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-5 
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kd Coefficient of permeability to air for a dry soil (S=0) (cm/sec) 

X Pore size distribution index (-) 

Se Effective degree of saturation (-) 

Sr Residual degree of saturation at which point an increase in matrix suction, 

which does not produce an appreciable change in the degree of saturation 

Pgas Pressure in the gas phase (kPa) 

u(z,t) Gas pressure function as a function of depth and time (kPa) 
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T Temperature (K) 

R Universal gas constant = 8.3144 J/mole/K 

n(t) Number of moles of landfill gas created 

Ax, Ay, Az Dimensions of the control volume (m) 

V(t) Time dependent function of fluid volume (m^) 
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Symbol Definition 

A Cross section of control volume (m ) 

Pwater Density of water (kg/m^) 

At Time increment (sec) 

k intrinsic permeability of the waste (m ) 

Dynamic viscosity of the pore fluid within the waste mass (Nsec/m ) 

g gravity acceleration (m/sec^) 

Ks Saturated hydraulic conductivity of the waste within the waste mass 

(m/sec) 

Og Gas generation rate according to Thiel (1999) (m^/kg/sec) 

Pwaste Dry density of waste (kg/m^) 

L depth of zone of saturation within the waste mass (m) 

no initial number of moles of gas in control volume 

Pa atmospheric pressure (nW) 

a constant used for simpHfication of differential equation (m^/sec) 

P constant used for simplification of differential equation (mVsec/mole) 

fc Field capacity (%) 

n Porosity (-) 

(l)'waste Critical state friction angle of waste (°) 

<t>'subgrade Critical State friction angle of subgrade (°) 

c'waste Effective cohesion of waste (kPa) 



Due to regulatory legislation enacted over the past few decades, the design of 

municipal sanitary landfills has evolved from simple open dumps to relatively 

sophisticated storage and treatment facilities. Bioreactor landfills, which were first 

introduced in the mid 1990s became a popular landfill management technique and. A 

bioreactor landfill uses leachate recirculation to enhance the degradation processes thus 

degrading the waste constituents much faster than would be experienced with arid 

landfills. However, the well-accepted set of design criteria and methods of analysis for 

stability, settlement, degradation, gas generation, and water infiltration that had been 

developed for the arid landfills were not necessarily appropriate for the bioreactor 

landfills. 

Whether due to leachate recirculation or extreme precipitation, the waste in a 

landfill may tend to become saturated. The high saturation levels then reduce the 

permeability of the waste to landfill gas thus leading to pore pressures that are greater 

than what would be predicted by fluid statics, hi this case, the factor of safety for global 

stability within the landfill will be lowered, potentially creating failure. 

A theoretical model predicting the time and depth dependent development pore 

pressures due to the formation of landfill gas in a wet landfill is presented. The model is 

then quantitatively approximated with a finite difference scheme. It was found that 

below the level of saturation, the steady state pressure distribution appears to be 

hydrostatic except that the unit weight of the fluid is significantly heavier (14.0 kN/m ) 

compared to water (9.81 kN/m^). 



In the ten days preceding July 10, 2000, approximately 0.75 m (30 inches) of rain 

fell onto the Payatas Landfill near Manila, Philippines. Results of HELP modeling 

indicate that this precipitation caused a 10-m deep zone of saturated waste at the bottom 

of the waste mass. Through a back-analysis of the failure, a factor of safety of 1.0 for 

-3 
stability was calculated by using an increased unit weight of pore fluid of 20.9 kN/m , 

which is similar to that predicted by the finite difference scheme of 14.0 kN/m . Hence, 

this research shows that the build-up of landfill gas can play a significant role in the 

stabihty of wet landfills. 
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CHAPTER ONE: 

INTRODUCTION 

1.1 Management of Modem Landfills 

1.1.1 General 

The design, construction, and management of municipal sanitary landfills has 

changed significantly over the past few decades, much of the change due to regulatory 

acts. Three major pieces of legislation including the Solid Waste Disposal Act (1965), 

the Resource Conservation and Recovery Act (1976), and the Hazardous and Solid Waste 

Amendments (1984) make up what is collectively known as RCRA, a legislative body 

that governs the design, construction, operation, and closure of modem landfills for both 

hazardous and municipal solid waste. During the time from 1965 until the early 1990s, 

landfilling evolved from the use of unlined open dumps to relatively sophisticated storage 

and treatment facilities that use a complex bottom liner system beneath the waste. 

Presently, after another decade of development, municipal solid waste landfills (MSWLs) 

can be classified into two major categories, arid or dry landfills, and wet or bioreactor 

landfills. The arid landfill, which is a product of the RCRA legislative body, entombs the 

waste as a final storage solution (Figure 1-1). The primary feature of this kind of landfill 

is that any infiltration of water (ground water or precipitation) into the waste mass, as 

well as the migration of leachate away from the waste, should be prevented. To realize 

this, a bottom liner system (Figure l-2b) is constracted prior to placement of any waste. 
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Cover system 

Waste 

i Base liner system 

Underlying Soil 

Figure 1-1: Schematic diagram of arid landflll 

This bottom liner system may consist of a single or double composite liner, depending on 

the type of refuse stored in the facility. Additionally, a top cover system (Figure l-2a)) is 

installed upon closure to prevent infiltration of precipitation and the intrusion of animals 

or plants. By the mid to late 1990s, engineers had developed a well-accepted set of 

design criteria and methods of analysis for stability, settlement, degradation, gas 

generation, and water infiltration aspects of landfill bottom liner and cover systems. 

The second type of landfill is the bioreactor landfill, which is shown 

schematically in Figure 1-3. Bioreactor landfills are a relatively recent development in 

waste treatment and storage. As will be shown in Chapter Two, a product of landfilling 

solid waste is the creation of excess moisture. Excess moisture is created by 

decomposition, disintegration, or dissolving of soUds to liquid form, as well as other 

chemical and biochemical reactions within the waste. This process contaminates the 

excess moisture to form leachate. Over time, the leachate seeps toward the bottom of the 

landflll. Bioreactor landfills employ the same base liner systems employed by arid 
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liner base system for modern hazardous waste storage facilities (after 
Frobel and Taylor 1991, and Mitchell et al. 1990) 
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Figure 1-3: Schematic diagram of a landfill bioreactor (after Reinhart and 

landfills. As explained earlier, the bottom liner system includes a leachate collection and 

removal system (LCRS) that allows for collection of hquid at the bottom of the landfill, 

hi a bioreactor landfill, the leachate is collected in sumps, pumped out, the chemistry 

adjusted, if needed, and then reintroduced at the top or in other locations throughout the 

landfill. This method, called leachate recirculation, may be accompanied with the 

introduction of air. Li such cases, the degradation process becomes aerobic, which leads 

to a faster stabilization of the waste, hi addition to the reduced time to stabilize the 

landfill, aerobic degradation produces less methane and more carbon dioxide than the 

same waste undergoing anaerobic degradation. 

Both methane (CH4) and carbon dioxide (CO2) are greenhouse gases whose 

presence in the atmosphere has significantly increased within the last few decades. Based 

on environmental data, Bingemer and Crutzen (1987) estimated the global amount of 

CH4 created from degrading municipal solid waste (MSW) and industrial waste in 

Townsend, 1998) 
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landfills to be on the order of 30 to 70 xlO® tons per year, which corresponds to 6-18% of 

total methane emission at the surface of the earth. Besides methane and carbon dioxide, 

landfill gas consists of a number of both toxic and non-toxic trace gases. However, the 

major components are CH4 and CO2 (Stein et al. 2001). Furthermore, methane is 

explosive when its concentration in air is in the range of 5% to 15%. 

Landfill gas, which is produced throughout the degrading waste, tends to migrate 

upwards toward the atmosphere due to differences in pressures as reported by Shen 

(1981). In arid landfills, the conductivity of the waste to air is relatively high. However, 

if the saturation level of the waste increases, the conductivity of the waste to air decreases 

significantly. In the case of wet landfills, the higher saturation levels may lead to 

elevated pore pressures and hence, a reduction of effective stresses within the waste 

mass. However, to date, no research has addressed the magnitude of excess pore pressure 

build-up due to landfill gas in wet landfills. 

1.1.2 Case Study: Payatas Landfill 

On July 10, 2000, one of the side slopes of the 18-hectare Payatas Landfill in 

Quezon City, near Manila, Philippines, failed in the form of a landslide, burying part of a 

neighborhood and killing several hundred people. The total volume of waste involved in 

the slide is estimated to be 13,000 to 16,000 m^ (about 17,000 to 21,000 cubic yards). 

Using an in-place density of 1284 kg/m^ (80 Ib/ft^), the total mass of the waste involved 

was 16.7 X 10^ to 20.5 x 10^ kg (18,400 to 22,600 tons). The landfill had no bottom liner 

system or gas wells. While there is no bottom liner system, the landfill is underlain with 

a native low permeability clay soil of moderate plasticity. 
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In the days immediately following the failure, there were a number of conflicting 

reports regarding the details of the failure. Too, this failure appeared to be a potentially 

important landfill slope failure and hence, the advisor of this research (Dr. Merry) and 

Dr. Edward Kavazanjian, Jr. (Principal, GeoSyntec Consultants, Huntington Beach, CA) 

traveled to the affected area and performed field reconnaissance. Their reconnaissance 

effort included personal observations both by helicopter and by ground, personal 

interviews of residents affected by the failure, managing city officials, an extensive 

search of news records including other eyewitness accounts, precipitation records, a 

review of pertinent engineering information including local agricultural and 

topographical maps, and historic engineering reports. These records were compiled in 

the paper Merry et al. (2004). In their paper, the exact mechanism leading to the failure 

was not proposed; however, several key factors leading to the failure were presented 

including very heavy rains, construction of a basin and subsequent ponding of water at 

the top of the slope, the construction of drainage trenches at the top of the slope to drain 

this ponding water, construction of a deep drainage ditch at the toe of the slope, 

construction of slopes that were steeper than recommended, and the build-up of landfill 

gas due to the saturation of the degrading waste. As will be presented in Chapter Four, it 

is believed that the large amount of precipitation and subsequent ponding of water on top 

of the waste led to saturation of a significant percentage of the waste, which impeded the 

natural diffusion and advection of landfill gas firom out of the waste. When the landfill 

gas, which was formed as a product of degradation, could not escape, pore pressures 

formed that were higher than what would be predicted by static equilibrium given that the 



waste was saturated. These excess pore pressures, although being created by a 

compressible gas, lower the effective stress in the waste. 

1.1.3 Potential Failure of LCRS 

Subtitle D, which covers MSW under the RCRA legislation, limits the amount of 

leachate head on the low permeability portion of the liner system to a height of 30 cm (1 

ft) at any given time. In order to prevent the build-up of head on the liner, a drainage 

layer is installed that directs the leachate to perforated pipes connected to a sump for 

removal. Due to its location below the waste mass, the LCRS has a very low 

accessibility and hence, inspection and maintenance is usually limited to the main 

collection pipes. During the design process, the engineer has to account for this lack of 

accessibility and minimize the potential for clogging of the system. However, the 

possibility of clogging of the LCRS still exists. In addition, power outages may prevent 

the leachate sump pumps from working. In either case, it may happen that leachate 

cannot be removed from the system and head may develop. This scenario would saturate 

the waste mass from below, which would then lead to elevated pore pressures and 

reduced effective stresses. Additionally, the elevated saturation levels impede the release 

of landfill gases generated below the level of saturation and hence, as discussed above, 

may lead to pore pressures in excess of that predicted by static equilibrium. 
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1.2 Scope of Research 

1.2.1 Hypothesis and Scope of Work 

Landfill gas formed below the level of saturation may provide pore pressures in 

excess of that predicted by hydrostatic equilibrium. This pore pressure may lower the 

effective stresses in the waste and hence, lead to global instability of landfill slopes. 

The scope of this work will be limited to a waste mass, which is being treated as a 

homogeneous material. 

1.2.2 Organization of Research 

hi Chapter Two, the environmental conditions that lead to biodegradation of 

municipal solid waste are outlined to provide an understanding of the biochemical 

processes leading to the generation of landfill gas. Following the review of the 

decomposition schemes, the influence of leachate recirculation on the generation of 

leachate and landfill gas is addressed. Additionally, results of previous studies on the 

effect of waste properties to the migration of leachate and gas are reviewed. Finally, the 

current understanding of stability issues, including a review of the state-of-the-practice of 

effective stress shear strengths of MSW, as related to engineered design of dry and wet 

landfills is presented. 

Previous studies to model the generation and migration of landfill gas were 

restricted to dry landfills that entomb the refuse or to wet landfills where newly formed 

landfill gas did not create excess pore pressure within the saturated zone. Furthermore, 

the scopes of these investigations were mostly directed toward the emission of landfill 
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gas into the atmosphere and adjacent soils, or toward the understanding of chemical and 

biological degradation processes of refuse from an environmental engineering standpoint. 

To address the effect of landfill gas as related to the stability of wet landfills, Chapter 

Three presents the formation of a mathematical model to assess the influence of landfill 

gas build-up to pore pressures within the waste. For reasons of simplicity, it is assumed 

that gas is only being generated in the lowest control volume. This can be considered a 

conservative solution since it should underestimate the build-up of excess pore pressures 

relative to gas being created in every CV simultaneously. The formation of the 

mathematical model begins with a presentation of the assumptions necessary for its 

development. Based on these assumptions, the derivation of the model is presented. The 

mathematical formulation lead to a first-order nonlinear ordinary differential equation 

(ODE). Due to the nonlinearity, it is not possible to date to find a closed-form solution. 

Hence, a finite difference approach based on the Euler method is developed to provide an 

approximate solution of the derived ODE. As will be shown, the finite difference 

approach reaches a steady state solution in a very short period of time. 

Chapter Four presents a stability evaluation of the Payatas Landfill. Findings and 

observations made during the field reconnaissance trip as reported by Merry et al. (2004) 

are first addressed. In order to evaluate the stability of the Payatas Landfill, estimates of 

engineering material properties of the waste site, such as porosity, field capacity, 

hydraulic conductivity, unit weight, and shear strength were made. These estimates were 

based on the results of observations made at the landfill as well as key research 



completed on landfills previously (e.g., Kavazanjian 2001, Schroeder et al. 1994). The 

impact of increased pore pressures to the general stability of the landfill is evaluated. 

1.3 Summary 

Due to numerous legislative acts, the design and construction of municipal soUd 

waste landfills evolved from the use of unlined open dumps to relatively sophisticated 

storage and treatment faciUties that use a complex bottom liner system beneath the waste. 

Until the mid 1990s, only dry or arid landfills were prevalent and as such, well-developed 

design methodologies had been developed. In the mid 1990s, after research showed the 

need for air and water as part of the degradation process, a new type of landfill became 

popular, the wet or bioreactor landfill. The design methodologies established for dry 

landfills have been used for the design of these wet landfills, a practice that may not be 

appropriate in some instances. Evaluation of slope stability is one area of particular 

concern where elevated saturation levels in wet landfills impede the release of landfill 

gases generated below the level of saturation and hence, may lead to pore pressures in 

excess of that predicted by static equilibrium. To date, this has not been addressed. 

This research has led to an improved understanding of, and ability to model, the 

effect of the formation of landfill gas within wet landfills on stability. The ability to 

model these effects using engineering tools already available to the design engineer will 

allow the results of this research to be readily implemented into practice. Chapter Five 

presents the conclusions of this research as well as recommendations for future studies. 
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CHAPTER TWO: 

FUNDAMENTALS OF DEGRADATION 

2.1 Introduction 

Chapter Two is organized into nine sections. To provide an understanding of 

modem wet landfill technology in comparison to traditional refuse treatment, the 

distinguishing features of a bioreactor landfill compared to a dry landfill are addressed in 

Section 2.2. In Section 2.3, three multistage schemes to describe the process of 

biochemical degradation of refuse are reviewed and discussed to address the 

fundamentals of landfill gas generation. In Section 2.4, several refuse properties such as 

moisture content, temperature, and pH that were identified to have a major influence on 

the generation of landfill gas are discussed. In Section 2.5, theoretical and practical 

approaches to determine the gas generation potential and rate are discussed. 

Stochiometric equations (Parkin and Owen, 1986) are presented that estimate the 

expected amount of methane and carbon dioxide produced during anaerobic degradation. 

Furthermore, values of gas generation rates obtained by experience of landfill designers 

are reviewed. As discussed before, landfill bioreactors employ leachate recirculation to 

accelerate refuse degradation. In Section 2.6, the influence of this process on gas 

generation is addressed. Just as the properties of municipal solid waste play an important 

role in gas generation they also are important factors in the movement of moisture and 

gas. For instance, the flow of landfill gas fi-om the refuse due to advection is affected by 

the degree of saturation of leachate within the refuse. Factors influencing fluid (gas and 
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leachate) migration are discussed in Section 2.7. Stability issues on landfill slopes 

resulting from excess pore pressures due to gas generation in highly saturated refiise are 

reviewed in Section 2.8. Different scenarios of pressure build-up leading to a reduced 

factor of safety are outlined. Finally, the chapter is summarized in Section 2.9. 

2.2 What is a Bioreactor Landfill? 

A bioreactor landfill is a recently developed method of waste treatment and 

storage. In traditional landfills, waste is entombed and stored without additional 

treatment. In compliance with modem regulations concerning environmental impact, a 

prescribed liner system is installed prior to the placement of waste, both non-hazardous 

and hazardous, in order to prevent contamination of underlying soil strata and the 

groundwater due to the migration of water. Daily cover consisting of soil is also placed 

on the waste to minimize the infiltration of water and organisms into the waste. 

Following filling of the landfill, a multi-layer final cover system is installed, which is 

intended to serve several purposes. Its major purpose is to keep the waste dry and to 

minimize adverse effects on the environment and the health of people in adjacent 

communities. However, closing off the waste and preventing the infiltration of air and 

water will lead to mostly anaerobic degradation of waste, which is an extremely time-

consuming process that can last several decades. Rynk (2000) reported that in some 

cases newspaper articles were still readable after being buried for over 20 years. In fact, 

the advisor of this research retrieved a February 1966 newspaper from a Tucson landfill 

in March 2000 that was perfectly readable after 24 years of burial (Figure 2-1). The 

reason for the degradation process to be anaerobic is the lack of water and oxygen (see 
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following sections on the process of degradation). As reported by Stein et al. (2001), 

methane (CH4) produced by anaerobic degradation accounts for 50-60% of the landfill 

gas. Carbon dioxide (CO2) accounts for 40-50%, while other trace gases and volatile 

organic compounds (VOC) complete the other constituents. Methane is a greenhouse gas 

with significant impact on the environment. Global warming and climate change are 

partly attributed to CH4 and CO2 emissions. 

Figure 2-1: Newspaper clipping from February 1966 recovered in March 2000 
from a landfill in Tucson, Arizona (courtesy of S. Merry) 

Bioreactor landfills, on the other hand, are a different approach of waste 

treatment. Their cross-sectional design is similar to the one of a traditional landfill. 

Bottom liner systems are used to protect the underlying groundwater and soil strata and 

leachate collection systems are installed to prevent the build-up of pore pressures on the 
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liner, which would lower the factor of safety for stability. The distinguishing feature of a 

bioreactor is the recirculation of leachate along with the introduction of air into the waste. 

