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ABSTRACT: In the conventional method for determining the seismic stability of geotechnical structures using pseudo-
static or pseudo dynamic analysis, the horizontal seismic acceleration coefficient is assumed arbitrarily or based upon past 
experience, neglecting effect of seismic wave velocities, seismic displacements, time period, spectral acceleration, faulting 
pattern, etc. In the present study, pseudo-static limit equilibrium slope stability analysis of landfill (proposed in Goa) is 
performed by considering the effects of the above parameters using conventional and rational method of selection of 
horizontal seismic coefficient considering the effect of vertical seismic acceleration. The effect of water table and leachate 
build-up is also considered. It is observed that due to the loss of shear strength as a result of pore pressure buildup in 
case of wet condition, there is decrease in F.O.S. up to 30%. 
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1.   INTRODUCTION 
 
There is an immense increase in waste generation with 
rapid increase in industrialization. The unscientific 
disposal of MSW in the past several years have led to 
the contamination of environment and natural 
resources in and around such dumpsites  thereby 
posing serious risk to human and animal health. MSW 
has therefore emerged as a growing challenge for 
various States and Municipal authorities in the 
Country. Municipal Solid Waste is heterogeneous 
mixtures of wastes consisting of residential and 
commercial origin. Municipal Solid Waste Landfills 
are huge geotechnical structures and their heights may 
be as small as 10m to as high as 100m or even more. 
The aim of engineered landfills is to avoid any leachate 
released into subsurface environment and controls the 
exposure of the environment and humans to the 
detrimental effect. 
 
The stability of landfills against these seismic forces 
can be evaluated by computing factor of safety for 
different modes of failure and the permanent safety can 
also be evaluated permanent displacement to check the 
serviceability of landfills after earthquake. Most of the 
landfill failures occur due to the excessive leachate 
build-up in the waste mass. Proper management of 
leachate is very important for any landfill construction.  
  
2.  LITERATURE REVIEW 
 
Behavior of MSW landfills during earthquakes, along 
with the recordings of the past events containing static 
and dynamic properties of landfills helps in analyzing 
the seismic behavior of landfills. 

 
Various researchers such as Kandolkar et al. (2010),  
Bray and Travassarou (2009), Savoikar and Aldonkar 
(2011) carried out pseudo-static limit equilibrium slope 
stability analysis of hill type embankment by 
considering rational method for selecting horizontal 
seismic acceleration coefficient. By varying the angle 
of failure surface, F.O.S. was evaluated. Design charts 
were developed for F.O.S. for different values of 
various parameters such as width to height ratio, failure 
plane inclination, etc. The papers clearly illustrated the 
importance of rational method for selecting rational 
method for selecting horizontal seismic acceleration 
coefficient. However the effect of water table or 
leachate buildup is ignored. Qian (2006) developed 
calculation method of limit equilibrium analysis for 
translational failure. Four leachate build up conditions 
were considered during development of calculation 
method for analyzing translational failure to represent 
various conditions in landfills. Excessive leachate build 
up is a triggering mechanism for translational failure. It 
was concluded that as the leachate level increases the 
F.S. decreases.  
 
In this paper the effect of water table/leachate buildup 
is considered for landfill analysis using rational method 
for selecting the horizontal seismic coefficient 
suggested by Bray and Travassarou (2009). 
 
Landfills in India  
Unfortunately even today MSW are continued to be 
disposed of as uncontrolled dump in developing 
countries such as India. Increasing prices of land and 
also increase in amount of waste forced engineers to 
create higher and steeper dumps and landfills to 
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accommodate more waste. In its 2009-10 Annual 
Report the Ministry of New and Renewable Energy 
(MNRE) estimated that approximately 55 million tons 
of MSW are generated in urban areas of India annually. 
Among the four geographical regions in India, 
Northern India generates the highest amount of MSW . 
 
As per MSW Rules 2000, Govt. of Goa has taken an 
initiative to establish a Centralized Municipal Solid 
Waste Management Facilities at an existing MSW 
dumpsite located at Calangute/Saligao Villages in 
North Goa district (Fig 1). Major portion of the MSW 
generated in the North Goa district is dumped 
haphazardly and unscientifically at this site by nearby 
Panchayats for last 20 years. Unscientific dumping of 
MSW at this site resulted in contamination of 
environment. Major focus of the project is on the issues 
pertaining to odor and leachate generation and their 
scientific management to minimize the same. Plant 
operation shall be carried out using the electricity 
produced in-house from the organic fraction of the 
MSW. 
 

