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1. Introduction 
 

The leachate collected from the Leachate Collection and 

Removal System (LCRS) becomes commonly recirculated 

in Municipal Solid Waste (MSW) landfills to accelerate the 

biodegradation process in landfills and increase its airspace. 

Therefore, the long-term maintenance costs can be reduced 

while biogas production can increase (Reinhart and 

Townsend 1997, Reinhart et al. 2002, Sharma and Reddy 

2004, Jain et al. 2010). However, the addition of moisture 

develops extra pore pressures within the landfill body 

resulting in decreased effective stresses and shear strength, 

which are among the main factors in analyzing slope 

stability. There are many reports of landfill slope failures 

caused by excess pore pressure development either caused 

by leachate recirculation or heavy rainfall events, which 

highlights the importance of understanding hydraulic 

processes in landfills and subsequently, these effects have 

been studied (Koerner and Soong 2000, Merry et al. 2005, 

Roy et al. 2009, Jafari et al. 2013, Zhai et al. 2022, Li et al. 

2022). The pore pressure distribution is highly controlled by 

the injection pressure, injection pipe locations, and the 
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unsaturated hydraulic properties of MSW (Stoltz et al. 

2012, Xu et al. 2014, Byun et al. 2019). 

There are many examples of loss of landfill stability or 

function caused by excess pore pressure from leachate 

recirculation, including Kettleman Hills in California 

(Mitchell et al. 1990), Dona Juana landfill in Colombia 

(Hendron et al. 1999), Rumpke landfill in Cincinnati, Ohia 

(Eid et al. 2000, Stark et al. 2000), Payatas landfill in the 

Philippines (Merry et al. 2005) and Xerolakka landfill in 

Greece (Athanasopoulos et al. 2013), Greentree landfill 

failure of 2017 in Pennsylvania (The Courier Express, 

2020), and many more. Gaillard and Cadag (2009) report 

that the Payatas landfill slope failure killed at least 330 

people in 2000, and many had to leave their homes because 

of the proximity to the landfill site (Jafari et al. 2000). Due 

to the confidentiality of the landfill operation and the 

contract with the landfill owners, there might be more 

failure cases of landfills that are not recorded (Bonaparte et 

al. 2020), whether serviceability or total loss failures in 

landfills would be a human and economic forfeiture for 

states or countries. Therefore, the stability of landfills in 

terms of slope stability and significant settlement issues are 

in the interest of engineers. 

The stability of landfill slopes has been monitored more 

closely after introducing leachate recirculation practices 

(Giri et al. 2013, Xu et al. 2012). The main factors that 

affect the static stability of landfills include the shear 
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Abstract.  This study investigated the effect of water retention characteristics between aged and fresh Municipal Solid Waste 

(MSW) on the stability of the landfill. A series of transient numerical modeling for the slope of an MSW landfill was performed 

considering the variation of water retention characteristics due to leachate circulation. Four different scenarios were considered 

in this analysis depending on how to obtain hydraulic conductivity and the aging degree of materials. Unsaturated hydraulic 

properties of the MSW used for the modeling were evaluated through modified hanging column tests. Different water retention 

properties and various landfill conditions, such as subgrade stiffness, leachate injection frequency, and gas and leachate 

collection system, were considered to investigate the pore water distribution and slope stability. The stability analyses related to 

the factor of safety showed that unsaturated properties under those varied conditions significantly impacted the slope stability, 

where the  factor of safety decreased, ranging between 9.4 and 22%. The aged materials resulted in a higher factor of safety than 

fresh materials; however, after 1000 days, the factor of safety decreased by around 10.6% due to pore pressure buildup. The 

analysis results indicated that using fresh materials yielded higher factor of safety values. The landfill subgrade was found to 

have a significant impact on the factor of safety, which resulted in an average of 34% lower factor of safety in soft subgrades. 

The results also revealed that a failed leachate collection system (e.g., clogging) could result in landfill failure (factor of safety < 

1) after around 298 days, while the leachate recirculation frequency has no critical impact on stability. In addition, the 

accumulation of gas pressure within the waste body resulted in factor of safety reductions as high as 24%. It is essential to 

consider factors related to the unsaturated hydraulic properties in designing a landfill to prevent landfill instability. 
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properties of MSW and subgrade, unit weight, slope 

geometry, MSW hydraulic conditions, and waste-liner 

friction (Alidoust et al. 2021). Previous studies have studied 

how to improve the design and operating considerations in a 

landfill. Hossain and Haque analyzed the stability of landfill 

slopes with decomposition by using the numerical modeling 

program PLAXIS and STABL (Hossain and Haque 2009). 

Their results showed that the factor of safety (FS) decreases 

as the biodegradation process advances over time due to a 

loss in shear strength. Therefore, they recommended 

considering the changing MSW parameters with 

decomposition in the analysis of landfill slopes. Zekkos et 

al. (2010) investigated the failed landfill in southern Greece 

in 2010 by limit-equilibrium and finite element analysis. 

They concluded that many factors included slope 

inclination, poor compaction practices, lack of daily cover 

soil and surface water management, and increased leachate 

and gas pore pressures due to the absence of a gas 

collection system triggering the instability of that landfill. 

Giri and Reddy (2014a) studied the effect of unsaturated 

hydraulic properties of MSW on the slope stability of 

landfills. Their study showed that the unsaturated condition 

of MSW affects the leachate distribution, pore water 

pressure, and slope stability in a transient condition. 

However, their findings are based on very limited and 

uncertain MSW unsaturated properties that were available. 

In another study, Giri and Reddy (2014b) evaluated 

heterogeneity and anisotropic influence on slope safety. 

They showed that the heterogeneous and anisotropic nature 

of MSW is recommended to be considered in slope 

analysis. Byun et al. (2019) reviewed the effect of leachate 

injection configuration and material condition in a landfill 

in South Korea. Their study showed that the FS decreased 

when leachate recirculation was applied and even more 

when higher injection pressures were considered. Using this 

analysis, they determined the optimum location of injection 

pipes to be at heights above Y/H=0.33 (Y is the height of 

the injection pipe, and H is the total height). This study was 

based on material properties obtained from Wu et al. 

(2012), where the unsaturated parameters seem unreliable 

due to the ratio of a sample size to cell diameters, while the 

effect of the uncertainty of the unsaturated parameters on 

landfill stability was not studied. Previous studies 

performed stability evaluations based on material properties 

measured by unrepresentative materials (heterogeneous 

material due to small cell dimensions or a large sample-to-

cell diameter ratio). The effect of the degree of compaction 

in unsaturated soil has also been the subject of study 

(Rasool 2022). Furthermore, the effect of a functioning 

LCRS and gas collection system on the FS of a landfill 

slope was not evaluated. Also, the role of unsaturated 

hydraulic conductivity which determines how the leachate 

recirculation changes the pore distributions in a landfill is 

not fully investigated. 

The objective of this study is to evaluate the unsaturated 

properties of MSW material under field conditions, 

obtained from an operating landfill, and to analyze the 

effect of the variation of the unsaturated properties 

(including unsaturated properties from literature) on the 

pore-water pressure distribution and slope stability in the 

landfill with LCRS and gas collection system. A series of 

numerical modeling and simulations were employed. Based 

on the results, changes in the FS were assessed for the 

variation of unsaturated hydraulic properties associated with 

subgrade stiffness, leachate injection frequency, and gas 

collection system as well as leachate circulation. For this 

purpose, representative fresh MSW samples were tested to 

obtain unsaturated properties at two different compaction 

levels. Additionally, the results of the unsaturated 

experiments, along with those reported in the literature 

(including measured unsaturated hydraulic conductivity), 

which were obtained for different compaction and age of 

MSW, were used as the input data in the numerical model to 

determine the hydraulics of the engineered structure as well 

as the FS for stability. Considering the impact of the factors, 

the analysis results are helpful for a more accurate and 

effective geotechnical design of MSW landfills and to 

prevent slope instability events. 

