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Abstract 

Landfill facilities are required to have a barrier system that will limit escape of contaminants to 

groundwater and surface water for the contaminating lifespan of landfill. Heat generated by the 

biodegradation of waste and chemical reactions in landfills reduces the service-life of 

geomembranes by accelerating the ageing process of high-density polyethylene. It may also lead 

to the desiccation of clay components of the liners.   

Four considerations with respect to the evaluation of the potential effects of liner 

temperature on the service-life of liners and the potential control of liner temperature are 

examined. For the first time, the likely temperature and service-life of a secondary geomembrane 

in a double composite lining system is predicted. It is shown that, in some cases, the temperature 

is likely to be high enough to substantially reduce the service-life of the secondary geomembrane. 

The possible effectiveness of using tire chips as passive thermal insulation between the primary 

and secondary liners, as well as traditional soil materials, is then explored. For the barrier system 

and contaminant examined, the results show that tire chips could potentially lower the 

temperature of the secondary geomembrane sufficiently to significantly extend its service-life. 

However, the use of tire chips brings about other practical issues, which are also discussed in this 

study. An active alternative method of controlling the increase in the landfill liner temperature is 

then examined.  This approach, which is inspired by geothermal heat pumps, involves an array of 

cooling pipes beneath the waste. Numerical modelling showed that the hypotetical introduction of 

the cooling pipes resulted in a reasonable decrease in liner temperature. It is suggested that the 

proposed technique warrants further consideration. Finally the conditions that may lead to the 

desiccation of geosynthetic clay liners used in composite liners due to waste generated heat are 

examined and recommendations regarding possible means of mitigating the effects of heat on the 
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performance of GCLs are presented. For example, numerical modelling shows that the hydration 

of GCL prior to waste placement, liner temperature, overburden stress, depth to aquifer and 

moisture content and grain size of subsoil affect desiccation. 
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Chapter 1 

Introduction 

 

1.1 Problem definition 

Modern landfill facilities often have a barrier system, which limits the environmental impact of 

waste disposal to a negligible level for the contaminating lifespan of landfills (the contaminating 

lifespan of a landfill is potentially in excess of a century to possibly many centuries, Rowe, 

2005). Typically, the barrier system includes a leachate collection system, which is a granular 

layer or geonet and perforated pipes; and a liner system, which may range from a thick clay 

deposit to an engineered liner. Composite liners involving a layer of geomembrane (GMB) over 

a compacted clay liner or a geosynthetic clay liner (GCL) have gained widespread acceptance as 

engineered liner systems in landfills.  The data collected from operating landfills suggests that 

these systems, provided that they are well-designed and constructed, perform well during at least 

the first few decades of the operation of landfills (Rowe, 2005; Bonaparte et al., 2002). However, 

their long-term performance in a landfill environment is still unknown. 

Heat generated by the biodegradation or hydration of waste in a landfill has the potential 

to impair the long-term performance of liner components. Elevated temperature affects the 

hydraulic conductivity and diffusion coefficient of liner systems (Collins, 1993; Rowe, 1998). 

More importantly, it reduces the service-life of GMBs by accelerating the degradation of high-

density polyethylene (the main component of a GMB) and it may result in the desiccation of 

GCLs (Rowe, 2005).  
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Data collected from landfills shows that the temperature on a landfill liner may reach 30-

40oC for a typical municipal solid waste (MSW) landfill and potentially up to 60oC for a 

moisture-augmented landfill (Rowe and Hoor, 2009; Rowe and Islam, 2009). Even higher 

temperatures have been observed in landfills containing reactive wastes such as aluminum 

production wastes. Calder and Stark (2010) and Martin et al. (2011) reported temperatures in 

excess of 100oC in the body of municipal solid waste landfills experiencing aluminum reaction, 

but no liner temperature was reported. Liner temperature can be affected by a number of factors 

including the nature of waste, the rate of landfilling, and the availability of moisture (Rowe, 

2009). While these can be controlled to some extent, the question arises as to whether other 

measures could be taken to control liner temperature if the temperature is expected to approach 

unacceptable levels in terms of the potential impact on liner service-life. 

Due to the temperature difference between the heated liner and the relatively cooler 

groundwater below, the moisture transfers from the upper part of the liner to the cooler subsoil. 

This may result in the desiccation of the GCL component (Rowe, 2005). Laboratory tests 

investigated the desiccation of GCLs in landfill final covers due to wet-dry and freeze-thaw 

cycles (Boardman and Daniel, 1996; James et al., 1997; Melchior, 1997; Lin and Benson, 2000; 

Sivakumar Babu et al., 2002; Sporer and Gartung, 2002; Bouazza et al., 2007), but the conditions 

at the bottom of landfills are quite different from the covers. The stress and heat are more 

consistent as compared to the cyclic nature of the cover environment. Southen and Rowe (2004, 

2005a) and Southen (2005) performed small-scale and large-scale tests to simulate moisture 

movement in single composite liner barrier systems and to observe the effect of different 

parameters on the desiccation of the GCL component.  These tests were also numerically 

simulated (Southen and Rowe, 2005b; Southen, 2005) in order to assess the correctness and 
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accuracy of the two numerical models that have been developed to simulate heat and moisture 

movement in landfill liners (Dӧll, 1997; Zhou and Rowe, 2003). The work performed by Southen 

(2005) shows that there is a potential for desiccation, but he also recommends that this can be 

mitigated by appropriate design and construction. This is an area in which more research is 

needed. 

Elevated temperature may also accelerate the degradation of GMBs (Rowe, 2005). A 

GMB may be expected to undergo some degree of degradation during its service-life (Rowe, 

2005). Degradation causes the breakdown of polymer chains and, consequently, changes in the 

physical and mechanical properties of a GMB, which eventually leads to the failure of the GMB 

(Hsuan and Koerner, 1998). Prior to the failure of a GMB in a landfill liner, the peak impact of 

contaminants in groundwater is mainly controlled by diffusion through the GMB and GCL 

(Rowe, 2005). After the failure of the GMB, the dominant contaminant transport mechanism will 

be advection (Rowe, 2005). The early failure of the GMB may result in a significant increase in 

the peak impact of contaminants above common drinking-water objectives (Rowe, 2005). 

Polymer degradation increases exponentially with temperature (Hsuan and Koerner, 1998). For 

example, tests conducted on a GMB sample immersed in leachate showed that its service-life 

might significantly drop from approximately 900 to 1200 years at 20oC to 50 to 65 years at 50oC 

(Rimal, 2009). 

A number of experimental studies investigated the durability of GMBs in direct or 

indirect contact with leachate (e.g. Hsuan and Koerner, 1998; Sangam and Rowe, 2002; Muller 

and Jacob, 2003; Gulec et al., 2004; Rowe and Rimal, 2008a, b; Rowe et al., 2008; Rowe et al., 

2009; Rowe et al,. 2010a, b; Islam and Rowe, 2009). Nonetheless, it is necessary to have an 

estimate of the GMB’s temperature in addition to the experimental results noted above to predict 
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the service-life of a GMB as a part of a landfill liner system. Rowe and Islam (2009) examined 

the effect of liner temperature on the service-life of primary GMBs.  Based on the data available, 

Rowe and Islam (2009) showed that the service-life of a primary GMB might not be sufficient to 

provide adequate environmental protection. Until there is enough evidence to support the 

adequate service-life of a primary GMB a double-lined system is recommended (Rowe, 2005), 

since it might provide better protection.  

Rowe (2005) modeled a double-lined system and showed that the failure of the primary 

GMB had negligible impact on the groundwater until the failure of the secondary GMB. In 

general, in a double composite liner, the service-life of a secondary GMB might be different from 

that of a primary GMB due to the difference in exposure conditions. Given that the leachate 

reaching the secondary GMB has already passed through the primary clay liner, the secondary 

GMB is expected to be in contact with a lower concentration of contaminants. Also, the 

secondary GMB is expected to be at a lower temperature than the primary GMB since it is farther 

from the waste (Rowe, 2005). 

Ontario Regulations 232/98 under the Ontario Environmental Protection Act requires that 

the service-life of secondary GMBs exceed 350 years (MoE, 1998). However, until now, no one 

has studied the impact of temperature on the service-life of secondary GMBs and the measures 

that can be taken to ensure this service-life. This area requires more research. 

One approach to controlling liner temperature which was initially examined by Rowe et 

al. (2007) involves the application of heat exchanger technology. The preliminary study 

performed by Rowe et al. (2007) for a simple case with no heat generation inside the landfill 

showed promising results, but further investigation is required to better evaluate the feasibility of 

this technique. Benson et al. (1996) examined different insulation materials that could be used to 
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protect landfill liners from frost prior to waste placement. Of the materials examined, tire chips 

were found to be very effective. However, no study has been performed to explore the potential 

use of tire chips as thermal insulation to reduce the temperature of secondary GMBs after waste 

disposal. These two options warrant further examination.  

 

1.2 Scope of thesis 

This thesis evaluates the potential effects of liner temperature on the service-life of secondary 

GMBs and the desiccation of GCLs, as well as the strategies to control liner temperature. 

The objectives are: 

• predict the likely temperature and service-life of a secondary GMB in a double 

composite liner system;  

• explore two potential temperature control strategies:  

o thermally separating the secondary liner from the primary liner using tire 

chips as well as traditional soil materials; 

o installing an array of cooling pipes beneath the waste; and,  

• investigate the conditions likely to cause the desiccation of GCLs and strategies to 

mitigate the potential for desiccation. 

 

1.3 Thesis outline 

This thesis includes six chapters: an introduction (Chapter 1); four independent manuscripts 

(Chapter 2-5) with relevant introduction, results and conclusions, but without an abstract; and 

conclusions and recommendations (Chapter 6). Additional information is provided in the 

Appendices. 
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Chapter 2 presents the results of a numerical study conducted to predict the temperature 

and service-life of a secondary GMB in a double composite liner system. The heat flow through 

double composite landfill liner systems is modelled for different liner configurations and different 

modes of landfill operation. The estimated temperature together with the experimental data 

published by Rowe and Rimal (2008a, b) are used to predict the likely service-life of the 

secondary GMB and to compare this with the service-life of the primary GMB. The chapter 

provides insight regarding the effect of the geometry and thickness of a liner and the depth to the 

aquifer on the temperature of the secondary GMB. Material presented in this chapter has been 

published in Geosynthetics International as “Predicted temperatures and service-lives of 

secondary GMB landfill liners” by Rowe and Hoor (2009). 

Chapter 3 explores the possible effectiveness of using tire chips as passive thermal 

insulation between primary and secondary liners compared to traditional soil materials. The effect 

of insulation on prolonging the service-life of a secondary GMB and, consequently, on 

contaminant transport through a liner system is examined for the case of a volatile organic 

compound (Dichloromethane, DCM) found in landfill leachate. This chapter will be submitted 

to Waste Management Journal as a manuscript titled “Application of tire chips to reduce the 

temperature of secondary geomembranes in MSW landfills” by Hoor and Rowe. 

Chapter 4 examines an active method of controlling the increase in landfill liner 

temperature. The design, which is inspired by geothermal heat pumps, involves the installation of 

an array of cooling pipes beneath the waste. The feasibility of the system for cooling the liner is 

examined by performing a series of numerical analyses for conditions based on the Tokyo Port 

Landfill. The effect of the key design features of the cooling system, such as pipe layout, pipe 

spacing, and coolant flow rate on the temperature and the service-life of a GMB hypothetically 



 

 

 

7 

installed at the bottom of the Tokyo Port Landfill, is examined. This chapter has been published 

in the ASCE Journal of Environmental Engineering as “Numerical examination of a method for 

reducing the temperature of municipal solid waste landfill liners” by Rowe et al. (2010c). 

Chapter 5 examines the conditions likely to cause the desiccation of a GCL and provides 

recommendations regarding possible means of mitigating the effects of heat on the GCL 

performance. A thermo-hydro-mechanical model is used to simulate thermally driven moisture 

movement within a landfill barrier system. The influence of the properties of the subsoil, as well 

as the effect of the water content of the GCL prior to waste placement, the water content of the 

subsoil and the method of operation of the landfill on the likelihood of desiccation, are examined. 

