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ABSTRACT: The city of Pucallpa, Peru, focuses its efforts on consolidating itself as one of the metropolises with the highest
economic growth in Peru. Therefore, it must have an infrastructure that meets the technical requirements and standards of a modern
city. Structures such as road embankment pavements have deteriorated rapidly during the rainy seasons because of problems caused
by reduced soil resistance due to loss of suction. To understand these phenomena, several theories and formulations have been
proposed that consider flow and deformation in unsaturated soils. However, only a few studies have explained them because of the
complexity of the processes involved, resulting in conceptual deficiencies in the conception of infrastructure projects in Pucallpa.
Thus, the lack of an adequate methodology for understanding and predicting the phenomena associated with unsaturated soils has
become indispensable in geotechnical engineering. The main objective of this study is to analyze the stability of an embankment built
on unsaturated clay soil under infiltration conditions caused by intense rainfall in the city of Pucallpa. The simulation results, carried
out on finit element software Plaxis, show that the safety factor of the embankment is considerably reduced by punctual and
long-lasting rainfall.
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1 INTRODUCTION

Similar to any structure exposed to the environment,
embankments can deteriorate; thus, their stability is affected as
their service time is extended. A factor that compromises the
stability of these structures is rainfall, as it can cause landslides
due to the reduction in soil suction and an increase in interstitial
pressure due to eventual elevations in the water table (Wang et al.,
2020). Consequently, globally, several studies have been
conducted to analyze the impact of rainfall on the stability of
embankments. In the United States, in recent decades, there has
been an interest in developing early warning mechanisms to
prevent landslides (Godt et al., 2009) and avoid economic losses,
including human lives. Although Peru has a completely variable
geography that is different from that of other countries, this does
not mean that similar problems do not arise. For example, in the
tropical city of Pucallpa, temperature variations and intense
rainfall generate floods and landslides that affect various
communities.

The unsaturated condition of soil represents a challenge for the
analysis of its deformation and resistance because of the
limitations of conventional soil mechanics (Alfaro, 2008). The
presence of solids, air, and water within the soil associated with
very deep water tables generally increases the rigidity and
strength of the soil. This initially stable situation can be
compromised by rainwater infiltration, which significantly
reduces the resistance of soil and increases its deformation

capacity. A compilation of geotechnical studies conducted in the
city of Pucallpa has been presented by Lopez & Quevedo (2022),
where most soils are categorized as clays of low and high
plasticity. Their study also determined the deformability and
resistance properties of these soils under saturated conditions.
However, no studies have been conducted to determine the
hydraulic and mechanical properties under unsaturated
conditions. Therefore, the lack of knowledge of the interaction
between structures built on unsaturated soil and natural
phenomena has become a fundamental topic of study for the
development of new construction projects.

To identify the behavior of different unsaturated soils, several
studies have been conducted globally, some of which have
investigated the direct influence of rainfall on the failure of slopes
and embankments. Showkat et al. (2022) indicated that
knowledge of the effects of infiltration and loss of suction on
embankments is essential to determine their stability. Liu et al.
(2017) performed different simulations of embankments of
different heights to determine safety factors by analyzing the
depth of damage caused by rainfall. Roshan et al. (2021)
conducted tests to determine the properties and hydraulic
characteristics of different soil samples that function as fill of an
embankment to perform numerical modeling. Tu & Huang (2016)
investigated the effect of rainfall infiltration on two embankments
to determine the volumetric moisture content of soil and the
variation in the interstitial pressure of these embankments and to
obtain safety factors for each case. Quevedo et al. (2021)
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analyzed the impact of climatic conditions on the stability of
foundations built on collapsible soils.

The main objective of this study is to numerically analyze the
effects of rainwater infiltration on the stability of an embankment
built on a foundation of unsaturated soil in the city of Pucallpa.
The Plaxis 2D software was used to simulate the behavior of the
unsaturated soil in the model under study. There is also a
parametric approach because the intensity and duration of rainfall
vary according to data collected from government institutions in
Peru. Finally, safety factors associated with embankment stability
in various scenarios were determined.

