Sao Paulo, 2025 48(3):¢2025001825


https://creativecommons.org/licenses/by/4.0/

de Campos et al.

substantial cracking occurs in the soil, the matric suctions
are uniform along the soil’s surface. The same behaviour is
observed if the initial suction is higher or lower than the air
intake value of the cracked soil.

Soil surface matric suction increases during evaporation
and decreases during infiltration in bare soil regions. When
cracks occur in the soil, and the suction along the surface
is lower than the air intake value of the cracked soil, the
matric suction can increase or decrease during infiltration
conditions. This behaviour depends on the magnitude and
distribution of the matric suction along the depth.

3. Erosion processes

In the context of soil-atmosphere interaction, erosion
processes — whether geological or accelerated by anthropogenic
actions —emerge. They can be classified as either wind or water
erosion in tropical environments. Wind erosion, a topic little
explored in the Brazilian literature, is generally superficial. In
contrast, water erosion is categorized as internal (piping and
eluviation) and superficial (sheet erosion and splash erosion
caused by raindrops), resulting in the formation of grooves,
gullies, and ravines. Gullies and ravines may take on linear,
curved-linear, or amphitheater-like shapes.

As outlined by Primavesi (1952), the balance and stability
of soil in the face of erosive processes are directly related
to the soil biology conditions. Soil biology is influenced by
environmental conditions, which are frequently impacted
by human activities such as land use and occupation, the
introduction of contaminants, and the application of chemical
compounds in the soil, water, or air. These actions can lead
to the extinction of certain species. It is worth emphasizing
that land occupation and use can also impact the temperature
of the soil mass, affecting not only the organisms within it
but also its hydro-mechanical behavior.

With the expansion of agribusiness and disorderly urban
occupations in Brazil, wind erosion has reached significant
proportions. However, this topic remains underexplored in
the national literature and requires further study. However,
anthropogenic water erosions are the focus of the discussions
presented here. In agricultural areas, both wind and water
erosion acting on the soil surface has intensified significantly
in Brazil, with little attention given to the desertification
processes they cause, which are accentuated by internal water
erosion. Water erosion originating from agricultural areas
is also largely responsible for the siltation of watercourses
and reservoirs, as evidenced by Sales et al. (2024). In
geotechnical contexts, attention is generally focused on
anthropogenic gullies and ravines, which pose immediate
threats to infrastructure and human lives.

The occurrence of different types of water erosion
in tropical environments, such as those found in Brazil,
depends on the specific circumstances under which they
arise and their direct relationship with soil-atmosphere
interactions. These interactions are, in turn, influenced by

geology, geomorphology, the characteristics and behavior of
weathering profiles, climate, microclimate, land occupation,
and soil use. It is essential to recognize that occupation and
land use directly impact both climate and microclimate,
significantly contributing to landscape dynamics.

In this text, the term “microclimate” refers to regional
and local climates, as Camapum de Carvalho et al. (2024)
highlighted. This differs from Primavesi’s (1952) use of
the term, which focuses on the soil’s surface layer. Climate
and microclimate are closely linked to rainfall, variations in
atmospheric and soil temperatures, relative humidity, terrain
morphology, wind direction, and solar radiation (Luiz et al.,
2012). These factors directly influence erosive processes and
interactions between the soil and atmosphere.

The topic of water erosion in tropical environments,
particularly in geotechnical contexts, has been extensively
addressed in Brazil through booklets (Camapum de Carvalho
& Diniz, 2007; Camapum de Carvalho & Lelis, 2006;
Ribeiro et al., 2016; Camapum de Carvalho et al., 2016),
books (Camapum de Carvalho et al., 2006; Loureiro &
Guerra, 2023; Primavesi 1952; Sales et al., 2017, 2024),
dissertations and theses, national scientific events (National
Symposium on Erosion Control, Brazilian Conferences on
Unsaturated Soils and on Environmental Engineering) and
regional scientific events (Symposia on Tropical Soils and
Erosive Processes in the Midwest), as well as various articles
published in Journals.

This text provides a comprehensive discussion of the
primary types of water erosion in geotechnical contexts,
highlighting key points that have contributed to understanding
the phenomenon and identifying aspects that warrant further
study, particularly regarding the impacts of soil-atmosphere
interactions.

3.1 Superficial erosion and grooves in the context of
soil-atmosphere interaction

Surface water erosion caused by the impact of raindrops
and laminar water flow has been occurring on a large scale.
This phenomenon results from land occupation and use,
whether in urban or rural environments, and almost invariably
involves significant human activity. Often, insufficient
attention is paid to the negative effects of occupying spaces
and using the land. Typically, the impact of raindrops causes
soil particles to detach and splash, with the erosive process
further intensified by the flow of surface water.

Primavesi (1952) provides a historical overview,
highlighting situations from ancient times to today where
surface erosion has led to soil degradation and desertification,
underscoring the need for greater attention to these issues.
Regarding erosion that affects agricultural production,
the author extensively discusses internal erosion, which
significantly contributes to the loss of soil productivity. In
the geotechnical field, internal erosion impacts the properties
and hydromechanical behavior of the soils (Lima, 2003).
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In urban areas, the execution of construction projects
and the establishment of housing developments without
proper planning and necessary precautions are among the
leading causes of surface erosion. Added to this is the impact
of microclimatic changes caused by urban development,
which directly affects the interaction between soil and
the atmosphere.

In rural areas, particularly in agricultural zones, improper
management and the use of chemical fertilizers contribute
to the occurrence and/or intensification of surface erosion.
These factors are compounded by changes in soil-atmosphere
interactions, which alter flow and infiltration conditions,
as well as precipitation regimes. Pérez & Camapum de
Carvalho (2023) and Camapum de Carvalho et al. (2023)
analyzed a tropical weathering profile typical of the Federal
District of Brazil, showing that certain mineral inputs used
in agriculture not only facilitate soil disaggregation but also
affect suction and mechanical behavior, thereby influencing
laminar erosion processes. It is worth noting that chemicals
introduced into the soil can migrate, causing eluviation within
the soil mass, which promotes erosion and alters interparticle
forces, potentially leading to mass instability.

Soil disaggregated by agricultural inputs and wetting-
drying cycles forms an impermeable surface layer that increases
surface runoff. Momoli et al. (2017) emphasize that water
movement through soil, rock, or on the surface forms part of
the hydrological cycle, which can lead to erosive processes
and/or eluviation. In this context, the interaction between
soil and atmosphere plays a significant role.

Grooves form due to concentrated water flow in urban
or rural environments. An aspect that warrants further
investigation is the impact of transversal water energy on
their formation and evolution. An example of that is sea
waves moving inwards and outwards on a clean sandy beach
site. As the water from a wave moves outward, the main
movement direction is perpendicular to the beach. However,
transversal seawater movements also occur, contributing to
the formation of grooves, as shown in Figure 9.

Main
surface flow
direction

3.2 Ravines and gullies in the context of soil-
atmosphere interaction

There are different criteria in the literature for classifying
erosions as ravines or gullies, as Camapum de Carvalho
(2023) noted. Guerra (1998), for example, considers gullies
to have depths and widths greater than 50 cm, and ravines
to be below this limit. Camapum de Carvalho et al. (2001)
associate the distinction between ravines and gullies with
the stability of the slopes, indicating that when the slopes
become unstable, erosions can be classified as gullies.

Camapum de Carvalho (2023), when addressing the
theme “Erosion in the Cerrado from different perspectives”,
considers that the predominant shapes of ravines and gullies
are amphitheater, linear longitudinal, and curved longitudinal.
In tropical environments, the shape of ravines and gullies is
generally influenced by geology, geomorphology, weathering
profile characteristics, and surface and subsurface flow
conditions. Almost always, ravines and gullies result from
an evolutionary process starting with surface erosion and the
formation of grooves. However, they are not infrequently
caused by the improper placement of drainage systems’
discharge and the exploitation of soil borrow sites, as in the case
studied by Ramidan et al. (2013), discussed next. A particular
situation is presented by Araujo et al. (2018), who identified
vegetation removal and irregular cuts in slopes as factors
that exacerbated the ravines and gullies caused by rainfall in
the Arlindo Cavalcante neighborhood, Bonito, PE. It should
also be noted that urban occupations tend to interfere with
the microclimate within the massif, making it susceptible to
mechanical behaviour instabilities in the soil, particularly when
combined with the infiltration of chemically polluted fluids.