This process accelerates the degradation process of certain waste constituents such as 

cellulose or hemicellulose by keeping the decomposition aerobic. Aerobic degradation 

takes significantly less time than anaerobic degradation, hi fact, the settlements 

associated with degradation may be realized even during filling of the landfill and hence, 

the capacity of the landfill is increased. 

However, there are also disadvantages by using bioreactors for treating waste. 

There is a higher demand for both expertise of the operator and energy when operating a 

bioreactor landfill compared to a traditional one. These factors lead to higher operating 

costs that must then be passed on to the users. Additionally, aerobic degradation 

generates significant amounts of thermal energy (heat), which increases the water 

demand for recirculation, hi many cases, the demand for water exceeds the availability 

of leachate and hence, water must be brought in. This further adds to the operating cost 

of the landfill. Since presently it is not clear how the recirculation of leachate and hence, 

the saturation of the waste will affect the passive removal of landfill gas, the build-up of 

gas pressures in the landfill has to be monitored closely. 

2.3 Degradation Processes 

2.3.1 Barlaz et al (1989) 

Barlaz conducted experiments to study the process of waste degradation over 

time. Large variations in gas production rates were observed between samples, which 
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made it difficult to reproduce experimental conditions. The biological and chemical 

processes leading to degradation of organic components of solid waste can be broken 

down into several different phases, which for waste at a given point within a landfill, 

occur consecutively over a long period of time. It was also observed that for waste of 

differing ages within a single landfill, these processes occur concurrently. As apparent 

from the Figure 2-2, four steps of degradation were identified: the aerobic phase, the 

anaerobic acid phase, the accelerated methane production phase and the decelerated 

methane production phase. The top row in Figure 2-2 illustrates the landfill gas 

composition at different stages in time. Additionally, the gas production rate is included. 

The second row shows the amounts of acid, the pH in the landfill environment as well as 

the fraction of remaining solids in the landfill as a whole. The bottom row illustrates the 

development of microorganisms per dry gram of waste over time. 
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Figure 2-2: Summary of observed trends in refuse decomposition with leachate 
recirculation (after Barlaz et al. 1989) 
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Phase One: Aerobic phase 

Since oxygen is always present in the void space of freshly placed refuse, this 

aerobic process sets in almost immediately after the waste is placed, but lasts only for a 

few days until the oxygen is used, hi this step, oxygen and nitrate are consumed by 

microbial activity, using soluble sugars as carbon source. During this phase, the pH 

decreases significantly. Since, during this phase, the water content of the waste is usually 

below field capacity, there is very little or no leachate migrating downwards from the 

fresh refuse. Field capacity is defined as the maximum moisture content that a porous 

media can retain until continuous downward flow occurs. Although almost all trophic 

groups required for biological degradation are present during this stage, moisture has to 

be accumulated in order to support the development of an active microbial community. 

As is apparent from Figure 2-2, the gas created during this phase consists of almost 100% 

CO2. Barlaz et al. (1989) reported stochiometric equations (Equations 2-1 and 2-2) to 

describe the formation of CO2 from soluble sugars in this phase as follows: 

(2-1) 

+ 2AH^ + 2AN0-, ^ AlH^O + \2N^ + SOCOj (2-2) 

These processes are relatively fast and continue until any one of the inputs on the 

left hand side are no longer available, hi typical landfills, it is the oxygen that is depleted 

thus ending phase 1 after only a few days. 
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Phase Two: Anaerobic Acid Phase 

hi the next stage, the anaerobic acid phase, the lack of oxygen in the refuse 

changes the degradation process from aerobic to anaerobic. As reported by Barlaz et al. 

(1989) this phase takes approximately one month. The lack of oxygen usually appears a 

few days after placement of a refuse layer, since either a daily soil cover or another layer 

of waste will stop the supply of oxygen. Phase Two of degradation is dominated by a 

rapid increase of carboxylic acids and a decreased pH compared to freshly placed refuse. 

The production of CO2 is at a maximum at the beginning of the acid phase, but slowly 

decreases while the production of methane starts setting in. hi the beginning of the acid 

phase, there is no methane production, but it is apparent from Figure 2-2 that some 

generation of methane must take place, even though it is reported by Zehnder (1978) that 

the optimum pH for methane generation is between 6.8 and 7.4, which is higher than the 

pH during this phase, which is about 6.0. Due to the production of methane, CO2 is 

displaced from the gas mixture, hi this phase, microbial activity supports the growth of 

populations of cellulolytics and methanogens. Compared to the aerobic phase, however, 

the population of methanogens increases by 4 orders of magnitude, while there is no 

change in the populations of acetogens and cellulolytics. Acetogens and methanogens 

are acetate and methane generating microorganisms, respectively. 

An increased volumetric percentage of methane of up to 21%, as well as an 

increased methane production rate, denotes the onset of the next phase, the accelerated 

methane production phase. 
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Phase Three: Accelerated methane production phase 

The accelerated methane production phase is dominated by a rapid increase in 

methane production rate, which leads to a percentage of methane in the landfill gas of 

approximately 50-70%. The remaining 30-50% is mostly carbon dioxide. As apparent 

jfrom Figure 2-2, carboxylic acids decrease throughout this third phase. The pH increases 

significantly from approximately 6 to almost 8 during this third phase of degradation. 

This increase in pH along with an increased acetogens population leads to a higher 

carboxylic acid consumption and hence to an increased methane production rate. Little 

hydrolysis (solution by water) of solids takes place while sulfates are reduced during this 

phase (see Figure 2-2). Robinson and Tiedje (1984) reported that sulfate reducing 

bacteria outcompete methanogenic bacteria in a hydrogen-limited environment that 

would be expected in an area where the pH is higher than 7.0. However, because there is 

still significant production of carboxylic acids, hydrogen cannot be a limiting factor 

during this phase of decomposition. Concerning the populations of methanogens, 

acetogens and cellulolytics, an increase in all population concentrations can be observed. 

This phase is terminated when the methane production rate stops increasing thus leading 

to a maximum value of methane in the landfill gas composition. 

Phase Four: Decelerated methane production phase 

During the decelerated methane phase the methane production rate decreases 

significantly. However, the amount of methane in the landfill gas stays at values around 

60% with carbon dioxide being the other major component. It is apparent from Figure 

2-2 that there is no significant change in populations of methanogenic and cellulolytic 
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bacteria. However, acetogens increase by approximately 3 orders of magnitude between 

the beginning and the end of this fourth phase. Carboxylic acids are reduced to levels 

that are not detectable anymore. The pH increases during this phase even further to 

values above 8. The rate of solid hydrolysis is observed to be at a maximum. At the end 

of this phase, only approximately 28% of the solids present in fireshly placed refuse still 

exist. This observation might be attributed to the composition of the refuse ecosystem 

with its increased populations of acetogens and methanogens compared to earlier phases 

of the degradation process. 

2.3.2 Farquhar and Rovers (1973) 

Farquhar and Rovers investigated the process of anaerobic degradation of solid 

waste. Factors influencing the biochemical decomposition were identified and presented 

schematically. A four step degradation process was proposed, and is apparent from 

Figure 2-3. An in-depth discussion of Figure 2-3 is provided in the following 

1. Aerobic degradation 

2. Anaerobic non-methanogenic 

3. Anaerobic methanogenie unsteady 

4. Anaerobic methanogenic steady 



40 

L A N D F I L L  G A S  P R O D U C T I O N  P A T T E R N  
P H A S E  

100 

80 CO 

O LLI 
a- 2 60 
2 3 
O _J 
O O 

40 -< >-
O 03 

20 u. 

0 T I M E  

Figure 2-3: Sanitary landfill gas production pattern (after Farquhar and Rovers 
1973) 

In Stage I, aerobic degradation takes place consuming the oxygen present in the 

waste upon placement. Carbon dioxide is produced in approximate molar equivalence to 

the oxygen consumed (Ludwig 1961). The amount of nitrogen in the refuse remains 

approximately constant. 

Stage n, the anaerobic non-methanogenic phase, sets in upon depletion of the O2. 

During this stage, the production of CO2 increases to a maximum. Furthermore, 

hydrogen is generated and the concentration of nitrogen decreases almost completely. 

Methane generation has not yet begun. 
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In the anaerobic unsteady methanogenic phase, Stage III, methane production sets 

in and increases to a relatively constant final value. Hydrogen disappears in the early part 

of Stage in as microbial populations use hydrogen in the production of methane at a 

rapid rate. The nitrogen concentration becomes negligible during the first half of this 

stage, while the carbon dioxide concentration reaches some relatively constant terminal 

value. 

During Stage IV, the anaerobic steady methanogenic phase, the concentrations 

and production rates of the gases present stay at a steady value with only minor 

fluctuations. Changes in the gas composition occur mainly due to changes in the ambient 

conditions. It is reported that the landfill gas consists of approximately 50-70% of CH4 

and 30-50% of CO2, with small amounts of trace gases. This is in close agreement with 

finding published by Barlaz et al. (1989) and others. 

2.3.3 Gujer and Zehnder (1983) 

Gujer and Zehnder suggested a process of anaerobic biological degradation of 

organic compounds consisting of 6 steps based on a scheme first proposed by Kaspar in 

1977. 

The six steps are outlined as follows: 

1. Hydrolysis of biopolymers: 

a) Hydrolysis of proteins 

b) Hydrolysis of carbohydrates 
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c) Hydrolysis of lipids 

2. Fermentation of amino acids and sugars 

3. Anaerobic oxidation of long-chain fatty acids and alcohols 

4. Anaerobic oxidation of intermediary products such as volatile acids 

(with the exception of acetate) 

5. Conversion of acetate to methane 

6. Conversion of hydrogen to methane 

Figure 2-4 illustrates the proposed reaction scheme for anaerobic digestion 

including percentages indicating substrate flow based on stochiometry. A detailed 

discussion of Figure 2-4 is provided in the following. 

Since bacteria are unable to utihze solid organic material, the first step has to be 

the hydrolysis of biopolymers. Gas is mainly produced from dissolved compounds in the 

refuse, so methane generation rates are predicted from the decay rate of particulate 

material, and the rate of accumulation of soluble compounds. 
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Figure 2-4: Proposed reaction scheme for anaerobic digestion (after Gujer and 
Zehnder 1983) 
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The second step in the degradation process is the fermentation of amino acids and 

sugars to biomass, acetate, hydrogen and intermediary products such as propionate, 

butyrate, etc., as shown in Figure 2-4. Several researchers, as described by Gujer and 

Zehnder (1983), examined the dependence of the fermentation process on temperature 

and pH. It was found that the optimum pH for anaerobic digestion has to be in the range 

of 4.5 to 7.3, and the optimum temperature should be between 20° and 60°C. 

The third step in the decomposition process is the anaerobic oxidation of fatty 

acids into the methane precursors hydrogen and acetate. Anaerobic oxidation is defined 

as the microbial process in which molecular hydrogen is the main sink for electrons. 

In the fourth step, the intermediary products are decomposed. Propionate 

(CH3CH2COO'), for example, is degraded to acetate, CO2, and hydrogen. Experiments 

were conducted to determine degradation rate of propionate using a full scale digester. 

Following equation was proposed by Kaspar and Wuhrmann (1978) for the degradation 

of propionate: 

CH.CH^COQ- + 3H^0 CH.COO' + HCO' +H  ̂+3H  ̂ (2-3) 

In the next step, methane is produced by decomposition of acetate (CH3COO'). It 

is reported that approximately 70% of the methane produced in a digester is originated 

from the decarboxylation of acetate. The stoichiometric equation is given as follows: 

CH,COO~ + H^O CH, HCO' (2-4) 
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Hence, acetate is the main precursor for methane. Studies performed by Huser et 

al. (1982) showed that the optimum pH for the conversion of acetate into hydrogen is 

between 7.4 and 7.8, and that the biological activity ceases below pH 6.8. Furthermore, it 

was found that most organisms operate best in the temperature range between 33-45°C 

(mesophilic). However, certain populations operate in an optimum temperature range 

between 65-70°C (thermophihc). Even though, some methanogenesis occurs in the range 

below 20°C (psychrophilic), no bacterium was found to have its optimum temperature 

range this low. Figure 2-5 illustrates the activity of a methanogen called Methanothrix 

Soehngenii in dependence of the incubation temperature. 

The sixth step in the degradation process is the methanogenesis from hydrogen. 

Several microorganisms have been identified which generate methane according to the 

following reaction: 

CO2 + AH  ̂  ̂CH  ̂ + 2H^O (2-5) 

Studies of the thermodynamic and kinetic interactions of the final three steps in 

anaerobic digestion showed a high dependence of each process on the other two. 

However, the harmony of all three processes is crucial for stability. The controlling 

parameters are the acetate concentration as well as the free propionate and hydrogen. 

The accumulation of hydrogen inhibits the propionate oxidation, while accumulation of 

acetate reduces the pH, which decreases the hydrogen oxidation thereby increasing the 

hydrogen partial pressure. To overcome these problems, a close monitoring of the partial 
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pressure of hydrogen as well as the concentration of acetate has to be performed to 

identify possible process upsets in an early stage. 
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Figure 2-5: Temperature dependency of Methanothrix soehngenii. Closed circles 
indicate short term response based on CH4 production rate. Open 
circles indicate long term response based on growth rate, (after Huser 
et al., 1982) 
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2.4 Factors Influencing Refuse Degradation and Gas Generation 

Farquhar and Rovers (1973) presented (see Figure 2-6) an overview of factors 

affecting gas production in sanitary landfills. The factors in group "A" are features of the 

landfill environment with immediate influence on microbial activity. Links between 

features in group "A" illustrate the mutual affect of one factor on the other. Group "B" 

consists of only the amount of infiltration into the waste deposit. However, this factor 

influences virtually all of the factors in group "A". Factors in group "C" describe the 

influence of environmental features on the gas production in a landfill. The factors 

marked with an asterisk are those that can possibly be controlled through landfill design 

and operation. 

Figure 2-6: Factors affecting gas production in sanitary landHlls (after Farquhar 
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2.4.1 Moisture Content 

Moisture content of the refuse was identified to play a major role in gas 

generation. Newly placed refuse oftentimes does not have enough moisture to yield 

maximum gas production. An optimal water content of 60% to 80% was identified, 

while some gas production still occurs at moisture contents significantly below those 

values. This is in close agreement with findings published by DeWalle et al. (1978) who 

stated the optimum moisture content as being in the range of 60% to 78%. The water 

content of refuse at placement is in the range of 30% to 40. 

Hartz and Ham (1983) conducted model experiments using leachate recirculation 

in some of the test samples, while others were kept dry to simulate traditional 

decomposition. It was found that at moisture contents below 11%, no methanogenic 

activity occurred. As the moisture content was increased, the methane production rate 

increased proportionally. Field capacity was reached at moisture levels of approximately 

67%. By introducing leachate recirculation above 67% moisture content, it was observed 

that the methanogenic activity increased 10-fold compared to samples without leachate 

recirculation. 

2.4.2 Temperature 

Considering the temperature dependence of the decomposition process, Farquhar 

and Rovers (1973) reported occurrence of digestion of organic compounds to be in a 

temperature range of 0°C to 55°C, with an optimum value of approximately 30°C to 

35°C. DeWalle et al. (1978) reported similar findings. The highest temperatures were 
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observed immediately after placement of the refuse indicating aerobic condition. With 

the depletion of oxygen and the onset of anaerobic conditions, the temperature reduces. 

Temperatures in the landfill also change with environmental temperature variations, 

depending on the location of the site. Landfills in cold climates were observed to operate 

at lower temperatures than deposit sites in warmer environments. In colder climates, it 

was even observed that anaerobic degradation was still taking place at temperatures well 

below the optimum temperature range for methanogenic bacteria. 

2.4.3 pH 

Several researchers conducted investigation to estimate the optimum pH for 

refuse decomposition. It was found that methanogenic activity is highly dependent on the 

pH and already slight variations are capable of upsetting or ceasing bacterial growth. 

As reported by Gujer and Zehnder (1978) as well as Barlaz et al. (1989), the pH 

varies between 6 and approximately 8 during the process of biochemical degradation. 

However, the optimum pH for methanogenesis is reported to be in the range from 6.8 to 

7.4 (Gujer and Zehnder 1978). 

Fongastitkul et al (1994) conducted investigations to study the effect of organic 

overloading on a bioreactor. An increase of volatile fatty acids (VFA) and a decrease in 

pH below the optimum value was observed, resulting in an imbalance of acid producing 

and methanogenic populations. In addition to high leachate recycle rates, this imbalance 

can lead to a washout of methanogenic bacteria from the system, which can cease the 

methane generation totally. 



2.4.4 Refuse Properties 

Ham and Bookter (1982) conducted experiments to study the influence of both 

waste particle size and cover soils on the waste degradation process. Some of the test 

cells contained shredded refuse while others contained unprocessed refuse. Shredding 

was found to increase the production of methane and decrease the time necessary for 

stabilization. Similar observations were made by DeWalle et al. (1978). The enhanced 

degradation was attributed to the shredding, which results in larger specific surface of the 

refuse and hence, an increased exposure to hydrolysis. This then leads to a rapid 

formation of volatile fatty acids necessary for anaerobic degradation. Compacted waste, 

on the other hand, decreased the rate of gas generation. DeWalle et al. (1978) concluded 

that microorganisms cannot readily access refuse when it is compacted. 

Concerning the influence of soil cover, it was observed that uncovered refuse 

yielded highly contaminated leachate in the beginning, followed by a rapid stabilization. 

Covered waste showed a higher methane concentration than uncovered waste, which 

could be attributed either to a higher methane production rate or simply due to an 

impeded release from the landfill due to the cover. 

2.5 Gas Generation Potential of Refuse 

Several researchers investigated the gas generation rate in order to provide 

estimates of how much landfill gas has to be expected either per year or throughout the 

life of the landfill. 
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A theoretical approach was taken by Parkin and Owen (1986) that was based on 

stochiometric analysis using an anaerobic model. 

^ a b 3c^ n H 
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In case cellulose (CeHuOe) is used as the carbohydrate component on the left 

hand side of Eq. (2-6), variable c in the equation is simply set to c=0. According to Eq. 

(2-6), approximately 373 L of CH^kg of carbohydrate would be expected. This equation 

assumes that all of a given constituent is converted to carbon dioxide, methane, and 

ammonia. However, this is not a valid assumption when dealing with municipal refuse. 

Some of the constituents may be surrounded by lignin and not readily available for 

decomposition. Field studies were conducted by several researchers around the United 

States to study the cellulose concentration in relation to the waste age and the remaining 

methane production potential. Based on the measured methane in samples, it was found 

that the methane potential is at least 77-107 L of CH4/kg of dry refuse. However, it 

might be as high as 152 L CHVkg of dry waste. This is in agreement with findings of 

other researchers as published by Halvadakis (1983). 