This chapter will be submitted to the ASCE Journal of Geotechnical and Geoenvironmental 

Engineering as a manuscript titled “Potential for desiccation of geosynthetic clay liners used in 

barrier systems” by Hoor and Rowe. 

 

1.4 Original contributions 

A number of original contributions have been made in this thesis and they are summarized as 

follows:  

• This thesis predicts, for the first time, the likely temperature and service-life of a 

secondary GMB in a double composite liner system. It predicts that, in some 

circumstances, the temperature may be high enough to substantially reduce the service-

life of the secondary GMB. This is expected to provide valuable information regarding 

the long-term performance of GMBs to landfill engineers, operators and regulators. 

• This thesis proposes two innovative solutions to reduce the temperature of landfill liners. 

Tire chips have previously been used to provide frost protection prior to landfilling. This 
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study examines, for the first time, the use of tire chips to lower the temperature of 

secondary GMBs after waste disposal. The idea of using an array of cooling pipes at the 

bottom of landfills has been developed based on the concept of geothermal heat pumps. 

This thesis examines the feasibility of using this technique in landfills. 

• The conditions likely to cause the desiccation of GCLs are explored in this thesis. This 

study expands to the preliminary work by Southen (2005) based on additional data on the 

water retention curves of GCLs. It also explores the effect of the water content of a GCL 

prior to waste placement, the properties and water content of the foundation soil and the 

method of operation of the landfill on the potential for GCL desiccation. 
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Chapter 2 

Predicted temperatures and service-lives of secondary geomembrane 

landfill liners 

 

2.1 Introduction 

To provide protection of ground water from contamination, modern municipal solid waste landfill 

facilities are expected to have a barrier system that will protect the environment for the 

contaminating life-span of landfill (expected to be hundreds of years; Rowe et al., 2004).  

Meeting this requirement requires consideration of the factors that can affect leakage through 

composite liners (Rowe, 2005; El-Zein and Rowe, 2008; Saidi et al., 2008) and the long-term 

performance of the geomembrane (GMB) such as wrinkles and tensile strains in the GMB (e.g. 

Take et al., 2007; Thusyanthan et al., 2007; Brachman and Gudina, 2008a, b; Fowmes et al., 

2008). An additional important factor influencing the long-term performance of GMB liners is the 

liner temperature (Rowe, 2005).  

Both the biodegradation of organic waste and the hydration of ash can generate heat 

which is transmitted to the primary liner. For example temperatures of 30-40 oC have been 

observed at the base of MSW landfills with an operating leachate collections system (Rowe, 

2005; see also “Dry cell” reported by Koerner and Koerner 2006 and Koerner et al. 2008 in 

Figure 2.1). Higher temperatures have been observed at the base of landfills without leachate 

collection system or where the collection system has failed.  For example, at the Tokyo Port 

landfill (Japan) the maximum basal temperature reached 50oC and after 20 years is still above 

40oC (Figure 2.1).  By increasing the availability of moisture, such as when landfill is operated as 
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bioreactor, the temperature in the body of landfill and on liner may increase. Thus, the moisture-

augmented “wet cell” at a landfill in Pennsylvania generated temperatures higher than 50oC after 

about 5 years operation (Figure 2.1). In contrast, the maximum liner temperature in normal “dry 

cell” at the same landfill reached 30-35oC (Koerner et al., 2008). Likewise, Yesiller and Hanson’s 

(2003) limited monitoring of temperature at another US landfill confirms that leachate 

recirculation increases the landfill, and hence liner, temperature. 

Elevated temperature accelerates aging of a GMB (Hsuan and Koerner, 1998; Rowe, 

1998; Sangam and Rowe, 2002; Rowe and Rimal, 2008a, b; Rowe et al 2008). High temperature 

at the GMB in a composite liner system also gives rise to thermal gradients from the GMB to 

depth in the surrounding soil. This thermal gradient induces moisture to move away from the 

upper part of the liner and may result in the desiccation of the clay component (Holzlöhner, 1990; 

Gottheil and Brauns, 1994; Döll, 1997; Heibrock, 1997; Philip et al., 2002; Zhou and Rowe, 

2003; Southen and Rowe, 2004; Southen and Rowe, 2005a and 2005b; Rowe, 2005). 

To predict the service-life (SL) of liner components, it is necessary to have an estimate of 

the liner temperature. Numerical analyses have been performed to model heat transfer in the body 

of landfill and in landfill liner (Yoshida et al., 1997; Yoshida and Rowe, 2003; Hanson et al., 

2005). Yoshida and co-workers (Yoshida et al., 1997; Yoshida and Rowe, 2003) modelled heat 

transport due to conduction and water flow in a landfill and predicted the temperature at the base 

of the landfill. This model simulated heat generation due to aerobic and anaerobic degradation 

processes. The likely temperature was examined for different heat generation scenarios and for 

different cover and liner drainage conditions.  Rowe (2005), Koerner and Koerner (2006) and 

Koerner et al. (2008) have reported the observed temperatures at the top of the primary liner in 

landfills.  These approaches provided the temperature needed to predict the SL of the primary 
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geomembrane (PGMB) and the upper thermal boundary conditions for modelling of potential 

desiccation of underlying clay liners (Döll, 1997; Heibrock, 1997; Philip et al., 2002; Zhou and 

Rowe, 2003; Rowe, 2005; Chapter 5). 

Previous studies have focused on single liner systems and predictions have been made of 

the SL of the PGMB (Rowe, 2005).  However, to date, no one has examined the likely 

temperature of the secondary geomembrane (SGMB) in a double-lined landfill and the 

implications of this for the potential SL of the SGMB. Thus, the objective of this study is to 

theoretically examine the likely temperature of the SGMB in a double composite liner for a 

number of different configurations of the landfill barrier system and different modes of operation 

of landfill. These results will then be used to assess the likely SL of the SGMB and compare this 

with the corresponding prediction of the SL of the PGMB.  

 

2.2 Theory 

For a heterogeneous material, heat transport in three dimensions is given by: 
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where xλ , yλ and zλ  are thermal conductivity in x, y and z directions, q  is the volume energy 

addition, ρ is material density, c is specific heat (the product cρ  is called heat capacity), T is 

temperature and t is time.  

Due to the large areal extent of landfill liner compared to its thickness, a one-dimensional 

model is generally sufficient for modelling heat flow. Assuming one-dimensional conditions and 

that no energy is added or taken out of the system, Equation 2.1 reduces to: 
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where α is called thermal diffusivity.  We seek a solution to Equation 2.3 subject to a specified 

temperature boundary condition at the PGMB and a specified constant temperature at an 

underlying aquifer (assumed to be flowing fast enough to prevent the build-up of heat in the 

groundwater). 

 

2.3 Parameters 

The thermal conductivity, thermal diffusivity and/or heat capacity are required for simulating heat 

conduction (knowing any two of these parameters, one can calculate the third). For soil liners and 

drainage layers, the thermal properties can be directly estimated from published data. Since little 

has been published regarding the thermal properties of geosynthetics, they were calculated based 

on the properties of their components. 

2.3.1 Thermal conductivity 

Thermal conductivity of soil: The thermal conductivity of soil depends on the soil structure, 

number and nature of contacts between soil particles and volumetric fraction of the water, gas and 

solid phases (Farouki, 1986) and hence depends on the dry density, porosity, and volumetric 

moisture content (or degree of saturation) of the soil.  For dry soil, the higher the porosity (or the 

lower the density), the lower the thermal conductivity. For wet soil, the relationship between 

thermal conductivity and porosity is more complex.  For example, in saturated case, higher 
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porosity only corresponds to lower thermal conductivity when the thermal conductivity of soil 

particles is greater than that of the water (Farouki, 1986).  For a given unsaturated soil, an 

increase in moisture content results in an increase in thermal conductivity (Salomone and Kovacs, 

1984; Salomone et al., 1984; Salomone and Marlow, 1989; Becker et al., 1992). In addition to the 

aforementioned factors, mineral composition, grain-size distribution, and particle shape may 

affect thermal conductivity.  

Published data from the soils of known composition and/or classification was collected, 

grouped according to soil type, and plotted against the degree of saturation (Figures 2.2 to 2.5). It 

should be noted that only some of the data was directly reported with the degree of saturation.  

For the data reported with moisture content, degree of saturation was calculated based on the 

reported or typical values of void ratio to allow all data to be collected onto one plot.  

Despite the increasing trend observed between thermal conductivity and degree of 

saturation (Figures 2.2- 2.5), the data is considerably scattered. The variability of data raises the 

question as to what extent the uncertainty regarding thermal properties would affect the predicted 

temperature at the SGMB. To answer this question a series of sensitivity analyses were performed 

as discussed later. For the sensitivity analyses the upper and lower bounds of thermal 

conductivity were chosen to be the upper and lower limits of the 95% prediction intervals shown 

in Figures 2.2 to 2.5. A prediction interval is an estimate of an interval in which future 

observations will fall, with a certain probability (95% in this case), given what has already been 

observed. In this study, the 95% prediction intervals are calculated assuming a linear relationship 

between the thermal conductivity and the degree of saturation (i.e. linear regression line). 

However, this is only an approximation, since the relationship between thermal conductivity and 

degree of saturation may not necessarily be linear.  
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Thermal conductivity of geosynthetics: Due to the paucity of measured data, the thermal 

conductivity of the geosynthetics typically used in a landfill barrier system was calculated based 

on the properties of their constituents. Since a high density polyethylene (HDPE) GMB used in 

landfill liners is predominately (~97%) HDPE, the thermal conductivity was taken to be within 

the range of the values reported for HDPE (i.e. 0.46 to 0.51 W/moC; Dean, 1999). Since a 

geotextile and a geonet are porous, the relationship between their thermal conductivity and that of 

the constituents (water, air and polymer) is complex and depends on the arrangement of the 

constituents as well as their thermal conductivity and volumetric fraction. Two extremes can be 

assumed for particle arrangement: parallel and series arrangements. Thermal conductivity of the 

real case will typically fall between these two bounds (called Wiener bounds, Birch and Clark, 

1940). For the sensitivity analyses, the Wiener bounds were used as the maximum and minimum 

limits for the thermal conductivity for geotextiles and geonets. For GCLs, the thermal 

conductivity was calculated based on the values for a layer of bentonite and two layers of 

geotextile. 

2.3.2 Heat capacity 

Heat capacity of a porous material can be obtained using the weighted sum of those of its 

constituents: 

ii
i

i xcc ∑= ρρ          (2.4) 

where ρi, ci and xi are density, specific heat and volumetric fraction of the ith constituent, 

respectively. For soil, Equation 2.4 can be rewritten in terms of n (porosity) and S (degree of 

saturation): 
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where the subscripts s, w and a denote solid particles, water and air.  A similar approach was 

adopted for geotextiles and geonets. 

2.3.3 Thermal diffusivity 

Thermal diffusivity (α) is given by: 

cρ
λα =          (2.6) 

In this study, the maximum and minimum values of thermal conductivity and heat 

capacity were obtained as described above and the thermal diffusivity was then calculated using 

Equation 2.6. Table 2.1 shows the range of thermal diffusivity values used for this analysis. 

 

2.4 Modelling 

The governing differential equation was solved using the finite layer technique (POLLUTE v7, 

Rowe and Booker, 2005) for specified top liner and aquifer temperatures. As a base case, 

analyses were performed for a 30oC difference in temperature between PGMB (upper boundary) 

and aquifer (lower boundary) corresponding, for example to a liner temperature of 40oC and an 

aquifer temperature of 10oC. However, since the temperature profile is a linear function of the 

temperature difference, the results for other combinations of thermal boundary conditions can 

easily be calculated from these results.  Thus, if the liner temperature were 30oC and the aquifer 

10oC giving a 20oC difference, the increase in liner temperature would be 2/3 of that calculated 

for a difference of 30oC.  