In flat regions, such as Brazil’s Cerrado and other regions
of the Country with smoother topography, erosion typically
takes on a linear shape and, in some cases, a curved shape.
However, when located at the edges of plateaus and areas with
greater slopes, they often assume an amphitheater shape, as
illustrated in Figure 10a, almost always originate from slope

Figure 9. Grooves shaped on a beach sand, with channel formation being also a function of transversal water movement.
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failures. This type of erosion is also common on reservoir
margins, where an increase in water content at the base of
the surrounding slopes and plateau edges, sometimes coupled
with the undermining of the slope base, causes slope failure
that progresses into amphitheater-shaped erosion. Today, with
the increase in the volume of river courses, the expansion of
margin erosion that does not fit the classic erosion models of
ravines or gullies is becoming more pronounced

(Figure 10b). A further erosion shape occurring under
specific geological and/or geomorphological conditions is
exemplified in Figure 10c. This erosion shape, named herein
as with a diffused shape, originates from the diffused flow of
surficial rainfall water over an erosion-resistant superficial
unsaturated material underlead by a silt-sandy or sand-silty
erodible one. Such erosion shape has some similarities with
that exemplified in Figure 10b. It differs, however, by not
resulting from any water flow at the toe of the plateau and/
or failure of the topsoil by fall or topple.

Camapum de Carvalho (2024) considers that the triggering
and amplifying factors of erosive processes can be internal,
interface, or external. The onset and evolution of ravines and
gullies frequently involve a combined action of two or more
internal and external factors. In this context, understanding
the phenomena at both micro and macro scales is relevant
for erosion control and the recovery of eroded areas.

According to Camapum de Carvalho (2024), internal
factors comprise the soil profile, including geological
characteristics, hydrogeology, subsurface geomorphology,
soil type, and the quality of the fluid present. The surface
geomorphology is considered an interface factor, and its
relevance is analyzed by Jesus et al. (2023), who account for

variations in tension and water content in the soil profile, with
water content resulting from interactions between the soil and
atmosphere. The author classifies external factors into natural
and anthropic. The natural factors include the sun, wind, and
rain, which significantly impact the soil-atmosphere interaction
and significantly influence flow in saturated and unsaturated
media. Anthropic factors, such as land occupation and use,
ultimately influence the microclimate.

In the pursuit of understanding the influence of soil-
atmosphere interaction on the evolutionary process of ravines
and gullies, the process of eluviation, along with the slopes
resulting from flow in both saturated and unsaturated media,
emerges as a highly relevant factor, as shown by Lima et al.
(2017). With eluviation, the soil’s resistance is reduced, leading
to slope ruptures on the margins, which in turn expand the
ravine or gully, depending on the case. In addition to the
eluviation of the soil, undermining the slopes’ bases when
precipitation water flow is channeled often plays a role in the
rupture mechanism of ravine and gully slopes (Camapum de
Carvalho et al., 2006). Lima et al. (2017), in their study of
amphitheater-shaped erosions in the Manaus region, found
that cracks resulting from neotectonics movements favored
the evolution of the erosions through the destabilization and
fall of blocks.

3.3 A case study example

In soil-atmosphere interactions, the predominant factors in
both environments are of considerable importance. Atmospheric
factors include relative humidity, temperature, sunshine and
wind, with its characteristics of speed and direction. In the soil,

Figure 10. (a) amphitheater-shaped erosion in Anapolis, GO; (b) erosion on a bank of the Araguaia River, Goias; (c) erosion of a cut
slope (Barreiras Formation) in the Galedo Airport in Rio de Janeiro, RJ (Portocarrero, 2009).
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for example, its physical properties, chemical-mineralogical
composition, and the suction acting on it, as a result of humidity
and porosity, are important (e.g., Portocarrero et al., 2021).
Thus, in addition to the quality of rainwater and/or surface/
subsurface water, several factors interfere with soil-atmosphere
interaction and, consequently, with the onset and evolution of
erosion processes (e.g., Luiz et al., 2017).

Ramidan et al. (2013) give an example of the role of
these interactions. They present the case of pluvial erosions
resulting from the exploitation of a borrow area for constructing
an earth dam in the Brazilian Central Plateau, leading to
the setup of gullies and downstream silting processes, as
exemplified in Figure 11.

This case of pluvial erosion with anthropogenic origins
provides a good example of the relevance of soil-atmosphere
interaction in the continuous development and evolution of
erosion processes. Indeed, the reported analysis shows that such
interaction begins with the formation of the weathering profile,
a long-standing process. At the site, after the removal of some
4 m to 5 m of cover soil for the embankment construction,
the unsaturated soil profile comprised a superficial, colluvium
layer of a lateritic material (formed by translocation of iron
and aluminum oxides from the previously existing soil cover),
followed by a mature residual soil layer and two layers of
saprolitic soil of biotite-gneiss origin (A and B), with the
lower layer (B) being less weathered. The ground gradient
was low, averaging approximately 2%. The water table, with
its baseline probably related to the earth-dam reservoir, was
at an average of 13 m below ground level.

Besides conventional physical-chemical-mineralogical
characterization tests, the local materials were identified
through mini-MCV tests (Nogami & Villibor, 1981, 2003;
Marinho et al., 2020) and soil-water retention curves (e.g.,
Fredlund et al., 2012). Susceptibility to erosion of the involved
materials was investigated through double sedimentation
tests and disaggregation tests (using unconfined cubical

undisturbed specimens), as well as Inderbitzen (to evaluate
laminar or surficial erosion) and pinhole tests (to evaluate
piping erosion), refer to Ramidan (2003) for details. The
tensile strength of the materials (a non-conventional but
promising testing method

for evaluating erosion potential in soils (e.g., Araujo
& de Campos, 2013) was also determined. As a result, the
residual mature soil was identified as the highest erosion-
susceptible material, followed by saprolitic soil A, saprolitic
soil B, and colluvium (lateritic) soil.

In line with the subject of the present contribution,
Figure 11 shows part of the area exposed, and part covered
by vegetation, both of which are affected by soil-atmosphere
interaction in different ways. During periods of drought, the
area covered by vegetation tends to increase soil evaporation
(through evapotranspiration), while under rainfall, it enhances
infiltration and minimizes surface runoff. The opposite is
expected in the area without cover. During the dry season, the
unprotected soil is subjected to increased suction, allowing the
air phase to remain continuous within the massif. During the
rainy season, rainfall triggers the phenomenon of splashing,
which promotes the desegregation and detachment of soil
particles. This is followed by the formation of a sheet of
water, causing infiltration to occur under high suction. Besides
the development of surface erosion by runoff, a saturation
front develops, accompanied by a concomitant decrease in
the suction (and associated strength) of the sub-superficial
material. It cannot be disregarded that a potential occurrence
of a Lisse-type effect (see item 5.2) may contribute to the
desegregation of soil clusters during the rainwater infiltration
process into the unsaturated soil profile. Nonetheless, it is
clear that the initial state of soil hydration, which is a function
of soil-atmosphere interaction, plays a crucial role in the
development of surface erosion.

The potential process of surface soil contraction due
to an increase in suction in dry periods and compaction

(@

@ (h

Figure 11. (a) area exposed to surface erosion by raindrops fall and groove formation; (b) micro-rills formation; (c) beginning of ravine
formation by concentrated water flow; (d) end of evolution of the erosive process by ravine; (¢) gully head formation; (f) gully formation
from concentrated superficial water flow; (g) gully development including underground water contribution; (h) downstream siltation.

Adapted from Ramidan (2003).
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of the exposed soil under the energy of raindrops may
generate portions and veins of topsoil with greater hardness
and, together with the variation in the transverse energy of
the water in the surface flow, the appearance of furrows
(Figures 11a and 11b).

According to Ramidan et al. (2013), the gullying
processes observed at the site in the case under analysis were
caused by the flow of surface water resulting from rainfall
(Figures 11e and 11f). It should be noted, however, that after
the formation of ravines and gullies (Figures 11c and 11d),
the continued action of soil-atmosphere interaction generates
the degradation of the massif near the slopes through flow
in an unsaturated condition, facilitating its rupture and the
evolution of erosion (Lima et al. 2017), a process amplified in
this case by the occurrence of groundwater flow (Figure 11g).
Even in the case of groundwater flow, this depends on soil-
atmosphere interactions and the microclimate associated with
them, which directly influence the processes of precipitation
and rainwater infiltration in the soil profile.

