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Abstract  Rainfall infiltration is one of the important 

factors affecting the stability of a slope. Rainfall infiltration 

will change the groundwater level, which will cause a 

reduction in the mechanical characteristics of the soil. 

During the infiltration process, the progress of the wetting 

front in soil depth results in an increase in water content. 

An increase in hydraulic gradient associated with an 

increase in infiltration velocity could significantly reduce 

the safety factors of a slope. Indeed, between December 

25th, 2013 and March 7th, 2014, the piezometric level of 

the studied slope located in northern Morocco increased by 

more than 1.7m, and after the rains of January 17th and the 

18th, 2014, it exceeded 31 mm in 15 hours, and the 

horizontal soil displacement was accelerated significantly. 

This paper presents a methodology for slope stability 

analysis considering rainfall infiltration. Initially, the 

Green-Ampt infiltration model was used in this study to 

estimate the wetting front depth. Subsequently, the three-

dimensional safety factors were calculated for each rainfall 

intensity using the Hovland method. Results show the 

relationship among the safety factors, the rainfall duration, 

and the depth of the wetting under rainfall and they also 

reveal that the rate of stability variation during infiltration 

is not significant. 

Keywords  Rainfall, Infiltration, Slope, Wetting Front, 

Safety Factors 

1. Introduction

The analysis of the ground movements allows for 

highlighting some site favorable conditions related to the 

appearance of such and such a phenomenon of instability. 

These instability factors can be classified into two 

categories: static variables and dynamic variables [1]. The 

first ones, linked to geology, land morphology, slope 

orientation, slope gradient, and geotechnical properties, 

can be susceptible to favorite landslides, while the second 

ones, such as precipitation and earthquakes, can trigger 

instability or cause a marked acceleration of the 

movements leading to failure. It is therefore necessary to 

evaluate the effect of these two variables, static and 

dynamic, on slope stability [2]. 

Most authors agree that landslides occur during rainy 

seasons, which can cause extensive damage to 

infrastructure and loss of life [3, 4]. Indeed, precipitation 

plays a primordial role in the development of ground 

movements; there is a very good correlation between the 

amount of monthly precipitation and the evolution of 

ground movements [5].  

Heavy rainfall generates multiple surface instabilities 

and landslides. Thus, a brief but very intense rain will cause 

many shallow landslides and flows, while moderate but 

persistent rainfall lasting several weeks is susceptible to 

causing large landslides. The effect of precipitation on 

slope stability has been the focus of much research for 

several years [6-9]. One of the effects of the increased 

precipitation will be an increase in groundwater levels [10], 

which leads to a reduction of the effective soil stress and an 
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increase in infiltration forces and speeds. 

Some studies suggest that for superficial motions, the 

failure is due to wetting-front progression (the boundary of 

the wetting area between moist soil and dry soil) during 

infiltration [11, 12]. During a precipitation, the rain 

infiltrates the soil, and the wetting front progresses in depth 

and causes an increase in the water content. An increase in 

the hydraulic gradient associated with a growth in the 

infiltration rate could significantly reduce the safety factors. 

In addition, an increase in infiltration would replace the air 

voids in soils with water, and the force obtained from the 

soil suction would be lost. Several methods are proposed to 

simulate the infiltration process and its impact on slope 

stability [13-15]. 

Most slope stability studies incorporating rainfall effects 

use a two-dimensional (2D) limit equilibrium method, 

whereas the safety factor is usually examined using a 2D 

slope representation. Two-dimensional (2D) analysis 

results are typically conservative, while three-dimensional 

(3D) analysis tends to enhance the safety factor despite 

being more expensive. 

Three-dimensional LEMs are simple extensions of the 

two-dimensional methods of slices. As a result, any errors 

introduced by the assumptions of 2D methods can also 

affect 3D methods. In general, 3D safety factors are higher 

than 2D ones, and the 3D to 2D safety factor ratio has a 

significant impact on slip surface geometry in three 

dimensions. 

Infiltration is a dynamic variable that changes with space 

and time and is controlled by climatic and hydrological 

processes. Such an infiltration model must be integrated 

into the stability analysis to better understand the variation 

of safety factors during rainfall. 

This paper presents an analysis of the cut slope stability 

located in northern Morocco, considering rainfall 

infiltration. Indeed, between December 25th, 2013 and 

March 7th, 2014, the piezometric level increased by more 

than 1.7m, and after the rains of January 17th and 18th, 

2014, which exceeded 31 mm in 15 hours, the horizontal 

soil displacement was significantly accelerated. Initially, 

the Green-Ampt infiltration model [16] was used in this 

study to estimate the depth of the wetting front. 

Subsequently, the 3D safety factors were calculated for 

each rainfall intensity using a computational application 

developed by the ArcObject library with VBA. 

