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Abstract - Nowadays, slopes forming transportation infrastructure are highly sensitive to hydraulic conditions such as rainfall, 

triggering negative impacts on ecosystems and road infrastructure. In this regard, this research analyzes the hydromechanical 

influence of a frequent rainfall intensity in northern Peru of 10 mm/h on the stability of slopes (T1, T2, and T3) under unsaturated 

conditions. For this purpose, simulations were performed using Plaxis 2D software, considering three slope geometries based 

on regulatory criteria for clayey gravel soils with fines content and groundwater table conditions. The input parameters for the 

soil were based on the Hardening Soil model, while the Van Genuchten model was used for flow analysis. The obtained results 

indicate that, within the analyzed section measured from the upper surface downward, maximum saturation reached a depth 

equivalent to 33% of the slope height for model T1, 11.8% for model T2, and 6.4% for model T3. In addition, the effective surface 

suction produced reductions lower than 3 kN/m² after 24 hours of continuous rainfall. Finally, the factor of safety was affected 

under the same scenario, decreasing by up to 59.11% for model T1, 49.2% for model T2, and 42.80% for model T3. It should 

be noted that the most significant transition toward instability occurred after 10 hours. 
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1. Introduction 
One of the main pillars of transportation infrastructure is 

the geotechnical sector, within which slopes are considered 

and vary according to the topography of each national 

territory. However, over time, these structures have shown 

sensitivity to hydraulic conditions, particularly under rainfall 

effects, bringing adverse consequences to urban planning, 

infrastructure safety, and ecosystem loss [1, 2]. Another issue 

is the inherent susceptibility of soils, as in the case of Peru, 

where susceptibility maps for mass movement have been 

developed by the Geological, Mining, and Metallurgical 

Institute (INGEMMET) for different rainfall thresholds 

according to hydrological studies carried out by SENAMHI 

[3, 4]. Rainfall infiltration causes slope stability problems 

because it changes the hydraulic properties inside the slope, 

mainly triggering landslides. However, few studies address 

the infiltration limits that affect slope stability [5]. 

 

Soil infiltration occurs when water moves vertically into 

the ground. This increases the soil moisture content, changes 

pore water pressure and strength parameters, and affects soil 

stability [6-8]. When slope failures occur due to rainfall-

induced landslides, their importance lies in the economic 

paralysis caused by the lack of access between connected 

regions. Likewise, carrying out large-scale earthworks 

requires substantial economic investment [9]. Therefore, 

studying these phenomena is essential to develop preventive 

procedures. 
 

Throughout time, multiple investigations related to this 

topic have been conducted [10, 11]. However, less realistic 

cases have often been considered, such as soil without 

groundwater tables and strong rainfall intensities of up to 30 

mm/h for prolonged durations of 24 hours [12]. According to 

reports from the National Service of Meteorology and 

Hydrology of Peru (SENAMHI), moderate estimated 

precipitation events of up to 10 mm/h occur in the 

southwestern regions covering different jungle sectors [13, 

14]. 
 

As mentioned above, rainfall infiltration causes changes 

within the soil. For this reason, it is important to define its 

stiffness and strength properties to represent the resulting 

deformations realistically. In this context, the Hardening Soil 

constitutive model represents a nonlinear elastoplastic 

behavior that incorporates hardening under both compression 

and shear conditions. The importance of this method lies in 

the dependence of stiffness on stress conditions, plastic 

deformations, and the yield surface [15]. In addition, it 

determines stiffness through small-strain behavior and its 

degradation under cyclic loading conditions. 

http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:77351475@continental.edu.pe
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Other important aspects within the soil are matric suction 

and moisture content, which can be assessed through the 

degree of saturation to help prevent slope failures. The suction 

curve can also be used to measure the water retention capacity 

and hydraulic behavior of unsaturated soil. To evaluate this 

phenomenon, the Van Genuchten model is generally used, 

which is implemented in Plaxis 2D software with realistic 

parameters for a better representation of the model under 

rainfall infiltration effects on slope stability [15]. 