Thiel (1999) reported gas generation rates of up to 0.037 m^gas/kgwaste/yr (0.6 

•3 , , , . 

ft gas/lbwaste/yr) in landfill where enhanced decomposition (leachate recirculation) is used, 

"5 -J o 
while in other cases, 6.24x10" m gas/kgwaste/yr (0.1 ft gas/lbwaste/yr) is more appropriate. 

o -J 

Shen (1981) suggested an average gas generation rate of 0.10x10" to 6.61x10" 
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m^gas/kg/yr for dry waste and 8.03x10"^ to 16.43x10"^ m^gas/kg/yr for wet refuse. 

According to DeWalle et al. (1978) the total gas production from municipal solid waste 

can vary between 2.6x10"^ and 0.183 m^/kg. Those significant differences illustrate the 

site dependence of the gas generation problem. 

2.6 Influence of Leachate Recirculation on Gas Generation 

2.6.1 General 

Leachate recirculation has been investigated as an alternative landfill management 

method. Emphasis was placed on the accelerated decomposition characteristics discussed 

above. Barber and Maris (1984), for example, conducted experiments on a full-scale 

landfill site to study the effect of leachate recirculation on landfill stabilization from a 

management perspective. A significant reduction in time until stabilization was observed 

compared to sites where no recirculation was applied. However, the amount of leachate 

reintroduced into the refuse mass created ponding of leachate at the landfill surface. 

Intermediate soil covers also reduced infiltration rates into the underlying waste and, in 

some cases, created perched leachate conditions. However, the authors assessed this as 

an advantage rather than a disadvantage, since it forced the leachate to distribute laterally. 

Hence, it was concluded that leachate recirculation offers a beneficial management option 

to reduce time until stabilization. 

2.6.2 Lay etal. (1998a) 

Lay et al. (1998a) published results of investigations on the dynamics of 

methanogenic activity. A model assessing the methane production potential was 
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developed. It was concluded that the overall methane production rate could be 

considered the summation of methane production rates of each component, carbohydrate, 

protein, butyrate, propionate, acetate and lipid. Figure 2-7 illustrates the observed and 

estimated methane production rates versus time in a landfill bioreactor using leachate 

recirculation. Two peaks can be observed in Figure 2-7(a). It was concluded that the 

first peak was mainly caused by the degradation of carbohydrates, while the second peak 

was mostly due to protein and lipid decomposition. This shows the significant 

dependence of the time imtil stabilization and hence the efficiency of a landfill bioreactor 

on the degradation of proteins and lipids to methane. As shown in Figure 2-7(b), the case 

of arid landfills that lack leachate recirculation revealed only one peak. Furthermore this 

peak methane production rate appeared significantly later than the first peak in Figure 2-

7(a), which illustrates the reduced time until methanogenesis begins when leachate 

recirculation is employed. 

A graph of cumulative methane production over time with and without leachate 

recirculation is shown in Figure 2-8(a). Following a short lag period before the onset of 

methanogenesis, the methane production rate using leachate recirculation was much 

higher than the arid case. However, after about 150 days, the methane production rates 

were approximately equal in both cases. Figure 2-8(b) illustrates the development of the 

moisture content in the landfill bioreactor (LFBR) column over time. After about 250 

days, the methane production rate using leachate recirculation slowed significantly while 

the arid case continued as before. While no reason for the slowed production rate was 

provided, one conclusion could be that the waste had become stabilized. Finally, it can be 
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Figure 2-7: Observed and estimated methane production rates in the LFBR: (a) 
LFBR incubated with leachate recycle; (b) LFBR incubated without 
leachate recycle (after Lay et al. 1998) 
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Figure 2-8: Methane production characteristics of the organic fraction of MSW in 
a LFBR column. Curve (a) is cumulative methane production, while 
(b) is development of moisture content (modified after Lay et al. 1998) 
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seen that in bioreactors using leachate recirculation, the moisture content increases faster, 

compared to arid landfills. However, it is likely that the final values of moisture content 

are similar in both cases. 

2.6.3 Chan et al. (2002) 

Chan et al. (2002) conducted laboratory column experiments using samples of 

solid waste, marine dredgings, and activated sewage sludge over a test period of 11 

weeks, hi some of the test columns, leachate was collected and reintroduced, while in 

others, leachate was drained to simulate dry landfill conditions. The temperature of the 

test cells was kept constant at SS^C, which is close to the optimum temperature for 

anaerobic digestion as stated above (see Section 2.4.2). As shown in Figure 2-9, it was 

observed that using leachate recirculation, landfill gas production can be enhanced 

significantly. However, as will be seen later, the system needs to be engineered so that 

this landfill gas can get out of the waste without building up excess pore pressures that 

may cause stability problems. Chan et al. (2002) provided no mention of this in their 

work. 

In the case where no leachate recirculation was applied, the gas production rate 

was low and did not reach a peak during the 11 week long testing program. Moreover, as 

the production of landfill gases is directly related to the degradation of the waste, it may 

be concluded that leachate recirculation provides a significant reduction in residual waste 

mass over a period of time even as short as 11 weeks. Hence, landfills that use leachate 

recirculation will experience a greater capacity compared to traditional landfills that lack 

leachate recirculation. 
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Figure 2-9: Gas production (L) and composition of methane and carbon dioxide 
(%) collected from treatments with and without leachate recirculation 
(after Chan et al. 2002) 

2.6.4 Pohland(1980) 

Pohland used a slightly modified approach compared to other researchers. He did 

not introduce water to enhance the decomposition process immediately after starting the 

experiment. Listead, recirculation was delayed until continuous flow of leachate 
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occurred in the leachate collection and removal system of the controlled test landfill, 

which happened approximately a year after placement. From that point, leachate was 

recycled on a weekly and later on a daily basis. It was observed that the time until 

stabiUzation was even further reduced using daily recirculation instead of weekly. This 

was attributed to the fact that daily recycling provided the microbial populations with 

nutrients necessary to create a favorable environment for enhanced decomposition. After 

an initial decrease in pH, which coincided with the accumulation of acids, gas production 

increased significantly. This increase also led to a subsequent increase of pH and a 

reduction of volatile acids. The total gas production observed throughout the study was 

approximately 7.1 m /1000 kg of dry solid waste (225 ft /ton), while the total methane 

-5 "3 
production was approximately 3.7 m /1000 kg of dry solid waste (117 ft /ton). The 

findings reported by Pohland agree with investigations published by other researchers as 

discussed earlier (e.g. Barlaz et al., 1989; or Gujer and Zehnder, 1983). 

2.6.5 Rovers and Farquhar (1973) 

Rovers and Farquhar (1973) investigated the influence of infiltration on 

biochemical decomposition of municipal solid waste. Test landfill cells were designed to 

study the behavior of refuse with respect to gas production under different amounts of 

artificial or natural precipitation. It was concluded that the quantity and quality of the 

leachate was a direct function of the environmental conditions. Leachate at the bottom of 

the landfill did not accumulate until the field capacity was reached. Furthermore, it was 

observed that infiltration had a significant influence on the gas generation as well as the 

leachate production within the refuse. Gas production rates were observed to reduce 
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during periods of excessive infiltration. However, small increases in infiltration 

increased the gas production rates, while reduced infiltration also reduced the generation 

of landfill gases. 

2.7 Hydrologic Modeling of Landfills 

The Hydrologic Evaluation of Landfill Performance (HELP) (Schroeder et al. 

1994) model is a quasi two-dimensional hydrologic computer program, which models the 

movement of water across, into, through, and out of a landfill. It was developed by the 

United States Army Engineer Waterways Experiment Station in Vicksburg, MS, for the 

Environmental Protection Agency (EPA) to provide technical support for the RCRA and 

the CERCLA. The model is termed quasi two-dimensional because it employs a one-

dimensional vertical drainage model coupled with a one-dimensional lateral drainage 

model. The HELP model is based on a deterministic vertical water budget model to 

assess the effect of hydrologic processes on landfills. Daily, monthly, annual, and long-

term average water budgets can be generated. The program uses inputs including 

weather, climate, soil, and geometric design data to apportion the precipitation and initial 

moisture content into estimates of the following components; surface runoff, 

evapotranspiration, changes in snow storage (if applicable), changes in moisture content, 

lateral drainage collected in each drain system, and leakage or percolation through each 

liner system. 

Figure 2-10 illustrates a schematic diagram of a typical landfill profile modeled 

with HELP and the general mechanisms involved. The landfill depicted in Figure 2-10 
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consists of a four-layer cover system, a waste layer and a six-layer double liner system on 

the bottom. The cover system is comprised of a layer of topsoil to support vegetative 

growth, a lateral sand drainage layer to drain excess infiltration, and a composite low 

permeability liner consisting of a geomembrane and a clay barrier layer to prevent 

infiltration of water into the waste. The waste layer contains lifts of waste and daily 

cover. The double liner system on the bottom (see also Figure l-2b) of the landfill 

consists of a primary and a secondary liner. The primary liner system is the uppermost 

liner system while the secondary liner system is the lower unit. The primary liner system 

is comprised of a sand layer for primary leachate collection, a lateral drainage net, and a 

geomembrane as a low permeability layer. The secondary liner system consists of a layer 

of sand that serves as a secondary leachate collection layer. Additionally, a composite 

liner using a geomembrane and a compacted clay layer make up the low permeability 

layer. 

As depicted in Figure 2-10, the landfill layers are classified as vertical percolation 

layers, lateral drainage layers, flexible membrane liners, or barrier soil liners. A vertical 

percolation layer allows for both downward gravity flow and upward flow due to 

evapotranspiration. Downward gravity flow occurs when the water content of a soil 

exceeds the field capacity of the soil. Hence, the field capacity of a soil is defined as the 

maximum volumetric water content a soil can hold without imminent drainage. Typical 

values of field capacity in relation to total porosity are shown for different soil types in 

Figure 2-11. Lateral drainage layers are representative of LCRS and horizontal drainage 

layers that are typically found above low permeability layers. Lateral drainage layers 
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allow for both vertical gravity flow and lateral drainage. Barrier soil liners and flexible 

membrane liners have a very low permeability and allow for downward gravity flow 

only. Flow across flexible membrane liners is controlled in the HELP model strictly by 

defects. 
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Figure 2-10: Schematic profile view of a typical hazardous waste landflll (after 
Schroeder et al. 1994) 
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Figure 2-11: Relation Among Moisture Retention Parameters and Soil Texture 
Class (after Schroeder et al. 1994) 

2.8 Influence of Waste Properties on Water and Gas Movement 

2.8.1 Moisture Content 

Korfiatis et al. (1984) investigated the physical processes underlying moisture 

transport in solid waste landfills. The theory of unsaturated flow through homogeneous 

porous media was used as a basis of the mathematical model developed, hi order to 

verify the model, experiments using a laboratory column filled with solid waste were 

performed. Two different experimental setups were considered. In the first case, the 

initial moisture content in the column was kept below field capacity, while in the second 

case, the initial moisture content was at or above field capacity. Figure 2-12 illustrates 

the cumulative volume of water applied to the top of the waste column and the leachate 
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volume collected at the bottom. It is apparent that a time lag of approximately 220 hr 

exists until leachate first drained from the bottom of the column. 

It was concluded that due to the infiltration from the top, the upper layers of waste 

reached and exceeded field capacity before the lower layers. As moisture moves 

downward, the bottom layers reach or exceed field capacity and drainage from the waste 

occurs. 

In the second case where the initial moisture content was at or above field 

capacity, drainage from the waste column occurs only 30 hrs after the onset of rainfall 

(see Figure 2-13). It is reported that above field capacity diffusive transport processes are 

negligible, while below field capacity diffusion is important and sometimes dominant. 

This is an important observation concerning the application of leachate recirculation, 

where refrise is purposely kept at moisture contents very close to saturation, but in any 

case above field capacity. 

McCreanor and Reinhart (2000) investigated moisture movement with respect to 

leachate recirculation. The highly anisotropic nature of compacted waste leads to 

preferential flow paths and short-circuiting of leachate flows. The computer program 

SUTRA, developed by the USGS, was used to simulate leachate recirculation in a waste 

mass. To study the influence of different hydraulic conductivities in different directions, 

the waste mass was first modeled as a homogeneous anisotropic and then as a 

heterogeneous mass. In order to account for spatial differences in the heterogeneous 

case, probability density functions (PDF) were used to model the frequency-permeability 
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Figure 2-12: Cumulative rainfall and leachate volumes (first case) (after Korfiatis 
et al. 1984) 
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relationship, which included normal distributions as well as exponentially increasing and 

exponentially decreasing distributions. 

McCreanor and Reinhart (2000) state that leachate flow follows the path of least 

resistance. This phenomenon may be observed in Figures 2-14 where the accumulation 

of vertically downward flowing leachate within identical waste masses at different levels 

of hydraulic conductivity is illustrated, hi Figure 2-14(a), the median hydraulic 

conductivity was 10"^ cm/s, while in Figure 2-14(b), 10""^ cm/s was used, hi Figure 2-

14(a), an accumulation of leachate at the bottom of simulated landfill can be observed. 

The high degree of channeled flow confirms the work of other researchers that studied 

the occurrence of preferential flow paths (e.g., Zeiss and Major 1993, Korfiatis et al. 

1984). Additionally, it is apparent from Figures 2-14 that leachate flow avoids areas of 

low hydraulic conductivity, which changes the shape of the wetting front. McCreanor 

and Reinhart (2000) concluded that the practice of depositing refuse in compacted layers 

leads to a significant heterogeneity of the waste mass due to layering and hence, to the 

flow pattern shown in Figures 2-14. In Figure 2-15, leachate routings in a heterogeneous 

landfill with exponentially decreasing hydraulic conductivity versus depth is simulated. 

Here, the capability of vertical flow is significantly reduced and increased lateral 

spreading can be observed. A high degree of saturation vertically as well as horizontally 

is apparent. McCreanor and Reinhart (2000) suggest processing of solid waste prior to 

depositing to alleviate problems mentioned above and to produce a more homogeneous 

waste mass. 
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Figure 2-14: Possible leachate routings for a waste mass with an exponentially 
increasing hydraulic conductivity distribution with depth and a 
hydraulic conductivity range of (a) lO'^-lO"® cm/s and (b) 10"^-10'® 
cm/s. (after McCreanor and Reinhart 2000) 
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Figure 2-15: Possible leachate routings after one week of leachate recirculation for 
a waste mass with an exponentially decreasing hydraulic conductivity 
distribution and a hydraulic conductivity range of (a) 10"^-10"® cm/s 
and (b) 10"^-10"® cm/s (after McCreanor and Reinhart 2000) 
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2.8.2 Air Entrapment 

Christiansen (1944) conducted permeability studies on different kinds of soils to 

investigate the influence of entrapped air. It was observed that there was always air 

entrapped in the void spaces of the soil regardless of whether the water was supplied 

from the top or the bottom. Even infiltration below ponding water resulted in entrapped 

air in the void space. The only way entrapped air ahead of the wetting front was avoided 

was by evacuation of the soil prior to the test. However, in some cases, this might break 

the soil structures, which leads to a significantly reduced hydraulic conductivity. It was 

concluded that after air is trapped, it can only escape by dissolving in water and 

subsequent migration out of the soil mass. 

Constantz et al. (1988) investigated the quantification of the phenomenon 

described by Christiansen (1944). The influence of encapsulated air ahead of the wetting 

front on the hydraulic conductivity and the infiltration rate was evaluated by means of 

field and laboratory tests. It was found that residual air within the soil mass reduces the 

hydraulic conductivity to values below 20% of the saturated hydraulic conductivity of a 

soil. Furthermore, it was observed that soils with larger interconnected pore structures, 

such as sands, show a larger amount of encapsulated air, and hence a further reduced 

hydraulic conductivity. 

Wang et al. (1998) carried out laboratory experiments to investigate the influence 

of air entrapment effects on infilfration rate and flow instability in a sand using soil 

columns confined in Plexiglas jars. To compare the results, two infiltration conditions 

were considered: (1) air was free to move ahead of the wetting front and leave through 
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the bottom of the soil column, and (2) air was confined ahead of the wetting front and 

was only allowed to escape from the soil surface. In the first case, it was found that the 

air pressure in the soil remained close to atmospheric pressure throughout the entire test. 

In the second case, however, the infiltrating water compresses the air ahead of the wetting 

Iront, which penetrates into the water phase once the air pressure becomes sufficiently 

high. 

Wang et al. (1998) observed that the infiltration rate under air-confining 

conditions varied locally over time during the entire infiltration period rather than being a 

distinct three step process. However, a maximum air pressure ahead of the wetting front 

was identified that, if exceeded, air escaped fi-om the surface leading to an immediate 

pressure reduction along with a significantly increased infiltration rate. This threshold of 

pressure was termed "air-breaking value". Upon escape of air, the air pressure decreased 

again until it reached a value named "air-closing value", when the air escape stopped and 

the infiltration rate decreased again. Air eruption firom the surface occurred rather 

suddenly, which made the flow process highly dynamic. It was observed that 

immediately before air broke through the saturated zone of the soil, the infiltration rate 

approached zero, while immediately after air eruption, the air outflow rate was nearly 

zero. This cyclic process was reported to repeat itself during the entire infiltration period. 

The experiments showed that air entrapment ahead of the wetting front will cause 

flow instability and a non-homogeneous distribution of infiltration termed "fingering" 

(see Figure 2-16). The arrows in Figure 2-16(b) indicate the positions of developed 

fingers after the wetting front became unstable. 
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Figure 2-16: Wetting front advancement in the 2-D column (a) stable flow for the 
air-draining condition and (b) unstable flow for the air-conflning 
condition (after Wang et al. 1998) 

2.8.3 Aggregation of Waste 

Millington and Shearer (1971) presented a model to assess the influence of 

aggregation in porous media on the fluid flow. It was concluded that aggregation poses 

an additional restriction to the flow on top of the tortuosity of the flow path. Similar 

observations were made by Collin and Rasmusson (1988). Using soil as the porous 

medium under investigation, the gas diffusivity at different moisture levels was studied. 

The gas diffusivity is defined as the rate at which gas migrates through a soil. It was 

concluded that the diffusion coefficient for gas migrating in the gas phase is 

approximately four orders of magnitude higher than gas migrating in the water phase. 
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2.9 Stability Considerations and Case Studies 

2.9.1 Koemer and Soong (2000) 

Koemer and Soong (2000) investigated the adverse effects of pore pressure due to 

leachate on the overall stability of landfills. The focus of this investigation was not only 

on the cases of leachate on the base liner or base soil, but also on discontinuous or 

perched leachate throughout the waste mass as well as on injection of leachate at distinct 

locations within the landfill. Five leachate distribution scenarios were identified that can 

possibly lower the factor of safety (FS) to 1.0. Figure 2-17 illustrates the different 

possibilities in order of ascending leachate quantity. Scenarios 3 to 5 are of particular 

interest with respect to this study about the stability of wet landfills. However, the first 

two failure possibilities are mentioned for reasons of completeness. 

