
THERMAL ANALYSIS OF LANDFILL BARRIERS 
 
 
 
 
 
 
 
 
 

A Thesis 

presented to the Faculty of 

California Polytechnic State University, San Luis Obispo 

 

 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science in Civil and Environmental Engineering 

 

 

by 

Nicolas K. Oettle 

July 2008



Authorization  Oettle ii 

AUTHORIZATION PAGE 

This work is licensed under the Creative Commons Attribution ShareAlike 3.0 License. 

 

 

__________________________________ 
Signature 
 
 
July 3, 2008 
__________________________________ 
Date 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Third published version 



Approval  Oettle iii 

APPROVAL PAGE 

TITLE: Thermal Analysis of Landfill Barriers 

AUTHOR: Nicolas K. Oettle 

DATE SUBMITTED: July, 3, 2008 

 

 

___________________________   ____________________________ 
Advisor      Signature 
 
 
 
___________________________   ____________________________ 
Committee Member     Signature 
 
 
 
___________________________   ____________________________ 
Committee Member     Signature



Abstract  Oettle iv 

ABSTRACT 

Thermal Analysis of Landfill Barriers by Nicolas K. Oettle 

Temperatures in landfill barrier systems have been analyzed. Thermal effects 

have been previously implicated as potentially causing several types of landfill barrier 

failure or decreased performance including clay desiccation, geomembrane degradation, 

and increased hydraulic conductivity and chemical diffusivity. Elevated temperatures in 

municipal solid waste (MSW) landfills have been previously reported as high as 75 °C 

due to waste biodegradation and as high as 50 °C in liners. 

In this investigation, temperatures have been recorded, analyzed, and numerically 

modeled at four MSW landfills in Michigan, New Mexico, Alaska, and British Columbia 

to determine how climatic and operational factors affect temperatures in barrier systems. 

Cover temperatures have been found to closely correlate with seasonally cyclic air 

temperature. Thermal properties and n-factors were determined. Mean temperature was 

found to increase with depth in the cover system approximately 2 °C/m. Thermal 

gradients varied cyclically and indicated a net upward heat flow. 

Liner temperatures were divided into three stages: before waste placement, just 

after waste placement, and the long term. Long-term liner temperatures generally 

increased 0.5 to 5 °C/yr for a number of years after initial waste placement and decreased 

thereafter. Measured long-term liner temperatures ranged from 8 to 39 °C for the sites in 

this study. Significantly elevated temperatures could occur for decades or even centuries. 

Thermal gradients were determined during each stage. Numerical modeling indicated 

waste height, insulation, subgrade type, and heat generation affected liner temperature the 

most. 
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CHAPTER 1: INTRODUCTION 

Unfortunately, soils are made by nature and not by man, and the products of nature are always complex. 
 

Karl von Terzaghi, 1936 
 

Over 250 million tons of municipal solid waste are produced each year in the 

United States, and approximately 55% of this waste is disposed of in landfills (U.S. EPA 

2007). While the number of landfills is decreasing (7,924 in 1988 and 1,754 in 2006), the 

size of individual facilities is increasing (U.S. EPA 2007). 

Landfills in the United States are constructed with engineered barriers designed to 

prevent waste contaminants from escaping to the environment. The use and 

implementation of these barriers are regulated by the United States Environmental 

Protection Agency (US EPA) as well as by state and local agencies. Landfill barrier 

systems include cover and liner components. Cover systems primarily function to prevent 

infiltration of precipitation and emission of landfill gas. Liner systems primarily function 

to prevent contaminated liquid (leachate) from exiting a landfill through its bottom. 

Some of the municipal solid waste constituents will biodegrade over time which 

results in heat generation. Data on the magnitude and timing of waste heat generation is 

limited. What data is available suggests high heat production immediately after waste 

placement followed by a period of decreasing heat generation. 

Temperature can affect the geotechnical properties of cover and liner system by 

increasing the hydraulic conductivity and chemical diffusivity of the barriers; causing 

coupled moisture flow and desiccation cracking; and causing freeze-thaw action, among 

other things. 
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The objective of this investigation was to quantify the thermal behavior of cover 

and liner systems for the purpose of enabling more effective landfill barrier design. This 

investigation is a part of an ongoing research effort conducted over the last ten years. 

Field data from four landfill sites in four climatic regions (Michigan, British Columbia, 

Alaska, and New Mexico) were analyzed in this investigation. Thermal models of the 

cover and liner systems were used to evaluate the effects of varying conditions on cover 

and liner temperature. Some guidelines were also developed for the prediction of cover 

and liner temperatures. 

This thesis is divided into cover and liner portions. Further, the description of the 

analysis will be separate from the results and discussion. 

Chapter 2 outlines previous work peripheral to and preceding this thesis. Previous 

research related to landfill temperatures is discussed as well as the potential impact of 

temperature on landfill design, and causes of excess temperatures. Peripheral topics 

integrally tangential to this research are also covered, e.g., finite element analysis and 

landfill design. 

Chapter 3 describes the methods of thermal analysis for cover systems. The 

methods of analysis used in field data reduction, model creation, and prediction are 

presented. A model for conventional earth temperature was primarily used and 

adaptations for this model were created where needed to account for underlying waste 

heat generation. The methods used to make predictions pertinent to the control of cover 

temperatures are also presented. 

Chapter 5 describes the methods of thermal analysis of liner systems. The 

methods of analysis used in field data reduction and model prediction are presented. A 
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previously created finite element model (Liu 2007) was used to estimate long-term liner 

temperatures. The method used to make parametric evaluations of liner temperature is 

also presented. 

Chapters 4 and 6 present the results and discussion of the results of the cover and 

liner analyses described in Chapters 3 and 5, respectively. Chapter 7 summarizes the 

conclusions of this thesis. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter will present a discussion of the current engineering body of 

knowledge related to landfill barrier temperatures and peripheral topics. Discussion will 

follow in the order of barrier system design, heat transfer, finite element modeling, causes 

of temperature differences in landfills, temperature of landfills, and the effects of landfill 

temperature. 

2.2 Barrier System Design 

Design of landfill barrier systems is one of the most important elements in landfill 

design. Barrier systems are designed to limit rainfall infiltration to the landfill, leachate 

emissions to the environment, and gas emissions to the atmosphere. The cover refers to 

the top landfill barrier which is constructed when landfilling has been completed. The 

liner refers to the bottom landfill barrier which is constructed before waste placement 

begins. 

2.2.1 Cover Design 

 Six basic components are generally used in landfill cover systems (in order from 

top to bottom): topsoil, the protection layer, drainage layer, hydraulic/gas barrier, gas 

collection layer, and foundation layer (Figure 2.1) [Koerner and Daniel 1997]. 

Substitutions, additions, and subtractions (of the cover components) can occur (Qian et 

al. 2002). 
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Figure 2.1. Example cover system where the foundation layer is combined with the gas 
collection layer (adapted from Bonaparte et al. 2002) 

 
 

Topsoil is used to prevent erosion and provide an area for plants to grow. Topsoil 

thickness is designed with the length of vegetation root systems in consideration because 

of their potential to puncture the hydraulic barrier. Usual topsoil layer thickness is 0.15 m 

(Koerner and Daniel 1997). Trees and shrubs are not recommended as vegetation because 

of their long root systems and because trees could cause damage the cover system if they 

fell. Grasses suitable to the local climate are suggested. If the climate is arid enough to 

have difficulty supporting grass, rip-rap should be used to prevent excessive erosion 

(Koerner and Daniel 1997). 

Protection soil is used to prevent frost, desiccation, burrowing animals, and roots 

from reaching underlying cover components. This layer can be incorporated into the 

topsoil layer and generally consists of easy to obtain borrow material. Layer thickness is 

often controlled by frost penetration considerations (Qian et al. 2002). Currently, 

designers use maximum frost penetration depths which do not consider landfill heat 

generation. Sometimes biobarriers can be incorporated into a protection layers to prevent 
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animal intrusion. Biobarriers consist of cobbles sized to the particular species of concern 

(Qian et al. 2002). 

Drainage layers are built to transport water which infiltrates the topsoil and 

protections layers away from the landfill waste mass. This reduces water infiltration and 

controls pore water pressures which cause slope instability. Controlling pore water 

pressures can double the factor of safety of a slope (Qian et al. 2002). Drainage layers can 

be built with sand or gravel of a hydraulic conductivity no less than 10-2 cm/s or with 

drainage geosynthetics. Sand and gravel layers have a minimum thickness of 12 in and a 

minimum slope of 4% (Qian et al. 2002). Usually, a filter is necessary to filter drainage 

material from the overlying protective soil, although some types of drainage materials 

may act as a filter. Water transported through the drainage layer should freely exit. 

Design of drainage exits should consider the possibility of freezing because freezing 

would stop the water outflow and potentially cause slope failure. Detailed drainage layer 

design should consider site-specific storm data and use a water balance procedure to 

ensure adequate drainage is provided (Qian et al. 2002). 

The hydraulic and gas barrier layer is arguably the most critical component of a 

cover system. It functions to stop water infiltration and prevents gas generated within the 

landfill from escaping. This layer is often a composite of geosynthetic clay liners (GCLs), 

compacted clay liners (CCLs), and geomembranes (GMs). If a CCL/GM composite 

barrier is used, the GM is placed on top of the CCL. CCLs are composed of highly 

compacted clay with a hydraulic conductivity no greater than 10-5 cm/s and should have a 

minimum thickness of 450 mm (Qian et al. 2002). CCLs should be installed in 100 to 150 

mm lifts to increase hydraulic effectiveness (Tchobanoglous et al. 1993). GMs can be 
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made from one of several types of polymers including high density polyethylene (HDPE) 

and can be manufactured with smooth or textured surfaces (for slope stability 

considerations). GCLs can replace CCLs and offer as good or better advection prevention 

and can handle more differential settlement (Qian et al. 2002). Barrier components are 

susceptible to failure by desiccation, freeze/thaw cycles, differential settlement, and 

puncture. CCLs become poor gas barriers when they loose moisture (Qian et al. 2002). 

Temperature-specific failures are discussed in more detail later in this chapter. 

A gas collection layer is used to transport gas generated in a landfill to regularly 

spaced gas collection pipes. The layer can be composed of sand, gravel, geonet 

composites, geotextiles, geocomposites, or other materials (Qian et al. 2002). When the 

layer is composed of sand or gravel, the gas collection layer is normally 300 mm or 

thicker (Qian et al. 2002). Filters may be necessary to prevent clogging of the gas 

collection layer. 

The final layer in cover system is the foundation layer. The main purpose of the 

foundation layer is to reduce differential settlement underneath the cover system (Qian et 

al. 2002) and protect the other cover components from waste (Koerner and Daniel 1997). 

Sometimes, the foundation layer is the final layer of interim cover, and when it is, the 

final layer is thoroughly compacted as much as practically possible to minimize total and 

differential settlement. Occasionally deep dynamic compaction is used (Qian et al. 2002). 

Cover slope stability can be a factor in landfill design. Normally the GM interface 

with the drainage layer, CCL, or GCL fails. Usually 3(H) to 1(V) or 2 to 1 slopes are 

used (Koerner and Daniel 1997). Slope design should consider stability specific to the 

materials being used in the cover and should also consider earthquake loading. Seepage 
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forces may also be considered if the drainage layer cannot be relied upon. Cover system 

materials may be chosen to increase slope stability such as textured GMs or by including 

veneer reinforcement (Koerner and Daniel 1997). Ensuring a minimum slope angle is 

also important because water ponding on the surface of the cover is not desirable. Some 

states require a minimum 4% slope at any point on the cover (Qian et al. 2002). 

2.2.2 Liner Design 

 Three basic components are generally used in landfill liner systems (in order from 

top to bottom): the protection layer, drainage layer, and hydraulic barrier (Figure 2.2). 

Substitutions, additions, and subtractions of the liner components can occur (Qian et al. 

2002). In the United States, hydraulic barriers are required to be composite systems, and 

when hazardous waste is being contained, double composite systems are required (Qian 

et al. 2002). Double composite systems consist of two hydraulic barriers separated by an 

additional drainage layer. This provides redundancy and alerts landfill operators to 

primary containment failure. 
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Figure 2.2. Example liner system where the filter is the protection layer 
 (adapted from Bonaparte et al. 2002) 

 
 
 The protection layer functions to prevent waste from reaching and harming more 

important liner components, and it also functions to prevent clogging in the leachate 

collection system. It should be designed with a minimum of 600 mm of sand, gravel, or 

other permeable material (Qian et al. 2002). 

Leachate collection systems (LCS) function to channel water away from the 

hydraulic barrier and out of the landfill to a treatment center. They may be designed with 

granular material, drainage geosynthetics, or perforated pipes (see Figure 2.3 for two 

examples) and should be sized to prevent more than 300 mm of leachate head acting 

upon the hydraulic barrier (Qian et al. 2002). LCSs can become clogged just a few years 

after installation (Flemming et al. 1999). 
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(a) Continuous drainage blanket 

 
(b) French drains 

 
Figure 2.3. Typical leachate collection system designs  

(adapted from Flemming et al. 1999) 
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Landfill liners may use a combination of CCLs, GMs, and GCLs. CCLs should be 

designed with a hydraulic conductivity less than 10-7 cm/s per federal regulations (Qian et 

al. 2002). Designers should consider hydraulic conductivity, shear strength, and 

shrinkage potential when designing CCLs. Shrinkage potential is important because of 

possible liner desiccation due to thermal gradients (Qian et al. 2002). CCLs are 

compacted wet of optimum to optimize hydraulic conductivity, but this increases the 

potential for shrinkage in the clay liner (Qian et al. 2002). 

2.3 Heat Transfer 

In this section, basic concepts of heat transfer will be discussed. Coupled flow, 

which can be caused by thermal gradients, will then be discussed. Lastly, heat transfer in 

soil will be addressed. 

2.3.1 General Heat Transfer 

There are essentially three modes of heat transfer: conduction, radiation, and 

convection. All combinations of heat transfer, however, conform to the conservation of 

energy equation (Eq. 2.1). Additionally, all solids store heat according to Eq. 2.2. The 

parameters k, c, and ρ are the primary material properties for heat transfer (Myers 1998). 

 

dt
dEqgq outin +=+  (2.1) 

t
TVc

dt
dE

∂
∂

= ρ  (2.2) 

where: 

 inq  = rate of heat flow in 
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 g  = rate of heat generation 

 outq  = rate of heat outflow 

 dt
dE

 = rate of energy storage 

 ρ  = density 

 V  = volume 

 c  = specific heat 

 t
T
∂
∂

 = rate of temperature change with time 

 

Conduction is governed by the Fourier law of conduction (Eq. 2.3). This 

phenomenon is the transfer of thermal energy through contact of adjacent molecules 

(Myers 1998).  