2 SITE DESCRIPTIONS

The embankment under study is located in the city of Pucallpa,
the capital of the department of Ucayali, in eastern to
north-central Peru on the banks of the Ucayali River in the
Amazon plain at 154 m above sea level. Since its foundation,
multiple studies have been conducted in this territory to
understand the behavior of its soils. In this sense, one of the tests
that have generated the greatest impact in the determination of the
strata that make up the territory of Pucallpa has been SPT drilling.
Tests conducted by Alva (2013) indicate that, below the first
layers of soil made up of clays, which in some areas reach up to 9
m deep, layers of silty sand have been detected. López &
Quevedo (2022) conducted six recent explorations in which the
minimum and maximum mechanical parameters of the clays were
determined and moisture content ranging between 10% and 45%
was obtained.

Some of the areas evaluated by these authors are shown in
Figure 1, showing the drilling locations. Because of these tests, it
was possible to determine the geological–geotechnical
characteristics of the study area and the materials used for the
simulations.

Figure 1: Satellite view of SPT test locations over Pucallpa.

Soils such as sand and clays are present in the study area;
therefore, it is essential to know their behavior in an unsaturated
state to evaluate different geotechnical analysis scenarios in the
city. Although this study seeks to understand the landslides that
may occur on an embankment influenced by the presence of
rainfall, it is not a fact that only this type of analysis can be
performed.

In the city of Pucallpa, a conventional meteorological station
observes the surface and collects information, which is then
transferred to the institutional database of the National
Meteorology and Hydrology Service of Peru (Senamhi). This
station is located in the Province of Coronel Portillo, belonging to

the district of Callaria, within the department of Ucayali.
According to a report prepared for the Geological, Mining, and
Metallurgical Institute, in 2008, the average annual maximum
rainfall varied between 2000 and 8,000 mm (Núñez & Medina,
2008). As shown in Figure 2, the study area is located within a
region of intense annual precipitation. Although the period is not
considered for analysis, it allows us to obtain a value for
comparison with future rainfall in the selected area.

Figure 2: Map of maximum annual rainfall in 2008.

In this study, information about rainfall that occurred between
2018 and 2023 was collected. In addition, the intensity
corresponding to the rainiest day during the study period of
interest was selected, which corresponds to January 28, 2020,
with a rainfall intensity of 189 mm/day. Simulations were
performed to evaluate the effect of representative rainfall on the
selected structure. Note that months with no data were considered
null (0 mm) for improved calculations. In Figure 3, a record of
rainfall is observed in January.

Figure 3: Rainfall intensity in January 2020.

3 UNSATURATED SOIL

3.1 Mechanical behavior

The principle of effective stress is the most important concept in
soil mechanics (Wesly, 2018). Regarding unsaturated soils, the
theory proposed by Terzaghi is not completely adequate, because
it assumes that the soil is completely saturated. Thus, in search of
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a better approach for the study of unsaturated soils, alternative
stress variables have been used. For example, the net stresses and
suction proposed by Fredlund & Morgestern (1977) or the
generalized effective stresses initially proposed by Bishop (1959)
and later elaborated by several authors. Both approaches provide
a better approach to the analysis of practical problems in
geotechnical engineering, such as slope stability, and include the
effect of suction, which is important for understanding the
behavior of unsaturated soils. In Plaxis, generalized effective
efforts can be determined using Eq. (1).