Case 1: Discontinuous leachate (Figure 2-17a') 

Discontinuous leachate has the effect of locally saturating the waste mass, which 

increases the unit weight, hence, reducing the factor of safety. Engineers routinely 

account for this increased unit weight when performing stability analysis to prevent 

localized or global failure. 
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Figure 2-17: Various leachate distribution scenarios in landfills, (a) Discontinuous 
leachate, (b) perched or localized leachate, (c) leachate head on liner, 
(d) leachate head above gas on liner, and (e) leachate under excess 
pore pressure (after Koerner and Soong 2000) 

Case 2: Perched or localized leachate Csee Figure 2-17b') 

Localized leachate has in general the same effect as the discontinuous leachate 

described above. It often occurs above a low permeability daily cover system that acts as 

a de facto subliner. However, if perched or localized leachate intersects a potential 

failure surface, it creates a hydrostatic pressure on the failure surface, which reduces the 

factor of safety. In the case of an even distribution of water on the liner, an even 

hydrostatic pressure is imposed on the liner. Several landfill failures have been attributed 
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to a build-up of hydrostatic pressures on the liner. This failure mechanism is described in 

the next section. 

Case 3: Leachate head on the liner (see Figure 2-17c) 

This is a rather common scenario with high impact on the stability. Leachate 

head on the liner acts hydrostatically and is known to have triggered several failures in 

the past. As described in Section 1.1.3, regulations limit the build-up of leachate head on 

the liner to 30 cm. These regulations also require the LCRS to have an initial hydraulic 

conductivity of no less than 0.01 cm/sec. Due to infiltration of fines, build-up of biologic 

growth, and crushing under high confining stresses, the hydraulic conductivity of the 

LCRS is likely to decrease throughout the life of the landfill. Furthermore, filter clogging 

or crushing of drainage pipes has been known to occur. In this case, hydrostatic pressure 

can be exerted on the liner well in excess of 30 cm. Koemer and Soong (2000) reported a 

case study where the hydrostatic head on the liner was between 16 and 30 m. Figure 2-18 

illustrates the influence of the hydrostatic pressure on the liner on the factor of safety. 
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Figure 2-18: Effect of leachate head on lined landfill site, (a) Geometry of landfill 
before failure, (b) effect of head on FS-value (after Koerner and 
Soong 2000) 

Case 4: Leachate head with gas entrapment on the liner (see Figure 2-17d') 

Koerner and Soong (2000) classify this scenario as a subset of the previous 

scenario. In their investigation, they assumed any gas trapped below the water table to be 

in static equilibrium with the surrounding water pressure. Hence, the additional pressure 

posed by the gas increases the hydrostatic pressure on the liner beyond the pressure 

described in the previous situation. Koerner and Soong (2000) only described this 

scenario in a theoretical maimer and did not quantify the effect. Case studies were 

reported where the entrapped gas might have played a major role in triggering failures. 
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Case 5: Leachate under excess pore pressure (see Figure 2-17e") 

This scenario directly addresses the stability of landfills that use leachate 

recirculation. When leachate is injected into a landfill, it decreases the effective stress in 

that area due to increased pore pressures, which can ultimately lead to general slope 

instability. A case study was reported to illustrate the severe consequences of this 

scenario. Leachate was injected at a certain location that coincided with the failure 

surface. In Figure 2-19, the reduction of the factor of safety is displayed assuming a 

factor of safety of 1.0 prior to the pumping of leachate. Moreover, this scenario was 

shown to be directly responsible to the 1997 Dona Juana landfill failure in Colombia as 

discussed by Gonzalez-Garcia and Espinosa-Silva (2003) and Hendron et al. (1999). 

There, leachate injection pressures generated, measured at the injection points for each 

injection level, typically ranged from approximately 100 kPa to 170 kPa during the 

leachate recirculation period with recorded values as high as 280 kPa. Koemer and 

Soong (2000) concluded that not in all cases does leachate pose a stability problem. 

However, when steep side slopes or no toe buttresses are used, such as in a canyon 

landfill, care has to be taken during the design process to avoid costly and possibly 

hazardous landfill failures. 

Furthermore, their assumption, stated in Scenario Four (leachate head with gas 

entrapment), was that there are no excess pore pressures due to the existence of the gas 

and that these pressures may be determined using fluid statics in either 1-D or 2-D as 

appropriate, hi cases with continuous gas generation, on the other hand, the assumption 
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made by Koemer and Soong (2000) is not valid and the effect of trapped gas within 

saturated conditions on the factor of safety needs to be evaluated. 
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Figure 2-19: Effect of leachate injection on landfill site after Koerner and Soong 
(1999). (a) Situation immediately before failure, (b) effect of excess 
pore pressure on FS-value (after Koerner and Soong 2000) 

2.9.2 Thiel (1999) 

Thiel (1999) identified gas pressures to be of significant importance to the 

stability of cover systems over landfills. A three-step procedure was developed to design 
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a gas pressure relief layer to reduce gas pore pressures below a cover system. In this 

investigation, landfill gas was assumed to be freely migrating upwards through the waste 

towards the surface of the landfill. The gas pressure relief layer is placed just below the 

low permeability layer of the cover. In this three-step procedure, first the maximum flux 

of gas has to be estimated using a gas generation rate, Og, which has units of volume of 

gas per mass of waste per time. 

The second step in the design process is the calculation of the factor of safety for 

slope stability incorporating the gas pressures. In his design example, Thiel (1999) made 

the assumption of an infinite slope failure of a landfill cover system with a geomembrane 

as an impermeable layer. The equation to determine the factor of safety was derived by 

Giroud et al. (1995). A minimum factor of safety has to be selected and a maximum 

allowable gas pore pressure is then calculated. 

After determining the allowable gas pore pressure, a gas pressure relief system 

has to be designed consisting of the following components: 

• A blanket gas relief layer 

• A series of parallel strip drains at spacing D that are more permeable than 

the gas relief layer 

• Outlet points for the strip drains, i.e. gas vents. 
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•Strip drain (typ) 

Figure 2-20: Plan view of landfill slope including gas relief system. Strip drains are 
placed at distance D (after Thiel 1999) 

Figure 2-20 shows the plan view of a landfill slope including the gas relief 

system. An equation was derived that relates the maximum gas pressure to the spacing of 

the strip drains, D. It was given as: 

u = 
max 

r T^2\ g' g D' 
8 

(2-7) 
^ V y 

where Umax, ^t'g, Yg, v|/g and D denote the maximum gas pressure, the gas flux, the unit 

weight of the gas, the gas transmissivity of the gas relief layer, and the spacing of the 

strip drains, respectively. The gas transmissivity of the gas relief layer is calculated as its 

coefficient of permeability to gas in moist conditions multiplied by its thickness. 

When calculating the coefficient of hydraulic conductivity it should be taken into 

account that the gas relief layer may not be completely dry, but rather may be partially 

saturated. Field capacities of sands can be found in the literature (e.g., Schroeder et al. 
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1994). This partially saturated condition may reduce the gas permeability of the gas 

relief layer significantly. Reductions of up 80% were reported based on field 

experiments. Fredlund and Rahardjo (1993) reported an equation to determine the 

influence of partial saturation. It was given as: 

(2-8) 

Where kg = coefficient of permeability to gas under given moist conditions 

kd = coefficient of permeability to air for a dry soil (S=0) 

X = pore size distribution index (typical values range from 2 for porous 

rock, 4 for natural sand deposits, to infinity for uniform spheres) 

S-S. 
Se = effective degree of saturation = l-S. 

Sr = residual degree of saturation at which point an increase in matrix 

suction does not produce an appreciable change in the degree of 

saturation, S. Typical values for residual saturation are presented by 

Schroeder et al. (1994) 

In Eq. (2-8), it can be observed that as the saturation, S tends toward unity, the 

effective degree of saturation, Se tends toward 1. As this happens, the coefficient of 

permeability to gas in these now saturated conditions tends toward zero. Hence, gas is 

not able to flow and the gas relief layer fails to perform properly. Hence, gas pressure 

will build up in the refuse just below the gas relief layer. 
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Thiel (1999) presented a case study of a slope failure in a landfill cover system. 

A gas relief layer consisting of a fine sand without strip drains was used as the gas relief 

layer in the design. Assumptions were made concerning the gas pressure as well as the 

moisture content of the sand. The factor of safety was calculated to be just below one, 

which implies impending failure. A parametric study was then performed using varying 

spacings of strip drains. It was concluded that the absence of strip drains in combination 

with the relatively low permeability of gas in the moist fine sand provided conditions that 

could cause failure. 

Thiel (1999) hypothesized that landfill gas formed by degradation of the waste 

flows upward through the refuse toward the gas relief layer where it is intercepted by the 

blanket relief layer and then is redirected to the strip drains and extracted through the gas 

vents. However, this hypothesis is only valid in a dry landfill where the gas can easily 

move upwards, hi case of a wet landfill, the existence of water within the refuse may 

restrict the flow of gas through the refuse toward the gas relief layer according to Eq. (2-

8) (see above) just as it restricts the flow of gas within the blanket relief layer. 

2.10 Summary 

Higher moisture levels within the wastes of bioreactor landfills enhance 

degradation and reduce the time for the wastes to stabilize. Hence, bioreactor landfills, 

compared to arid landfills, are a more efficient method of waste treatment and storage. 

However, landfill gases are generated at significantly higher rates than in arid landfills. 

The main factors influencing landfill gas generation were identified to be the moisture 
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content of the refuse, the ambient temperature, the pH, and properties of the waste such 

as particle size and degree of compaction. Additionally, water is formed as a natural 

product of degradation. This water tends to migrate to the bottom of the landfill and as it 

is filtered or steeped in the waste, it becomes leachate. A leachate collection and removal 

system (LCRS) allows for the removal of this leachate fi^om the waste. 

Issues concerning the global stabihty of slopes in landfills of differing saturation 

levels were reviewed. Koemer and Soong (2000) presented five scenarios with varying 

impact on the factor of safety against slope failure. One of these scenarios (Figure 2-17-

d) depicted the existence of landfill gas trapped beneath the level of saturation within the 

waste. However, Koemer and Soong stated that the pressure within the gas could be 

determined by fluid statics of the surrounding leachate, a statement that may not be 

appropriate for cases when gas is continuously being created within the saturated waste. 

Thiel (1999) presented a design approach for a gas relief layer below the low 

permeability layer of a cover system. The design approach allows for determination of 

the distance between gas vents and drainage pipes so that the gas pressure does not 

exceed a predetermined value that would adversely affect the stability of the cover 

system. Moreover, Thiel provided a framework for understanding the interaction 

between gas formed, moisture content of the porous media, and the ability of the gas to 

flow within that porous media. From Thiel's work, the impact of gas pressures to the 

stability of the overall waste mass is recognized. However, currently available design 

methodologies and analysis techniques do not allow evaluation of the magnitude of this 

impact. 
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chapter three: 

model development 

3.1 Introduction 

In Chapter Two, it was pointed out that currently available design methodologies 

and analysis techniques do not allow evaluation of stability in landfill slopes where gas is 

being continuously created below the level of saturation within the waste. To address 

this engineering deficiency for wet landfills, a model is developed and presented that 

allows for the magnitude of the pore pressure (gas and leachate) within the waste to be 

evaluated. In Section 3.2, the derivation of an ordinary differential equation (ODE) is 

presented including the necessary assumptions and boundary conditions. The differential 

equation derived turned out to be nonlinear and as such poses difficulties to find a closed-

form solution. Hence, a finite difference procedure was developed. A parametric study 

of the input parameters for the finite difference approach is presented in Section 3.2.4. 

The chapter is summarized in Section 3.3. 

3.2 Development of Numerical Model 

3.2.1 General 

As discussed in Chapter Two, Koemer and Soong (2000) addressed five scenarios 

of differing saturation levels that may affect the factor of safety. Case 4 (Figure 2-17-d) 

presented the possibility of landfill gas being trapped by leachate. In their presentation, 

the gas pressure build-up did not adversely affect the factor of safety over and above the 



leachate pressure as the pressure within the gas could be determined by fluid statics of the 

surrounding leachate. 

However, in the case where landfill gas is formed within saturated refuse, the 

pressure within the gas may be higher than that which would be determined by fluid 

statics (i.e., P > yieachate X depth). This will happen when the gas is formed during waste 

degradation faster than the leachate at that point can flow out of the system. As the gas 

created is compressible, the gas may occupy a smaller volume than it would at 

equilibrium and hence has a proportionally higher pressure according to the Boyle's law. 

As discussed in Chapter One, landfills may become saturated due to either of two 

reasons. First, both traditionally dry and bioreactor landfills may become saturated 

during high precipitation events that overwhelm the LCRS. This impact may be 

particularly problematic in traditional landfills that lack an LCRS. Second, bioreactor 

landfills may become saturated in the bottom area due to a lack of operation of the sump 

pumps in the LCRS. 

Figure 3-1 illustrates a schematic cross-section of a saturated bioreactor landfill. 

As discussed by Thiel (1999), given that the waste does become saturated, the 

permeability of the waste to gas tends toward zero and hence, the landfill gas may no 

longer migrate freely within the pore space of the waste see Eq. (2-8). 
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Reintroduction of Leachate 
or Precipitation 

Saturated Solid Waste 
buildup of gas bu bbles 
due to degradati on 

Dnderlying^^ 

Figure 3-1: Schematic diagram of a saturated municipal solid waste landfill where 
gas is being formed by biochemical degradation 

To account for the formation of landfill gas within saturated refuse and its effect 

on the pore pressure within the saturated zone, a mathematical model is developed 

considering only the waste beneath the level of saturation. Before beginning the 

derivation, assumptions necessary for the model, are introduced. The landfill is modeled 

as an assembly of stacked control volumes (see Fig. 3-2). Hence, the landfill is treated 

like an arrangement of vertical columns, which makes the model one-dimensional. 

In this dissertation, gas is assumed to be generated only in the lowest control 

volume of each column (see Fig. 3-2). The reason for this simplification lies in the scope 

of this research to study the significance of gas generation on general stability in wet 

landfills. It is acknowledged that this is a simplifying assumption compared to reality 

where gas is being generated equally throughout the zone of saturation. However, this 

simplification is considered conservative. If the pressure obtained at the bottom of the 
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landfill due to this simplification is significantly higher than hydrostatic, the generation 

of gas throughout the landfill (i.e. in every control volume) should be considered a much 

worse case. 
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response to growth of gas 
bubble at bottom 

Impervious lower 

Figure 3-2: Schematic diagram of column of saturated control volumes with gas 
being created in only the bottom control volume. 
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3.2.2 Assumptions 

The following assumptions are stated for the development of the model: 

• The control volumes do not change size. The overall dimensions as 

illustrated in Figure 3-2 remain constant. 

• The landfill is considered wide in lateral extent compared to the height of 

the control volumes. Hence, the model developed is one-dimensional (i.e., 

water flows only in the vertical direction). Moreover, as discussed 

previously, landfill gas is being created only in the lowest control volume. 

• The distribution of head between the lowest control volume and the top of 

the zone of saturation is governed by the Laplace equation. 

V'h = 0 (3-1) 

This theory is considered valid based on the conservation of mass for all 

other CVs. Control volumes above the lowest control volume in the stack 

are considered constant in volume and are filled with saturated 

incompressible waste, so the inflowing mass of fluid must equal the 

outflowing mass of fluid. Details can be found in the literature (i.e. Freeze 

and Cherry, 1979) 

• The control volume of waste has a hydraulic conductivity in the vertical 

direction of kz, which is low enough to ensure laminar flow velocity (i.e., 

Darcy's law is valid). Because the hydraulic conductivity is sufficiently 
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low, the approach velocity is considered to be low enough that the velocity 

head term in Bernoulli's equation may be ignored. 

Water is incompressible and is saturated with landfill gases (methane and 

carbon dioxide). 

The landfill gas formed by the decomposition of the waste follows the 

ideal gas law (Eq. (3-1)): 

- n R T  ( 3 - 2 )  

Where P = pressure in the gas phase; 

Vgas = volume of landfill gas created; 

T = temperature; 

R = universal gas constant of 8.3144 J/mole/K; and 

n = number of moles of landfill gas created 

It is expected that the waste will be saturated over only a short term. 

Hence, gas created within the waste will not migrate on its own (surface 

tension will prevent the migration of discrete bubbles). 

The waste is in a state of anaerobic degradation. Hence, the sudden 

saturation will not impede the degradation process. 

The lowest control volume is initially saturated and becomes unsaturated 

only as a result of the generation of landfill gas. Hence, the initial number 

of moles of gas in the lowest control volume at time t = 0 is zero. All 
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other control volumes are initially saturated and remain saturated at all 

times. 

• A no-flow boundary (i.e. low permeability soil or impermeable liner 

system of the landfill) is in place, and prevents downward movement of 

fluid below the lowest control volume. 

• The pore pressures determined by the model are absolute pressures, and 

not excess pore pressure. Excess pore pressure must be determined by 

subtracting the atmospheric and hydrostatic pressures from the calculated 

result. 

• At the top of the zone of saturation, the pressure in a void space is ambient 

pressure, which is considered atmospheric pressure. Pa = 101.325 kPa. 

3.2.3 Derivation of Differential Equation 

In practice, the gas generation rate, Og at standard temperature and pressure (STP) 

of 273.15 K and 760 mm Hg) is referred to in terms of a volume of gas generated per 

mass of fresh waste per time. 

dVgas(t) 1 

dt AxAyAzp,,,^ 
= T: . . . (3-3) 

dVgas(t)/dt, Pwaste, Ax, Ay, Az are the change of volume with time, the dry unit weight of 

the waste, and the dimensions of the control volume as shown in Figure 3-2, respectively. 

Rearranging with respect to the change in volume of gas over time yields: 
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dV,,,(t) 
= <l>gas (3-4) 

In the subsequent derivation of the mathematical model the intrinsic permeability as well 

as the dynamic viscosity of the pore fluid will be used to provide a clear distinction 

between the properties of the pore fluid and the waste, respectively. The saturated 

hydraulic conductivity is related to the intrinsic permeability of a porous media (Freeze 

and Cherry, 1979) by following equation (Eq. (3-5): 

(3-5) 

Where, Kwaste,sat, K PFLUID, g, and |J. are the saturated hydraulic conductivity, the intrinsic 

permeabihty, the density of the fluid, the gravity acceleration and the dynamic viscosity 

of the fluid, respectively. 

Initially, the total head is the same everywhere in the system and hence, there is no flow 

in the system. Once gas begins to be generated in the system, the discharge velocity of 

fluid from this bottom control volume can be expressed in terms of total head gradients 

related to the generation of gas. Substitution of Eq. (3-5) for Kwaste,sat into Darcy's law 

provides the approach velocity in terms of the pressure gradient due to the gas generation. 

_ ah(z,t) _ k ah(z,t) _ 
waste, sat P fluid o dz u oz 

(3-6) 
k 

P fluid § |J, OZ PM+z k 
~ Pfluid § 

^1 gP(z,t) ^ 

Y dz 

Where v, P are the flow velocity and the pore pressure function, respectively. 
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Simplifying yields: 

kPfl„yg5P(z,t) k k5P(z,t) k 
^ ^ Pfluid b - ^ Pfluid 6 

p, y OT [X |j, at |j, 
(3-7) 

The velocity of fluid out of the control volume due to the generation of landfill gas can 

also be expressed as: 

v = 1 dV(t) ^ 1 ciVg,,(t) 

A dt A dt 
(3-8) 

Where A is the area of the control volume, and V(t) is the volume of fluid displaced, 

which equals the volume of gas generated at a certain pressure, Vgas(t). Equating Eqs. 