The temperature profile was calculated for the different likely configurations of landfill 

barrier systems shown in Figure 2.6. The liners shown in Figure 2.6a involve only geosynthetic 

materials while those in the other cases considered comprised both soil and geosynthetics. The 
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thickness of various barrier system components considered is given in Table 2.2. Geotextile 

protection layers above the GMB and filter layers above the gravel were neglected since trial 

analyses showed that they had negligible (less than 0.1oC) effect on the predicted SGMB 

temperatures. Analyses were conducted to examine the effect of material properties and liner 

configurations on the temperature level of the SGMB liner.  It was assumed that there was no 

active effort to move air in the leak detection system (LDS) and hence no cooling of the SGMB 

due to air exchange in the LDS. 

 

2.5 Temperature results 

To examine the sensitivity of the SGMB temperature to thermal properties, analyses were 

performed for both the upper (denoted by maximum α) and lower (denoted by minimum α) limits 

of the thermal diffusivities as given in Table 2.1. Figure 2.7 shows calculated temperature profile 

for an “all geosynthetic” barrier system (Figure 2.6a) and Figure 2.8 focuses on temperature in its 

geosynthetic components. Depth zero is the top of the PGMB. It can be seen that thermal 

diffusivity does not significantly influence the final temperature profile although it affects the 

time it takes for temperature to reach steady state. This is because thermal conductivity of the 

components of the barrier system does not differ sufficiently to have a significant effect on 

temperature profile. The time required to come to thermal equilibrium is quite short. Even for 

minimum thermal diffusivity, it took less than 2 years to come to thermal equilibrium. The 

temperature of the SGMB was almost as high as PGMB (a rise of 29.7-29.8oC for the SGMB as 

compared to 30oC for the PGMB).  In this case any difference in SL of the PGMB and SGMB 

will be due to the difference in exposure to leachate as discussed in the next section.  
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For the barrier system comprised of both soil and geosynthetics (Figure 2.6b), the results 

obtained for the maximum and minimum thermal diffusivities were not significantly different 

(Figure 2.9) at steady state. However for the minimum diffusivity, it took much longer to reach 

thermal equilibrium (3.6 years) than for the maximum diffusivity (0.8 years).  The predicted 

SGMB temperatures are compared in Figure 2.10 and Table 2.3 for the systems shown in Figures 

2.6a and 2.6b. Temperature in an “all geosynthetic” barrier system was 1-10oC higher than a 

barrier system involving both soil and geosynthetics. Thus the geometry of barrier system and 

thickness of liners affect the final temperature of the SGMB. Moreover, Figure 2.10 confirms that 

for the range of thermal diffusivities examined, the final temperature of the SGMB was not 

particularly sensitive to thermal diffusivity, varying by a maximum of 2.6oC for the system shown 

in Figure 2.6b. 

To aid in the understanding of the factors affecting the temperature of the SGMB, three 

different landfill liners, two of similar thickness (Figures 2.6b and c) and one thinner (Figure 

2.6d) were examined. Heat transfer was simulated for the average thermal diffusivity. As shown 

in Figure 2.11, a decrease in primary liner thickness resulted in higher temperature on secondary 

liner.  

The distance from thermal boundaries (e.g. thickness of primary liner) is an important 

factor influencing the secondary liner temperature. To illustrate this effect, the case shown 

schematically in Figure 2.6c was examined for different thicknesses of primary compacted clay 

liner. As shown in Figure 2.12, an increase in the thickness of primary CCL from 0.5m to 3m 

decreases the SGMB temperature from 27.7oC to 22.6oC.  

In addition to the thickness of primary liner, the thickness of attenuation layer (i.e. the 

depth to the aquifer) may affect temperature profile. To illustrate this, the system shown 
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schematically in Figure 2.6b was examined for different attenuation layer thicknesses. As shown 

in Figure 2.13, the deeper the aquifer, the higher the temperature in landfill liner because of its 

greater remoteness from the cooling provided by flow in the aquifer.  

The moisture content of the attenuation layer can also affect the secondary liner 

temperature because of the effect this has on thermal diffusivity.  The two extreme cases of a dry 

and saturated attenuation layer are examined in Figure 2.14 for the barrier systems shown in 

Figure 2.6c and it can be seen that for a 30oC temperature rise at the primary liner, these two 

cases correspond to a temperature increase at the SGMB of 26.5oC and 22.6oC for the dry and 

saturated attenuation layer cases, respectively.  

Figure 2.15 shows the calculated temperature profile for different modes of operation of 

landfill with a barrier system such as that shown schematically in Figure 2.6b. For all cases, 

temperature in aquifer is assumed to be 10oC. For the case representing a landfill with an 

operating leachate collection system the temperature at top of primary liner is set to be 30oC. The 

cases where the primary liner temperature is 40oC is considered to represent a landfill being 

operated as a bioreactors and 50oC represents a landfill where leachate collection has been 

terminated or there was failure of the leachate collection system that allowed leachate to mound 

into the waste. For the cases examined, temperature on the SGMB is predicted to be 2.5-5oC 

lower than that at the PGMB. 

 

2.6 Implication for secondary GMB service-life 

Figure 2.16 and Table 2.3 summarize the calculated temperatures of the secondary GMB 

(SGMB) for different landfill liners and a range of primary liner temperatures. The results given 

in Figure 2.16 for Cases 6a and 6d (as defined in Figure 2.6 and Table 2.2) are, to all practical 
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purposes and plotting accuracy, identical.  Thus, with respect to SGMB temperature, it did not 

matter whether the secondary clay liner was a GCL or CCL provided that the distance from the 

SGMB to the aquifer was the same.  

The data presented in Figure 2.16 and Table 2.3 was used for making preliminary 

estimates of secondary liner service-lives (SL) for a range of primary GMB liner temperatures 

and the barrier configurations shown in Figure 2.6. These estimates were based on the 

methodology described by Rowe (2005). The predicted service-lives considered all three stages 

of degradation of a GMB (Viebke et al., 1994; Hsuan and Koerner, 1998), viz:  Stage 1- depletion 

of antioxidants; Stage 2 - induction time to the onset of polymer degradation; and Stage 3 - 

degradation of the polymer to decrease some property (or properties) to an arbitrary level (e.g., to 

50% of the original value).   

Stage 1 times were based on recent data on OIT depletion for simulated composite liners 

with leachate above the GMB and a GCL and foundation layer below the GMB as published by 

Rowe and Rimal (2008a, b) for a GMB with standard OIT of 135 minutes and HP-OIT of 660 

minutes.  For the PGMB, this data is from the same tests but supersedes the preliminary data used 

by Rowe (2005) since it is based on two additional years of data collection and leads to slightly 

longer predicted service-lives than given by Rowe (2005).  Assuming that any leachate reaching 

the SGMB will have had to pass through the primary clay liner, some attenuation of   surfactants 

and trace metals that may impact on the SL of the GMB (Rowe et al., 2008) is expected and so 

for the estimates of SGMB SL the data obtained from Rowe and Rimal (2008b) for a GMB 

separated from the leachate by a GCL was used.  As shown by Rowe and Rimal (2008b), the time 

for OIT depletion for a GMB separated from the leachate by a GCL is longer than that for a GMB 

with just a geotextile protection layer between it and the leachate (eg. a typical PGMB as 
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examined by Rowe and Rimal, 2008a) and hence even for the same temperature the Stage 1 times 

for the SGMB are greater than for the PGMB.  Any difference in temperature between the PGMB 

and SGMB (as per Table 2.3) will further increase this difference in service-life. 

The data published by Viebke et al. (1994) for both the induction (Stage 2) and polymer 

degradation (Stage 3) stages of degradation for polyethylene gas pipe with minimal antioxidant 

and a wall thickness of 2.1mm provided the basis for estimating Stages 2 and 3.  Their tests 

involved having stagnant deionised water inside the pipe and circulating air around the outside of 

the pipe.   Based on their tests, activation energies of 75kJ/mol and 80kJ/mol were used to infer 

the times for the induction (Stage 2) and degradation stage (Stage 3) respectively for their 

air/water system.  This, combined with the estimate of Stage 1 based on the tests of Rimal and 

Rowe (2008a, b) give what is referred to herein as the “unadjusted” SL and is considered to give 

an upper bound estimate to the likely SL of a primary GMB liner.   Since the interaction with 

leachate may influence degradation of the GMB, a second estimate of the times for Stages 2 and 3 

was obtained by adjusting based on the difference in the effect of air/water exposure and 

water/leachate exposure observed in the tests conducted by Rowe and Rimal (2008c) using the 

methodology  described by Rowe (2005).  This adjusted time is considered to give a lower bound 

estimate of the SL.  Thus for the purposes of illustrating the potential effects of the difference in 

liner temperature on the SL of the PGMB and SGMB in this study, the PGMB SL at a given 

temperature was taken to be the mean of the adjusted and unadjusted values calculated as 

described above and this gives values of 270 years, 105 years and 45 years at 30, 40 and 50oC 

respectively.  For the SGMB liner, SLs were calculated in two ways.  The unadjusted values were 

used to obtain an estimate of the SL for the case where the surfactants and trace metals in the 

leachate reaching the GMB are largely attenuated by passing through the primary liner (column 4 
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in Table 2.3).  The second estimate of the SGMB SL was based on the mean of the unadjusted 

and adjusted values in the same way as was done for the PGMB and these numbers are given in 

column 6 of Table 2.3.   The difference between the numbers in columns 4 and 6 illustrates some 

of the uncertainty associate with predictions of GMB SL based on currently available data.  

Because of the uncertainty in predicting service-lives, the SLs in Table 2.3 have all been rounded 

to the nearest 5 years to avoid giving the impression of unjustified accuracy.  Table 2.3 also 

summarizes the difference in estimated SL of the SGMB (both unadjusted and mean) and PGMB. 

More details on service-life calculations may be found in Appendix A. 

The geosynthetic double composite liner system shown in Figure 2.6a gives temperatures 

on the secondary liner very close to that on the primary liner.  Thus the difference in the PGMB 

and SGMB SLs is largely due to the assumptions about leachate exposure and using the mean 

estimates of PGMB and SGMB SLs, the difference ranges from 40 years (310 years for SGMB 

versus 270 years for PGMB) at a PGMB temperature of 30oC to about 5 years (50 years for 

SGMB versus 45 years for PGMB) at a PGMB liner temperature of 50oC.  However if the SGMB 

only has intermittent contact with leachate, the SGMB SL ( 365 and 60 years at 30 and 50oC 

respectively) may be between 95 and 15 years longer than the PGMB SL (Table 2.3).  

The use of either a GCL with a 1m thick foundation layer or a CCL as part of the primary 

composite liner (Figure 2.6b or c) can reduce the temperature on the secondary liner, relative to 

the configurations shown in Figures 2.6a and d by between 2.3 and 4.6oC over the range of cases 

considered.   While apparently small, this difference can still have a notable effect on the SGMB 

SL. For a PGMB at 30oC, the SL of the SGMB is 390 years (for cases 6b2 and 6c3; Table 2.3). 

This is 80 years longer than for Case 6a (310 years).  At 50oC, the use of a 1m thick CCL or 



 

 

 

27 

foundation layer extends the SL by 25 years (SL of 75 years compared to 50 years for the “all-

geosynthetic” barrier system). 

The results discussed above and presented in Table 2.3 highlight the potential 

significance of temperature on the SL of the SGMB liner.   The service-lives may be adequate for 

some situations and not for other situations (depending on the contaminating lifespan of the 

landfill).  For PGMBs at 30oC, the SGMB SL ranges between 310 and 605 years (310 to 515 

years based on the “mean predictions” and 365 to 605 years based on the unadjusted predictions) 

depending on the barrier system.  At 40oC the SGMB SLs range between 125 and 290 years and 

at 50oC between 50 and 145 years depending on barrier system.   

The service-lives presented in Table 2.3 are intended to give an indication of magnitude 

of the primary and secondary GMB service-lives and to highlight the importance of the type of 

liner system on the temperature and hence SL of the SGMB liner temperature. When there is 

small difference in temperature, one should not ascribe much significance to the predicted 

difference in service-lives based on Arrhenius modelling. In fact the difference in exposure 

conditions between primary liner and secondary liner may be more significant than the effect of 

small differences in temperature.  