 

x
TkAq
∂
∂

−=  (2.3) 

where: 

 q  = rate of heat flow 

 k  = thermal conductivity 

 A  = area 

 x
T
∂
∂

 = thermal gradient 

 

Thermal diffusivity is defined as the ratio of thermal conductivity to volumetric 

heat capacity. 
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c
k
ρ

α =  (2.4) 

where: 

 cρ  = volumetric heat capacity (the product of density and specific heat) 

2.3.2 Coupled Flow and Generalized Flow 

The conduction law of the previous section can be generalized into matrix form to 

allow for coupled flow and flow types other than heat. The conduction of electricity, 

fluid, chemicals, and heat through soil are all similar mathematically (Mitchell 1993). Eq. 

2.3 has been simplified and generalized into matrix form in Eq. 2.5 (Mitchell 1993). 

 

iiii XLJ =  (2.5) 

where: 

 iJ  = flow rate or flux (q from the previous section) 

 iiL  = conductivity coefficient for flow (-kA from the previous section) 

 iX  = driving force or gradient ( x
t
∂
∂

 from the previous section) 

 

A secondary cause of flow called coupled flow exists. Coupled flow occurs when 

a flow of one type is driven by a gradient of another type. One kind of coupled flow of 

particular relevance to landfill barriers is the flow of fluid driven by a thermal gradient, 

called thermoosmosis (Mitchell 1993). Coupled flow is represented by Eq. 2.6. 

 

jiji XLJ =  (2.6) 
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where: 

 iJ  = flow rate or flux of i 

 ijL  = conductivity coefficient for flow (symmetric) 

 jX  = driving force or gradient of j 

 

2.3.3 Thermal Properties of Landfill Components 

Various investigators have attempted to estimate the thermal properties of 

municipal solid waste (Table 2.1). Thermal conductivity ranged from 0.1 to 1.57 W/moC. 

Volumetric heat capacity ranged from 1.0 to 3.3 x 106 J/(m3 oC). Thermal diffusivities of 

waste ranged from 0.2 to 7 x 10-7 m2/s. The large range of reported values is consistent 

with the high variability of many waste properties largely due to the heterogeneity of 

waste. 

 
Table 2.1. Thermal properties of waste (adapted from Liu 2007) 

 
Reference Thermal Conductivity 

(W/m C) 
Volumetric Heat 

Capacity [J/(m3 oC) x 106] 
Thermal Diffusivity 

(m2/s x 10-7) 
Lefebvre et al. 

(2000) 
0.1 1.9 to 3 0.8 to 2.2 

Yoshida et al. 
(1997) 

0.53 (kequivalent) 
1.57 (kseries) 
0.18 (kparallel) 

3.3 1.6 (kequivalent) 
4.7 (kseries) 
0.5 (kparallel) 

Zanetti et al. 
(1997) 

0.0445 2.2 0.2 

Houi et al. (1997) 0.3 2.2 1.4 

Liu (2007) 1.0 (Michigan) 
0.6 (New Mexico) 

0.3 (Alaska) 
1.5 (British 
Columbia) 

2.0 (MI) 
1.2 (NM) 
1.0 (AK) 
2.2 (BC) 

5 (MI) 
5 (NM) 
3 (AK) 
7 (BC) 

Note. Kequivalent was defined as the square root of the producted of kseries and kparallel. 
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 The thermal properties of soil, which can be used for the properties of the cover, 

liner, and subgrade of landfills, are reported in Table 2.2. Liu (2007) reported values for 

the four sites of this study (Table 2.3). The majority of conductive heat transfer in soil 

occurs through interparticle contacts as opposed to transfer through voids (Mitchell 

1993). Therefore, increasing density increases thermal conductivity. Higher saturation 

also increases thermal conductivity (Mitchell 1993). 

 
Table 2.2. Thermal properties of soil 

 
Material Thermal Conductivity (W/m C) Specific Heat (J/kg oC) Density (kg/m3)

Clay, dry 0.9 920 1700 

Sand, dry 1.1 800 2000 

Peat, dry 0.07 2090 250 

Note. Values from Andersland and Ladanyi (2003). Figures correlating thermal conductivity with soil 
density and degree of saturation are available in Andersland and Ladanyi (2003). 
 
 

Table 2.3. Thermal properties of soil at the four  
landfills in this study (adapted from Liu 2007) 

 
Parameter Michigan New Mexico Alaska British 

Columbia 
Peat (Pt) 

Silty Clay 
(CL-ML)  

Soil Type Lean Clay 
(CL) 

Silty Sand 
(SM, SP-SM) 

Well Graded 
Gravel with 

Silt and Sand 
(GW-GM) Silt and Sand 

(SP-SM) 
Total Unit Weight 

(kN/m3)  
20.5  16.7  21.0 17.7 

Thermal Conductivity 
(W/mK) 

2.5 0.7 2.4 1.0  

Volumetric Heat 
Capacity (kJ/m3K) 

2800 1300 1800 3100 

Thermal Diffusivity 
(m2/s x 10-7) 

9.0 4.9 1.3 3.3 
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2.4 Finite Element Modeling 

Finite element analysis (FEA) is a method of solving complex problems (such as 

heat transfer problems with complex geometry) by discretizing a continuous space into a 

number of finite elements. The governing differential equations are transformed into an 

integral form which can be solved in the discretized space. Results from finite element 

analysis are almost always approximate, but they should approach the exact solution as 

the number of elements increases. These elements are defined by nodes. Each node can 

be assigned several degrees of freedom (e.g., temperature). Nodes can be shared with 

multiple elements, and elements may be composed of different amounts and orientations 

of nodes. 

The physical problem being solved (e.g., heat conduction) affects the elemental 

stiffness matrix. Several methods exist to derive an elemental stiffness matrix including 

the variational method and the residual method (Cook et al. 1989). These methods adapt 

the controlling differential equation for the finite element method. The elemental stiffness 

matrices, nodal degrees of freedom, and nodal loads can be summed into global matrices. 

This results in a final equation (Eq. 2.6) which can be used to solve for all unknown 

nodal degrees of freedom. 

 
[ ]{ } { }RDK =  (2.6) 

where: 

 K = global stiffness matrix 

 D = nodal degrees of freedom vector (temperature) 

 R = nodal load vector (heat flux) 
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2.5 Causes of Temperature Differences 

 Since this thesis presents an investigation of the temperatures in cover and liner 

systems, the work of previous researchers on the causes of elevated temperatures in 

landfills and other factors affecting landfill temperatures will be addressed here. Many 

climatic and operational factors are thought to influence waste temperature. They can be 

broken into two types: heat generation and heat transfer to the environment. Factors 

affecting heat generation include access to oxygen, temperature, moisture, waste 

compaction, chemical reactions in waste constituents, and waste type. Factors affecting 

heat transfer to the environment include climate, subgrade thermal properties, waste 

thermal properties, waste placement rate, water infiltration, and insulation systems. 

2.5.1 Heat Generation 

 In landfills, organics are broken down into gases, water, and heat by microbial 

populations. Glucose is one such common organic that is usually used to represent all 

organics. There are two processes which break down glucose: aerobic and anaerobic 

decomposition. The distinction between the two depends on access to oxygen. Yoshida et 

al. (1996) assumed that aerobic decomposition took place in the top one meter of a 

landfill and that placement of a landfill cover system restricted access to oxygen. The 

aerobic reaction equation for glucose is: 

 
OHCOOOHC 2226126 336 +→+  (2.7) 

The anaerobic reaction for glucose is: 

426126 33 CHCOOHC +→  (2.8) 

Note: Heat production in the aerobic reaction is approximately 460 kJ/mol-O2 and approximately 
45 kJ/mol-CH4 in the anaerobic reaction. 
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Yoshida and Rowe (2003) presented a sensitivity study with a numerical model to 

determine the effect aerobic versus anaerobic decomposition on landfill liner 

temperature. It was also concluded that either aerobic or anaerobic decomposition alone 

could cause the landfill to reach 35 °C, but combining both forms of decomposition 

caused the greatest temperature (around 45 °C). Yoshida et al. (1996) determined that 

aerobic degradation contributes more to temperature increase than anaerobic degradation. 

Bacteria which perform waste decomposition perform more efficiently at certain 

temperatures. Furthermore, different types of bacteria dominate certain temperature 

ranges. This causes methane and heat generation characteristics to be different at 

different temperatures. Mesophilic bacteria are estimated to have maximum population 

growth between 35 and 40 °C (Pfeffer 1974 as reported by Lefebvre et al. 2000); 

thermophilic bacteria are estimated to have maximum population growth between 50 and 

60 °C (Farquhar & Rovers 1973; Barlaz et al. 1990 as reported by Lefebvre et al. 2000). 

Temperatures above 70 °C are considered lethal (Hasegawa 1979 as reported by Lefebvre 

et al. 2000). The thermophilic temperature range is preferred for its waste degradation 

efficiency (Cecchi et al. 1993). 

 Hartz et al. (1982) experimentally studied how temperature affects heat 

generation: in this study, landfill samples were taken and placed under different 

temperature conditions to measure the methane generation response. The study presented 

measured effects of both short-term temperature change and long-term temperature 

change. The short-term temperatures varied between 21 and 48 °C. Methane generation 

was determined to increase as temperature increased until 41 °C but sharply decreased at 
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higher temperatures. The optimum temperature for methane generation was determined 

to be 41 °C (Hartz et al. 1982). Wastes from two sites were used in this part of the 

study—they each seemed to respond the same way to temperature changes, but the 

magnitude of their methane generation was different. Only two temperatures were studied 

in the long term: 22 and 34 °C. The methane generation was higher at the higher 

temperature. The authors concluded that a bacteria population shift probably occurred. 

The authors note that methane generation response occurs almost immediately after 

temperature change. The time frame for the short term study was approximately about 

three days and the long term study approximately around one month (Hartz et al. 1982). 

 Leachate presence in landfills can have effects on both the heat generation of 

decomposing waste and on heat transfer in landfills. Experimental observations on the 

effect of landfill moisture will be discussed here due to the difficulty of separating the 

two effects, but the discussion of heat transfer in landfills will be discussed in the next 

section. Heat generation can be affected by waste moisture since increased moisture 

could change the efficiency of the bacteria that decompose waste. In one study (Koerner 

and Koerner 2006), adjacent wet and dry landfills were measured for cover and liner 

temperature. They determined that the wet cell liner was 5 to 8 °C warmer than the dry 

cell was. The wet cover temperatures were slightly higher than the dry cover, but the 

length of study was only one year for the wet cover. The dry cover temperatures matched 

the recorded ambient air temperature very closely. Barone et al. (2000) also concluded 

that leachate caused higher basal temperatures. 

The moisture content in a landfill in France was determined to be between 30 and 

50% except at the bottom of the landfill where it sharply increased to 65%. Moisture was 
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determined to evolve with time, but there is not enough data to draw any conclusions 

(Houi et al. 1997). Collins (1993) reported leachate mounding in two cells. Leachate 

temperature was measured and varied between 20 and 37 °C. 

There are some additional miscellaneous factors which affect heat generation. 

Waste density affects temperatures by changing the gas porosity (Lefebvre 2000) and the 

heat generation fuel density. Some landfills place MSW incineration ash above their liner 

systems: when this ash is hydrated, heat is produced (Yoshida and Rowe 2003; Klein et 

al. 2001). Waste type also affects heat generation by changing the amount of heat 

generation fuel available for decomposition. 

2.5.2 Heat Transfer to the Environment 

 Heat transfer is the mechanism used to transfer the heat generated by waste 

decomposition to the surrounding environment. Heat transfer can be affected by climate, 

subgrade thermal properties, waste thermal properties, waste placement rate, water 

infiltration, and insulation systems. 

 Climate can significantly affect heat transfer to the environment by imposing 

different boundary conditions at the surface and bottom of a landfill (Hanson et al. 2008). 

The subgrade surrounding a landfill can influence the thermal behavior of the landfill 

because different soil types have different thermal diffusivity values (Mitchell 1993). 

Collins (1993) speculated that this was the cause of liner temperature differences 

measured at two cells with different subgrades. 

 Thermal properties of the waste will also affect the ability of the landfill to 

transfer heat to the environment. Material type, compaction, and moisture content affect 

the heat transfer properties of porous media (Mitchell 1993). Waste placement rate 
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should also affect temperature (Lefebvre et al. 2000, Yoshida and Rowe 2003, and 

Yesiller et al. 2005). 

Rain infiltration also has the potential to decrease or increase waste temperature 

by transferring heat from or to the waste as it passes through the landfill and out the 

leachate collection system. Yoshida and Rowe (2003) investigated this issue in 

conjunction with changes in thermal properties brought on by moisture by conducting a 

sensitivity study with a numerical model to determine the effect of infiltrated water flux 

on landfill liner temperature. Leachate was determined to have a significant effect on 

liner temperature, and an increase in leachate generally caused the liner temperature to be 

reduced. This result is opposite of the observed behavior reported in the previous section. 

Since newly constructed liner systems can be left uncovered and subject to 

freezing, some methods of insulation have been evaluated. Benson et al. (1996) 

conducted a comparative study of five landfill liner insulation methods. The insulation 

was used to keep a liner system protected during winter when waste had yet to be placed. 

Two of the five insulation methods prevented freezing: 380 mm of leachate collection 

sand with 450 mm of chipped waste tires and 50 mm of encapsulated fiberglass. A third 

installation of 25 mm extruded polystyrene boards nearly prevented freezing. The 

remaining two installations—380 mm leachate collection sand and 25 mm of closed-cell 

polyurea foam—performed poorly.  

2.6 Temperatures in Landfills 

Various sets of experimental data, analytical models, and numerical models have 

been proposed in the literature which have tried to quantify temperatures in landfills. 
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Generally, these studies have been based on small amounts of experimental data that do 

not account for climatic conditions and variability in heat generation between sites.  

2.6.1 Experimental Data 

Landfill temperature measurements have been taken at multiple landfills with 

permanently installed sensors (summarized in Table 2.4 and Figure 2.4). Several other 

studies reported temperatures for a single instance in time by means of boring and 

immediately measuring the temperature or by measuring leachate temperature. Studies 

with permanent sensors installed within the landfill are primarily addressed because of 

their greater precision and accuracy and because permanently installed sensors show 

temporal trends. In general, these previous studies are focused on a single landfill 

location and lack significant analytical or predictive analysis. Two studies (Yoshida and 

Rowe 2003 and Barone et al. 2000) had some comparative data analysis; however, they 

were generally limited and lacked specific recommendations.  
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Table 2.4. Summary of previously reported data for permanently 

installed landfill thermal sensors 
 

Source Location Measurement 
Method 

Data Available 

Koerner and 
Koerner (2006) 

Philadelphia, 
USA 

Thermocouples Four time-histories; one wet 
cell and one dry cell, liner 

and cover for each 
Barone et al. (2000) 
and Flemming et al. 