 

Likewise, studies have been carried out regarding the 

infiltration effect on two types of soils: well-graded sand (SW-

SM) with high fines content, which experienced a 

considerable reduction in the factor of safety [12]; however, 

another soil type, poorly graded sand (SP-SM) with lower 

fines percentages under unsaturated conditions, exhibited 

lower sensitivity to infiltration while maintaining a relatively 

constant factor of safety [12]. Nevertheless, these case studies 

do not consider groundwater levels, and SW-SM soils exhibit 

greater long-term sensitivity due to the reduction in the factor 

of safety, reaching instability conditions after 24 hours of 

infiltration. On the other hand, the selected study material 

corresponds to a transitional soil between SP-SW and SW-SM 

soils, containing a lower proportion of fines and higher 

permeability compared to SP-SW soils. 

 

There are studies on rainfall infiltration considering 

different slope geometries [16], but only a few cases 

additionally include infiltration effects using rainfall intensity 

and duration [17]. However, more practical geometries are not 

proposed, such as Vertical-to-Horizontal (V:H) ratio 

configurations recommended by the Peruvian Highway 

Design Manual (DG-2018) for slopes [18]. Table 1 presents 

key studies by different authors. However, these studies have 

some limitations, leaving several technical questions 

unanswered. 
 

Table 1. Key studies in the literature 

Study Finding Limitation 

[5] 

The study indicates that soil density may increase 

during the early stages of infiltration on the slope face. 

However, the gradual increase in moisture reduces the 

friction coefficient and cohesion. 

It uses only one slope configuration 

(1H:2V) and a rainfall intensity of 18 

mm/day. 

[6] 

This study found that rainfall infiltration at an intensity 

of 20 mm/h is a key factor in the stability of slopes made 

of high-plasticity silt. 

Although it analyzes rainfall 

infiltration at 10 mm/h, the soil used is 

high-plasticity silt, and the 

permeability at which this behavior 

occurs is not quantified. 

[16] 

This study found that, in slopes with a defined 

groundwater table and suction above it, suction tends to 

decrease and the water level rises due to downward flow 

from rainfall. 

The soils used were sandy clay and 

clay, with permeabilities of 1E-6 and 

1E-8, respectively. Infiltration was 

considered for only up to 12 hours. 

[12] 

This study found that well-graded sand (SW-SM) 

showed a considerable reduction in its factor of safety 

as rainfall duration gradually increased. 

It considered only one slope geometry, 

with a rainfall intensity of 30 mm/h 

and a duration of 24 hours. These 

conditions are not very realistic for 

areas with frequent rainfall.  

[17] 

This study found that low-intensity rainfall over a long 

period significantly affects slope stability, particularly 

on the slope face. It also found that the factor of safety 

decreases more in gentler slopes than in steeper ones. 

The study focuses on high-plasticity 

silt. Although it considers several 

rainfall intensities, it does not analyze 

an intensity of 10 mm/h or 

progressively longer durations for 

each intensity. 

 

Table 1 shows that some studies analyze one or several 

slope geometries, but these are not based on design standards 

or technical guidelines. A more realistic rainfall intensity of 

10 mm/h is also generally not used. When this intensity is 

considered, the duration is not prolonged. In addition, these 

studies rarely examine clayey gravel soils, which are more 

permeable than fine soils. 

 

Experimental monitoring of water pressure and moisture 

content helps predict the development of landslides. However, 

too few monitoring points make it difficult to obtain a 

complete picture of saturation, water suction, and effective 

stresses within the slope [19]. Therefore, numerical 

simulations are needed as a complementary tool to evaluate 

the effects of rainfall infiltration on slopes [5]. 

 

Using Peru as a reference, this study analyzes infiltration 

under a common rainfall intensity of 10 mm/h and includes 

the groundwater table as a realistic parameter for specific 

conditions in soils that are more permeable than fine soils. The 
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study also uses slope geometries based on design standards 

and evaluates key aspects of hydromechanical behavior, 

including matric suction, degree of saturation, and stability 

through the factor of safety. 

2. Materials and Methods 
2.1. Soil Characterization and Constitutive Model 

The selection of the soil classification was obtained from 

the research conducted by [13], where Table 2 presents the 

geotechnical characteristics. 

