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Abstract - Rainfall infiltration is a major cause of slope failures in soft and cohesive soils. 
The water infiltration increases the pore water pressures, ground water level and decreases 
the matric suction of unsaturated soils, which has been proved as a critical factor for 
stability of slopes. As a result of increased pore water pressure and decrease in matric 
suction, the shear strength of the soil decreases which increases the likelihood of the failure 
of slope. This paper investigates the failure mechanism of natural slopes subjected to high 
and low intense rainfall with various duration of rainfall events. Finite element analysis was 
carried out using commercially available PLAXIS 2D software, which is considered to be 
a comprehensive tool for geotechnical modelling. It was observed that in addition to slope 
geometry, soil physical characteristics and hydraulic properties, rainfall intensity and 
duration also play a key role in stability of unsaturated soil slopes.  

Keywords- unsaturated slopes, matric suction, pore pressure, slope stability.  

1 Introduction 

Rainfall-triggered slope failures are widespread geological disasters in many parts of the world, especially in the high 
tropical areas, which are extensively covered with residual soils. [1]; [2]; [3]. These slope failures are normally shallow 
with usual depth of slip surface of 1 to 3  m oriented parallel alongside the slope surface [4]; [5]; [6]. During the rainfall 
events, the water infiltrates into the soil which causes reduction in matric suction, which causes a  significant reduction in 
shear strength of soil and hence failure occurs. [7]; [8]; [9][10][11]. Numerous researchers have conducted numerical 
studies as well as laboratory experimentations to get detailed understanding of failure mechanisms of slope failures due to 
rainfall infiltration. (i.e. [12]; [13];[14]). Merat et al. ([15]) conducted a study on 84 landslide events occurs in the Tizi-
Ouzou region of North of Algeria, and reported that more than 65% of  landslides occur because of climate change 
including rainfall and snow. The study showed a great relationship between landslides and climate conditions. Stability 
controlling parameters of slopes, which have been  studied by different researchers [16], [15]; [18],  include the 
permeabilities of soils, saturation degree, slope geometry, existence of ground water table, duration and intensity of rainfall 
event. Various computational programs can be used to simulate the rainfall events for stability analysis including PLAXIS, 
Geo-Studio, ABAQUS, etc. Usually, limit equilibrium methods are adopted by researchers due to their simplicity, but they 
have limitations. With advancements in numerical methods, couple flow-deformation analysis options have been included 
in different tools. It allows researchers to simulate the flow analysis and stability analysis at same time.  

A parametric study [15] conducted with different stability controlling factors including the rainfall intensity and duration, 
degree of saturation, and hydraulic properties of soils concluded that these parameters play an important role in stability 
of slopes. The pore water pressure varies with variation of these parameters and hence factor of safety varies. [19] 
conducted finite element modelling for stability analysis of unsaturated soil slopes and reported that rainfall infiltration 
causes a reduction in matric suction and increase in  moisture content, which increase pore water pressure and thus  results 
in reduction of safety factor for slope.  
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Rainfall events are thought to play a key role in rainfall-induced slope failure due to their intensity, length, antecedent 
condition, resolution, and pattern. [8], [20], [21]; [22]. Intense rainfall has been identified as a triggering factor for many 
slope failures worldwide, and it is widely accepted that many slope failures have occurred during prolonged rainfall. [23]. 
It is well understood that antecedent rainfall significantly contributes to rainfall-induced failures of low-hydraulic 
conductivity slopes, but probably contributes less significantly to those of high conductivity slopes. [24]. Rainfall 
resolution is often critical in determining the amount of precipitation infiltration that might contribute to slope failures 
since rainfall intensity varies. Thus, in the investigation of rainfall-induced slope collapse, using high-resolution rainfall 
data (hourly rather than daily rainfall data) may yield more accurate results, as suggested by [20]. Furthermore, a specific 
rainfall pattern caused the least stable slopes, the lowest minimum factor of safety, and the shortest time to reach the 
minimal factor of safety (high intensities in the beginning, followed by a constant decline towards the end of the 
rainfall)[21]. The relationship between rainfall events and soil hydraulic characteristics influences the quantity of rainwater 
penetration required to decrease surficial soil suction, which can cause a slope failure. When the rainfall intensity is almost 
equivalent to the soil hydraulic conductivity, the incident rainfall can theoretically be completely absorbed into the soils. 
Rainwater infiltration in this situation is most capable of decreasing surficial soil suction to a critical level. Rainfall of 
modest intensity will penetrate completely into the surficial soil, but it may not be enough to decrease the soil's suction. 
When rainfall is especially intense, however, rainwater will move to runoff in part. Because strong rainfall is usually of 
shorter duration, precipitation penetration may be insufficient to lessen soil suction. Matric suction is a crucial factor in 
shallow slope failures, according to several studies [12], [25] [26], [8]. When precipitation infiltrates the slope surface, 
matrix suction decreases and the wetting front slides down until it reaches a depth where the slope's shear strength can no 
longer sustain slope stability. This type of failure occurs more frequently on slopes with low hydraulic conductivity than 
on slopes with high hydraulic conductivity, such as clean sand. [12]. Infiltration can only attenuate suction of the surficial 
soils to shallow depths in the first example, resulting in a shallow slope collapse mechanism. Given the fact that rainfall 
and soil parameters are the determining factors, coupled investigations of seepage and slope stability are now routinely 
used to assess rainfall-induced slope instability. In both seepage and slope stability analyses, the deterministic approach is 
widely used. This paper investigates the failure mechanism of slope subjected to low and high intense rainfall of short and 
long duration. A uniform soil slope with same shear strength is analyzed using finite element methods. The results of finite 
element analysis is presented in following sections.  