(1999) 

Toronto, 
Canada 

Vibrating wire 
piezometers 

A mix of time-histories and 
individual data points for 

liner sensors 
Yoshida (1997) and 
Yoshida and Rowe 

(2003) 

Tokyo, Japan NR Vertical temperature 
distribution, sampled once 

per year; liner time-histories 
Lefebvre et al. 

(2000) and Houi et 
al. (1997) 

Southern 
France 

Thermocouples Usable data is limited due to 
reporting method 

NR Not reported 
 
 

 
 

Figure 2.4. Literature liner temperature 
Note. These literature values were taken from tables and approximated from graphs. A best estimation was 
made for mean annual earth temperature (12.6, 15.9, and 9.2 °C for Philadelphia, Tokyo, and Toronto). 
 



Chapter 2  Oettle 24  

 
Cover and liner temperatures were investigated by Koerner and Koerner (2006) 

using thermocouples attached to the geomembranes of a wet and a dry cell at the same 

landfill in Philadelphia. The depths of the cover temperature sensors were not explicitly 

provided. The dry cover temperatures matched the recorded ambient air temperature very 

closely. The wet cover temperatures seemed to be warmer than the dry cover, but the 

length of study was only 1 year for the wet cover whereas the dry cell study was 9 years. 

Multiple sensors were used in both the cover and the liner which remained within ±2 °C 

of each other. No amplitude decrement or phase lag was observed in the data which may 

indicate a problem with the results—possibly the result of air flow through a geotextile 

near the geomembrane. The authors do not explain how time-of-day sampling bias was 

eliminated from their air temperature measurements, if it was considered at all. The liner 

temperatures of both cells steadily increased over the length of the study (approximately 

10 years for the dry cell and 4 years for the wet cell). Liner temperatures in the wet cell 

liner were 5 to 8 °C higher than those in the dry cell. Liner temperatures ranged from 

approximately 25 to 45 °C in the wet cell. In the dry cell, liner temperature was relatively 

constant at 20 °C for 5.5 years and then sharply increased to 30 to 34 °C for the next 4.5 

years. No strong justification was offered to explain the sudden increase in liner 

temperature. 

Keele Valley Landfill in Toronto was instrumented with vibrating wire 

piezometers at its base to collect temperature information (Barone et al. 2000 and 

Flemming et al. 1999). Temperatures at 40 basal locations in four cells were recorded. 

Some measurements were made as early as 1983 and were continued on a monthly basis. 

A data set is available for the temperatures at a single point in time (1998) for each basal 
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sensor in Barone et al. (2000). Complete time–history data is plotted for four of the 

sensors. Measured basal temperature in 1998 ranged from 10 to 37 °C. Flemming et al. 

(1999) provided additional data for some of these sensors at yearly intervals from the 

time of installation until 1995. Liner temperatures generally increased with time. A 

positively correlating relationship between leachate head and liner temperature was 

observed in two of the cells. 

Temperatures have been measured at the Tokyo Port Landfill (Yoshida et al. 

1997; Yoshida and Rowe 2003). Time-history data of liner temperatures were presented 

in Yoshida and Rowe (2003). Liner temperature varied between 20 and 50 °C over an 

approximately 34-year study period between the waste ages of 8 and 42 years. Liner 

temperatures generally decreased over the length of study. Variation in vertical 

temperature distribution over approximately one decade was presented in Yoshida et al. 

(1997); a maximum landfill temperature of 65°C was recorded. The means of 

temperature measurement were not reported. 

Lefebvre et al. (2000) and Houi et al. (1997) reported temperature data from a 

landfill in southern France. The center core of the landfill ranged in temperature from 50 

to 60 °C. Contour plots of temperature were produced, but no information was reported 

about the method of creation. No information was reported about the time of year the 

measurements were recorded nor were control sensors used to compare the data to non-

landfill conditions. Little information was reported about the location of the sensors 

within the landfill. 

Koerner and Eith (2005) presented in-progress monitoring results of temperature 

and other parameters for an anaerobic bioreactor landfill. They determined temperature in 
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the landfill varied from about 48 to 64 °C. The authors described this as being 15 to 20 

°C warmer than adjacent conventional “dry tomb” landfills, but the method of 

comparison was not stated. The authors also noted that depth did not have a noticeable 

effect on the measured temperatures (contrary to other studies). Not enough information 

was presented to determine where in the landfill data was measured. No information was 

reported about the method of measurement. The location of the landfill was also not 

reported. 

Collins (1993) presented data from two landfill cells in Germany that were 

measured for temperature at a single instant in time by drilling a borehole and 

immediately measuring the temperature at the bottom. Temperature in the top 5 to 10 m 

was 20 °C and the maximum temperature was around 65 °C. Liner temperatures were 60 

°C at the cell placed on a sealing marl layer and 30 °C at the cell placed on moist peat. 

Leachate mounding occurred at both sites. The author attributes the liner temperature 

difference between the two sites to the subgrade type, although without any significant 

justification (Collins 1993). 

Leachate temperature was available from Oweis et al. (1990); however, little 

information was provided about the means of measurement. Barone et al. (2000) reported 

that Bleiker et al. (1995) reported refuse temperature measurements of 32 and 59 °C near 

the liner system of two Toronto landfills; however, this data was not found in the 

reference. Temperature in an ash incinerator landfill was found to be as high as 90 °C due 

to heat generation caused by the ash hydration reaction (Klein et al. 2001). Incineration 

landfills, however, are not a part of the scope of this thesis. 
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The data used in the following chapters of this thesis is not part of the literature 

review even though parts of this data set have been previously reported in the literature. 

The data presented later in this thesis is part of a broad research effort related to thermal 

aspects of landfills that has been undertaken since 1998. 

2.6.2 Analytical Models 

A literature search indubitably revealed one method for frost depth determination 

in cover systems (Smith 1999). No methods were found for general temperature 

prediction in covers or liners. 

Smith (1999) presented the only known method for frost depth determination in a 

landfill clay cover system. No experimental data was presented; the method was based on 

the modified Berggren formula for the determination of frost depth. To use this method, 

20 years of air data, a surface freezing factor (nf), soil type, unit weight, and moisture 

content are necessary. A recommended conservative value for nf was 0.7. Heat from the 

landfill was not taken into account explicitly. Once the frost depth is determined for the 

20 year period, long term design values for the frost depth were determined using the 

Gumbel extreme value prediction method; the author recommended using a return period 

of 200 years for final cover design and 10 or 20 years for use during liner construction. 

The author concluded that sufficient insulation, in the form of soil, should be provided to 

ensure that the cover hydraulic barrier does not freeze, although it is noted that this would 

come at a significant expense to the landfill operators. 
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2.6.3 Numerical Models 

Various investigators have previously attempted to numerically model landfills 

thermally using numerical approaches. Most researchers have used chemistry based 

models to track heat and gas flow in landfills (Yoshida et al. 1996, 1997, 1999 and 

Yoshida and Rowe 2003; El-Fadel et al. 1996a, 1996b, 1997; Houi et al. 1997 and 

Lefebvre et al. 2000). Only Liu (2007) used experimentally derived heat generation 

functions for multiple sites. The Liu (2007) numerical model did not account for gas 

transfer, chemical quantities, or use chemical reactions as a basis for heat generation. 

Time-based heat generation functions were developed directly from experimental data 

and were used in conjunction with assumed boundary conditions, material properties, and 

waste placement procedures to model landfills thermally. Since these heat generation 

functions were calibrated to fit good field data from multiple sites, it was felt that this 

study was more useful to the investigation presented in this thesis. 

The heat generation functions of Figure 2.5 can be represented by Eq. 2.9 (Liu 

2007) and the parameters of the equation are presented in Table 2.5. These heat 

generation functions were created by comparing field data at the four sites to the results 

of several numerical models with different assumed heat generation functions. The heat 

generation function that best fit field data was chosen as the representative heat 

generation function. Long-term heat generation was estimated by assuming exponential 

decay. Proper methodology for calibration, validation, and verification of models was 

described by Schwer (2005). Results of the calibration for liner temperatures are 

presented in Figure 2.6. Verification of this model was also performed by Liu (2007). 

Significant validation of the model, however, was not performed. Validating a model that 
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can only be tested in large field tests is difficult. Carefully controlled adjacent landfill 

cells with varying operational parameters would be necessary to perform significant 

model validation (Schwer 2005). 

 

 
 

Figure 2.5. Heat generation functions for four landfills (Liu 2007) 
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where: 

 HG  = heat generation rate (W/m3) 

 t  = time (days) 

 A  = peak heat generation rate factor (W/m3) 

 B  = time factor (days) 

 D  = decay rate factor (days) 
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Table 2.5 Heat generation function parameters (values from Liu 2008) 
 

 MI NM AK BC 
A 95 75 7 130 
B 5000 5000 1200 2000 
D 120 50 90 80 

Note. The heat generation functions were calibrated with data from Michigan Cell B, British Columbia Cell 
E, New Mexico Cell 1, and Alaska Cell 6 (Liu 2008). 
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a) Calibration for Cell E at British Columbia 
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b) Calibration for Cell D at Michigan with exposed and waste covered conditions 
 

Figure 2.6. Model calibration check (Liu 2007) 
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2.7 Effects of Temperature 

This thesis presents an investigation of the temperatures that cover and liner 

systems will undergo, so understanding the potential engineering implications of the 

findings of this thesis was thought to be important in deciding how the investigation 

presented in this thesis should be carried out. Therefore, this section presents a review of 

the potential engineering implications of barrier temperatures, which are many. Biogas 

production, barrier desiccation, geomembrane lifetime, chemical diffusion, hydraulic 

conductivity, freeze/thaw action, geosynthetic interface friction angle and cyclic strength, 

and geomembrane wrinkling are all caused by or affected by temperature. 

High temperatures can increase biogas production and speed biological 

stabilization. Methane production in landfills could potentially be optimized by landfill 

temperature control (Rees 1980). 

High thermal gradients can cause GCLs to desiccate (Southen and Rowe 2005a 

and 2005b). Some of the controlling factors in GCL desiccation are the thermal gradient 

through the liner system and the water content of the native subsoil. Lowering the 

thermal gradient reduces the risk for GCL cracking (Southen and Rowe 2005a and 

2005b). 

Similarly, CCLs are also vulnerable to desiccation caused by the thermal gradient 

through a liner or cover system. Landfill heat generation could cause significant water 

loss in CCLs (potentially 80%) [Zhou and Rowe 2003 and 2005; Doll 1997]. One 

numerical model of CCL desiccation showed that cracking in landfill liner systems would 

not occur because of the high overburden pressure provided by the landfill (Zhou and 

Rowe 2003 and 2005). 
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Another effect of temperature relates to polymer degradation. Increasing liner 

temperature decreases the lifetime of geomembranes (Rowe and Rimal 2008). 

Antioxidants are added to geomembranes to prevent degradation, but the antioxidants 

become depleted over time. The antioxidant depletion rate exponentially increases with 

temperature and was found to be approximately 10 times greater at 55 °C than at 25 °C 

(Rowe and Rimal 2008). 

Yoshida and Rowe (2003) speculated that increasing the liner temperature could 

increase its diffusion coefficient. Collins (1993) calculated that diffusion could increase 

by a factor of 3.5 when liner temperature is increased from 10 to 60 °C. This 

phenomenon can be explained using the Stokes-Einstein relationship (Barone et al. 

2000). Contaminant half-life and solubility in leachate are also affected by temperature 

(Barone et al. 2000). 

Increasing liner temperature was reported to increase liner hydraulic conductivity 

due to a reduction in leachate viscosity. If liner temperature were to increase from 10 to 

60 °C, the hydraulic conductivity of the liner would increase by approximately a factor of 

three (Collins 1993; Barone et al. 2000; Yoshida and Rowe 2003). However, this may not 

be true due to structural changes in the soil. 

Another effect of temperature in the cover system relates to freezing. If 

compacted clay covers under go freeze/thaw cycles, they will become damaged and their 

hydraulic conductivity will increase (Kim and Daniel 1992; Miller and Lee 1999). 

Increasing thermal gradients exacerbates the effect (Othman and Benson 1993). It only 

takes on freeze-thaw cycle to significantly increase cover hydraulic conductivity (Othman 
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and Benson 1993). It has been recommend that compacted clay covers be prevented from 

freezing if low hydraulic conductivity is desired (Kim and Daniel 1992). 

Increasing the temperature of a geotextile and a geomembrane in a landfill barrier 

system was found to slightly increase the interface friction angle between them (Figure 

2.7). Increasing temperature from 0 to 33 °C can cause the peak interface friction angle to 

increase 2.9 and 2.3° for smooth and textured geomembranes, respectively (Akpinar and 

Benson 2005). However, this may not continue indefinitely due to structural softening. 

 

 
 

Figure 2.7. Peak and post peak interface friction angles corresponding to different 
temperatures for a smooth geomembrane/geotextile interface (Akpinar and Benson 2005) 

 
 

In addition to the increase in friction angle, HDPE geomembranes have decreased 

cyclic strength with increased temperature. The change in modulus of the GM decreased 

from 8650 N/cm2 at 22 °C (the temperature for most standard tests) to 7300 N/cm2 at 35 

°C (Stessel and Gopal 1999). 
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Another effect of temperature on geomembranes is thermal expansion. Take et al. 

(2007) mapped geomembrane wrinkles using aerial photography. 13.9% of the 

geomembrane wrinkled, forming 100 major wrinkles, and 90% of the wrinkles were 

hydraulically connected with each other. The study was performed in Canada where the 

air temperature at the time of photography was 24 °C, and the time of day was 16:00 in 

the month of August. The temperature where no wrinkles were present was not reported. 

Leachate collection systems (LCS) are an important part of landfill liner systems, 

and they can become clogged. Increasing temperature causes increased anaerobic activity 

and calcite solubility which causes increased clogging in a LCS (Flemming et al. 1999 

and Rowe 2005). 

Seasonal temperature fluctuations are also important. GCL panel separation 

(potentially causing hydraulic barrier failure) has been shown to occur when GCLs are 

covered by GMs and are exposed to seasonal temperature fluctuations (Koerner and 

Koerner 2005). Thermally linked behavior (e.g., desiccation) is one potential explanation 

for the panel separation. 

The study presented in this thesis intends to increase engineering knowledge in 

the areas where these previous studies have had limitations and shortcomings. 
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CHAPTER 3: COVER ANALYSIS 

3.1 Introduction 

This chapter presents the methods of analysis for the cover temperature 

investigation. Cover temperatures were recorded with field instrumentation at several 

landfills. A model from conventional earth temperature theory was used to model 

changes in temperature with time and depth in a cover system (Carslaw and Jaeger 1959). 

