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1 INTRODUCTION 
 
Over the years the regulations towards the contain-
ment of waste and the leachate in a landfill have be-
come more stringent to assure the protection of 
groundwater and the environment in general. The 
landfill lining systems play an integral role in the con-
tainment of waste and its by-products. In this regard, 
the short-term and long-term stability and integrity of 
the landfill liner systems are crucial for effective op-
eration and optimal performance of a landfill. A mod-
ern composite liner system typically consists of a 
thick compacted clay layer overlain by a geomem-
brane (GM) and other geosynthetic components such 
as geotextiles (GT) and geonets (Sharma & Reddy, 
2004). The interfaces formed by geosynthetic compo-
nents usually pose the major chances of failure under 
the overburden stresses induced by the waste (Reddy 
et al. 1996). In fact, the complex changes in the waste 
characteristics/properties with time due to the decom-
position of organic constituents along with other cou-
pled interactions (fluid flow and mechanics of waste) 
within the waste affects the way waste interacts with 
the underlying liner system and this has a major in-
fluence on the shear behaviour within the liner inter-
faces (especially the weak geosynthetic interfaces). 
This is further exacerbated by the rapid changes that 
occurs with the accelerated decomposition of waste in 

leachate recirculating landfills (o bioreactor land-
fills). 

Several researchers have investigated the stability 
and integrity of the liner systems with a range of com-
plexity of the problem. Some researchers used tradi-
tional limit equilibrium (LE) methods to analyze the 
stability of the lining systems with no regard to the 
stress-strain behaviour of the interfaces thereby ig-
noring the local instability of the liner systems. A few 
studies did use a more realistic numerical approach 
involving finite element analysis or a finite difference 
analysis considering the deformation characteristics 
of the interface materials, non-linearity in material 
properties and spatial variations in the mobilized 
shear strength along the interfaces. Some studies an-
alysed the influence of the waste settlement on inter-
face shear behaviour of geosynthetic components, but 
they did not model the mechanism causing the settle-
ment (Jones & Dixon 2005). In addition, these studies 
did not incorporate and analyze the influence of the 
changing waste characteristics due to waste decom-
position and the subsequent changes in waste settle-
ment with time on the stability and integrity of the 
liner systems. Moreover, the waste is highly hetero-
geneous and anisotropic, and conclusions derived out 
of a deterministic analysis obtained by assigning a set 
of values to MSW properties is not reliable. A proba-
bilistic analysis involving the spatial variability in the 
waste properties within the waste is more desirable 
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and the conclusions derived on the performance of the 
landfill based on those results would be more reliable. 

This study presents a numerical investigation per-
formed to evaluate the evolution and distribution of 
shear stresses and shear displacements along the geo-
synthetic interface formed by a smooth HDPE ge-
omembrane and nonwoven geotextile (SGM-NWGT) 
during rapid decomposition of waste under simulated 
leachate injection in landfill. The numerical analyses 
were performed using a numerical framework, devel-
oped by Reddy et al. (2017), that can simulate the 
coupled hydro-bio-mechanical processes in MSW 
landfills. Furthermore, several different cases were 
evaluated including the effect of leachate injection, 
landfill slope geometry, mode of leachate injection 
and spatially variability in MSW properties to under-
stand the influence of different system variables and 
the statistical variation of waste properties on the 
long-term interface shear behaviour of SGM-NWGT 
interface in a typical composite liner system. 

 
 

2 METHODOLOGY 

2.1 Numerical modelling framework 

The numerical model adopted in the analyses per-
formed in this study is a coupled hydro-bio-mechani-
cal (CHBM) model formulated in Fast Lagrangian 
Analysis of Continua (FLAC), a finite difference 
code. The CHBM model combines and simultane-
ously solves a hydraulic two-phase flow model, a me-
chanical elasto-plastic constitutive model and a first 
order decay biodegradation model. The fluid flow is 
dictated by Darcy’s law while the unsaturated fluid 
flow is governed by the relative permeabilities given 
by the van Genuchten functions (van Genuchten 
1980). The mechanical stresses and strains are deter-
mined based on a 2-D plane strain formulation of the 
Mohr-Coulomb constitutive law. The biodegradation 
model used in the CHBM framework is similar to the 
LandGEM model developed by USEPA (USEPA 
2005). However, the biodegradation model is impro-
vised to account for the varying moisture contents 
within the waste and its effects on the rate of waste 
decomposition. A detailed explanation about the nu-
merical formulation of the coupled hydro-bio-me-
chanical framework is presented in Reddy et al. 
(2017). 