,σ' =  σ − 𝑚𝑢𝑎 + 𝑚χ 𝑢𝑎 − 𝑢𝑤( ) (1)

where denotes the vector of total stresses, and denote theσ 𝑢𝑎 𝑢𝑤
interstitial pressure of water and air, respectively, and 𝑚
represents the vector that introduces the influence of pore
pressure on effective stresses. denotes Bishop’s parameter thatχ
defines the coupling between effective effort and suction. In
Plaxis, this parameter is assumed to be the effective saturation
(Seff), which is described using Eq. (2),𝑆𝑒𝑓𝑓 =  θ𝑤−θ𝑟θ𝑠−θ𝑟 , (2)

where θw denotes the volumetric content of water, θs denotes the
volumetric content of saturated water, and θr denotes the
volumetric content of wastewater.

To represent stress–strain behavior, the Mohr–Coulomb model
(MHC) was used, which is defined using the following
plasticization function: ,𝐹𝑀𝐻𝐶 =  𝑞 − 𝑝 + 𝑐𝑡𝑎𝑛( )𝑔θ (3)

where p represents the average effective effort, q represents the
deflection effort, and denotes a function that depends on the𝑔θ
Lode angle ( ). The three variables p, q, and denote theθ θ
invariants of effective efforts. The parameters and denote𝑐
resistance properties, namely, cohesion and friction angle,
respectively. For saturated conditions, the cohesion is similar to
the effective one (c’). However, for unsaturated soils, the soil
cohesion is assessed using Eq. (4).𝑐 =  𝑐' + 𝑆𝑒𝑓𝑓 𝑢𝑎 − 𝑢𝑤( )𝑡𝑎𝑛 (4)

The friction angle is assumed to be independent of the soil
suction as discussed in Fredlund et al. (2012). The plastic
potential surface used for the determination of plastic
deformations is similar to the surface defined using Eq. (3);
however, the angle of friction is replaced by the angle of dilation
(ψ). To complete the formulation of the model, a perfect plastic
behavior defined by Young’s modulus (E) and Poisson’s
coefficient (ν) is required.

3.2 Hydraulic behavior
To conduct flow analysis and understand the effect of soil suction
on the final calculation of the safety factor, it is important to
understand what this phenomenon consists of and the parameters
involved. Suction is the ability of unsaturated soil to attract or
retain water in terms of pressure and can be quantified in terms of

total suction (Ψ) (Fredlund & Rahardjo, 1993), as expressed using
Eq. (5).

,Ψ = 𝑢𝑎 − 𝑢𝑤( ) +  π (5)

where the interstitial pressure of air ( ) minus that of water ( )𝑢𝑎 𝑢𝑤
equals matrix suction, which is associated with capillarity caused
by the surface tension of water; π denotes the osmotic suction
associated with salts dissolved in the soil water. The latter can be
omitted when solving geotechnical problems involving
unsaturated soils. Therefore, for the proposed analysis, total
suction is considered equal to matrix suction.

To estimate water flow and soil volumetric changes, the model
proposed by van Genuchten (1980) was used to describe the soil
water characteristic curve (SWCC), using Eq. (6).θ𝑤 = θ𝑟 + (θ𝑠−θ𝑟)1+(𝑎𝑣𝑔ψ)𝑛𝑣𝑔⎡⎢⎣ ⎤⎥⎦𝑚𝑣𝑔 , (6)

where avg, nvg, and mvg denote the tuning parameters for the van
Genuchten model.

The SWCC represents the relationship between soil suction and
some measures of water content (Zapata et al., 2000). Its
determination for the two types of soils used in the simulation is
possible owing to van Genuchten’s model (van Genuchten, 1980)

Another fundamental equation for understanding the hydraulic
behavior of unsaturated soils is the function of hydraulic
conductivity or relative permeability (kr), defined by Eq. (7).

.𝑘𝑟 = 𝑆𝑒𝑓𝑓 1 − 𝑆𝑒𝑓𝑓1/𝑚𝑣𝑔( )𝑚𝑣𝑔⎡⎢⎢⎣ ⎤⎥⎥⎦2
(7)

This is described by Mualem’s (1976) predictive model, which,
along with van Genunchten’s model, allows us to establish the
parameter of the mvg that determines the shape of the SWCC and
the permeability function, as shown in Eq. (8).