 

 

2. Materials and methods 
 

2.1 Butler county landfill slope 
 

The Butler County Landfill is an operating landfill 

located approximately 90 km east of Omaha, NE. The site 

under our investigation is located at the southwest corner of 

the landfill. In Dec 2018, a team from the University of 

Nebraska- Lincoln installed impermeable geomembranes to 

monitor field gas emissions through intermediate 

membranes before a soil cover layer made from low 

plasticity clayey silt was placed on top of the landfill (Feng 

et al. 2020, 2023). The height of the slope is approximately 

35 m, and the length at the bottom liner is 150 m. Butler 

County Landfill’s Operation Manager provided basic 

geometry, layering, and leachate reinjection information. 

Butler County follows all Nebraska Department of 

Environment and Energy (NDEE) regulations. Waste layers 

of around 9.14 m thickness are compacted as being placed.  

There is a 0.46 m intermediate layer of compacted 

native soil layers placed after each waste layer. However, 

due to the large settlement and subsequent cracks, the 

intermediate layers are neglected in analysing hydraulic 

procedures. 

 

2.2 Unsaturated hydraulic properties of municipal 
solid waste 

 

Unsaturated flow models use input parameters from 

water retention characteristic (WRC) fitting models and the 

hydraulic conductivity values of MSW. The saturated 

hydraulic conductivity of MSW is highly dependent on void 

ratio changes, dry density, and decomposition (Breitmeyer 

and Benson 2011, Breitmeyer et al. 2020). While it is 

difficult to formulate saturated hydraulic conductivity 

because of the cancelling effect of some of the factors, the 

relationship between void ratio and saturated hydraulic 

conductivity was proposed by Breitmeyer et al. (2019). 

Subsequently, it is necessary to find the change of void ratio 

in a vertical profile of a landfill due to the self-weight of the  
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MSW layers. Hartwell et al. (2021, 2022) analyzed the 

geotechnical properties of MSW in a landfill in Nebraska 

(with similar constituents to the disposed of waste in Butler 

County landfill) in relation to the vertical depth using a 

large-diameter borehole method. The equation which 

correlated the void ratio with the depth was suggested as 

follows 

𝑒 = 0.693 ln(𝑑) + 2.93 (1) 

where d is the depth in meter and e is the void ratio (emin = 

0.48). The mid-depth of each layer was chosen to represent 

an average of the void ratio in that layer. Breitmeyer et al. 

(2019) suggested the best-fit parameters of 𝜆 = 1.5 ×
10−4𝑚/𝑠  and β = 8.36 for the saturated hydraulic 

conductivity equation that was suggested by Samarasinghe 

et al. (1982) for consolidated clays 

𝐾𝑠 = 𝜆 (
𝑒𝛽

1 + 𝑒
) (2) 

where Ks is the saturated hydraulic conductivity in m/s. The 

results of estimated average void ratio and hydraulic 

conductivity of each layer are shown in Table 1. 

A hanging column apparatus, including a 3-meter 

manometer, fixed column, and moving column, was used 

following the instructions in ASTM D6826-02. Similar to 

the modifications from Breitmeyer and Benson (2014), a 

large testing cell with an inner diameter of 279.4 mm, an 

inner height of 100 mm, and a large outflow column was 

used in this test because of MSW large particles compared 

to most soil samples, however, an inner pipe cell was not 

used in this large cell to allow for larger representative 

samples (Fig. 1). The maximum theoretical suction that can 

be applied by the hanging column apparatus using water 

was 29 kPa, however, for higher suctions, an air aspirator 

with a capacity of applying vacuum pressure as high as 80 

kPa was used. The outflow column made from a graduated 

transparent cylinder (38 mm inner diameter and 500 mm 

long) was used to measure the liquid volume changes with 

an accuracy of 2 mL. A ceramic disc with 280 mm diameter, 

13 mm thickness, air-entry suction of 100 kPa and 𝐾𝑠 =
8.6 × 10−6𝑚/𝑠 was sealed on the base plate with the aid of 

a rubber seal (Soilmoisture Corp. #060D11-B01M3). 

Representative fresh samples collected from Bluff Road 

Landfill, Lincoln, NE were used in low compacted and 

medium compacted conditions to obtain the water retention 

properties of the samples.  

The hydraulic conductivity functions in unsaturated soil 

mechanics are typically followed by estimations proposed 

by van Genuchten-Mualem (VGM) (Mualem 1976). The 

unsaturated hydraulic conductivity can be estimated through  

 

 

Eq. (3) to (5). In the VGM model, (Eq. (4)) the hydraulic 

conductivity (K) is dependent on the saturated hydraulic 

conductivity (Ks) and relative permeability (Kr) as 

𝐾 = 𝐾𝑠 . 𝐾𝑟 (3) 

𝐾𝑟 = 𝑆𝑒
𝑙 [1 − (1 − 𝑆𝑒

1
𝑚)

𝑚

]

2

 (4) 

𝑆𝑒 =  [
1

1 + (𝛼𝜓)𝑛
]𝑚 (5) 

where, Se is the effective saturation, ψ is the matric suction, 

α is a fitting parameter approximately related to the inverse 

of air entry suction, m and n are fitting parameters related to 

the slope of water retention curve (WRC) and m=1-1/n, all 

determined by fitting the van Genuchten equation to the 

experimental data, and parameter l is the pore interaction 

parameter commonly assumed as 0.5. However, Breitmeyer 

and Benson (2014) conducted a series of WRC tests to 

directly obtain the unsaturated hydraulic conductivity 

functions for MSW. To estimate the unsaturated hydraulic 

conductivity, K shown in Eq. (3), the values of Eqs. (4) and 

(5) were used. They used a multistep outflow (MSO) 

method on the compacted specimen. Using regression 

methods for K functions they suggested a pore interaction 

parameter of -0.37, -0.54, and -3.59 for low compacted, 

medium compacted, and high compacted fresh MSW, 

respectively. 

Table 2 shows the van Genuchten parameters (Van 

Genuchten 1980) of the water retention model from the 

unsaturated experiment as well as the materials from 

literature used in the slope stability evaluation. Four 

different unsaturated properties (3 from available literature 

and 1 from current study) were used to evaluate the effect 

of testing method, material property, and hydraulic 

conductivity estimation methods on pore-water distribution 

and slope stability analysis in landfills. Note that the 

biodegradation of material (change from fresh to age) The 

four different properties are defined as scenarios depending 

on how to obtain hydraulic conductivity and the aging degree of 

materials shown in Table 2: 

Scenario 1 (This study): The van Genuchten 

parameters α and n were chosen based on the obtained 

WRC from fresh material in this study. The top layer used 

the parameters obtained for low compaction and the 

medium compacted material properties was assigned to the 

bottom layer. All materials were considered as fresh or non-

biodegraded material. The unsaturated hydraulic 

conductivity was only estimated using Eq. (4) with a pore 

interaction parameter of 0.5.  