Going towards the final phase of the processes as a whole,
the resulting silting process (Figure 11h), the transported
eroded soil, when deposited in a flat area, has its resistance
increased during dry periods, making it able to receive new
layers of eroded soil without part of it undergoing surface
erosion processes. Alternatively, it may contribute to silting
lakes and rivers, promoting further environmental degradation
impacts not considered herein.

4. Slope stability

The combination of tropical soil profiles, commonly
consisting of unsaturated residual and colluvial soils, associated
with mountainous environments and high precipitation
rates, creates favorable conditions for the occurrence of
gravitational mass movements (e.g., de Campos et al.,
2018). A frequent cause of slope failures is associated with
periods of precipitation, which promote water infiltration
into the unsaturated soil (e.g., Lumb, 1975; Brand, 1985),
leading to a reduction in soil strength due to the decrease in
matric suction (e.g., Ching et al., 1984; de Campos, 1997;
Rahardjo et al., 2005). In this context, the effects of climate
change play a crucial role, as they modify the patterns of the
hydrological cycle (IPCC, 2021), particularly, as highlighted
by Hobeichi et al. (2022a), in relation to drought.

Considering specific aspects related to slope stability
analysis, the role of initial porewater pressure acting in
the slope and the effects of extreme drying on the shear
strength of the materials involved are considered relevant
and discussed below.

4.1 Overview of climatic changes effects
Effects of climate change have become increasingly

evident, leading to an increase in the frequency of landslides
in various regions of the world, which requires a review

of management approaches for such phenomena (e.g.,
Dehn et al., 2000; Crozier, 2010; Gariano & Guzzetti, 2016;
Haque et al., 2019). For example, extrapolations based on
past observations of rainfall-induced landslides are no longer
suitable for predicting future performance (Dijkstra & Dixon,
2010). Indeed, although the total rainfall global precipitation
volume remains relatively constant, regional effects (rainfall
distribution) differ significantly, with notable increases in
precipitation intensity, duration and changes in frequency
(e.g., Trenberth et al., 2003; Groisman et al., 2005; Min et al.,
2011; Trenberth, 2011; Westra et al., 2014; IPCC, 2021).

Apart from accentuating extreme precipitation, climate
change also accentuates the occurrence of severe droughts
(Westra et al., 2014; Adler et al., 2014). Indeed, global
warming, besides promoting soil drying with the recurring
potential for crack development, contributes to increased
evaporation and higher atmospheric humidity levels. Thus,
it also intensifies precipitation events (Trenberth et al.,
2003). Furthermore, the increased occurrences of extreme
precipitation and droughts are also influenced by natural
meteorological phenomena, such as El Nifio and La Nifla,
in Brazil (Haylock et al., 20006).

Hobeichi et al. (2022b) reviewed several studies on the
impact of climate change on the hydrological cycle, revealing
spatially complex trends in water balance components.
Their findings indicate that evapotranspiration and runoff
show the most significant alterations, while precipitation
exhibits the least.

4.2 Aspects related to slope stability analysis

In unsaturated soil profiles, slope stability analysis
is typically performed in terms of effective stresses. Thus,
apart from aspects related to the stress-strain-strength
characteristics of the materials involved (e.g., Tang et al.,
2018), knowledge of pore-water pressure distributions is
of primary interest. In this sense, slope stability analyses
are heavily influenced by climatic and hydro-geological
conditions, which determine the variation in pore water
pressures and water table fluctuations, particularly in regions
with distinct wet and dry seasons (e.g., Cai & Ugai, 2004;
Rahardjo et al., 2010; Rahimi et al., 2011). In the presence
of a dynamic environment, such as that associated with
climatic changes, the assumption of stationary behavior
cannot be made (Dijkstra & Dixon, 2010), as it is relevant to
assessing the water balance (or suction) within the soil slope.
Understanding this dynamic is crucial for determining the
pore pressure state of a soil slope in stability analyses (e.g.,
Iverson, 2000; Gitirana, 2005; Elia et al., 2017).

Assessing in situ pore pressure conditions represents
a significant challenge, mainly due to the scarcity of slopes
with continuous monitoring. This makes the pore pressure
state unknown in most cases. Even when slopes are densely
monitored, hydrological conditions still present limitations in
understanding. The role of climate, particularly precipitation
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characteristics, is widely recognized as one of the primary triggers
for landslides and is, therefore, commonly incorporated into
landslide studies. However, several studies, whether comprising
retro-analyses or numerical simulations of future behaviour,
often disregard the initial state of pore pressures rigorously
(e.g., Cai & Ugai, 2004; Gerscovich et al., 2006; Rahardjo et al.,
2007). Typically, the “initial” pore pressure state is assumed
based on a stationary analysis or simplified distributions such
as triangular profiles or pore pressure/moisture constants along
the depth. Subsequently, the transient flow analysis simulates
the weather conditions for a certain period of time. However,
many authors emphasize the importance of a more realistic and
representative consideration of the “initial” pore pressure state
in analyses (e.g., Toll et al., 2001; Gitirana, 2005).

4.2.1 On the evaluation of the initial porewater pressure
distribution

Two evaluations of the “initial” pore-water pressure
state in the soil, required in transient analysis in unsaturated
soils, are exemplified herein.

The first evaluation refers to transient back analyses
performed by Gomes (2019), which were designed to assess
failure mechanisms associated with the rupture of a typical
granitic-gneiss soil slope profile found in Rio de Janeiro. The
study’s primary objective was to determine the numerical
analysis period required for the effect of the “initial” pore
pressure state to become negligible in the stability analysis
results. Flow and stability analyses, as well as modeling,
were performed using the software package developed
by SoilVision. Figure 12 shows the slope boundaries and
precipitation conditions considered in that study, as well as
the average hydro-mechanical properties of the materials
involved. Further laboratory-determined soil properties
related to the unsaturated soil profile can be found in Oliveira
(2013) and Gomes & de Campos (2022).

Considering the soil-atmosphere interactions prevailing
at the time in the site, and assuming that the adopted hydro-
mechanical properties did not vary with time, the analysis
by Gomes & de Campos (2022) indicated that landslide
mobilization predominantly occurs in the superficial layer of
the soil profile (mature soil), and that a minimum of an 8-month
numerical simulation period is sufficient to reduce the influence
of the “initial” pore pressure state hypothesis (constant and
triangular distributions) on the analyses. Additionally, the
authors verified that the occurrence of saturation at the toe
of the slope and its resulting outflow did not influence the
stability analysis results, probably due to the larger values
of ¢’and ¢’ associated with the saprolitic soil layer. This
indicates the need to carefully evaluate both flow and shear
strength conditions associated with boundary features when
attempting to understand failure mechanisms leading to the
rupture of natural slopes resulting from atmospheric events.

A second example of evaluating the “initial” porewater
pressure distribution considers the effects of climate change

in numerical analysis simulations. Following concepts of
Geographic Climatology put forward by Zavattini & Boin
(2013) and Silva Junior (2015) considered that the climate
presents cyclical behavior, as does the water table in a given
soil profile. The approach characterizes data from climatic
years, with a minimum of 21 years, distributed into three groups
based on the quartiles of the total volume of precipitation:
habitual, atypically dry, and atypically wet. The habitual
climate year represents a situation in which the volume of
rainfall is close to the annual historical average. Thus, it
denotes the situation in which the amount of water present
in the slope represents a situation close to the “initial” pore
pressure (or water content) state, making it possible to use
it as a starting point in transient analyses.

It is worth noting that the simulation of the “initial”
pore pressure state should ensure a null water mass balance
when repeating the same climate year in long-term numerical
analyses. Indeed, analyses of soil-atmosphere interaction
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Figure 12. (a) slope soil profile with boundary conditions; (b)
periods of rainfall and soil evaporation previous to landslide setup
(modified from Gomes & de Campos, 2022); (c) average hydro-
mechanical soil properties (Gomes, 2019).
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models, which consider only precipitation and evaporation
(or evapotranspiration), tend to generate imbalances in the
mass balance. In short-term studies, as illustrated in the
above example, these imbalances cause minimal disturbance
to the mass balance. However, in long-term simulations,
these effects may become significant. This imbalance can
lead to two distinct scenarios: when the mass balance is
positive, P- ET > (), the model tends to saturation, and when
P - ET < 0, the model tends to dry out. Also, during intense
precipitation events, excess water becomes runoff (RO) and
is removed from the model when the maximum infiltration
capacity of the topsoil is exceeded. Nonetheless, even
considering representative boundary conditions, adjusting
the mass balance to be suitable for long-term numerical
analyses is only possible with the inclusion of basal flow
(Be), referring to Equation 1 and Figure 4.