Table 2. Soil properties 

Characteristics Symbol Value 

Saturated unit weight  

(kN/m3) 
γsat 20 

Unsaturated unit weight 

(kN/m3) 
γunsat 19 

Gravel (%) G 48.4 

Sand (%) S 13.1 

Silts and clays (%) F 38.5 

 
The cohesion and friction angle values present coherent 

adjustments for Clayey Gravel Soil (GC), since the friction 

angle range varies between 30°–40° for well-graded and 

poorly graded sands, while cohesion ranges between 0 and 20 

kN/m². However, cohesion largely depends on the compaction 

level and the amount of fines present. The proposed selection 

of this soil is associated with the extensive use of quarry 

extraction materials employed as fill material for roads [20] or 

for the construction of embankments in mining sites [13]. 

 

The Hardening Soil constitutive model was used to 

represent the mechanical behavior of the soil. It is based on a 

nonlinear elastoplastic approach that includes shear and 

compressive strength. Although this model requires more 

input data, it provides promising results for geotechnical 

applications because it represents actual conditions more 

closely [20]. First, a Consolidated-Drained (CD) triaxial 

compression test was carried out using effective confining 

pressures (σ3) of 200 kPa, 400 kPa, and 800 kPa. After 

obtaining the deviator stress (Δσ) for each strain (Ɛ), 50% of 

the maximum deviator stress was calculated. This value was 

then divided by its corresponding interpolated strain (Ɛ1) to 

obtain the secant modulus of elasticity for each confining 

pressure (Table 3). 

 
Table 3. Calculation of E50 for each confining pressure 

 σ3 σ3 σ3 

 800 (kPa) 400 (kPa) 200 (kPa) 

50% Δσmax (kPa) 667 366.5 199.5 

Ɛ1 0.0231 0.024 0.0287 

E50 (kN/m2) 28914.3 15251.4 6953.5 

By correlating the E50 moduli with the confining 

pressures described in Table 2, a value of 1.028 was obtained 

for “m” using a power-law regression. To calibrate the elastic 

moduli (E50, Eoed, Eur) and strength parameters (c`, ϕ`), a 

confining pressure of 100 kPa or higher is generally used to 

obtain the reference secant modulus (E50 ref). In this case, the 

intermediate confining pressure of the three values (400 kPa) 

was used with its corresponding secant modulus (E50 ref =15 

251.4 kN/m2). Some empirical correlations [21] estimate the 

other variables (Eoed, Eur) by using 85% of E50 ref to estimate 

Eoed and 4 times E50 ref to estimate Eur. 

 

Table 4 shows the strength and stiffness parameters of this 

constitutive model. These were calibrated using the triaxial 

tests described in the previous paragraphs. 

Table 4. Hardening soil model parameters 

Characteristics Symbol Value 

Dilatancy angle ψ 0 

Secant stiffness modulus 

(kN/m2) 

E50 15 251.4 

Oedometer stiffness 

modulus (kN/m2) 

Eoed 12 963.7 

Unloading/reloading 

stiffness modulus (kN/m2) 

Eur 61 005.5 

Effective cohesion 

(kN/m2) 

c` 10 

Effective friction angle (º) ϕ` 30.5 

Poisson’s ratio Vur 0.29 

Power exponent m 1 

 
2.2. Hydraulic Parameters 

This study uses the Soil-Water Retention Curve (SWCC), 

based on the Van Genuchten model described in Equation 1, 

which relates soil moisture content to suction. 

                                     (1) 

                                                         (2) 

 
Where the four main independent parameters (θr, θs, α, 

and n) must be estimated from the soil-water retention curve. 

First, the saturated water content (θr) can be easily obtained 

from experimental data and estimated through observation of 

soil water content. Another parameter, residual water content 

(θs), is obtained from the water content in very dry soil 

conditions. The variable “m” can be estimated from the slope 

(dθ/dh) and pressure head (h) at a certain point along the θ(h) 

curve [22]. 

Effective saturation “Seff” is determined using Equation 3. 

Effective pressure “ρeff” is then obtained from Equation 4, 

followed by the effective soil stress “σ´” using Equation 5. 

𝜃 = 𝜃𝑟 +
(𝜃𝑠 − 𝜃𝑟)

 1 +  𝛼ℎ 𝑛 𝑚
 

𝑚 = 1 −
1

𝑛
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                                              (3) 

                                   (4) 

                                        (5) 

Here, “Seff” is the effective degree of saturation, “Sr(Ψ)” 

is the saturation level as a function of suction, “Ssat” is the total 

soil saturation, “pw” is the water pressure, “Sres” is the residual 

saturation, and “σ” is the total stress. Plaxis 2D uses different 

variables that are proportionally equivalent to those in 

Equations 1 and 2: Sres, Ssat, ga, gc, gn) [12]. 

