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Abstract: A newly developed and validated numerical model, that accounts for the coupled 31 

hydro-bio-mechanical processes in municipal solid waste (MSW) landfills, was employed to 32 

assess influence of various field conditions and system variables on the performance of 33 

bioreactor landfills. The numerical model integrates a hydraulic two-phase flow model which 34 

assumes landfill leachate and gas as two immiscible phases, a mechanical model based on plain-35 

strain formulation of Mohr-Coulomb constitutive law, and a first-order decay biodegradation 36 

model for modeling coupled hydro-bio-mechanical processes in bioreactor landfills. The 37 

influence of typical field conditions and system variables namely, the landfill slope 38 

configuration, geometric configuration of leachate recirculation system and mode of leachate 39 

injection on the bioreactor landfill performance were evaluated. The bioreactor landfill 40 

performance was investigated with regards to hydraulic behavior (e.g., moisture distribution, 41 

waste saturation, pore water and capillary pressures), extent of biodegradation and mechanical 42 

response (e.g. slope stability, landfill settlement, and in-plane shear behavior of composite liner 43 

system) during the operations of leachate injection. Overall, this parametric study concluded that 44 

various field conditions and system variables significantly influence the performance of 45 

bioreactor landfills. Therefore, these system variables must be properly accounted when 46 

optimizing the performance of bioreactor landfills undergoing coupled hydro-bio-mechanical 47 

processes during the leachate injection operations. 48 

 49 
Keywords: Bioreactor landfill, coupled hydro-bio-mechanical process, leachate recirculation, 50 

municipal solid waste, settlement, pore pressures, interface shear behavior. 51 

  52 
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Introduction 53 

 54 

The effective disposal of ever growing amounts of municipal solid waste (MSW) is one of the 55 

critical challenges faced by many urban settings worldwide. Landfilling of MSW in engineered 56 

landfills has been considered as one of the most feasible options available in waste management 57 

practices. In the past two decades, bioreactor landfill technology has been practiced increasingly, 58 

as waste management industries strive towards sustainability. Bioreactor landfills incorporate the 59 

operations of leachate recirculation through leachate recirculation systems (LRS) within the 60 

MSW to increase the moisture levels in the MSW (Barlaz et al. 1989; Reinhart and 61 

Townsend1997; Sharma and Reddy 2004; Haydar and Khire 2005; Jain et al. 2010). This in turn 62 

accelerates the anaerobic decomposition of MSW thereby leading to early waste stabilization. 63 

Meanwhile, the MSW undergoes complex interrelated coupled behavior comprised of hydraulic, 64 

mechanical, biological, and thermal processes. Moreover, due to such complex and dynamic 65 

coupled behavior, the geotechnical properties of the MSW change both spatially and temporally, 66 

and it becomes increasingly difficult to accurately predict the overall performance of such 67 

landfill systems.  68 

The performance evaluation of bioreactor landfills must be based on a holistic assessment 69 

of the coupled hydro-bio-mechanical processes in the landfilled MSW. The leachate injection in 70 

the MSW causes rapid waste degradation and simultaneous changes in the geotechnical 71 

properties of MSW (e.g. unit weight, stiffness, shear strength parameters and saturated hydraulic 72 

conductivity). Higher moisture levels could also generate excess pore fluid pressures that would 73 

reduce the effective stress, which further affects the volumetric deformation in the waste. 74 

Similarly, the faster biodegradation of MSW exacerbates changes in the mechanical behavior, 75 
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and causes changes in the void ratio, which ultimately results in large overall waste settlement. It 76 

has been widely reported that secondary biodegradation induced settlement could be as large as 77 

50% of the initial waste height (Sowers 1973; McDougall 2007).  78 

On the other hand, changes in mechanical behavior (e.g., volumetric deformation, void 79 

ratio, effective stresses) could affect the flow and distribution of moisture in bioreactor landfills 80 

(El-Fadel and Khoury 2000; McDougall 2007; Chen et al. 2012). Moreover, as a result of 81 

continuous leachate recirculation, the decomposed MSW may have a behavior that resembles 82 

more of the clayey soils, potentially representing soft waste conditions that could considerably 83 

influence the in-plane shear behavior (shear stress and shear displacement) of the underlain 84 

composite liner system. Consequently, it is critical to understand the in-plane shear behavior of 85 

liner systems during the leachate injection to ensure their integrity and serviceability over the 86 

entire design life period (Reddy et al. 1996; Jones and Dixon 2005; Reddy et al. 2017a). 87 

Therefore, the bioreactor landfills subjected to coupled processes must be analyzed and designed 88 

holistically, with adequate consideration given to hydraulic behavior (e.g., moisture distribution 89 

and resultant buildup of pore fluid pressures), landfill slope stability, settlement, and interface 90 

shear behavior of the composite liner systems (side and bottom liners) during and after the 91 

periods of leachate injection operations (Reddy et al. 2017b).  92 

There is quite limited information available in the literature regarding the optimization of 93 

the performance of bioreactor landfills that undergo coupled hydro-bio-mechanical processes. 94 

McDougall (2007) presented a one-dimensional (1-D) coupled hydro-bio-mechanical 95 

mathematical framework that accounted for hydraulic behavior of MSW using the Richards’ 96 

equation (1931), while accounting for the unsaturated hydraulic conductivity using van 97 

Genuchten functions (van Genuchten 1980). The MSW biodegradation process ranging from 98 
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enzymatic hydrolysis to methanogenesis was incorporated based on a two-stage anaerobic 99 

digestion model. Meanwhile, the mechanical settlement was calculated based on small-strain 100 

finite element model that included the creep effects and biomechanical compression. 101 

Nonetheless, McDougall (2007) did not consider the effects of periodic leachate recirculation on 102 

coupled hydro-bio-mechanical processes in the landfilled MSW. Moreover, landfill slope 103 

stability and interface shear behavior of landfill liners while the MSW undergoes degradation 104 

were not considered.  105 

Hettiarachchi et al. (2009) also developed a 1-D mathematical model to account for the 106 

effects of moisture and landfill gas pressure in determining the overall landfill settlement. The 107 

modelers used first-order decay kinetics to account for the MSW biodegradation and subsequent 108 

biodegradation induced waste settlements. However, they ignored the spatial and temporal 109 

variation in MSW settlement. Moreover, the model did not represent a realistic field coupled 110 

hydro-bio-mechanical MSW behavior as the influence of leachate distribution in the MSW were 111 

not considered, since the operations of leachate recirculation were not performed. Furthermore, 112 

changes in geotechnical properties with waste decomposition were neglected. A similar approach 113 

was adopted by Chen et al. (2012) who proposed a 1-D coupled hydro-bio-mechanical 114 

framework. The model incorporated the changes in degree of saturation with time and the 115 

subsequent MSW biodegradation. However, the changes in geotechnical properties due to 116 

biodegradation were not considered. Furthermore, the effects of biodegradation on the MSW 117 

settlement calculation were neglected as the rate of secondary compression was kept constant in 118 

the coupled modeling approach. 119 

None of the previous studies have investigated the influence of bioreactor landfill slope 120 

configurations, geometric configuration (e.g., spacing/layouts) of the leachate recirculation 121 
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systems such as horizontal trench systems (HTs) and the effect of leachate injection mode 122 