Considering the above, Figure 13 shows basic information
related to the numerical simulations regarding, in this case,
initial pore-water-pressure profile evaluations related to climate
change effects. In these simulations, climate data (1997-2021)
from an INMET (Brazilian Institute of Meteorology) station
in the Regido Serrana of Rio de Janeiro were used. Dry, wet,
and habitual rainfall conditions were defined based on lower,
higher, and average annual rainfall conditions. In the analyses
performed, it was assumed that any formation of positive
pore pressure at the basal boundary condition [boundary (4)
in Figure 13] would result in the removal of excess water
volume from the model. Additionally, it was assumed that
local hydrogeological conditions, soil hydraulic properties,
and the mechanical properties of the soil remain unchanged
throughout variations in climate.

Figure 14 illustrates the variation in the average
volumetric moisture content [, ] and the adopted critical
rainfall condition over a 4-year analysis period. As can be
seen, the slope 0 presents a behavior similar to a cyclic sine
function (indicated by the broken lines). Additionally, from
the third year of numerical simulation onwards, the results
tend to converge toward an expected equilibrium condition
for stored water. Therefore, for soil-atmosphere interaction
analyses, it is recommended that simulating at least two
years of habitual climatic data is necessary to achieve an
“Initial” pore pressure state.

Going further, Figure 15 shows the results of flow and
limit equilibrium stability analysis comprising a habitual
climatic year (H — black line - total volume of precipitation
of 1,683.4 mm), a dry year (D — red line - 1,366.3 mm of
rainfall), and a wet year (W — blue line - 1,947.3 mm of
precipitation). The upper part of Figure 15 presents the mean
volumetric water content variation, and its lower part shows
the variation of the safety factor for the three conditions,
with an analysis recurrence of every 10 days.

The results indicate that the variables analyzed follow
a cyclical pattern, represented by dashed lines, showing
periodic behavior over time. It is observed that the dry
climate year had little impact on stability conditions, which
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Figure 13. (a) soil slope configuration - numbers within brackets represent
boundary conditions as follows: (1) climatic boundary - atmospheric
interaction, (2) impermeable, (3) free water outwards flow, (4) semi-
permeable boundary, with no permanent water table formation; (b) soil
water retention curve; (c) hydro-mechanical soil properties.

—Slope Cyclic Rainfall event
045 140
Saturated condition =1

\J} \

Elapsed time (d)

Rainfall event (mm)

Average Volumetric Water Content

Figure 14. Average volumetric content over time for simulating a
habitual climatic year.
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can be attributed to the high potential for evapotranspiration
in tropical regions, mainly due to high temperatures. On
the other hand, humid and habitual climate years exhibited
similar behavior, despite the significant difference in total
precipitation volume. This similarity can be attributed to
the complexity of the climatic variables, which exhibit their
own gradations and characteristics, thereby influencing the
hydrological response of the slope. Nonetheless, these results
reinforce the importance of considering the interaction of
climatic conditions on slope stability, especially in climate
change scenarios, for a more robust and accurate assessment.

4.2.2 Drying effects on shear strength

As discussed in item 2.2, soil drying may affect
hydrological soil characteristics due to the formation of
cracks, and this must be accounted for in any flow analysis
comprising slope stability analyses. However, the potential
effects of drying on the shear strength of soils are little
discussed, particularly when cracks formation due to drying is
not noticed, as commonly found in unsaturated slopes in Rio
de Janeiro. Aiming to contribute to that, results of laboratory

investigations performed on statically compacted specimens
of highly weathered soil (colluvium or mature residual soil)
originating from granitic-gneiss rocks from Rio de Janeiro
are considered herein.

Figure 16 summarizes the basic properties of the
studied soil. As indicated, the soil is clayey; however, due
to the mineralogy of its fine fraction (essentially kaolinitic),
it comprises a low-activity material that did not crack under
drying, as observed by Beneveli (2002) when defining the soil
water retention curve (SWRC) of the compacted material.

Following a methodology that has long been used at
PUC-Rio in the evaluation of failure mechanisms associated
with Rio de Janeiro s soil slopes (e.g., Moncada et al., 2011;
de Campos et al., 2018), the SWRC shown in Figure 16 was
obtained, using the filter paper technique, by moistening and
drying specimens initially at the w_. Thus, neither the dried
nor the wetted compacted specimens had been previously
subjected to the imposed humidity changes and associated
suction. Based on this curve, and to further guarantee
homogeneity and repeatability of initial testing conditions,
it was defined a suction of 63,0 kPa to be initially set to
all specimens compacted at the optimum moisture content
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Figure 16. (a) basic geotechnical properties of the studied soil; (b)
SWRC of the compacted soil (Beneveli & De Campos, 2004).
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submitted to shear in a PUC-Rio’s suction-controlled direct
shear test equipment (de Campos & Carrillo, 1995).

To evaluate the effects of drying on the shear strength,
direct shear tests were performed on specimens consolidated
to an initial suction, u, of 63 kPa and net stress of 50 kPa.
Subsequently, they were saturated. As shown in Figure 17, one
specimen was sheared just after the initial saturation. Other
specimens were dried after the initial saturation to suctions
of 63 kPa, 120 kPa and 240 kPa. Then, they were saturated
again and sheared under a constant rate of displacement.

The results shown in Figure 17 indicate that wetting-
drying cycles may promote a not negligible decrease in the
drained shear strength of soils, with such a decrease being
more relevant the higher the drying introduced within two
wetting processes. Comparing the specimens sheared after
drying to 63 kPa with those sheared after drying to 120 kPa
and 240 kPa, decreases in ultimate strength were of circa
9.5% and 14%, respectively.

5. Further potential atmospheric effects on
mass movements

Apart from the recognized effects of climate wetting
and drying cycles in the development of gravitational
soil-mass movements, the effects of a further atmospheric
event — lightning, in this case — cannot be disregarded, as
put forward by de Campos et al. (2018). To do so, these
authors took as a basis the catastrophic thunderstorm events

that occurred in the highland region (Regido Serrana) of
the state of Rio de Janeiro in 2011, considered by ONU
as the 8" major landslide-related disaster occurring in the
last 100 years in the world (Busch & Amorim, 2011). In
this event, thousands of landslides, with differing slope
failure typologies (Amaral et al., 2013; Fernandes et al.,
2013), occurred within a few hours of difference on January
11th (night) and 12th (dawn), 2011. The relatively short
period of generalized setup of failures did not align with
investigations of failure mechanisms typically associated
with rainwater infiltration in the involved granitic-gneissic
unsaturated soil profile slopes (de Campos et al., 2018). In
addition, although the rainfall event was exceptional, it could
not be considered unprecedented (e.g., Avelar et al., 2011;
Coelho Netto et al., 2011; Medeiros & De Barros, 2011).
Additionally, Entralgo (2013) presented evidence that the
locus of the highest rainfall intensity did not fully coincide
with the location of the scars from the main landslides at
the site as a whole. Furthermore, local inhabitants reported
the occurrence of continuous lighting and strong vibrations
during the storms, indicating the need to investigate whether
atmospheric effects related to the occurrence of flashes of
lightning and associated thunder sound waves could have
contributed to this particular event.

Corroborating this, it is worth noting that Brazil,
although not presenting the most world-relevant lightning
hotspots (Albrecht et al., 2016), is, due to its tropical nature
and continental dimensions, considered the world champion
in lightning incidence (Ciéncia ¢ Tudo, 2022). Bearing this
in mind, recent studies have addressed the effects of climate
change on the incidence of lightning in Brazil. For instance,
Santos et al. (2017) projected the incidence of lightning in the
state of Sdo Paulo using CMIP5 climate models in RCP4.5
(intermediate emissions) and RCP8.5 (high emissions) scenarios.
A predominance of above-average events is projected for
the future, especially in the RCP8.5 scenario, with 93.3%
of projected future events expected to be above average.
Pinto Junior & Pinto (2020) investigated the relationship
between the increase in global temperature and the incidence
of thunderstorms in Rio de Janeiro over a 160-year period
(1850-2010). The results indicate a 21% increase in the
average annual number of days with thunderstorms during
the analyzed period, accompanied by a 0.6°C rise in surface
temperature. It is also interesting to note that, based on data
from ELAT/INPE (Atmospheric Electricity Group at the
National Institute for Space Research), ranging from 2005
to 2010, Carnavale (2013) verified an average increase of
40% in lightning incidence in the region affected by the
2011 catastrophe.