For the analyses conducted herein, it has been assumed that no heat is removed through 

leak detection system (LDS). This is the worst case scenario and results in conservative service-

lives. In the event of significant heat loss from the LDS, the temperature of the SGMB will be 

lower and service-life longer. 

The predictions given in Table 2.3 assume that the temperature remains constant over the 

period of time being considered.  In reality the temperature will change and hence the values 

given represent “lower bound” estimated for a given peak liner temperature. As shown by Rowe 



 

 

 

28 

(2005) consideration of a temperature-time history will give longer estimates of service-life for a 

given peak liner temperature.  In situations where the SL calculated as presented in this study is 

not adequate, one would firstly conduct a more detailed analysis and consider the effect of the 

likely time-temperature history on the service-life.  If the SL is still too short, options include (a) 

changing the method of operations so as to reduce heat generation, (b) revising the type of barrier 

design (e.g. thickening the primary liner), (c) cooling the primary liner (Rowe et al., 2007; Hoor 

et al., 2008), or (d) cooling the secondary liner. 

The values given in Table 2.3 should be used with caution.  Only the results for Stage 1 

are based on actual tests on a GMB typically used in landfill application in a simulated liner 

configuration.  The uncertainty regarding the Stage 2 and 3 components highlights the need for 

additional testing to examine their contributions to SL; these tests have been underway for a 

number of years but as yet there is insufficient data to provide improved predictions.  However, 

the data at 85oC where Stage 2 and 3 have been completed in the laboratory suggest that the 

methodology used to give estimates presented here is likely conservative (i.e underestimates the 

Stages 2 and 3 of the SL) for the type of GMB examined (Rowe and Rimal, 2008a).  Once longer 

term testing data becomes available, the predictions will be updated.  It should also be noted that 

the predictions are only relevant to a GMB with properties similar to, or better than, those for 

which the test data was derived (standard OIT (ASTM D3895) of 135 minutes and HP-OIT 

(ASTM D5885) of 660 minutes, single point stress crack resistance greater than 400 hours 

(ASTM D5397-appendix)).  GMBs with lower values may have lower service lives. 
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2.7 Conclusion 

As part of a broader study on the long term performance of landfill liners, this study has focused 

on temperature of secondary geomembrane (SGMB) liners and its associated effects on the 

service-life of the SGMBs. The temperatures of the SGMB liner have been predicted for different 

liner configurations and modes of landfill operation.  It has been shown that for the liner materials 

studied, the steady state temperature profile is not very sensitive to thermal properties of liner 

materials. However, the geometry and thickness of liners considerably affect the SGMB 

temperature. In particular, the thicker the primary liner, the lower the temperature in SGMB. 

Also, the shallower the aquifer, the lower the temperature of the SGMB liner (other things being 

equal). In this study, soil has been used as thermal insulator between the primary and secondary 

liner.  It should be noted that in geotechnical applications soil is not considered an effective 

thermal insulator. This is due to its relatively high thermal conductivity compared to other 

common insulation materials.  Soil has high specific heat and is commonly used in thermal mass 

applications and situations where temperature changes quickly- this is not the case in landfills. 

Ideally, a material with lower thermal conductivity should be used. Research is underway to study 

the issues associated with the use of more effective thermal insulators as part of barrier system. 

Meanwhile, a thick layer of soil can be an intermediate alternative whose performance in landfill 

environment is reasonably well-known.  

Of the cases considered, the service-life of the SGMB was minimum for an all-

geosynthetic system, ranging from 310 years if the PGMB temperature is at or below 30oC to 50 

years when the PGMB is at 50oC.  This service life could be improved to 390 years at 30oC and 

75 years at 50oC by use of a primary composite liner involving a GMB and either a GCL and 1m 

thick foundation layer or a 1-m thick CCL.  This study highlights the need to consider the 
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temperature of the SGMB in the design of MSW landfills to ensure that the service-life of the 

system is likely to exceed the contaminating lifespan for a particular design.  

Based on the limited available data, it is considered that the service-lives predicted in this 

study are likely to be conservative for a high quality GMB (with properties equal to or better than 

the geomembrane examined).  The predictions assume that (a) there is no cooling of the 

secondary liner due to airflow in the leak detection systems, and (b) the temperature of the 

primary liner remains constant over the period of time being considered.  In reality the 

temperature of the primary liner will change with time. As shown by Rowe (2005), consideration 

of a temperature-time history will give longer estimates of service-life for a given peak liner 

temperature.  In situations where the service-life calculated as presented in this study is not 

adequate, one would firstly conduct a more detailed analysis and consider the effect of the likely 

time-temperature history, and the fact that temperature does not stay at peak level indefinitely, on 

the service-life.  If the service-life is still too short, options include (a) changing the method of 

landfill operations so as to reduce heat generation, (b) revising the type of barrier design (e.g. 

thickening the primary liner), (c) cooling the primary liner, or (d) cooling the secondary liner. 

The results presented herein are preliminary and longer-term service-life experiments and 

monitoring of PGMB and SGMB are recommended. 

 

2.8 References 

ASTM D3895. (2006a). “Standard test method for oxidative-induction time of polyolefins by 

differential scanning calorimetry: Annual book of ASTM standards.” Vol. 08.02, West 

Conshohocken, PA, USA. 



 

 

 

31 

ASTM D5397. (2006b). “Standard test method for evaluation of stress crack resistance of 

polyolefin geomembranes using notched constant tensile load test.” Vol. 04.13, West 

Conshohocken, PA, USA. 

ASTM D5885. (2006c). “HP-OIT standard test method for oxidative induction time of Polyolefin 

geosynthetics by high-Pressure differential scanning calorimetry.” Vol. 04.13, West 

Conshohocken, PA, USA. 

Abuel-Naga, H. M., Bergado, D. T., and Bouazza A. (2008). “Thermal conductivity evolution of 

saturated clay under consolidation process.” International Journal of Geomechanics, 18 

(2), 114-122. 

Becker, B. R., Misra, A., and Fricke, B. A. (1992). “Development of correlations for soil thermal 

conductivity.” International Communications in Heat and Mass Transfer, 19 (1), 59-68.  

Birch F., and Clark H. (1940). “The thermal conductivity of rocks and its dependence upon 

temperature and composition.” American Journal of Science, 238 (8), 529-558.  

Brachman, R. W. I., and Gudina, S. (2008a). “Gravel contacts and geomembrane strains for a 

GMB/CCL composite liner.” Geotextiles and Geomembranes, 26 (6), 448-459. 

Brachman, R. W. I., and Gudina, S. (2008b). “Geomembrane strains from coarse gravel and 

wrinkles in a GMB/GCL composite liner.” Geotextiles and Geomembranes, 26 (6), 488-

497.  

Bristow, K. L. (1998). “Measurement of thermal properties and water content of unsaturated 

sandy soil using dual-probe heat-pulse probes.” Agricultural and Forest Meteorology, 89 

(2), 75-84.  



 

 

 

32 

Bristow, K. L., Kluitenberg, G. J., Goding, C. J., and Fitzgerald, T. S. (2001). “A small multi-

needle probe for measuring soil thermal properties, water content and electrical 

conductivity.” Computers and Electronics in Agriculture, 31 (3), 265-280.  

Campbell, G. S., Jungbauer, J. D., Bidlake, W. R., and Hungerford, R. D. (1994). “Predicting the 

effect of temperature on soil thermal conductivity.” Soil Science, 158 (5), 307-313.  

Cote, J., and Konard, J. M. (2005). “Thermal conductivity of base-course materials.” Canadian 

Geotechnical Journal, 42 (1), 61-78.  

Dean, J.A. (1999). “Lange's Handbook of Chemistry.” 15th edn. McGraw-Hill. See 

http://www.knovel.com/knovel2/Toc.jsp?BookID=47&VerticalID=0 for online version. 

Accessed: 01/23/2006.  

Döll, P. (1997). “Desiccation of mineral liners below landfills with heat generation.” Journal of 

Geotechnical and Geoenvironmental Engineering ASCE, 123 (11), 1001-1009.  

El-Zein, A., and Rowe, R. K. (2008). “Impact on groundwater of concurrent leakage and 

diffusion of DCM through geomembranes in landfill liners.” Geosynthetics International, 

15 (1), 55-71.  

Farouki, O. T. (1986). “Thermal properties of soils.” Series on rock and soil mechanics. Trans 

Tech Publications, Clausthal-Zellerfeld, 11.  

Fowmes, G. I., Dixon, N., and Jones, D. R. V. (2008). “Validation of a numerical modelling 

technique for multilayered geosynthetic landfill lining systems.” Geotextiles and 

Geomembranes, 26 (2), 109-121.  

Ghuman, B. S. , and Lal, R. (1985). “Thermal conductivity, thermal diffusivity, and thermal 

capacity of some Nigerian soils.” Soil Science, 139, 74-80.  

http://www.knovel.com/knovel2/Toc.jsp?BookID=47&VerticalID=0�


 

 

 

33 

Gottheil, K. M., and Brauns, J. Das Austrocknungsverhalten von mineralischen 

dichtungsschichten unter kunststoffdichtungsbahnen bei erhöhten temperaturen. In 

Geotechnische probleme bei bau von abfalldeponien (H. PRÜHS (ed.))., Nürnberger 

Deponieseminar,  Eigenverlag LGA Nürnberg, 1994,  299-306. 

Hanson, J. L., Yesiller, N., and Swarbrick, G. E. (2005) “Thermal analysis of GCLs at a 

municipal solid waste landfill.” Waste Containment and Remediation, Proceedings of 

Geo-Frontiers 2005 Congress, Austin, TX, USA, ASCE, Reston, VA, 3269–3283.  

Heibrock, G. (1997). “Desiccation cracking of mineral sealing liners.” Proceedings of 6th 

International Landfill Symposium, Cagliari, Italy, 101-113. 

Holzlöhner, U. (1990). Langzeitverhalten von mineralischen Abdichtungsschichten in 

Deponieabdichtungen hinsichtlich Austrocknung und Rißbildung.  Bundesanstalt f. 

Materialforschung und –prüfung, Berlin, Forschungsbericht 10203412, Teil III. 

Hoor, A., Rowe, R. K., and Pollard, A. (2008). “A method for reducing the temperature of landfill 

liners in MSW landfills.” Global Waste Management Symposium, Colorado, 2008 (CD-

ROM). 

Hopmans, J. W., and Dane, J. H. (1986). “Thermal conductivity of two porous media as a 

function of water content, temperature, and density.” Soil Science, 142, 187-195.  

Hsuan Y. G., and Koerner R. M. (1998). “Antioxidant depletion lifetime in high density 

polyethylene geomembranes.” Journal of Geotechnical and Geoenvironmental 

Engineering ASCE, 124(6), 532-541.  

Joint Departments of the Army and Air Force (1988). “Arctic and Subarctic Construction—

Calculation Methods for Determination of Depths of Freeze and Thaw in Soils.” Joint 



 

 

 

34 

Departments of the Army and Air Force, Washington, D.C., USA, TM 5-852-6/AFR 88-

19, Volume 6. 

Kersten, M.S. (1949). “Thermal properties of soil.” Univ. of Minnesota Inst. of Technol. Eng. 

Exp. Station, Minneapolis, MN, 1949, Eng. Exp. Station Bull. No. 28,. 

Koerner, G. R. , and Koerner, R. M. (2006). “Long-term temperature monitoring of 

geomembranes at dry and wet landfills.” Geotextiles and Geomembranes 24(1), 72-77.  

Koerner, R. M., Koerner, G. R., Eith, A. W., and Ballod, C. P. (2008). “Geomembrane 

temperature monitoring at dry and wet landfills.” Global Waste Management Symposium, 

Colorado, 2008 (CD-ROM).  

Konard, J. M. (2001). “Cold region engineering.” In Geotechnical and Geoenvironmental 

Engineering Handbook (ROWE R. K. (ed.)). Kluwer Academic Publishing, Norwell, 

USA, 2001, 593-613.  

McInnes, K. (1981). “Thermal conductivities of soils from dryland wheat regions in eastern 

Washington.” M. Sc. thesis, Washington State University. 