 

To evaluate flow behavior, Plaxis 2D also describes 

changes in pressure through suction [12], using Equation 6. 

 

   (6) 

 
Where “γw” is the unit weight of water. The suction curve 

shown in Figure 1 was obtained from the research conducted 

by [13]. Based on this adjustment, the parameters for the Van 

Genuchten model were derived, as shown in Table 5. 

Table 5. Van Genuchten model parameters 

Variables GC Soil 

Permeability (m/day) 8.64 

Sres = θres 0.05 

Ssat = θsat 1.00 

ga = α (m-1) 1.79 

gn = n 1.20 

gl = -m 0.50 

 

 
Fig. 1 Suction curve model for GC soil 

 

 
Fig. 2 Variation of permeability as a function of soil suction 

𝑆𝑒𝑓𝑓 =
𝑆𝑟 Ψ − 𝑆𝑟𝑒𝑠

𝑆𝑠𝑎𝑡 − 𝑆𝑟𝑒𝑠
 

𝜌𝑒𝑓𝑓 =  𝑆𝑒𝑓𝑓 ∗ 𝜌𝑤  

𝜎´ = 𝜎 − 𝜌𝑒𝑓𝑓  

𝑑𝑆(𝑝𝑤)

𝑑𝑝𝑤
=  𝑆𝑠𝑎𝑡 − 𝑆𝑟𝑒𝑠  

1 − 𝑔𝑛

𝑔𝑛
  𝑔𝑛(

𝑔𝑎

𝛾𝑤
)𝑔𝑛 . 𝑝𝑤

(𝑔𝑛−1)  1 + (𝑔𝑎 .
𝑝𝑤
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)𝑔𝑛  

(
1−2𝑔𝑛

𝑔𝑛
)

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

D
eg

re
e 

o
f 

sa
tu

ra
ti

o
n

Matric suction (ψ)

Real value

Setting value

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.01 0.1 1 10

R
el

at
iv

e 
p

er
m

ea
b

il
it

y
 (

K
r)

Matric suction (ψ)



Daira Ariadna Gonzalez Inca & Juan Gabriel Benito Zuñiga / IJCE, 13(9), 273-283, 2026 

277 

The permeability used in Table 4 falls between that of 

soils with a low fines content (1x10-3 m/s) and a high fines 

content (1x10-5 m/s). These soils are described as having low 

permeability due to changes caused by weathering, cracking, 

and drying [23]. 

 

On the other hand, in moderately saturated soils, 

permeability varies according to water content, known as 

relative permeability (kr), since the amount of water within the 

pores is altered due to suction.  

 

This changes the soil’s ability to permit water flow. This 

process is evaluated using the expression shown in Equation 

5, thus obtaining the relative permeability model as a function 

of suction presented in Figure 2. 

 

           (7) 

 

2.3. Slope Geometry and Boundary Conditions 
The selection of slope geometry (V:H) was based on 

configurations described in the Highway Geometric Design 

Manual [19], where slopes are classified according to slope 

height and soil material, as shown in Table 6. 

Table 6. Reference slopes in fill areas 

Material 

Slope (V:H) 

Height (m) 

< 5 5 – 10 > 10 

Gravel, sandy silt, 

and clay 
1:1.5 1:1.75 1:2 

Sand 1:2 1:2.25 1:2.5 

Rockfill 1:1 1:2.25 1:1.5 

 

Based on the selected soil type, the material 

corresponding to gravels, sandy silts, and clays was 

considered for the three slope heights. Furthermore, these 

configurations correspond to slopes with greater susceptibility 

compared to other geometries [18] and possess normative 

relevance.  

Therefore, the geometric configurations of the studied 

slopes are presented in Table 7 and represented in Figure 3. 

These configurations allow the analysis of highly inclined 

slopes with considerable height. 

Table 7. V:H ratio in slope geometry 

Slope  
Vertical Horizontal 

Groundwater 

Level 

V (m) H (m) G.L. (m) 

T1 4 6 

- 5.0 T2 8 14 

T3 12 24 

 
Fig. 3 Geometric configuration of the slope 

The slope analysis is carried out in the section indicated 

in Figure 4. It should be noted that the selected section 

provides better visualization of the variations within the soil 

layer and their effects along the slope component, allowing a 

more accurate evaluation of stability and soil behavior. 

