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ABSTRACT: This research presents a numerical analysis using the two-dimensional finite element code,
PLAXIS 2D, to explore the impact of rainfall infiltration on slope stability through a fully coupled deformation
flow analysis. In the numerical model, the soil is represented as an elastic-perfect plastic material, and its shear
strength is modelled using the Mohr-Coulomb model. Using the 2D finite element method, the study explores the
combined effects of varying rectilinear slope geometries, soil types, rainfall intensities, and durations on slope
stability. Diverse slope configurations with significant variations in slope height and angle were considered.
The results imply that the stability of the slope is significantly influenced by both the rainfall intensity and
duration. Moreover, the influence of rainfall duration and intensity on slope stability is more pronounced for
clayey soil and slopes with a steep angle. The findings of this study will provide guidelines to engineers in
assessing the potential risk of slope failure under varying rainfall intensities and durations.
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1. INTRODUCTION

Rainfall-triggered landslides pose a significant threat to communities worldwide and are a widespread and serious
disaster [1]. Natural slope instability has been increasing in recent years, particularly in the monsoon zone of South
Asian countries, including Pakistan [1]. Although several factors, including geological activity, hydrological
influence, and human intervention, can cause natural slope failure, rainfall is generally considered the primary factor
[2], [3]. Rainwater infiltration or rising groundwater can induce a change in pore water pressure, which reduces matric
suction and decreases the soil's shear strength in the unsaturated zone [2], [4]-[6].

Hydrogeologists, soil scientists, and geotechnical engineers have all conducted considerable research on the process
of rainfall infiltrations into the ground and its seepage through soil layers, and they have published their findings in
the literature [2], [3]. Additionally, existing literature has studied the influence of slope geometry and soil type on
slope stability [2], [6]. However, there is a gap in research regarding the impact of rainfall intensity and duration on
slopes with varying soil types and geometries, despite the widespread recognition that rainfall is a primary triggering
factor for slope instability [3]. The current study's goal is to determine how different soil types and slope geometries
are affected by rainfall intensity and duration. The study aims to determine how different soil types and slope
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geometries are affected by rainfall intensity and duration and is expected to provide important guidelines for designing
slopes.

2. NUMERICAL MODEL

In this study, the behaviour of a slope subjected to rainfall was simulated using the fully coupled hydro-mechanical
FE scheme in the PLAXIS 2D software. The fully coupled hydro-mechanical analysis is a simulation technique that
considers the interactions between the mechanical properties of the soil and the flow of groundwater, by solving
equations of fluid flow, deformation, and stress simultaneously, this approach is considered more accurate for the
analysis of saturated or partially saturated soils and useful for geotechnical problems like slope stability[2], [3], [7].

2.1 Slope Geometry

The slope geometry is modeled as shown in figure 1 with the two varying parameters of slope angle a and height H
(Table 1).

H

L=2H+ A

Fig-1: Model Geometry

The slope angle (o) and height (H) of the FE model for the simulation are given below in table 1 [8].

Table-1: Height and Slope angle of the model

Height of Model (m) 10 15
Slope Angle o 11° 22°

2.2.Soil Types and their mechanical properties.

In this study, it is assumed that the mechanical behaviour of soil follows an elastoplastic nature with the Mohr-
Coulomb failure criterion (Eq. 1) [1]. Two types of soil, clay, and sand are considered for simulations, and their
corresponding mechanical properties are presented in Table 2 [2].

T = ¢ + o, tan(o) (1)

2.3. Hydraulic Model for Soil.

The hydraulic model is defined by Genuchten model [3], the model expresses the water retention curve as a function
of the soil's water content, and the water flow through the soil as a function of the soil's water potential. The hydraulic
data for the Genuchten model is used as default values available in the Plaxis code. The rainfall intensities are assumed
to be 6mm/hr and 10mm/hr for the duration of 2hr, 6hr, 12hr, and 24hr[2], [3].
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Table-2: Soil Types and their mechanical Properties ([8])

Mechanical properties Soil Types
Sand Clay
Dry density, Ad (KN/m%) 17 16
Young modulus, E (kPa) 13000 10000
Poisson ratio, v 0.3 0.35
Shear modulus, G (kPa) 5000 3704
Internal angle of friction, ¢ (deg) 30 20
Cohesion, ¢ (kPa) 0.001 2

2.4.Boundary Conditions

Two types of boundary conditions were specified for the model, the mechanical boundary condition, and the hydraulic
boundary conditions.

2.4.1. Mechanical Boundary Conditions

Figure 2 shows the typical generated medium-size mesh and a coarseness factor of 0.2 for the surface boundary. The
bottom boundary of the model will always be fully fixed, and no deformations or motion will have to occur, the
vertical boundaries of the model were supposed to be deformable on y-axis and fixed x-axis, and the surface boundary
is fully free to move.
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Fig-2: Typical Mesh of Medium Size of the Numerical Model
2.4.2. Hydraulic Boundary Conditions

For the ground flow water boundary conditions, the surface boundary is open for the rainfall infiltration, the vertical
boundary conditions were assumed to be permeable in the x-direction and the bottom boundary was assumed to be
impermeable.

