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CHAPTER 1

INTRODUCTION

1.1 Background

Recent advances in sanitary landfill research have indicated that the operation of landfills

as bioreactors could be viable. Waste entombment in a conventional landfill slows down

the process of biodegradation by minimizing moisture entry, whereas, bioreactors speed

up the biodegradation process by controlled input of moisture (i.e. by leachate

recirculation) and increased cycling of nutrients and bacterial populations (Reinhart and

Townsend, 1998). The operation of traditional "entombed" landfills for the sole purpose

of controlling groundwater contamination is not sustainable and could be

counterproductive because of the slow production and atmospheric release of methane-

rich landfill gas, and the loss of resources (e.g. material and space).

Being a relatively new technological innovation, full-scale operation of bioreactor

landfills could be fraught with uncertainties. Therefore, the need for more fundamental

and applied research has been recognized.

A novel concept formulated by University of Calgary researchers is "sustainable

landfill biocell." The biocell landfill concept involves the operation of a landfill cell as

an anaerobic bioreactor with leachate recirculation to recover the full energy potential of

biomass waste. In a second stage, it is operated in the aerobic mode to produce compost.

The input of air and operation of the cell as an aerobic bioreactor enhances waste

decomposition to a level where it could be mined in a third stage for resource and space

recovery, thus making the landfill operation sustainable. The biocell landfill is a novel

and holistic approach to waste disposal on land; with energy recovery, landfill gas

1
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emission control, groundwater contamination control, and compost and space recovery as

direct benefits. The biocell landfill technology approach has the potential to

revolutionize management of waste in both developed and developing countries.

Although the biocell landfill is an attractive alternative to conventional

landfilling, a number of technical obstacles could prevent its adoption. The satisfactory

resolution of one such issue is the focus of this research. This research is undertaken to

address the issues associated with waste settlement in a biocell landfill when it is

operated in its first phase as an anaerobic bioreactor landfill. This research investigates

how the generation and dissipation of landfill gas pressure and the distribution of

moisture affect waste settlement in a biocell landfill.

Enhancement of microbiological activities in a bioreactor landfill is achieved by

recirculating the leachate collected. Recirculation of leachate helps the landfill to

maintain a wet environment in addition to the supply of nutrients needed for the

biodegradation.

In a biocell landfill, gas production is accelerated because of rapid waste

decomposition making them different from conventional 'dry-tomb' landfills. Waste

begins to show a high compressibility. This causes significant changes in waste

properties that can be manifested as modified stability and settlement behavior.

1.2 Problem Definition

Settlement prediction is important for proper design and operation of a biocell landfill.

Accurate prediction of settlement is of special importance in estimating air space,

planning construction sequence, designing both intermediate and final covers as well as
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planning for expansions. Accurate prediction is also essential for design of piping

systems used for the delivery of recirculated leachate and collection of landfill gas.

Though majority of settlement is caused by the decomposition of municipal solid waste

over period of years considerable amount of settlement also takes place during the initial

construction stage, which is usually unnoticeable as it happens through the stages of

construction. A comprehensive model for settlement analysis of a bioreactor landfill

should be able to demonstrate not only the settlements due to biodegradation but also the

settlements that occur due to mechanical compression in the initial construction stage.

To calculate landfill settlement many landfill settlement models employ methods

that take into consideration the entire landfill thickness. They typically consider

settlement after closure; therefore, no allowance could be made for settlement during

construction, or the rate of construction. The use of entire landfill depth to calculate

settlement, does not allow for the calculation of strains at different depths, and requires

that values of the model's parameters be a function of the thickness of the landfill

(Bleiker et al. 1995).

In general, any landfill, and especially a biocell landfill, consists of interacting

multiphase media (gas, liquid, and solid), with each phase exhibiting spatial and temporal

variations. But the existing waste settlement models focus mainly on the compressibility

of the solid phase of waste (El-Fadel and Khoury, 2000). In reality settlement of the

solids phase depends on contribution from all three phases. Many mathematical models

are available to evaluate the processes of biodegradation, generation and transport of

gaseous products and distribution of moisture within a landfill. But none of them

consider the contribution from settlement on those processes. On the other hand, the
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models that are being used today for predicting settlement behavior often do not capture

the importance of liquid and gas phases.