Supplements to this model were created to account for underlying heat generation. A 

separate numerical model was also created to analyze cover temperatures immediately 

after waste placement. Details of the field investigation and modeling are described in 

this chapter. 

3.2 Cover Data Collection 

Four field sites were instrumented with temperature monitoring equipment and 

data was recorded over two to three years. Data was collected at four sites in four 

different climatic regions: 

• Sauk Trail Hills Development in Detroit, Michigan 

• Anchorage Regional Landfill in Anchorage, Alaska 

• Corralitos Regional Landfill in Las Cruces, New Mexico 

• Vancouver Landfill in Vancouver, British Columbia, Canada 

The operational conditions at these four field sites are described in Table 3.1. 

Climate statistics are presented for the field sites in Table 3.2. 
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Table 3.1. Details of the operational conditions at the field sites (adapted from Liu 2007) 
 

Parameter Michigan New Mexico Alaska British Columbia

Total site area (ha) 81 194 111 635 
Design waste placement 

area (ha) 
65 79 67 225 

Average waste intake 
(t/year) 

965,000 122,000 350,000 475,000 

Waste placement rate 
(m/year) 

20 to 27 4 4 to 7 5 to12 

Design volume (m3) 26,240,000 11,754,000 32,360,000 46,000,000 
% Design footprint 

covered 
85 23 86 100 

% Design volume filled 65 22 26 55 
Average waste column 

height (m) 
22.5 14.3 30.0 11.2 

Leachate pumped (m3/m2-
year) 

0.063 0 0.068 0.628 

Gas produced (m3/year) 1.23 01 0.8a,b 2.18 
Leachate pH 7.68 - 4.05 7 

Leachate COD 2070 - 340 500 
Leachate BOD - - 310 100 

Year site began accepting 
waste 

1984 1996 1992 1967 

Number of sensors 180 61 245 162 
- Not available. 
a Gas system not installed. 
b Based on numerical simulation for medium-dry/dry conditions. 
Note. Data as of December 2006. 
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Table 3.2 Climate statistics for the field sites (Liu 2007) 

 
 Michigan New 

Mexico 
Alaska British 

Columbia 
Average daily high temperature 

(°C) 
14.7 25.1 6.2 13.5 

Average daily low temperature (°C) 5.0 11.2 -1.5 6.1 
Average daily temperature (°C) 9.8 18.2 2.3 9.9 
Average temperature for coldest 

month (°C) 
-4.2 7.3 -9.0 3.0 

Average temperature for warmest 
month (°C) 

23.1 28.5 14.7 17.4 

Average annual total precipitation 
(mm) 

835 240 408 1167 

Average annual total snowfall (mm) 1046 135 1793 549 
Average precipitation for driest 

month (mm) 
48 6 13 36 

Average precipitation for wettest 
month (mm) 

90 45 74 167 

Mean annual earth temperature (°C) 12.3 21.0 5.4 12.1 
Note. The mean annual earth temperature presented in this table is different than that reported by Yesiller et 
al. (2005) where the mean annual earth temperature is reported as 11.7, 20, 6, and 11.5 °C for Michigan, 
New Mexico, Alaska, and British Columbia, respectively. 
 
 

Type K (chromega–alomega) thermocouple wiring was used at all test sites to 

record temperature at various locations within a landfill cell. Each sensor consisted of 

two long insulated wires. At the location where temperature was measured, the two wires 

were welded together. At the other end of the wires (at a control box), the two wires were 

connected to a digital thermometer (Figure 3.1). 
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Figure 3.1. A thermal sensor array with sensors, connectors, and a digital thermometer 
shown (Liu 2007) 

 
Usually several arrays were installed in a landfill cell. An array was defined as a 

number of individual sensors spaced along a linear path. Each array could be up to 200 m 

long to allow for connection between a location within the landfill to an accessible data 

collection box. In each array, three to five sensor pairs were placed inside a flexible PVC 

conduit to provide protection. At the point where a pair of sensor wires ended (the place 

inside the landfill where the temperature was measured), the PVC tube was cut open to 

allow a several centimeters of the sensor wires to exit the PVC tube and measure the 

surrounding temperature (Figure 3.1). The part of the sensor brought outside the tube was 

bound to the tube with duct tape to provide further protection. If a single array were to 

have more than 3 to 5 sensors, multiple tubes were bound together with duct tape. 

Some arrays were placed flat (perpendicular to the direction of gravity) and along 

landfill slopes to measure the temperature trends across a landfill—such arrays were 
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termed “horizontal arrays” (Figure 3.2). Some arrays were placed vertically to measure 

temperature trends with depth; these arrays were termed “vertical arrays” (Figure 3.2). 

Data were typically collected on a weekly basis. 

 

 
 

Figure 3.2. A schematic showing typical vertical, horizontal, and control arrays (Yesiller 
et al. 2008) 

 
 
 Many monitored landfill cells were equipped with sensors that were placed within 

a few meters of the cover surface. In Alaska, Cell 1 was equipped with three vertical 

arrays starting at 0.3 m depth and spaced in 1 m increments. In British Columbia, Cells A 

through E were equipped with vertical sensor arrays starting at either 0 or 0.5 m depth 

and spaced at 1 m increments. British Columbia Cell B was also equipped with a detailed 

cover array. The detailed cover array consisted of sensors starting at a depth of 0 m and 

continuing to 0.9 m in 0.15 m increments. New Mexico Cell 1 was equipped with two 

vertical arrays: one termed “edge” and one termed “center”, corresponding to their 

relative location within the cell. These arrays started at 0 m depth and continued 

downward in 2 m increments. Michigan had two detailed cover sensor arrays (Figure 

3.3). Detailed cover arrays are small arrays meant to study cover temperatures and only 
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contain sensors near the landfill surface. The detailed cover array in Cell A had sensors at 

the following depths: 0, 0.15, 0.30, 0.45, 0.60, 0.75, 0.90, 1.05, 1.2, 1.5, 1.8, 2.1, 2.7, and 

3.7 m. Cell J was equipped with a detailed cover sensor array with the same depth 

increments as Cell A but without the 2.7 and 3.7 m sensors. 

 

 
 

Figure 3.3. Detailed cover arrays at Michigan (Yesiller et al. 2008) 
 
 

In addition, each site was equipped with at least one control vertical array. 

Control vertical arrays were located adjacent to landfill cells in native soil and were 

established to serve as a baseline for landfill temperatures. Alaska, British Columbia, and 

Michigan each had one control array with 1 m spacing. Alaska and Michigan control 

arrays started at 0 m. The British Columbia control array, termed “office”, started at 0.5 

m. New Mexico was equipped with three control arrays, “South”, “West”, and “North”, 

each starting at 0 m and spaced at 2 m increments. 
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3.3 Cover Analytical Model 

Significant scatter was observed in the recorded data, so the data was statistically 

reduced to represent trends in the data. The experimental data was fit to the equations of 

the Carslaw and Jaeger (1959) model. Other methods were also developed to reduce the 

data to aid in cover temperature quantification. 

3.3.1 Sinusoidal Trends 

 Temperature trends with time near the landfill surface (approximately 0 to 6 m 

depth) were sinusoidal in response to seasonal temperature variation. The following 

equation was used to model these temperature trends with time for any depth (Carslaw 

and Jaeger 1959): 

 

( ) ( )⎥⎦
⎤

⎢⎣
⎡ −

π
−= z0zmzz tt

25.365
2cosATtT  (3.1) 

where: 

 ( )tTz  = temperature at depth as a function of time (°C) 

 mzT  = mean temperature at depth (°C) 

 zA  = amplitude at depth (°C) 

 t  = time (days) 

 zt0  = phase lag constant at depth (days) 

 
The experimental data was fit to Equation 3.1 using least-squares regression. This 

was done for individual sensors as well as for groups of sensors at the same depth. 
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3.3.2 Surface Temperature 

Temperatures at the surface could not be measured directly, so near-surface trends 

were established to obtain representative surface functions. Data measured directly at the 

surface was subjected to time-of-day sampling bias. Since near-surface temperatures 

fluctuate during the day, data recorded at 6:00 AM, for example, would indicate colder 

conditions than actual mean conditions. More frequent recording (e.g., automatic hourly 

recordings) would eliminate this biasing, but for this investigation, data was manually 

recorded on a weekly basis. Furthermore, sensors lying directly in sunlight would record 

temperatures far higher than actual ground conditions. Convection and other complex 

processes are also present at the surface making use of the data difficult. Modeling 

representative surface functions, which can be used to predict below-surface 

temperatures, is more useful for engineering purposes. Therefore, near-surface trends 

were established for amplitude, phase lag, and mean temperature to determine 

representative functions. 

According to Carslaw and Jaeger (1959), the amplitude varies exponentially with 

depth and the phase lag varies linearly with depth. The equations for amplitude and phase 

lag are presented in Equations 3.2 and 3.3, respectively. Fitting a curve of the form of Eq. 

3.2 requires at least two experimental data points; therefore, data from vertical arrays 

with only one sensor exhibiting sinusoidal trends could not be fit to this equation. The 

numbers in Eq. 3.3 correspond to 365.25 days per year and 86400 seconds per day. 

 

α×
π

−
= 8640025.365

z

sz eAA  (3.2) 

where: 
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 zA  = amplitude at depth (°C) 

 sA  = amplitude at the surface (°C) 

 z  = depth (m) 

 α  = thermal diffusivity (m2/s) 

 

πα864004
25.365

00 ×
+= ztt sz  (3.3) 

where: 

 zt0  = phase lag constant at depth (days) 

 st0   = phase lag constant at the surface (days) 

 z  = depth (m) 

 α  = thermal diffusivity (m2/s) 

 
For typical ground conditions (non-heat generating) the mean temperature 

(averaged over a year, to distinguish from seasonal fluctuations) should not vary with 

depth (except over long distances), but because landfills generate heat, the mean 

temperature should increase with depth. An exponential equation (Eq. 3.4) was chosen to 

describe the mean temperature trend with depth because a theoretical relationship is not 

practically possible primarily due to varying waste placement times and conditions. 

 
cz

mz beaT −−=  (3.4) 

where: 

 mzT  = mean temperature at depth (°C) 

 a  = a constant (°C) 
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 b  = a constant (°C) 

 c  = a constant (m-1) 

 z  = depth (m) 

 
Fitting this equation to field data using least-squares regression produced a 

reasonable representation of the data for many arrays; however, arrays with less than 3 

sensors in the cover cannot be fit to the equation in a unique way. Additionally, the 

exponential model gave unrealistically low results at some arrays in Alaska. To overcome 

these problems, an alternative method was developed using a weighted-average scheme 

to estimate the mean surface temperature. The form of the weighted-average equation is 

as follows: 

 

z

zmzairm
ms W

WTTT
+
+

= −

1
 (3.5) 

where: 

 msT  = mean temperature at the surface (°C) 

 airmT −  = mean temperature of the air (°C) 

 mzT  = mean temperature at depth (°C) 

 zW  = weighting factor at depth 

 
The weighted-average scheme was predicated on the idea that the mean surface 

temperature should be between the mean air temperature and a mean cover temperature at 

depth. The weighted-average scheme was also based on the idea that the ratio of 

influence varies with depth (the reason for having a weighting factor that varies with 
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depth). These weighting factors can be calibrated by using data from sites that have 

detailed sensor arrays because data from detailed sensor arrays can be modeled with Eq. 

(3.4). 

3.3.3 Freezing and Thawing n-Factors 

n-Factors are a way of converting air temperature data to surface soil 

temperatures. There are two n-factors: the thawing n-factor, nt, and the freezing n-factor, 

nf. These n-factors are defined as the ratio of the soil index over the air index for both 

thawing and freezing n-factors. The indices are defined as the area of the sinusoidal 

temperature curve bound by the 0 °C isotherm and the sinusoidal temperature curve. The 

thawing index is the area above the zero isotherm and the freezing index is defined as the 

area below the zero isotherm. These indices are determined for both soil and air, thus 

creating four indices and two n-factors. For the purposes of n-factors, a soil depth of 1 cm 

is customarily used to define the surface of soil (Aldrich and Paynter 1966). 

3.3.4 Thermal Gradients 

 Thermal gradients were defined as the change in temperature over a distance 

divided by the distance. When vertical gradients are reported, positive gradients indicate 

downward heat flow. 

3.3.5 Thermal Properties 

 Thermal properties can be estimated from measured field data by two methods: 

amplitude decrement and phase lag. Determination of thermal properties can be useful 

because it provides model input parameters. The resulting thermal properties represent 

composite properties of the various cover materials and potentially some waste. Using a 
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composite value can be useful because it would be more difficult to estimate the thermal 

properties for each cover component from experimental data, select a location and 

thickness for each component, and run a numerical analysis of an entire landfill with such 

small components at the surface. For waste and liner thermal properties, estimations can 

be made from reported values in the literature. 

 As long as sinusoidal temperature trends exist, the thermal diffusivity of a landfill 

cover or liner system can be measured by its amplitude decrement or phase lag increase 

with depth. The relationship of thermal diffusivity and amplitude decrement is presented 

below: 
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where: 

 zA  = amplitude at depth (°C) 

 sA  = amplitude at the surface (°C) 

 z  = depth (m) 

 α  = thermal diffusivity (m2/s) 

 
This equation is Eq. 3.2 re-ordered. The thermal diffusivity was obtained for 

arrays with two or more data points by fitting amplitude and depth data pairs to a two-

parameter exponential equation and solving the exponential coefficient of the square root 

quantity in Eq. 3.2. 
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Phase lag may also be used to estimate thermal diffusivity of soil with sinusoidal 

trends. The equation is as follows: 

 
2

00864004
25.365
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π
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where: 

 zt0  = phase lag constant at depth (days) 

 st0  = phase lag constant at the surface (days) 

 z  = depth (m) 

 α  = thermal diffusivity (m2/s) 

 
This equation is the same as Eq. 3.3 only re-ordered. For arrays with more than 

one sensor, the thermal diffusivity was obtained by fitting a curve of phase lag versus 

depth to a linear equation and using the determined slope to compute thermal diffusivity 

from the square root element of Eq. 3.3. 

3.5 Cover Numerical Model 

The finite element method (FEM) was used in this section to investigate the effect 

of cover placement timing on the thermal conditions in a cover. The development of a 

numerical model was necessary to allow for analysis in a highly transient situation. 

It was posited that the initial temperature of a cover system and the waste 

immediately below the cover system could have a significant effect on the thermal 

stresses a cover system will undergo. For example, if a geomembrane at 1 m depth was 

placed at a very cold temperature, it would increase in temperature significantly through 
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the first few years after placement. This thermal behavior could have implications on 

geomembrane wrinkling (see Chapter 2). 