(continuous vs. intermittent) on the overall performance of bioreactor landfills, including the 123 

composite liner and cover system, subjected to coupled hydro-bio-mechanical processes.  124 

A two-dimensional mathematical framework that accounts for the coupled hydro-bio-125 

mechanical processes in the MSW is developed to perform detailed parametric modeling during 126 

the operations of leachate injection. The parametric study is performed to assess: (a) the impact 127 

of landfill slope configuration by comparing a typical 1V:3H slope with a steeper 1V:2H landfill 128 

slope, (b) the effect of geometric configuration of HTs by varying the horizontal spacing and 129 

layouts between successive HTs (e.g., closely spaced vs. relatively widely-spaced), and (c) 130 

influence of the mode of leachate injection (e.g., continuous leachate injection vs. a one-week-131 

on-off intermittent injection mode). In particular, the influence on the hydraulic behavior (e.g., 132 

moisture distribution, leachate saturation, pore water and capillary pressure), biodegradation 133 

parameters (e.g., degree of degradation with leachate injection duration), landfill slope stability, 134 

overall mechanical settlement, and interface shear behavior of composite liner systems are 135 

evaluated for bioreactor landfills undergoing the coupled hydro-bio-mechanical processes during 136 

the operations of leachate injection.  137 

 138 

Coupled Hydro-Bio-Mechanical Model 139 

 140 

A coupled hydro-bio-mechanical model that integrates a two-phase flow hydraulic model, a first 141 

order decay biodegradation model and a plain-strain formulation of the Mohr-Coulomb 142 

mechanical model is used to predict the MSW behavior and examine the interface shear response 143 

of composite liner system under the influence of coupled hydro-bio-mechanical processes 144 
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(Reddy et al. 2017c). In particular, the two-phase flow hydraulic model simulates the 145 

flow/transport of each fluid phase (liquid and gas) through Darcy’s law and is extended to 146 

unsaturated fluid flow using the relative permeability functions given by van Genuchten (1980). 147 

The entire numerical model was formulated in Fast Lagrangian Analysis of Continua (FLAC) a 148 

finite difference program (Itasca, 2011). A schematic of the numerical framework and a detailed 149 

explanation on each of these individual models and the entire numerical framework is presented 150 

in Reddy et al. (2017c). 151 

 152 

Modeling System Effects 153 

 154 

Modeling Scenarios 155 

 156 

This study examines the influence of various system designs and operational conditions on the 157 

performance of bioreactor landfill subjected to coupled hydro-bio-mechanical processes. 158 

Specifically, the parametric study is performed to assess: (a) the impact of landfill slope 159 

configuration by comparing a typical flatter slope (1V:3H) with a steeper landfill slope (1V:2H), 160 

(b) the effect of geometric configuration of HTs by varying the horizontal spacing and layouts 161 

between successive HTs (i.e., closely spaced dense HT system vs. relatively widely-spaced 162 

HTs), and (c) the influence of the mode of leachate injection (i.e., continuous leachate injection 163 

vs. one-week-on-off intermittent injection). 164 

 165 

Effects of Landfill Slope Configuration 166 
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A parametric study was performed to evaluate the impacts of bioreactor landfill slope 167 

configuration on the overall performance of bioreactor landfill under the influence of coupled 168 

hydro-bio-mechanical processes. In this study, two most commonly adopted field bioreactor 169 

landfill slopes, 1V:3H (case C-1) and 1V:2H (case C-2) are simulated to assess the effects of 170 

landfill slope configuration. In the case of bioreactor landfill C-2, the total model width is 171 

reduced to 100 m in order to have same number of zones as in case C-1 for comparison, while 172 

the total height remains the same as C-1 (i.e., 35.5 m), and the width of flat portion of the final 173 

cover remains the same (i.e., 70 m). Leachate is continuously injected in both the C-1 and C-2 174 

landfill models through a total of 4 HTs (each 1m x 1m) at an injection pressure of 100 kPa until 175 

the waste stabilization is attained in each of the landfill models. The spacing between the 176 

successive HTs in the landfill C-2 remains the same as that of typical landfill C-1 (refer Table 1). 177 

The results obtained for C-2 (1V:2H) were compared with the landfill C-1 (1V:3H) to investigate 178 

the effects of the landfill slope configuration. 179 

 180 

Effects of Horizontal Trench Configuration  181 

 182 

The effects of the geometric configuration of the HTs were simulated by varying the spacing 183 

between consecutive HTs. In the bioreactor landfill case C-1, a total of four HTs are placed with 184 

a horizontal spacing of 30 m and a vertical spacing of 10 m between any two HTs. In order to 185 

evaluate the effects of trench configurations, another bioreactor landfill case, C-3 was considered 186 

with similar landfill configuration as that of C-1, except in case C-3, a total of seven HTs were 187 

placed to represent the behavior of closely spaced HTs during the periods of continuous leachate 188 

injection. In the bioreactor landfill C-3, the horizontal spacing between any two successive HTs 189 
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was reduced to 15 m, while the vertical spacing was kept the same (i.e., 10 m). Moreover, the 190 

leachate was continuously injected in all seven HTs with an injection pressure of 100 kPa until 191 

the waste stabilization was attained. The results obtained from the typical C-1 landfill were 192 

compared with landfill C-3 to assess the effects of the trench configuration in bioreactor landfill 193 

subjected to coupled hydro-bio-mechanical process. 194 

 195 

Effects of Mode of Leachate Injection 196 

 197 

In field practices, continuous leachate injection (24 hours a day and seven days a week) is not 198 

feasible as it would requires long operator time devoted for running leachate injection systems at 199 

elevated pressure conditions. Therefore, an intermittent mode of injection is preferred. In this 200 

study, a one-week-on-off intermittent leachate injection mode is adopted by continuously 201 

injecting the leachate in the bioreactor landfill for a week followed by a one week rest period. 202 

This particular landfill case is considered as C-4 (Table 1). The intermittent injection cycle was 203 

performed through a total of 4 HTs using injection pressure of 100 kPa till the waste stabilized in 204 

the bioreactor landfill C-4. The results obtained from the case C-4 were compared with the 205 

results of C-1 to investigate the effects of mode of leachate injection (continuous vs. 206 

intermittent). 207 

A parametric modeling study was performed by carrying out the coupled hydro-bio-208 

mechanical simulations using the proposed mathematical framework for each of the four landfill 209 

cases (C-1 through C-4) until their respective waste stabilization period was achieved. 210 

