
Geosciences and Engineering, Vol. 3, No. 5 (2014), pp 155-163. 

 

 

Effect of precipitation on the slope stability of landfills 
 

Gergő Albert
1
–Krisztina Beáta Faur

2
 

1
MSc student - 

2
Department engineer;

1,2
Institute of Environmental Management, 

Department of Hydrogeology and Engineering Geology, H-3515 Miskolc-Egyetemváros, 
1
gergo.albert@gmail.com, 

2
hgtinka@uni-miskolc.hu 

 
ABSTRACT 
 

Precipitation and pore water pressure increase can cause landslides not only on tropical climate, 

but also in Hungary. The determination of the effect of different amounts of precipitation is the main 

goal of this paper. The slope stability calculations were run by Soilvision’s coupled SVFlux and 

SVSlope modules. Due to the lack of knowledge of the input parameters several problem occurred by 

the evaluation of the results. Further investigation of the hydraulic and the geotechnical parameters of 

municipal solid wastes are suggested for more reliable calculations. 

 

INTRODUCTION 
 

Several large, sometimes fatal landfill failures in the world prove the effect of pore 

water pressure increase on slope stability. Since we have the opportunity to use the 

Soilvision software package, we tried to couple the SV Flux and the SV Slope modules to 

determine the effect of precipitation on landfills without cover systems (e.g. landfills under 

construction).  

The stability analysis of the failure (in February 2005) of the Leuwigajah dumpsite near 

Bandung, Indonesia proved that the failure most likely have been triggered by water 

pressure in the soft subsoil in combination with a severe damage of reinforcement particles 

due to a smoldering landfill fire. This result addresses a specific stability problem in 

tropical countries. Since precipitation is high (1500–2000 m per year), but non-uniform, 

both events may happen. On one hand there are acute drainage problem coming along with 

pore water pressure in soft soils or high water tables inside landfills (Kölsch et. al. 2005).  

On July 10th 2000around 5 A.M., a slope of the landfill failed and 1.2 Mio m
3
 waste 

slid down on the Payatas dumpsite (located in the North-East of Metro Manila within in the 

boundaries of Quezon City on Luzon, the major island of the Philippines). Figure 1a shows 

a part of this area at the day after the landslide in front of a remaining slope, where still huts 

of waste pickers can be seen. Rescue actions were hindered by landfill gas, which created 

several fires. More than 220 people were found dead in the plastered area (Kölsch, 2001). 

Basically, a landslide happens in case a slope is constructed steeper than the shear 

strength of the material is sufficient to bear. Since the strength of waste is not well-known 

and is usually not being investigated in the laboratory, the waste is placed due to common 

experiences. It seems that the geometry of the Payatas dumpsite has met these experiences 

showing slopes of about 1:3 with a height of 25 m. However, some specific conditions, 

which show up in tropical developing countries, apparently have not been considered, 

thoroughly.  

 Low density of waste due to a high portion of light plastic materials and an 

insufficient waste compaction  

 Unlimited water percolation The water percolation is usually adjusted by paper. 

The observation has shown a lack of paper due to an outstanding high recycling 

ratio  
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 Extremely high rates and non-uniform distribution of rainfall (see Figure 1b) 

(Kölsch, 2001) 

 

 
(a)                                                                     (b) 

Figure 1. (a) Collapsed slope at the day after the failure (Kölsch, 2001) 

(b) Precipitation in Manila, Payatas (Philippines), 2000 

 

Anyways, stability problems are not restricted to the tropics; a troubled water balance 

jeopardizes the landfill stability, even in temperate climate areas, as long as the waste 

composition leads to a low waste density at the landfill. The Rumpke landslide, which 

occurred 1996 in Cincinnati (USA), demonstrates that US-landfills are more jeopardized 

than European ones. The reason is the extraordinary large portion of light waste (plastics) 

combined with disturbed water balances due to leachate circulation (Kölsch, 2001).  

 

2. SVFLUX-SVSLOPE COUPLED SLOPE STABILITY ANALYSIS OF 

LANDFILLS 
 

Based on the experiences of these large landfill failures there is a need to prove the 

slope stability of landfills also in extreme climatic circumstances. 

The most common trigger for slope stability failures world-wide is rainfall events. Such 

events destroy the negative water pressures (suctions) in the upper zone of the soil and 

cause failures. As such, it is important that slope stability software be able to accommodate 

this type of failure mechanism. SVSlope implements three types of unsaturated soil 

strength models in order to provide increased capabilities to the user. In addition, the 

SVSlope software may import steady-state or transient pore-water pressure distributions 

from the SVFlux software (Feng–Lu, 2012).  