Table 1 Estimated hydraulic and mechanical properties of each MSW layer 

Layers 

Thickness (m) 

Average Depth 

(m) 

Void 

Ratio 

Saturated Hydraulic 

Conductivity (m/s) 

Vertical Stress 

(kPa) 

Dry Unit 

Weight 

(kN/m3) 

Cohesion 

(kPa) 

Friction 

Angle 

(°) 

0.00-11.58 5.84 1.83 8.30 × 10−3 64.90 6.50 0.88 26 

11.58-22.55 17.37 0.48 2.37 × 10−7 214.27 8.77 0.88 26 

22.5-35.96 29.56 0.48 2.37 × 10−7 383.68 9.86 0.88 26 
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Scenario 2 (Aged Material – Calculated K Func.): 

The van Genuchten parameters α and n were obtained from 

the study of Breitmeyer et al. (2020). For the top layer, the 

parameters of the low compacted and fresh material were 

used. For the middle and bottom layers, parameters of the 

medium degraded and high degraded compacted material 

were used. This scenario considered the WRC parameters of 

a material that was affected by biodegradation. The 

unsaturated hydraulic conductivity was only estimated 

using Eq. (4) with a pore interaction parameter of 0.5. 

Scenario 3 (Fresh Material – Calculated K Func.): 

The van Genuchten parameters α and n were obtained from 

the study of Breitmeyer and Benson 2014). All materials 

were fresh non-biodegraded materials with different 

compactions being assigned to the three different layers. 

The unsaturated hydraulic conductivity in this scenario was 

obtained using the fitted pore interaction parameters 

reported by Breitmeyer and Benson (2014).  
Scenario 4 (Fresh Material – Measured K Func.): 

The difference between scenario 4 and 3 is in using the 

fitted pore interaction parameters to evaluate the effect of 

measuring unsaturated hydraulic conductivities in MSW on 

landfill stability rather than using conventional pore 

interaction parameters in unsaturated soils. All 4 scenarios  

 

 

 
Fig. 2 schematic draw of the subject slope with applied 

hydraulic boundaries (not to scale) 

 

 

used similar estimated properties (void ratio, saturated 

hydraulic conductivity, cohesion, and friction angle) for the 

three layers shown in Fig. 2. 
 
2.3 Mechanical properties of municipal solid waste 
 
The dry unit weight of MSW increases in lower depths 

of a landfill because of overburden pressure from top layers 

as well as advancement in biodegradation. Previous 

 
 

(a) Total setup (b) Cell containing MSW sample 

Fig. 1 Modified hanging column test setup 

Table 2 Experimental hydraulic properties used for each scenario in SEEP/W analysis 

Scenario K Func. Sample Condition α (kPa-1) n θs θr γd(kN/m3) Source 

Scenario 1 Calculated 
Fresh 1.4 1.54 0.69 0.21 4.9 

This Study 
Fresh 0.53 1.61 0.62 0.09 6.0 

Scenario 2 Calculated 

Fresh 3.38 1.85 0.60 0.21 5.5 
Breitmeyer et al. 

(2020) 
Medium Degraded 0.92 1.95 0.57 0.28 7.8 

High Degraded 5.35 1.21 0.58 0.00 7.8 

Scenario 3 Calculated 

Fresh 2.76 2.23 0.58 0.21 5.5 
Breitmeyer and 

Benson (2014) 
Fresh 2.92 1.58 0.53 0.22 6.2 

Fresh 1.18 1.28 0.41 0.01 7.8 

Scenario 4 Measured 

Fresh 2.72 2.01 0.58 0.21 5.5 
Breitmeyer and 

Benson (2014) 
Fresh 2.06 1.95 0.53 0.25 6.2 

Fresh 1.18 1.33 0.41 0.03 7.8 
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researchers have used a proposed equation by Zekkos et al. 

(2006) to estimate changes of dry unit weight with depth. 

Recently, Hartwell et al. (2021) proposed a model using a 

First Order Rate Equation (FORE) analysis from the large 

diameter borehole assessment in Nebraska. The 

methodology allows estimating geotechnical properties by 

segregating waste and soil material as well as considering 

radial compression of the borehole. The suggested equation 

used in this study uses predicted vertical stress in finding 

the dry unit weight as follow 

𝜎𝑣 = 0.053 × 𝑑1.096  (6) 

where 𝜎𝑣 is vertical stress and d is depth in m.  

𝛾𝑀𝑆𝑊𝑑 = −(0.157 × 10−0.0024×𝜎𝑣+1.567-10.59) (7) 

where σv is the vertical stress in kPa and γMSWd is the dry 

unit weight of MSW in kN/m3. Similar to saturated 

hydraulic conductivity, average dry unit weights were 

estimated from the mid-depth of each layer.  

The shear strength properties of MSW can be described 

similarly to soils by following Mohr-Coulomb failure 

criteria. This paper used the shear strengths adapted in Byun 

et al. (2019) analysis which assumed a cohesion of c = 0.88 

kPa and a friction angle of 26° for the MSW material. 

Therefore, allowing to investigate the possible effects of 

water retention properties on an assumed homogenous 

material with consistent strength parameters. The estimated 

values of stress, dry unit weight, and shear strength 

parameters used in the analysis are shown in Table 1. A 

subgrade made of saturated soft and strong clay was 

considered at the bottom of the landfill with a height of 100 

m which to evaluate the effect to subgrade condition. The 

mechanical values were followed by Byun et al. (2019) 

where the unit weight for strong and soft subgrade was 18 

and 15.7 kN/m3, respectively, cohesion was 0 and 25 kPa, 

and the friction angles were 35 and 15 °, respectively. 

 

2.4 Numerical modelling of unsaturated flow 
 
Increased pore pressures from the leachate recirculation 

practice can lead to internal slope failure. Therefore, to 

analyze the stability of a landfill slope, the pore distribution 

needs to be analyzed before evaluating stability. For this 

analysis, finite element (FE) based SEEP/W was used, 

which employs the following constitutive time-dependent 

transient flow equation (Fredlund and Rahardio 1993) 

𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝐻

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑦

𝜕𝐻

𝜕𝑦
) + 𝑄 =  𝑚𝑣𝛾𝑤

𝜕𝐻

𝜕𝑡
 (8) 

where H is total head, kx and ky are hydraulic conductivity 

in x and y directions, Q is the boundary flux, mv is the 

coefficient of compressibility, γw is the water unit weight 

and t is time. Since landfills are known to function in an 

unsaturated condition, the hydraulic conductivity functions 

are obtained using VGM model discussed in MSW 

hydraulic properties section. The simulation is a one-way 

coupling to engage hydraulic and mechanical processes 

simultaneously. Unsaturated soil conditions related 

hydraulic process would change the internal friction angle 

and soil weight related to mechanical process and failure. 

As illustrated in Fig. 2, a leachate injection point having 

a pressure head of 5.0 and 2.5 m (equal to 49 and 24.5 kPa) 

was placed at 30 m from the landfill slope per 

recommendation by USEPA (2007) at top of the second 

layer at 22 m. A measuring point was chosen 5 m below the 

injection pipe to monitor the changes of pore pressure and 

saturation with different simulation configurations. An 

impermeable boundary condition of zero boundary flux (Q 

= 0 m3/s) was assigned to the top cover of the slope 

simulating the impervious geomembrane cover on top and a 

pressure head of zero (P = 0 m) was assigned to the LCRS 

at the bottom to represent the leachate collection practice.  

The groundwater level was assumed to be beneath the 

LCRS, a worst-case scenario in mechanical stability. The 

flow was analysed for 1000 days which was supposed 

enough time for the landfill to reach a steady state. 