(3-7) and (3-8) yields: 

v= - kaP(z,t) kpfl^ijg ^ 1 dVgas(t) 

H 5z p, A dt 
(3-9) 

Solving Eq. (3-9) for the spatial distribution of the pressure: 

gP(z,t) ^ 

dz k 
k Pfluid g I 1 dVg,,(t) 

A dt 
(3-10) 

The right hand side of Eq. (3-10) is not spatially varying, so integration with respect to z 

yields: 

P(z,t) = - f 
k 

k pfluid g I 1 <iVg,3(t) 

1^ A dt 
z + const. (3-11) 

/ 
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The following boundary conditions can be applied to obtain the value of the integration 

constant. The pressure at the surface of the zone of saturation (z = L) equals the 

atmospheric pressure Pa (see Figure 3-2). Hence, Eq. (3-11) can be written as: 

P(L,t) = 
k p f l u i d g  ,  1  d V g , , ( t )  

--I-
A dt 

L -H const =P„ (3-12) 

Solving for the constant yields: 

const = P, + 
k p f l u i d g  ,  1  d V g ,3(t) 

- +  

A dt 
L  =  P a + P f l u i d g L  +  

H dV^as(t). 

kA dt 
(3-13) 

Substituting back into Eq. (3-12) yields: 

P(z,t) = -Pfluidgz-^^^^^z + Pfl„i, gL + 
kA dt k A dt 

(3-14) 

Simplifying: 

P(z,t) = P, + g(L - z) + (L - z) 
k A dt 

(3-15) 

It should be noted that as the size of the control volumes are sufficiently small, the total 

head throughout each control volume is constant. So, at the bottom of the lowest control 

volume, where z = 0 the absolute pressure function is thus written as: 

P(0>t) = PfluidgL + 
HL dV^,,(t) 

kA dt 
+ R (3-16) 

At this location, the ideal gas law still applies, now writing it as a fimction of time as: 
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(3-17) 
V^as(t) 

Setting Eqs. (3-16) and (3-17) equal yields: 

kA dt Vg,,(t) 

For ease of writing, constants a and (3 are introduced into Eq. (3-18): 

" = (?. +Pn.MgL)^ (3-19) 
|iL 

k A 
p = RT (3-20) 

|a.L 

Hence, Eq. (3-18) can be written as follows: 

n(t)—^ = a + (3-21) 
V^as(t) dt 

The number of moles of gas within the bottom control volume changes with time and can 

be expressed as follows: 

n(t) = n„+^t (3-22) 
dt 

Where no is the initial number of moles of gas within the control volume at time t = 0. no 

is zero by an assumption discussed in Section 3.2.2. Solving for the change of volume 

with time yields: 
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dn(t)^ 
P 

^ V g ^ ^ ( t )  = - a + ^  dt y ^223^ 

dt V^as(t) 

Eq. (3-23) is a nonlinear ordinary differential equation. Due to its nonlinearity it 

was not possible to find a closed form solution at this point in time. However, numerical 

solution approaches can be applied to obtain a graphical representation of the time 

dependent function of the volume Vgas(t). From a mathematical perspective, this ordinary 

differential equation is an initial value problem. Hence, an initial condition has to be 

specified prior to the numerical implementation. This initial condition describes the 

distribution of pressure at the beginning of the simulation (time t = 0). In this case, the 

volume Vgas(t = 0) is considered the volume of water displaced by gas generation during 

the specified time step At. Boundary conditions have to be applied as well. Here, the two 

boundary conditions are that there is no flow downward across the bottom liner system, 

and the pressure at the top of the zone of saturation equals the atmospheric pressure. Pa. 

These boundary conditions are already considered in the derivation of the model itself 

and hence, are discussed in Section 3.2.2. (Assumptions). The Euler method is used to 

numerically approximate the function as discussed by Hombeck (1975). This method 

corresponds to the Taylor theorem for partial differential equations and allows for the 

development of a finite difference procedure. Hence, Eq. (3-23) can be rewritten as 

follows: 

V.., -y. 
^dn(t)^^ 

dt 
P 

— l l  =  - a + ^  ^  (3-24) 
At y. 
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Solving Eq. (3-24) for Vj+i yields: 

Vi., = • a + -
dt 

P 

Y 
At + Y (3-25) 

= n; + dn(t) 

dt 
At (3-26) 

Eq. (3-25) can easily be implemented into a spreadsheet to obtain a solution. This 

numerically obtained result of the volume function Vgas(t) is then substituted into the 

ideal gas law (Eq. (3-1)) to obtain the pore pressure in the bottom most control volume 

with respect to time (Eq. 3-27): 

P(0,t) = 
n(t)RT 

Vgas(t) 

Substituting Eqs (3-25) and (3-26) into Eq. (3-27) yields: 

P.., = 

dn(t) 
n,. +—^At 
' dt 

RT 

-a + -

dn(t) 

dt 

Y 
At + Y 

(3-27) 

(3-28) 

In the next section, a parametric study is presented, which is the basis for the numerical 

implementation of Eq. (3-25) and the subsequent determination of the pore pressure 

according to Eq. (3-28). Figure 3-3 shows a schematic diagram illustrating the numerical 
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implementation of the finite difference procedure according to Eqs. (3-1) and (3-28). 

Element i+3 resembles the no-flow boundary at the bottom of the stack of CVs. 

z = L 

Az 

Az 

Az 

Az 

Az 

z = 0 

i-2 

i-1 

i+1 

i+2 

.Water Table 

Pi.,={P,+P,2)/2 

PI={PIH+PI.IY2 

PI.I=(PI.2+PIY2 

P;,,=Eq. (3-28) 

I I 
I I 
I I 
I X 

I 

I i+3 
l_ I 
1 / ' 

I ^i+S ^i+2 

Ay 

Figure 3-3: Schematic diagram of column of saturated control volumes for 
determination of pore pressures according to Eqs. (3-1) and (3-28) 
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3.2.4 Parametric Study 

In order to obtain a stable solution when implementing Eq. (3-25) into a 

spreadsheet, a parametric study assessing the influence of different parameters on the 

result of the numerical approach was performed. Several parameters in Eq. (3-25) are 

constant, and hence do not change throughout the simulation. These constants are listed 

in Table 3-1. 

Table 3-1: Constant input parameters for finite difference procedure 

Name of Parameter Notation Value Unit 

Atmospheric pressure Pa 101.325 kPa 

Density of water Pwater 1000 kg/m^ 

Depth of saturation L 10 M 

Temperature T 293 K 

Universal gas constant R 8.3144 J/mole/K 

Density of waste Pwaste 534 kg/m^ 

Gas generation rate Ogas 0.037 m^/kg/yr 

Time step At le-03 sec 

In the following, a brief review of the sources of the constants outlined in Table 

3-1 will be given. The depth of saturation is kept at L = 10 m, however, it can be 

adjusted to any desired value without loss of accuracy. The temperature is assumed to 

remain constant at T = 293 K. This assumption is considered valid since anaerobic 

degradation is assumed, which does not produce significant amounts of heat. As for the 

density of waste, a literature value taken from the HELP model (Schroeder et al. 1994) 

based on municipal solid waste of pwaste = 534 kg/m^ is assumed. The gas generation rate 

of <I>gas= 0.037 m^/kg/yr was provided by Thiel (1999) for municipal solid waste under 
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anaerobic decomposition. The time step of At = le-03 sec was arbitrarily chosen, and a 

variation has no impact on the outcome with respect to the accuracy of the numerical 

solution. 

Since, the gas generation rate, Ogas, is a constant, the molar gas generation rate 

dn(t)/dt has to be a constant as well. Hence, the only variable factors determining the 

outcome of the ordinary differential equation presented in Eq. (3-23) are the intrinsic 

permeability k of the municipal solid waste and the dynamic viscosity |j, of the leachate. 

Parametric studies were performed to assess the stability of the numerical simulation. In 

the first approach, the intrinsic permeability was kept constant at le-12 m , which 

corresponds to a saturated hydraulic conductivity if water is assumed to be the pore fluid 

of le-05 m/sec. This saturated hydraulic conductivity is a common value suggested by 

the HELP model (Schroeder et al. 1994) for municipal solid waste. By varying the 

dynamic viscosity, a lower bound for obtaining a physically meaningful stable solution 

was identified at = 0.016 Nsec/m . The physical implication of this observation 

suggests that at a viscosity of less than 0.016 NsecW, there is no critical build-up of pore 

pressure due to the gas generation beyond the hydrostatic pressure. However, by varying 

the viscosity in the opposite direction (i.e. raising it to a higher value) decreases the 

volume Vgas(t) of liquid displaced from the control volume, subsequently increasing the 

pore pressure according to Eq. (3-28). 

The second approach was to keep the dynamic viscosity constant at a value of )a, = 0.02 

NsecW, which corresponds to a watery fluid with oily components according to 
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Roberson and Crowe (1990). Subsequently, the intrinsic permeability was varied. It was 

found that in this case, an upper bound of permeability of approximately 1.2e-12 m can 

be identified. At values higher than 1.2e-12 m^, the numerical procedure ceases yielding 

physically meaningful results, hence, suggesting that the influence of gas generation on 

the build-up of pore pressures is negligible. On the other hand, if the intrinsic 

permeability is lowered, i.e. making the waste less permeable to pore fluids, the slope of 

the function of volume vs. time reduces, suggesting a reduction in volume of fluid 

displaced from the lowest control volume, subsequently increasing the pore pressure 

according to Eq. (3-28). 

The intrinsic permeability and the dynamic viscosity can be expressed as a ratio, 

according to their appearance in Eqs. (3-19) and (3-20). This parametric study identified 

a limitation of the developed mathematical model in that a certain threshold ratio of 

intrinsic permeability to dynamic viscosity should not be exceeded. Lowering this ratio, 

on the other hand, is only limited by physical constraints such as reasonable values for 

both parameters, but not by the numerical solution itself 

In this study the highest value of the ratio of intrinsic permeability to dynamic viscosity, 

yielding the lowest pore pressure due to gas generation, is used to illustrate the influence 

of gas generation on pore pressure. Table 3-2 shows the values used for determination of 

the pore pressure. 
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Table 3-2: Parameters obtained during the parametric study 

Name of Parameter Notation Value Unit 

Intrinsic permeability k le-12 m^ 

Dynamic viscosity 1^ 0.016 Nsec/m 

k/)j, 6.25e-ll m'^/N/sec 
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Figure 3-4: Function of volume vs. time as obtained by Hnite difference 
approximation of Eq. (3-25) 

Figure 3-4 illustrates the function of volume Vgas(t) vs. time using the input parameters 

discussed in Tables 3-1 and 3-2. A kink can be observed during the initial phase of the 

numerical simulation before the function becomes linear with a positive slope. This 

initial instability is deemed to occur since the differential equation (Eq. (3-23)) yields a 

singularity if the initial volume tends toward zero. As soon as the calculated volume 

moves away fi-om zero and assumes higher values, the solution becomes stable and 

robust. 
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As apparent from Figure 3-4, the distribution of volume with time is a straight 

line. Hence, the function of pore pressure P(z,t) with time according to Eq. (3-28) 

becomes a constant. This can easily be validated by substituting values of volume Vgas(t) 

and time into Eq. (3-28). The absolute pore pressure obtained was found to be on the 

order of 242 kPa at a depth of 10 m below the top of the zone of saturation within the 

waste mass. The excess pore pressure, which can be determined by subtracting the 

atmospheric pressure and the hydrostatic pressure from the absolute pressure, was 

determined to be 42.1 kPa. Figure 3-5 illustrates the distribution of excess pore pressures 

vs. depth within a column of saturated control volumes according to the finite difference 

procedure. 
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Figure 3-5: Function of depth vs. excess pore pressure obtained by finite 
difference approximation 
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3.3 Summary 

A new approach to simulate the distribution and build-up of pore pressures within 

a column of saturated waste due to the formation of gas is presented. Prior to the 

mathematical derivation, the assumptions necessary were discussed. The outflow of 

leachate due to the pressure build-up within the bottom most control volume was 

considered laminar, hence Darcy's law is valid. The pressure distribution between the 

lowest control volume and the top of the zone of saturation is assumed to be governed by 

the Laplace equation. Hence, a linear pressure distribution is assumed. Furthermore, the 

landfill gas formed through degradation is assumed to be composed of an equimolar 

mixture of methane and carbon dioxide, and follows the ideal gas law. Following the 

derivation, the initial conditions were specified. At the bottom of the simulated column 

of saturated waste, there is an impermeable liner system in place, which prevents 

downward flow of leachate or gas into adjacent soil strata. At the top of the saturated 

zone within the waste mass, atmospheric pressure is assumed. Furthermore, the initial 

pressure distribution within the landfill is hydrostatic due to complete saturation. The 

absolute pore pressure at the bottom of a stack of control volumes with gas being 

generated only in this bottom most control volume was found to be on the order of 242 

kPa. 

The result obtained from the numerical solution of the mathematical model using 

the Euler method suggests that it is possible to model the pore pressure distribution due to 

the generation of landfill gas below the level of saturation by using a unit weight of the 

pore fluid artificially enlarged to 14.0 KN/m^. This is an important observation with high 
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implication on further analysis as will be shown in Chapter Four, hi the case presented in 

this study where gas is only generated in the lowest control volume, the magnitude of the 

pore pressure is highly dependent on the permeability of the waste mass as well as the 

dynamic viscosity of the leachate. 

A limitation of the model is the requirement of an unsaturated overburden above 

the zone of saturation. This limitation accounts for the requirement of positive effective 

stresses at the bottom of the landfill to prevent static liquefaction or hydraulic fracturing. 
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CHAPTER FOUR: 

CASE STUDY OF EFFECT OF LANDFILL GAS A WET LANDFILL 
ON SLOPE STABILITY 

4.1 Introduction: 

Following days of extremely heavy rains from two typhoons, a fast moving slope 

failure of municipal solid waste was triggered burying more than 330 people. In the days 

immediately following the failure, 58 people were rescued but after weeks of recovery 

efforts, 278 bodies were recovered. This chapter provides the results of analyses that 

were completed to explain the failure. In Section 4.2, the necessary background 

information known about the Payatas Landfill and the failure is presented. In Section 

4.3, a forensic analysis of the failure is presented. The forensic analysis begins with a 

hydrologic evaluation using the HELP model to obtain an estimate of the degree of 

saturation and the phreatic surface within the waste. Using this phreatic surface, slope 

stability analyses were completed using the software UTEXASED (Wright 1999), which 

uses static equilibrium of slices based on Spenser's method. No currently available slope 

stability programs, including UTEXASED, are capable of modeling excess pore 

pressures due to landfill gas. Hence, the increased gas pressure distribution found with 

the finite difference procedure in Chapter Three was modeled by increasing the unit 

weight of water within the program, a capability that does exist in most modem slope 

stability software, including UTEXASED. Shear strength parameters for the waste were 

estimated based on the state of the practice for solid waste design while shear strengths 

for the underlying soils were estimated based on input from Dr. Mark Zarco of the 
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University of Philippines Diliman and from a 1992 design report for the Payatas Landfill 

(Seman 1992). The critical failure surface predicted by UTEXASED, which has a factor 

of safety very close to 1.0, represents very closely the failure surface observed in the 

field. Finally, the chapter is summarized in Section 4.4. 

4.2 The Payatas Landfill 

4.2.1 The Failure 

On the morning of July 10, 2000, a landslide was triggered at the Payatas Landfill 

in Quezon City, Philippines, hiitial news reports indicated that approximately 100 people 

had been killed by a very fast moving debris flow of municipal solid waste (MSW) but 

that many more people were missing. These news reports also stated that the landfill had 

initially been 18 to 30 m (60 to 100 ft) high with very steep side slopes and had been 

subjected to torrential downpour from two typhoons. Because of conflicting reports 

regarding the details of the failure and that this appeared to be a potentially important 

landfill slope failure, the advisor for this research (Dr. Merry) and Dr. Edward 

Kavazanjian, Jr. (Principal, GeoSyntec Consultants, Huntington Beach, CA) traveled to 

the affected area and performed field reconnaissance. Their reconnaissance effort 

included personal observations both by helicopter and by ground, personal interviews of 

affected residents and managing city officials, an extensive search of news records 

including other eyewitness accounts, precipitation records, a review of pertinent 

engineering information including local agricultural and topographical maps, and historic 

engineering reports. These records were compiled in the paper Merry et al. (2004). hi 



their paper, the exact mechanism leading to the failure was not proposed; however, 

several key factors including very heavy rains, construction of a basin and subsequent 

ponding of water at the top of the slope, the construction of drainage trenches at the top 

of the slope to drain this ponding water, construction of a deep drainage ditch at the toe of 

the slope, construction of slopes that were steeper than recommended by designers of a 

cover system, and as discussed previously in Chapter Three, the build-up of landfill gas 

due to the saturation of the degrading waste. These key factors ultimately provided 

motivation for the research contained in this dissertation. 

4.2.2 Characteristics of the Payatas Landfill 

The Payatas Landfill is located in the northeast comer of Quezon City, which is 

on the island of Luzon in the Philippines (Figure 4-1). It is the largest of the six cities in 

the Metro Manila area. Quezon City covers an area of about 15,100 hectares and has a 

population of about 23 million people. The heart of the city lies immediately northeast of 

Manila and straddles the northern extension of the Guadalupe plateau of the Philippine 

Islands; it is an area of moderate slopes and the most common soil type is a hard, fine

grained loam, or adobe, which was often used in construction during the city's history. 

The city is divided into four congressional districts composed of about 140 barangays, 

which are akin to smaller cities or towns within the larger city. Barangays have formal to 

semi-formal governments within them. One of these barangays, located in the northeast 

comer of Quezon City, is known as Lupang Pangako (the Promised Land) in which a 

housing development called Payatas is located. 
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Figure 4-1: Location map of the Payatas housing development and landfill in the 

The Payatas housing development was started in the early 1970s as a 30-hectare 

upscale housing development. When the development first started, the Payatas area did 

not appear to be the future home for a landfill as it had well-developed streets with 

relatively large homes along them (Figure 4-2). Records indicate that wastes were first 

placed at the Payatas Landfill area in 1973 as general fill for a depressed area. For more 

than a decade, it remained as a small landfill only for the use of the Payatas housing 

development. In 1988, the Smokey Mountain Landfill in northwest Manila was closed 

and many of the Smokey Mountain squatters were relocated fi"om that area to the Payatas 

area. At that time, the rate of landfilling at Payatas also increased significantly. Records 

from 1988 through 1996 are not available but since 1996, the metro-Manila area has 

generated an average of a little more than 6000 tons of trash per day of which about 1500 

to 1800 tons per day had been being placed at the 18 hectare Payatas Landfill. 

Metro Manila area. 
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Figure 4-2: View of Payatas Landfill from the southwest showing that the area 
was not always home to many squatters. Notice the well-developed 
streets and large houses in the lower left area. 