2.2 Landfill configuration 

A schematic of the landfill configuration used in this 
study is shown in Figure 1. The figure shows typical 
landfill geometry with four horizontal trenches (HTs) 
used as a leachate recirculating system (LRS) to sim-
ulate bioreactor landfill conditions. A typical leachate 
injection pressure of 100 kPa was used in all the nu-

merical analysis performed (Xu et al. 2011). The lay-
out of the HTs is also shown in Figure 1. The waste is 
placed in ten layers with each layer being 3-m thick, 
resulting in a total MSW height of 30 m. The resulting 
waste slope was 1V:3H. The composite liner system 
consists of a 1-m thick compacted clay layer overlain 
by smooth High-Density Polyethylene (HDPE) ge-
omembrane and nonwoven geotextile. A 0.5 m thick 
high permeable layer of gravel (leachate drainage 
layer) overlies the geotextile in the liner system. A 1-
m thick layer of vegetative soil covers the top of geo-
textile in the final cover system. A detailed explana-
tion of the dimensions of the landfill, the initial and 
boundary conditions for hydraulic and mechanical 
parameters is reported in Reddy et al. (2017). 

2.3 Material properties 

The parameters required for the numerical model are 
the geotechnical properties of MSW, liner/cover 
soils, and interface materials consisting of geosyn-
thetic components. The geotechnical properties of the 
liner/cover soils and interfaces are similar to the ones 
reported in Reddy et al. (2017). A trending heteroge-
neity with varying geotechnical properties along the 
landfill depth was considered to simulate realistic 
field conditions. For the probabilistic analysis of the 
landfill performance, the spatial variability of se-
lected MSW properties was considered assuming a 
log-normal distribution to simulate heterogeneity of 
MSW. The statistical range of the selected MSW 
properties and their coefficient of variation obtained 
from the published experimental and field data on 
MSW properties is reported in Reddy et al. (2018b). 
The MSW unit weight and saturated hydraulic con-
ductivity was varied along the landfill depth using the 
formulation proposed by Zekkos et al. (2006) and 
Reddy et al. (2009), respectively. The initial porosity 
and initial saturation of the MSW were varied with 
landfill depth based on mass-volume relationships. 
The initial shear strength parameters and the stiffness 
of MSW were assumed to be the same throughout the 
landfill. However, these parameters varied with time 
based on the decomposition of waste with time. The 
unsaturated hydraulic properties of MSW (α = 1.18 
kPa-1, n = 1.33, θr = 0.03) were taken from the exper-
imental studies on US MSW conducted by 
Breitmeyer & Benson (2011). The interface shear 
strength parameters for SGM-NWGT interface were 
assumed constant and were taken from Wasti & 
Özdüzgün (2001). The normal and shear stiffness of 
the interface was calibrated based on the values re-
ported in Sia & Dixon (2012). The biochemical me-
thane potential of MSW was assumed to be 100 
m3/Mg for all the numerical analyses. The list of all 
the initial properties used for the numerical analyses 
discussed in this study is shown in Table 1. 
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Table 1. Initial properties of MSW considered for model simulations 
Layers Depth (m) Unit Weight γ (kN/m3)1 Hydraulic Conductivity, kv (cm/s)2 Saturation (%) Porosity (%)3 
10 (Top) 0-3 8 9.1x10-4 36 54 

9 3-6 8.7 6.8x10-4 37 50 
8 6-9 9.2 3.1x10-4 38 47 
7 9-12 9.6 1.5x10-4 39 44 
6 12-15 9.9 9.5x10-5 40 42 
5 15-18 10.1 8.0x10-5 41 40 
4 18-21 10.3 4.3x10-5 42 39 
3 21-24 10.5 2.5x10-5 43 38 
2 24-27 10.6 1.4x10-5 44 37 

1 (Bottom) 27-30 10.8 9.3x10-6 45 36 
1 Zekkos et al. 2006, 2 Reddy et al. 2009, 3 (Mass-Volume) Phase relationships 

 