Simulation results were obtained for the moisture flow and distribution (wetted MSW area), 211 

degree of saturation, pore-water and pore gas pressures, degree of degradation (DOD), variations 212 
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of MSW unit weight with DOD, total mechanical landfill settlement, and global factor of safety. 213 

In addition, interface shear stress-displacement behavior of the composite bottom liner system is 214 

reported to understand the overall performance of bioreactor landfill under the influence of 215 

coupled processes.  216 

A 120-m-wide and 35.5-m-deep bioreactor landfill was selected for the coupled hydro-217 

bio-mechanical modeling simulations. A complete detail of the landfill dimensions is presented 218 

in Fig. 1. A composite liner system comprised of a 1V:2H side liner and 85 m long base liner. 219 

The composite landfill lining system consists of 1-m-thick compacted clay overlain by a 12-220 

oz/yd2 non-woven geotextile over a 60-mil smooth high-density polyethylene (HDPE) 221 

geomembrane. A 3 m long flat run-out anchor trench was selected based on the anchor trench’s 222 

capacity to hold together both the geomembrane and geotextile (Sharma and Reddy 2004). A 0.5 223 

m thick layer of high permeability drainage material (e.g., gravel) was placed above the liner to 224 

represent it as the bottom leachate collection and removal system (LCRS). 225 

The total initial waste height was selected to be 30 m and the waste layer was divided 226 

into 10 different layers, each 3 m thick. For the bioreactor landfill case, C-1, a total of four HTs 227 

are placed such that two HTs are located in the shallow layers and the other two HTs are situated 228 

in deep layers of MSW landfills. As shown in Fig. 1, the two leftmost HTs are placed at a lateral 229 

distance (i.e., setback) of 30 m away from the MSW face slope to maintain the stability of 230 

landfill slopes in all four considered bioreactor landfill scenarios (C-1, C-2, C-3, and C-4). In 231 

addition, the HTs within the shallow MSW layers are situated 10 m vertically below the top of 232 

the MSW landfill surface. Moreover, the horizontal and vertical spacing between the successive 233 

HTs are 30 m and 10 m, respectively, in all the selected landfill scenarios except for the C-3 234 
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configuration. The spacing and layouts of HTs considered in this study are based on the practical 235 

application as exercised in typical bioreactor landfills in the USA (Giri and Reddy 2014a, b).  236 

Lastly, a final cover system is placed over the MSW. As shown in Fig. 1, the final cover 237 

system has a flat run-out, a 1V:nH MSW face slope and 70-m-wide horizontal portion. The 238 

MSW face slope remains 1V:3H in selected landfill cases C-1, C-3, and C-4. In landfill C-2, a 239 

1V:2H face side slope is considered to evaluate the effects of landfill slope configuration. The 240 

wider flatter portion (i.e., 70 m wide) was considered to adequately capture the influence of the 241 

coupled hydro-bio-mechanical processes in the MSW on a relatively larger landfill area. In 242 

addition, a comparatively wider landfill surface could minimize the boundary effects during the 243 

leachate spread in the bioreactor landfill. The final cover system is comprised of 1 m thick 244 

erosion (vegetative) soil layer underlain by the interface of a 12-oz/yd2 geotextile and 60-mil 245 

HDPE geomembrane. The geomembrane is underlain by 1 m thick layer made of compacted 246 

clay. 247 

 248 

Material Properties 249 

 250 

As shown in Fig. 1, the design components of the engineered bioreactor landfill are comprised of 251 

native soils (silty clay, CL), a layer of compacted clay (primarily silty clay, CL) in the composite 252 

liner system as well as in the final cover system, a bottom drainage layer made of highly 253 

permeable granular soil (e.g., gravel), and an erosion layer (vegetation soil) at the top in the final 254 

cover to minimize the infiltration within the landfill. Table 2 shows the geotechnical properties 255 

of these landfill soil layers selected based on previous studies (Reddy et al. 1999; HELP Manual, 256 

USEPA 1994). In both the composite liner and the final cover system, an interface material 257 
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comprised of a smooth HDPE geomembrane and a nonwoven geotextile was considered to 258 

represent the weakest surface in the landfill (Reddy et al. 1996; Jones and Dixon 2005). 259 

Moreover, the shear strength and the stiffness properties of the interface were adopted from 260 

previous studies (Wasti and Ozduzgun 2001; Sia and Dixon 2012).  261 

The landfilled MSW was divided into ten distinct layers and each layer being 3-m-thick 262 

with varying MSW properties along the landfill depth to represent true field conditions (i.e., 263 

heterogeneous MSW). Table 3 shows the initial geotechnical properties of the MSW and their 264 

variation (e.g., unit weight, saturated hydraulic conductivity, initial porosity, and initial 265 

saturation) along the landfill. The MSW unit weight was varied along the depth using the 266 

formulation given by Zekkos et al. (2006):  267 

𝛾𝛾 = 𝛾𝛾𝑖𝑖 + 𝑧𝑧
𝛼𝛼+𝛽𝛽𝑧𝑧

                                       (1) 268 

Where γ = unit weight at depth z; α and β are 3 m4/kN and 0.2 m3/kN, respectively, for typical 269 

MSW; and γi = near surface in-place unit weight. In this study, the value of γi was taken as 7.5 270 

kN/m3  271 

The saturated vertical hydraulic conductivity of MSW was varied with landfill depth and 272 

overburden stress as follows (Reddy et al. 2009):  273 

𝑘𝑘𝑣𝑣 = 𝑘𝑘𝑣𝑣0 �1 + �𝜎𝜎
′

𝑃𝑃𝑎𝑎
��
−5.3

                            (2) 274 

Where kv0 = initial saturated hydraulic conductivity at zero normal stress (10-2 cm/s), kv is the 275 

saturated hydraulic conductivity under effective overburden of σ', and Pa = atmospheric pressure  276 

The initial porosity of the waste was varied with landfill depth using the mass-volume 277 

relationship as: 278 

𝑛𝑛 = 1 −  𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑
𝐺𝐺𝑠𝑠𝜌𝜌𝑤𝑤

                  (3) 279 
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Where ρdry is the waste dry density; Gs is the specific gravity of fresh MSW and was assumed to 280 

be 1.25 based on Yesiller et al. (2014); and ρw is the density of water. 281 

The initial shear strength parameters and the initial stiffness properties of MSW were 282 

kept constant along the landfill depth, and these values were based on previous studies (Xu et al. 283 

2012; Sia and Dixon 2012). The biochemical methane potential (BMP) of MSW was assumed to 284 

be 100 m3/Mg (Faour et al. 2007) and did not vary with landfill depth. The unsaturated hydraulic 285 

properties of the MSW were taken from the experimental study performed by Breitmeyer and 286 