 
          Figure 1 Landfill Construction at Saligao 

Efforts are also taken for providing an in-house 
auditorium/resource center for displaying the recycling 
and waste treatment process, gardens, public 
conveniences and café for encouraging public tours. 
The facility shall not only serve as a tourist attraction, 
but also as learning center to create awareness about 
the positive environmental impact of the solid waste 
treatment facility in the State of Goa. This would also 
facilitate image building of the State Govt. with respect 
to environmental restoration.  
 
3. METHODOLOGY 
A hill type landfill model is used for the present 
analysis with height H, top width B, side slope of  
(tan-1(1/S)). Bi-planar failure surface makes an angle β 
with horizontal. Limit Equilibrium method is used to 
analyze the pseudo static stability of the landfill with 
and without considering the effect of leachate buildup. 
Four ideal seepage cases are considered during the 
development of calculation methods for analyzing 
translational failures with seepage as shown in Fig 2.  
 

 
Fig 2  Different Cases of Leachate Buildup 

 
Case - 1 is Parallel-to-subgrade and back slope seepage 
buildup. In this case the seepage flows parallel to the 
subgrade. Such type of leachate build up normally 
occurs when landfill is in normal operating condition 
Case - 2 is Parallel-to-subgrade seepage buildup. The 
seepage flow is parallel to the landfill bottom slope and 
the leachate depth exceeds the limited depth of 
300mm.Occur when the inflow rate exceeds the design 
flow capacity of the leachate collection and removal 
system under conditions similar to those described 
previously.  
Case - 3: Horizontal seepage buildup with seepage 
parallel to back slope. Such situation may occur when 
there is breakage of leachate collection pump or has 
lost power in an active landfill with a temporary or 
partial final cover. The incoming liquid can cause a 
rapid rise of the leachate level in the waste mass. 
Case - 4: Horizontal seepage buildup. In fourth case, 
horizontal seepage builds up and either ends at the liner 
system or extends deeply into the waste mass. Such 
type of buildup of seepage buildup might occur in 
partially or fully closed landfills during power shut 
down, when pump shutdown problems cause high 
liquid accumulation in the lower part of the landfill,  
The equation derived for factor of safety without 
considering the effect of water table is given below: 
 
 
 
 
 
 
 
The destabilizing forces due to pore pressure generated 
as the result of leachate build up acts at the bottom of 
active and passive wedges .They are defined as UN1, 
UN2 in Fig 3.  
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 Figure 3.  Leachate build-up condition 
 

The pressures caused by pore water due to leachate 
buildup either in active or closed condition can be 
evaluated using the equations recommended by Qian 
(2008). 
The equation derived for factor of safety considering 
the effect of water table is given below: 
 

 
where W1 and W2 are the weight of the active and 
passive wedges respectively, UN1 and UN2 are the forces 
due to pore water pressure. kh and kv are horizontal and 
vertical seismic coefficients respectively. The vertical 
seismic coefficient kv is taken as 0.5kh .The forces due 
to pore pressure are found for active and closed 
condition. Active condition is when waste is being 
dumped and the front slope of the fill is not assumed to 
be covered by the final cover. In a closed condition, the 
filling is assumed to be complete and the front slope is 
assumed to be covered with an impermeable or very 
low permeable. 
 
4. RESULTS AND DISCUSSIONS 
 
A parametric study is done to analyze the effect of 
various parameters such as landfill side slope (1:S), 
failure angle, magnitude, acceleration coefficient etc. 
on the factor of safety. To obtain the values of kh 
(horizontal seismic coefficient) both rational as well as 
conventional methods are used. The mathematical 
model suggested by Bray and Travasarou (2009) is 
used in the analysis. The attenuation relationship 
suggested by Idriss (2002) is used to obtain spectral 
acceleration (Sa)  
The analyses are performed for both cases i.e with or 
without considering the effect of leachate build up and 
the values are compared. The following parameters are 
assumed as per the literature survey and considered for 
the analysis: the unit weight of solid waste, γsw, of 10.5 
kN/m3 (Qian 2008); a saturated unit weight of solid 
waste, (γsw)sat, of 13 kN/m3 (Qian 2008),  Gs, of 1.60; a 