1.3 Research Objectives

The primary objectives of the current research are:

• To identify the primary mechanisms governing the process of waste settlement
and to propose a basic framework to use these mechanisms to predict the
settlement behavior of a biocell landfill

• To derive a general governing equation to describe the process of landfill gas
pressure generation and dissipation incorporated with the settlement process

• To couple the process of distribution of moisture in a biocell landfill with the
processes of settlements and generation and dissipation of landfill gas

• To determine the compressibility of fresh waste and its variation with waste
degradation, for the accurate prediction of mechanical compression

• To establish a procedure to numerically solve the governing equations of the
coupled system, and

• To predict the spatial and temporal variation of total settlements, gas pressure
and moisture distribution of a biocell landfill.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter provides a review of literature in the field of landfill settlement modeling.

First few sections provide a detailed general discussion of landfill waste settlement

mechanisms and widely used computational methods. Latter part of this chapter is

devoted to literature pertaining to biocell landfills. Literature on important aspects of

generation and dissipation of landfill gas and distribution of moisture within a landfill is

also briefly discussed.

2.2 Settlement Behavior of Landfills

Accurate prediction of landfill settlement is a challenge because of the large number of

variables involved in the settlement process. Type of waste, organic content, moisture

content, compaction density, compressibility, level of nutrients available for biological

activities, pH, temperature, and time since placement are some of them. The rate of

settlement varies not only with time but also with depth. This variation is due to a

number of factors, which include the increased strain in the waste layers due to the

weight of the overlying layers (Bleiker et al. 1995). The waste at the bottom of a landfill

compacts both immediately upon placement and over time as landfilling operation

progresses. This results in a much greater waste density at the bottom compared to the

waste at the top of the landfill.

5
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2.2.1 Mechanisms of Waste Settlement

The mechanisms of waste settlement are many and complex due to extreme heterogeneity

and large voids present in the landfill. The main mechanisms involved in waste

settlement, as identified by Sowers (1973) and Edil et al. (1990) are listed below:

• Mechanical (distortion, bending, crushing, and re-orientation; similar to
consolidation of organic soils)

• Ravelling (movement of fines into larger voids)

• Physico-chemical change (corrosion, oxidation, and combustion)

• Bio-chemical decomposition (fermentation and decay; both aerobic and
anaerobic processes)

The majority of immediate settlement is caused by mechanical processes (Bleiker

et al. 1995). Sowers (1973) estimated that these processes are completed within one

month from the date of placement of waste. The last two mechanisms cause the majority

of the long-term settlements. Decay of mass also causes a reduction in waste mass,

leading to a decrease in the overburden stress. El-Fadel and Khoury (2000) reported that

the interactions between these mechanisms may cause further subsidence. Combustion

supported by generation of methane and heat released from decay and raveling triggered

by decomposition are some examples. Edil et al. (1990) further identified the following

factors affecting the magnitude of landfill settlement.

• Initial waste density or void ratio

• Fraction of the degradable waste

• Fill height

• Stress history
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• Leachate level and fluctuations

• Environmental factors such as moisture content, temperature, and gas
production

Settlement of waste is characteristically irregular (Edil et al. 1990); initially, there

is a large settlement within one or two months after construction, followed by a

substantial amount of secondary compression over an extended period of time. The

magnitude of settlement rate decreases with time and with increasing depth below the

surface of the fill.

Not only stress history but also the load increment ratio influences settlement.

This was studied during the construction of an interstate highway (Oweis and Khera,

1998), where part of an old landfill was excavated prior to surcharging. About 5-7%

settlement occurred due to the stress increase from the surcharge load, which was less

than the stress before the excavation. Whereas, when the surcharge stress was over 40%

above the pre-excavation stress, the settlement ranged from 11.4-16.8% (Sheurs and

Khera, 1980).