2. Study Area 

2.1. Localization Map of the Study Area 

The site containing the cut slope is located about 34 Km 

east of Tangier city in northern Morocco (5° 37 'W, 35°), 

especially at the junction of the highway connecting 

Tangier to Tangier-Med Port with the railway (Figure 1). 

The morphology of the study area is characterized by soft 

slopes. 

 

Figure 1.  Localization map of the study area 
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2.2. Lithology 

All the surveys conducted on the study area confirm the 

geological context to the right of the cut slope, to know: 

- A horizon of greenish altered marl (marl scree) 

whose thickness reaches 24 m, 

- Gray pelite constituting the bedrock,  

- Water table at the scree/bedrock interface with 

anarchic circulation and local accumulation. 

3. Methodology 

3.1. Green-Ampt Infiltration Model 

In this study, the Green-Ampt infiltration model was 

used to estimate the wetting front depth. The Green-Ampt 

equation was originally developed for deep and 

homogeneous soil. It uses the following assumptions: the 

wetting front is well defined and separates the wet zone 

from the dry zone, the profile is saturated above the wetting 

front, and the infiltration is controlled by the Darcy’s law. 

Using Darcy's law, the infiltration rate that corresponds 

to the flow of water entering the surface (Figure 2), is given 

by: 

S Zf ff q Ks
Zf

 
   

 
           (1) 

with: 

sK : Saturated hydraulic conductivity (m / h). 

Zf : Thickness of saturated soil (m). 

Sf : Suction of the soil with the wetting front (mm) 

f (t): Infiltration rate (mm / h). 

The total amount of infiltrated water F is given by: 

 F Z θ θf s i               (2) 

Which leads to: 

 
   

F
Z f

s i 



             (3) 

with: 

θs : Volumetric humidity at Saturation (m^3/m^3). 

θi : Initial volumetric humidity  

We replace the expression of Z f  in equation (1), at any 

time the infiltration rate can be written: 

 
 S θ θf s i

f t K Ks s
F


            (4) 

 

Figure 2.  Green- Ampt model infiltration process [17] 

Knowing that:  
dF

f t
dt

  equation (4) becomes: 

 S θ θdF f s i
K Ks s

dt F


            (5) 

by integrating equation (5) 

   S θ θdF tt t t f s i
K dt Ks st t tdt Fp p p


       (6) 

we obtain: 

       
1

t t F t F t S θ θ ln mp p f s i
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     
 

    (7) 

with: 

   
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we can calculate 
pt  and  F t p  from the following 

equations: 

 F tp
tp

P
                (8) 

 
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F tp
P Ks


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 with (
sP K )     (9) 
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 t Pf  : Infiltration rate at time t. 

 F t p : Quantity of infiltrated water (Before runoff). 

P: The precipitation intensity (mm / h) 

pt : The time when water begins to trickle to the surface. 

The infiltration rate  tf  is given by: 

 if t t p ,  t Pf   

 if t p t T  ,  
 

 

S θ θf s i
f t K [1 ]s

F t


  .  

 if t T ,  t 0f   with T: Duration of rain. 

3.2. Calculation of Safety Factors during Rainfall 

Hovland’s method is used to calculate the stability of the 

studied slope considering rainfall; it’s an extension of the 

assumptions used in the two-dimensional ordinary method 

of slices also called OMS. The method is based on dividing 

the volume of moving soil into a specific number of 

parallelepiped columns. 

During rainfall, the infiltration effect on the calculation 

of the safety factor is reflected in the consideration of the 

wetting front depth. It would be necessary to take into 

account the relative positions of the water table w
h , the 

shear surface Z and the wetting front Z f (Figure 3). 

 

Figure 3.  Schematic diagram of 3D slope stability analysis using 

Hovland method 

The methodology proposed in this study consists of the 

integration of the modified Hovland formula (Equation 10) 

and the representation of topographic information in the 

GIS, in order to analyze the influence of rainfall on the 

stability of studied slope. The 3D safety factor is calculated 

by: 

       

    3D

c'A Z Z h γ h Z γ Cos Dip A u A tanφf w sat w f i wx y
FS

Z Z h γ h Z γ ASinαf w sat w f i yzx y

     



  
 


  

 

 
     

               (10) 

A  : Area of slip surface of the cell 

A : Area of soil column 
c' : Effective cohesion 

φ : Effective friction angle 

uw : Pore water pressure on slip-surface 

yzα : Apparent dip of Y-axis 

γi : Unit weight 

Dip: Aspect in GIS 

Initially, for a given rainfall intensity, the wetting front 

depth Z f is estimated by the Geen-Ampt infiltration 

model [16]. Then, the topography is represented by two 

factors: slope and aspect. The calculation of the safety 

factor was carried out using a computational application 

developed using the ArcObject library with VBA. The 

flowchart adopted in this study for 3D safety factor 

calculation considering rainfall is shown in Figure 4. 