Penner, E., Johnston, G. H., and Goodrich, L. E. (1975). “Thermal conductivity laboratory studies 

of some Mackenzie Highway soils.” Canadian Geotechnical Journal, 12 (3), 271-288.  

Philip, L. K., Shimell, H., Hewitt, P. J., and Ellard, H. T. (2002). “A field-based test cell 

examining clay desiccation in landfill liners.” Quarterly Journal of Engineering Geology 

and Hydrogeology, 35, 345-354.  

Rowe, R. K. (1998). “Geosynthetics and minimization of contaminant migration through barrier 

systems beneath solid waste.” Proceeding of 6th International Conference in 

Geosynthetics, Atlanta, 27-103.  



 

 

 

35 

Rowe, R. K. (2005). “Long-term performance of contaminant barrier systems.” Geotechnique, 55 

(9), 631- 678. 

Rowe, R.K., and Booker, J.R. (2005). POLLUTEv7 Pollutant migration through a 

nonhomogeneous soil, GAEA Environmental Engineering, Ltd. Whitby, Ontario, Canada. 

Rowe, R. K., and Rimal, S. (2008a). “Depletion of antioxidant from HDPE geomembrane in a 

composite liner.”  Journal of Geotechnical and Geoenvironmental Engineering ASCE, 

134(1), 68-78.  

Rowe, R. K., and Rimal, S. (2008b). “Aging of HDPE geomembrane in three composite liner 

configurations.” Journal of Geotechnical and Geoenvironmental Engineering ASCE, 134 

(7), 906-916.  

Rowe, R.K. and Rimal, S. (2008c). “Ageing and long-term performance of geomembrane liners.” 

GEOAMERICAS 2008, Cancun, Mexico, March, 425-434. 

Rowe, R. K., and Hoor, A. (2009). “Predicted temperatures and service-lives of secondary 

geomembrane landfill liners.” Geosynthetics International, 16(2), 71-82. 

Rowe, R.K., Quigley, R.M., Brachman, R.W.I., and Booker, J.R. (2004) “Barrier systems for 

waste disposal facilities.” Taylor and Francis (E and FN Spon), London.  

Rowe, R. K., Pollard, A., Chong, A. Chisholm, E., Toda, R., and Tomson, C. (2007) “Sustainable 

landfills – a technique for extracting heat to prolong service-life of geomembrane liners.” 

60th Canadian Geotechnical Conference, Ottawa, Canada.  

Rowe, R. K., Islam, M. Z., and Hsuan, Y. G. (2008). “Leachate chemical composition effects on 

OIT depletion in HDPE geomembranes.” Geosynthetics International 15 (2), 136-151. 

http://www.civil.queensu.ca/Research/Environmental/R-Kerry-Rowe/publications/documents/Rowe%20and%20Rimal%20Geoamericas%202008%20425-434%20.pdf�


 

 

 

36 

Saidi, F., Touze-Foltz, N., and Goblet, P. (2008). “Numerical modelling of advective flow 

through composite liners in case of two interacting adjacent square defects in the 

geomembrane.” Geotextiles and Geomembranes, 26 (2), 196-204.  

Salomone, L. A., and Kovacs, W. D. (1984). “Thermal resistivity of soils.” Journal of 

Geotechnical Engineering ASCE, 110(3), 375-389.  

Salomone, L. A., and Marlow, J. I. (1989) “Soil rock classification according to thermal 

conductivity.” Electric Power Research Institute, EP.RI CU-6482, Palo Alto, CA. 

Salomone, L. A., Kovacs, W. D., and Kusuda, T. (1984). “Thermal performance of fine-grained 

soils.” Journal of Geotechnical Engineering, ASCE, 110(3), 359-374.  

Sangam, H.P., and Rowe, R.K. (2002). “Effects of exposure conditions on the depletion of 

antioxidants from HDPE geomembranes.” Canadian Geotechnical Journal, 39(6), 1221-

1230.  

Sepaskhah, A. R., and Boersma, L. (1979). “Thermal conductivity of soils as a function of 

temperature and water content.” Soil Science Society of America Journal, 43 (3), 439-

444.  

Schön, J.H. (1998). “Physical properties of rocks: Fundamentals and principles of 

petrophysics.” In Handbook of Geophysical Exploration, 2nd edn. Elsevier Science, 

Oxford. 

Sorour, M. M., Saleh, M. M., and Mahmoud, R. A. (1990). “Thermal conductivity and diffusivity 

of soil.” International Communications in Heat and Mass Transfer, 17 (2), 189-199. 

Southen, J. M., and  Rowe, R. K. (2004). “Investigation of the behavior of geosynthetic clay 

liners subjected to thermal gradients in basal liner applications.” Journal of ASTM 

International, 1 (2), ID JAI1 1470, Online; Available: www.astm.org; 13p. 

http://www.astm.org/�


 

 

 

37 

Southen, J. M., and Rowe, R. K. (2005a). “Laboratory investigation of geosynthetic clay liner 

desiccation in a composite liner subjected to thermal gradients.” Journal of Geotechnical 

and Geoenvironmental Engineering, 131 (7), 925-935.  

Southen, J. M., and Rowe, R. K. (2005b). “Modelling of thermally induced desiccation of 

geosynthetic clay liners.” Geotextiles and Geomembranes, 23 (5), 425-442.  

Take, W. A., Chappel, M. J., Brachman, R. W. I., and Rowe, R. K. (2007). “Quantifying 

geomembrane wrinkles using aerial photography and digital image processing.” 

Geosynthetics International, 14 (4), 219-227.  

Thusyanthan, N. I., Madabhushi, S. P. G., and Singh, S. (2007). “Tension in geomembranes on 

landfill slopes under static and earthquake loading-Centrifuge study.” Geotextiles and 

Geomembranes, 25 (2), 78-95. 

Viebke, J., Elble, E., Ifwarson, M., and Gedde, U. W. (1994). “Degradation of unstabilized 

medium-density polyethylene pipes in hot-water applications.” Polymer Engineering and 

Science, 34(17), 1354-1361.  

Yesiller, N., and Hanson, J. L. (2003) “Analysis of temperatures at a municipal solid waste 

landfill.” Proceedings of 9th International Landfill Symposium, Cagliari, Italy (CD-

ROM). 

Yoshida, H., and Rowe, R. K. (2003). “Consideration of landfill liner temperature.” Proceedings 

of 9th International Landfill Symposium, Cagliari, Italy (CD-ROM). 

Yoshida, H., Tanaka, N., and Hozumi, H. (1997). “Theoretical study on heat transport phenomena 

in a sanitary landfill.” Proceedings of 6th International Landfill Symposium, Cagliari, 

109-120.  



 

 

 

38 

Zhou, Y., and Rowe, R. K. (2003). “Development of a technique for modelling clay liner 

desiccation.” International Journal for Numerical and Analytical Methods in 

Geomechanics, 27 (6), 473-493.  

 

Table 2.1 Thermal diffusivities used for liner materials (m2/s) 

 Saturated Dry 
Geomembrane 2 × 10-7 to 3 × 10-7 
Clay 4 × 10-7 to 15 × 10-7 1 × 10-7 to 8 × 10-7 
Clayey silt to silty clay (used for 
foundation layer and attenuation layer) 

3 × 10-7 to 15 × 10-7 0.7 × 10-7 to 8 × 10-7 

Gravel 5 × 10-7 to 17 × 10-7 2.5 × 10-7 to 10 × 10-7 
Geotextile 2 × 10-7  1 × 10-7 
Geonet 1.75 × 10-7 0.5 × 10-7 to 3 × 10-7 
 

 

 

 

Table 2.2 Thickness of barrier components 

Figure 2.6a Figure 2.6b Figure 2.6c Figure 2.6d 
GMB: 2mm GMB: 2mm GMB: 2mm GMB: 2mm 
GCL: 10mm GCL: 10mm CCL: 1m GCL: 10mm 

 FL: 1m   
GNT: 5mm GR: 0.3m GR: 0.3m GNT: 5mm 
GMB: 2mm GMB: 2mm GMB: 2mm GMB: 2mm 
GCL: 10mm CCL: 1m CCL: 1m CCL: 1m 

AL: 3m AL: 3m AL: 3m AL: 3m 

Note: GMB: geomembrane, GCL: geosynthetic clay liner, GNT: geonet, AL: attenuation layer, 
FL: foundation layer, GR: gravel, CCL: compacted clay liner 
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Table 2.3 Summary of primary and secondary liner temperatures and estimated GMB service-lives, based on average thermal diffusivity 

Barrier system 
(see Figure 2.6 and Table 2.2) 

PGMB 
temp. 
(oC) 

SGMB 
temp. 
(oC) 

Unadj. 
SGMB 

SL 
(years) 

Unadj. SGMB 
SL minus PGMB 

SL 
(years) 

Mean 
SGMB 

SL 
(years) 

Mean SGMB 
SL minus 
PGMB SL 

(years) 
2.6a: GMB/GCL/GNT/GMB/GCL/AL=3m 30 29.9 365 95 310 40 
 40 39.8 140 35 125 20 
 50 49.8 60 15 50 5 
2.6b1: GMB/GCL/FL=1m/GR 
/GMB/CCL=1m/AL=1m 

30 24.9 605 335 515 245 

 40 32.3 290 185 250 145 
 50 39.7 145 100 125 80 
2.6b2: GMB/GCL/FL=1m/GR/ 
GMB/CCL=1m/AL=3m 

30 27.6 460 190 390 120 

 40 36.4 195 90 170 65 
 50 45.2 85 40 75 30 
2.6b3: GMB/GCL/FL=1m/GR/ 
GMB/CCL=1m/AL=10m 

30 29.1 395 125 340 70 

 40 38.7 155 50 135 30 
 50 48.3 65 20 60 15 
2.6c1: GMB/CCL=0.5m/GR/GMB/CCL=1m/AL=3m 30 28.5 420 150 360 90 
 40 37.7 170 65 150 45 
 50 46.9 75 30 65 20 
2.6c2: GMB/CCL=0.75m/GR/GMB/CCL=1m/AL=3m 30 28.1 440 170 370 100 
 40 37.1 180 75 160 55 
 50 46.1 80 35 70 25 
2.6c3: GMB/CCL=1m/GR/GMB/CCL=1m/AL=3m 30 27.6 460 190 390 120 
 40 36.5 195 90 165 60 
 50 45.3 85 40 75 30 
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Table 2.3 (continued) 

Barrier system 
(see Figure 2.6 and Table 2.2) 

PGMB 
temp. 
(oC) 

SGMB 
temp. 
(oC) 

Unadj. 
SGMB 

SL 
(years) 

Unadj. SGMB SL 
minus PGMB SL 

(years) 

Mean 
SGMB 

SL 
(years) 

Mean SGMB SL 
minus PGMB SL 

(years) 

2.6c4: GMB/CCL=1.5m/GR/GMB/CCL=1m/AL=3m 30 26.9 495 225 420 150 
 40 35.4 215 110 185 80 
 50 43.9 100 55 85 40 
2.6c5: GMB/CCL=3m/GR/GMB/CCL=1m/AL=3m 30 25.1 595 325 505 235 
 40 32.6 280 175 240 135 
 50 40.1 140 95 120 75 

Note: Numbers for PGMB and mean SGMB SL represent the mean of the unadjusted and adjusted predictions as described by Rowe (2005). 
Unadjusted SL is also given for SGMB. Service-lives all rounded to nearest 5 years. Note (mean) service-life of primary GMB is estimated to be 
270 years at 30oC, 105 years at 40oC and 45 years at 50oC. 
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Figure 2.1 Observed temperatures at the base of landfills (compiled from data reported by 
Yoshida and Rowe, 2003; Rowe, 2005; Koerner et al., 2008)- after Rowe and Hoor (2009) 
 

 

 
 

Figure 2.2 Thermal conductivity against degree of saturation for sand 
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Figure 2.3 Thermal conductivity against degree of saturation for gravel 
 

 

 
 