 

2.5 Slope stability analysis 
 

The FS analysis of the slope is performed after the pore 

water distribution analysis is completed on the subject 

slope. The failure model used in SLOPE/W analysis is the 

unsaturated shear strength of Mohr-Coulomb as (Hilf 1948, 

Wilson 1998, Oh and Lu 2015) 

𝑠 =  𝑐′ + (𝜎𝑛 + 𝑢𝑎) 𝑡𝑎𝑛(ɸ′) + (𝑢𝑎 − 𝑢𝑤) [
(𝜃𝑤 − 𝜃𝑟)

(𝜃𝑠 − 𝜃𝑟)
𝑡𝑎𝑛 (ɸ′)] (9) 

where s is the shear strength, c′ is the effective cohesion, σn 
is the normal stress, ua and uw are the pore gas and pore 
water pressures, ϕ′ is the effective friction angle, θw, θs and 
θr are the volumetric, saturated, and residual water content, 
respectively. The stability analysis uses reduced effective 
stress and strength following the pore water distribution 
analysis. Therefore, the effect of water retention properties 
on the FS is reflected both by the variations in pore-water 
distributions as well as affecting the effective stress and 
strength described in Eq. (9). 

In this study, the effect of excess pore gas pressure was 
also considered assuming a lack or failure of a gas 
collection system. According to Eq. (9), an increase in pore 
gas pressure decreases the effective stress and raises the 
suction strength where the suction strength depends on the 
volumetric water content function. Noted that SLOPE/W 
does not consider the pressure balance between the two 
phases (i.e., gas and water) in the material (Geoslope.com, 
2020). Furthermore, the limit equilibrium technique of 
bishop’s method, where horizontal forces are neglected at 
each slice (Punmia and Jain 2005), was used to find the 
most critical slip surface and FS of the subject slope. 

 
 

3. Results and discussion 
 
Simulations were carried out considering different 

reported material properties and MSW landfill 
configurations to find out the potential critical factors (such 
as subgrade condition, unsaturated property estimation, and 
leachate collection system) determining the stability of 
landfills. The results will help with considerations during 
the design of landfills starting from subgrade condition to a 
proper installation of a LCRS and biogas collection 
systems. 
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3.1 Slope stability analysis 
 

Two unsaturated properties tests were performed to plot 

WRCs of MSW sample with dry densities of 4.9 and 6.0 up 

to a suction pressure of 80 kPa. The sample with dry density 

of 6.0 kN/m3 shows to have a broader curve as compared 

with the less compacted, which is consistent with results 

obtained by Breitmeyer and Benson (2014). The obtained 

WRCs for MSW did not yield an evident air entry pressure. 

However, the results show that the more compacted sample 

produced higher air entry pressure, which is consistent with 

air entry pressure behavior in finer soils where the curve 

moves to the right compared to coarser material. Another 

reason for the widely broad curve of MSW compared to 

soils is the wide range of particle sizes where a range of fine 

particles (unidentifiable fine soils, 2% passing sieve #8) to 

particles larger than 25 mm (around 40%) existed in the 

samples. Furthermore, the finer portion of the MSW 

particles appear to have high plasticity, which, according to 

Zapata et al. (2006), shifts the air entry pressure to the right 

while showing less curvature. The saturated volumetric 

moisture content tended to decrease with higher compaction 

due to the decrease in void spaces available for liquid. 

 

 

 

The obtained experimental data were fitted to van 

Genuchten using the MSE method presented in Fig. 3. The 

alpha parameter (α) in the van Genuchten model is related 

to the inverse of air entry pressure. According to Table 2, α 

decreases from 1.4 in the loose sample (4.9 kN/m3) to 0.53 

in the densified sample (6 kN/m3), indicating an increase in 

air entry pressure. 

 

3.2 Pore water pressure changes with unsaturated 
material properties 

 
Pore water pressures were measured at a vertical 

distance of 5 m below the injection point. As shown in Figs. 

4(a) and 4(b) injection pressures of 24.5 and 49 kPa result 

in a gradual increase of pore pressure from negative values 

indicating unsaturated condition up to 16.66 and 33.38, 

respectively, until around 300 days. All three material 

properties show a similar trend in pore pressure increase 

while different van Genuchten parameters and saturations 

are applied. The only exception in the infiltration analysis 

case is the measured K values which takes around 672 and 

449 days for 24.5 and 49 kPa injection, respectively, to 

reach pressure stabilization. The results show that the  

  
(a) 4.9 kN/m3 of dry unit weight specimen (b) 6 kN/m3 of dry unit weight specimen 

Fig. 3 Typical van Genuchten fit to WRC data using minimization of mean squared error (MSE) 

 
 

(a) 24.5 kPa injection pressure (b) 49 kPa injection pressure 

Fig. 4 Pore water pressure changes at the measuring point with time 
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hydraulic conductivity factor determines the pressure 

stabilization trend, while different van Genuchten 

parameters representing different waste age, compaction 

and testing method yield similar stabilization times. Figs. 

5(a) and 5(b) show the saturation level at the same 

measuring point. The saturation levels show consistent 

trends among different material properties where the waste 

reaches saturated conditions around day 78. 

The MSW layer becomes fully saturated after when 

positive pore-water pressures are reached according to Fig. 

4. Therefore, in the case of measured K functions, the fully 

saturation condition is delayed as compared to calculated K 

functions because of the lower hydraulic conductivities in 

the second layer that was experimentally measured (shown 

in Fig. 6). 

Fig. 6 is plotted using the VGM model (Eq. (4)) where 

typical pore interaction parameter (l) of 0.5 was used for 

calculated hydraulic conductivity and fitted pore interaction 

parameters obtained by Breitmeyer and Benson 2014) were 

used for the measured hydraulic conductivity function. It is 

noted that Figs. 4 and 5 show the pore-water pressure and 

saturation levels at a single measuring point. Therefore, the 

distribution of water pressure throughout the landfill body is 

further presented in Fig. 7. 

At day 10, the result from the experimental hydraulic 

conductivities yields higher suction pressures indicating that 

because of the lower hydraulic conductivities in unsaturated 

conditions above and below the injection point, it takes 

longer for the landfill to develop positive pore pressures. It 

can be seen that at 1000 days in the case of the use of 

measured hydraulic function, there is clear accumulation of  

 

 

 

positive pore pressures throughout the waste body whereas 

in the other three cases there are relatively similar 

distribution of pressure with lower values. The results 

among the three calculated unsaturated hydraulic 

conductivity material property show no significant 

difference even with the properties used by Breitmeyer et al 

(2020) which represented biodegraded material in the 

bottom two layers. According to Fig. 6, there is a two-fold 

difference between the hydraulic conductivities in suctions 

ranging between 0.1 and 10 kPa and higher than 0.1 for the 

top layer and middle layer, respectively. The reason for a 

higher positive pressure accumulation in the experimental 

hydraulic conductivity is attributed to the fact that the 

hydraulic conductivities are lower than those of the 

predicted conductivities, therefore the flow will favour 

moving downward (with higher hydraulic conductivity in a 

saturated area) and building up hydrostatic pressure. 

 
3.3 Pore water pressure changes with unsaturated 

material properties 
 
The change of FS was evaluated when different 

scenarios were used for the three landfill layers. For this 

simulation, fixed injection pressures of 24.5 and 49 kPa 

were applied at the injection point with a working LCRS at 

the bottom. The subgrade material was chosen as a strong 

clay and the gas collection system was working in a way 

that no excess pore-gas is developed in the landfill. The 

material properties obtained from this study as well as 

Breitmeyer and Benson (2014) represent fresh material and 

therefore analyze the FS change with time with the  

  
(a) 24.5 kPa injection pressure (b) 49 kPa injection pressure 

Fig. 5 Saturation changes at the measuring point with time 

   
(a) 5.5 kN/m3 dry unit weight (b) 6.2 kN/m3 dry unit weight (c) 7.8 kN/m3 dry unit weight 

Fig. 6 Experimental hydraulic conductivity versus estimated hydraulic conductivity using pore interaction value of 0.5 
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assumption that there are minimum biodegradation 

occurring during the first 1000 days. Findings of Hartwell et 

al. (2021) showed that a bioreactor landfill in Nebraska was 

operating in the primary phase of biodegradation 

throughout the whole profile meaning that the assumption is 

likely representing actual conditions. Breitmeyer et al. 