Benson (2011) as listed in Table 4. The initial and boundary conditions applied in this modeling 287 

simulation are similar to the ones reported in Reddy et al. (2017c).  288 

 289 

Results and Discussion  290 

 291 

Moisture Distribution 292 

 293 

The uniform and adequate spread of the injected leachate through the HTs in the MSW is one of 294 

the primary objectives of leachate recirculation operations in bioreactor landfills. The MSW 295 

wetted area that represents landfill area with saturation greater or equal to 60% (ITRC 2006) is 296 

plotted against injection duration for the different landfill configurations in Fig. 2. It can be 297 

inferred that MSW wetted area is approximately 93% in all the landfill cases, at the end of their 298 

respective stabilization period. The total MSW wetted area was calculated as the MSW area with 299 

saturation greater than 60% divided by the total MSW area. Pressurized leachate addition 300 

through the closely spaced staggered HTs (a total of 7) in landfill C-3 resulted in the largest 301 

wetted area with the shortest leachate injection period, representing a higher level of moisture 302 

distribution in the MSW. Moreover, the steeper 1V:2H MSW face slope in landfill C-2 brought 303 
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about a smaller wetted area and longer stabilization period than the relatively flatter slope of 304 

1V:3H in C-1. That could be due to the relative flatness of 1V:3H slope in which the leachate 305 

spread laterally and accumulates near the side slopes faster than in case of the steeper 1V:2H 306 

slope. Thereafter, as a result of the impermeable slope boundary, the leachate would eventually 307 

migrate vertically down and wet more areas in the 1V:3H landfill slope. Similar observations 308 

were made by Giri and Reddy (2014a, b), who predicted a larger wetted area for a flatter landfill 309 

slope (1V:3H) than in a steeper slope (1V:2H) while assessing the minimum setback distance of 310 

HTs from the side slope for safe and efficient design of the bioreactor landfill. 311 

Similarly, Fig. 3 shows the degree of saturation for all four landfill systems along a 312 

lateral section A-A’ (see Fig. 1) during different periods of leachate injection. A variation in the 313 

MSW saturation is clearly evident during leachate injection operations in different landfill cases 314 

considered. The degree of saturation ranges from the initial 40% to 100% in all of the landfill 315 

cases. However, the levels of saturation were lower for the landfill C-4 compared to rest of the 316 

landfill cases during the first 10 years of leachate injection, as a result of the intermittent mode of 317 

injection. As previously mentioned, the closely spaced dense HT system in C-3 resulted in 318 

saturation levels as high as 100% within the first year of continuous injection. The influence of 319 

the bioreactor landfill slope configuration was examined by comparing MSW face slope of 320 

1V:3H (C-1) with a relatively steeper 1V:2H (C-2) slope. As shown in Fig. 2, the steeper 1V:2H 321 

face slope resulted in a relatively smaller MSW wetted area and longer injection duration to 322 

effectively distribute the injected leachate in the MSW. 323 

The effect of the horizontal trench systems were evaluated by reducing the horizontal 324 

spacing between successive HTs, based on the typical practice adopted in the USA. In total, 325 

seven HTs are employed in landfill C-3 compared to only four HTs in case of landfill C-1 (refer 326 
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Table 1). Reducing the horizontal spacing of HTs considerably improved the overall efficiency 327 

of the leachate recirculation operations in the MSW. This was achieved based on an enlarged 328 

MSW wetted area (i.e., approximately 93% of the total landfill area in only 13 years for C-3 than 329 

about 92% in 16 years for C-1) and thereby a relatively shorter injection duration for the 330 

attainment of MSW stabilization (13 years in C-3 compared to 16 years in C-1). 331 

In this study, a one-week-on-off intermittent leachate injection mode is adopted by 332 

continuously injecting the leachate in the C-4 bioreactor landfill configuration for a week 333 

followed by a one week of gravity drainage, such that two out of the four horizontal trenches 334 

would be in operation at any moment of time. The injection cycle was performed using the 335 

injection pressure of 100 kPa until waste stabilization period. The overall leachate spread and 336 

moisture distribution in the MSW was significantly reduced due to the intermittent mode of 337 

injection, as represented by smaller MSW wetted area with time, when compared to the 338 

evolution of wetted area in C-1. Moreover, the MSW saturation gradually increased to high 339 

values unlike the bioreactor landfill C-1. However, at the end of waste stabilization period (i.e., 340 

28 years of total intermittent injection), the wetted area for C-4 landfill system was almost same 341 

as for C-1 landfill after 16 years. 342 

 343 

Pore Fluid Pressure 344 

 345 

Fig. 4 shows the evolution and distribution of pore water pressures and capillary pressures along 346 

the horizontal landfill section A-A’ for all the landfill cases (C-1 to C-4). As can be seen from all 347 

four plots (Fig. 4a-d), pore-water pressure ranges from an initial negative value of approximately 348 

-5 kPa (representing matric suction due to unsaturated MSW) to as high as 100 kPa at the trench 349 
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locations for all the selected landfill configurations. Pore-water pressures near trench locations 350 

were highest (approximately 80-100 kPa) in C-3 due to the closely spaced HTs, but the lowest in 351 

C-4 as the developed pore pressure had sufficient time to dissipate due to the one-week-on-off 352 

intermittent leachate injection. Conversely, the value of capillary pressure decreases with the 353 

leachate injection as the moisture is distributed with time in the MSW. All the landfill cases had 354 

an initial capillary pressure of approximately 19-21 kPa. Capillary pressure reduced to zero 355 

(along the section A-A’) within a year of continuous leachate injection in C-1, C-2 and C-3.  356 

However, a relatively small capillary pressure ranging approximately from 3-10 kPa was 357 

observed in the landfill C-4, even after one year of leachate injection, due to the intermittent 358 

drying of MSW during the drainage period resulting in some portion of landfill area being 359 

unsaturated. The build-up of excessive pore water pressure was relatively lower in the steeper 360 

MSW slope (C-2), while the capillary pressure during the initial unsaturated MSW state was 361 

similar (as high as 21 kPa) in both 1V: 2H slope (C-2) and the 1V:3H landfill slope (C-1).  362 

Moreover, the excessively developed pore water pressure at any given time was found to 363 

be higher for the bioreactor landfill with closely-spaced dense HTs (C-3) due to high pressure 364 

injection at several locations. Nevertheless, the capillary pressure due to initial unsaturated MSW 365 

was approximately the same within the first six months of continuous injection, irrespective of 366 

the recirculation trench configuration. 367 

The intermittent leachate injection in landfill system C-4 provided enough time for the 368 

developed pore water pressure across the landfill section to dissipate during the rest period 369 