.𝑚𝑣𝑔 = 1 − 1𝑛𝑣𝑔 ,   𝑤ℎ𝑒𝑛 0 < 𝑚𝑣𝑔 < 1 (8)

4 NUMERICAL MODELING

Numerical analysis with the Plaxis 2D software is performed
using the finite element method assuming a flat state of
deformation. The profile of the embankment is similar to that laid
out in a study in Pucallpa, Peru. The soil of the foundation where
the embankment is located is composed of clay and sand layers.
Some simplifications were adopted in the model geometry in
order to perform fast simulations. For example, the interface
between clay and sand layers is assumed to be horizontal. In
addition, because of the significant length of the structure outside
the plane, a 2D model under plane strain conditions is adopted.
Moreover, because of its structure, only half of the enbankment is
modeled, as shown in Figure 4. The shallowest clay layer, extends
to a depth of 4.5 m, followed by a layer of sand that extends up to
11 m. Similarly, the water table is located 1.5 m below the sand.
The model expands 15 m below the surface of the land to the
right from the base of the embankment slope to avoid the effects
of boundary conditions.

The mesh is composed of triangular elements of 6 nodes, each
with 3 degrees of freedom associated with horizontal (ux) and
vertical (uy) displacements and pore pressures (Gaber et al.,
2018). The mesh size is refined locally on the embankment
surface exposed to rain for improved numerical calculations. The
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model has 1,154 elements. No sensitivity analysis was performed
to determine the influence of contours or the size of these
elements.

Figure 4: Slope geometry and boundary conditions.

In this case study, the mechanical boundary conditions of the
fixed type or restricted displacements (ux = uy = 0) were
established at the base of the model. Conversely, vertical
movement was allowed on the sides parallel to the y-axis but not
horizontally (ux = 0).

Similarly, the hydraulic boundary conditions are defined
throughout the model on the basis of the behavior of the
movement of rainwater according to the different strata and the
embankment. Thus, first, for extremes parallel to the y-axis and
between the water table and the bottom of the first clay layer, the
head condition is defined with initial and final values that allow
changes in the water table even when the head remains constant
over time. Conversely, the ends not considered as heads are
assumed to be seepage that allows water to freely flow in and out
of the ground.

Second, at the base of the model, there is a closed condition
that defines a zero Darcy flux on the surface imposed by the
application of Eq. (8).

,𝑞𝑥𝑛𝑥 + 𝑞𝑦𝑛𝑦 = 0 (8)

where nx and ny denote the outward pointing normal vector
components on the boundary.

Lopez & Quevedo (2022) collected data within the area
delimited for this study, where the parameters to be used could be
defined using the Mohr–Coulomb constitutive model. The
parameters used are presented in Table 1 for each soil sample. In
addition, an associated flow law was used, considering dilation
angles similar to those of the friction angle.

Table 1: Soil parameters.
Material Clay Sand Filler clay

Young’s modulus—E (MPa) 30 15 50
Poisson’s module—ν (-) 0.4 0.3 0.2

Effective cohesion—c’ (kPa) 15 10 30
Friction angle—φ (°) 10.5 28 16

Unit weight—γ (kN/m3) 18 16 18
Similarly, Table 2 presents the parameters necessary to generate

the SWCC for each corresponding soil. The corresponding curves

for sand and clay are presented in Figures 5 and 6, respectively.
Similarly, they are presented in Figures 7 and 8, where
permeability is a function of matric suction.

Table 2: Hydraulic data for van Genuchten’s model.

Soil ksat
(m/day)

θr
(-)

θs
(-)

avg
(1/m)

nvg
(-)

mvg
(-)

Sand 7.130 0.045 0.430 14.5 2.68 0.63

Clay 0.04750 0.068 0.380 0.8 1.09 0.08

Figure 5: SWCC for clay soils.

Figure 6: SWCC for sandy soils.