Although the annual precipitation in Hungary is between 500 and 800 mm, sometimes 

there were extreme values, for example the maximum estimated daily precipitation was 260 

mm in Dad on the 9
th 

of June 1953, the maximum measured daily precipitation was 203 mm 

in Gyömrő on the 8
th 

of September 1963 and the maximum precipitation in 60 minutes was 

120 mm in Heves on 23
d 

of August 1988 (Bihari et. al. 2009) and our experiences show 

that the frequencies of such extreme precipitation events can be higher due to supposed 

climatic changes. 

In our slope stability calculations several different landfill geometry was analyzed (such 

as 10–20–30–40 meters high, and 1:1.5, 1:2, 1:2.5 slope). One selected geometry is shown 

on Figure 2 (40 meters high, with a slope of 1:2.5). 
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Figure 2. Geometry of the landfill 

 

Two soil strength models were applied by our calculations: the most common Mohr–

Coulomb soil model, and the unsaturated linear (Phi-b) model.  

The most commonly used shear strength designation for saturated soils encountered 

geotechnical engineering is the Mohr–Coulomb equation: 

'tan)('   wn uc where  is the effective shear strength, 'c  is the effective 

cohesion, n  is the normal stress on the shear plane, wu  is the pore-water pressure and '  

is the effective angle of internal friction. 

The Mohr–Coulomb equation can also be written in terms of total stress condition. For a 

total stress analysis the pore-water pressures are not considered and the cohesion and 

friction angle are defined in terms of total stress conditions.  The Mohr–Coulomb equation 

can be written:   tan nc  (Feng – Lu,2012). 

The theory of the unsaturated linear model (Phi-b) is based on the following: Matrix 

suction (or negative pore-water pressures) in an unsaturated soil affects the shear strength. 

The negative pore-water pressure increases the shear strength of an unsaturated soil. The 

shear strength of an unsaturated soil has been shown to be nonlinear in form when matric 

suction is varied over a considerable range. Consequently, there are nonlinear forms for the 

unsaturated shear strength equation as well as a linear approximation of the unsaturated 

shear strength. The linear approximation of the unsaturated soil shear strength can be 

written as follows:  
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b

waan uuuc  tan)('tan)('   where 'c  is the effective cohesion, '  is 

the effective angle of internal friction, ϕb
 is the angle defining the increase in shear strength 

due to matric suction (or negative pore-water pressure), σn is the total normal stress, ua is 

the pore-air pressure, and uw is the pore-water pressure.  

The term (ua–uw) is called matric suction and is a positive representation of the negative 

pore-water pressure. The angle ϕb
 is a material property. The angle ϕb

 can range from zero 

to the ϕ ’
 value depending on the material type and the magnitude of matric suction. The 

default value for ϕb
  is set to ϕ ’

/2. 

In SVSlope, the effect of negative pore-water pressures is ignored when ϕb
 is not 

specified (i.e., zero). For other values of ϕb
 an increase in shear strength due to matric 

suction (ua–uw) will be included in accordance with the above equation (Feng–Lu, 2012).  

The geotechnical properties of the waste body were based on values from literature 

Varga & Czap (2004), Szabó (2008,) Szabó I. & Szabó A. (2012), Varga (2011) and can be 

seen in Table 1. The cohesion and the internal friction angle of the waste were calculated as 

the mean value of 169 collected data (Faur, 2012). The unsaturated internal friction angle is 

not known for municipal solid waste material, thus it was set as a little bit less than half of 

the internal friction angle.  

Table 1 

Applied physical properties of the waste body by the slope stability calculations 
 

Unit weight [kN/m
3
] 13 

Cohesion, c [kN/m
2
] 25 

Internal friction angle,  [°] 24 

Unsaturated internal friction angle, 
b
 [°] 10 

 

The hydraulic conductivity of the waste body were based on the laboratory 

measurements of Heyer in (Szabó I. & Szabó A., 2012), on municipal solid waste material 

of different age and treatment (such as  fresh municipal solid waste, 20 years old deposited  

municipal solid waste, shredded municipal solid waste), see in Table 2.  

Table 2 

Hydraulic conductivity of municipal solid waste material 

 (Heyer in [SzabóI. – Szabó A. 2012]) 

Vertical load 

[kPa] 

Modeled thickness 

of the waste body 

[m] 

Wet Dry Hydraulic 

conductivity, 

ksat 

[m/s] 
Bulk density,  

[t/m3] 

0–100 0–10 0.7–1.15 0.25–0.7 5×10-3–10-5 

100–200 10–20 0.8–1.25 0.35–0.8 10-4–10-6 

 320  34 0.9–1.3 0.5–0.9 10-6–10-7 

 600  63 1.2–1.4 0.6–0.95 10-7–10-9 



Effect of Precipitation on the Slope Stability of Landfills   159 

 

 

The height of the landfill in our calculations vary between 10-40 meters, thus two 

different the hydraulic conductivities were chosen: For Case 1: kcase_1 = 10
-5

 m/s = 0.864 

m/d and for Case 2: kcase_2 = 10
-6

 m/s = 0,0864 m/d. 