 
Fig. 4 Analysis section and components of the boundary condition 

On the other hand, to establish the boundary conditions of 

the numerical model, conditions were defined both for the soil 

material and for the flow conditions. Regarding the material 

conditions, a fixed condition was imposed at the base, 

meaning a restriction in both directions so that deformation 

cannot occur in either the (ux = uy =0) directions. Along the 

lateral boundaries, deformation was restricted in the X 

direction while allowing deformation in the Y (ux = 0) 

direction. At the ground surface, free deformation was allowed 

in both directions. These conditions are presented in Table 8. 

Table 8. Boundary conditions for the material 

Boundary Material (Soil) 

AB, EF (lateral) ux = 0 

F,A (base) ux = uy =0 

BC,CD,DE (surface) - 

 

Similarly, boundary conditions for water flow were 

established by imposing infiltration at the surface of the 

geometry. At the lateral boundaries, flow is allowed under a 

seepage condition and at the base, it is restricted by an 

impermeable condition. These conditions are presented in 

Table 9. 

Table 9. Boundary conditions for flow 

Boundary Flow 

AB, EF (lateral) Seepage 

FA (base) Closed 

BC,CD,DE (surface) Infiltration 

𝐾𝑟 = max⁡ 𝑆𝑒𝑓𝑓
𝑔𝑙  1 −  𝑆𝑒𝑓𝑓

−1
𝑔𝑐  

−𝑔𝑐

 

2

;  10−4  
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2.4. Rainfall Intensity Characterization 
The selection of the rainfall intensity of 10 mm/h 

corresponds to common rainfall events occurring in northern 

Peru (Amazon rainforest region) during rainy seasons, 

although it may also occur in some areas of central Peru. The 

duration of this intensity rarely exceeds long periods (greater 

than 2 hours) [11]. However, in order to obtain critical 

scenarios and evaluate the degree of sensitivity of slopes to 

landslides, longer duration intervals were considered. 

Therefore, this research proposes durations of 2, 10, 18, and 

24 hours. 

 

2.5. Analysis Procedure 
Once the input parameters described in the previous 

sections were defined: Material classification, constitutive 

model, hydraulic model, model geometry, rainfall 

characterization, and rainfall duration times. The next phase 

involved numerical modeling using Plaxis 2D software. 

Figure 5 presents the flowchart of the sequence of activities. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Flowchart of Activities in Plaxis 2D Software 

 

The numerical control parameters must be set before 

running the model in PLAXIS 2D. The values shown in Table 

10 are used to ensure convergence and mathematical stability 

without introducing changes in the output results. 

Table 10. Numerical control parameters 

Description Value 

Maximum steps 100 

Error tolerance 0.01 

Maximum number of 

iterations 
60 

Desired minimum 

number of iterations 
6 

Desired maximum 

number of iterations 
15 

 

2.6. Study of Mesh Convergence 
The slope geometry was meshed using 15-node triangular 

elements. Figure 6 shows the mesh for model T1 as an 

example. 

 
Fig. 6 Mesh of 15-node triangular elements in model T1 

Good mesh stability can be achieved with element sizes 

starting at 500 mm. This size has been considered for different 

soils with friction angles of 8º and 30º and cohesion values of 

38 and 15 kPa [24, 25]. However, to ensure better convergence, 

triangular element sizes from 2000 mm to 10 mm were 

evaluated. Figure 7 shows that the displacements converge, 

with negligible variation from 400 mm onward for model T1. 

The same behavior was also observed in models T2 and T3. 

 
Fig. 7 Variation in output results for each mesh element size 
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3. Results 
The initial hydraulic conditions (0 hours) were considered 

at the same level at G.L. = −5.0 m relative to the reference 

level (+0.00) for the three geometric slope configurations (T1, 

T2, and T3). Based on this water table condition, the initial 

distribution of suction and effective saturation was estimated 

by assuming hydrostatic equilibrium in the unsaturated zone. 

Under this assumption, suction will be greater the farther away 

from the water table, while effective saturation will decrease 

as depth decreases. 
  