Figure 7: Permeability curve for clay soils.
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Figure 8: Permeability curve for sandy soils.

The model simulates the effect of rainfall on a 4-m-high
embankment with a 35° slope through different phases. In the
first phase, the already constructed embankment is presented and
the initial effective forces, along with the interstitial water
pressure, are calculated. These conditions are initialized on the
basis of the weight of the embankment, a calculation process in
Plaxis2D Gravity Loading to determine the initial stresses using
the weight of soil. Figures 9 and 10 show the distribution of the
vertical and horizontal effective forces, respectively, at the initial
instant of the simulation.

Figure 9: Distribution of initial vertical effective forces.

Figure 10: Distribution of initial horizontal effective forces.

Conversely, for pore pressure analysis, a type of calculation
known as steady-state groundwater flow is used, which works
with input parameters such as the water table, hydraulic boundary

conditions, and non-zero permeability for materials that constitute
the model. Figure 11 shows the initial distribution of water
pressures, with negative values below the water table and positive
values above it.

Figure 11: Initial distribution of water pressures.

Similarly, Figure 12 shows the corresponding initial suctions,
which are null in regions completely saturated by water.

Figure 12: Initial distribution of suction.

Once the initial conditions for stresses and pore pressures have
been established, during the second phase, rain infiltration over
the top of the embankment is simulated using transient coupled
analysis. A rainfall intensity of 189 mm/day was used during a
total simulation period of 24 h. In this phase, the fully coupled
flow deformation analysis function is used, which allows
simultaneous simulation of soil deformation and variations in
pore pressure, including the effect of suction on the calculation of
effective stresses. This makes it possible to realistically assess the
behavior of unsaturated soils through analysis that considers the
reduction of permeability and its degree of saturation in
unsaturated soil strata.

Finally, in the third phase, the safety factors for the
embankment were determined using the shear strength reduction
(phi/C reduction) method.

5 RESULTS AND DISCUSSION

To understand the impact of rainfall on the possible failure of the
embankment, parametric analysis was performed in which the
intensities and durations of the meteorological phenomena were
varied. In addition, using the tools provided by Plaxis 2D, the
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suction capacity of the soils that make up the embankment and
the soil below it are jointly evaluated. Therefore, constant rainfall
intensities with a value of 189 mm/day were simulated in
intervals of durations of 4, 8, 12, 16, and 24 h.

Figure 13 shows the deformation of the model after 4 and 24 h
of the onset of rainfall. An elastic swelling is observed, which is
generated in the first 6 m adjacent to the base of the embankment.
This phenomenon occurs when unsaturated soil absorbs water
between its particles and expands in volume. Furthermore, it can
be regarded as a part with an approximate height of 0.3 m for the
first simulation and ending with a value of approximately 1 m for
the elapsed 24 h.

Figure 13: Deformed mesh for a) 4 h and b) 24 h.

The change in suction was also discussed. Because soils above
the water table are considered unsaturated, they react differently
to unexpected contact with rainfall. As rainfall prolongs, water
infiltrates through the pores of the clay embankment and first
layer, gradually increasing soil moisture. Similarly, because of the
low permeability and inability of clay to absorb water, water
mirrors are generated. This can be observed in Figure 14, where,
compared with the initial suction presented, little infiltration is
generated at the base of the embankment after 4 h of rainfall and
sheets of water along the entire surface. Similarly, an increase in
the water table is observed in a nonuniform way up to a height of
2.4 m compared with the initial level.

Figure 14: Suction for 4 h of simulation.

The information about the pore water pressure indicates
variations along various points, as shown in Figure 15. This
change in pressure occurs because the water table rises due to
infiltration caused by rainfall. In noncompletely saturated soils,
the pore pressure can be negative or positive, depending on the
amount of air contained in the stratum under study. In this case,
the maximum positive pressure reached 50 kPa in the initial state.
However, as rainfall continues, this value increases, reaching
approximately 105 kPa after 24 h of simulation.