The Payatas Landfill formed into two separate waste areas (Figure 4-3). The 

reservoir in the background is the Novaliches Watershed Reservation and is separated 

from the landfill by only 200-300 meters, but is also uphill of the landfill. Hydraulically, 

the watershed lies in a separate drainage basin. The area is underlain by clayey material 

mixed with occasional layers of coarser material to a depth of more than 50 m. The area 

is sloped at a grade of approximately 20 horizontal to 1 vertical (20H:1V) from the area 

adjacent to the reservoir to the left (Figure 4-3). These fine-grained soils together with a 

relatively flat terrain dictate that the recharge of groundwater is low. Hence, runoff from 

non-landfill areas is dominated by surface precipitation rather than groundwater drainage. 
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Figure 4-3: View of Payatas's two landfills, a smaller 5.3-hectare landfill to the 
left and the main 12.7-hectare landfill to the right. The slide failure 
can be seen along the front of the larger landfill. Fires, as indicated 
by the smoke, did exist at both landfills; no attempt to extinguish 
them was being made. 

Many of the squatter population that lived on and around the landfill relied 

completely on the landfill. The daily work of these scavengers consisted of sifting 

through the waste that was delivered to the landfill to find anything of value including 

building materials for their shanty homes, materials that could be resold in nearby open 

markets (cardboard, plastic, copper wire, glass bottles), and any items deemed edible. 

When waste was delivered to the Payatas Landfill, it appears that there was little formal 

compaction equipment used, although there is good evidence that at least one bulldozer 

was on-site. The waste, dumped in a large heap, would be picked through completely by 

the local scavengers and ultimately be distributed into a very thin lift. It is likely that in 

addition to trampling by human feet, only limited compaction by heavy equipment was 



completed. Due to the scavengers and the lack of compaction by machinery, it is likely 

that the constituents and mechanical properties of the waste are different compared to 

what is encountered in the United States. 

In 1992, the landfill was considered to be nearing its final height and hence, an 

initial closure design was prepared (Seman 1992). Topographical contour maps shown in 

the design report indicate that the waste deposit area affected by the failure was inactive 

at that time. Additionally, these maps show that the landfill was much lower in height 

than what was observed following the failure. Hence, it is likely that most of the waste 

that was involved in the failure was relatively young and had been placed in the last eight 

years. A cross section taken through the landfill just happens to coincide very close to 

where the actual failure took place (Figure 4-4). In this cross section, it is seen that 

maximum side slopes of 3H:1V were specified. It is also seen that the underlying 

topography dips in the direction of the failure. The design report also gives warning to 

the steep landfill slopes being created: 

From a geotechnical point of view, the most sensitive portion of the 

construction work is the risk for slides in the waste along the creek. 

The slope is far too steep and in combination with the risk that waste is 

washed away at times with high water in the creek, local slides may 

well occur in the future. 

The slopes being discussed in this statement were at 1.5H;1V and were 

recommended to be eased to a slope of 4H:1V. Figure 4-5 shows the side slope of the 

landfill just beyond the far side of the failure and fi^om this view the slope appears to be 
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very close to true length and orientation. A line along the surface of the side slope has 

been drawn and its angle with the horizontal measured (digitally). Based on this image 

analysis, the side slopes of the landfill adjacent to the failure area were found to be 

1.5H:1V, exactly the slope of that which the VBB VIAK report had warned about eight 

years previous. 

hi late 1999, REM Transport, the company managing the landfill, began to push 

waste placed in the middle area of the landfill to the outer edges. This practice had two 

effects. First, it tended to make the side slopes steeper and second, it made a large 

depressed area on the top of the landfill, akin to a catch basin. When this catch basin 

filled with water during the heavy rains preceding the failure, the managing personnel 

made a gully running down the side of the mountain that led to erosion of the side of the 
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Figure 4-4: Cross section made through final closure design. This section was 
made very near to where the failure took place (after Seman 1992). 
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Figure 4-5: Picture of failure at an oblique angle showing remaining slope beyond 
the failure. The remaining slope line is shown with a yellow line, 
which is very nearly 1.5H:1V. 

landfill. On the larger heap that failed, there is no longer any evidence of this practice or 

trench. However, in the smaller heap, evidence of the practice of pushing waste off the 

top and down the slope can be seen, as can the drainage trench (Figure 4-6). It is likely 

that the slopes were reworked with heavy equipment later. Figure 4-2 shows some 

reworking and benching of a slope near the front edge of the landfill. Just beyond this 

area (to the right), it appears that some freshly placed waste has been pushed over the 

edge and is sitting at roughly its angle of repose, yet to be reworked. 
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Figure 4-6: View of smaller 5.3 hectare landfill showing deep trench excavated 
from central area to the edge. Evidence of pushing the waste over the 
top and allowing it to settle on its own down the edge can also be seen. 

Then, to allow for better drainage of the runoff that worked its way to the toe of the 

slopes, a deep trench was excavated (Figure 4-7). The failure surface did not appear to 

intersect this trench. However, as many of the squatters in the area had congregated at 

the bottom of the trench shortly before the failure, it certainly had profound effects on the 

number of people killed in this tragedy (Merry et al. 2004). A considerable amount of 

leachate was observed to be seeping from the waste into this trench, which had originally 

been excavated prior to the failure and then cleaned out after the failure. Out from this 

leachate were a fairly continuous and well-distributed number of gas bubbles, which was 

assumed to be landfill gas working its way out of the degrading waste. 
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Figure 4-7: Picture sliowing deep excavation completed at toe of waste slope. 
(N14.71798° £121.10622°; 08/02/2000) 

4.2.3 Characteristics of the Failure: 

Based on compiled information, the following characteristics of the failure have 

been determined. At approximately 4:30 am Manila local time (MLT) on July 10, 2000, 

loud cracking sounds were heard from near the northern flank of the landfill. As 

daybreak came, cracks leaking water from out of the landfill were reported (it is not 

known exactly where these cracks were). Between 7:30 am and 7:45 am MLT, a large 

mass of waste mobilized and came quickly down the hillside similar to a debris flow 

covering all of the homes and people in its path. The moving mass of waste also toppled 

220-volt electrical lines. Whether from the electrical lines or from fired natural gas 

stoves in the buried huts, the mass of waste then started on fire. The start of the fire was 
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accompanied by a small explosion of unknown material. The total volume of waste 

involved in the slide is estimated to be 13,000 to 16,000 m^ (about 17,000 to 21,000 cubic 

yards). Using an in-place density of 1284 kg/m (80 lb/ft), the total mass of the waste 

involved was 16.7 x 10^ to 20.5 x 10^ kg (18,400 to 22,600 tons). Other details including 

eyewitness accounts, although interesting and an important part of the record of the 

failure, are not provided in this dissertation but are available in Merry et al (2004). 

A July 31, 2000 aerial view of the waste slide area is shown in Figure 4-8. hi this 

view, the side slopes on each side of the failure appear to be relatively older slopes in that 

there is some build-up of vegetation on them and the slopes appear to have some amount 

of benching on them. 

Figure 4-8: North to south aerial view of Payatas waste slide showing deep-seated 
failure and large vertical head scarp (tension crack) at top. 
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4.2.4 Weather Preceding the Time of the Failure: 

In the two weeks prior to the failure, the metro Manila area was besieged by rain 

from two typhoons, Typhoon Kirogi (known in the Philippines as Typhoon Ditang) and 

Typhoon Kai-Tak (known in the Philippines as Typhoon Edeng). Although second 

chronologically, the typhoon that had the largest impact to the Philippines was Typhoon 

Kai-Tak. This typhoon started as a low-pressure area that had brought unsettled weather 

to the South China Sea, which is the body of water between the Philippines and China. 

On the morning of July 4, 2000, this disturbance first developed into a tropical storm 

(designated Tropical Storm 06W) just off the west coast of Luzon, the northern-most 

island in the Philippines. All agencies were predicting that this storm would move 

northeast and follow the track that the first and concurrent storm Typhoon Kirogi had 

made towards Japan. However, Tropical Storm 06W meandered for days just north of 

Luzon and in doing so, continued to pull in significant moisture to Luzon. By the 

morning of July 8, 2000, there were more than 700,000 people homeless and 26 dead in 

northern Luzon firom the effects of the storm that had now been upgraded and named 

Typhoon Kai-Tak. Figure 4-9 shows Typhoon Kai-Tak with a well-developed storm eye 

in the South China Sea with the counterclockwise circulating moisture just over the 

northwest comer of Luzon. Also seen is Figure 4-9 is the flow of moisture extending to 

the upper right from the Philippines, which is the tail of Typhoon Kirogi. The town of 

Laog, in northern Luzon, received almost its entire average monthly rainfall average in 

only 48 hours. At the Quezon City weather station, which is about 9.5 km from the 

Payatas Landfill, a significant amount of rainfall was also recorded (see Figure 4-10) 
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Figure 4-9: Satellite photo of the Typhoon Kai-Tak at 0700 GMT, July 8,2000 
(modified after Japan Meteorological Society 2000). 
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Figure 4-10: Precipitation record at Quezon City Weather Station (N14.6370° 
£121.0771°) for period of May 1,2000 through July 31, 2000. 
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After remaining virtually stationary or performing small cyclonic loops in the area north 

west of Luzon for a long period, Typhoon Kai-Tak suddenly moved north to Taiwan 

where is continued to cause death and destruction. 

Most accounts indicate that the rainfall in the Luzon area was due strictly to 

Typhoon Kai-Tak but in observing the storm track of Typhoon Kirogi 

(http://mscweb.kishou.go.jp/general/activities/aim/disaster/t_cyclone/animation.htm), it is 

seen that a significant amount of moisture was pulled across Luzon by the northeastern 

tracking typhoon. The storm track at the above referenced website shows the typhoon 

fi-om 0600 GMT July 2, 2000 through 0600 GMT July 10, 2000. hi the early portion of 

the track, Luzon is the largest island seen on the far left side (middle vertically) of the 

picture which then continually moves downward to the left. Later in the track, Luzon 

cannot be seen at all. However, during the time that it can be seen, a significant amount 

of moisture is observed to come across Luzon as a direct result of Typhoon Kirogi. It is 

likely that the combined effects of these two typhoons created the very large quantities of 

precipitation encoimtered throughout Luzon. Figure 4-10 shows the observed 

precipitation record at the Quezon City Weather Station (approximately 9 km fi*om the 

landfill) for the period of May 1, 2000 through July 31, 2000. The date is shown on the 

X-axis. On the left-hand Y-axis, the daily rainfall (units of m) is shown. For the ten days 

immediately preceding the failure, a combined total of 0.746 m (2.45 ft) of precipitation 

was recorded. On the right hand Y-axis, the running total fi-om May 1 through July 31 is 

shown. The total precipitation for this period is 1.793 m (5.88 ft). Hence, approximately 

http://mscweb.kishou.go.jp/general/activities/aim/disaster/t_cyclone/animation.htm
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42% of the total summer precipitation fell in the seven days immediately preceding the 

failure. 

4.3 Forensic Analysis 

In the preceding sections, the details surrounding the failure of the Payatas 

Landfill were presented. In this section. As discussed above, weather conditions along 

with specifics of the site contributed significantly to the failure. In the following 

sections, a forensic slope stability analysis using the computer program UTEXASED is 

performed to investigate likely failure mechanisms. Prior to the introduction of the 

computer code, input parameters for have to be determined. The HELP model along with 

results of the reconnaissance trip discussed above were used to obtain reasonable 

assumptions for the analysis. 

4.3.1 HELP Modeling of Landfill: 

The Hydrologic Evaluation of Landfill Performance (HELP) model (Schroeder et 

al. 1994) was used to obtain an estimate of the saturation level and the location of the 

phreatic surface within the landfill prior to the failure. Since the model only provides 

precipitation data for cities in the United States, the rainfall data for the Manila, 

Philippines, region for May through July 2000, as illustrated by the rainfall hydrograph in 

Figure 4-10, had to be imported. This time frame was considered crucial for the failure 

due to the occurrence of the two typhoons in the area of the landfill as discussed above. 

Prior to May 2000, there was no precipitation data of the Manila area available. Manila, 

which is at 14° latitude, is much closer to the equator than the United States and hence, 
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has different climate conditions. In Manila, the weather is dominated by high humidity 

and warm conditions year round. The program does provide a list of cities in the United 

States. In order to obtain a data set of temperature, precipitation and evapotranspiration 

conditions comparable to Manila, Tallahassee and Jacksonville, Florida were evaluated. 

These two cities were thought to have high precipitation and year round warm 

temperatures, similar to the climate condition in Manila. After reviewing each of the 

three-year precipitation records for each, it was observed that the Tallahassee record of 

1974-1976 had a higher precipitation record than Jacksonville and was therefore more 

representative of that observed in Manila. Hence, the record of Tallahassee was chosen 

as a basis to modify and create a record for Manila. The first two-year's of the 

Tallahassee record were left unchanged but beginning on May of the third year (1976), 

the actual recorded data fi-om the Quezon City weather station were input in place of the 

Tallahassee record. Thus, the HELP model may use the first 2.5 years of the Tallahassee 

record, during which time the water content and saturation levels reach a reasonable 

steady state value before applying the recorded values of the Quezon City station. 

The next step in the hydrologic simulation was to model the cross section of the 

Payatas Landfill. Since Payatas started as an open dump, it is known that there is no 

bottom liner to protect underlying strata. A contour map of the area prior to the existence 

of the landfill, along with estimates of the location of the landfill according to more 

recent maps and photographs, was used as a basis for the cross sectional modeling. As 

outlined previously in Section 4.2.1, it was estimated that the top of the landfill at the 
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time of the failure measured about 26 m (85 ft) above surrounding terrain. This means 

the maximum waste thickness is approximately 33.5m(110fl) (see Figure 4-11). 

Figure 4-11: Schematic cross section of the landfill immediately prior to the failure 
according to available maps and photographs. The origin was 
arbitrarily set to the ground level to illustrate the height of the landHll 
above surrounding terrain. 

The top layer (layer 1) is included to simulate ponding of water on top of the 

landfill. As discussed in Section 4.2.1, waste was pushed to the edge of the landfill, 

thereby creating a depressed area on top of the landfill. This led to the accumulation of 

an approximately 150 mm (6 inch) thick layer of water on top of the landfill similar to a 

lake. HELP does not allow for the modeling of ponded water on top of a landfill. The 

ponding water was visualized as a very high void ratio and hydraulic conductivity, low 

field capacity soil that would readily allow water to percolate vertically at a very low 

water contents. Hence, in an attempt to model this, a six inch thick layer was included 

consisting of a soil with very high porosity (n = 0.99), very low field capacity (fc = 0.02) 

and very high saturated hydraulic conductivity (k = 10 cm/sec), hi this manner, rainfall is 

readily stored in layer 1 with very little runoff or use by plants and thus allows for 

efficient percolation into the underlying waste. Documentation of modeling ponded 
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water in such a manner has not been published to date and hence, represents a 

contribution to the field of landfill design. 

Based on site reports (e.g., Seman 1992, Merry 2004), and interviews with Dr. 

Mark Zarco, the underlying soil is a clay of medium to high plasticity and having a 

moderate level of organics. Hence, the subsoil was modeled with a low hydraulic 

conductivity (k = 5 x cm/sec) and a thickness of 1000 inches. A summary of the 

input parameters for the different waste and soil layers can be found in Table 4-1. 

Table 4-1: Soil and design input parameters for HELP model: 

"Lake" (layer 1) Waste (layer 2) Subgrade (layer 3) 

Layer thickness 
[in/m] 

6/0.152 1319/33.5 1000/25.4 

Porosity n [-] 0.99 0.671 0.452 

Field capacity [-] 0.02 0.292 0.411 

Initial moisture 
content ["/o] 

90 50 80 

Saturated 
hydraulic 

conductivity 
(cm/sec) 

10 0.001 5e-07 

The HELP model does not allow for a landfill slope to have zero inclination. 

However, in case of the Payatas Landfill, the top of the landfill was observed to be 

reasonably horizontal, certainly in the area where ponding water was observed. To best 

model this, the runoff calculated by the model was to be minimized. To do this, a runoff 

curve number of CN = 30 was specified. According to values provided by the literature 
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(e.g., Chow et al., 1988; Schroeder et al. 1994) this curve number should be used in case 

of grass in good condition. Although, the landfill has no vegetation on top, this 

assumption was considered appropriate with respect to the site conditions outlined above. 

Moreover, the use of a CN = 30 should ensure that the runoff is slow enough that the 

water will percolate vertically before leaving the system as runoff. 

The results of the HELP modeling predicted that the head on layer three, the 

native clay subgrade, on the day of the failure (day 192 in the third year of the 

simulation) was determined to be 591 inches, which corresponds to 15.0 m (49.3 ft). 

This indicates that as much as 50% of the waste had become saturated. 

4.3.2 Slope Stability Evaluation: 

It is likely that the unusually high amount of rainfall and subsequent saturation of 

the waste played a major role in the slope failure at Payatas Landfill. To investigate this 

hypothesis, the HELP model was used to obtain an estimate of the degree of saturation 

and the location of the water level within the waste mass. For the numerical analysis of 

the landfill slope UTEXASED was used. A summary of the input parameters can be 

taken from Table 4-2. 

Table 4-2: Material properties of waste and subgrade used in UTEXASED: 

Cohesion c 

(kPa (psf)) 

Critical friction angle 
(degrees) 

Unit weight y 

(kN/m^ (pcf)) 

Waste 43.1 (900) 26° 11.8(75) 

Subgrade 0(0) 26° 19.2 (120) 
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As an effective stress analysis was performed, drained shear strength parameters 

in the subgrade were based on best available information discussed by Merry et al. 

(2004). The shear strength of the subgrade was modeled with a cohesion of c = 0 kPa (0 

psf) and a critical friction angle of (|) = 26°. Effective shear strengths for the waste were 

taken from Kavazanjian et al. (2001) and Kavazanjian (2001) and one static envelope. 

The following is a short history on the development of the state-of-the-practice for MSW 

shear strength parameters in the United States (Merry 2002). 

Prior to 1992, most slope stability evaluations used MSW shear strengths based 

upon those presented by Singh and Murphy (1988). In this paper, Singh and Murphy 

presented a family of (c, values that they said described the observed behavior of a 

load test at the Oil Landfill in southern California. Based on this presentation, most 

evaluators used a cohesion intercept, c of around 100 psf and a (j)' of 22°; others used a c 

of 0 and a (j)' of 24°. However, the load test at OH Landfill never reached failure and was 

terminated due to observed excessive deformation. Nevertheless, the test was evaluated 

and shear strength parameters formed assuming that the slope had reached a factor of 

safety of 1.0. 

The Singh and Murphy family of shear strength parameters is contradicted by 

observations of stable (unsaturated) landfill slopes that stand up to 80 m tall at slopes of 

1.5H:1V. Slopes eased to 2H:1V are common implying a fiiction angle of at least 26°. 

Nine waste landfills were near the epicenter of the 1994 Northridge earthquake, several 

of which were subjected to peak bedrock accelerations of 0.2 to over 0.5g, withstood the 
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earthquake without significant damage (Stewart et al. 1994). Additionally, there are at 

least 3 landfills with 2H:1V slopes that were near the epicenter of the 1989 Loma Prieta 

earthquake where significant damage was not observed, implying even greater strength 

values (Seed et al. 1990). 