5.1 Potential lightning effects on soils
Electric currents generated by lightning are enormous,

ranging from approximately 10 kA to 300 kA, with electric
voltages varying from 500 kW to 5,000 kW (e.g., Wakasa et al.,
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Figure 17. Effects of wetting-drying cycles on shear strength (adapted from Beneveli & De Campos, 2004).

2012). This results in ground temperatures reaching up to
30,000°C (e.g., Newman et al., 1967; Nakano, 1996). As
pointed out by Wakasa et al. (2012), due to the hazardous
and impulsive nature of lightning and its extremely localized
effects, there is limited information in the current literature
regarding the ground’s response to lightning strikes.

Reviewing pieces of evidence on the direct lighting
flash effects on the ground, Wakasa et al. (2012) mention
authors who suggest that lighting flashes may trigger changes
in the landscape, such as the physical disintegration of rocks,
the formation of tors, and the development of gnammas
and fractures in the site bedrock. Probably due to the high
temperatures involved, it is also known that lighting may
promote changes in soil mineralogy (e.g., Mahaney & Milner,
2011). Indeed, the presence of fulgurite minerals in soils and
rocks may be related to the effects of lightning strikes (e.g.,
Rakov, 1999; Elmi et al., 2017). Further lightning shock wave
effects on soils, including temperature and osmotic suction
ones, have been reviewed by Honke & Karch (2022) and
Rao et al. (2022), among others. Evidence also shows that
lightning affects soil bacterial communities (Chen et al., 2022).

Due to the difficulties in studying natural lightning
strike events on earthen materials, artificial lightning can be
generated in the laboratory in research works. Examples of
this are provided by Wakasa et al. (2012) for rock specimens
and by Carnavale et al. (2016) for soil specimens. These late
authors evaluated the effects of simulated laboratory lightning
flashes on the shear strength of undisturbed soil specimens
from the highland region of Rio de Janeiro affected by the
2011 catastrophe (Figures 18 and 19). Such specimens were
confined within thick wall PVC samplers and submitted
to simulated lightning strikes under controlled voltages of
300 kV, 450 kV and 600 kV. The basic properties of the
tested material are included in Figure 18.

As shown in Figure 19a, the higher the applied voltage
of the simulated lightning, the lower the unconfined strength
of the soil specimens. Figure 19b shows that, as expected,
increasing shear strength occurs under increased initial suction.
However, specimens submitted to simulated lightning strikes
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Figure 18. (a) basic characterization data of the soil tested; (b)
partial SWRC of the soil (produced after Carnavale et al., 2016).

showed unconfined strengths much lower than those not
struck by lightning, with a decrease in strength ranging from
some 50% to 60% as a function of the initial suction of the
specimen. Furthermore, as the voltage applied in the laboratory
lightning simulations did not encompass the full range of those
observed in nature (which may reach up to 5,000 kW), it can
be expected that the shear strength of a soil portion directly
impacted by a lightning flash will be nearly null.

Regarding soil slope instability processes, it is considered
here that the effects of lightning strikes directly onto the
ground, although still requiring further investigations, may
not be relevant as they are strongly localized. On the other
hand, potential processes related to the propagation of seismic
waves in the soil resulting from lightning shock waves on
a given spot require further investigation. Field monitoring
of micro seismic waves propagated by lightning strikes
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far from their onset points, reported by Carnavale (2018),
supports this view.

5.2 Thunder effects

Acoustic waves transmit the sound of thunder, which
cannot be dissociated from the phenomenon of lightning flashes
because the heated channels and their pressure signatures
are strongly connected (Ribner & Roy, 1984). On the other
hand, the thunder’s influence area is higher than that of the
flashes. Thunder can be heard up to 25 km away, suffering
damping or attenuation depending on the geometry of its
propagation site (Bass, 1980).

Thunder is a phenomenon that can be explored using
the air pressure approach. When dissipated on the earth’s
surface, thunder can result in a considerable increase in
atmospheric pressure. According to data reported in the
literature (e.g., Newman et al., 1967), this increase can reach
up to 2 atm on the soil. Rakov & Uman (2003) reported a

rise of 0.3 atm to 2 atm at a distance of 10 cm to 35 cm from
the luminous channel.

Increases in air pressure in the soil have only been
observed in cases of advance of the saturation front in the
vadose zone. This phenomenon, known as the Lisse Effect,
has long been recognized. In this regard, Waswa et al.
(2011) include several references from laboratory studies,
field observations, and theoretical analyses dating back
to the 1930s. As the saturation front advances, the air
in the soil’s unsaturated zone becomes trapped and
compressed, thereby increasing the air pressure in the voids
(Waswa et al., 2011; Sakaki et al., 2011). However, as far
as the authors are concerned, phenomena related to the
effect of thunder-sound waves on the ground have not yet
been considered in relation to slope stability, particularly
in tropical environments.

In this context, Motta (2016) investigated the effects of
asudden increase in air pressure on the stress-strain-strength
behavior of unsaturated soils from natural slopes in Rio
de Janeiro. Partial findings of experiments performed on a
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mature soil from the Regido Serrana of Rio de Janeiro are
reported herein.

The studied soil consists of high-plasticity silt (MH),
characterized by a plasticity index of 29% and an activity
index of 0.71. The fine fraction is primarily composed of
quartz, kaolinite, and gibbsite. Quartz dominates the coarser
fraction, including clayey-ferruginous aggregates and traces
of magnetite, feldspars, and altered biotite.

The incremental pore size distribution obtained by
mercury porosimetry intrusion (MIP) indicates a dual porosity
structure of the material. This is reflected in the soil-water
retention curve, which indicates a macropores-associated air
entry value of approximately 10 kPa and a micropore-related
air entry value of more than 1,000 kPa.

Tests were conducted on a double-walled stress-path
triaxial apparatus, utilizing the axis translation technique to
apply suction to the soil specimens and measuring the total
volume change of the unsaturated specimen, as reported
by de Campos et al. (2021a). Constant water content (CW)
triaxial tests, named CW-x-y, in which x is the initial net
confining stress and y is the initial applied matric suction
(u, - u ), were divided into three series. The first series
involved applying different suction levels (20 kPa and
100 kPa) and net normal stresses (40 kPa and 250 kPa) to
verify the influence of initial suction on shear strength at
both low and high-stress levels.

Series II and III sought to study the effect of a sudden
increase in air pressure to the lowest and the highest net
normal stress tested at both suction levels. These tests,
designated as CWx-y-iz, refer to a sudden increase in air
pressure (of the order of 10 seconds’ application) imposed
on the specimens after consolidation and before shearing.
Following Newman et al. (1967), air pressure increments of
20 kPa and 200 kPa were applied to simulate air pressure
increases due to lightning under rainstorm conditions.

Results of the CW tests, with and without a sudden
increase in air pressure, are shown in Figure 20, comprising
plots of deviatoric stress (o) x axial strain (g ) and suction
(u, — u ) x axial strain. In these tests, suction was defined
by measuring pore-water pressure at the specimen’s base.
As the air pressure remained constant under shearing, an
increase in pore-water pressure implies a decrease in suction.

The stress-strain curves shown in Figure 20 indicate
that both stiffness and shear strength decrease due to the
applied peaks of air pressure. As indicated by the (u -u,)
versus ¢, plots, such decreases are associated with suction
decreases under shearing.

These results suggest that atmospheric pressure
generated by sound waves resulting from lightning strikes
may induce changes in the soil, potentially contributing to
the development of failure processes in tropical soil slopes
during thunderstorm events.

Further evidence of that has been provided by
Carnavale et al. (2014). These authors present results of
variations in matric suction during simulated thunder sound

wave incidence in confined and unconfined undisturbed
soil blocks retrieved from the Regido Serrana of Rio de
Janeiro affected by the 2011 catastrophe. The blocks were
installed within a chamber with thermo-acoustic treatment,
and six thunder sound wave signal emissions were triggered
through computer-controlled high-resolution loudspeakers
(Carnavale, 2013), crosschecking the sound pressures with
the installed block instrumentation, comprising Trime Pico
32 TDR moisture content (IMKO, 2009), T5X suction probe
(UMS, 2009) and delta shear accelerometer (Serridge &
Licht, 1987) devices, refer to Carnavale (2013) for details
(Figure 21).