 A one-dimensional, transient, heat transfer model was developed with 

ABAQUSTM 6.7-1 (FEA software from Dassault Systèmes). Analyses were performed 

for each of the four experimental sites. Each site was analyzed for three seasonal waste 

placement conditions (Spring, Winter, and Summer) and two bottom boundary conditions 

representing different waste temperature conditions. 

The model geometry consisted of 1 m of cover underlain by 25 m of waste. Cover 

and waste materials were assigned distinct material properties which varied site to site. 

Elements 0.1 m in length were used and a time step was set so that the maximum change 

in temperature between two increments was 0.1 °C. 

 The bottom 20 m of waste was placed and allowed to thermally equilibrate for 

approximately 20 years. The additional 5 m of waste and 1 m of cover were then 

simultaneously added on top of the 20 m of waste in either Spring, Summer, or Winter. 

The initial placement temperature of the last 5 m of waste and 1 m of cover was equal to 

the air temperature determined for that time of year based upon site-specific air functions 

(Table 3.3). The analysis was then continued for 10 more years. 

 
Table 3.3 Air Temperature Functions 

 
 MI NM AK BC 

Air Mean Temperature (°C) 10.7 18.5 3.6 9.9 
Air Temperature Amplitude (°C) 13.3 11.2 12.6 7.2 

 
 

The bottom boundary condition was chosen as either the mean annual earth 

temperature or as the maximum recorded average waste temperature (as reported by 
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Yesiller et al. 2005). The surface boundary condition was set as the sinusoidal function 

determined with the weighted-average method for each site. The thermal boundary 

conditions are summarized in Table 3.4. 

 
Table 3.4 Model Boundary Conditions 

 
Parameter MI NM AK BC 

Cover Mean Temperature (°C) 11.8 19.8 6.9 13.0 
Cover Temperature Amplitude (°C) 12.0 12.0 14.3 11.6 

Bottom Temperature, Heated Landfill (°C) 59.5 32.5 32.9 55.5 
Bottom Temperature, Unheated Landfill (°C) 11.7 20.0 6.0 11.5 

 
 
 Separate thermal properties were used for waste and cover (Tables 3.5 and 3.6) 

[values reported by Hanson et al. 2008]. Density was determined for soil and waste from 

operational site records (Hanson et al. 2008). Thermal conductivity was determined from 

field and laboratory testing using thermal probes (Hanson et al. 2008) and with data from 

literature (e.g., Andersland and Ladanyi 2003). Heat capacity was calculated by summing 

the heat capacities of waste constituents using U.S. EPA (2005) for fractions of each 

constituent (Hanson et al. 2008). Latent heat was determined by assuming all pore water 

would freeze. The water contents used for latent heat calculations of cover soil were 

21.3% and 3% for Michigan and Alaska, respectively, and the water contents of the 

wastes were 40% and 20% for Michigan and Alaska, respectively (Liu 2007). 

 
Table 3.5 Waste Properties 

 
Property MI NM AK BC 

Density (kg/m3) 1000 755 531 1000 
Thermal Conductivity [W/(m K)] 1.0 0.6 0.3 1.5 

Specific Heat [J/(kg K)] 2000 1589 1885 2200 
Latent Heat (J/kg) 95429 -- 55667 -- 

-- Not applicable. 
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Table 3.6 Cover Properties 

 
Property MI NM AK BC 

Density (kg/m3) 2092 1704 2143 1806 
Thermal Conductivity [W/(m K)] 2.5 0.7 2.4 1 

Specific Heat [J/(kg K)] 1339 763 840 1716 
Latent Heat (J/kg) 58650 -- 9728 -- 

-- Not applicable. 
 
 
 Comparisons of the 1 m node temperature time-histories were made between 

different temperature placement conditions, landfill sites, and bottom boundary 

conditions. Analyses were conducted at a depth of 1 m, consistent with typical barrier 

material location. 
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CHAPTER 4: COVER RESULTS AND DISCUSSION 

4.1 Introduction 

In this chapter, results are presented and discussed from the analysis described in 

Chapter 3. 

4.2 Cover Analytical Model 

Data recorded near the surface at landfills (example data presented in Figure 4.1) 

was reduced using the analytical model described in Chapter 3. Figure 4.1 indicates 

strongly sinusoidal temperature trends at the near surface. Temperature nearest to the 

surface follows closely with air temperature. Temperatures at increasing depth show 

reduced amplitude and a phase shift later in time. Temperature at the 0 m sensor was 

sometimes erratic at Michigan J and British Columbia B. This is likely due to the time of 

day the measurement was recorded and potentially the result of directly sunlight 

exposure. 
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Figure 4.1. Example near-surface data for the three detailed arrays with air for 
comparison 

 

4.2.1 Sinusoidal Trends 

 Least-squares regressions were performed on the near-surface data to determine 

the representative sinusoidal functions (Eq. 3.1). This analysis resulted in a mean 

temperature, amplitude, and phase lag at each sensor. Example regressions for measured 
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data for comparable control and cover arrays are presented in Figure 4.2, and the results 

of the sinusoidal regression analyses are presented in Tables 4.1 to 4.4. In Figure 4.2, 

field data are plotted for young wastes (British Columbia D and E at 1 m , Michigan A 

and J at 1.05 m, Alaska Cell 1 at 1.3 m, and New Mexico Center and Edge at 2 m). 

Control data are plotted adjacent for comparison (British Columbia at 1.5 m, Michigan at 

1 m, Alaska at 1 m, and New Mexico North at 2 m). Least-squares regressions were 

created for the cover data and for the control data. Regressions generally fit the data well; 

however, at New Mexico there was significant separation between Center and Edge data. 

This was attributed to leachate accumulation in the waste mass below the Edge sensor. 

Also, data at British Columbia was sometimes sparse and exhibited sinusoidal trends with 

less distinction than other sites. No cover regression results were cooler than the 

comparable control regression. The data in Table 4.1 generally showed the expected 

trends including phase lag increasing with depth, amplitude decrement, and mean 

temperature increasing with depth. 
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Figure 4.2. Example data and curve fits for comparable control and cover data 
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Table 4.1 Sinusoidal curve parameters from regression of Michigan field data 

 

Cell Depth (m)

Mean 
Temperature 

(°C) 

Temperature 
Amplitude 

(°C) 
Phase Lag (days) 

January 1 = 0 
0 10.7 11.9 27.1 

0.15 11.5 11.6 29.3 
0.30 12.0 11.0 31.7 
0.45 12.2 10.3 34.3 
0.60 12.3 9.7 37.2 
0.75 12.5 9.1 40.4 
0.90 12.4 9.5 38.8 
1.05 12.5 9.0 41.8 
1.2 12.8 8.2 47.1 
1.5 13.1 7.2 55.0 
1.8 13.4 6.3 64.1 
2.1 13.7 5.8 71.8 
2.7 14.2 4.9 85.2 

A 

3.7 14.5 4.6 94.7 
0 16.8 17.1 19.5 

0.15 12.0 11.7 29.5 
0.30 12.6 11.4 32.9 
0.45 13.0 11.0 36.6 
0.60 13.2 10.5 40.4 
0.75 13.4 10.1 43.4 
0.90 13.5 9.8 46.3 
1.05 13.8 9.3 52.0 
1.2 14.1 8.9 55.9 
1.5 14.4 8.5 62.2 
1.8 14.7 8.1 66.8 

J 

2.1 15.4 7.5 72.1 
0 22.6 18.6 8.1 
1 12.3 11.4 31.5 J South (control) 
2 12.2 8.2 41.5 
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Table 4.2 Sinusoidal curve parameters from regression of British Columbia field data 

 

Cell Depth (m) 

Mean 
Temperature 

(°C) 
Temperature 

Amplitude (°C) 
Phase Lag (days) 

January 1 = 0 
0 13.1 10.5 21.2 
1 14.6 8.5 37.3 A 
2 17.4 5.8 53.1 
0 19.1 12.6 19.5 
1 17.9 6.4 57.6 B 
2 18.3 5.6 66.7 

0.5 14.0 10.3 23.7 
1.5 13.6 5.6 65.5 C 
2.5 13.2 4.4 84.3 
0 15.8 11.7 17.3 
1 14.2 9.3 33.5 D 
2 16.7 6.3 72.5 
0 18.2 10.0 62.4 
1 19.8 9.4 76.4 E 
2 22.1 8.0 73.5 
0 16.3 12.7 18.9 

0.15 13.0 10.6 22.4 
0.30 13.0 10.1 22.5 
0.45 13.6 10.2 19.8 
0.60 13.5 9.3 26.3 
0.75 13.4 9.4 29.7 

B Detailed 

0.90 13.7 8.9 28.3 
0.5 12.6 8.1 29.5 
1.5 12.1 6.1 49.9 Office 

(control) 
2.5 11.9 2.8 83.2 

 
 

Table 4.3 Sinusoidal curve parameters from regression of New Mexico field data 
 

Cell Depth (m) 

Mean 
Temperature 

(°C) 
Temperature 

Amplitude (°C) 
Phase Lag (days) 

January 1 = 0 
0 16.7 10.9 17.2 Center 2 20.3 7.4 39.8 
0 21.0 10.9 19.1 Edge 2 26.8 5.1 65.4 
0 16.7 10.8 17.7 Control 2 19.3 6.9 45.2 
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Table 4.4 Sinusoidal curve parameters from regression of Alaska field data 

 

Cell Depth (m) 

Mean 
Temperature 

(°C) 
Temperature 

Amplitude (°C) 
Phase Lag (days) 

January 1 = 0 
0.3 7.2 11.2 30.8 
1.3 16.0 7.7 65.1 1A 
2.3 18.7 4.5 95.8 
0.3 7.2 11.9 26.5 
1.3 13.0 11.1 61.2 1B 
2.3 15.5 8.8 80.9 
0.3 8.3 12.4 23.4 
1.3 13.7 9.5 55.8 1C 
2.3 15.2 4.1 94.9 
0 7.2 13.2 4.2 
1 4.4 10.2 17.3 Control 
2 5.1 6.2 44.6 

 

4.2.2 Surface Temperature 

 Near-surface trend with depth were established to determine representative 

surface temperature functions. Example measured data is presented in Figure 4.3 to 

demonstrate time-of-day biasing. Clear sinusoidal trends are present in Figure 4.3 for all 

arrays except the surface array which exhibits unreasonably high average daily 

temperatures. Correct below-surface temperature prediction would be difficult when 

extrapolating from directly measured surface data since average daily temperature or 

hourly recordings are necessary. 
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Figure 4.3. Example (Michigan J) of measured cover  
data points exhibiting biased results at the surface 

 
 

Representative surface amplitudes were created from the amplitude and depth 

pairs reported in the previous section and any additional pairs below 2 m where 

sinusoidal trends were apparent using Eq. 3.2 represented as Eq. 4.1 using least-squares 

regression. The experimentally determined surface amplitudes and curve-fitting 

parameters are presented in Table 4.5. New Mexico Center and Edge arrays have only 

one sensor showing sinusoidal trends, so regression to a two-parameter equation was not 

possible. An example regression of the amplitude decrement trend is presented in Figure 

4.4. 

The temperature amplitudes from the shallowest sensors of the detailed arrays 

were also compared to the surface amplitude. Amplitudes from 150 and 300 mm depths 

were within 1.0°C of As, whereas differences more than 1°C were present between As 

and data from 450 mm depth. In all cases, the estimates for surface amplitude from at-

depth data were lower than the As obtained from regression. 

 
zb

z aeA −=  (4.1) 
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Table 4.5 Curve-fitting parameters for amplitude 

 near-surface trends and surface amplitude 
 

Site Cell a (°C) b (1/m) As (°C) 
1A 13 0.5 13.2 
1B 15 0.3 14.5 
1C 15 0.5 15.1 Alaska 

Control 13 0.3 13.4 
A 12 0.3 11.9 
J 12 0.2 12.0 Michigan 

J South 16 0.3 16.2 
A 10 0.2 10.1 
B 11 0.4 10.5 
C 12 0.4 12.2 
D 15 0.5 14.8 
E 11 0.2 11.0 

B Detailed 11 0.2 10.9 

British Columbia 

Office 11 0.5 10.7 
Center - - - 
Edge - - - 
South 13 0.4 13.2 
West 20 0.5 19.9 

New Mexico 

North 19 0.5 19.3 
- Not available. 
 
 

 
 

Figure 4.4. Example of near-surface amplitude trends and regression at Michigan A 
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Similarly, a representative surface phase lag was determined for each array—this 

was done by fitting an equation in the form of Eq. 4.2 which corresponds to Eq. 3.3 to the 

phase lag versus depth data using least-squares regression. Surface phase lags were 

generally between 10 and 30 days with a few outliers. The curve fitting parameter b is 

essentially equal to the phase lag at the surface except that the surface is technically 

defined at 1 cm depth. The resulting parameters for each array in the study are presented 

in Table 4.6. An example regression of the increasing phase lag with depth trend is 

presented in Figure 4.5. 

 
zbat z +=0  (4.2) 

 
Table 4.6 Curve-fitting parameters for phase 
 lag near-surface trends and surface phase lag 

 
Site Cell a (days) b (days/m) t0s (days) 

1A 22 32 22.0 
1B 19 29 18.9 
1C 11 37 11.1 Alaska 

Control 14 15 13.9 
A 25 20 25.0 
J 27 23 27.0 Michigan 

J South 5 21 5.3 
A 28 11 28.6 
B 32 22 32.4 
C 20 23 20.7 
D 21 20 21.0 
E 78 20 78.4 

B Detailed 19 11 19.2 

British Columbia 

Office 8 32 8.1 
Center - - - 
Edge - - - 
South 20 17 20.2 
West -7 23 -7.1 

New Mexico 

North 10 16 10.4 
- Not available. 
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Figure 4.5. Example of near-surface phase lag trends and regression at Michigan A 
 
 

No previous near-surface trend for mean temperature was available in the 

literature, so the exponential equation presented in Eq. 4.3 was used to determine mean 

surface temperature. The results of this analysis are presented in Table 4.7. Most inter-

site data were consistent; however, some mean surface temperatures were significantly 

different than other cells at the same site (e.g., British Columbia E). An example 

regression of the near-surface mean temperature trend is presented in Figure 4.6. 

 
cz

mz beaT −−=  (4.3) 
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Table 4.7 Curve-fitting parameters and resulting surface temperature 

 
Site Cell a (°C) b (°C) c (1/m) Tms (°C) 

1A 20 18 1.2 1.9 
1B 20 18 1.2 1.9 
1C 17 13 0.9 4.1 Alaska 

Control 4.4 5.1 5.5 5.0 
A 16 5 0.3 11.5 
J 18 7 0.3 11.9 Michigan 

J South 12.3 12.2 12.4 12.3 
A 175 164 0.0 11.2 
B 8271 8255 0.0 16.2 
C 13 -1 0.7 14.4 
D 53801 53791 0.0 10.1 
E 93 76 0.0 17.5 

B Detailed 14 1 2.9 12.5 

British Columbia 

Office 12.6 12.1 11.9 12.2 
Center - - - - 
Edge - - - - 
South 19.1 19.5 19.7 19.5 
West 18.8 19.3 19.7 19.3 

New Mexico 

North 20.1 20.6 20.9 20.5 
- Not available. 