In 1992, for the permit appUcation for the Eagle Mountain Landfill in Los 

Angeles, Kavazanjian et al. (1994) reanalyzed available data, including that from the Oil 

test and employed a conservative strength envelope characterized by a cohesion intercept, 

c = 4.8 kPa (c = 100 psf), or a critical fhction angle of ([)' = 28°. This was accepted by the 

California Department of Water Resources. During filling of the Eagle Mountain 

Landfill, data were collected regarding the stability of slopes being constructed. Based 

on these data, Kavazanjian et al. (1994) recommended a bilinear envelope characterized 

by a cohesion intercept, c = 23.9 kPa (c = 500 psf), or a critical fnction angle of (j)' = 33°. 

Mitchell (1996) used this strength envelope to back analyze the failure of the April 1996 

Rumpke Landfill in Ohio and reported good agreement. Using data from a field test 

facility, GeoSyntec Consultants recommended an upper bound strength envelope 

consisting of a cohesion intercept, c = 43.1 kPa (c = 900 psf), AND a critical fnction 

angle of (|)' = 31°. These shear strength parameters were reviewed and approved by two 

"blue ribbon" panels, one employed by EPA, the other by OH Landfill. However, this 

time the California Department of Water Resources rejected the permit and required that 

the stability analysis be reevaluated using the previously accepted parameters. Hence, 

although the data suggest that the use of a cohesion intercept, c = 43.1 kPa (c = 900 psf), 

AND a critical friction angle of (|)' = 31 ° should be acceptable, the California Department 
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of Water Resources will only accept a cohesion intercept, c = 23.9 kPa (c = 500 psf), or a 

critical friction angle of ([>' = 31°. Kavazanjian et al. (2001) and Kavazanjian (2001) 

presented data on the shear strengths of bioreactor landfills. For bioreactor landfills, 

upper bound values were consistent with that shown above (i.e., c = 23.9 kPa (c = 500 

psf), or a critical friction angle of (|)' = 33°. Recommended lower bound shear strength 

parameters were presented as cohesion intercept, c = 43.1 kPa (c = 900 psf), and critical 

fiiction angle of (|)' == 26°. The reader is reminded that these are effective stress shear 

strength parameters. 

Although the Payatas Landfill is not operated as a bioreactor landfill, material 

properties of a wet landfill can be assumed due to the climate conditions and the fact that 

the landfill is uncovered. Hence a saturated unit weight of the waste of y=l 1.8 KN/m 

(y=75 pcf), a cohesion of c = 43.1 kPa (c = 900 psf), and critical fiiction angle of (j)' = 26° 

was chosen. Although a cohesion intercept may not be appropriate for drained conditions 

of many soils, it is appropriate for MSW to account for reinforcement and interlocking of 

the particles that is prevalent prior to complete degradation. Moreover, these shear 

strength parameters, which are based on the results of numerous field studies, are 

recommended by Kavazanjian et al. (2001) as lower bound strengths. A piezometric line 

was modeled to provide a saturated thickness of waste as provided by the output of the 

HELP modeling (Section 4.3.1) and the unit weight of the pore fluid (water) increased to 

14.0 kN/m^ as provided by the output of the finite difference procedure (Section 3.2). 
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The initial approach taken was to search for critical circles by means of a 

parametric study that involved systematically varying the values shown in Table 4-1 

including the shear strength parameters of both the subgrade and the waste. Several 

different critical circles were computed and the results compiled. Because wide varieties 

of failure surfaces were encountered, a slightly modified approach was taken. Since the 

analysis was based on forensic studies, a failure surface was chosen that was based on 

available pictures showing the failed waste mass (see Figures 4-3, 4-5, and 4-8), the 

results that had been compiled from the parametric study, and engineering judgment. In 

viewing the pictures, the upper part of the failure close to the crest of the landfill, a head 

scarp that is characteristic of a tension crack can be identified. Hence, a tension crack 

extending to a depth of 4c/Ywaste = 6.1 m (20 ft) into the waste was defined. The tension 

crack was assumed to be filled with water having a unit weight of water of Yw = 9.81 

kN/m^ (62.4 Ib/ft^). The level of saturation (i.e., the water table) was predicted by the 

HELP model to be at a depth of 18.5 m (60.7 ft) below the top of the landfill. The 

determined failure surface, including the tension crack and the piezometric surface prior 

to any analysis by UTEXASED is shown in Figure 4-12. The factor of safety against 

side slope failure using the artificially increased unit weight of the pore fluid of 14 

KN/m^, as determined by the finite difference procedure, was found to be greater than 1. 

This is in agreement with the expectations that the presented finite difference approach is 

a conservative estimate. Hence, if gas is being generated in every control volume as 

compared to only in the lowest one, the factor of safety would likely be reduced. To force 

the factor of safety to 1.0, the unit weight of the pore fluid in the UTEXAS analysis was 
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increased to 20.9 kN/m^ (133 pcf), which is approximately 49% higher than the value 

predicted by the finite difference approach. 

Figure 4-12: Base failure surface of side slope at Payatas Landflll. 

4.4 Summary: 

On July 10, 2000, at least 278 persons were killed when a debris flow of waste 

came crashing down on the adjacent community of Payatas, Philippines. Several 

potential factors leading to the failure are presented including: precipitation and ponding 

of water, construction of slopes that are overly steep, excavations made at the top and 

bottom of the slope. Additionally, a build-up of pore pressure due to the continued 

production of landfill gas in saturated waste may have had an effect on the stability. 

The landfill was formed from waste that was placed without significant 

compaction. Following placement, waste was pushed over the brink of the top slope so 

that it would make a much steeper slope (as high as 1.5H:1V) and hence, make room for 

tension crack filled with water 

failure surface 

native clay subsoil 
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further waste on the top. There is some evidence that these slopes were later reworked by 

heavy equipment. Based on the adjacent slopes not included in the failure, it is likely that 

the area where the failure took place involved fresh waste. For the ten days immediately 

preceding the failure, a combined total of 0.746 m (2.45 ft) of precipitation was recorded. 

There is also evidence that a large depressed area was created by heavy equipment. 

When this area filled with water from the large quantities of precipitation, a trench was 

dug along the top to relieve the water. While not specifically seen, it is possible that 

remnants of the french are seen at the top of the head scarp (Figures 4-3, 4-5, and 4-8). 

The digging of a trench parallel to the top of the slope would effectively create a tension 

crack. In addition, there is evidence that a deep trench was excavated at the base of the 

slope prior to the failure. 

It is also evident that all parties involved in the management of the Payatas 

Landfill ignored engineering that stated that landfill side slopes on the order of 1.5H:1V 

were too steep and should be have been reduced to 4H:1V. This was particularly 

devastating in that the steep side slopes of the Payatas Landfill were constructed in 

immediate proximity to residences and that no physical barrier (such as a fence) was 

constructed to maintain a safe setback. However, consideration of all of these factors 

does not allow the prediction of failure without the formation of internal pore pressures 

greater than that which would be predicted by fluid statics with normal weight water. 

Hence, the failure must have been initiated by an additional key factor, such as the build

up of landfill gas and the formation of excess pore pressures due to the high saturation of 

the waste. 



The forensic study completed in this chapter indicates that the high saturation 

levels prevented landfill gas from exiting the waste mass, which then would have yielded 

elevated pore pressures. A global stability analysis of the failed side slope at the Payatas 

Landfill was conducted. Results suggest that landfill gas created excess pore pressures 

on the order of 1.4 times that which would be predicted by the construction of typical 

flow nets or other methods involving fluid mechanics. Hence, this analysis shows that 

the role of excess pore pressures due to the build-up of landfill gas played a significant 

role in reducing the factor of safety of the side slope to 1.0 and ultimately triggered the 
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CHAPTER FIVE: 

SUMMARY AND CONCLUSIONS 

5.1 Summary 

Over the past few decades, authorities were forced to develop a regulatory 

framework to account for changes in the public perception of sanitary landfills. Hence, 

the design, construction and management of municipal solid waste facilities has changed 

significantly. Three major pieces of legislation including the Solid Waste Disposal Act 

(1965), the Resource Conservation and Recovery Act (1976), and the Hazardous and 

Solid Waste Amendments (1984) make up what is collectively known as RCRA, a 

legislative body that governs the design, construction, operation, and closure of modem 

landfills for both hazardous and municipal solid waste. This legislation mandated that 

landfills evolve from open dumps and simple storage facilities to relatively sophisticated 

waste storage and treatment plants that use a complex bottom liner system beneath the 

waste. One of the most recently developed landfiUing methods is the wet or bioreactor 

landfill. Unlike traditional, dry landfills where waste is entombed as a final storage 

solution, bioreactor landfills collect leachate from beneath the waste and recirculate it 

back at the top. Leachate recirculation may or may not be accompanied with the 

introduction of air. When air is introduced into the waste with the leachate, aerobic 

decomposition conditions are formed, thereby reducing the time until the landfill is 

stabilized. Additional to the reduced stabilization time, the production of methane is 

reduced and the generation of carbon dioxide is increased compared to anaerobic 
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degradation. However, the operation of a bioreactor landfill requires more expertise and 

energy compared to traditional methods. In addition, the design methodologies 

established for dry landfills have been used for the design of these wet landfills, a 

practice that may not be appropriate in some instances. Elevated saturation levels in wet 

landfills may impede the release of landfill gases generated below the level of saturation 

and hence, may lead to pore pressures in excess of that predicted by static equilibrium. 

Until now, this has not been addressed. 

In Chapter Two, the enviroimiental conditions that lead to the biodegradation of 

municipal soUd waste were outlined to provide an understanding of the biochemical 

processes leading to the generation of landfill. Furthermore, the main parameters 

influencing the gas generation were identified to be the moisture content of the refiise, the 

ambient temperature, the pH, and properties of the waste such as particle size and degree 

of compaction. Finally, the current understanding of issues concerning stability in 

relation to the occurrence of leachate and gas in dry and wet landfills were presented. 

Koemer and Soong (2000) presented five scenarios with varying impact on the factor of 

safety against slope failure including the entrapment of gas imder leachate head. 

However, Koemer and Soong stated that the pressure within a trapped gas bubble could 

be determined by fluid statics of the surrounding leachate, a statement that may not be 

appropriate for cases when gas is continuously being created within the saturated waste. 

In Chapter Three, a mathematical model to assess the build-up of pore pressures 

in a wet landfill was presented. Necessary assumptions to formulate the mathematical 

model were outlined and discussed prior to the derivation. The mathematical 
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development yielded a nonlinear ordinary differential equation (ODE) that could be 

solved using the Euler method. A finite difference approximation was implemented into 

a spreadsheet, to assess the outcome of the ODE. From this finite difference solution, it 

was concluded that the steady state pressure distribution is about 14.0 kPa/m of depth. 

This pressure distribution may be modeled by using an equivalent pore fluid unit weight 

of 14.0kN/ml 

Chapter Four presented a forensic analysis of the 2000 Payatas Landfill slope 

failure. The operational and physical characteristics of the landfill that were important to 

understanding the failure were discussed. These characteristics included management 

techniques, geologic site conditions, and weather conditions. Estimates of engineering 

material properties of the waste site, such as porosity, field capacity, hydraulic 

conductivity, unit weight, and shear strength were made. These estimates were based on 

the results of interviews with a local expert, observations made at the landfill, and key 

research completed on landfills previously (e.g., Fassett et al. 1994, Kavazanjian et al. 

1995, Kavazanjian 2001, Schroeder et al. 1994). The details of the subsequent forensic 

analysis that included a hydrological evaluation and slope stability analysis based on limit 

equilibrium theory were presented. 

5.2 Conclusions 

5.2.1 Influence of Leachate on Refuse Degradation and Stability 

The presence of free moisture within the waste, whether its source is from 

precipitation or recirculation, enhances the process of biochemical degradation. The 
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availability of water changes the biological environment, thus creating favorable 

environmental conditions for certain bacterial species by supplying them with necessary 

nutrients. In the case of leachate recirculation, air may also be injected leading to an 

aerobic degradation process instead of anaerobic. However, the practice of leachate 

recirculation may create adverse conditions for other microorganisms necessary for 

refuse decomposition. Hence, caution has to be applied not to upset the process, which 

potentially ceases the decomposition and offsets the advantages of leachate recirculation. 

This caution is applied by employing knowledgeable operators that have the necessary 

expertise. 

Stability issues related to the recirculation of leachate were reviewed. It was 

observed that excessive introduction of leachate leads to increased levels of saturation 

within the waste mass or even to ponding of water on the top surface of a landfill. 

However, previous investigators considered this an advantageous situation from an 

environmental perspective, since it forces the leachate to spread laterally, hence leading 

to an increased speed of decomposition. However, from a stability perspective, this is not 

favorable as discussed by Koemer and Soong (2000). Increased levels of saturation 

within the waste may lead to hydrostatic head pressure on the bottom liner system, or to 

perched leachate conditions on an intermediate low permeabihty layer such as a daily 

cover. In cases where this local increase in pore pressure coincides with a failure surface, 

the effective stresses along the failure plane are reduced and hence, the factor of safety is 

reduced. If the magnitude of the pore pressure is high enough, the factor of safety may 

be reduced to 1.0. 
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5.2.2 Excess Pore Pressures due to Build-up of Gas in Saturated Waste 

Additional to the occurrence of leachate, landfill gas is generated during the 

process of waste decomposition. The main constituents of landfill gases are carbon 

dioxide and methane. In wet or bioreactor landfills where the saturation level within the 

waste mass may be high the movement of landfill gas from below the saturation level is 

impeded. If the impedance is high enough, or if the gas generation rate is sufficiently 

high such that leachate is not removed fast enough, excess pore pressures above 

hydrostatic may be generated. To date, design methodologies and analysis techniques do 

not allow the evaluation of stability in landfill slopes where gas is being continuously 

created below the level of saturation within the waste, whether the gas generation is 

evenly distributed or only locally. In the mathematical model presented in this research, 

gas is assumed to be generated only in the lowest control volume. This was considered a 

conservative simplification. If the pressure obtained at the bottom of the landfill due to 

this simplification is significantly higher than hydrostatic, the generation of gas 

throughout the landfill (i.e. in every control volume) should be considered a much worse 

case 

5.2.3 Numerical Modeling of Pressure Distribution 

A new approach to simulate the distribution and build-up of pore pressures within 

a column of saturated waste due to the formation of gas was presented. The degrading 

waste within the lowest control volume was assumed to create landfill gases (methane 

and carbon dioxide) of an equimolar mixture, and that these gases follow the ideal gas 

law. Since the landfill was modeled as an assembly of vertical stacks of control volumes. 
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the model is one-dimensional and flow is only assumed to occur in the vertical direction. 

Additionally, gas is assumed to be generated only in the lowest control volume. 

Although, in reality, gas is being generated throughout the landfill, this assumption was 

considered conservative, and hence, not impairing the model. The distribution of pore 

pressures between the lowest control volume and the top of the zone of saturation is 

govemed by the Laplace equation. Hence, all control volumes except the lowest one will 

remain saturated throughout the simulation. The mathematical formulation of the model 

yielded a nonlinear ordinary differential equation, which describes the displacement of 

water fi"om the lowest control volume in response to the generation of landfill gases in 

this control volume. Using the ideal gas law, this displaced volume of fluid can be 

transferred into a pore pressure. 

In modeling the hydraulic conductivity and the porosity of the waste mass, the 

Hydrologic Evaluation of Landfill Performance (HELP) model was used. Additionally, 

the gas generation rate reported by Thiel (1999) was used to simulate the continuous 

generation of landfill gas within the lowest control volume. To obtain a stable solution to 

the differential equation, a numerical approach using the Euler method was chosen. This 

procedure yielded an equation that could be implemented into a spreadsheet by using the 

finite difference method. In order to obtain input parameters for the finite difference 

procedure, a parametric study was performed. 

Based on the outcome of the numerical implementation of the developed model, it 

was found that the steady state excess pore pressure distribution below the level of 

saturation could be modeled by using a pore fluid with an artificially enlarged unit weight 
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of 14.0 kN/m^. This result indicates that the build-up of gas in wet landfills may be a 

significant hazard. 

5.2.4 Forensic Analysis of the Payatas Landfill Slope Failure 

On July 10, 2000 the side slope of a landfill in metropolitan area of Manila, 

Philippines collapsed kiUing several hundred people. In the two weeks prior the collapse 

two typhoons crossed the region of the landfill bringing significant amounts of 

precipitation. Merry et al. (2004) presented the outcomes of a field reconnaissance effort. 

Several factors that played a key role in the failure included the landfill management 

techniques, and high rainfall quantities. A detailed forensic slope stability analysis was 

performed to estimate probable causes of the failure. It was desired to make an effective 

stress analysis, which meant that the subsurface hydrologic conditions needed to be 

estimated. To estimate the subsurface hydrologic conditions, the weather conditions 

prior to the failure and their influence on the landfill with respect to the waste and subsoil 

properties were simulated using the HELP model. Since it was not possible to obtain soil 

samples from the landfill directly to obtain input data for the hydrologic evaluation, 

observations made by witnesses, information fi-om reports and an expert on the local soil 

conditions, and pictures taken during the reconnaissance efforts were consulted. The 

HELP model showed that there was a significant hydrostatic pressure within the waste 

mass above the subsoil, which was reported by Koemer and Soong (2000) as potentially 

dangerous. This water level was introduced in the UTEXASED slope stability analysis 

by means of a piezometric line. A circular failure surface was estimated fi"om available 

pictures of the waste slide. Using a unit weight of the pore fluid of 9.81 kN/m^, a factor 
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of safety of 1.23 was calculated. Hence, an additional factor must have been responsible 

for the failure. Hence, the unit weight of the pore fluid was varied until the factor of 

safety converged to 1.0. This was achieved when the unit weight of the pore fluid was 

input as 20.9 kN/m^ (133 pcf), about 48% greater than the predicted conservative value of 

14.0 kN/m^ (note that there is not a linear relationship between the unit weight of the pore 

fluid and the calculated factor of safety). The results indicate that elevated pore pressures 

due to landfill gas build-up from waste degradation in saturated conditions played a 

significant role in reducing the factor of safety of the side slope to 1.0 and ultimately 

triggered the collapse. This is particularly noteworthy in that the numerical model 

considered gas being generated only in a single control volume; gas generated throughout 

the saturated pore fluid would have produced higher excess pore pressures. 

5.3 Recommendations for Practicing Engineers 

5.3.1 Modeling Excess Pore Pressures 

The reduction of effective stresses within the waste mass and hence potential 

stability issues due to the build-up of excess pore pressure can easily be incorporated into 

well-established methods for evaluation of landfill performance. These methods include 

the application of the HELP model to assess the hydrologic performance of a landfill as 

well as slope stabihty analysis to obtain a factor of safety for global stability of landfill 

side slopes. However, caution has to be applied during the slope stability analysis. The 

method suggested in this research assumes and increased unit weight of the pore fluid 

within the waste mass. However, the unit weight of fluid (water) in the tension crack has 



136 

to remain at 9.81 kNW (62.4 pcf) in order to yield a realistic solution. Hence, the 

computer program used for the slope stability analysis has to possess the capability to 

input different unit weights for fluids in the tension crack and below the level of 

saturation within the waste mass, respectively. 

