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ABSTRACT:  Generation of municipal solid waste (MSW) has an obvious relation to the population of an area or a city, due 

to which, metropolitan cities generate more waste. Acquisition of new landfill sites in urban areas in India as well as other 

countries possess several difficulties. Hence, vertically expanding the existing landfills by constructing reinforced soil berms 

(RSB) is a viable option. Many solid waste landfills in the past have experienced a major earthquake-induced damage. This 

paper is concerned with the seismic stability analysis of vertically expanded MSW landfills with the RSB. The scope of this 

study is to analyze the impact of seismic forces on landfills against three modes of failure viz. sliding, bearing capacity, and 

eccentricity of the resultant force striking the middle third of the base of RSB. The recently developed target reliability based 

approach (TRA) is used to determine the reliability index against three modes of failure. The parametric analyses have been 

performed which show that the design height of RSB is one of the crucial factors that influences the stability of the RSB 

significantly. The horizontal seismic acceleration coefficient (kh) play a significant role in the optimum design of RSB for 

expanded MSW landfills.  
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1 INTRODUCTION 

Higher quantities of municipal solid waste (MSW) 

generation in urban areas has been a major concern 

around the world. Due to inflated cost of land and its 

scarcity, proper management of MSW landfills has to be 

done in metropolitan cities. The idea of expanding the 

existing MSW landfill vertically with reinforced soil 

berm (RSB) is viable. It increases waste volume filled 

per unit area that leads to optimum use of landfill area 

(Qian et al. 2001). Appropriate analyses should be done 

to restrict slope failure of expanded MSW landfills. 

Qian and Koerner (2009) analyzed the static stability 

analysis of landfills using engineered berm using three-

wedge failure mechanism. Feng et al. (2010) studied 

translational failure of landfills with retaining wall 

along the underlying liner system. It was reported that 

the adequate strength parameters and optimal dimension 

of berm are needed to maintain the stability of the 

landfill with retaining structure. Seismic stability of 

MSW landfill with RSB is certainly an important issue. 

Therefore, an appropriate design of MSW landfill is one 

of the major concerns in earthquake prone areas to resist 

seismic loading. Feng and Gao (2010) developed a 

three-part wedge method considering horizontal seismic 

force. Further, Choudhury and Savoikar (2010) 

presented a case of seismic stability of an expanded 

landfill with berm for under-berm and over-berm failure 

conditions. The slope stability of landfill by 

conventional methods do not consider the variability of 

MSW properties. This approach has major limitations to 

ensure a safe design. Hence, a target reliability based- 

design optimization developed by Basha and Babu 

(2010) is used in this paper to analyze the stability of 

RSB against sliding failure, eccentricity failure and 

bearing capacity failure modes in terms of safety index 

known as reliability index (β). Basha et al. (2015) 

studied the influence of interface friction angle of liner 

components in the optimum design of RSB of a 

vertically expanded MSW using target reliability 

approach (TRA). The shear strength parameters of 

MSW and RSB, unit weights, vertical and horizontal 

seismic acceleration coefficients are treated as random 

variables in the study. The random variables are 

expressed in terms of mean and standard deviation. 

Using three-part wedge method, the waste pressure 

acting on the reinforced soil berm is computed. The 

influence of horizontal seismic acceleration coefficient 

and coefficients of variation (COV) of mechanical 

properties of a landfill on the safe design of RSB is 

studied. 

2 TARGET RELIABILITY- BASED 

DESIGN OPTIMIZATION 

A reliability based system uses mean values of input 

parameters as design variables (X). Further, 

performance function, g(X), is formulated by basic load 

and resistance parameters. The approximation of 

performance function by first order Taylor series 

expansion develops First order reliability method 

(FORM).  
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FORM is extensively used by engineeres to obtain the 

reliability index (β). Target reliability approach (TRA) 

developed by Basha and Babu (2010) is the inverse of 

FORM, which computes the design variables 

corresponding to a given target reliability index (βt). The 

limit state surface is approximated to a standard normal 

space (U). The optimized distance of the target most 

probable point of failure (MPPT) from the origin in U - 

space is equal to the target reliability index (βt). 

3 METHOD OF ANALYSIS 

3.1 Safety Margin for Sliding Failure 

In this study, pseudo-static limit equilibrium method is 

used to analyze the seismic stability of a reinforced soil 

berm of a MSW landfill. The forces acting on active 

wedge, passive wedge and RSB are shown in Figure 1.  