2.2.2 Stages of Landfill Settlement

El-Fadel and Khoury (2000) identified three stages of settlement: initial compression;

primary compression; secondary compression. They defined initial compression and

primary compression similar to how they are defined in consolidation settlement in clay:

initial compression as the settlement that occurs instantaneously when an external load is

applied, which is generally associated with the immediate compression of the void space

and particles due to superimposed loads and primary compression as the process of

dissipation of pore water and gas from the void spaces. According to Sowers (1973) and
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Edil et al. (1990), this dissipation occurs within 30 days after the placement of the load.

The field measured data at several locations show that about 70-80% of the settlement

took place within the first three months (Sheurs and Khera, 1980). However,

applicability of these definitions in waste settlement is debatable. In reality initial

compression is hard to distinguish from primary compression and landfills are seldom

saturated and high porosity of waste may inhibit pore pressure buildups.

The settlement of a landfill continues after the primary compression. Sowers

(1973) attributed the long-term settlement of waste to secondary compression caused by

decaying mass within the landfill, as a result of the physicochemical and biochemical

decomposition, which continues until the waste is fully stabilized.

2.3 Modeling Landfill Settlements

Sowers (1973) documented the similarity of waste settlement to that of peat, with large

initial consolidation followed by substantial secondary compression. Edil et al. (1990)

confirmed that solid waste compressibility properties were rather close to those of

organic soils. Therefore, concepts borrowed from soil mechanics is often used to model

settlements in solid waste landfills. However, landfill waste is heterogeneous and

anisotropic and hence more difficult to characterize than soils.

Current practice of landfill settlement modeling is rather empirical and usually

based on measured laboratory and field parameters. El-Fadel and Khoury (2000)

classified the existing models into four broad categories: soil-mechanics based models;

rheological models; empirical models; and models accounting for the effect of decay on

settlement.



9

2.3.1 Soil Mechanics Approaches

The time dependent stress-stain relationship in waste is first documented by Sowers

(1973). The pattern of rapid settlement followed by a slower and declining settlement

rate has driven researchers to develop several mathematical models based on theory of

consolidation to simulate settlement behavior in waste. Sowers (1973), Rao et al. (1977),

Oweis and Khera (1986), Morris and Woods (1990), and Edil et al. (1990) used primary

and secondary compression models to describe the stress-strain-time relationship in

waste. The general form of the equation is given below.

Where, S (m) is the settlement due to primary and secondary compression

occurring in the layer under consideration, H (m) is the initial thickness of the waste

layer, C: is the primary compression ratio, Cal is the secondary compression index, Po

(N/m2) is the existing overburden pressure acting at the mid level of the layer, and 6P

(N1m2 ) is the increment of overburden pressure at the mid level of the layer under

consideration from the construction of an additional layer (100% of pressure increase at

the top new layer is assumed to be transferred to the layer under consideration), t 1 (day)

and t 2 (day) are the starting and ending time periods for which long-term settlement of

the layer is desired.

Bjarngard and Edgers (1990) compiled landfill data and proposed an extension to

Equation 2.1(a) as:
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Where, Cal and Cat are defined as intermediate and long-term secondary

compression ratios, respectively, t 1 (day) and t 2 (day) are the time for completion of

initial, primary compressions, respectively, and t3 (day) is the total period of time

considered in modeling.

Bleiker et al. (1995) compared soil mechanics based waste settlement models.

Most of the soil mechanics approaches used the models to calculate landfill settlement of

the entire waste thickness after closure. By starting after closure, no allowance was made

for settlement during construction, or the rate of construction. The use of the entire depth

to calculate settlement does not allow for the calculation of strains at different depths, and

requires that values of the model's parameters be a function of the thickness of the

landfill. Morris and Woods (1990) proposed a mathematical model to calculate the

settlement of different layers within the waste.

2.3.2 Rheological Models

Rheological models consist of elements such as springs, dashpots, and sliders.

Composite models are constructed from these basic elements to describe creep behavior.

A simple rheological model that has been widely reported in the literature is Gibson and

Lo model. Previous research has shown that this model was useful in predicting the

settlement of peat, which in turn is assumed to have compressibility characteristics

similar to those of solid waste (Edil et al. 1990). Rao et al. (1977), Edil et al. (1990), and
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Bleiker et al. (1995) used Gibson and Lo type of rheological models to describe the waste

stress-strain-time relationship.