 

 
 

Figure 4.6. Example of exponential mean  
temperature extrapolation using data at Michigan A 
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Some arrays were incompatible with the exponential method due to sensor 

spacing and some arrays in Alaska gave unexpectedly low temperatures. To correct these 

issues, a method called the weighted-average method was created (Eq. 3.5). The new 

method also works at sites with only one or two sensors near the surface. Weighting 

factors were determined for particular depths from all three detailed arrays; results are 

presented in Table 4.8 and plotted in Figure 4.7. The weighting factors for Michigan were 

averaged because they were very similar. Surface temperatures determined at each array 

with the weighted-average method are presented in Table 4.9. 

A simplification was also made to the weighted-average method where a constant 

mean temperature slope with depth was assumed. When a difference between mean air 

temperature and mean surface temperature is also assumed, the simplified method can be 

directly converted to weighting factors. A reasonable mean temperature with depth slope 

was determined to be 2 °C/m and this simplification was plotted in Figure 4.7. 

 
Table 4.8 Weighting factors calibrated at the detailed arrays 

 
Depth (m) Michigan A Michigan J British Columbia 

B Detailed 
0.15 10.09 9.46 6.08 
0.30 1.60 1.82 5.02 
0.45 1.12 1.11 2.45 
1.0 0.74 0.62 2.15 
1.3 0.59 0.54 - 
1.5 0.47 0.47 - 
2 0.34 0.34 - 

- Not available. 

 



Chapter 4  Oettle 64  

 
 

Figure 4.7. Weighting factors developed for Michigan and British Columbia sites and the 
2 °C/m simplification 

 
 

Table 4.9 Surface temperatures determined by the weighted average method 
 

  Tms (°C) 
Michigan Factors 

Tms (°C) 
British Columbia Factors 

1A 7.1 6.6 
1B 6.5 6.6 Alaska 
1C 6.8 7.6 
A 11.5 11.7 Michigan J 11.9 12.3 
A 11.8 13.1 
B 12.6 15.4 
C 11.6 12.8 
D 11.6 12.8 
E 13.5 16.7 

British Columbia 

B Detailed 12.0 12.5 
Center 19.0 - New Mexico Edge 20.6 - 

- Not available. 

 
The mean temperatures of the shallowest sensors from the detailed arrays were 

also compared to the mean surface temperature. Mean temperatures from 150 and 300 

mm depths were within 0.7°C of Tms, whereas differences more than 1°C were present 
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between Tms and data from 450 mm depth. In all cases, the estimates for mean surface 

temperature from individual at-depth data were higher than the Tms obtained from 

exponential extrapolation. 

4.2.3 Freezing and Thawing n-Factors 

n-Factors determined from field data are presented in Table 4.10 for each cover 

and control array. The thawing n-factors averaged over each landfill site were 1.38, 1.02, 

1.07, and 1.29 for Alaska, Michigan, New Mexico, and British Columbia, respectively. 

The average thawing n-factor over all sites was 1.19 for cover and 1.14 for control. The 

freezing n-factor determined at Alaska was 0.63 for cover and 0.78 for control. Michigan 

had a negligible amount of freezing at the cover, and therefore cover nf is not reported for 

that site. Air indices used in n-factor determination are presented in Table 4.11. 
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Table 4.10 Experimentally determined n-factors 

 
Site Cell nt nf 

1A 1.38 0.50 
1B 1.34 0.70 
1C 1.42 0.70 Alaska 

Control 1.15 0.78 
A 1.00 - 
J 1.04 - Michigan 

J South 1.11 0.66 
A 1.02 -- 
B 1.11 -- 
C 1.05 -- 
D 1.04 -- 
E 1.11 -- 

B Detailed 1.24 -- 

British Columbia 

Office 1.37 -- 
Center 1.21 -- 
Edge 1.22 -- 
South 1.47 -- 
West 1.24 -- 

New Mexico 

North 1.23 -- 
- Not available. 
-- Not applicable. 
 
 

Table 4.11 Air indices used in n-factor determination 
 

Site Air Thawing Index Air Freezing Index 
Michigan 4230 321 

Alaska 2271 954 
New Mexico 6772 4 

British Columbia 3614 0 
 

4.2.4 Thermal Gradients 

Vertical thermal gradients were determined directly from field data. Figure 4.8 

presents a modified box plot of vertical gradients from Michigan Cell J. Positive 

gradients represent downward heat flow. Gradients were determined to be predominately 

negative (upward heat flow). In general, gradients varied more near the surface. The 
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whisker caps in Figure 4.8 represent the 10 and 90 percentiles and the outlier symbols 

represent the 5 and 95 percentiles. 

 

 
 

Figure 4.8. Box plot of vertical gradients at Michigan Cell J 
 

4.2.5 Thermal Properties 

The thermal diffusivities determined from field data by the phase lag and 

amplitude decrement methods are presented in Table 4.12. It was determined that the 

phase lag method provided more reliable results due to the tighter phase lag trends 

observed. The average cover thermal diffusivities determined by the phase lag method at 

each site were 5.7, 14.1, and 16.0 x 10-7 m2/s for Alaska, Michigan, and British 

Columbia, respectively. Determination of the thermal diffusivities at covers in New 

Mexico was not possible due to attenuation of the sinusoidal trends and limited sensor 

resolution at the near surface. Sinusoidal trends at control arrays in New Mexico 

attenuated at greater depth, so thermal diffusivity determination was possible. The 

average thermal diffusivity for all covers determined by the phase lag method was 

approximately 8 x 10-7 m2/s. 
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Table 4.12 Field determined thermal diffusivities 
 

Thermal Diffusivity (m2/s x 10-7) Site Cell 
Amplitude 
Decrement 

Method 

Phase Lag 
Method 

1A 4.1 3.2 
1B 9.3 4.1 
1C 3.7 2.5 Alaska 

Control 9.1 14.1 
A 9.9 8.2 
J 18.3 6.6 Michigan 

J South 8.3 7.8 
Center - - 
Edge - - 
South 6.5 12.0 
West 4.0 6.1 

New Mexico 

North 4.5 12.7 
A 19.3 25.9 
B 5.3 7.2 
C 5.7 6.1 
D 4.7 8.4 
E 40.3 8.4 

B Detailed 20.8 27.7 

British Columbia 

Office 4.0 3.3 
- Not available. 
 

4.3 Cover Numerical Model 

 Twenty-four cover simulations were analyzed by taking the temperature range, 

maximum change from initial temperature, and the average temperature at 1 m depth 

(Tables 4.13 to 4.15). Example FEA results are presented in Figure 4.9. In general, 

minimizing the cover temperature range and the change from initial temperature were 

desired (see Chapter 2). 

 Temperature range for a particular site and heat generation condition varied by 

3.2 to 5.2 °C for different seasonal placement times (Table 4.13). The heat generation 

conditions varied the temperature range by 0 to 2.4 °C for a particular site and placement 
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season. Temperature ranges varied between 13.5 and 29.2 °C for all sites, seasonal 

placement times, and heat generation conditions. Spring-time placement generally 

resulted in smaller ranges, indicating a potential preference for spring or fall placement. 

 Maximum change from initial temperature varied more than temperature range 

between seasonal placement times (Table 4.14). Spring placement resulted in a 

considerably smaller change from initial temperature, indicating that spring placement 

may have some benefit on cover performance. A reduction in change from initial 

temperature between 7.2 and 13.3 °C could be achieved by optimizing seasonal 

placement. The heat generation condition changed the maximum change from initial 

temperature for a particular site and seasonal placement by -1.1 to 2.4 °C where negative 

indicates a higher maximum change from initial temperature for a simulation without 

heat generation. The maximum change from initial temperature varied between 9.5 and 

29.2 °C for all conditions. 

 Average temperature (defined over the first ten years) demonstrated little 

variation between simulations conducted using different parameters (Table 4.15). 

Seasonal placement differences resulted in no more than a 1.2 °C difference, and the heat 

generation condition resulted in no more than a 1.9 °C difference. Average temperature 

varied greatly between sites (from 5.7 to 20.4 °C).  

 
Table 4.13 Results of temperature range analysis 

 
Temperature Range (°C) 

With Heat Generation Without Heat Generation 
Site Spring Summer Winter Spring Summer Winter

Michigan 20.4 21.5 25.0 20.0 22.1 24.2 
New Mexico 16.6 18.4 21.0 16.4 18.8 20.6 

British Columbia 15.0 14.3 19.5 13.5 13.9 17.1 
Alaska 25.8 25.8 29.2 25.8 25.8 29.0 
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Table 4.14 Results of maximum change from initial temperature analysis 
 

Maximum Change from Initial Temperature (°C) 
With Heat Generation Without Heat Generation 

Site Spring Summer Winter Spring Summer Winter
Michigan 11.7 21.5 25.0 11.1 22.1 24.2 

New Mexico 9.8 17.6 21.0 9.5 18.0 20.6 
British Columbia 11.9 9.6 19.1 9.5 10.7 16.7 

Alaska 16.6 21.8 29.2 16.5 21.8 29.0 
 

 
Table 4.15 Results of average temperature analysis 

 
Average Temperature (°C) 

With Heat Generation Without Heat Generation 
Site Spring Summer Winter Spring Summer Winter

Michigan 12.4 12.5 11.3 11.8 12.0 10.8 
New Mexico 20.1 20.4 19.7 19.8 20.1 19.4 

British Columbia 14.7 15.0 14.4 12.8 13.1 12.5 
Alaska 5.7 5.8 6.0 5.7 5.8 6.0 

 
 

Figure 4.9 provides an example of the temperature time-history at 1 m depth. The 

initial, strong sinusoidal trend is reflective of the way this model was coded; it does not 

represent temperatures a cover system would actually undergo. The square symbol 

indicates the initial placement time of the cover material. Thereafter, sinusoidal trends 

indicative of a 1 m depth are present. When the initial placement temperature is low, the 

cyclic temperature trends tend to increase in temperature with time, and vice-versa. The 

temperature range is indicated by “R”. 
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Figure 4.9 Example time-histories for New Mexico with heat generation 
 
 Spring-time placement (or fall placement, the important quality is intermediate 

temperature) should generally result in better thermal conditions in liner systems. 

Although long-term temperature conditions should be identical between different 

seasonal placement times, the maximum range or change from initial temperature a liner 

system must undergo is affected by the placement temperature and short-term conditions. 

Whether or not spring-time placement is beneficial enough for industry use would depend 

on further analysis of the potential problems of varying the maximum temperature range 

or maximum change from initial temperature in a cover system. 

4.4 Discussion of Cover Temperature Prediction 

In the event that experimental temperature data is not available for a landfill site, 

some estimations may be made about the cover temperatures using the analytical model 

presented in Sections 3.3 and 4.2. Surface mean temperature, surface amplitude, and a 

model for below-surface mean temperature and amplitude are needed to fully define the 

thermal state of a cover system. Methodology for determining each of these parameters 

will be presented in this section. 
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4.4.1 Surface Mean Temperature: n-Factors 

The mean surface cover temperature may be obtained from n-factors and air 

temperature data. When freezing does not occur, the mean surface temperature can be 

easily determined by taking the product of the thawing n-factor and the air thawing index 

and dividing by one year. When freezing is present, an iterative solution is necessary. 

4.4.2 Surface Amplitude 

In climates that have a significant amount of freezing, the surface amplitude may 

be determined with n-factors. However, when no freezing exists, the surface amplitude 

cannot be determined with n-factors. The surface amplitude is therefore recommended to 

be approximated as the air temperature amplitude (from sinusoidal regression of average 

daily temperature measurements) in the absence of field cover data. 

4.4.3 Below-Surface Mean-Temperature Models 

Below-surface mean temperature can be modeled by using the weighted-average 

method (Section 3.3.2). The simplification where the weighted-average method is 

converted into a constant mean-temperature slope with depth (e.g., 2 °C/m) can also be 

used. With these methods, only the mean surface temperature is needed to predict the 

mean temperature with depth in a cover system. 

4.4.4 Below-Surface Amplitude 

Below-surface amplitude prediction can be accomplished using the method 

presented in Section 3.3.2. Only the thermal diffusivity and the surface amplitude are 

needed for temperature amplitude prediction with depth. 
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4.4.5 Frost Depth 

 Frost depth may be determined by identifying the greatest depth at which 0 °C 

occurred (linear interpolation was performed between sensors). Only amplitude and mean 

temperature with depth need to be known. This method of analysis is conservative (it 

would over-predict frost depth) because it neglects latent heat effects. Accounting for 

latent heat effects could be done with numerical modeling. This method would be 

unconservative for very shallow frost depths where abnormally cold time periods could 

control the frost depth. This potential problem should be mitigated in practice because 

landfill covers should have a minimum protective layer to protect against threats other 

than frost. Since only the average frost depth is predicted, some method is needed to 

predict extreme events. Some margin of safety should also be included in design via a 

factor of safety or risk analysis. Normal frost-depth prediction methodologies would be 

incompatible with underlying heat generation; however, they could be used as a check or 

as a conservative design choice. Furthermore, in the very long term, significant heat 

generation may no longer be present, so the cover may behave like normal, non-heat 

generating, ground. Predictions were made for the four sites of this study using the 

prediction methodologies described in the above sections (with the 2 °C/m below-surface 

mean-temperature model chosen), and the results are juxtaposed with the observed frost 

depths (Table 4.16). The predicted frost depths are relatively similar to the average 

observed frost depths, as would be expected. The observed frost depths in cover systems 

were significantly shallower than in control ground. 
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Table 4.16 Field determined and predicted frost depths 

 
Frost Depth (m) 

Site Cell 
2003-
2004 

2004-
2005 

2005-
2006 

2006-
2007 Predicted 

1A 0.73 0.74 0.77 1.60 
1B 0.86 1.30 1.39 1.42 
1C 0.84 0.99 1.00 1.93 1.27 Alaska 

Control 3.18 3.53 3.23 3.19 -- 
A <0.15 <0.15 <0.15 <0.15 
J <0.15 0.28 <0.15 <0.15 0.52 Michigan J South 

(Control) <1 1.00 <1 <1 -- 
-- Not applicable. 
Note. Where < a depth is presented, no freezing temperature was observed at a nonzero-depth sensor. 
Otherwise, values were linearly interpolated between the deepest sensor to report frost and the next deepest 
sensor are reported. 