Figure 1. Typical bioreactor landfill configuration along with its components selected for numerical simulations 
 

2.4 Numerical simulations 

Several deterministic and probabilistic numerical 
analyses were performed by simulating several differ-
ent cases of landfill conditions. The deterministic 
cases analysed include: Case (1) landfill simulation 
with continuous mode of leachate injection (bioreac-
tor landfill conditions); Case (2) landfill simulation 
with continuous mode of leachate injection but with a 
waste slope of 1V:2H; Case (3) landfill simulation 
with an intermittent mode (1 week on and 1 week off) 
of leachate injection. A probabilistic analysis was 
also performed by running several Monte-Carlo sim-
ulations (MCS) similar to the deterministic Case 1 
mentioned above, but with a spatially varying ran-
domly distributed (log-normal) field of selected 
MSW properties. A total of 400 MCS were performed 
due to the large amount of uncertainty associated with 
the MSW properties reported in literature. The nu-
merical analysis was carried out for each realization 
of MCS by simulating a continuous leachate injection 
through the four HTs at an injection pressure of 100 
kPa until the waste attained stabilisation. A detailed 
explanation on the probabilistic analysis discussed in 
this study is presented in Reddy et al. (2018b). Each 
of the numerical simulation performed either as a de-
terministic or as a probabilistic analysis was run until 
the waste reached complete stabilization. 

In this study, the complete stabilized state of the 
waste is defined as the time required for complete 
MSW settlement to occur or the injection duration at 
which the factor of safety calculated for the MSW 

slope is less than 1.5, whichever occurs first. The sign 
conventions adopted in the results shown in the study 
are described in ICGI (2011). In general, the negative 
stress/strain indicates compression while positive 
stress/strain indicates tension. 

 
 

3 RESULTS AND DISCUSSION 
 
The typical distribution of shear stresses and shear 
displacements along the SGM-NWGT interface in the 
side slope and base liner for the specific landfill ge-
ometry and boundary conditions (Figure 1) operated 
with leachate injection (Case 1) is shown in Figure 2a 
and 2b, respectively. The interface shear stress and 
shear displacement for the composite liner system are 
plotted with distance along the liner from the MSW 
slope toe at the ground level (GL) till the end of the 
base liner at the right end of the landfill cell model. 
The induced shear stress along the side slope liner in-
terface, from left to right, increase initially to reach a 
maximum and drastically reduces to zero at the end 
of the side liner. Likewise, the induced shear stresses 
in the base liner, from left to right, increases initially 
to reach a peak value and gradually drops to zero to-
wards the right end of the base liner. The negative 
shear stresses observed along the base liner imply the 
buttressing effect induced by the lateral displacement 
constraint imposed at the right end of the landfill cell 
model. The shear stresses were higher along the side 
slope liner when compared to the base liner. This is 
due to the initial mobilization of friction on the side 
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slope from the displacement/sliding of the waste 
overlying the side slope liner.  

It is evident from Figure 2 that unlike conventional 
LE analysis where the design is based on either peak 
or residual strength for the side slope and base liner, 
the numerical analysis such as this implies that the 
mobilized shear strength varies all along the interface 
based on the amount of shear displacement. This can-
not be captured in LE analyses and often the design 
ends up being over conservative or under conserva-
tive. Similarly, trend in the shear stresses and shear 
dis-placements were observed along the SGM-
NWGT interface for a conventional landfill simula-
tion (Reddy et al. 2017) where there was no leachate 

re-circulation. However, the induced shear stresses 
and displacements were found to be lower and were 
observed much later in the landfill operational time 
when compared to than in the bioreactor landfill. 

Figure 3 shows the temporal variation in the max-
imum shear stresses and shear displacements along 
the SGM-NWGT interface for the bioreactor landfill 
conditions (Case 1). The maximum shear stresses and 
maximum shear displacements along the side slope 
and the base liner were found to vary with time due 
to changes in the MSW properties from waste decom-
position. 