Figure 2.1 shows the physical rheological model, which is often used for

settlement computations. The waste will settle immediately due to an applied load with

strain in Hookean element 'a' and eventually, the waste skeleton supporting the load will

creep, rearrange, and settle at a rate 'k' with additional strain in Hookean element 'b'.

This physical model is represented by Equation 2.2, where, e(t) is the strain as a function

of time and Ai-' (N1m2) is the effective vertical stress.

Figure 2.1 Schematic diagram of the Gibson and Lo rheological model.
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Bleiker et al. (1995) used a graphical method and data published by Rao et al.

(1977) to find a and b parameters. Although Rao et al. (1977) used simulated waste

under laboratory conditions, their data adequately illustrated the trend and the work of

Edil et al. (1990). Because of the non-linear relationship of a and b with effective stress,

and the variation of effective stress, in soils with depth, the model is only accurate over a

given stress ranges and waste thicknesses from which the parameters were determined.

2.3.3 Empirical Models

Practicing engineers prefer empirical relationships because of the complexity and

difficulty of applying other types of models. The attempts to simulate general waste

behavior by adjusting the empirical parameters, which are site specific, seldom have a

physical significance (El-Fadel and Khoury, 2000). Commonly employed mathematical

functions in such attempts are the logarithmic function, the power function, and the

hyperbolic function. They are briefly discussed below.

Yen and Scanlon (1975) analyzed the settlement data from three waste landfills,

30 m high, with the data recorded over 9 years. They calculated the settlement rates as

the ratio of change in elevation of settlement platforms to elapsed time between surveys.

The strain rate (was determined and approximated using the following logarithmic

relationship.
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Where, S (m) is settlement, Ho (m) is the initial height of the municipal solid

waste (MS W) landfill, E' (1 /day) is the strain rate, t (day) time duration of interest, and

c and d are strain rate parameters (1/day), respectively.

Power Creep Law has been used (Edil et al. 1990; Kumar, 2000) to relate

settlement rate with time. This relationship can be written as:

Where, t (day) is the difference between the time of interest and the starting time

of measurements, p and q are empirical constants. Ling et al. (1998) presented Equation

2.5 as the solution for Equation 2.4.

In order to predict the long-term settlement of landfills, Ling et al. (1998) applied

a hyperbolic function (Equation 2.6) to analyze settlement data obtained from three

landfill sites.

Where, S'o (mlday) is the initial rate of settlement, t (day) is the time duration of

interest, and Sint (m) is the ultimate settlement. The parameters S i", and Sul, may be

determined by transforming the above equation through t/ S versus t relationship and

conducting a linear regression analysis.
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It is likely that the final settlement will be between 80-95% of this ultimate value.

The time taken to reach 95% of this ultimate value is calculated as if =19(Su1  / Ko

Hyperbolic function offers the flexibility for it to start at any time. It is particularly

useful if there is a change in loading conditions such as waste surcharging, so that the

analysis may be restarted.

2.3.4 Biodegradation-induced Settlement Models

A large portion of total settlement may be caused by biodegradation, which occurs over a

long period of time. Recent efforts reported mathematical expressions incorporating the

effect of biological decay on settlement (Edgers et al. 1992; Park and Lee, 1997; Kang et

al. 1997; Oweis and Khera, 1998). The basic assumption underlying these expressions is

that the settlement is directly proportional to the biodegradation. The settlement due to

biodegradation is usually expressed in terms of first order kinetics. A generalized form

of the equation that has been proposed to convert decay to settlement is given in Equation

2.7 where, Sat) is the settlement (m) at time t , Ho is the initial height of waste (m), total

is the total expected strain, A, (1/day) is the first order kinetic constant, and t (day) is the

time since the start of decay.