3.1. Degree of Saturation 

Figure 8 shows the variation of the degree of saturation 

for model T1 under different rainfall durations. Initially, it can 

be observed that the saturation at the initial stage (0 hours), 

located at the slope surface, was 60%. After 2 hours, saturation 

progressively increased to 100% at the surface. Furthermore, 

saturation was not limited only to that zone; as rainfall 

duration increased (10, 18, and 24 hours), greater depths 

became saturated vertically along the slope. This phenomenon 

occurred similarly for models T2 and T3, although with initial 

saturation values of 56% and 53%, respectively. 

 

 
Fig. 8 Variation of saturation along the slope surface for each rainfall duration time

Figure 9 presents effective saturation profiles for the three 

slope cases, allowing the analysis of effective saturation in 

relation to rainfall duration and slope height. The three graphs 

exhibit a similar behavior: the surface zone (T1: 9 m, T2: 17 

m, and T3: 25 m) interacts rapidly with infiltration. After 2 

hours, effective saturation reaches values not lower than 90%. 

As rainfall progressively increases (10, 18, and 24 hours), 

saturation begins to propagate vertically downward through 

the soil, stabilizing around 94%, with the 24-hour duration 

producing the greatest infiltration depth within the slope. On 

the other hand, the effective saturation profile also shows a 

distribution that gradually decreases from the groundwater 

table condition toward the superficial layer of the slope. These 

three slope models show a relationship between slope height 

and effective saturation: as slope height increases, the depth 

reached by effective saturation decreases.
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(a) (b) (c) 

Fig. 9 Effective saturation in the analysis section for each duration time of each model (A: T1, B: T 2, C: T 3) 

 

3.2. Suction 

Figure 10 shows the variation of suction for model T1 

under different rainfall duration times. Unlike saturation, this 

effect is inversely proportional; that is, when the degree of 

saturation increases, suction progressively decreases for all 

cases. Initially, the suction at the initial condition (0 hours), 

located at the slope surface, was 86 kN/m². After 2 hours, it 

progressively decreased to 76% at the surface. Likewise, 

suction alteration was not limited to this zone, since as rainfall 

duration increased (10, 18, and 24 hours), suction reductions 

extended to greater vertical depths within the analysis section. 

As expected, this phenomenon also occurred similarly for 

models T2 and T3, although with initial suction values of 

124% and 163%, respectively. 

 
Fig. 10 Variation of suction along the slope surface for each rainfall duration time 
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Figure 11 presents the effective suction profiles for the 

three study scenarios, considering infiltration duration time 

and depth within each slope layer. In all three cases, the 

immediate response of effective suction to rainfall intensity 

can be observed. After 2 hours, a significant reduction occurs, 

reaching values lower than 9 kN/m². As rainfall duration 

increases (10 hours), suction further decreases to values lower 

than 3 kN/m², stabilizing during subsequent durations (18 and 

24 hours). It should be noted that the initial effective suction 

gradually increases as the distance from the groundwater table 

toward the superficial soil layer becomes greater. The 

comparison of these slope geometries also shows that, as slope 

height increases, changes in effective suction reach a 

shallower depth.

   
(a) (b) (c) 

Fig. 11 Effective suction in the analysis section for each duration time of each model (A: T1, B: T 2; C: T 3)

3.3. Factor of Safety 

Figure 12 presents the factor of safety as a function of 

rainfall infiltration duration for each slope geometric 

configuration. Initially, model T1 exhibited greater stability, 

with a factor of safety of 3.5 during the initial phase (0 hours), 

compared to models T2 and T3. As rainfall infiltration 

progressed for 2 hours, stability decreased proportionally in 

all three models. However, after 10 hours, the factor of safety 

dropped sharply, reaching an average value of approximately 

1.75. As rainfall duration continued to increase, the factor of 

safety continued decreasing, although at a lower rate. Thus, 

after 24 hours of rainfall duration, the factor of safety 

reduction with respect to the initial condition reached up to 

59.11% for model T1, 49.21% for model T2, and 42.80% for 

model T3. The geometry of each of these three slopes 

determines its factor of safety at the initial stage (0 h), while 

infiltration controls the later reduction in the factor of safety 

over time.