These experiments yielded minor variations in
suction, ranging from 0.0 kPa to 0.4 kPa. However, they
induced the collapse (failure) of three unconfined soil
blocks (Carnavale, 2013), suggesting the need for further
investigations on this subject.

6. Municipal solid waste landfills and biogas
production and emissions

Sanitary landfills remain the predominant method for
treating and final disposal of urban or municipal solid waste
(MSW) due to their effectiveness, scalability, and lower
implementation and operational costs per tonne received.
In 2022, according to ABREMA (2023), these facilities
treated 61% of the 71,729,841 tonnes of MSW adequately
collected in Brazilian municipalities. The remaining 39%
were directed to controlled landfills or dumps, which pose
various social, environmental, and engineering challenges.
Consequently, sanitary landfills are anticipated to address
the inadequately managed MSW increasingly.

Once licensed and operational, these facilities are
expected to generate positive socio-environmental impacts
for the serviced municipalities and financial returns for the
owners or concessionaires. As an example, there are three
primary remuneration models in Brazil:

i. Based on the mass of waste received, with the
service provider compensated by the generator
according to the quantity treated, incinerated, and/
or landfilled,

ii. Through by-products derived from waste recycling,
typically commercialized to local industries as
production raw materials or energy inputs,

iii. Via the biogas captured from the decomposition
of organic waste, which can generate revenue
from carbon credits sold in voluntary or regulated
markets, electricity produced from methane and
commercialized in distributed generation, and/or gas
energy from biomethane, which can be marketed as
compressed natural gas or liquefied gas.

The primary technical-scientific challenges comprising
revenue from MSW disposal in landfills involve enhancing
the efficiency and quality of biogas generation. Efficiency
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Figure 20. Stress-strain behavior of the mature soil with and without peaks of air pressure increase - (a) under lower net stress (40 kPa),
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pertains to capturing the biogas molecule without losses 6.1 Biogas generation and environmental aspects
through the collection system or the waste mass. This is

achieved by minimizing gas condensation due to pressure Several factors can influence biogas generation in
and temperature differentials between the landfill’s interior ~ sanitary landfills, including:

and the external environment, preventing oxygen ingress into i.  Local topography and geometric configuration of
the collection system and waste mass, and avoiding fugitive the landfill, as waste masses on slopes or in mining
methane emissions through the cover material. Quality refers pits, reduce their exposed surfaces, limiting oxygen
to the biogas composition, which must contain at least 47% access and methane emissions,

methane to ensure the technical and economic viability of ii. Waste typology, with landfills receiving more organic

the adopted extraction technology.
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iii. Waste characteristics, which vary over time in terms of
temperature, humidity, and organic matter concentration,
potentially inhibiting anaerobic biodegradation,

iv. Cover material properties, such as air permeability,
density, humidity, and layer thickness, which can
affect hydraulic and pressure gradients with the
external environment,

v. Presence of synthetic covers, like high-density
polyethylene (HDPE) or low-density polyethylene
(LDPE) geomembranes, which further restrict contact
between the waste mass and the external environment,

vi. Internal biogas pressure gradient relative to atmospheric
pressure,

vii. Distance and efficiency of vertical drains in forced

or natural gas extraction,

Biogas capture and utilization technologies, which
may follow different technological routes,

ix. Location, climate, and seasonality, as external
environmental conditions can impact cover material
properties, structural behaviour of the waste mass,
degradation rates, and microbial activity.

To gain a first view of the interaction of some of these
factors, historical data was collected from sanitary landfills
and their biogas generation across two regions of Brazil —
southeast and northeast —and they were analysed considering
environmental aspects (Figures 22 and 23).

Initially, the data shows that biogas generation is directly
proportional to the size of the landfill. Larger units generate more
biogas in absolute terms because they have more stored MSW
(Figure 22a). However, when normalizing the generation based
on the daily intake rate of each site (Figure 22b), the results show

viii.

(b)

Figure 21. (a) replicated thunder sound wave signals (Lee, 2009); (b) typical instrumented sample setup (reproduced from Carnavale, 2013).

that the largest generators are not the most efficient, meaning
those that produce more biogas per tonne of waste received. This
confirms that other factors influence landfill biogas generation.

As indicated in Figure 23, some trends are observed
when evaluating environmental variables, such as rainfall,
temperature, and atmospheric pressure (represented, in this
case, by the landfill elevation), at each location. In this figure,
the average monthly biogas production was normalized by
the waste daily intake rate, as mentioned before.

As shown in Figures 23a to 23c, less rainy regions
tend to provide more efficient biogas generation, even on
an annual average, during the dry or rainy seasons. Since
the natural cover layer is composed of unsaturated soil,
predominantly consisting of fines, typically silts and clays,
it has lower thermal conductivity, thus reducing heat and
moisture exchanges between the interior of the waste mass
and the external environment.

Regions with higher average temperatures tend to
exhibit more efficient biogas generation, as illustrated in
Figures 23d and 23e, during both the dry and rainy seasons.
Environments with higher temperatures tend to reduce heat
exchanges with the waste mass’s interior, reducing the volume
of fugitive emissions through the cover system. Thus, more
efficient generation may be achieved.

Regions subject to higher atmospheric pressures (lower
elevations) provide more efficient biogas generation, as
presented in Figure 23f. Higher external atmospheric pressure
will reduce the pressure gradients through the landfill cover
system, thus reducing fugitive emissions and enabling more
efficient biogas production.
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Figure 22. (a) relationship between the maximum biogas production and the total landfill area; (b) relationship between the normalized

biogas production and the total landfill area.

6.2 Biogas emissions: general aspects

Climate change and the need to reduce greenhouse gases
(GHGs), including methane, have driven global initiatives
under the United Nations Framework Convention on Climate
Change (UNFCC), as well as the United Nations Environment
Programme (UNEP, 2024). COP 29, held in Azerbaijan in
November 2024, drafted the Declaration on Reduction of
Methane from Organic Waste. This document focuses on
adopting practices such as composting, recycling organic
waste, and capturing gas in landfills for energy generation.
These solutions have already been implemented in some
countries and have shown efficiency in reducing emissions
and reusing waste as economic resources.

The United States is the second-largest emitter of
GHGs, and landfill disposal is the third-largest source of
emissions. According to the EPA (United States, 2018), the
country has reduced landfill emissions by up to 40% with
the adoption of control systems and an increase in biogas
capture. In the European Union (EU), countries with efficient
MSW management systems generally perform better in global
waste management. According to Eurostat (Statistical Office

of the European Union) data from 2018, the waste sector’s
emissions reduction was 29.7%. Latin America’s solid waste
management system is primarily focused on the final disposal
of waste in landfills, accounting for approximately 60% of
emissions from the waste sector in the 10 Latin American
countries considered.

Brazil is the fifth largest emitter of methane in the world.
Alone, it emits the equivalent of 5.5% of the planet’s methane.
The waste sector represents the third-largest emitter of GHGs,
with around 92 million tons of CO,eq, or 15.8% of total
Brazilian emissions. In the urban solid waste sector, landfills
and dumps are responsible for 61.8% of GHG emissions
(ABREMA, 2023). This results from Brazil’s practice of sending
95% of its waste to landfills rather than seeking sustainable
technological alternatives to treat the 80 million tons of waste
generated annually. The International Solid Waste Association
(ISWA) pointed out that landfills located in Brazil emitted an
average of 20 kg of CH4 per tonne of waste disposed of in
landfills (Scharff, 2021). This corresponds to a percentage
of emissions or losses to the atmosphere ranging from 30%
to 38% of the gases generated at the landfill, depending on
operational aspects, local climate, anaerobic versus aerobic
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Figure 23. Some relationships between climate variables and normalized biogas production.

conditions, the degradable organic fraction, and whether
biogas is captured for energy use. These numbers are estimates
based on models from the IPCC (Intergovernmental Panel on
Climate Change), which, for many, is considered conservative
regarding the actual quantification of emissions in the sector.

6.3 Methane emissions in Brazil

Methane emissions vary greatly depending on various
geotechnical factors of the cover layer and the environmental
aspects of the landfill location. Among the main aspects
that can interfere with gas emissions from the landfill cover
layer are variations in soil characteristics, such as soil type,

degree of compaction, saturation, and cover layer thickness;
variations in waste characteristics, such as internal pressure
in the gas mass and in the external contact-soil-atmosphere,
which is strongly influenced by the age of the waste (e.g.,
Schirmer et al., 2014), and climatic conditions.