These biodegradation-induced models require determination of bacterial

degradation expressions with their respective kinetic coefficients. More reliable

expressions incorporating hydrolysis reactions for different types of bacteria and different

types of waste components have also been proposed (El-Fadel and Khoury, 2000).
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2.4 Comparison of Settlement Models

Edil et al. (1990) presented a comparison between Gibson and Lo rheological model and

power creep model. Data from four sites were used in the study. The data obtained

during the first year was used to predict the amount of settlement that could be expected

at the end of the data collection period, which was about two years. Table 2.1 shows a

comparison of the results obtained using both methods for one site.
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This landfill site is located in southeastern Wisconsin. The settlement data was

collected using settlement platforms surveyed periodically from 1984 to 1986. The data

collection at this site was continued for approximately 1.8 years. Two types of loading

conditions were considered in the study. First category, "minimal filling," represents a

condition of settlement under essentially self-weight. The second category, "active

filling," represents a condition of settlement under both self-weight and the placement of

additional fills above the platforms.

The Gibson and Lo rheological model predicted the amount of settlement at the

end of two years within 2-18% of actual settlement that occurred for minimal filling and

4-21% for active filling. The power creep law predictions for the same conditions were

0-6% and 0-14%, respectively. It seems that power creep law preformed better than

Gibson and Lo model, which has a physical meaning and can reflect the effects of waste

placement conditions.

While introducing the parabolic model, Ling et al. (1998) also compared their

results with the results obtained from the power creep law and logarithmic function. The

conventional settlement rate-time relationships ( log t and power functions) did not lead to

satisfactory agreement when the settlement was integrated using the best fit parameters.

The hyperbolic function gave improved prediction of long-term settlement over log t and

power functions.

In an effort to examine the decomposition effect on prediction of long-term

settlement of landfills, Park et al. (2002) performed settlement calculations for seven sites

in which the age of waste was young. Four of the sites (A-D) showed the characteristics

of accelerated logarithmic compression rates during the measurement period; the other
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three sites (E-G) did not include these characteristics. In their study, the long-term

settlement was defined as the calculated settlement from the time of first measurements

to 30 years is shown in Table 2.2. In the cases of sites A-D, the upper values were

calculated from the overall measurements, which included the stage of accelerated

compression. The values in parentheses were calculated using the settlement data

measured before the accelerated compression occurred. For sites A-D, the estimated

long-term settlements predicted by the rheological model (Gibson and Lo), the hyperbolic

function, and the logarithmic function are much larger when the accelerated compression

rate occurs due to decomposition. The power creep law seemed overestimating

considerably.

In the case of sites E, F and G, the predicted long-term settlements by most of the

models, excluding the power creep law, were 2-9% of the initial height of the landfill.

The values are very similar to those calculated on the basis of the settlement data

measured for sites A-D before the accelerated compression due to decomposition

occurred. The settlement values seem smaller with respect to long-term settlements that

are likely to occur in fresh landfills.



Table 2.2 Comparison of 30 Year Strains Predicted by Gibson and Lo, Hyperbolic,
Logarithmic, and Power Creep Settlement Models

18

Source: Park et al. (2002)
Note: The values in parentheses were calculated using the settlement data measured before the
accelerated compression occurred.
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2.5 Modeling Biocell Landfill Settlements

Only a few studies of modeling settlement behavior of landfills similar to biocell landfills

are found in the literature. These attempts are also limited to either laboratory or small

pilot scale landfills. Some of these models used in these studies are actually adjusted

versions of the traditional models that have been originally proposed for the dry landfills.

They are briefly discussed in the following sections.

2.5.1 Wall and Zeiss (1995)

To predict the settlement of waste with leachate recirculation, Wall and Zeiss (1995)

applied the secondary compression model, which was originally proposed by Sowers

(1973) for long-term waste settlement predictions in sanitary landfills. They assumed a

linear time dependent settlement behavior with respect to a logarithmic time where the

variation of strain with time is given by Equation 2.8.

Where, 6 is the strain, C 1 is the slope of the strain versus log-time curve and Sp

(day) is the time taken for the primary compression to end. Following many other

previous researches (Sowers, 1973; Morris and Woods, 1990; and Edil et al. 1990) they

used 30 days for ty .

Wall and Zeiss (1995) studied the reduction in time taken to reach biological

stabilization of waste and determination of effects of biodegradation on settlement. The

study included a test cell (1.7 m in height and 0.57 m diameter), that was monitored for

250 days (8 months). They observed that during the first period of secondary settlement,