 

Fig. 1 Forces acting on a three-part wedge MSW landfill 

with RSB model 

Considering the force equilibrium of the active wedge 

in X direction (∑FX = 0) and Y direction (∑FY = 0) gives 
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where EHPA = normal force from passive wedge acting 

on active wedge, WA = weight of active wedge, kv = 

vertical seismic acceleration coefficient, ψ = angle of 

back slope measured from horizontal, δA = minimum 

interface friction angle of liner components beneath 

active wedge, FSA = factor of safety for active wedge, 

CA = apparent cohesive force between liner components 

beneath active wedge, kh = horizontal seismic 

acceleration coefficient. It is assumed that 

tansw sw Vm FS and sw sw Vn C FS , where ϕsw = 

internal friction angle of solid waste, FSV = factor of 

safety at interface between active and passive wedges, 

and Csw = apparent cohesive force of solid waste. 

Considering the force equilibrium of the passive wedge 

in X direction (∑FX = 0) and Y direction (∑FY = 0) gives 
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where WP = weight of passive wedge, θ = angle of 

landfill cell subgrade measured from horizontal, EHBP = 

resultant force from RSB acting on passive wedge, CP = 

apparent cohesive force between liner components 

beneath passive wedge, FSP = factor of safety for 

passive wedge, δP = minimum interface friction angle of 

liner components beneath passive wedge, δPB = 

minimum interface friction angle between passive 

wedge and RSB, EHAP = normal force from active wedge 

acting on passive wedge. It is assumed that

PB PB Vn C FS , where CPB = apparent cohesive force 

between solid waste and RSB. Finally, considering the 

force equilibrium of reinforced soil berm in X direction 

(∑FX = 0) and Y direction (∑FY = 0) gives  
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where EHPB = normal force from passive wedge on RSB, 

WB = weight of RSB, CB = apparent cohesive force 

between RSB and foundation soil, and δb = minimum 

interface friction angle between RSB and sub-grade soil. 

As EHBP = EHPB, EHAP = EHPA and FSV = FSB = FSA = FSP 

= FSsli, substituting Eq. (1) and Eq. (3) into Eq. (2) gives 
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Factor of safety against sliding, FSsli, can be determined 

from eq. (4). The limit state function for sliding failure 

mode is written as  

  1 0sli slig x FS                                                      (5) 

3.2 Safety Margin for Eccentricity Failure 

The factor of safety against eccentricity failure is given 

below: 

 

 2 4
e

B
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e
                            (6) 

where e is the eccentricity of the resultant force striking 

on the base (B2). It can be calculated using: 
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The eccentricity should be lesser than one-fourth of the 

base width of berm (B2/4) for the seismic stability of 

RSB (FHWA 2001). Further, the total vertical force 

(∑V), resisting moments (∑MR), and overturning 

moments (∑MO) can be estimated as shown below: 
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where EVPB = frictional force acting on RSB next to 

passive wedge. The limit state function for eccentricity 

failure mode can be written as  

 

  1 0e eg x FS                                                  (11) 

3.3 Safety Margin for Bearing Capacity 

Failure 

The factor of safety against bearing capacity failure is 

the ratio of ultimate bearing capacity of a foundation of 

RSB (qu) and vertical stress at the base (σv) which is 

shown below:  
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where  

 20.5 2u c sq cN B e N                                      (13)
                  

c = cohesion of foundation soil, γs = unit weight of 

foundation soil and Nc, Nγ = bearing capacity factors. 

The vertical stress at the base is given by 
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The limit state function for bearing capacity failure 

mode is given by  

 

  1 0b bg x FS  
 (15) 

4 RESULTS AND DISCUSSION  

The parameters in the analysis are given as follows: 

angle of front slope of landfill measured from 

horizontal, η = 14˚, angle of back slope of landfill 

measured from horizontal, ψ = 18.43˚, angle of landfill 

subgrade measured from horizontal, θ = 1.1˚, angle of 

landfill cover slope, ξ = 14˚, ratio of height of berm to 

height of landfill, H2/H1 = 0.1, ratio of height of waste 

mass above back slope to height of landfill, Ht/H1 = 0 – 

0.5, ratio of top width of waste mass to height of landfill, 

BT/H1 = 0.143, unit weight of solid waste, γsw = 10.2 

kN/m3, unit weight of foundation soil, γs = 19 kN/m3, 

unit weight of RSB, γb = 20 kN/m3, internal friction 

angle of waste, ϕsw = 30˚, friction angle of RSB, ϕb = 

30˚, friction angle of foundation soil, ϕs = 32˚, apparent 

cohesion between liner components beneath active 

wedge, ca = 2 kN/m2, apparent cohesion between liner 

components beneath passive wedge, cp= 11.5 kN/m2, 

cohesion of solid waste, csw = 3 kN/m2, apparent 

cohesion of foundation soil, c = 5 kN/m2, interface 

friction angle between liner components, δAP = 22˚ (δA = 

δP = δAP), minimum interface friction angle of liner 

components beneath RSB, δb = (2/3) ϕs, vertical seismic 

acceleration coefficient, kv = 0, horizontal seismic 

acceleration coefficient, kh = 0 – 0.2. The statistics of 

random variables are presented in Table 1. 