As for atmospheric factors, all aspects of the climate are
fundamental, as they affect the humidity of the layer, increasing
its saturation and reducing its air permeability and emissions in
rainy periods. Depending on the internal pressure of the biogas
in the landfill (which is usually very small due to the presence
of the installed gas drainage system), atmospheric pressure,
despite having little influence, can significantly alter the pressure
gradient between the internal and external environments. For
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instance, a gradient inversion causes air (N, + O,) to enter the
landfill at certain periods, resulting in a significant change in
the gas composition in the surface layers of the landfill. Another
relevant aspect of the climate is the increased infiltration in
landfills, which increases the level of leachate in the waste mass
and reduces emissions. Furthermore, waste requires a humid
environment for facultative microorganisms to perform their
function, degrading the waste and generating biogas. However,
when the waste is saturated, biogas is not generated. Lastly, but
also importantly, the climatic conditions associated with the
soil characteristics in the cover layer can cause cracks in the
layer, which significantly increase emissions. During the dry
season, when the soil in the cover layer has lower humidity and
larger suction, a very favorable environment for emissions is
created due to the high air permeability of the soil in the cover
layer and the preferential paths of crack’s water flow generated
by soil contraction.

To quantify CH, superficial flux on the landfill cover
layer, it was used the static flux chamber technique (Mariano &
Jucd, 2010; Maciel & Jucd, 2011; Almeida et al., 2024). Further
methodologies, such as robotic systems for mobile detection
of emissions (e.g., Bennetts et al., 2012), UAV-based thermal
imaging, or advanced monitoring systems using remote sensing
from aircraft (including drones), and satellite sensors, may also
be employed (e.g., Henn & Peduzzi, 2024). However, besides
limitations on the amplitude of the investigation area (the best
is of the order of 30 m), they do not provide information on
the geotechnical characteristics of the cover soil, which must
be obtained via field and laboratory geotechnical investigations
anyway (e.g., Belfort et al., 2018). In this sense, the static flux
chamber technique is mandatory (see Figure 24), either as a
unique or complementary one. Its only disadvantage is that
several points from a given landfill area must be evaluated.

In what follows, the data presented focuses on quantifying
full-scale methane emissions from Brazilian landfills, aiming
to establish a simple methodology that can be applied to any
landfill type. This quantification can guide public and private
managers on the best techniques to identify, quantify, and
reduce landfill emissions.

The reported landfills, of different sizes, are from the
Northeast, Center-West, and Southeast regions of Brazil. The
methodology used to evaluate the gas emission through the
top covers consisted of CH, superficial flux quantification
using the static flux chamber and evaluating biogas and soil
parameters in depth until the contact with the solid waste.

Various parameters can be measured, like CH4, CO2, and
02 concentration, internal temperature (between the chamber
and the top cover), external temperature, and internal and
atmospheric pressures. Several tests are carried out for soil
characterization, such as grain size distribution and Atterberg
limits, Proctor compaction curve, water permeability, and
soil-water characteristic curve. Typically, the testing duration
varies from 30 minutes to 60 minutes, and the initial slope
of the plot of the CH, mass-versus-time determines the gas

0.395m

Figure 24. Measurement of fluxes of CH, using the static flux
chamber technique - (a) layout - LFG = landfill fugitive gas; (b)
field monitoring.

flux. The following equations (Equations 4 and 5) are used
to determine the volumetric and mass CH, flux rates:

v ACcy, 27315 P,
=—X x x— 4
Qo =1, 273.15+T 1,000 @)
Jen, = Ocn, XPcH, (5)

where:
Oy, 18 the volumetric superficial flux rate of CH,
(NL/s m?), J,,, is the mass superficial flux rate of CH,
(g/s m?), V is the internal chamber volume (of 8.34 L), A
is the cover soil area (of 0.156 m?), AC cia / At is the CH,
concentration increase (% vol.) with time (s), T is the gas
temperature inside the chamber (°C), P is the atmospheric
pressure (mbar), and p,,, , is the specific mass of CH, (g/L).
Table 2 presents emissions data from 14 Brazilian landfills
located in different regions and states. It shows the amount of
MSW entering per day, the landfill area at the time the studies
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Table 2. Measurements of methane emissions in some Brazilian landfills.

Characteristics of the cover layer

Landfill ( torlr/r[i)za ) M?ilg?:lvaC)H 4 ;;::‘z:llzl) (kg CH I/fo‘r):]r[?e waste) (Thickness; soil classification;
y gim-.cay g 4 Sr; DC; Specific Weight; Cracks)
Northeast 5 311.0 733,6 46 0.8m; ML; Sr = 75%;
(CE) CD = 85%; 19 kN/m?; no
Northeast 450 123.7 300 82 0.6m; MH; Sr = 58%;
(PB1) CD =99%; 19 kN/m?; no
Northeast 900 331.3 90 33 1.1m; MH; Sr = 42%;
(PB2) CD = 98%; 17 kN/m* no
Northeast 1,3 202.3 450 70 1.0m; SC; Sr = 50%;
(RN1) CD =90%; 16.9 kN/m?; no
Northeast 1,2 240.4 352,7 71 0.67m; ML; CD = 93%j;
(RN2) 16.8 kN/m?; no
Northeast 2 362.9 600 109 0.8m; CL; Sr = 75%;
(PEI) CD = 85%; 19 kN/m?; no
Northeast 450 400.0 20 18 0.4m; SC; Sr = 55%;
(PE2) CD =95%; 18 kN/m>; yes
Northeast 700 351.4 340 171 0.8m; CL; Sr = 75%j;
(PI) CD = 85%; 19 kKN/m?; no
Center-West 2,64 123.3 110 5 1.4m; CH; Sr = 80%;
(DF) CD = 88%; 18 kKN/m?; no
Southeast 3,8 337.7 143,953 13 0.34m; MH; Sr = 45%;
(MG) CD =9 1%; 16 kN/m?; yes
Southeast 10 389.1 1,005,331 39 0.8m; CH; Sr = 75%;
RJ)) CD = 85%; 19 kN/m?; yes
Southeast 5,5 300.0 202,341 11 0.67m; CL and ML
(SP1) CD =93%; 16.8 kN/m?; no
Southeast 6,5 675.0 760 79 0.55 to 1.0m; CL and ML;
(SP2) CD = 90%; 16.5 KN/m’; no
Southeast 2,983 277.8 323,863 30 0.6 to 0.9m; ML and CL;
(SP3)

CD =97%; 18.5 kN/m?; no

CE = Ceara; PB = Paraiba; RN = Rio Grande do Norte; PE = Pernambuco; PI = Piaui; DF = Federal District; MG = Minas Gerais; RJ = Rio de Janeiro; SP = Sdo Paulo;
Sr = degree of saturation at compaction; CD = compaction degree in relation to Normal Proctor.

were carried out, the maximum flow of methane (in g/m?.day),
the rate of methane emissions per ton of waste entering the
landfill (Scharft, 2021), and the characteristics of the cover layer.

As can be seen, methane emissions values are, in
most measured cases, higher than those recommended by
ISWA, which would be up to 20 kg CH, /tonne of waste
(Scharff, 2021). These data can be even more alarming if
presented regarding total CH, emitted (MgCOZeq). It can
be concluded that many landfills in Brazil need to evaluate
their cover layers better to mitigate methane emissions to
the atmosphere. In small and medium municipalities in
Brazil, landfill gases are usually thrown into the atmosphere
without any treatment, leading to environmental pollution.
In addition, Brazilian standards do not emphasize the

technical aspects of the final cover layers of landfills. An
example that can provide relevant insides on the design of
such type of barrier is given next.

6.4 Physical modelling of a sanitary landfill final
cover layer

In municipal sanitary landfills, the final cover comprises the
boundary directly interacting with the atmospheric environment.
An effective cover layer reduces water infiltration (and
leachate generation) and fugitive gas emissions. Furthermore,
it propitiates a truly anaerobic decomposition environment for
waste decomposition. In such structures, due to the clayey
nature of cover layers, many cracks appear due to the wetting/
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drying climatic cycles and differential settlements of the waste
mass, severely impairing the cover layer performance.