(gravity drainage), and this resulted in a safer landfill system than the landfill C-1. The pore 370 

pressures in case C-4 were relatively lower than the pore pressures in case C-1 due to 371 
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intermittent injection. Moreover, the continuous injection of leachate in C-1 led to a higher pore 372 

water pressures, reducing the effective stress and thereby the shear strength of MSW. 373 

 374 

Degree of Waste Degradation 375 

 376 

One of the primary purposes of bioreactor landfill is to help accelerate waste stabilization by 377 

enhancing anaerobic decomposition of organic matter. Hence, it is important to understand the 378 

extent of waste degradation along the landfill depth with leachate injection. Fig. 5 shows the 379 

variation of waste degree of degradation (DOD) along with landfill depth for all the four landfill 380 

configurations. As it is evident, the DOD increases with the leachate injection in all landfill 381 

scenarios. Moreover, the DOD slightly increases with landfill depth as the leachate tends to 382 

accumulate in the deeper layers of landfill due to gravity and makes the anaerobic decomposition 383 

process relatively faster at deeper layers.  384 

As the landfilled waste degrades, the geotechnical properties of MSW such as unit weight 385 

and shear strength properties are altered. Variations in MSW unit weight along the landfill depth 386 

(section B-B’ in Fig. 1) for different leachate injection periods are plotted in Fig. 6. Changes in 387 

unit weight are quite evident with landfill depth as well as leachate injection time; higher MSW 388 

unit weights are observed in the deeper MSW layers due to relatively higher DOD. Unit weights 389 

range from 8 kN/m3 to 12 kN/m3 at the top MSW layer due to relatively low DOD and from 390 

about 11.5 kN/m3 to 17 kN/m3 at the bottom MSW layer because of higher levels of waste 391 

degradation. Moreover, rapid variations in MSW unit weight were found in the case of C-3 as a 392 

result of rapid waste degradation. In addition, the values of MSW unit weight obtained in this 393 

study are well within the reported range (Matasovic and Kavazanjian 1998; Zekkos et al. 2006).  394 
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In addition, it is important to note that no much variation was observed in the MSW unit 395 

weight at the end of 1-year of leachate injection in all four landfill systems, primarily due to the 396 

low degree of degradation. However, as the anaerobic biodegradation of the landfilled waste was 397 

expedited due to the increased moisture levels, a significant variation in the MSW unit weight 398 

could be noticed. At the end of 10 years of leachate injection, the MSW unit weight in landfill C-399 

3 (with closely spaced HTs) was the highest with approximately 11.2 kN/m3 at the top MSW 400 

layer to as much as 16.4 kN/m3 at the bottom layer, mainly due to the large extent of waste 401 

degradation in C-3 resulting from the increased level of overall moisture in a shorter time. The 402 

landfill C-4 with intermittent injection showed the smallest variation in the unit weight (10.7 403 

kN/m3 at the top layer to about 15 kN/m3 at the bottom MSW layer) at the end of 10 years due to 404 

low DOD.  405 

It was found that, at any given injection period, the degree of waste degradation in the 406 

1V:2H landfill slope was lower due to slightly lower moisture levels than the 1V:3H slope; 407 

yielding in waste stabilization period of around 18 years compared to 16 years of continuous 408 

leachate injection in case C-1 with 1V:3H slope. In addition, the changes in unit weight were 409 

more pronounced in the flatter 1V:3H slope than the steeper 1V:2H (Fig. 6).  410 

As a result of closely-spaced HTs, the waste degradation in bioreactor landfill C-3 was 411 

much faster compared to the typical bioreactor landfill C-1. As shown in Fig. 5, almost 98% of 412 

the waste degradation resulting in the MSW stabilization was attained within 13 years of the 413 

continuous leachate injection in C-3 compared to 16 years for C-1. As a result of the rapid waste 414 

degradation, changes in the geotechnical properties such as MSW unit weight were more 415 

predominant and were found to be higher than the MSW in the bioreactor landfill C-1. 416 
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Furthermore, the degree of waste degradation (DOD) were relatively less (approximately 417 

40-50%) throughout the landfill C-4 than the DOD (60-75%) found in C-1 at the end of 5 years. 418 

As a result of the low DOD, the changes in geotechnical properties such as MSW unit weight 419 

along the landfill depth were relatively lower in the first 5 years of intermittent leachate 420 

injection. However, at the end of waste stabilization period (i.e., 28 years), the DOD was close to 421 

97% across the landfill C-4, which resulted in MSW unit weight that was as high as 16.5 kN/m3 422 

at the bottom most layer.  423 

 424 

Landfill Settlement 425 

 426 

Prediction of total landfill settlement, both spatially and temporally, is one of the most 427 

challenging aspects of assessing the overall performance of bioreactor landfills. Dynamic 428 

conditions resulting from ever-changing geotechnical properties of MSW due to anaerobic waste 429 

decomposition makes it difficult to accurately determine the overall landfill settlement. Fig. 7 430 

shows total surface settlement for all four selected landfill configurations during different periods 431 

of leachate injection. It is evident that as the waste degradation increases with the injection 432 

duration, large amount of landfill surface settlement is observed. This is primarily due to organic 433 

mass loss into biogas leading to more compressible and soft MSW with time due to anaerobic 434 

waste decomposition in the presence of adequate moisture. In addition, the volumetric 435 

deformation due to fluid flow (pore pressure dissipation) and changing unit weight and stiffness 436 

of MSW also contribute towards MSW settlement. As shown in Fig. 7, the total surface 437 

settlement varies from the initial primary compression of 3.4 m, to as much as approximately 438 

10.8 m (in case of C-3 and C-4) of total landfill MSW settlement, towards the end of waste 439 

stabilization. 440 
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It is worth mentioning that the slower MSW degradation in the steep 1V:2H landfill slope 441 

condition led to a relatively smaller landfill surface settlement compared to the flatter 1V:3H 442 

landfill face slope at the end of their respective waste stabilization period. Similarly, a larger 443 

total surface settlement was observed in a relatively shorter duration in C-3, showing the efficacy 444 

of leachate recirculation operations through closely spaced HTs to uniformly distribute the 445 

moisture across the landfill.  446 

In addition, due to the low moisture level and slow waste decomposition, the total MSW 447 

surface settlement in the bioreactor landfill C-4 was considerably less (approximately 8.8 m after 448 

16 years) compared to the typical bioreactor landfill C-1 with continuous injection at the end of 449 

16 years. However, the total settlement at the end of stabilization period (after a total duration 28 450 

years) in C-4 with intermittent injection was as large as observed for the bioreactor landfill C-1. 451 

 452 

Slope Stability  453 

 454 

It is critical to assess the physical stability of bioreactor landfills to account for excessively 455 

generated pore fluid pressures caused by leachate injection in MSW. Factor of safety (FOS) was 456 

computed during the periods of leachate injection for all four landfill conditions and is plotted in 457 