 

 
Figure 2. Distribution of (a) interface shear stress (b) interface shear displacement along the liner interface in a simulated bioreactor 
landfill condition 

 
This in turn implies a strong influence of waste be-
haviour on the interface shear response of the compo-
site liner system. In Figure 3a the maximum induced 
shear stresses along the base liner interface increased 
with time while the induced shear stresses decreased 
with time along the side slope liner interface. This is 
attributed to the changes in the cohesion, friction an-
gle, stiffness and unit weight of the waste which were 
considered a function of waste degradation in the 
CHBM model. It was observed that for the friction 
angle of MSW lower than the MSW slope angle the 
shear stress would decrease along the side slope liner. 
A similar observation was found in the numerical in-
vestigation on the effect of shear strength of waste on 
the interface shear response performed by Jones & 
Dixon (2005). The increase in the maximum shear 
stresses along the base liner interface was mainly due 
to the increase in the normal stresses induced by the 
higher unit weight of the waste with time. 

The maximum shear displacements (Figure 3b) 
along the interface was similar to the variation of 

maximum shear stress with time and the maximum 
shear displacements along the side slope liner de-
creased with time as the waste degradation pro-
gressed. This can be due to the changes in the waste 
stiffness with time as the waste was found to be pro-
gressively less stiff than its initial stiffness when it 
was placed. However, the waste stiffness was found 
to increase along the landfill depth due to an increase 
in the unit weight with waste depth. These observa-
tions were made by some of the previous researchers 
who looked at the effect of varying stiffness of waste 
on the shear stresses and shear displacements along 
There is however no clear explanation as to how stiff-
ness of waste could affect the interaction of waste 
with the underlying liner system. In the study by Sia 
and Dixon (2012), the authors remarked that a softer 
waste overlying the liner interface would have more 
interaction within the waste than with the liner when 
compared to the stiffer waste which has lower defor-
mations within the waste and induces higher shear 
displacements in the liner interface.
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Figure 3. Evolution of (a) maximum shear stress (b) maximum shear displacements with time 

 
Table 2. Summary of the maximum shear stresses and shear displacements for different landfill cases 

Case Time (Years)/MSW Condition  
Max. shear stress (kPa) Max. shear displacement (mm) 

Side slope Base Side slope Base 

Case 1 
After waste placement (Stiff) 37.1  4.8  15.8  1.9  
5 (Intermediate) 24.1  29.2  11.2  11.4  
16 (Soft) 14.3  34.5  7.6  13.5  

Case 2 
After waste placement (Stiff) 41 2.3 17.5 1 
5 (Intermediate) 29.9 17.4 13.5 6.8 
18 (Soft) 22.3 20.9 9.9 8.1 

Case 3 
After waste placement (Stiff) 37.1 4.8 15.8 1.9 
5 (Intermediate) 31.7 23.7 14.4 9.1 
28 (Soft) 14.5 34.5 6.7 13.5 

 
It is important to note that the influence of the rate of 
settlement, which was not addressed in the previous 
studies, was found to have a major influence on the 
induced shear stresses with time. The high rate of set-
tlement as observed in bioreactor landfill conditions 
lead to a rapid reduction in the shear stresses and 
shear displacements due to rapidly changing waste 
properties with decomposition. A detailed discussion 
on the results of settlement is presented in Reddy et 
al. (2017). The distribution of the shear stresses and 
shear displacements along the SGM-NWGT interface 
for the Case (2) and Case (3) were similar to the 
trends shown in Figure 2a and 2b, respectively. How-
ever, the values for the maximum induced shear 
stresses and maximum shear displacements were dif-
ferent. Table 2 summarizes the observed maximum 
shear stresses and shear displacements along the side 
slope liner and base liner interface at different waste 
conditions after degradation for the three cases men-
tioned in this study. 

The Case (2) which simulated a landfill geometry 
with steeper waste slope (1V:2H) induced shear 
stresses relatively higher than the stresses induced in 
Case (1) along the side slope liner interface and rela-
tively lower along the base liner. A similar effect of 
the landfill slope gradient on interface shear stress, 
during the initial waste placement (stiff MSW), was 
observed by Reddy et al. (1996). 