3. RESULTS & DISCUSSION

The FOS of the slope was analysed for two types of soil under different rainfall intensities and duration.
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3.1. The Influence of Rainfall Intensity and Duration on Matric Suction

In general, the results show that for all the investigated slope angles, as rainfall infiltrates into the unsaturated sandy
soil slope, the pore water pressure increases with time and corresponding matric suction decreases because of the rise
in moisture content (see Figure 3a) [1]. In comparison, the matric suction for clayey depends primarily on the total
duration of the rainfall rather than its intensity. Many authors [9, 10] have reported their findings in the literature.

3.2. The Effect of Rainfall Duration and Intensity on FOS

For all the investigated soil type and slope geometry, the FOS initially increases for the first 2-5 hours of rainfall
infiltration due to the generation of higher excess negative pore water pressure and matric suction in the unsaturated
zone. As the rainfall duration increases, the FOS gradually decreases as the matric suction decreases with an increase
in water content (figure 3c&e). [3], [9] also reported that a small duration of rainfall can increase FOS, while the
increase in rainfall could ultimately decrease FOS due to the generation of positive PWP [9], [10].
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Fig-3: Effect of rainfall intensity and duration on the Excess pore water pressure and the suction of the unsaturated
zone (a)Typical modelled slope with variation of suction and EPWP (b) Typical modelled slope showing failure
surface (c&e) Variation of excess PWP with depth (d&f) variation of suction with depth.
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Figure 4 shows the FOS initially increasing for the first 2-5 hours of rainfall infiltration due to the generation of higher
excess negative pore water pressure and high matric suction in the unsaturated zone. As the rainfall duration increases,
the FOS gradually decreases as the matric suction decreases with an increase in water content. [3], [9] also reported
that a small duration of rainfall can increase FOS, while the increase in rainfall could ultimately decrease FOS due to

the generation of positive PWP.

Clay * o1l Sand * a=11°
20 H=10m |« <gp = smm/r . H=10m |« < = smm/mr
- L T T T | e | )i/ hir 3.4 - T : T T 7| . 1 01m/hr
1 ® 22 1 =220
2.0 1 1 - =@ = aﬁmms’hr 3.2 ] i - -2 - u(,mm;hr
1 @ | {mm/hr 3.0 ] e | O /hir
1.8- 'f‘\\‘ 281 !
! 2.6 !
| 1 1
1.6 1 . 2.4
N 1 1 |
S " & 2.2 .
1.4 1 . = 2.0 [ .
1 1.8 | ]
1.2 I § 1.6 1 ]
- 1.4 A”H“'"\i 1
1.0 1 I . 1.2 I ]
1 1.0 1 .
0.8 —* T T T T T 0.8 ] —1 . . . . .
o 5 10 15 20 25 0 5 10 15 20 25
Duration Of Rainfall (hr) Duration Of Rainfall (hr)
Clay  — | Sand * ollf
22 H=15m |- e = 6mm/nr H=15m = =de = 6mm/hr
. T T T T T T | ey | O/ 3.4 L T T e l(hmﬂ'}l."hr
] 1 ® o2 3.2] 1 ® o2 )
2.04 1 = =@ = 6mm/hr - - =0 = 6ln111;hfr
1 1 @ | fmm/hr 3.0 e | ()am1/hr
1.8+ A‘d 281 !
| R 2.6 L
1 2.4 1 4
o 187 I i L5 5] I b
S 1 o< I
= 1.4 I . = 2.01 1 ]
1 1.8 1 1 .
I - 1.6 - 1 .
! 141 o—b—o—0 -9
] 12 | ]
| 1.0 " ]
0-8 T = T T T T T 0-8 T - T T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Duration Of Rainfall (hr) Duration Of Rainfall (hr)

Fig-4: Effect of rainfall duration on stability of slope with different angle and slope height

4. CONCLUSIONS

The purpose of the current study was to investigate the impact of rainfall duration and intensity on a different slope’s
configuration and material types. A numerical analysis was performed using the finite element method to examine the
slope. This involved conducting a coupled analysis of flow and deformation, which simultaneously evaluated seepage
and deformation. The following conclusions were derived from the study:
e The stability of slopes is influenced not only by soil strength and slope geometry but also by the rainfall
intensity and duration. The amount of infiltration that occurs is dependent on the soil's material type their
hydraulic properties.
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The analysis of the relationship between the slope's FOS (FS) and related hydrological data (rainfall
intensity, suction, and EPWP) revealed that the infiltration of rainfall into slopes reduces the matric suction,
leading to a decrease in the shear strength of slopes and thus posing a significant challenge to their stability.
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