Lobo et al. (2023) present the development of a 2D
instrumented channel (see Figure 25) that controls insolation,
rainfall, temperature, and air humidity and monitors moisture
content, suction, runoff (ROD), and bottom drainage (BLD)
to evaluate the performance of cover layers submitted to
controlled environmental conditions in the laboratory.

The performance of capillary (CB) and conventional
monolithic (CV) barriers was assessed for a period of about
one year. The capillary barrier was formed by a clayey layer
of a mature residual soil from granulite-gneiss embedment
overlying a uniform layer of fine dune sand. The internal
monitoring of CB barriers considered the hydraulic differences
between the layers. In both soils, temperature, electrical
conductivity and moisture content were monitored using
STETM moisture sensors (Meter Group, USA). Matric
suction in the clayey layer was monitored using MPS-6™
(Meter Group, USA) suction sensors, whereas low-capacity
tensiometers (LCT, Sousa et al., 2011) were used in the dune
sand layer (see Lobo, 2022 for details).

Lobo et al. (2023) highlight the importance of the air
relative humidity in the experiments: tests performed on arid
conditions presented eight large cracks crossing the entire
clayey layer in the first fifteen testing days. In contrast, the
test performed with higher relative humidity identified only
two main cracks during the whole testing period. Comparing
capillary and conventional barriers, the infiltration water
reached the clayey layer bottom on day 127 in the CB test, and
the total leaked water corresponded to 5 mm or about 1.89%
of the amount of rain. In contrast, 14.4 mm, corresponding
to about 10.7%, was monitored for the monolithic barrier
under the same imposed rainfall conditions.

Figure 26 illustrates typical results in terms of water
content and suction obtained in the CB layer.

In the upper portion of the clay layer, Figure 26a shows
the fast response of the water content sensors to the imposed
rainfall conditions. As infiltration demands time, a delay in
the response to changes in the water content at 15 cm and 25
cm is observed. In all cases, increased and decreased water
content are respectively related to the wet (imposed by rainfall)
and dry (imposed by the Philips™ HPI-400 W metal-halide
lamp’s energy) simulated environmental conditions. Changes
in the bottom sand layer moisture content related to rainfall
started only after day 248 of the experiment.

The suction changes in the clayey layer shown in
Figure 26b also correlated well with the wet and dry simulated
conditions, decreasing in the presence of rain. In the sand
bottom layer, the fast suction decrease shown in Figure 26b
around day 248 of the experiment agrees with the observed
large increase in moisture content.

The above-summarized results show that using a
physical model such as that developed by Lobo et al. (2023)
provides a valuable alternative to evaluating different cover

Rainfall
simulator

Figure 25. Details of 2D channel developed by Lobo (2022).
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Figure 26. (a) water content and rainfall events in a CB over
time; (b) suction measurements, run-off (ROD), and bottom layer
discharges (BLD) (Modified from Lobo et al., 2023).

layouts under controlled climate conditions close to those
at the landfill site.

7. Final remarks

Although soil-atmosphere interactions are relevant to
many areas of knowledge and are investigated by scientists
of variable technical backgrounds, they are not fully
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understood due to their complexity, which increases even
more if vegetation is included in the processes.

Considering the geotechnical and correlated areas
of study, only some aspects comprising soil-atmosphere
interactions were herein addressed, all associated with
unsaturated soils. The first aspect, related to natural
hazards that anthropic actions can enhance, comprises the
development of erosion and slope instability processes.
The second aspect is related to the final disposal of urban
waste in sanitary landfills and its consequences.

Before going further, it is important to note that both
aspects considered herein are and will be affected by the
so-called climatic changes or, maybe in a better way, the
observed global warming. In this sense, heavy and more
frequent storms (thunderstorms) and more severe drought
periods are to be expected. Recalling the hydric balance
equation (Equationl) and Figures 1 and 2, only the precipitation
variable may be taken numerically as solely dependent on
atmospheric changes. The evaporation variable, already a
difficult one to numerically evaluate, will keep being so in
the presence of severe soil drying conditions. Considering
the soil compartment, hydromechanical properties are
bound to change along the soil profile, with more important
changes occurring within the active zone, whose depth may
also change under new extreme atmospheric conditions.

Taking into account the above, and based on a
comprehensive literature review, as well as the results of
research projects developed by the authors, the following
final observations are considered herein:

*  There are few field observations on the thickness or
depth of the active zone in soil profiles, particularly
in tropical and semi-tropical areas such as Brazil.
This comprises basic information to be pursued as
this zone is the one most affected by atmospheric
changes. Taking into consideration the limited available
information on that, it is desirable to monitor in the
field (flat ground) changes over time time (in years) of
profiles of the soil temperature and of the volumetric
moisture content up to a minimum depth of 5 m;

+ Inthe absence of reliable information on evaporation
conditions at a given site, an empirical assessment to
be used in numerical flow analysis was introduced.
The development of a data bank containing
information on evaporation under variable micro-
climatic conditions is desirable and must be pursued;

*  Desiccation cracks may be formed at the ground
surface under drying atmospheric conditions. This
affects the hydromechanical behaviour of the soil
profile and, thus, must be considered in geotechnical
works. Proposals from the current literature on
evaluating crack intensity and depth of influence were
put forward. However, further research on this topic
is required, particularly in the case of tropical soils;

*  Erosion setup and development are strongly related to
micro-climatic cycles of wetting-drying processes, and

this has to be accounted for, particularly in the presence
of global warming. The presented case study on erosion
clearly shows the relevance of the soil-atmosphere
interaction in the different phases of hydric erosion, going
from superficial erosion to gullying and its evolution;
Two aspects of slope stability analysis were
emphasized. The first refers to defining the initial
moisture content profile along the layers of a soil
slope. This basic information, not usually provided
by field instrumentation, is relevant for the flow
analysis required to define critical suction profiles
to be considered in subsequent stability analysis
under variable atmospheric conditions. In this aspect,
the adoption of representative boundary conditions
is fundamental, particularly the basal (or inferior)
boundary, which strongly influences the results
obtained. The second emphasized aspect was that
under extreme (or not experienced before) drying, the
soil strength of the non-cracked soil may decrease.
Naturally, this may affect the stability analysis’s
result importantly and, therefore, requires further
investigations comprising natural, intact materials that
prevail in regions with differing climatic conditions;
Regarding slope instability processes, the possibility was
introduced that lightning originating from thunderstorms
may contribute to the onset of landslides. Bearing in
mind that flashes of lightning are punctual, it is believed
that the main effect to be considered is related to the
associated changes in atmospheric pressure that occur
and, so, to the resultant change in air pressure within the
unsaturated soil. In this case, the results of laboratory
simulations on air pulses over unsaturated soil specimens
indicated deterioration of both shear strength and
stiffness, suggesting that this little-investigated effect
may be relevant. A further aspect that requires extensive
investigation is the possibility that micro-seismic waves
resulting from the effects of lightning flashes may also
contribute to the onset of instability mechanisms on the
initially unsaturated tropical soil slopes;
Considering municipal waste disposal in sanitary
landfills (MSWL), some results were put forward by
crossing data on total biogas production over a given
time period and atmospheric data for landfills from
different locations in Brazil. These data indicated that
biogas production might be affected by the landfill’s
location and specific site climate conditions, with
such production varying with atmospheric-related
data such as total annual rainfall, average temperature,
wet and dry periods, and atmospheric pressure. Some
of these data, however, must be seen with care as
they refer to landfills with differing management
conditions and strategies for biogas exploitation,
aspects that were not considered herein;

Still regarding MSWL, numbers of biogas emissions
from a few Brazilian monitored sites were collected.
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However, correlations between such type of data and
atmospheric site conditions were possible to derive,
either because variations in climatic conditions within
the sites were not relevant or, more importantly,
differing final soil cover procedures were adopted. In
this context, it has to be considered that there is a lack
of recommendations (e.g., proposed normalization
rules) related to the design of the final cover for
MSWL, at least in Brazil. Contributing to that are
included results of a physical experimental model that
is able to simulate the design of final cover structures,
an aspect that requires further investigations;

*  Finally, this study reinforces the critical role of soil-
atmosphere interactions in geotechnical engineering,
particularly in tropical regions liable to extreme
climatic events. The results underscore the necessity
of incorporating transient modeling techniques to
better predict slope stability, erosion, and biogas
emissions. Future research should focus on refining
numerical models, implementing field monitoring
techniques, and assessing long-term climate impacts
on geotechnical structures.
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