(2020) obtained water retention properties for fresh, 

medium biodegraded and high levels of biodegradation and 

therefore represent material that have been affected by 

biodegradation. 
The results shown in Figs. 8(a) and 8(b) show that fresh 

material yielded lower factors of safety at day 1 and day 

1000 compared to biodegraded MSW where FS for non-

fresh material decreased from 3.48 to 3.11 (10.6% 

decrease). Fresh materials reported by Breitmeyer and 

Benson (2014), measured hydraulic functions of Breitmeyer 

and Benson (2014) and current study resulted in a FS of 

3.35, 3.31, and 3.14, which decreased to 2.61, 3, and 2.70, 

respectively, showing 22, 9.4 and 14% decrease. The results 

show a sudden drop in value before around 10 days and 

continue to decrease until they reach stable pore pressures  

 

 

 

around 300 days for estimated hydraulic conductivities and 

around 672 days for materials with experimentally obtained 

hydraulic functions where FS decreased between 10 and 

22%. According to the results presented in Fig. 5, the pore 

pressures are consistent among the materials with estimated 

hydraulic functions. Therefore, by considering Eq. (9), the 

differences arise from the third term that represents the 

unsaturated effective strength. Based on Eq. (9), an increase 

in the third term has an opposing effect on the shear 

strength, which is determined by the effective saturation 

term, which is determined by the water retention 

characteristics. The FS changes trend is similar to those 

reported by Giri and Reddy (2013), Giri and Reddy 

(2014a), and Byun et al. 2019).  
However, the results show a higher variation of FS with 

different unsaturated properties than those reported by Giri 

and Reddy (2014a). 

 

3.4 FS Changes with subgrade condition 
 

The FS of the stability of the MSW landfill was  

 

Fig. 7 Pore water distribution throughout the landfill body with an initial 49 kPa injection pressure 

  
(a) 24.5 kPa injection pressure (b) 49 kPa injection pressure 

Fig. 8 FS changes of different material property 

This study

Aged Material

Calculated K Func.

Fresh Material

Calculated K Func.

Fresh Material

Measured K Func.

10 Days 126 Days 298 Days 1000 Days
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analysed for the cases of soft (less compacted) and strong 

(highly compacted) subgrade. Fig. 9 shows the changes of 

FS with time when a soft subgrade is employed 

constructing the landfill. The results show the case where a 

continuous injection of leachate with a pressure of 49 kPa 

was assigned to the pipe and a working drainage and gas 

well collection system was configured. The results show 

that the factors of safety decrease by an average of 34.8% 

and the soft subgrade becomes the determining factor in 

 

 

 

calculating the FS. As it can be seen from Fig. 9, all 

different material properties with an estimated hydraulic 

conductivity yield a similar FS while the material property 

with experimental K functions only shows 2% lower FS.  

The results compared with Fig. 8(b) shows the 

importance of the subgrade condition in the long-term 

stability analysis of a landfill. Also, the results of the slip 

surface analysis in Fig. 10 shows that the slip surface 

formed with the soft subgrade is a deeper and longer slip  

 
Fig. 9 FS changes with time when a soft subgrade (Unit weight of 15.7 kN/m3, cohesion of 0 and friction angle of 15 °) 

is employed 

 

Fig. 10 Slip surfaces obtained with strong and soft subgrade material 

149



 

M. Sina Mousavi1, Yuan Feng, Jongwan Eun and Boo Hyun Nam 

 

 

 

surface that continues tens of meters below the drainage 

system. This deep slip surface could be an indication of 

potentially larger damage and cost in the case of a failure, 

considering the overall smaller factors of safety. The results 

are consistent with the findings of Byun et al. (2019). Also, 

Koerner and Soong (2000a, b, 2005) analyzed ten landfill 

failures and reported five landfill failures with a soft 

subgrade failing to meet regulatory compaction standards. 

 
3.5 FS Changes with drainage condition 
 

There have been reports of clogging in landfill drainage 

systems. Traditionally, coarse granular material has been 

used to construct MSW landfills drainage systems, although  

more recently a network of high-density polyethylene 

(HDPE) collection pipes is placed within a continuous 

graded granular material and in both cases, there have been 

reports of a decrease in void ratios and clogging of the 

leachate collection system with biomass and particles 

accumulation. Clogging of the drainage system could 

potentially result in the leakage of leachate, and increase of 

pore water pressure, and instability issues (Fleming et al. 

1999, Koerner and Soong 2000b, Bouchez et al. 2003, 

Levine et al. 2005, McIsaac and Rowe 2007, Rowe and Yu 

2012, Rowe and Yu 2013, Liu et al. 2018). 

Therefore, an analysis of FS was performed in a worst-

case scenario of an LCRS failure while a continuous 

injection of leachate and a strong subgrade was considered. 

A similar case can be assumed in landfills where there is a 

lack of water run off management on the top and heavy 

rainfalls occur which could simulate the accumulation of 

leachate within the body waste. The results as presented in 

Fig. 11 show that a failed LCRS with continued injection 

results in a rapid loss of failure (FS=1) after almost 300 

days, except in the case of experimental K functions 

material which takes around 450 days to reach slope failure. 

 

 

The results establish the importance of a well-designed 

LCRS not only for leachate management but also for the 

slope stability safety of the landfill. 

 

3.6 FS Changes with pore gas pressure 
 
MSW landfills often fail to install a gas collection 

system in time after finalizing the waste placed in a zone. 
Depending on the temperature and biodegradation process 
there could be excessive pore gas pressures built up in a 
landfill. The stability of landfills in elevated temperature 
and gas production has been the attention of landfill 
stability analysis (Koerner and Soong 2000b, Stark et al. 
2010, Liu et al. 2020). 

An equation has been suggested by Thiel (1998) to 
incorporate landfill gas pressure into calculating FS of an 
infinite slope as follows 

𝐹𝑆 =  
𝑎′ + (ℎ𝛾 cos(𝛽) − 𝑢𝑔)tan (ɸ′)

ℎ𝛾𝑆𝑖𝑛(𝛽)
 (10) 

where a' is the effective stress geomembrane-soil interface 

adhesion, β is the slope inclination from the horizon, h is 

the soil cover thickness, γ is the average unit weight of the 

material, and ɸ' is the is effective stress geomembrane-soil 

interface friction angle. The equation shows that an increase 

in landfill gas pressure results in a decrease of the effective 

normal stress and subsequently the FS. Due to lack of 

information on the geomembrane-soil interface friction 

angle, the FS equation cannot be used in this study, 

however, the equation fails to consider unsaturated 

hydraulic properties which have been shown to have a 

significant impact on the pore water distribution and 

subsequently the FS. Therefore, the analysis of gas pressure 

has been performed using Eq. (9) described in the slope 

stability modelling section. Investigation on the excess 

landfill gas pressure have shown a maximum gas pressure  

 

Fig. 11 FS changes with time when drainage system is clogged 
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of 16 kPa in bioreactor landfills, although some extreme 

conditions of 50 kPa have also been reported (McBean 

1995, Hettiarachchi et al. 2007, Wei 2007, Ng et al. 2015). 