Figure 2.4 Thermal conductivity against degree of saturation for clay 
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Figure 2.5 Thermal conductivity against degree of saturation for silt 
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Figure 2.6 Configurations of barrier systems studied: GMB, geomembrane; GNT, geonet; GCL, 
geosynthetic clay liner; CCL, compacted clay liner; FL, foundation layer; AL, attenuation layer. 
Layer thicknesses are given in Table 2.2. 
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Figure 2.7 Temperature profile for barrier system shown in Figure 2.6a and upper and lower 
limits of thermal diffusivity (depth=0 is the top of PGMB and depth=0.017- 0.019m is SGMB) 
 

 

 
 

Figure 2.8 Temperature profile within the geosynthetic components of Figure 2.7 (depth=0.017-
0.019m is SGMB) 
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Figure 2.9 Temperature profile for barrier system shown in Figure 2.6b and upper and lower 
limits of thermal diffusivity (depth=1.312-1.315m is SGMB) 
 

 

 
Figure 2.10 Temperature against time on secondary geomembrane for barrier systems shown in 
Figures 2.6a and 2.6b 
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Figure 2.11 Temperature in secondary geomembrane for different barrier systems (for average 
thermal diffusivities) 
 

 

 
 

Figure 2.12 Effect of thickness of primary liner on temperature of secondary geomembrane 
(average thermal diffusivities) 
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Figure 2.13 Effect of attenuation layer thickness on temperature of secondary geomembrane (for 
average thermal diffusivities) 
 

 

 

 

Figure 2.14 Temperature of secondary geomembrane for dry and saturated attenuation layer (for 
average thermal diffusivities) 
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Figure 2.15 Temperature profile for different modes of operation (for barrier systems shown in 
Figure 2.6b and average thermal diffusivities) 
 
 

 

Figure 2.16 Temperature of secondary GMB liner for different landfill barrier systems and a 
range of temperatures of the primary GMB liner (aquifer temperature = 10oC) 
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Chapter 3 

Application of tire chips to reduce the temperature of secondary 

geomembranes in MSW landfills 

 

3.1 Introduction 

To provide environmental protection, modern landfills are expected to prevent contaminant 

migration to soil and groundwater for what is called the contaminating lifespan of a landfill (for 

large modern landfills this could be hundreds of years, Rowe et al., 2004). Composite liners, 

involving a geomembrane (GMB) over a geosynthetic clay liner (GCL) have gained widespread 

acceptance for use in landfill barrier systems (Rowe et al., 2004). However, to ensure long-term 

environmental protection is achieved, it is necessary to minimize the factors that affect leakage 

through composite liners and the long-term performance of GMBs and GCLs. Elevated liner 

temperature is one important factor that affects long-term performance of liners components. 

The biodegradation of waste, the heat produced by the hydration of incinerated ash and 

the disposal of reactive waste are the primary factors contributing to heat generation in a landfill 

and, consequently, to the increase in liner temperature. Landfill monitoring has shown that the 

temperature on a landfill liner may reach 30-40oC for a typical municipal solid waste landfill and 

potentially up to 60oC for a moisture-augmented landfill (Rowe and Hoor, 2009; Rowe and Islam, 

2009). Also, reactive wastes such as aluminum production wastes have been observed to produce 

temperatures in the landfill waste greater than 100oC, but no liner temperature has been reported 

(Calder and Stark, 2010; Martin et al., 2011).  
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High temperature increases hydraulic conductivity and the diffusion coefficient of a 

barrier system (Collins, 1993; Rowe, 1998; Rowe and Arnepalli, 2008). It also accelerates the 

aging of GMBs (Hsuan and Koerner, 1998; Rowe, 1998; Rowe, 2005; Rowe and Rimal, 2008a, 

2008b; Rowe et al., 2009) and it may result in the desiccation of clay components (Rowe, 2005; 

Southen and Rowe, 2005a, 2005b; Chapter 5). 

In a double-lined landfill, both primary and secondary liners may be affected by high 

temperatures (Rowe and Hoor, 2009; Chapter 2). Previous studies predicted the temperature and 

the service-life of primary GMBs. However, until the recent work by Rowe and Hoor (2009), 

which is documented in Chapter 2, no one had studied the service-life of secondary GMBs. 

Ontario Regulations 232/98 under the Ontario Environmental Protection Act, requires that the 

service-life of secondary GMBs exceed 350 years (MoE, 1998). Yet, the work by Rowe and Hoor 

(2009) showed that, in some cases, the temperature of secondary GMBs was likely to be high 

enough to significantly affect their service-life.  

In situations in which the service-life is estimated to be shorter than the minimum 

required by regulations, options that may be considered include changing the method of landfill 

operation (Rowe, 2005), cooling the liner (see Hoor et al., 2008; Rowe et al., 2010; and Chapter 4 

for one possible cooling technique) or revising the type of barrier system. 

As shown in Chapter 2 (Rowe and Hoor, 2009), the thickness and the geometry of a 

landfill barrier system affect the temperature of the secondary GMB. That study showed that a 

thick layer of soil between primary and secondary liners could reasonably drop the temperature of 

secondary GMBs. However, as recommended by Rowe and Hoor (2009), a material with lower 

thermal conductivity would be more effective and would take up less volume in a landfill. Thus, 
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this study was aimed at exploring the potential effectiveness of using tire chips in reducing the 

temperature of secondary liners.  

Tire chips have been commonly used in many geotechnical applications (Humphrey, 

1999). Tire chips have been used as drainage media in landfill barrier systems, as foundation 

layers beneath landfill covers and also as daily covers in landfills (Jesionek et al., 1998; 

Humphrey, 1999; Rowe and McIsaac, 2005). Reddy et al. (2008, 2010) proposed to use tire 

shreds as drainage media in landfill covers. A layer of tire chips was also found to be an 

acceptable protection layer to limit GMB strains and GCL extrusion for GMB-GCL composite 

liners (Dickinson and Brachman, 2008). Tire chips have proven to be a very effective thermal 

insulation for roadway applications. Benson et al. (1996) also observed that tire chips were 

effective means to protect landfill liners from frost prior to waste placement.  

The objective of this chapter is to perform a preliminary study on the possible 

effectiveness of using tire chips in reducing the temperature of secondary GMBs in double 

composite barrier systems, as compared to traditional soil materials. The temperature of the 

secondary GMB will then be used to assess the likely service-life and the impact on contaminant 

transport through a barrier system. 

 

3.2 Method 

The modelling in this paper was conducted for a landfill cell 25-30m high and 400m long in the 

direction of groundwater flow. The waste mass per unit area of the landfill was 36t/m2. Based on 

Ontario Regulations 232/98, a landfill of this size requires a double-lined barrier system. The 

barrier system selected was comprised of a primary high-density polyethylene (HDPE) GMB 

and GCL, a geonet (GNT) leak detection system (LDS), a secondary HDPE GMB and GCL 
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underlain by a 2.5m-thick silty sand attenuation layer (AL), which in turn was underlain by a 

3m-thick aquifer (Figure 3.1).The aquifer was assumed to have a potentiometric surface 2m 

above the top of the aquifer, a horizontal Darcy flux of 1m/a (a  = annum), and a porosity of 0.3. 

While no insulation was used in the case shown in Figure 3.1a, all other cases (shown 

schematically in Figure 3.1b and 3.1c) had a layer of soil or tire chips as insulation. The thickness 

of the insulation layer was varied between 0.5m and 1.5m. This is the thickness after compression 

under the weight of the waste. 

3.2.1 Modelling of heat conduction 

The heat transport analyses were performed using the finite layer contaminant migration analysis 

program POLLUTE v7 (Rowe and Booker, 2005). The details of the numerical model are 

explained in Chapter 2 (Rowe and Hoor, 2009). In summary, the form of heat conduction 

equation is the same as contaminant diffusion equation in which concentration is analogous to 

temperature, diffusion coefficient to thermal diffusivity and porosity to heat capacity. Therefore, 

the heat conduction could be simulated in POLLUTE. 

Thermal conductivity and thermal diffusivity were required for simulating heat 

conduction. For soil and tire chips, the thermal properties were taken to be within the range of 

data published in literature (Shao and Zarling, 1995; Humphrey et al., 1997; Rowe and Hoor, 

2009; Chapter 2). Since little has been reported in the literature regarding the thermal properties 

of geosynthetics, they were calculated based on the properties of their components (see Chapter 

2; Rowe and Hoor, 2009). The thermal properties are given in Table 3.1. 

Peak temperatures were based on data for three different landfills (Rowe and Islam, 

2009) to establish the three cases examined (Table 3.2). The temperature at the base of the 

landfills was assumed to remain at the peak value over the period of time considered. This 
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assumption is likely to be conservative. Aquifer temperature was assumed to be equal to the 

typical temperature of groundwater in the area where the landfill is located.  

3.2.2 Modelling of contaminant transport 

To provide adequate environmental protection, a landfill barrier system should be such that there 

will be negligible impact on groundwater quality for the entire contaminating lifespan of the 

landfill. However, the early failure of secondary GMB may significantly increase the peak impact 

of contaminants in groundwater. The effect of insulation on prolonging the service-life of a 

secondary GMB and consequently on contaminant transport through a liner system was examined 

for the case of a volatile organic compound (Dichloromethane, DCM) found in landfill leachate. 

Based on Ontario Regulations 232/98, the initial concentration of DCM and the proportion of 

DCM in waste were taken to be 3300µg/l and 2.3mg/kg. Thus, the reference height of the 

leachate (Hr, Rowe et al., 2004) was calculated to be 25.1m. The half-life in the leachate was 

assumed to be 10 years (MoE, 1998). The contaminant migration analyses were performed using 

the program POLLUTE v7. 

The theory upon which the program is based (Rowe et al., 2004) allows the consideration 

of advection and diffusion through the landfill liner. Diffusion through the primary and secondary 

GMBs was modelled by assigning a porosity of 1 to the GMBs and a coefficient of hydrodynamic 

dispersion equal to permeation coefficient P. The DCM diffusion and partitioning coefficients at 

20oC were D20= 2x 10-5 m2/a and S20= 6 respectively (Rowe, 2005), giving a permeation 

coefficient of P20= D20 x S20= 1.2 x 10-4 m2/a. The GMBs were assumed to have 0.2m-width 

interconnected wrinkles (with a hole) of length 125m/ha. Leakage was calculated for the design 

head of 0.3m above the primary GMB and 0.005m above the secondary GMB. Assuming no 
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interaction with an adjacent wrinkle, leakage through the GMBs was calculated using Rowe’s 

equation (Rowe, 1998): 

𝑄 = 2𝑙 [𝐾𝑏 + (𝐾𝐷𝜃)0.5] ℎ𝑑
𝐷

        (3.1) 

where l is the length of the wrinkle, 2b is the width of the wrinkle, D is the combined thickness of 

the underlying GCL and the soil (or tire chips) beneath the GCL, θ is the transmissivity of the 

GMB-GCL interface (2 x 10-11 m2/s at 20oC, Abdelatty, 2010), and hd is the head loss across the 

composite liner. K is the harmonic mean of the hydraulic conductivity of the GCL and the soil (or 

tire chips) beneath the GCL. The harmonic mean was calculated from: 

𝐾 = 𝒕𝐺𝐶𝐿+𝒕𝑠𝑜𝑖𝑙
� 𝒕𝐺𝐶𝐿𝐾𝐺𝐶𝐿

�+�
𝒕𝑠𝑜𝑖𝑙
𝐾𝑠𝑜𝑖𝑙

�
         (3.2) 

where tGCL is the thickness of the GCL, tsoil is the thickness of the layer of soil or tire chips 

underlying the GCL, KGCL is the hydraulic conductivity of the GCL to leachate, and Ksoil is the 

hydraulic conductivity of the soil or tire chips underlying the GCL. 

After the GMB failed, the leakage through the liner was taken to be the minimum of the 

value calculated using the Darcy equation and the infiltration rate: 

𝑄 = min ( 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒,𝐾 ℎ𝑑
𝐷

)      (3.3) 

The infiltration rate through the landfill cover was assumed to be 0.15m/a based on 

Ontario Regulations 232/98 (MoE, 1998). 