The interface shear displacement along the side slope 
and bottom liners followed a similar trend as that of 
induced shear stress, where the 1V:2H slope gradient 
encountered a larger shear displacement (as much as 
17.5 mm) along the side slope than the 1V:3H waste 
slope (15.8 mm). In addition, the shear displacements 
were found to be more concentrated towards the toe 
of the slope unlike other cases where the shear dis-
placements were more progressively pronounced to-
wards the anchorage end of the side slope liner (refer 
Reddy et al. 2018a). The fact that a slope of 1V:2H 
can accommodate slightly more MSW on the side 
slope liner than a slope of 1V:3H in other cases, may 
induce higher lateral pressure on the side liner, thus 
causing the difference in the magnitude of the in-
duced shear stresses. Therefore, the landfill geometry 
has a noticeable influence on distribution of shear 
stresses along the liner interfaces. Case (3) simulated 
a landfill with an intermittent mode of leachate injec-
tion as opposed to a continuous mode of leachate in-
jection in other cases. This resulted in a more gradual 
and subsided response with regards to the interface 
shear stresses and shear displacements. The rate of 
degradation was slower and that essentially was re-
flected in the evolution of the interface shear response 
with time. There was a considerable difference in the 
shear stresses along the liner interface between that in 
Case (3) and other cases analysed at specific opera-
tional times, however, there was no difference in the 
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magnitude of the final shear stresses or displacements 
attained in both the landfill simulations. The results 
of Case (2) and Case (3) along with a detailed discus-
sion on the results is presented in Reddy et al. 
(2018a). In each of the cases (Case 1-3) discussed in 
this study, the mobilized shear strength as determined 
from the Mohr-Coulomb shear strength criterion and 
found to be much higher than the induced shear 
stresses for the most part of the liner interface thereby 
indicating that the liner is safe against any integ-
rity/serviceability issues for the given site-specific 
landfill conditions analysed for in these cases. The 
observed shear displacements were considerably low 
since the actual strain softening behaviour of the in-
terface was not modelled in the numerical analyses. 

A probabilistic analysis using the MCS was also 
performed to identify the influence of the spatial var-
iability in MSW properties on the shear response 
along the SGM-NWGT interface in a composite liner 
system. The variation of the probability of occurrence 
(likelihood of the occurrence) of a targeted value for 
shear stress in the side slope liner (SSSL) and base 

liner (SSBL) interface and shear displacement in the 
side slope liner (SDSL) and base liner (SDBL) interface 
after 1 year (1Y), 5 years (5Y), 8 years (8Y), 10 years 
(10Y) of leachate injection and waste stabilization 
time were calculated (refer Reddy et al. 2018b). 

Table 3 summarises the maximum interface shear 
stress and the maximum interface shear displacement 
along the side slope liner and base liner, after leachate 
injection durations of 1Y, 5Y, 8Y, 10Y and waste sta-
bilization. Clearly, the values of interface shear stress 
and shear displacements along the liner interface as 
obtained from the probabilistic analysis are relatively 
lower when compared to deterministic analysis. A de-
terministic analysis would therefore overestimate the 
requirements (stiffer and thicker geosynthetics) for 
the liner system. Hence, a more reliable estimate of 
the possible shear stresses and shear displacements 
given the large variability of MSW properties would 
be more helpful then an inconclusive result from a 
less likely scenario of a deterministic analysis. More 
details on the probabilistic analysis is presented in 
Reddy et al. (2018b).

 
Table 3. Summary of the most probable values for maximum shear stresses and shear displacements along the interface 

Time (Years) SSSL (kPa) SSBL (kPa) SDSL (mm) SDBL (mm) 
1 1 – 7.5  5.5 – 7  1 – 7  1.8 – 2.2 
5 2 – 10.5 8 – 11  1.4 – 8.4 3 – 4 
8 3 – 12.5  10.5 – 15  1.8 – 8.8 3.8 – 5.3 
10 4 – 13.5  12 – 16.5  2.2 – 9  4 – 5.6 

Stabilisation 4.5 – 13.5  13 – 17.5  2.6 – 9.8 4.4 – 5.8 
 

4 CONCLUSIONS 
 
- The changes in MSW properties specifically the 

stiffness and shear strength of the waste along with 
the rate of waste settlement, considerably affects 
the shear behaviour along the interface, especially 
for bioreactor landfills. 

- Bioreactor landfill system variables such as land-
fill geometry and mode of leachate injection have 
a noticeable impact on the waste behaviour and the 
interface shear behaviour. 

- Probabilistic analysis considering spatial variabil-
ity in MSW properties provides a more reliable 
means to analyse and design the liner systems us-
ing the most probable interface shear responses for 
site-specific conditions. 
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