Table 1 Statistics of Random Input Parameters Considered 

in this Study 

Random 

variable 

 Statistic

s 

  

M
ea

n
, 

μ
 

C
O

V
 (

%
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D
is

tr
ib

u
ti

o
n
 

S
o

u
rc
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γsw (kN/m3) 10.2 0 - 10 N Singh et al. (2009) 

ϕsw (deg) 30˚ 10 - 30 LN Srivastava et al. 

(2014) 

csw (kN/m2) 3 10 - 80 LN Babu et al. (2014) 

δAP (deg) 22˚ 0 - 20 LN Sia and Dixon 

(2007)     

ca,cp  (kN/m2) 2 – 

11.5 

10 - 80 LN Babu et al. (2014) 

γb (kN/m3) 18 5 N Duncan (2000) 

ϕb (deg) 25˚ 5 - 15 LN Phoon and 

Kulhawy (1999) 

ϕs (deg) 32˚ 5 - 15 LN Phoon and 

Kulhawy (1999) 

δb (deg) 25˚ 5 - 15 LN Phoon and 

Kulhawy (1999) 

kh 0.0– 

0.2 

5 - 40 N Na et al. (2008) 

 N: normal, LN: Lognormal 

 

The influence of kh on the stability against sliding, 

eccentricity and bearing capacity failure modes is 

demonstrated in Figures 2, 3 and 4. It is observed that 

for COV of kh = 10%, the non-dimensional width of RSB 

(B2/H2) should be increased as the value of kh increases. 

It is noted from Figure 2 that computed width of RSB 

(B2) is safe against all three modes of external failure for 

kh = 0 and Ht/H1 = 0.0 - 0.5. It is reported that the design 

input parameters to construct a RSB are adequate for 

static case (kh = 0).  

 

It can be seen from Figures 3 and 4 that the horizontal 

seismic force influences the dimension of RSB 

significantly. An observation that can be made from 

Figure 3 is that for kh = 0.2, B2/H2 = 0.62, δAP = 22˚ and 

Ht/H1 = 0 .1, the reliability indices against sliding failure 

(βsli), eccentricity failure (βe) and bearing capacity 

failure (βb) are 1.096, 3.466 and 3.027 respectively. In 

case of reliability index against sliding failure (βsli), the 

effect of Ht/H1 on B2/H2 is minimal. On the other hand, 

the marginal increase in height of waste mass above 

back slope to height of back slope (Ht/H1) influences the 

reliability indices against eccentricity failure (βe) and 

bearing capacity failure (βb) significantly. Thus, 

adequate dimensions of RSB (B2/H2) can be calculated 

from the results to maintain the seismic stability against 

target reliability index (β = 3.0). 
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Fig. 2 Variation of B2/H2 ratio with reliability indices βsli, 

βe and βb modes for Ht /H1 = 0.0-0.5 and kh = 0.0 

 

Fig. 3 Variation of B2/H2 ratio with reliability indices βsli, 

βe and βb modes for Ht /H1 = 0.0-0.5 and kh = 0.1 

 

Fig. 4 Variation of B2/H2 ratio with reliability indices βsli, 

βe and βb modes for Ht /H1 = 0.0-0.5 and kh = 0.2 

5 CONCLUSIONS 

The methodology presented in this paper provides the 

optimum dimensions of RSB for vertically expanded 

landfill under seismic loading. The conventional 

methods are inadequate to evaluate the seismic stability 

of MSW landfills as the variability associated with 

strength parameters are not taken into account. The 

optimization technique enables one to provide safe 

design of RSB for a vertically expanded MSW landfill. 

It is observed that magnitude of horizontal acceleration 

coefficient (kh) has a considerable influence on seismic 

stability of RSB. It is illustrated that B2/H2 should be 

increased significantly to attain the target reliability 

indices (β = 3.0) against all the three modes of failure 

when kh increases from 0 to 0.2.   
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