 

Figure 4.  Methodology flowchart for this study 

4. Results and Discussion 

4.1. Variation of the Amount of Water Infiltrated 

during Rainfall 

Figure 5 shows the infiltration rate and the amount of 

water infiltrated calculated by the Green-Ampt infiltration 

model during rainfall. At the rainfall beginning 

( 50 < t hours ), the infiltration rate is equal to the rainfall 

intensity; the water seeps into the ground and starts to 

moisten from top to bottom. Once rainfall intensity exceeds 

the maximum capacity of the soil to absorb water 
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( 5 t 30h hours  ), surface flow has occurred (runoff) and 

the infiltration rate declines in time even with the fall of the 

rains and tends to a minimum value, which is the hydraulic 

conductivity sK . The amount of water infiltrated 

represents approximately 53.23% of the rainfall received 

between January 17th and January 18th, 2014. The 

decrease in infiltration rate is essentially due to the increase 

in water content and the potential gradient reduction at the 

wetting front. 

4.2. Three-Dimensional Safety Factors Calculated 

during Rainfall 

The 3D safety factor calculated by Hovland method 

during infiltration is illustrated in Figure 6. It is clear that 

the value of the safety factors is inversely proportional; 

when the wetting front advances more in-depth, the safety 

factor decreases. After stopping of the rains that lasted 15 

hours, the wetting front depth reached 66 mm and three-

dimensional safety factor at this depth is 1.31 with a very 

low rate of change. In fact, the studied slope is considered 

stable, knowing that instability arises when the shear 

stresses are greater than the shear strength [18]. 

In the similar study, Jia el al. [19] found that after 100h 

of continuous rainfall of very high intensity that exceeded 

80mm/h, the 3D safety factor varies from 1,17 to 0,7 over 

time that led to instability and the wetting front depth 

reached a maximum value of 7,66 m. Qiu et al. [17] found 

that the rate of change in safety factors is mainly related to 

rainfall intensity. In addition, Zhang et al. [9] indicate that 

the rate of a slope safety factor increases gradually with the 

increase of rainfall. These findings also show that the 

duration and intensity of rainfall have an important 

influence in causing slope instability. 

 

Figure 5.  Infiltration rate and amount of water infiltrated 

 

Figure 6.  Variation of 3D safety factors during infiltration 
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Figure 7.  Variation of the 3D safety factor according to wetting front depth 

 

Figure 8.  Cumulative lateral soil displacement as a function of rainfall 

Figure 7 illustrates the variation of the 3D safety factors 

as a function of the wetting front depth. The safety factor 

decreases when the wetting front depth increases; the rate 

of decrease is low and depends on several factors. This case 

did not lead to the instability of the studied slope, but in 

other cases with different geotechnical, hydrological, and 

morphological characteristics, the progress of the wetting 

front can destabilize the slope. Xie et al. [20] studied a case 

of a slope that became unstable when the wetting front 

depth reached 170 cm. When the wetting front depth 

reaches the piezometric level, the 3D safety factor becomes 

minimum. 

4.3. Cumulative Soil Displacement due to Rainfall 

Infiltration 

Figure 8 demonstrates the cumulative lateral soil 

displacement at different depths and cumulative rainfall 

from January 23, 2014, to April 30, 2014. We note that the 

soil displacement at the surface is greater than that at 20 

meters and at 30 meters of depth, approximately 2 times 

greater than that at 20 meters of depth. While the soil 

displacement at 30 meters of depth is not significant. 

During this period, it is observed that the cumulative lateral 

soil displacement increases with the increase in the amount 

of precipitation, but the increase is clearer for the soil 

displacement at the surface and at 20m of depth. 
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Soil displacement has increased approximately by 7 mm 

since the rainfall started. This progression is probably 

caused by the infiltration of rainwater; these infiltrations 

favor the saturation of the soil. In addition, the action of the 

water on the studied slope generates important interstitial 

pressures, reducing the cohesion of the soil, which leads to 

the development of the driving forces necessary for the 

displacement. 

5. Conclusions 

In this work, we have investigated the infiltration effect 

on the cut slope stability. The Green-Ampt model was used 

to estimate the infiltration during 15 hours of rainfall 

measurements from January 17th, 2014, to January 18th, 

2014. Then, the Hovland formula was employed to 

estimate the safety factor during rainfall. 

Results have revealed that the stability of the studied 

slope decreases when the wetting front advances in depth, 

and the rate of stability variation during infiltration is not 

significant. Measurements of the soil’s horizontal 

displacement have shown that it accelerates during the wet 

season of the year, which reveals clearly the influence of 

heavy rainfall as an important factor in triggering slope 

instability. More case studies are needed to establish a 

knowledge basis on changes in safety factors during rains. 
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