Fig. 8. Initial values for factor of safety were the same (4.42) for C-1, C-3 and C-4, while the C-2 458 

observed an initial FOS of 2.64 due to its 1V:2H landfill slope. The continuous leachate injection 459 

in C-1, C-2 and C-3 considerably reduced the FOS to as low as 1.57 in C-3 after 5 years of 460 

leachate injection. However, all the selected landfill conditions were found to be stable (i.e., FOS 461 

> 1.0) at the end of their respective waste stabilization period. The intermittent injection in C-4 462 

showed lower pore fluid pressures than rest of the cases, thus resulting in significantly higher 463 

factors of safety compared to other landfill cases.  464 
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The change in landfill slope configuration during leachate operation did not influence the 465 

overall physical stability of bioreactor landfill, since both the steeper slope (1V:2H) and the 466 

flatter landfill slope (1V:3H) were found to be physically stable at the end of their respective 467 

waste stabilization period. However, the factors of safety were considerably lower in case C-2 468 

because of steeper slope (1V:2H).  469 

As expected, due to the build-up of excessively high pore fluid pressure, the computed 470 

FOS was lowest in C-3 (e.g., landfill with closely-spaced HTs) than C-1 (e.g., typical bioreactor 471 

landfill). Nevertheless, the bioreactor landfills were found to be physically stable (FOS > 1.0) at 472 

the end of their respective waste stabilization period for the site specific conditions and the 473 

material properties assumed.  474 

The intermittent mode of leachate injection resulted in the bioreactor landfill slope being 475 

far more stable (due to low pore fluid pressure) than the bioreactor landfill case C-1 with 476 

continuous leachate injection. Meanwhile, it is important to note that the FOS values in all the 477 

cases showed a decreasing trend initially due to increasing pore pressures and thereafter 478 

increased for a certain time and later stabilized towards the end of the waste stabilization period. 479 

This is due to the changes in shear strength properties of MSW with degradation. During the 480 

initial few years the increase in pore pressures decreased the effective stress in MSW and thereby 481 

reducing its shear strength. However, the changes in the shear strength parameters of MSW 482 

(increase in cohesion and a decrease in friction angle) was significant after the initial few years 483 

leading to an effective increase in the shear strength of MSW during this course. The settlement 484 

also contributed to stability of the slope due to subsidence. Later, towards the end of waste 485 

stabilization the factor of safety slightly decreases and remains constant as waste stabilizes. It is 486 

worth mentioning that, the failure surface was initially around the face of MSW slope and with 487 
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time the failure surface occurred deeper into the MSW region, causing rotational type of failure. 488 

In this study, since the MSW properties and the site conditions remained same, the trend in the 489 

variation of FOS values for all the landfill cases was nearly same. However, the magnitudes of 490 

these values were different, thereby capturing the effects of landfill slope, HT configuration and 491 

mode of leachate injection and thus signifying the importance of operational conditions on the 492 

performance of bioreactor landfill.   493 

 494 

Interface Shear Behavior 495 

 496 

The in-plane shear behavior (i.e., shear stress and shear displacement) of the composite landfill 497 

liner system with respect to its distance from the MSW slope toe at GL (see Fig. 1), for all 498 

selected bioreactor landfills are shown in Fig. 9 and 10. The induced shear stress along the flat, 499 

side slope liner and base liner during different periods of leachate injection are plotted in Fig. 9, 500 

while the mobilized shear strength along the composite liner system for the four landfill 501 

conditions is plotted in Fig. 11. In all the simulations the induced shear stress was found to 502 

increase from the far left end of the side slope liner along the interface reaching a maximum 503 

value and then sharply decreases to zero at the end of side slope liner. Similarly, the induced 504 

shear stress was found to increase initially from the left end along the base liner reaching a 505 

maximum value and then gradually decreases to zero towards the end of base liner. It is evident 506 

that side slope liner experienced higher induced shear stress (approximately 37.1 kPa in C-1, C-2 507 

and C-3 to about 41 kPa in C-2) immediately after the placement of waste in layers. However, 508 

the base liner in all four landfill cases showed low induced shear stresses; the highest induced 509 

shear stress in base liner being approximately 4.8 kPa in case of C-1, C-3 and C-4 to around 2.3 510 

kPa in case of C-2) at the end of waste placement in layers. It is important to note that the 511 
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induced shear stresses in side slope decreased while the shear stresses in base liner increases with 512 

time in all the landfill cases. This is mainly attributed to changes in shear strength and stiffness 513 

of MSW with degradation. However, the magnitude of the shear stresses and shear displacement 514 

depends upon the rate at which the MSW degrades. The MSW was observed to be relatively less 515 

stiff (representing soft MSW conditions) with time when compared to initial fresh MSW. 516 

However, the MSW stiffness was found to increase along landfill depth in all the four landfill 517 

simulations. Similar trends of induced shear stress and shear displacement for the composite liner 518 

interface consisting of smooth HDPE geomembrane and nonwoven geotextile, in case of stiff 519 

and soft waste conditions have been reported in literature (Reddy et al. 1996). Moreover, it is 520 

worth mentioning that the steeper landfill slope (C-2) resulted in higher shear stress at the side 521 

slope and relatively lower shear stress at the base liner compared to the flatter bioreactor landfill 522 

slopes (i.e., C-1, C-3 and C-4). 523 

The mobilized shear strength values in each of the selected landfill conditions were 524 

calculated at the end of their respective leachate recirculation period along the composite liner 525 

using the Coulomb shear strength failure criterion, and were compared with the respective 526 

induced interface shear stress at the end of waste stabilization period in each landfill case 527 

simulation. As shown in Fig. 11, the mobilized shear strength along the liner interface between 528 

the geomembrane and geotextile was higher than the induced shear stress for each landfill 529 

configuration. This criterion represents a stable and fully functional composite liner system in the 530 

landfills even after the complete waste stabilization period. However, this observation is valid 531 

only for the assumed site specific conditions and material properties. In addition, the mobilized 532 

shear strength ranged from 0 kPa at far left of interface (flat-run-out) to about 158 kPa at far right 533 
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of the interface (end of base liner), and it was found to be higher at base liner than the side slope 534 

liner interface. 535 

The interface shear displacement along the composite liner system follows the similar 536 

pattern as that of induced shear stress (i.e., higher shear displacements for the side slope liner and 537 

lower shear displacements for the bottom liner during initial waste placement) for all selected 538 

landfill configurations.  539 

The effect of landfill slope gradient on the interface shear behavior (shear stress-540 

displacement) of the composite landfill liner system is shown in Fig. 9 and Fig. 10. During the 541 

initial baseline condition (i.e., stiff MSW with no leachate injection), the side liner experienced 542 

greater induced shear stress (as high as 41 kPa) for the steeper landfill slope gradient of 1V:2H 543 

than the flatter 1V:3H slope gradient. Similar patterns of landfill slope gradient on interface 544 

shear stress, during the initial waste placement (stiff MSW), were observed by Reddy et al. 545 