4.4.6 Thermal Gradients 

Thermal gradients may be determined by taking the difference between two 

temperature time-history functions at two adjacent depths and dividing by the length 

separating them. Alternatively, the derivative with respect to depth could be taken of the 

temperature time-history function. 
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CHAPTER 5: LINER ANALYSIS 

5.1 Introduction 

This chapter presents the methods of analysis for the liner temperature 

investigation. Liner temperatures were recorded with field instrumentation at several 

landfills. A numerical model developed by Liu (2007) was used to model liner 

temperatures. Details of the field investigation and modeling are described in this chapter. 

In the liner analyses, liner temperature is often reported as the temperature above mean 

annual earth temperature (Tm-earth) to eliminate some of the effect of climatic conditions. 

5.2 Liner Data Collection 

 One cell at the New Mexico field site was equipped with liner sensors. A 

horizontal array of 8 sensors was placed in Cell 2 starting from grade level, proceeding 

down the liner slope, and eventually becoming horizontal along the bottom of the cell. 

Michigan was equipped with three cells containing liner sensors: Cell D, Cell J, and Cell 

I. Two arrays were installed in Cell D. One array was in the liner system and the other 

beneath it. Eight sensors were distributed throughout the 186 m arrays in both liner and 

below-liner arrays. In addition, a vertical probe containing four additional sensors spaced 

0.25 m apart was placed in the middle of the liner array. Cell I had 11 sensors spaced 

evenly along the liner starting from grade and proceeding to the center of the cell. Two 

closely spaced sensor groupings were installed in Cell I at 26 and 55 m—these sensor 

clusters were designed to measure local variation in temperature. Ten liner sensors were 

placed in Cell J akin to those in Cell I. British Columbia did not have any dedicated liner 

sensors; however, the vertical arrays in Cells A-F reached near or past the bottom of the 
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waste masses. Starting waste placement dates used in data interpretation are presented in 

Table 5.1 for cells with liner sensors. 

 
Table 5.1 Initial waste placement dates used in data interpretation 

 
Cell Date 

New Mexico Cell 2 Floor 1/04/2001
Michigan Cell D 1/07/2003

Michigan Cell J Liner 3/31/1999
Michigan Cell I Liner 1/26/2000

British Columbia Cell A 1966 
British Columbia Cell B 1982 
British Columbia Cell C 1990 
British Columbia Cell D 1994 
British Columbia Cell E 1996 
British Columbia Cell F 1999 

Alaska Manhole 1992 
Alaska Cell 7 11/2007 

 

5.3 Liner Data Analysis 

Liner temperatures were divided into three parts: before waste placement, during 

the first year after waste placement, and long-term liner temperatures. Liner temperature 

before waste placement and during the first year was analyzed without least-squares 

regression because trends were determined to be highly variable and strongly affected by 

seasonal temperatures variation and initial placement temperature. An exponential growth 

and decay equation (Eq. 5.1) was used to represent the long-term liner temperature trends 

with time since initial waste placement (after Yesiller et al. 2005). Vertical thermal 

gradients were defined in liners the same as they were in covers. 
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where: 
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 T  = temperature (°C) 

Tm-earth  = mean annual earth temperature (°C) 

 a  = heat generation constant (years-1) 

 ψ  = heat production potential (°C) 

 b  = heat utilization constant (years-1) 

 t  = time (years) 

5.4 Liner Numerical Model 

Liu (2007) developed a thermal numerical model for landfills (see Section 2.6.3). 

In this section, the model is described in further detail and used for liner-temperature 

prediction based directly upon his model and for a parametric study of landfill 

operational conditions. 

5.4.1 Direct Prediction 

The Liu (2007) model had geometry as follows (in order from top to bottom): 

cover, waste, liner, and underlying soil. The landfill waste height was determined from 

site records (Liu 2008). Waste was added in layers to simulate the progressive fill of 

landfill cells over a period of several years. The waste placement rate, number of lifts, 

cover thickness, and total waste placement period were determined based on site records 

(Liu 2008). Soil extended 75 m below the bottom of the waste mass to simulate an 

infinite boundary. This value was selected from a convergence study. A cyclically 

repeating temperature state was allowed to be established before simulated waste 

placement was initiated. Waste was initially placed according to the approximate time of 

initial waste placement for the actual landfill cell. 
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The material properties for the cover, waste, and underlying soil were determined 

from field data, site records, and literature data. Boundary conditions used in the model 

were mean annual earth temperature (Liu 2008) at the bottom of the 75 m of underlying 

soil and surface cover temperature functions (Liu 2008). A resultant liner temperature 

time history was obtained from the node located at the interface between the waste mass 

and the underlying soil. 

5.4.2 Parametric Study 

A study was conducted to determine the influence of operational conditions on 

liner temperatures. A baseline condition was established with generic parameters, and 

select parameters were then varied individually to analyze the resulting effect. A total of 

sixteen simulations were performed to study the influence that several landfill conditions 

have on liner temperature. The baseline model parameters are presented in Table 5.2 

along with alternative values selected for the parametric study. The baseline parameters 

were selected by taking representative values of the landfills in this study. 
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Table 5.2 Generic model geometry and placement times 

 

Model Parameter 
Baseline 
Model 

Alternative 
Values 

Waste Height (m) 20 10, 40, 80 
Cap Thickness (m) 1  
Sand Thickness (m) 0.5 1, 2, 4 

Heat Generation Parameter A (W/m3) 95 10, 190 
Heat Generation Parameter B (days) 5000  
Heat Generation Parameter D (days) 120  

Surface Mean Temperature (°C) 14  
Surface Amplitude (°C) 13  

Mean Annual Earth Temperature (°C) 12  
Waste Density (kg/m3) 1000  

Waste Thermal Conductivity (J/s/m/K) 1  
Waste Heat Capacity (J/kg/K) 2000  

Cover/Subgrade Density (kg/m3) 2100  
Cover/Subgrade Thermal Conductivity W/(m/K) 2.5  

Cover/Subgrade Heat Capacity (J/kg/K) 1333  
Sand Density (kg/m3) 2000  

Sand Thermal Conductivity (J/s/m/K) 2.5  
Sand Heat Capacity (J/kg/K) 1000  

Equilibrium Time (yr) 10  
Sand Placement Time (yr) 0.25  

Waste Placement Time per Layer (yr) 0.50  
Waste Placement Rate (m/yr) 5.0 2.5, 10 

Number of Waste Layers 8  
 
 

Waste height is an operational condition which can vary significantly in practice, 

especially as old landfills are expanded. Therefore, several waste heights were selected to 

investigate their effect on liner temperature: 10, 40, and 80 m. 

In this model, a layer of sand was added that did not exist in the Liu (2007) 

model. This layer of sand can represent the protection and LCS layers of a landfill liner 

system. Since insulating liner systems is one potential way to decrease liner temperature, 

sand thickness was varied to 0.5, 1, 2, and 4 m to study the effect of sand height on liner 

temperature. 
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Since heat generation causes increased liner temperature, controlling heat 

generation would lead to significantly different liner temperatures. Controlling heat 

generation could be possible by controlling the factors that affect heat generation (as 

discussed in Chapter 2). The heat generation parameter A was therefore decreased to 10 

and increased to 190 W/m3 to measure the effect of heat generation. This was thought to 

be a reasonable range for heat generation. 

The rate at which waste is placed can vary widely. Therefore, the differences 

between waste placement rates of 2.5, 5, and 10 m/yr were investigated. 

Because the thermal conductivity of sand is high [2.5 W/(m/K)], insulating with 

demolition waste was investigated because demolition waste has low thermal 

conductivity. The demolition waste was assigned a thermal conductivity of 0.17 W/(mK), 

a density of 600 kg/m3, and a specific heat of 2700 J/(kgK) [Liu 2008]. The thermal 

conductivity of demolition waste was confirmed by estimating the thermal conductivity 

via the equivalent method (Yoshida 1997) and by using waste fractions reported by the 

U.S. EPA (1998). The effect of placing 2.5 and 5 m of demolition waste directly on top 

of the liner system was investigated 

Special geoinsulating material is also available (see Chapter 2), so the affect of 

adding one 50 mm layer of encapsulated fiberglass geoinsulation directly on top of the 

liner system was investigated [the thermal conductivity was reported as 0.013 W/(m °C)]. 

Native soil type was inexorably mentioned as one potential cause of different liner 

temperatures (see Chapter 2), so alternative subgrade thermal properties were selected to 

represent dry clay and dry peat (Table 2.2). The baseline model has thermal properties 

typical of saturated sand (Andersland and Ladanyi 2003). Dry peat and saturated sand 
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represent extremes of subgrade thermal properties in terms of their ability to remove heat 

from a landfill. Unsaturated clay is more typical for landfills due to general site selection 

criteria. 



Chapter 6  Oettle 82  

CHAPTER 6: LINER RESULTS AND DISCUSSION 

6.1 Introduction 

In this chapter, results are presented and discussed for the liner analysis described 

in Chapter 5. 

6.2 Liner Data Analysis 

Observed data will be directly presented and analyzed in this section. The analysis 

is divided into three sections, each representing three important stages of liner 

temperature: before waste placement, short-term (within one year of initial waste 

placement), and long term. Liner temperatures are initially sinusoidal, followed by a 

transition period, and completed by an exponential growth and decay curve. 

6.2.1 Before Waste Placement 

Before waste is placed, liners have no surrounding heat generation, so they will 

behave thermally like normal ground. Figures 6.1 and 6.2 present measured sinusoidal 

temperature trends in liner systems before waste placement for cells in Michigan and 

Alaska. The temperatures are almost identical for different sensors, indicating that they 

were buried at similar depths and that the horizontal position of the sensor is not very 

important. During the years that these two liner systems were left exposed, the liners 

underwent sinusoidal temperature range of about 30 °C at Michigan and 20 °C at Alaska. 
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Figure 6.1. Observed liner temperatures before waste placement at Michigan 
 
 

 
 

Figure 6.2. Observed liner temperatures before waste placement at Alaska 
 

6.2.2 First Year of Waste Placement 

Liner temperatures after initial waste placement increase beyond the mean annual 

earth temperature (Tm-earth) due to heat generated within the waste mass. Liner 
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temperature in the first year after initial waste placement sometimes changed 

significantly as the liner transitioned from the seasonal temperature at the time of initial 

waste placement to long-term temperature trends. Some liners changed 20 °C in the first 

year (see Figure 6.3 for example data). All measured liner temperature in the first year 

after waste placement transitioned from the uncovered temperature to the long-term 

temperature without peaking above or below the uncovered temperature or long-term 

temperature (i.e., it may be appropriate to assume first year temperature is between 

uncovered and long-term temperatures). 

 

 
 

Figure 6.3. Example observed liner temperatures in the  
first year after initial waste placement 

 

6.2.3 Long-Term Conditions 

Long-term liner temperatures generally increased 0.5 to 5 °C/yr for several years 

before becoming stable at an elevated level and ultimately declining. This plateauing and 

declining stage has been observed at some, but not all, arrays. Plateauing and declining 
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temperatures must occur because available organic material will eventually become 

depleted and heat will be transferred away from the landfill. 

Exponential growth and decay equations were used to represent long-term liner 

temperatures. Examples of the least-squares regression are presented in Figure 6.4 

(sensors near the middle of a cell are shown). The data from many sensors fit closely with 

the regressed equation; however, data recorded from some sensors were more erratic 

(e.g., New Mexico in Figure 6.4). The regressions of the measured data were generally 

well representative of the measured data and helped to reduce measurement errors. 
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Figure 6.4. Example data and curve fits for field liner data 
 
 

The results of all regressions are presented together in Figure 6.5. The general 

trend of increasing and declining temperature was observed in Figure 6.5; however, the 

liner temperature trends did vary significantly because data were taken at multiple sites, 

at cells with different waste heights, at different locations within a liner system, etc. The 

data show a peak liner temperature above the Tm-earth of up to 27 °C. Real temperature 

was observed up to 39 °C at the field sites of this study. 
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Data presented for Alaska Manhole may be shifted to the right of other sites 

because of a cold placement condition coupled with low heat generation at near zero 

temperatures. British Columbia A and F data may be at higher than expected 

temperatures because the location of those sensors is not precisely known. Several 

sensors at Michigan J exhibited sharp temperature changes which may have been caused 

by flowing leachate. For sensors where a sharp temperature change occurred, raw data 

was plotted after the sharp temperature change. 

 

 
 

Figure 6.5. Curve fits of observed long-term liner temperatures 
 
 

A graph with data estimated from the literature (Chapter 2), data from this study, 

and the results of the finite element analysis (presented below) is presented in Figure 6.6. 
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For all data, temperature above Tm-earth was observed as high as 35 °C. Real temperature 

was as high as 50 °C. 

 

 
 

Figure 6.6. Combined liner temperatures from literature data,  
data from this study, and the finite element analysis (presented below) 

 
 

Generally, liner sensors close to the center of a landfill cell had higher 

temperatures than sensors at the edge of a landfill cell, although this was not always true. 

Figure 6.7 presents the regressed liner temperature 7 years after initial waste placement 

for three cells which had horizontal liner sensors and data at 7 years after waste 

placement. The maximum temperature difference from one liner sensor to another was 13 
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°C (Michigan J) and the lowest was about 3 °C (New Mexico). Seasonal variations in 

liner temperature were measured at liner sensors near the perimeter edge of the liner, but 

these measurements were not used in this chapter because the focus of this chapter is on 

non-sinusoidal, primarily waste influenced temperatures. 

 

 
 

Figure 6.7. Liner temperature compared to position within the liner system 
 

6.2.4 Thermal Gradients 

Measured vertical thermal gradients at Michigan D for all three liner temperature 

periods are presented in Figure 6.8. Gradients were more varied during the exposed 

period than in the other two periods. Gradients were similar between the first year and 

long-term periods. The majority of measured gradients during the first year and long-term 

periods were between -2 and 4 °C/m. Positive gradients indicate downward heat flow. 

The average gradients were -5.0, 2.9, and 1.4 °C/m for the uncovered, first year, and 

long-term periods, respectively. The period of study included one year before waste 
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placement and 4 years after waste placement. The distance between the liner and below 

liner sensors at Michigan D was estimated as 150 mm. 

 

 
 

Figure 6.8. Measured gradients at Michigan D 
 

6.3 Liner Numerical Model 

Two main types of numerical analysis were conducted for liner temperatures. The 

first liner temperature analysis results from the direct application of the Liu (2007) 

numerical model, and the second analysis analyzed the effects of different landfill 

operational conditions. 