The silty sand from Queen’s composite geosynthetic liner experimental field site in 

Godfrey, Ontario (Brachman et al., 2007) was used for the insulation and the attenuation layers. 

The suction head in the attenuation layer was assumed to increase linearly from 0m at the aquifer 

to 2.5m at the interface with the secondary GCL (hydrostatic equilibrium). The suction head in 

the soil insulation layer was assumed to increase linearly from 0m at the interface with the 
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secondary leachate collection system to t at the interface with the primary GCL, in which t is the 

thickness of the insulation layer. The hydraulic conductivity of the soil varies spatially depending 

on the moisture content and thus suction across the soil layer. To take into account the effect of 

moisture content and suction on the hydraulic conductivity, the soil was divided into sublayers 

and Ksoil was calculated using the harmonic mean of the unsaturated hydraulic conductivity values 

corresponding to the sublayers: 

𝐾𝑠𝑜𝑖𝑙 = 𝑛
∑ 1

𝐾𝑖
𝑛
𝑖=1

         (3.4) 

where Ki is the hydraulic conductivity value corresponding to the ith layer and n is the number of 

sublayers. The unsaturated hydraulic conductivity at different suctions for Godfrey soil was 

measured by Siemens et al. (2011) - (Figure 3.2). Figure 3.3 shows the harmonic mean hydraulic 

conductivity with varying thickness.   

The basic properties of liner materials at 20oC are presented in Table 3.3. Sorption was 

assumed to be zero. Half-life of DCM in tire chips was assumed to be infinite. In addition, the 

diffusion coefficient of DCM in tire chips was assumed to be the same as the diffusion coefficient 

in air. These assumptions all yield conservative results. Since temperature varied from the base of 

the landfill to the aquifer, the liner layers were subdivided into sublayers and the hydraulic 

conductivity and diffusion coefficient were calculated for the average temperature of each 

sublayer. At temperature T, hydraulic conductivity, KT, diffusion coefficient, DT, and GMB-GCL 

interface transmissivity, θT, were calculated based on Rowe, 1998: 

𝐷𝑇1
𝐷𝑇2

= 𝑇1
𝑇2

𝜇2
𝜇1

                (3.5) 

where T is the absolute temperature (oK), and µ is the dynamic viscosity of the liquid. Likewise, 

𝜃𝑇1
𝜃𝑇2

= 𝜌1
𝜌2

𝜇2
𝜇1

         (3.6) 
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and 

𝐾𝑇1
𝐾𝑇2

= 𝜌1
𝜌2

𝜇2
𝜇1

         (3.7) 

where ρ is the density of the liquid. 

The permeation coefficient of DCM through the GMB at temperature T was calculated 

using the relationship presented by Chao et al. (2007) for chloroform: 

𝑃𝑇 = 𝑃𝑜𝑒−𝐸𝑝 𝑅𝑇⁄          (3.8) 

where Po is back calculated for DCM using its P20 value and is equal to 1.21 x 1010 m2/a (Rowe 

and Arnepalli 2008), Ep is activation energy and was assumed to be the same as  for chloroform 

(78560 kJ/mol), R is the universal gas constant and T is the absolute temperature (oK). The 

contaminant transport properties calculated for a number of temperatures are presented in Table 

3.4. 

3.2.3 Prediction of geomembrane service-life 

The service-life of the HDPE geomembrane was calculated as the sum of the all three stages of 

degradation: (1) depletion of antioxidants (2) induction time to the onset of polymer degradation 

and (3) polymer degradation to decrease some property (or properties) to an arbitrary level 

(Viebke et al., 1994; Hsuan and Koerner, 1998). The estimates were based on the methodology 

described by Rowe (2005). Stage 1 times for the primary GMB were based on recent data 

published by Rowe and Rimal (2008a) for a GMB with standard OIT of 135min and HP-OIT of 

660min, which was a part of a primary composite liner with leachate above the GMB and a GCL 

and a foundation layer below the GMB. The time required to deplete the antioxidants at the 

estimated temperatures were obtained using Arrhenius modelling. 

Assuming that any leachate reaching a secondary GMB will have had to pass through the 

primary GCL, some attenuation of contaminants is expected to occur, which may improve the 
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service-life of the secondary GMB. Therefore, even for the same temperature, it is expected that 

the service-life of the secondary GMB will be greater than that of the primary GMB. So Stage 1 

times for secondary GMBs were estimated based on the data obtained for a GMB in a composite 

liner separated from leachate by a GCL (Rowe and Rimal, 2008b). 

In the absence of Stage 2 and Stage 3 data for GMBs used in composite liners, Stage 2 

times were calculated based on the data obtained for GMB samples immersed in leachate (Rowe 

et al., 2009), and the Stage 3 times were estimated based on the current lab data for GMB samples 

immersed in leachate at 85oC (Rowe et al., 2009) and activation energy of 80kJ/mol obtained in 

the tests conducted by Viebke et al. (1994). However, simple immersion of a GMB in leachate 

produces conditions too severe to characterize its lifetime in a landfill. Thus, to take into account 

the effect of contact with the underlying soil in a composite liner, Stage 2 and 3 times were 

adjusted based on the difference in composite liner (Rowe and Rimal, 2008a, 2008b) and leachate 

immersion test data (Rowe et al., 2009). Both unadjusted and adjusted values are reported as the 

likely lower and upper-bound estimates to the service-life of the secondary GMB. In this paper, 

for the purpose of illustrating the potential effects of the failure of a secondary GMB on 

contaminant transport to the aquifer, the service-life of the secondary GMB at a given 

temperature was taken to be the mean of the adjusted and unadjusted values calculated as 

described above. However, this is only an approximation. 

 

3.3 Results 

Analyses were performed for cases with no insulation and for cases with a layer of soil or tire 

chips as thermal insulation between the primary and secondary liners. The effect of insulation on 
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temperature and long-term performance of secondary GMB and therefore, on DCM peak impact 

in the underlying aquifer was investigated. The results are summarized in Table 3.5. 

3.3.1 Case 1: Groundwater temperature of 20oC and a primary geomembrane temperature 

of 60oC 

Figure 3.4 shows the calculated temperature profile for Case 1 with no insulation (Figure 3.1a). 

Figure 3.5 focuses on the temperature in the geosynthetic components of Figure 3.4. Depth zero is 

the top of the primary GMB. It can be seen that the temperature of the secondary GMB was 

almost as high as that of the primary GMB (59.4oC for the secondary GMB as compared with 

60oC for the primary GMB). Thus, the difference in the primary GMB and secondary GMB 

service-lives (20-40 years for the primary GMB as against 20-60 years for the secondary GMB) 

was largely due to the difference in exposure to leachate. The time required to come to thermal 

equilibrium was quite short (less than 100 days). 

As shown in Figure 3.6, for the barrier system with soil or tire chips between the primary 

and secondary liners (Figure 3.1b and 3.1c), it took longer to reach thermal equilibrium than the 

barrier system with no insulation (200 days for the case with a 1m-thick insulation versus 100 

days for the case with no insulation). As shown in Table 3.5, the use of a 0.5m to 1.5m-thick layer 

of soil as a part of the primary liner dropped the temperature of the secondary GMB, relative to 

the case with no insulation, by between about 6oC to 13oC. This difference had a considerable 

effect on the service-life of the secondary GMB. The secondary GMB service-life ranged from 

40-110 years for the barrier system with a 0.5m-thick soil layer to 70-240 years for one with a 

1.5m-thick layer of soil. This was substantially longer than the case without insulation (20-60 

years). However, a 1.5m-thick layer of soil takes up a considerable amount of volume in a landfill 

and might be an expensive solution. A 0.5m-thick layer of tire chips (1m before compression 



 

 

 

60 

under the waste), dropped the temperature and prolonged the service-life of the secondary GMB 

better than a 1.5m-thick layer of soil and could save a great deal of airspace in a landfill. As 

shown in Table 3.5, the use of a 0.5 to 1.5m-thick layer of tire could reduce the temperature on 

the secondary liner, relative to the configuration shown in Figure 3.1a, by between about 17oC 

and 27oC (specifically secondary GMB temperatures of 32.3oC to 42.7oC compared to 59.4oC). 

The thickness used in thermal analysis was the thickness after compression under 360kPa, which 

is equal to 25-30m of waste (Zekkos et al., 2006). 

The effect of liner insulation on contaminant concentration in the receptor aquifer 

beneath the landfill is illustrated in Figure 3.7. The contaminant transport modelling was based on 

the following assumptions. The primary GMB failed after 30 years (the mean value at 

temperature 60oC discussed earlier). For the case with no insulation, the secondary GMB failed 

after 40 years (the mean value at 59.4oC). Likewise, for the cases with 0.5m, 1m and 1.5m of soil, 

the secondary GMB failed after 75, 110 and 155 years and for the cases with a 0.5m, 1m and 

1.5m-thick layer of tire chips, the secondary GMB failed after 235, 490 and 740 years. The failure 

of the primary GMB at 30 years had no impact on the aquifer until the failure of the secondary 

GMB. The failure of the secondary GMB increased the leakage rate to the aquifer. 

In the case with no insulation the secondary GMB failed before the peak impact had 

occurred. The failure of the secondary GMB prior to the peak resulted in a sudden increase in 

DCM concentration. The peak impact was about 150µg/L, which is well above the limit imposed 

by many jurisdictions. The time to peak impact was 46 years. 

A 0.5m-thick layer of soil extended the mean service-life of the secondary GMB to 75 

years, which is after the peak impact occurred. Therefore, the peak impact was controlled by the 

leakage through the holes in the primary and secondary GMBs and diffusion through the liner 
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components and was not affected by the later failure of the secondary GMB. After the peak, as 

the concentration of DCM in the landfill was decreasing faster than in the soil, when the 

secondary GMB failed, the concentration reaching the aquifer decreased (because of the dilution 

of the DCM by leachate now advecting from the landfill). 

The diffusion coefficient of DCM through soil varies spatially depending on the moisture 

content of the soil layer (Rowe et al., 2004, see Appendix B for more details). However, in this 

study, the diffusion coefficient was assumed to be equal to the saturated diffusion coefficient. A 

comparison with the case with unsaturated diffusion coefficient (Figure 3.7c) showed that this 

assumption was acceptable. 

In the barrier system with soil insulation, the peak impact decreased noticeably as the 

thickness of the soil layer increased, possibly due to the attenuation of DCM flowing through the 

soil layer as well as the decrease in diffusion coefficient and hydraulic conductivity of the 

secondary liner with decreasing temperature.  

The decrease in the peak impact was less significant for the case with tire chips. This was 

mainly because, due to the paucity of data, the half-life value was conservatively assumed to be 

infinite.  

3.3.2 Case 2: Groundwater temperature of 15oC and a primary geomembrane temperature 

of 45oC 

For the case with no insulation, the steady state temperature at secondary GMB was predicted to 

be 44.6oC, for a groundwater temperature of 15oC and a primary GMB temperature of 45oC. The 

secondary GMB service-life was estimated to be between 80- 300 years. This was 60- 240 years 

longer than the service-life of the secondary GMB in Case 1. 
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As shown in Table 3.5 and Figure 3.8, the peak impact of DCM in the underlying aquifer 

was 60µg/L and occurred at 67 years, which was well before the failure of the secondary GMB. 

Thus, the failure of the secondary GMB did not affect the peak DCM concentration in the aquifer. 

After the peak, when the secondary GMB failed, the concentration reaching the aquifer decreased 

because the DCM was diluted by the leachate advecting from the landfill. 

As shown in Table 3.5, the use of a 0.5 to 1.5m-thick layer of soil or tire chips could 

reduce the temperature on the secondary liner and prolong its service-life. With a 1m-thick layer 

of tire chips, the service-life exceeded 350 years, which is the minimum required by Ontario 

Regulations (MoE, 1998). 