(1996). The interface shear displacement along the side slope and bottom liners followed a 546 

similar trend as that of induced shear stress (Fig. 10), where the 1V:2H slope gradient 547 

encountered a larger shear displacement (as much as 17.5 mm) along the side slope than the 548 

1V:3H landfill slope (15.8 mm). The bottom liner did not have any significant difference in shear 549 

displacement due to the change in landfill slope gradients, after the initial waste placement in 550 

layers. It is also important to note that the variation in shear displacement along the side slope 551 

liner in case C-2 is slightly different from the rest of the landfill cases. The shear displacements 552 

are found to be more concentrated towards the toe of the slope. This can be attributed to the fact 553 

that the slope configuration had its influence on the interface shear behaviour. A slope of 1V:2H 554 

can accommodate slightly more MSW on the side slope than the other landfill slope (1V:3H) 555 

considered thereby inducing higher lateral pressure on the side liner. Hence, the geometric 556 
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configuration and the boundary conditions have significant impact on the interface shear 557 

behaviour of composite liner systems.   558 

As the leachate is continuously injected, the landfill MSW becomes soft and dense due to 559 

anaerobic decomposition and settlement of MSW. As shown in Fig. 9, the soft MSW conditions 560 

resulted in lower values of induced shear stress than the stiff MSW conditions along the side 561 

slope liner for both C-1 and C-2 landfill conditions. Furthermore, the side slope liner in case C-2 562 

(1V:2H slope) had higher induced shear stress than C-1 (1V:3H slope) with time. However, the 563 

bottom liner was observed to have higher shear stress for the flatter 1V:3H landfill slope gradient 564 

than for the steeper 1V:2H landfill slope. The interface shear displacement along the side liner, at 565 

the end of MSW stabilization period, was larger in case of steeper 1V:2H slope gradient (around 566 

10 mm) than the flatter 1V:3H slope (about 6.7 mm). Similar to shear stress, the bottom liner was 567 

observed to have higher shear displacement for the flatter 1V:3H landfill slope gradient (13.5 568 

mm) than for the steeper 1V:2H landfill slope (8.1 mm) at the end of waste stabilization.  569 

In case of closely spaced dense HTs in bioreactor landfill C-3, the interface shear stress 570 

and the shear displacement along the side liner reduced drastically by approximately more than 571 

17% and 15%, respectively, compared to the bioreactor landfill C-1, after 5 years of leachate 572 

injection. However, the interface shear stress and the shear displacement along the base liner for 573 

the landfill C-3 were (8% and 9% higher) than the landfill C-1, respectively, after 5 years of 574 

leachate injection. Moreover, the rapid degradation of MSW resulted in drastic changes in shear 575 

stresses and shear displacements when compared to the degradation of MSW in case C-1. 576 

Therefore, the horizontal trench layout and spacing is important for effectively performing 577 

leachate injection operations and also has its influence on the liner interface behavior in 578 

bioreactor landfill. 579 
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Additionally, as shown in Fig. 9 and Fig. 10, the intermittent leachate injection along the 580 

side slope liner in C-4 resulted in a gradual reduction in the peak interface shear stress and, peak 581 

shear displacement when compared to C-1. However, the interface shear stress and shear 582 

displacement along the bottom liner did not have any noticeable changes during the intermittent 583 

mode of leachate injection when compared to C-1. The relatively low degradation of MSW 584 

caused the MSW to stay relatively stiff resulting in slight decrease in shear stresses along the 585 

side slope liner. Furthermore, the mobilized shear strengths along the composite side slope and 586 

bottom liner system were much higher than the induced shear stress; representing a safe and fully 587 

operational liner system at the end of waste stabilization period in all the landfill simulations. A 588 

summary of the interface shear response for all the landfill simulations for different scenarios is 589 

presented in Table 5. 590 

 591 

Conclusions 592 

 593 

In this study, numerical simulations were performed to assess the influence of major system 594 

variables on the performance of bioreactor landfills subjected to coupled hydro-bio-mechanical 595 

processes under realistic field conditions. A newly developed and validated mathematical model 596 

was implemented to carry out the parametric study and investigate various field conditions such 597 

as: (a) the influence of bioreactor landfill slope configurations by comparing a typical 1V:3H 598 

face slope with a relatively steep 1V:2H face slope, (b) the impact of varying the geometric 599 

configuration of the horizontal trench systems (HTs) during the continuous leachate recirculation 600 

operations under pressurized conditions, and (c) the effect of leachate injection modes (i.e., 601 

continuous vs. one-week-on-off intermittent) of leachate injection on the overall performance of 602 

bioreactor landfills. The coupled modeling simulations for different landfill scenarios were 603 
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performed until each MSW landfill attained its respective waste stabilization. In addition, for all 604 

coupled numerical simulations the geotechnical properties of the waste such as unit weight, 605 

saturated hydraulic conductivity, initial saturation, and initial porosity were varied along the 606 

landfill depth. Moreover, the interface shear behavior (shear stress-displacement) of the 607 

composite landfill liner (side liner and base liner) was assessed during all the aforementioned 608 

field conditions by considering an interface of 12-oz/yd2 non-woven geotextile underlain by a 609 

60-mil smooth HDPE geomembrane. The following conclusions were drawn from the parametric 610 

study: 611 

• Varying the configuration of the bioreactor landfill MSW face slope from 1V:3H to a 612 

relatively steeper 1V:2H brought about a comparatively lesser spread of moisture, and 613 

relatively low build-up of pore fluid pressures in the MSW, low degree of degradation, 614 

and, consequently, a longer period of continuous leachate injection to attain the MSW 615 

stabilization. In addition, the overall MSW settlement and the variation in the 616 

geotechnical properties of the waste were subdued. However, during the initial stiff MSW 617 

conditions, the side liner experienced larger interface shear stress and shear displacement 618 

than the 1V:3H side slope. But, the soft MSW at the end of stabilization period that 619 

resulted from waste degradation led to smaller interface shear stress and shear 620 

displacement for the base liner with the 1V:2H landfill slope compared to 1V:3H side 621 

slope. 622 

• Continuous leachate recirculation through closely spaced horizontal trenches (i.e., 623 

reduced spacing between successive HTs) resulted in the more uniform and rapid spread 624 

of moisture, relatively high pore fluid pressures, greater extent of waste degradation and 625 

subsequently, shorter leachate injection operations to attain complete waste stabilization 626 
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than the bioreactor landfill with widely-spaced HTs (C-1). Additionally, the overall 627 