2 Slope geometry and material properties 

Commercially available finite element tool PLAXIS 2D was used for this study which is a persuasive program which can 
help users in characterizing geotechnical problems in a realistic manner. This study investigates the impact of low and high 
intense rainfall with short and long duration on factor of safety and total displacements. For this purpose, a series of finite 
element analyses were done. The two-dimensional finite element method was used with 15-node plane strain model using 
the PLAXIS 2D computer program. The studied parameters include the rainfall intensity (mm/hr), and durations of the 
rainfall (hours). Figure 1 shows the typical geometry of the slope used in the numerical analysis. Two sets of rainfall events 
were considered, high-intensity rainfall (60mm/hr, 90mm/hr and 120mm/hr) and low-intensity rainfall (5mm/hr, 10mm/hr 
and 20mm/hr) with different durations (01hr, 03hrs, 06hrs, 12hrs, 24hrs, 48hrs and 96hrs). The hardening soil model was 
used to model the nonlinear behavior of the soil. This constitutive model is an advanced soil models and can be used to 
simulate various types of soil. Published literature provided the material parameters of the soil employed in this 
investigation. The soil index and shear strength properties are summarized in Table 1 and Table 2, respectively. The Van 
Genuchten model was used to simulate the soil-water characteristic curve which is a significant parameter in terms of 
unsaturated slope stability. Figure 1 displays the typical generated mesh for full-scale slope geometry and boundary 
conditions. The vertical boundaries of the model were supposed to be deformable vertically and fixed laterally, whereas 
the bottom boundary was assumed to be fully fixed. For the flow water boundary conditions, the vertical boundary 
conditions were assumed to be permeable and the bottom boundary was assumed to be impermeable. It is assumed that the 
water table is located 20 m below the ground surface. 
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Table 1: Index Properties of Soil used for this study [27] 

Properties 
Moisture 
Content 
(%) 

Liquid 
Limit (%) 

Plastic 
Limit (%) 

Soil 
Classification 

Specific 
Gravity 

Unsaturated 
unit weight 
(kN/m3) 

Saturated 
unit weight 
(kN/m3) 

Values 32 76 42 
High Plastic 
silt (MH) 

2.64 13.2 17.00 

Table 2: Shear Strength and unsaturated parameters of Soil used in this study [27] 

Parameters 
Young’s 
Modulus 
(kN/m2) 

Effective 
Cohesion 
(kN/m2) 

Effective 
friction 
angle (o) 

Hydraulic 
conductivity 
(m/s) 

Poisson’s 
ratio 

ga gn gl 

Values 10000 8.0 32.0 2.32E-7 0.33 0.7 1.8 0.5 

 

3 Results and discussions 

Rainfall intensity and duration are the key influencing factors for rainfall induced slope failures. An idealized homogenous 
slope with gradient of 1V:1.5H was analyzed under different rainfall intensities and duration. The figure 2 shows the 
rainfall intensity, rainfall durations applied on slope and variations in factor of safety. Rainfall intensity of 5mm/hr, 
10mm/hr and 20m/hr are classified as low intense whereas, 60mm/hr, 90mm/hr and 120mm/hr are classifies as high 
intense. Rainfall with high intensity and short duration does not have a significant effect, whilst rainfall with low intensity 
and long duration reduces the factor of safety up to the critical condition. This is due to the permeability of soils which 
allows rainfall water to infiltrate into the slope. For 1 hour duration, the safety factor does not change significantly, as a 
result of the hydraulic properties of the soil. For rainfall intensity of  5mm/hr, the factor of safety doesn’t change 
significantly because the infiltration of water was not enough to increase pore water pressure up to critical conditions, and 
hence the slope remains stable with a high safety factor. However, 20mm/hr rainfall intensity was found to be most crucial 
for slope stability as the safety factor reduced to 1.062 (i.e. on the verge of failure). Rainfall infiltration into the soil body 
decreases the factor of safety  due to the reduction in matric suction and increase in pore water pressure.  