The moisture retention curve (see Figure 3 a) of municipal solid waste was determined 

by Wu et. al. based on some measurements on a landfill in Beijing, China (Wu et. al. 2012). 

Figure 3.b shows the SWCC curve applied in SVFlux. 

In SV Flux we defined several different precipitation values, such as 10, 20, 30, 40, 50, 

100 mm in 6, 2 and 1 hours time (Rainfall start was set at 08:00 first day, and the 

calculations were set to run for 3 days. After running all the cases in SV Flux the results 

can be opened in the SV Slope module. The results of the slope stability analysis were 

graphed in function of time for both hydraulic conductivities. The Bishop method was 

selected for our calculations in order to be comparable with previous results.  Figure 4 

shows, that the smaller the hydraulic conductivity of the waste, the larger the effect of 

precipitation on the factor of safety. The cases of Mohr-Coulomb soil models lead to 

smaller values of the factor of safety, according to the increase in shear strength due to 

matric suction (ua–uw) by the linear unsaturated (Phi-b) soil models. The value of ϕb
 = 10° 

of the waste material increases the factor of safety by 0,42 at the starting value (long before 

the precipitation starts), and 0,35 at the minimum values (but only by this geometry and soil 

properties).  

If we apply the value of ϕb
 = 0°, the results are the same, as the ones of the Mohr-

Coulomb soil models.  

 

 
(a) 
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(b) 
 

Figure 3. (a) Moisture retention curves of landfilled MSW: data from pressure plate tests, 

together with fitted van Genuchten-Mualem model curves using RETC (Wu et al. 2012)  

(b) SWCC curve applied in SVFlux 

 

 

 
(a)                                                                                      (b) 

 

 

 

 

 
 

 

 



Effect of Precipitation on the Slope Stability of Landfills   161 

 

 

 
(c)                                                                                           (d) 

Figure 4. Effect of the hydraulic conductivity of waste on the factor of safety by slope 

stability analysis (a) & (b) 20 mm/6 hours (c) & (d) 50 mm/6 hours precipitation 

(a)&(c) Unsaturated (Phi-b) soil models (b) & (d) Mohr–Coulomb soil models 

 

Figure 5 shows the change of the factor of safety in function of time (in Case 2:kcase_2 = 

10
-6

 m/s = 0.0864 m/d) for the linear unsaturated (Phi-b) soil model. If precipitation is 

falling for 2 hours 30 mm of rainfall is enough to cause failure, but if it is falling for 6 

hours only 50 mm of rainfall causes failure (but only by this geometry and soil properties).  

 

 
(a)                                                                                          (b) 

Figure 5. Results of slope stability analysis by (a) 2 hours (b) 6 hours precipitation 

 



162    Gergő Albert, Krisztina Beáta Faur 

 

 

 

In our calculations we met a severe problem of the evaluation of the results. Several 

very small factors of safety were calculated for very slip surfaces (by the application of 

Slope Search method) with small amounts (smaller than 1 m
3
) of moving waste materials. 

There is a need to find a slip surface search method, which allows us to exclude these too 

small slip surfaces, but we can find all the critical slip surfaces otherwise. Figure 6. shows 

the results of the slope stability analysis of the landfill (by 20 mm precipitation in 6 hours, 

and Mohr-Coulomb soil model). On Figure 6.a the results of the slope stability analysis are 

drawn before the precipitation starts (0,0 day = 0 hours starting time), and the slip surfaces 

of the factors of safety 1 < FBishop< 2 are drawn, at Figure 6.b slip surfaces of the factors of 

safety 0 < FBishop< 1 are drawn after the precipitation started (at 0.4 day~9,6 hours time).  

 

CONCLUSIONS 
 

 
Figure 6. Results of slope stability analysis at 0,0 day = 0 hours starting time and the 

slip surfaces of the factors of safety 1 < FBishop< 2 and at 0.4 day~9.6 hours, slip surfaces of 

the factors of safety 0 < FBishop< 1  



Effect of Precipitation on the Slope Stability of Landfills   163 

 

 

The effect precipitation and the increase of pore water pressure on the slope stability of 

a landfill were discussed in this paper. Our results show, that the smaller the hydraulic 

conductivity of the waste, the larger the effect of precipitation on the factor of safety. The 

period of time of the precipitation is also important. If 30 mm rain falls in 6 hours, the 

landfill remains stable, but if it falls only in 2 hours time, than a failure can occur.  

A more important conclusion is, that the thorough knowledge of the waste properties is 

essential to achieve correct results of the slope stability of landfills. Further investigation of 

the hydraulic and the geotechnical parameters of municipal solid wastes are suggested for 

more reliable calculations.  

 

These calculations were initial attempts to raise attention that by the slope stability 

analysis of either landfills or natural slopes the investigation of extreme climatic conditions 

is absolutely unavoidable. Further research must be focused to find the analysis method 

between the maximal safety and the optimum economic expenses - but within acceptable 

risks.  
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