 
Fig. 12 Factor of safety versus rainfall duration time
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4. Discussions 
The saturation process in these clayey gravels exhibits a 

moderately slow behavior due to the concentration of fines 

within their composition [10, 25], reaching 100% saturation at 

a depth equivalent to approximately 33.3% of the analysis 

section measured from the slope surface in model T1 after 24 

hours. As the analysis section increases, as in models T2 and 

T3, the saturation depth affects only 11.8% and 6.4%, 

respectively. Despite the presence of the groundwater table at 

the same position in all cases, maximum saturation does not 

occur at the base of the slope (V), remaining around 65%. This 

indicates that extreme propagation cases caused by rainfall 

infiltration are limited due to the low permeability of the soil 

[26]. On the other hand, the suction values obtained at the 

initial stage were high (approximately between 86 and 163 

kN/m²) and progressively decreased as infiltration time 

increased, reaching depths equivalent to 0.56H, 0.22H, and 

0.12H for models T1, T2, and T3, respectively (measured 

from the upper part of the slope). However, effective suction 

at the base of the slope (V) was not significantly affected, 

remaining around 31 kN/m². This indicates a greater suction 

retention capacity due to the silt content present in the material 

[27]. Furthermore, this demonstrates the clear relationship 

between soil gradation and its water retention capacity [12]. 

 

The factor of safety is another important parameter under 

rainfall infiltration effects, revealing that prolonged rainfall 

can significantly affect slope stability and increase landslide 

risk. This decreasing evolution of the factor of safety is 

associated with grain size distribution and the coefficient of 

uniformity due to pore dispersion and the hydraulic effect of 

soil stratigraphy [25], leading to greater moisture 

accumulation and gradually altering the factor of safety. 

Moreover, if the soil distribution is more uniform and the fines 

content is not excessively high, infiltration becomes faster but 

less deep, without significantly affecting suction in deeper 

zones, thereby producing a more stable material in the long 

term [12]. Likewise, under different slope configurations 

subjected to infiltration effects, model T1, despite presenting 

greater initial stability, does not necessarily guarantee better 

long-term performance compared to models (T2 and T3), 

since this behavior depends on soil composition and rainfall 

exposure duration. The factor of safety for model T2 

decreased by 49.2% due to rainfall infiltration. This is similar 

to the case study in [28], which reported a reduction of 40% 

using PLAXIS 2D and compared the results with experimental 

tests on the slope face. The difference is mainly due to soil 

permeability, as the soil in our study is more permeable (ks = 

1x10-4 m/s). For infiltration analysis, PLAXIS 2D also gives 

conservative values compared with other commercial 

software such as SLIDE 2D, RS2, SEEP/W, and SLOPE/W. 

For slope stability analysis, it produces results similar to those 

obtained experimentally [28]. 

 

The main limitations of this study concern soil–

vegetation interaction, surface roughness, and compaction. 

Although factors such as vegetation have been shown to 

reduce the impact on slope stability [29], their effects need to 

be quantified in future studies. The numerical results should 

therefore be used for simplified preliminary case studies and 

to assess unfavorable trends. 
 

5. Conclusion 
This study analyzed hydrodynamic behavior and its effect 

on slope stability in clayey gravel soils containing fines. 

Numerical simulations were carried out in Plaxis 2D under 

rainfall infiltration at an intensity of 10 mm/h to evaluate its 

effect on the three proposed slope geometries (T1, T2, and T3). 

The results showed that effective saturation and suction are 

influenced by slope geometry. As slope height increases, 

effective saturation and changes in effective suction reach 

shallower depths. Initial stability was also found to depend on 

slope geometry, while infiltration plays a key role in reducing 

the factor of safety over time. In particular, model T1 showed 

the largest reduction, at 59.11%, after 24 h of continuous 

rainfall infiltration. This behavior is attributed to its higher 

permeability compared with fine soils. In terms of flow, it also 

shows greater suction retention, while the gradual increase in 

saturation reduces soil strength. The initial factors of safety 

indicated stable conditions for all three slope geometries, with 

model T1 showing the highest stability. However, under 

rainfall-induced flow conditions, all models experienced a 

significant reduction in stability, becoming susceptible to 

instability under prolonged rainfall durations. Finally, some 

limitations of this study could be addressed in future research, 

including soil–vegetation interaction, surface roughness, and 

compaction. Field experiments are also needed to develop 

parametric models calibrated to realistic conditions.
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