porosity, n, of 0.50. The height is 20m and top width 
taken into account is 15m (Kandolkar et al., 2010).The 
shear strength parameters of solid waste are taken as; c 
= 15kPa and  = 20 (Kandolkar et al., 2010). The 
leachate level is assumed to be present at the depth of 
1.5m and side slope taken into account is 1:1. The 
failure angle is of 0.667i.e 30˚ (approx.). It must be 
noted that assumption of hwb = 0.5hw (Qian, 2008) for 
Case 1 and Case 3 is used in the following analysis, 
where hw is the vertical leachate depth in landfill 
measured from the toe of back slope, hwb is the vertical 
leachate depth in landfill measured along back slope 
for Case 1 and Case 3. Constant earthquake magnitude 
of 5 is considered. For parametric variation three 
different types of earthquakes with moment magnitude 
Mw = 5, 6.5 and 7.0 are used. The value of failure angle 
β varies from 0.35  to 0.85 . 
 
4.1 Effect of Failure Plane Angle, β 
Failure angle β is varied as mentioned above for 
various values of embankment side slopes such as 1:1, 
1:2, 1:2.5 (Fig 4). It can be seen that as failure slope 
angle becomes steeper, factor of safety increases for 
both the cases. In case of dry condition the F.O.S 
remains almost constant and then increases slightly, 
whereas in case of pore pressure buildup conditions the 
F.O.S decreases gradually with increase in failure 
angle. This behavior is observed in wet condition since 
shear strength is reduced.  
 

 
Figure 4. Effect of side slope in dry and wet condition  

 
4.2 Effect of Earthquake Magnitude 
Fig 5 depicts variation of factor of safety with failure 
plane angle β for various values of moment magnitude 
and horizontal seismic coefficient. As the value of 
moment magnitude increases the value of horizontal 
seismic coefficient also increases and hence the driving 
force increases which in turn lowers the factor of 
safety. The trend of variation of factor of safety in this 
case (Fig 5) is similar to that of side slope variation as 
in the previous case (Fig 4). The relation between the 
moment magnitude and kh is given below: 

                            푘 = 푒
√

.  
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where,                푎 = 2.83− 0.55ln (푆 ) 
            푏 = ( 푎 − 1.33(ln(퐷 ) + 1.1− 3.04 ln(푆 ) +
         0.224(ln(푆 )) − 1.5푇 − 0.278(푀 − 7)− 휀) 
 
Ts=4H/Vs 

 

 
Figure 5. Effect of magnitude with and without 

considering leachate buildup condition  
 

4.3 Effect of Stiffness of Landfill 
Effect of stiffness of the landfill (i.e. shear wave 
velocity, Vs) is observed in Fig 6. The velocity is 
varied from 200m/s to 800m/s. There is no effect on 
the F.O.S. values in both dry as well as wet case.  
 

 
Figure 6. Effect of stiffness with and without considering 

leachate buildup condition 
 

4.4 Effect of Leachate Buildup for All 4 Cases 
Fig. 7 shows the variation of F.O.S. with leachate build 
up depths in all the 4 typical cases for both active and 
closed conditions.  

 

 
 

Figure 7 Relationship between hw and FS in various 
leachate buildup cases for active and closed conditions 

The graph below clearly shows a downward fall with 
increasing leachate build up level. Case 1 and Case 2 
conditions are on a safer side, whereas Case 3 and Case 
4 condition F.O.S is unsafe. The fall in the factor of 
safety is steeper for Case 1 and Case 2 whereas in Case 
3 and Case 4 the factor of safety is almost constant. 
 
4. CONCLUSIONS 
 
The F.O.S. increases as the slope becomes steeper for 
both dry and wet condition. The F.O.S. increases as the 
failure angle increases in case of dry condition. Due to 
the loss of shear strength as a result of pore pressure 
buildup in case of wet condition, there is decrease in 
F.O.S. up to 30%. The similar trend is followed also 
when the moment magnitude values are changed. This 
also illustrates the importance of kh value by rational 
method where moment magnitude is one of the factor 
on which kh value depends upon. There is no effect of 
shear wave velocity on F.O.S. Such similar trend is 
observed by Kandolkar et al. (2010). For all the four 
cases in active and closed condition, overall there is 
decrease in F.O.S. with increase in leachate level. But 
there is higher fall in the value for case 1 and case 2 
whereas the values tend to be constant in case 3 and 
case 4.The design charts developed can be helpful in 
the preliminary design of landfills. 
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