In this study a constant gas pressure of 16 kPa was applied 

to the whole waste profile considering a worst-case scenario 

where no gas collection system is installed. The results 

shown in Fig. 12 represent a condition with a continuous 

leachate injection of 49 kPa and strong subgrade. The 

results show that the factors of safety decreased from 2.53, 

3.75, 3.25, and 2.98 to 2.33, 3.06, 2.76, and 2.35 (8.10, 

19.97, 16.28, and 23.35% reduction) for materials of current 

study, Breitmeyer et al. (2020), Breitmeyer and Benson 

(2014), and Breitmeyer and Benson (2014) experimental K 

functions, respectively. The results indicate that excess gas 

pressure is also a potential factor that needs to be 

considered in designing landfills. As reported by 

Athanasopoulos et al. (2013), the absence of a gas 

collection system was determined as one of the factors 

contributing to the slope failure of the Xerolakka landfill in 

Greece. 

 

 

4. Conclusions 
 

In this study, the slope stability of the in-service MSW 

landfill was evaluated, considering various unsaturated 

material properties and different landfill configurations, 

including leachate injection pressure, subgrade condition, 

failing drainage system, and excessive gas pressure in the 

case of an absence of a gas collection system. The analysis 

used SEEP/W and SLOPE/W programs to analyze the 

distribution of pore water and, subsequently, the factor of 

safety depending on the pore-water distributions.  

 The analysis results indicated that the unsaturated 

material properties represented by α and n parameters in 

the van Genuchten model have an evident influence on 

the stability analysis of landfills, showing that the FS 

varies between 9.4 and 22%.   

 

 

 The aged materials yield higher FS (3.48 compared to 

3.35, 3.31, and 2.7); thus, using fresh material properties 

for the analysis yielded the lowest FS. This indicates that 

the most critical time for landfill stability is the initial 

state of the landfill. The hydraulic conductivity 

remarkably influenced the pore water distribution among 

the hydraulic material properties. The results indicate that 

estimating the hydraulic conductivity according to 

conventional soil mechanics values (pore value of 0.5) is 

unreliable.  

 Furthermore, the analysis of landfills with different 

conditions showed that the subgrade material 

significantly determines the outcome of the stability 

analysis, where a soft subgrade leads to an average of 

34% lower FS, meaning that the subgrade condition is a 

determinant factor in the geotechnical design of landfills.  

 Moreover, the absence or failure of the leachate and gas 

collection system reduces the FS, whereas, in the case of 

the drainage system clogging, the landfill can fail in less 

than one year. The presence of gas pressure up to 16 kPa 

within the waste body showed an FS decrease as high as 

24%.  

 It should be noted that the study considered that the WRC 

characteristics of MSW landfills remained unchanged 

during the study period in the transient simulation. The 

changes in MSW water retention parameters resulting 

from the mechanically induced void ratio in the long term 

are currently not established in MSW studies.  

 With most regulations specifying a minimum factor of 

safety of 1.5-2, it is essential to consider all factors in 

constructing an MSW landfill with proper LCRS and gas 

collection systems. 

 
 
Acknowledgments 

 

The authors appreciate the financial support from the 

 

Fig. 12 FS change in accumulation of gas pressure in the absence of gas collection system 

151



 

M. Sina Mousavi1, Yuan Feng, Jongwan Eun and Boo Hyun Nam 

 

Nebraska Collaboration Initiatives (ID 19521), and the 

finding and conclusions do not necessarily reflect the 

sponsor’s perspectives. Also, thanks to the material support 

from Lancaster County Bluff Road Landfill. 

 

 

References 
 

ASTM D6836-02 (2002), Standard Test Methods for 

Determination of the Soil Water Chararcteristic Curve for 

Desorption Using a Hanging Column, Pressure Extractor, 

Chilled Mirror Hygrometer, and/or Centrifuge, ASTM 

International, West Conshohocken, PA, www.astm.org 

Alidoust, P., Keramati, M., Hamidian, P., Amlashi, A.T., 

Gharehveran, M.M. and Behnood, A. (2021), “Prediction of the 

shear modulus of municipal solid waste (MSW): An application 

of machine learning techniques”, J. Cleaner Product., 127053. 

https://doi.org/10.1016/j.jclepro.2021.127053. 

Athanasopoulos, G., Vlachakis, V., Zekkos, D. and Spiliotopoulos, 

G. (2013), “The December 29th 2010 Xerolakka municipal 

solid waste landfill failure”, Proceedings of the 18th 

international conference on soil mechanics and geotechnical 

engineering, Paris. 

Breitmeyer, R.J. and Benson, C.H. (2011), “Measurement of 

unsaturated hydraulic properties of municipal solid waste. In 

Geo-frontiers 2011”, Adv. Geotech. Eng., 1433-1442. 

https://doi.org/10.1061/41165(397)147. 

Breitmeyer, R.J. and Benson, C.H. (2014), “Evaluation of 

parameterization techniques for unsaturated hydraulic 

conductivity functions for municipal solid waste”, Geotech. 

Test. J., 37(4), 597-612. https://doi.org/10.1520/GTJ20130132. 

Breitmeyer, R.J., Benson, C.H. and Edil, T.B. (2020), “Effect of 

changing unit weight and decomposition on unsaturated 

hydraulics of municipal solid waste in bioreactor landfills”, J. 

Geotech. Geoenviron. Eng., 146(5), 04020021. 

https://doi.org/10.1061/(ASCE)GT.1943-5606.0002244. 

Breitmeyer, R.J., Benson, C.H. and Edil, T.B. (2019), “Effects of 

compression and decomposition on saturated hydraulic 

conductivity of municipal solid waste in bioreactor landfills. 

Journal of Geotechnical and Geoenvironmental Engineering, 

145(4), 04019011. https://doi.org/10.1061/(ASCE)GT.1943-

5606.0002026. 

Bray, J.D., Zekkos, D., Kavazanjian Jr, E., Athanasopoulos, G.A. 

and Riemer, M.F. (2009), “Shear strength of municipal solid 

waste”, J. Geotech. Geoenviron. Eng., 135(6), 709-722. 

https://doi.org/10.1061/(ASCE)GT.1943-5606 .0000063. 

Bonaparte, R., Bachus, R.C. and Gross, B.A. (2020), 

“Geotechnical stability of waste fills: lessons learned and 

continuing challenges”, J. Geotech. Geoenviron. Eng., 146(11), 

05020010. 

Bouchez, T., Munoz, M.L., Vessigaud, S., Bordier, C., Aran, C. 

and Duquennoi, C. (2003), October. Clogging of MSW landfill 

leachate collection systems: prediction methods and in situ 

diagnosis. In Proceedings, Sardinia. 

Byun, B., Kim, I., Kim, G., Eun, J. and Lee, J. (2019), “Stability 

of bioreactor landfills with leachate injection configuration and 

landfill material condition”, Comput. Geotech., 108, 234-243. 

https://doi.org/10.1016/j.compgeo.2019.01.006. 

Eid, H.T., Stark, T.D., Evans, W.D. and Sherry, P.E. (2000), 

“Municipal solid waste slope failure. I: Waste and foundation 

soil properties”, J. Geotech. Geoenviron. Eng., 126(5), 397-407. 

https://doi.org/10.1061/(ASCE) 1090-0241(2000)126:5(397). 