5.3.2 Modeling Ponding Water on Top of a Landfill 

Furthermore, to accoimt for field observations it was necessary to model an 

accumulation of water on top of a landfill surface. The HELP model does not allow for 

the direct input of a lake on the top of a waste mass as it is a design and not an analysis 

tool. However, it is possible to simulate an accumulation of water by modeling a vertical 

percolation layer with very high porosity (0.99), very low field capacity (0.02), an initial 

volumetric moisture content of approximately 90%, and a very high saturated hydraulic 

conductivity, in the case of this thesis, 10 cm/sec. 

5.4 Suggestions for Future Research 

While important insights were gained fi-om this study, many questions remain 

unanswered at this point in time, hence, becoming attractive fields of further research. 

The most notable of these include: 

5.4.1 Extension of the Developed Model 

The model developed in Chapter Three assumes gas being only generated in the lowest 

control volume. However, this assumption is a significant simplification of reality where 

gas is being generated equally distributed throughout the waste mass. As the Laplace 
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equation would no longer by valid for the fluid flow out of the system, this expansion of 

the existing model would most likely necessitate the development of a new finite 

difference procedure accounting for vertical upward being impeded by gas generation in 

adjacent control volumes. 

5.4.2 Model or Large Scale Testing 

Performing model or full scale tests to validate numerical findings presented in 

this study. A test landfill that uses leachate recirculation could be equipped with pressure 

measurement devices at different locations within the waste mass to track changes in pore 

pressures throughout the life of the landfill. This would help validate the developed 

numerical model possibly prevent future slope failures such as the one at the Payatas 

Landfill. One problem with performing full scale studies would lie with the landfill 

owners. When the depth of the leachate on the bottom liner exceeds the regulated value 

(30 cm as discussed in Section 1.1.3), heavy fines are levied. It is likely that landfill 

owners would not want to provide data that could show the lack of compliance of their 

landfill. Hence, the cooperation of the EPA would be required to avoid this rule. It is 

noted that an attempt to perform a scale model test was conducted. However, problems 

with instrumentation of the pressure gages were evident and the experiment remains 

unsuccessful. 

5.4.3 Reduced Level of Saturation 

At this point in time, the numerical model developed assumes completely 

saturated conditions within the waste mass at the beginning of the simulation. However, 
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this is not necessarily the case, even when leachate recirculation is applied. As discussed 

in Chapter Two, leachate moves within waste on preferential flow paths. Hence, there 

will always be areas where the degree of saturation is below 100%. Areas of waste might 

exist that are not penetrated by leachate at all, and therefore reduce the overall level of 

saturation. This would likely necessitate the development of a different finite difference 

procedure that could account an initial degree of saturation of less than 100%. This 

would allow the observation of gas pressure development under more realistic conditions. 

5.4.4 Effect of gas generation rate 

The gas generation rate used in the development of the mathematical model was 

proposed by Thiel (1999) for landfills under enhanced decomposition of waste. 

However, this value is empirically determined by observation. An approach to determine 

the gas generation rate from a biochemical point of view would )deld a more realistic 

representation of the degradation process accounting for the variability of material 

properties within a landfill. 
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HYDROLOGIC EVALUATION OF LANDFILL PERFORMANCE 
HELP MODEL VERSION 3.07 (1 NOVEMBER 1997) 

DEVELOPED BY ENVIRONMENTAL LABORATORY 
USAE WATERWAYS EXPERIMENT STATION 

FOR USEPA RISK REDUCTION ENGINEERING LABORATORY 

9|c sjc |̂C ${c s|c sjc 3|6 djC v|i* *t|i« itj# »|» 

*̂ |> |̂i» [̂» »|̂  

PRECIPITATION DATA FILE: c:\help\DATA4.D4 
TEMPERATURE DATA FILE; c:\help\DATA7.D7 
SOLAR RADIATION DATA FILE: c:\help\DATA13.D13 
EVAPOTRANSPIRATION DATA: c;\help\DATAll.Dl 1 
SOIL AND DESIGN DATA FILE: c:\help\DATAlOA.D 10 
OUTPUT DATA FILE: c:\help\param3 .OUT 

TIME: 14:41 DATE: 9/21/2003 

TITLE: Payatas 

NOTE: INITIAL MOISTURE CONTENT OF THE LAYERS AND SNOW WATER 
WERE 
COMPUTED AS NEARLY STEADY-STATE VALUES BY THE PROGRAM. 



141 

LAYER 1 

TYPE 1 - VERTICAL PERCOLATION LAYER 
MATERIAL TEXTURE NUMBER 0 
THICBCNESS = 6.00 INCHES 
POROSITY = 0.9900 VOL/VOL 
FIELD CAPACITY = 0.0200 VOLA^OL 
WILTING POINT = 0.0100 VOL/VOL 
INITIAL SOIL WATER CONTENT = 0.1870 VOL/VOL 
EFFECTIVE SAT. HYD. COND. = 10.0000000000 CM/SEC 

LAYER 2 

TYPE 1 - VERTICAL PERCOLATION LAYER 
MATERL\L TEXTURE NUMBER 18 
THICKNESS = 1319.00 INCHES 
POROSITY = 0.6710 VOL/VOL 
FIELD CAPACITY = 0.2920 VOLA^OL 
WILTING POINT = 0.0770 VOLA^OL 
INITIAL SOIL WATER CONTENT = 0.3140 VOLA^OL 
EFFECTIVE SAT. HYD. COND. = 0.100000005000E-02 CM/SEC 

LAYER 3 

TYPE 3 - BARRIER SOIL LINER 
MATERIAL TEXTURE NUMBER 0 
THICKNESS 
POROSITY 
FIELD CAPACITY 
WILTING POINT 
INITL\L SOIL WATER CONTENT = 

1000.00 INCHES 
0.4520 VOLA^OL 
0.4110 VOL/VOL 
0.3110 VOLA'OL 
0.4520 VOLA^OL 

EFFECTIVE SAT. HYD. COND. = 0.499999999000E-06 CM/SEC 
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GENERAL DESIGN AND EVAPORATIVE ZONE DATA 

NOTE: SCS RUNOFF CURVE NUMBER WAS USER-SPECIFIED. 

SCS RUNOFF CURVE NUMBER 30.00 
FRACTION OF AREA ALLOWING RUNOFF 100.0 PERCENT 
AREA PROJECTED ON HORIZONTAL PLANE = 18.000 ACRES 
EVAPORATIVE ZONE DEPTH 1.0 INCHES 
INITL\L WATER IN EVAPORATIVE ZONE 0.469 INCHES 
UPPER LIMIT OF EVAPORATIVE STORAGE = 0.990 INCHES 
LOWER LIMIT OF EVAPORATIVE STORAGE = 0.010 INCHES 
INITIAL SNOW WATER 0.000 INCHES 
INITIAL WATER IN LAYER MATERIALS 867.332 INCHES 
TOTAL INITIAL WATER 867.332 INCHES 
TOTAL SUBSURFACE INFLOW 0.00 INCHESA^EAR 

EVAPOTRANSPIRATION AND WEATHER DATA 

NOTE: EVAPOTRANSPIRATION DATA WAS OBTAINED FROM 
Manila Philippines 

STATION LATITUDE = 14.50 
MAXIMUM LEAF AREA INDEX = 1.00 
START OF GROWING SEASON (JULIAN DATE) = 0 
END OF GROWING SEASON (JULIAN DATE) = 350 
EVAPORATIVE ZONE DEPTH = 1.0 
AVERAGE ANNUAL WIND SPEED = 6.60 
AVERAGE 1 ST QUARTER RELATIVE HUMIDITY = 73.00 
AVERAGE 2ND QUARTER RELATIVE HUMIDITY = 88.00 
AVERAGE 3RD QUARTER RELATIVE HUMIDITY = 88.00 
AVERAGE 4TH QUARTER RELATIVE HUMIDITY = 77.00 

DEGREES 

INCHES 
MPH 
% 
% 
% 
% 

NOTE: PRECIPITATION DATA WAS SYNTHETICALLY GENERATED USING 
COEFFICIENTS FOR MANILA PHILIPPINES 
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NORMAL MEAN MONTHLY PRECIPITATION (INCHES) 

JAN/JUL FEB/AUG MAR/SEP APR/OCT MAY/NOV JUN/DEC 

4.66 5.00 5.60 4.13 5.16 6.55 
8.75 7.30 6.45 3.10 3.31 4.58 

NOTE: TEMPERATURE DATA WAS SYNTHETICALLY GENERATED USING 
COEFFICIENTS FOR Manila Philippines 

NORMAL MEAN MONTHLY TEMPERATURE (DEGREES FAHRENHEIT) 

JAN/JUL FEB/AUG MAR/SEP APR/OCT MAY/NOV JUN/DEC 

51.70 55.00 59.10 66.60 73.40 79.30 
82.30 79.60 76.40 69.00 62.80 51.30 

NOTE: SOLAR RADL\TION DATA WAS SYNTHETICALLY GENERATED 
USING 

COEFFICIENTS FOR Manila Philippines 
AND STATION LATITUDE = 30.50 DEGREES 
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AVERAGES OF MONTHLY AVERAGED DAILY HEADS (INCHES) 

DAILY AVERAGE HEAD ON TOP OF LAYER 3 

AVERAGES 309.2359 324.4453 331.2152 346.3432 337.0656 354.4079 
377.0349 409.0011 417.8122 439.3315 442.3854 433.8500 

STD. DEVIATIONS 231.6396 230.7065 233.4065 227.1036 238.5189 252.0391 
243.1937 260.5839 269.2032 251.8153 252.7592 264.7254 

AVERAGE ANNUAL TOTALS & (STD. DEVL\TIONS) FOR YEARS 1 
THROUGH 5 

INCHES CU. FEET PERCENT 

PRECIPITATION 74.81 (20.471) 4888345.5 100.00 

RUNOFF 0.002 (0.0044) 128.32 0.003 

EVAPOTRANSPIRATION 15.098 (2.7574) 986513.62 20.181 

PERCOLATION/LEAKAGE THROUGH 8.55381 (1.52662) 558905.750 11.4334 
LAYER 3 

AVERAGE HEAD ON TOP 376.844 (245.202) 
OF LAYER 3 

CHANGE IN WATER STORAGE 51.160 (17.1927) 3342799.75 68.383 
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PEAK DAILY VALUES FOR YEARS 1 THROUGH 5 

PRECIPITATION 

RUNOFF 

(INCHES) (CU. FT.) 

6.89 450192.594 

0.010 

AVERAGE HEAD ON TOP OF LAYER 3 

SNOW WATER 

752.356 

0.31 

641.5806 

PERCOLATION/LEAKAGE THROUGH LAYER 3 0.029803 1947.35229 

20275.9785 

MAXIMUM VEG. SOIL WATER (VOL/VOL) 0.6576 

MEVIMUM VEG. SOIL WATER (VOLA'OL) 0.0100 

FINAL WATER STORAGE AT END OF YEAR 5 

LAYER 

1 

SNOW WATER 

(INCHES) (VOLAVOL) 

0.6866 0.1144 

670.4456 0.5083 

452.0000 0.4520 

0.000 
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TABLE NO. 1 

* UTEXAS - Educational Version * 
* (C) Copyright 1996 - Stephen G. Wright - All Rights Reserved * 
* This computer software is the property of Stephen G. Wright * 
* The software is provided for educational purposes and * 
* unsponsored academic research only. * 
* Stephen G. Wright makes no warranty, expressed or implied, * 
* concerning the accuracy, suitabihty, reUabihty or * 
* correctness of this software. * 
* Use of this software without the express, written consent * 
* of Stephen G. Wright is prohibited. * 
* Use of this software for commercial purposes or any other * 
* purpose of financial gain is expressly prohibited under all * 
* circumstances. * 
* For commercial versions of the UTEXAS software contact: * 
* Stephen G. Wright * 
* 3406 Shinoak Drive * 
* Austin, Texas 78731 * 
* FAX: (512)454-6230 * 
* E-mail: swright@shinoak.com (Internet) * 
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UTEXAS - Educational Version: 0.900 - Latest Revision: 2/1/96 
For Educational Use Only - Not For Commercial Use 
Licensed for use by: Prof Scott M. Merry, University of Utah 
Time and date of run: Tue Sep 23 08:45:19 2003 
Name of input data file: FINAL3.TXT 

Payatas slope simulation 

TABLE NO. 2 

* NEW PROFILE LINE DATA * 

Profile Line No. 1 - Material Type (Number): 1 
Description: subgrade 

Point X Y 



1 -393.700 -14.100 
2 -328.100 -27.200 
3 -262.500 -27.200 
4 -164.000 -27.200 
5 -114.800 -27.200 
6 -65.600 -14.100 
7 0.000 -1.000 
8 590.600 -1.000 

Profile Line No. 2 - Material Type (Number): 2 
Description: interface 

Point X Y 

1 -393.700 -13.100 
2 -328.100 -26.200 
3 -262.500 -26.200 
4 -164.000 -26.200 
5 -114.800 -26.200 
6 -65.600 -13.100 
7 0.000 0.000 
8 590.600 0.000 

Profile Line No. 3 - Material Type (Number): 3 
Description: waste 

Point X Y 

1 -393.700 83.700 
2 -114.800 83.700 
3 16.400 0.000 

UTEXAS - Educational Version: 0.900 - Latest Revision: 2/1/96 
For Educational Use Only - Not For Commercial Use 
Licensed for use by: Prof Scott M. Merry, University of Utah 
Time and date of run: Tue Sep 23 08:45:19 2003 
Name of input data file: FINAL3.TXT 

Payatas slope simulation 

TABLE NO. 3 
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* NEW MATERIAL PROPERTY DATA * 

DATA FOR MATERIAL NUMBER 1 
Description: subgrade 
Unit weight of soil (material): 120.000 

CONVENTIONAL (ISOTROPIC) SHEAR STRENGTHS 
Cohesion 0.000 
Friction angle 26.000 (degrees) 

Pore water pressures are defined by a piezometric line 
Piezometric line number: 2 
Negative pore pressures NOT allowed - set to zero. 

DATA FOR MATERIAL NUMBER 2 
Description: interface 
Unit weight of soil (material): 120.000 

CONVENTIONAL (ISOTROPIC) SHEAR STRENGTHS 
Cohesion 0.000 
Friction angle 26.000 (degrees) 

Pore water pressures are defined by a piezometric line 
Piezometric line number: 2 
Negative pore pressures NOT allowed - set to zero. 

DATA FOR MATERIAL NUMBER 3 
Description: waste 
Unit weight of soil (material): 100.000 

CONVENTIONAL (ISOTROPIC) SHEAR STRENGTHS 
Cohesion 900.000 
Friction angle 26.000 (degrees) 

Pore water pressures are defined by a piezometric line 
Piezometric line number: 1 
Negative pore pressures NOT allowed - set to zero. 

UTEXAS - Educational Version: 0.900 - Latest Revision: 2/1/96 
For Educational Use Only - Not For Commercial Use 
Licensed for use by: Prof Scott M. Merry, University of Utah 
Time and date of run: Tue Sep 23 08:45:19 2003 
Name of input data file: FINAL3.TXT 
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Payatas slope simulation 

TABLE NO. 4 

* NEW PIEZOMETRIC LINE DATA * 

Piezometric Line Number: 1 
Description: piezometric line in waste 
Unit weight of fluid (water): 133.00 

Point X Y 

1 -393.700 23.100 
2 -106.000 23.100 
3 -53.700 19.900 
4 -16.600 14.800 
5 -1.300 10.600 
6 16.400 0.000 
7 590.600 0.000 

Piezometric Line Number: 2 
Description: piezometric line for subgrade 
Unit weight of fluid (water): 62.40 

Point X Y 

1 -393.700 23.100 
2 -106.000 23.100 
3 -53.700 19.900 
4 -16.600 14.800 
5 -1.300 10.600 
6 16.400 0.000 
7 590.600 0.000 

UTEXAS - Educational Version: 0.900 - Latest Revision: 2/1/96 
For Educational Use Only - Not For Commercial Use 
Licensed for use by: Prof Scott M. Merry, University of Utah 
Time and date of run: Tue Sep 23 08:45:19 2003 
Name of input data file: FINAL3.TXT 
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Payatas slope simulation 

TABLE NO. 7 

* NEW ANALYSIS/COMPUTATION DATA * 

Center coordinates for center of circle -
X: -13.800 
Y: 105.800 

Radius: 115.000 

Depth of crack: 36.000 
Depth of water (or other fluid) in crack: 36.000 
Unit weight of water (or other fluid) in crack: 62.400 
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UTEXAS - Educational Version: 0.900 - Latest Revision: 2/1/96 
For Educational Use Only - Not For Commercial Use 
Licensed for use by: Prof. Scott M. Merry, University of Utah 
Time and date of run: Tue Sep 23 08:45:19 2003 
Name of input data file: FINAL3.TXT 

Payatas slope simulation 

TABLE NO. 8 

* NEW, COMPUTED SLOPE GEOMETRY DATA * 

These slope geometry were generated from the Profile Lines. 

Point X Y 

1 -393.700 83.700 
2 -114.800 83.700 
3 16.400 0.000 
4 590.600 0.000 

UTEXAS - Educational Version: 0.900 - Latest Revision: 2/1/96 
For Educational Use Only - Not For Commercial Use 
Licensed for use by: Prof Scott M. Merry, University of Utah 
Time and date of run: Tue Sep 23 08:45:19 2003 
Name of input data file: FINAL3.TXT 

Payatas slope simulation 

TABLE NO. 19 

* Information for the Iterative Solution for the Factor of * 
* Safety and Side Force Inclination by Spencer's Procedure * 

Trial Trial 
Factor Side Force Force Moment Delta 

Iter- of Inclination Imbalance Imbalance Delta-F Theta 



ation Safety (degrees) (lbs.) (ft.-lbs.) (degrees) 

1 3.00000 -17.1887-1.5235e+005-1.9245e+005 
First-order corrections to F and Theta -6.0698 -4.3613 
Reduced values - Deltas were too large -0.5000 -0.3593 

2 2.50000 -17.5480-1.3750e+005-1.4811e+005 
First-order corrections to F and Theta -3.8582 -4.6080 
Reduced values - Deltas were too large -0.5000 -0.5972 

3 2.00000 -18.1452-1.1561e+005-7.2166e+004 
First-order corrections to F and Theta -2.1088 -4.9691 
Reduced values - Deltas were too large -0.5000 -1.1782 

4 1.50000 -19.3233-7.9821e+004 8.4761e+004 
First-order corrections to F and Theta -0.8213 -5.5058 
Reduced values - Deltas were too large -0.4273 -2.8648 

5 1.07266 -22.1881-2.2126e+004 4.0478e+005 
First-order corrections to F and Theta -0.0875 -5.4621 
Reduced values - Deltas were too large -0.0459 -2.8648 

6 1.02679 -25.0529-9.5693e+003 2.2662e+005 
First-order corrections to F and Theta -0.0256 -2.9677 
Reduced values - Deltas were too large -0.0247 -2.8648 

7 1.00207 -27.9177 4.8428e+002 2.6118e+004 
First-order corrections to F and Theta 0.0031 -0.1232 
Second-order corrections to F and Theta 0.0031 -0.1227 

8 1.00513 -28.0404-3.0226e-003 1.0607e-001 
First-order corrections to F and Theta -0.0000 -0.0000 
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