MSW settlement and the variation in geotechnical properties were large. Furthermore, 628 

due to high rates of MSW degradation with increased moisture levels there was drastic 629 

decrease in shear stresses and shear displacements along the side slope liner and a rapid 630 

increase in shear stress and shear displacements along base liner when compared to case 631 

C-1. The increased number of HTs also contributed to high pore pressures and 632 

consequently leading to reduction in shear strength of MSW and thereby the stability of 633 

MSW slope considerably. 634 

• An intermittent mode of leachate injection in the bioreactor landfill was found to be 635 

effective and the most suitable approach for adding the leachate in the landfilled waste 636 

since, the intermittent injection mode was able to uniformly spread the moisture and 637 

attain waste stabilization. It also maintained a relatively low pore pressure across the 638 

waste due to significant amount of rest periods in between the leachate operation to 639 

ensure the dissipation of excessively developed pore pressure. Moreover, the landfill 640 

slope was more physically stable due to the relatively low excess pore-fluid pressure with 641 

time. The intermittent flow led to lower wetted area and thereby low rates of 642 

biodegradation initially. However, with time the leachate was distributed more uniformly 643 

and ensured favourable moisture for biodegradation of MSW. In addition, in the first 15 644 

years the interface shear stresses and shear displacements were found to decrease along 645 

the side slope liner but to a lower extent when compared to case C-1. However, by the 646 

end of waste stabilization the induced shear stresses were similar. A higher value for the 647 

factor of safety with time indicates the efficacy of intermittent injection over continuous 648 

injection without compromising the stability of landfill slope.   649 
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Overall, this parametric study showed the importance of assessing various system and 650 

operational conditions for optimal design and performance of bioreactor landfills considering the 651 

influence of coupled hydro-bio-mechanical processes during the leachate injection operations.  652 
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Table 1. Different bioreactor landfill scenarios considered in the study 
 

Bioreactor 
Landfill 

Scenarios 

MSW Slope 
Face 

(1V:nH) 

Total 
Number of 

HTs 

Horizontal 
Spacing between 

HTs, H (m) 

Vertical Spacing 
between HTs, V 

(m) 

Setback from the 
side slope (m) 

Mode of Leachate 
Injection 

C-1 1V:3H 4 30 10 30 Continuous  
C-2 1V:2H 4 30 10 30 Continuous  
C-3 1V:3H 7 15 10 30 Continuous  
C-4 1V:3H 4 30 10 30 Intermittent  

(1-Week-On-Off) 
 
 

Table 2. Material properties for landfill liners and final cover systems 

 
*Wasti and Özdüzgün (2001) 
†Reddy et al. (1999) 
‡HELP Manual, USEPA (1994) 
§Jones and Dixon (2005); Sia and Dixon (2012)

Properties Native Soil Compacted 
Clay 

Drainage 
Layer 

Vegetative 
Soil 

Interface between smooth HDPE 
geomembrane & non-woven 

Geotextile 
Density (kg/m3) 2100 2030 1835 1835 - 
Cohesion (kPa) 80 48 0 72 2* 

Friction Angle (Deg) 0 0 32 0 14* 
Bulk Modulus (Pa) 2 x 108 1 x 108 3 x 108 9 x 107 - 
Shear Modulus (Pa) 1 x 108 6 x 107 2 x 108 6 X 107† - 
Total Porosity (%) 43.7 41.3 45.7 43.7‡ - 

Normal Stiffness (Pa) - - - - 3 x 107§ 
Shear Stiffness (Pa) - - - - 3 x 106§ 
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Table 3. Initial properties of MSW considered for model simulations  

 

MSW 
Layers Depth (m) Unit Weight 

γ (kN/m3)1  

Vertical 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 
   

 1Zekkos et al. (2006) 
 2Reddy et al. (2009) 
 3Calculated from mass-volume relationships 
 

Table 4: Unsaturated hydraulic MSW parameters based on Breitmeyer and Benson (2011) 

Parameter Value 

Unit Weight (kN/m3) 7.8 

Matric suction α (1/kPa) 1.18 

Saturated moisture content  θs 0.41 

Residual moisture content  θr 0.03 

van Genuchten ‘n’ 1.33 

van Genuchten ‘m’ 0.25 
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Table 5. Summary of the shear response of liner interface for all the landfill simulations 
 

Landfill Case 
Time 

(Years)/MSW 
Condition  

Maximum  
shear stress (kPa) 

Maximum  
shear displacement (mm) 

Side slope Base Side slope Base 
C-1 End of MSW 

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  

C-2 End of MSW 
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 

C-3 End of MSW 
Placement (Stiff) 37.1 4.8 15.8 1.9 

5 (Intermediate) 20.1 31.7 9.5 12.4 
13 (Soft) 13.9 35.5 6.5 14 

C-4 End of MSW 
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 

 
 



 
 
 
 
 
 

 

Fig. 1. Typical bioreactor landfill configuration along with its various components selected for numerical simulations 
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Fig. 2. Evolution of MSW wetted area with injection time for (a) C-1, (b) C-2, (c) C-3, and (d) 

C-4 bioreactor landfills using an injection pressure of 100 kPa 
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*Note: D, W, M, and Y here represent day, week, month, and year, respectively 

 

Fig. 3. Degree of saturation along the landfill section A-A’ with leachate injection time for (a) C-

1, (b) C-2, (c) C-3, and (d) C-4 bioreactor landfills using an injection pressure of 100 kPa 
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Fig. 4. Pore-water and capillary pressure distribution along landfill section A-A’ with leachate 

injection time for (a) C-1, (b) C-2, (c) C-3, and (d) C-4 bioreactor landfills.  
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Fig. 5. Degree of waste degradation with depth along section B-B’ with leachate injection time 

for (a) C-1, (b) C-2, (c) C-3, and (d) C-4 
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Fig. 6. Variation in MSW unit weight with depth along the section B-B’ with leachate injection 

time for (a) C-1, (b) C-2, (c) C-3, and (d) C-4 
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Fig. 7. Total landfill surface settlement with leachate injection time for the different system and 

landfill operating conditions considered 
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Fig. 8. Factors of safety with leachate injection time in bioreactor landfills with different system 

and landfill operating conditions considered 
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Fig. 9. Interface shear stress along the composite side and bottom liner system with leachate 

injection time for (a) C-1, (b) C-2, (c) C-3, and (d) C-4 
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Fig. 10. Interface shear displacement along the composite liner system with leachate injection 

time for (a) C-1, (b) C-2, (c) C-3, and (d) C-4 
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Fig. 11. Mobilized shear strength along the composite side and bottom liner system at the end of 

waste stabilization for (a) C-1, (b) C-2, (c) C-3, and (d) C-4 
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