Feng, Y., Mousavi, M.S. and Eun, J. (2020), “ Field monitoring of 

landfill gas Eemissions through an intermediate cover with co-

extruded EVOH geomembrane in an operating landfill”, 

Proceedings of the Geo-Congress 2020: Geo-Systems, 

Sustainability, Geoenvironmental Engineering, and Unsaturated 

Soil Mechanics, 199-206. Reston, VA: American Society of 

Civil Engineers. https://doi.org/10.1061/9780784482827.022. 

Feng, Y., Eun, J., Moon, S. and Nam, Y. (2023), “Assessment of 

gas dispersion near an operating landfill treated by different 

intermediate covers with soil alone, low-density polyethylene 

(LLDPE), or ethylene vinyl alcohol (EVOH) geomembrane”, 

Environ. Sci. Pollution Res., 30(4), 9672-9687. 

https://doi.org/10.1007/s11356-022-22794-3. 

Fleming, I.R., Rowe, R.K. and Cullimore, D.R. (1999), “Field 

observations of clogging in a landfill leachate collection 

system”, Can. Geotech. J., 36(4), 685-707. 

https://doi.org/10.1139/t99-036. 

Fredlund, D.G. and Rahardjo, H. (1993), Soil mechanics for 

unsaturated soils. John Wiley & Sons. 

Gaillard, J.C. (2009), “From marginality to further 

marginalization: Experiences from the victims of the July 2000 

Payatas trashslide in the Philippines”, Jàmbá J. Disaster Risk 

Studies, 2(3), 197-215. https://hdl.handle.net/10520/EJC51172. 

Giri, R.K. and Reddy, K.R. (2013), “Two-phase flow modeling of 

leachate injection effects on stability of bioreactor landfill 

slopes”, Proceedings of the 106th Annual Conference 

Exhibition, Air & Waste Management Association, Pittsburg, 

PA. 

Giri, R.K. and Reddy, K.R. (2014a), “Slope stability of bioreactor 

landfills during leachate injection: Effects of unsaturated 

hydraulic properties of municipal solid waste”, Int. J. Geotech. 

Eng., 8(2), 144-156. 

https://doi.org/10.1179/1939787913Y.0000000013. 

Giri, R.K. and Reddy, K.R. (2014b), “Slope stability of bioreactor 

landfills during leachate injection: effects of heterogeneous and 

anisotropic municipal solid waste conditions”, Waste 

Management  Res., 32(3), 186-197. 

https://doi.org/10.1177%2F0734242X14522492. 

Hartwell, J., Mousavi, M.S., Eun, J. and Bartelt-Hunt, S. (2022), 

“Assessment of in situ properties of municipal solid waste with 

a large-diameter borehole method”, Waste Management Res., 

40(7), 987-997. 

Hartwell, J., Mousavi, M.S., Eun, J. and Bartelt-Hunt, S. (2021), 

“Evaluation of depth-dependent properties of municipal solid 

waste using a large diameter-borehole sampling method”, J. Air  

Waste Management Association, 1-14. 

https://doi.org/10.1080/10962247.2020.1848942. 

Hendron, D.M., Fernandez, G., Prommer, P.J., Giroud, J.P. and 

Orozco, L.F. (1999), “Investigation of the cause of the 27 

September 1997 slope failure at the Dona Juana landfill”, 

Proceedings of the Proceedings Sardinia 1999. 7th 

International Waste Management and Landfill Symposium. 

Hettiarachchi, C.H., Meegoda, J.N., Tavantzis, J. and Hettiaratchi, 

P. (2007), “Numerical model to predict settlements coupled with 

landfill gas pressure in bioreactor landfills”, J. Hazard. Mater., 

139(3), 514-522. https://doi.org/10.1016/j.jhazmat.2006.02.067 

Hilf, J.W. (1948), “Estimating construction pore pressures in rolled 

earth dams”,. Proceedings of the 2nd Int. Conf. Soil Mech. 

Found. Eng., Rotterdam. The Netherlands. 

Hossain, M.S. and Haque, M.A. (2009), “Stability analyses of 

municipal solid waste landfills with decomposition”, Geotech. 

Geol. Eng., 27(6), 659. https://doi.org/10.1007/s10706-009-

9265-0. 

Jafari, N.H., Stark, T.D. and Merry, S. (2013), “Payatas landfill 

slope failure”, ISSMGE Int. J. Geoeng. Case Histories, 2(3), 

208-228. https://doi.org/10.4417/IJGCH-02-03-03. 

Jain, P., Townsend, T.G. and Tolaymat, T.M. (2010), “Steady-state 

design of vertical wells for liquids addition at bioreactor 

landfills”, Waste Management, 30(11), 2022-2029. 

https://doi.org/10.1016/j.wasman.2010.02.020. 

Koerner, R.M. and Soong, T.Y. (2000), “Stability assessment of 

152

https://doi.org/10.1061/(ASCE)
https://doi.org/10.1061/9780784482827.022


 

Effect of variation of water retention characteristics due to leachate circulation in municipal solid waste on landfill stability 

 

ten large landfill failures”, Adv. Transport. Geoenviron. Syst. 

Geosynth., 1-38. https://doi.org/10.1061/40515(291)1. 

Koerner, R.M. and Soong, T.Y. (2000b), “Leachate in landfills: the 

stability issues”, Geotext. Geomembranes, 18(5), 293-309. 

https://doi.org/10.1016/S0266-1144(99)00034-5. 

Koerner, R.M. and Soong, T.Y. (2005), “Analysis and design of 

veneer cover soils”, Geosynthetics Int., 12(1), 28-49. 

https://doi.org/10.1680/gein.2005.12.1.28. 

Levine, A.D., Harwood, V.J., Cardoso, A.J., Rhea, L.R., Nayak, 

B.S., Dodge, B.M., Decker, M.L., Dzama, G., Jones, L. and 

Haller, E. (2005), Assessment of Biogeochemical Deposits in 

Landfill Drainage Systems. 

Li, Z., Gao, Y., Chen, B. and Wang, L. (2022), “Soil water 

retention and hysteresis behaviors of different clayey soils at 

high suctions”,  Geomech. Eng., 30(4), 373-382. 

https://doi.org/10.12989/gae.2022.30.4.373. 

Liu, Y., Sun, W., Du, B. and Liu, J. (2018), “The physical clogging 

of the landfill leachate collection system in China: Based on 

filtration test and numerical modelling”, Int. J. Environ. Res. 

Public Health, 15(2), 318. 

https://doi.org/10.3390/ijerph15020318. 

Liu, C., Shi, J., Lv, Y. and Shao, G. (2020), “A modified stability 

analysis method of landfills dependent on gas pressure”, Waste 

Management Res., 0734242X20944479. 

https://doi.org/10.1177%2F0734242X20944479 

McBean, E.A. (1995), Solid waste landfill engineering and design. 

McIsaac, R. and Rowe, R.K. (2007), “Clogging of gravel drainage 

layers permeated with landfill leachate”, J. Geotech  

Geoenviron. Eng., 133(8), 1026-1039. 

https://doi.org/10.1061/(ASCE)1090-0241(2007)133:8(1026). 

Merry, S.M., Kavazanjian Jr, E. and Fritz, W.U. (2005), 

“Reconnaissance of the July 10, 2000, Payatas landfill failure”, 

J. Perform. Constr. Fac., 19(2), 100-107. 

https://doi.org/10.1061/(ASCE)0887-3828(2005)19:2(100). 

Mitchell, J.K., Seed, R.B. and Seed, H.B. (1990), “Kettleman Hills 

waste landfill slope failure. I: Liner-system properties”, J. 