 

 

Figure 1: Slope Geometry and typical mesh 
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Figure 2: Variation in safety factor with different rainfall intensity and duration 

3.1 Safety Factors of slope subjected to low and high intense rainfall  

To investigate slope instability and the failure zone subjected to rainfall infiltration, the critical slip surfaces were assessed. 
Figure 3 shows the critical slip surfaces for modelled slope under different rainfall duration (01 hr & 24 hrs) and with 
higher intensity (120mm/hr) and low intensity (5mm/hr). A shallow slip surface can be seen against short duration while 
a deep failure surface was observed for prolonged rainfall events. Due to the hydraulic properties of fine soils, the rainfall 
water takes more time to infiltrate into the slope and hence delayed the failure. The slope remains stable during the rainfall 
events and fails after some time, depending upon the soil permeability and amount of water infiltrated into the slope. 
Researchers (Mahmood et al. 2011, Tsaparas et al. 2002) have proved that if the ratio of rainfall and saturated permeability 
(q/ksat) is higher, less water will infiltrate into the ground and more water will disappear as runoff water and hence slope 
remain stable. Further, if the ratio is low then more water will infiltrate into the ground, resulting in an  increase in pore 
water pressure which leads to the failure of slope. If the ratio is very low, in case of rainfall with 5mm/hr intensity, then 
pore water pressure would not be affected.  

 

1 3 6 12 24 48 96

5mm/hr 3.107 3.091 3.089 3.067 3.014 2.917 2.864

10mm/hr 3.101 3.093 3.088 3.076 2.853 1.961 1.431

20mm/hr 3.106 3.089 3.08 2.873 2.447 1.653 1.062

60mm/hr 3.093 3.019 2.68 2.113 1.617 1.617 1.617

90mm/hr 3.079 2.891 2.403 1.795 1.622 1.492 1.402

120mm/hr 3.068 2.698 2.155 1.626 1.625 1.436 1.392
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Figure 3: variation in slip surface with rainfall of different duration and different intensities 

3.2 Variation in pore water pressure and matric suction 

It has been proved that slope failure occurs due to the reduction in matric suction and a resulting increase in pore water 
pressure. Matric suction is the foremost variable for susceptibility analysis of rainfall induced slope failures. Slope failure 
is mainly dependent on the initial matric suction conditions of soils at surface and subsurface.  Figure 4 shows the 
fluctuations in matric suction due to the rainfall infiltration. It can be observed that rainfall with short duration does not 
reduce matric suction significantly, whilst rainfall with longer duration does. Also, it can be seen that matric suction 
reduction decreased with the slope depth. Maximum suction was observed near the face of the slope whereas, with higher 
depth, its decreased. This is because of the presence of ground water table at  higher depths.  

  

q=120mm/hr - 01hur 
q=120mm/hr - 24hurs 

q=5mm/hr - 01hur q=5mm/hr - 24hurs 

q=5mm/hr - 01hur q=5mm/hr - 24hur 
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Figure 4: Variation of matric suction with different rainfall intensities and duration 

4 Conclusions 

The purpose of the current study was to investigate the impact of rainfall duration and intensity on slopes with low 
hydraulic characteristics. Finite element based numerical analysis was carried out on an idealized slope with 1V:1.5H 
gradient. Coupled flow-deformation analysis was carried out which allows seepage and deformation analysis at the same 
time. Based on this study, the following conclusions can be derived: 

 In addition to the soil strength characteristics, and slope geometry, rainfall duration and intensity plays an 
important role in stability of slopes. The amount of infiltration depends on the hydraulic properties of soil.  

 The variation in climate changes resulted in variation of matric suction profile with different time durations. There 
is an optimum value among low rainfall intensities at which the factor of safety is critical. 20mm/hr intensity 
resulted the minimum factor of safety 

 The rainfall with low intensity and prolonged duration are more critical as compared to the high intensity and 
short duration.  

q=10mm/hr - 01hur q=10mm/hr - 24hurs 

q=20mm/hr - 01hur q=20mm/hr - 24hurs 

q=120mm/hr - 01hur q=120mm/hr - 24hurs 
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