Figure 15: Pressure distribution of water pores over time.

Proceeding with more in-depth analysis of the pore water
pressure, a series of Gaussian points at the top of the embankment
were selected to assess the changes for the selected periods.
Figure 16 shows the selection of points 208, 205, 334, and 383.

Figure 16: Gaussian points in the model.

Figure 17 shows the variation in water pore pressure (pw) over
time, i.e., as rainfall lasts longer. For points 208 and 334, there is
a tendency for pw values to increase, whereas for points 252 and
383, pw values reach a peak and then decrease. This behavior can
be seen in relation to the fact that the water table changes over
time, i.e., it increases and decreases in some areas according to
the duration of rainfall and the effects of soil suction. This fact
alters the calculation of pore pressure and explains the different
peaks that can be generated.
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Figure 17: Variation in water pore pressure at different points on
embankment.

The effect of rainfall on the embankment can compromise the
stability of the structure. Therefore, the safety factors associated
with the time of exposure to rainfall were evaluated in each
calculation phase. Figure 18 shows the fault surfaces generated in
the embankment for the initial and final simulation conditions,
with an increase in the fault surface observed when the duration is
24 h.

Figure 18: Fault surfaces for 0 and 24 h of precipitation.

Because it is coupled analysis, the calculation of the
displacements caused by rainfall that directly affect the safety
factor must be determined in the phase prior to the calculation of
this factor. Figure 19 shows the maximum displacements for each
rainfall duration.

Figure 19: Maximum displacement as a function of time (h).

Figure 20 shows the evolution of the safety factor at different

points in the simulation. A progressive decrease in this factor can
be observed as precipitation is prolonged over time. This is due to
the loss of suction in unsaturated soils due to the infiltration of
water into air voids, which reduces the apparent cohesion of soils
and their stability. However, even at this precipitation intensity,
the embankment remains stable (FS = 2.4) after 24 h of
simulation.

Figure 20: Safety factor as a function of time (h).

6 CONCLUSIONS

The effects of rainfall on embankments are phenomena that
should be thoroughly investigated because they involve various
factors that can complicate the analysis, ranging from the types of
soils that make up the embankments to the
climatic–environmental characteristics. Given that unsaturated
soils require a different study approach than typical saturated
soils, it is important to use appropriate techniques to develop
more accurate numerical models that adequately represent the
behavior of unsaturated soils.

The study of this phenomenon using numerical modeling
allowed us to dynamically understand the behavior of
embankments and their interaction with the environment. The
transient coupled analysis was essential to develop an adequate
interpretation of the deformation and changes in flow within the
embankment, which may have been caused by rainfall in the
study area. The selection of hydraulic boundary conditions
according to the behavior of the soil below the structure was a
fundamental step in the construction of a realistic model
consistent with the effects of rainfall. Failure to understand this
importance for future studies could lead to failure and
misinterpretations of future scenarios.

Despite the simplifications adopted in the geometry of the
model, our results show the impact of rainfall on the stability of
the embankment under study through gradual reductions in the
safety factor. These reductions can be explained by the loss of
suction suffered by unsaturated soils during water infiltration
processes. Similarly, the displacements and deformations that an
artificial structure can experience compared with a natural
structure are evident, because the premature design of
embankments on unstable soil strata can prevent future failures.
This is achieved through designs that consider the water table and
its potential rise due to water infiltration effects. In contrast to
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natural slopes, where the water table can occasionally be in close
contact with the crest or the upper surface of the slope, enhancing
their failure once they suffer load effects.

To avoid future disasters, it is recommended to continue
studying unsaturated soils under climatic conditions. Extending
the study area beyond Pucallpa, as well as the rainy season and
the selection of intensities, can provide a better understanding of
how unsaturated soils and embankments built on such soils
behave. This would lead to the development of new
methodologies for risk analysis and prevention.
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