Geotech. Eng., 116(4), 647-668. 

https://doi.org/10.1061/(ASCE)0733-9410(1990)116:4(647). 

Mousavi, M.S. and Eun, J. (2023), “A predictive settlement 

modeling framework employing thermal–hydraulic–

mechanical–biochemical processes in municipal solid waste 

landfills”, Int. J. Geomech. ASCE, in publishing. 

Mousavi, M.S. and Eun, J. (2022), “Effect of increased 

temperature and leachate recirculation on biogas production and 

settlement of municipal solid waste”, Waste Management Res., 

0734242X221144563. 

Mualem, Y. (1976), “A new model for predicting the hydraulic 

conductivity of unsaturated porous media”, Water Resour. Res., 

12(3), 513-522. https://doi.org/10.1029/WR012i003p00513. 

Ng, C.W.W., Chen, Z.K., Coo, J.L., Chen, R. and Zhou, C. (2015), 

“Gas breakthrough and emission through unsaturated 

compacted clay in landfill final cover”, Waste Management, 44, 

155-163. https://doi.org/10.1016/j.wasman.2015.06.042. 

Oh, S. and Lu, N. (2015), “Slope stability analysis under 

unsaturated conditions: Case studies of rainfall-induced failure 

of cut slopes”, Eng. Geol., 184, 96-103. 

https://doi.org/10.1016/j.enggeo.2014.11.007. 

Punmia, B. and Jain, A.K. (2005), Soil mechanics and foundations. 

Firewall Media. 

Rasool A.M. (2022), “Effect of degree of compaction & confining 

stress on instability behavior of unsaturated soil”, Geomech. 

Eng., 30(3), 219-231. 

https://doi.org/10.12989/gae.2022.30.3.219. 

Reinhart, D.R. and Townsend, T.G. (1997), Landfill bioreactor 

design & operation. CRC press. 

Reinhart, D.R., McCreanor, P.T. and Townsend, T. (2002), “The 

bioreactor landfill: Its status and future”, Waste Management & 

Res., 20(2), 172-186. 

https://doi.org/10.1177%2F0734242X0202000209. 

Roy, D., Chiranjeevi, K., Singh, R. and Baidya, D.K. (2009), 

“Rainfall induced instability of mechanically stabilized earth 

embankments”, Geomech. Eng., 1(3), 193-204. 
https://doi.org/10.12989/gae.2009.1.3.193. 

Rowe, R.K. and Yu, Y. (2012), “Clogging of finger drain systems 

in MSW landfills”, Waste Management, 32(12), 2342-2352. 

https://doi.org/10.1016/j.wasman.2012.07.018. 

Rowe, R.K. and Yu, Y. (2013), “Modeling of leachate 

characteristics and clogging of gravel drainage mesocosms 

permeated with landfill leachate”, J. Geotech. Geoenviron. 

Eng., 139(7), 1022-1034. 

https://doi.org/10.1061/(ASCE)GT.1943-5606.0000834. 

Samarasinghe, A.M., Huang, Y.H. and Drnevich, V.P. (1982), 

“Permeability and consolidation of normally consolidated 

soils”, J. Geotech. Eng. Division, 108(6), 835-850. 

https://doi.org/10.1061/AJGEB6.0001305. 

Sharma, H.D. and Reddy, K.R. (2004), Geoenvironmental 

engineering: site remediation, waste containment, and emerging 

waste management technologies, John Wiley & Sons. 

Stark, T.D., Akhtar, K. and Hussain, M. (2010), “Stability analysis 

for a landfill experiencing elevated temperatures”, In 

GeoFlorida 2010: Advances in Analysis, Modeling & Design, 

3110-3119. https://doi.org/10.1061/41095(365)317. 

Stark, T.D., Eid, H.T., Evans, W.D. and Sherry, P.E. (2000), 

“Municipal solid waste slope failure. II: Stability analyses”, J. 

Geotech. Geoenviron. Eng., 126(5), 408-419. 

https://doi.org/10.1061/(ASCE)1090-0241(2000)126:5(408). 

Stoltz, G., Tinet, A.J., Staub, M.J., Oxarango, L. and Gourc, J.P., 

(2012), “Moisture retention properties of municipal solid waste 

in relation to compression”, J. Geotech. Geoenviron. Eng., 

138(4), 535-543. https://doi.org/10.1061/(ASCE)GT.1943-

5606.0000616. 

Thiel, R.S. (1998), “Design methodology for a gas pressure relief 

layer below a geomembrane landfill cover to improve slope 

stability”, Geosynth. Int., 5(6), 589-617. 

https://doi.org/10.1680/gein.5.0137. 

U.S. Environmental Protection Agency (2007), Bioreactor 

performance. EPA 530-R-07-007, U.S. EPA, Office of Solid 

Waste, Municipal and Industrial Solid Waste Management 

Division, Washington, DC. 

Van Genuchten, M.T. (1980), “A closed‐form equation for 

predicting the hydraulic conductivity of unsaturated soils”, Soil 

Sci. Soc. Am., 44(5), 892-898. 

https://doi.org/10.2136/sssaj1980.03615995004400050002x. 

Wei, H.Y. (2007), Experimental and numerical study on gas 

migration in landfill of municipal solid waste, Hangzhou: 

Zhejian University. 

Wilson, D.W. (1998), Soil-pile-superstructure interaction in 

liquefying sand and soft clay (Doctoral dissertation, University 

of California, Davis). 

Wu, H., Wang, H., Zhao, Y., Chen, T. and Lu, W. (2012), 

“Evolution of unsaturated hydraulic properties of municipal 

solid waste with landfill depth and age”, Waste Management, 

32(3), 463-470. https://doi.org/10.1016/j.wasman.2011.10.029. 

Xu, Q., Tolaymat, T. and Townsend, T.G. (2012), “Impact of 

pressurized liquids addition on landfill slope stability”, J.  

Geotech. Geoenviron. Eng., 138(4), 472-480. 

https://doi.org/10.1061/(ASCE)GT.1943-5606.0000609. 

Xu, X.B., Zhan, T.L.T., Chen, Y.M. and Beaven, R.P. (2014), 

“Intrinsic and relative permeabilities of shredded municipal 

solid wastes from the Qizishan landfill, China”, Can. Geotech. 

J., 51(11), 1243-1252. https://doi.org/10.1139/cgj-2013-0306. 

Zapata, C.E., Houston, W.N., Houston, S.L. and Walsh, K.D. 

(2000), “Soil–water characteristic curve variability”, Adv. 

Unsatur. Geotech., 84-124. 

153



 

M. Sina Mousavi1, Yuan Feng, Jongwan Eun and Boo Hyun Nam 

 

https://doi.org/10.1061/40510(287)7. 

Zekkos, D., Vlachakis, V.S. and Athanasopoulos, G.A. (2014), 

“The 2010 Xerolakka landfill slope instability”, Environ. 

Geotech., 1(1), 56-65. 

Zekkos, D., Bray, J.D., Kavazanjian Jr, E., Matasovic, N., Rathje, 

E.M., Riemer, M.F. and Stokoe, K.H. (2006), “Unit weight of 

municipal solid waste”, J. Geotech. Geoenviron. Eng., 132(10), 

1250-1261. https://doi.org/10.1061/(ASCE)1090-

0241(2006)132:10(1250). 

Zhai, Q., Tian, G., Ye, W., Rahardjo, H., Dai, G. and Wang, S. 

(2022), “Evaluation of unsaturated soil slope stability by 

incorporating soil-water characteristic curve”, Geomech. Eng., 

28(6), 637-644. https://doi.org/10.12989/gae.2022.28.6.637. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

154