6.3.1 Direct Prediction 

Time-histories of these four simulations are presented in Figure 6.9. Modeled 

long-term liner temperatures were observed to remain elevated more than 10 °C above 

Tm-earth for up to 40 years after waste placement (Figure 6.9) Peak rise above Tm-earth was 

over 14 °C for the modeled landfill cells and up to 27 ° in real temperature. Peak liner 
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temperature increase above Tm-earth could also be negligible at sites with low heat 

generation. 

 

 
 

Figure 6.9. Liner temperatures from the numerical model 
 
 

Gradient between the liner and 1 m below the liner are reported in Figure 6.10 for 

the long-term conditions. Gradients no higher than 0.8 °C/m were predicted after one 

year of waste placement. Elevated thermal gradients remained above 0.2 °C/m at 

Michigan for approximately 30 years after waste placement. The thermal gradient at New 

Mexico is negative after 10 years probably due to an odd surface temperature selection. 
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Figure 6.10. Long-term liner gradients from the numerical model 
 

6.3.2 Liner Parametric Study 

Results of the parametric study outlined in Section 5.4.2 are presented in Figures 

6.11 through 6.18. It was determined that the heat generation, initial demolition waste, 

subgrade type, and waste height were the most important factors affecting liner 

temperature. Thin geoinsulation, liner sand thickness, and waste placement rate can affect 

liner temperature by several degrees. 

An increase in the heat generation constant A caused a large increase in peak 

temperature, from about 18 to 35 °C above Tm-earth. Likewise, lowering the heat 

generation parameter A to 10 caused the peak temperature to be only 4 °C above Tm-earth. 

Placing one or two layers of demolition waste on top of the liner system caused a 

significant decrease in liner temperature. This was attributed to the low thermal 

conductivity of demolition waste and the lack of heat generation in the demolition waste. 
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The temperature above the Tm-earth was decreased by approximately 2/3 when 5 m of 

demolition waste was placed on top of the liner system. 

A native soil type of dry clay increased the peak liner temperature approximately 

10 °C compared to the baseline model of saturated sand. In the most extreme case, dry 

peat could underlie a site and that was found to increase peak liner temperature by 30 °C 

over baseline conditions. Increased thermal conductivity and increased volumetric heat 

capacity of the subgrade soil were both found to decrease liner temperature. 

Waste height was also determined to be a significant contributing factor to liner 

temperature. Increasing waste height caused an increase in liner temperature. Landfills 

often choose to maximize the height of waste for cost efficiency, and this practice may 

lead to increases in liner temperature. Increasing waste height to 80 m was observed to 

cause liner temperatures to be in excess of 10 °C above the Tm-earth for over 150 years. 

Peak liner temperature above the Tm-earth can also be doubled by increasing waste height 

from 10 m to 80 m. 

 
 

Figure 6.11. Results of the parametric analysis for waste placement rate 
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Figure 6.12. Results of the parametric analysis for sand height 
 
 

 
 

Figure 6.13. Results of the parametric analysis for waste placement season 
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Figure 6.14. Results of the parametric analysis for heat generation magnitude. 
 
 

 
 

Figure 6.15. Results of the parametric analysis for placement of demolition waste directly 
over liner 
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Figure 6.16. Results of the parametric analysis for waste height 
 
 

 
 

Figure 6.17. Results of the parametric analysis for the geoinsulating material 
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Figure 6.18. Results of the parametric analysis for native soil type 
 

 
Since an increase in liner temperature can decrease the liner system performance 

(see Chapter 2), it may be appropriate to consider modifying landfill operational 

conditions to minimize landfill liner temperature. Since building tall landfills saves land 

space and is more economical and because modifying the heat generation characteristics 

of waste may be difficult to accomplish, adding an insulating layer at the bottom of a 

landfill in the form of demolition waste or another material may be pertinent. However, 

the relative effectiveness of adding a layer of demolition waste at the bottom of a landfill 

as opposed to spreading it throughout a landfill is unclear. 

6.4 Discussion of Liner Temperature Prediction 

Before waste placement occurs, liner temperatures can be determined with 

conventional earth temperature theory (e.g., Andersland and Ladanyi 2003; Carslaw and 

Jaeger 1959). Once waste placement begins liner temperature estimations can be made 

either by a numerical model or from the data reported in this thesis and in the literature. 
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The main barrier to numerical liner-temperature prediction is the determination of 

the heat generation properties of waste, although the accurate determination of other 

model parameters may not be trivial either. If a heat generation function is known, liner 

temperature could be reasonably predicted with the Liu (2007) model. Since one 

correlation for peak heat generation was proposed by Liu (2007), heat generation could 

be estimated via that method; however, since only four experimental test sites were 

available and because the model does not explicitly account for many of the variables 

thought to influence heat generation, more research is needed to create a method to 

accurately determine the heat generation model parameters. 

For engineers looking for general guidance on liner temperatures, the observed 

field data reported in this thesis, the results from the Liu (2007) model reported in this 

thesis, the parametric study findings in this thesis, and the data reported in the literature 

could be used directly. The above may provide useful guidance for the selection of 

temperature ranges for laboratory testing of liner components, for example. 
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CHAPTER 7: SUMMARY AND CONCLUSIONS 

7.1 Cover Summary and Conclusions 

In the cover study, data was observed at four field sites. Conventional earth 

temperature theory was applied to the data to extract n-factors, surface temperature 

parameters, and thermal properties. Supplemental components to conventional earth 

temperature theory were proposed to account for important thermal characteristics of 

municipal solid waste cover systems caused by underlying waste heat generation. 

Numerical modeling was conducted to assess the effect of different seasonal waste 

placement times. Based on this work, the following conclusions can be drawn: 

1. Waste cover systems exhibited the same general trends as conventional earth 

surfaces: sinusoidal seasonal trends, amplitude decrement, and increasing phase lag 

with depth. 

2. Temperatures in landfill cover systems were at least as warm as or warmer than 

adjacent ground without underlying waste. 

3. Temperatures measured directly at the surface were not representative of average 

surface conditions. Extrapolating thermal conditions from below the surface to the 

surface provided more representative information. 

4. Mean cover temperature increased with depth. This would not occur in ground 

without underlying waste. The weighted-average method was developed to 

approximate mean temperature distribution within a cover system. The weighting 

factors were calibrated from observed field data, and the weighting factors relate 

mean air temperature, mean surface temperature, and mean below surface 
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temperature at a specific depth. The weighted-average method can be simplified to an 

increase in mean cover temperature of 2 °C per meter depth. 

5. n-Factors were determined for each landfill site. The average cover thawing n-factor 

over all sites was determined to be 1.19, and the cover thawing n-factor at Alaska was 

determined to be 0.63. The cover thawing n-factor was slightly larger than for control 

locations. The cover freezing n-factor was slightly smaller than for control locations. 

6. Vertical cover thermal gradients primarily indicated upward heat flow. The extreme 

10th and 90th percentiles for any depth of measured gradients were between 12 °C/m 

upward heat flow and 5 °C/m downward heat flow. The range of measured gradients 

generally decreased with depth. 

7. Frost depths were significantly lower for landfill covers than surrounding native soil. 

Negligible freezing occurred in landfill covers systems at Michigan whereas 

approximately 1 m of freezing occurred in native soil. At Alaska, over 3 m of frost 

was consistently observed in native subgrade whereas cover systems often froze less 

than 1 m and were never observed to freeze more than 2 m. 

8. Spring and fall were determined to be optimal seasons for cover placement. This was 

determined because temperate seasonal temperatures reduced the temperature range 

and change from initial temperature that cover system components (e.g., a 

geomembrane) would undergo. 

9. A composite cover thermal diffusivity was determined at each site. An average cover 

thermal diffusivity using the phase lag method was determined to be approximately 8 

x 10-7 m2/s. 
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10. Cover temperature predictions can now be made at sites other than those in this study. 

n-factors, thermal diffusivity, and site specific air data are necessary to approximate 

expected cover temperatures. 

7.2 Liner Summary and Conclusions 

In the liner study, data was observed at four field sites. Data were reduced to 

highlight the trends of the observed data. A published finite element model was used to 

estimate long-term liner temperature. A baseline version of this finite element model was 

used to evaluate the effect of changing operational conditions. Based on this work, the 

following conclusions can be drawn: 

1. Liner temperature can be divided into three stages for modeling: before waste 

placement, just after waste placement, and long term (the long-term temperatures 

have several stages too). Before waste is placed, liners can be analyzed with 

conventional earth theory. In the first year after initial waste placement, liner 

temperatures transition from the seasonal temperature at the time of initial waste 

placement to the long-term temperature trends. Long-term liner temperatures 

generally increased 0.5 to 5 °C/yr for several years after placement before peaking 

and declining. 

2. Observed field conditions indicated liner temperature up to 35 °C above the mean 

annual earth temperature. Real temperatures were observed up to 50 °C (both of these 

temperatures are from literature data). According to the Liu (2007) numerical model, 

long-term liner temperatures were observed to remain elevated more than 10 °C 

above Tm-earth for up to 40 years after waste placement. 
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3. Observed field data indicate more extreme and varied vertical thermal gradients are 

present before waste placement than after waste placement. Gradients observed 

between the first and fourth year after initial waste placement averaged 1.4 °C/m and 

indicated downward heat flow. According to the Liu (2007) numerical model, 

gradients no higher than 0.8 °C/m were predicted after one year of waste placement. 

Elevated thermal gradients remained above 0.2 °C/m for up to 30 years after waste 

placement. 

4. The heat generation characteristics of waste, liner insulation, native soil thermal 

properties, and waste height were determined to be the most important of the 

investigated factors affecting liner temperature in a parametric study. Low waste heat 

generation caused a small increase in liner temperature increase whereas high heat 

generation caused a liner temperature increase of over 35 °C. Insulating a liner system 

with 5 m meters of low-thermal-conductivity demolition waste can reduce the 

increase in liner temperature by approximately 2/3. Increasing waste height to 80 m 

caused liner temperatures to be in excess of 10 °C beyond the mean annual earth 

temperature for over 150 years. Implementing operational conditions which reduce 

liner temperature increase and liner thermal gradients may have beneficial effects on 

liner performance. 

5. Although the general trends, orders of magnitude, and relative effect of influencing 

factors on liner temperature were established, strict prediction of liner temperatures 

will require further research on the heat generation characteristics of waste. 
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7.3 Recommendations for Future Study 

1. Obtaining well documented field data at as many sites as possible, especially in 

covers in freezing climates and in liners, would be useful. Increased field data at 

covers in freezing climates could potential enable the development of a probabilistic 

relationship between frost depth in cover and frost depth in native soil or the air 

freezing index. Increased liner temperature data could shed more light on the 

potential range of temperatures in liner systems. 

2. More work needs to be done to quantify the effects of temperature on barrier 

performance. If this were accomplished, it could be determined if thermal 

considerations were necessary in landfill design and what particular thermal aspects 

(e.g., thermal gradients or change from initial temperature) need to be further studied. 
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APPENDIX A: LINER TEMPERATURE REGRESSIONS 

Table A.1 Liner equation parameters from regression of Michigan field data 
 

Cell Sensor (m) a (years-1) ψ (°C) b (years-1) R2 
26 1.71E+01 5.37 -0.118 0.62 

36.5 1.53E-01 27.4 0.153 0.83 
50 2.68E-02 99.2 0.014 0.89 
55 8.10E-03 309 0.007 0.86 
60 3.47E-02 71.8 0.035 0.89 

77.5 2.00E-04 8114 -0.122 0.82 
108 4.00E-04 4558 -0.001 0.91 
139 2.00E-04 8473 -0.054 0.90 
169 1.00E-04 14447 -0.069 0.85 
26N 3.96E-06 2371154 1.122 0.19 
26S 1.53E-06 7373135 1.413 0.18 
26U 1.26E-06 6103911 0.887 0.25 
26L 6.13E-07 12404027 0.894 0.30 
55N 5.45E-02 54.6 0.055 0.92 
55S 4.78E-02 53.6 0.048 0.88 

55NW 1.23E-02 210 0.012 0.91 
55NE 5.34E-02 54.3 0.054 0.92 
55SW 2.28E-02 102 0.023 0.92 

I 

55SE 7.78E-01 4.74 -0.262 0.80 
30 2.87E-07 28189689 1.092 0.14 

39.5 7.10E-01 14.4 0.018 0.84 
52 1.48E-06 2200262 0.466 0.30 
61 1.15E-01 51.6 0.114 0.97 

91.5 1.17E-01 53.8 0.117 0.88 
122 6.08E-01 12.7 -0.048 0.92 

152.5 1.80E-01 50.8 0.180 0.96 

J 

183 8.36E-01 14.2 -0.061 0.93 
35 3.56E-02 51.5 0.036 0.83 
46 4.95E+00 -88.6 4.951 0.61 
57 1.63E-05 31656 -0.501 0.88 
93 6.68E-05 28757 -0.095 0.88 
116 1.41E-01 34.5 0.141 0.88 
154 2.72E-02 129 0.027 0.89 

D 

186 1.08E-05 87350 -0.341 0.81 
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Table A.2 Liner equation parameters from regression of other field data 
 

Site/Cell Sensor (m) a (years-1) ψ (°C) b (years-1) R2 
BC/A 17 -3.50E-01 -- 27.09 0.65 
BC/B 19 -4.30E-01 -- 17.92 0.28 
BC/C 17 6.96E-02 444.1 1.3507 0.83 
BC/D 17 5.32E-02 23.37 0.0532 0.47 
BC/E 17 4.04E-02 28.15 0.0404 0.71 
BC/F 176 3.04E-05 388085 0.4137 0.05 

18 2.78E-01 21.05 0.2776 0.10 
34 1.38E-01 21.69 0.1382 0.32 
65 8.94E-02 32.02 0.0894 0.51 
100 2.48E-01 16.44 0.2481 0.02 
125 1.68E-01 24.77 0.1675 0.36 
156 1.63E-01 27.26 0.1629 0.46 

NM/2 

186 1.76E-01 28.54 0.1759 0.33 
AK/MH 60 1.00E-04 1127 -0.2212 0.58 

-- Not applicable. 
Note. BC/A and BC/B were regressed with a liner equation where a is the slope and b is the y-intercept. 

 
 

Table A.3 Liner equation parameters from regression of finite element analysis results 
 

Site a (years-1) ψ (°C) b (years-1) R2 
Michigan 0.0216 101 0.1009 0.97 

Note. This regression was not used previously in the thesis; it is presented here to show the applicability of 
the growth and decay model and to show typical parameter values for smooth, long-term trends. 
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APPENDIX B: ACTUAL LINER TEMPERATURE  

 
 

Figure B.1. Reproduction of Figure 6.6 without mean annual earth temperature 
subtracted. 
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