The increase in the service-life due to the application of thermal insulation did not affect 

the peak impact of DCM, because, even in the case with no insulation, the peak impact had 

occurred before the secondary GMB failed. However, the peak impact dropped as the thickness of 

the insulation increased (18µg/L and 38µg/L for 1.5m of sand and 1.5m of tire chips as compared 

to 60µg/L for the barrier system with no insulation), due to the attenuation of DCM flowing 

through the soil layer as well as the decrease in diffusion coefficient and hydraulic conductivity 

with decreasing temperature. Similar to Case 1, the decrease in peak impact was less significant 

for the case with tire chips, possibly because the half-life value was conservatively assumed to be 

infinite. 

3.3.3 Case 3: Groundwater temperature of 10oC and a primary geomembrane temperature 

of 37oC 

This case represented a landfill with relatively low temperatures. As shown in Table 3.5 and 

Figure 3.9, even for the case with no insulation, the service-life of the secondary GMB was 

predicted to be well beyond the period of time during which the impact of DCM occurred. The 
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increase in the service-life due to the introduction of thermal insulation did not affect the peak 

impact of DCM. However, the peak impact dropped with increasing the thickness of the 

insulation. Also, the peak impact was generally lower than the other two cases, because of lower 

diffusion coefficient and hydraulic conductivity due to lower temperatures. 

Figure 3.10 and Figure 3.11 summarize the calculated temperature and service-life of the 

secondary GMB for different thicknesses of soil and tire chip insulations and a range of primary 

liner temperatures. The aquifer temperature was assumed to be 10oC, which is the typical 

groundwater temperature in Southern Ontario. The service-lives shown in Figure 3.11 are the 

minimum (unadjusted) values. The cases which had service-lives longer than 500 years are not 

shown in this figure. 

 

3.4 Discussion 

A layer of soil, as proposed here, has the potential to lower the temperature of secondary GMBs 

thereby extending their service-life and reducing the peak impact of contaminants in underlying 

aquifers. One advantage of soil is that, unlike tire chips, issues of a finite service-life, low 

working temperature and excessive settlement do not come into play. One disadvantage with soil 

is that it takes a lot of airspace in a landfill. It is also often more expensive than tire chips. 

Using tire chips is inherently a very attractive and sustainable alternative since it involves 

the beneficial use of what must otherwise be waste material. By using tire chips, not only will 

natural resources be conserved, we would beneficially reuse large volume of waste tires. Tire 

chips exhibit excellent thermal insulation properties over that of conventional soil materials. 

Therefore, they save a great deal of space in a landfill.  
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However, if tire chips are used, considerable care would be required in the detailed 

design and construction of the liner. Issues such as settlement of the liner due to the highly 

compressible nature of tire chips and its effect on leachate collection pipes and the primary liner 

(e.g. GMB strain and stress, GCL overlaps), long-term performance of tire chips in a landfill 

environment, and low working temperature (which makes it unsuitable for landfills with 

extremely high temperatures) should be carefully addressed. Given the compressibility of tire 

chips, the in-place thickness of the layer may have to be significantly greater than the final design 

thickness to achieve the required thickness needed after waste placement and compression.  This 

introduces the potential for differential settlement. 

Perhaps the biggest concern is that tire chips have the ability to generate an internal heat. 

The heat generated is mainly caused by the oxidation of the steel wires. When the heat is not 

adequately dissipated, like in thick fills, tire chips may continue to develop heat to the point that 

they will ignite (Phaneuf and Glander, 2003). However, self-ignited fires have been usually 

associated with thick fills that were at least 6m thick. Based on ASTM D6270, self-heating of tire 

chips does not cause a problem providing that these layers are less than 3m in thickness. In 

addition, this problem can be avoided by limiting the amount of wire leftover in tire chips. The 

steel remnants may also puncture the secondary GMB.  

Tire fires emit toxic fumes and raise health-related concerns. To prevent potential self 

ignition, landfill owners need to safely store tire chips at the landfill site prior to landfill 

construction. For example, shredded tire piles must not exceed 6m in height and should not be 

located near potential ignition sources (Phaneuf and Glander, 2003; ASTM D6270).  

In general, leaching of tire chips has not generated harmful leachate (O’Shaughnessy and 

Garga, 2000; Bhalla et al., 2010). In fact, tire chips have been found to be good sorbents of many 
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volatile organic compounds (Edil et al., 2004). In some cases, some increase in certain metal 

elements have been observed, which may be attributed to the wire remnants and can be avoided 

by removing the wires (O’Shaughnessy and Garga, 2000; Park et al., 2003). Further studies are 

required to ensure that tire chips are safe and do not produce contaminants that will be 

problematic if they are detected in the leak detection system. 

Due to electrical insulating properties of rubber material, electrical resistivity leak 

location services cannot be performed on shredded tire layers placed above a GMB. Therefore, 

they need to be performed prior to the placement of tire chips (Phaneuf and Glander, 2003). 

This paper presented a preliminary study of one possible method to reduce the 

temperature of the secondary liner. The technique suggested in this paper should be regarded as 

experimental. Further numerical, laboratory and field study would be required to confirm its 

efficacy. Contaminant migration properties of tire chips were chosen from the very limited data 

published in the literature. They were taken to represent the worst-case conditions. Laboratory 

tests are required to define these parameters.  

The service-lives presented are only intended to highlight the effect of thermal insulation 

and should be used with caution. The service-life predictions are based on very limited data 

currently available; they may or may not be conservative. Only the results for Stage 1 are based 

on actual tests on a GMB typically used in landfill applications in a simulated liner configuration. 

Stage 2 and 3 tests have been underway for several years but as yet there are not enough data to 

provide predictions. Moreover, the predictions are relevant only to a GMB with properties similar 

to, or better than, those for which the tests were conducted (standard OIT (ASTM D3895) of 135 

min and HP-OIT (ASTM D5885) of 660 min, single-point stress crack resistance greater than 

400h (ASTM D5397: appendix)).  
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In addition, the service-life and the peak impact predictions are based on the assumption 

that the liner temperature remains constant over the period of time considered. In reality, the 

temperature will change with time. Consideration of a time-temperature history will give longer 

estimates of the service-life for a given peak temperature and aquifer temperature considered in 

this study. Moreover, it is assumed that no heat is removed by the secondary leachate collection 

system (leak detection system). Heat loss from the secondary leachate collection system may 

result in lower temperatures and longer service-lives. 

The contaminant examined here was dichloromethane. Other contaminants might respond 

differently. Given the rapid diffusion of DCM through a GMB the major impact occurs during the 

early years. The impact of chloride and other conservative contaminants whose concentration 

decreases only by dilution (there is no biodegradation or sorption) is negligible when the GMB is 

intact. However, depending on the size of landfill there may or may not be chloride and 

contaminants of emerging concern in the leachate at the time the GMB fails, and the peak impact 

in the aquifer may or may not increase significantly. 

 

3.5 Conclusions 

This study investigated the possible effectiveness of using tire chips in reducing the temperature 

of secondary geomembranes in double composite barrier systems, as compared to traditional soil 

materials. For the barrier system and parameters and conditions examined, the following 

conclusions have been reached. 

Tire chips exhibited excellent thermal insulation properties over that of conventional soil 

materials. A layer of tire chips dropped the temperature and extended the service-life of 
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secondary GMB better than soil and took less than a third of the space required to get the same 

temperature with soil.  

The early failure of the secondary GMB in a landfill with a high liner temperature and 

with no insulation between the two GMBs resulted in a sudden increase in DCM concentration. 

However, in the barrier system with a layer of soil or tire chips between the primary and 

secondary GMBs, the service-life of the secondary GMB was extended to after the peak impact 

occurred. Thus, the failure of the secondary GMB did not control the peak impact of DCM.  

In the landfill with a relatively low temperature the service-life of the secondary GMB 

was well beyond the period of time during which the impact of DCM occurred. Thus, the increase 

in service-life due to thermal insulation did not affect the peak impact of DCM. However, the 

peak impact dropped with increasing the thickness of insulation.  

Using tire chips has the potential to be a sustainable alternative to soil and would 

beneficially reuse large volume of waste tires. However, if tire chips are used, care would be 

required in the detailed design and construction of the liner.  The use of tire chips as insulation to 

increase the service-life of secondary liners appears to warrant further consideration and 

investigation. 
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Table 3.1 Thermal properties of the liner materials 

Layer 
Thermal 

conductivity 
(W/moC) 

Thermal 
diffusivity 

(m2/s) 
Geomembrane (GMB) 0.45 2.5 × 10-7 
Geotextile (GTX)- used in GCL 0.7 2.0 × 10-7 
Geonet (GNT) 0.15 1.8 × 10-7 
Bentonite (used in GCL) 2 1.0 × 10-6 
Silty sand (attenuation layer and insulation) 0.75 5.0 × 10-7 
Tire chips (used as insulation) 0.2 2.5 × 10-7 

 
 

 

Table 3.2 Cases examined (based on Rowe and Islam, 2009) 

Case Tprimary GMB 
(oC) 

Taquifer 
(oC) 

1 60 20 
2 45 15 
3 37 10 
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Table 3.3 Properties used in the contaminant transport analysis for DCM (at 20oC) 

 Thickness Porosity 

Hydraulic 
conductivity to 

leachate 
(m/s) 

Diffusion 
coefficient 

(m2/a) 

Half-life 
in soil 
(years) 

Geomembrane 2mm 1 - 2 × 10-5 - 
GCL 10mm 0.55 5 × 10-10 0.01 50 
Geonet 5mm 0.89 - 310 - 
Attenuation 
layer 2.5m* 0.4 1 × 10-7** 0.02 50 

Soil varies 0.35 
Varies based on the 

thickness (see Figure 
3.3) 

0.02 50 

Tire chips varies 0.78 0.01 310 infinite 

Note: 
* The minimum thickness required by Ontario Regulation (MoE, 1998) 
** Harmonic mean of the overall attenuation layer 

 

 

Table 3.4 Contaminant transport properties at temperature T relative to values at 20oC (K: 
hydraulic conductivity, D: diffusion coefficient, ϴ: transmissivity, P: permeation coefficient) 

Temperature (oC) KT/K20 or ϴT/ϴ20 DT/D20 PT/P20 
60 2.3 2.6 47.2 
55 2.1 2.3 30.6 
50 1.9 2.1 19.6 
45 1.7 1.8 12.4 
40 1.5 1.6 7.7 
35 1.4 1.4 4.7 
30 1.2 1.3 2.8 
25 1.1 1.1 1.7 
20 1.0 1.0 1.0 
15 0.9 0.9 0.6 
10 0.8 0.8 0.3 
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Table 3.5 Summary of primary and secondary temperatures, estimated service-lives and the peak impact of DCM in aquifer- Service-lives have 
been rounded to the nearest 10 years. 

Case Thickness of 
insulation (m) 

Temperature (oC)  Service-life (years)  DCM peak impact in aquifer 
PGMB SGMB  PGMB SGMB  Concentration (μg/L) Time of peak (years) 

1 - 60 59.4  20-40 20-60  150 46 
1 0.5m soil 60 53.9  20-40 40-110  59 66 
1 1m soil 60 49.7  20-40 50-170  39 73 
1 1.5m soil 60 46.4  20-40 70-240  18 104 
1 0.5m tire chips* 60 42.7  20-40 100-370  64 65 
1 1m tire chips* 60 35.9  20-40 180-800  56 69 
1 1.5m tire chips* 60 32.3  20-40 250-1230  53 70 
2 - 45 44.6  70-170 80-300  60 67 
2 0.5m soil 45 40.4  70-170 120-470  40 78 
2 1m soil 45 37.7  70-170 160-680  27 91 
2 1.5m soil 45 34.8  70-170 200-1220  18 105 
2 0.5m tire chips* 45 32  70-170 260-1280  47 74 
2 1m tire chips* 45 26.9  70-170 430-2410  41 78 
2 1.5m tire chips* 45 24.2  70-170 560-3420  38 80 
3 - 37 25.3  140-430 170-740  46 73 
3 0.5m soil 37 32.9  140-430 240-1150  30 85 
3 1m soil 37 30  140-430 320-1640  20 98 
3 1.5m soil 37 27.8  140-430 390-2150  12 114 
3 0.5m tire chips* 37 25.3  140-430 500-2960  36 81 
3 1m tire chips* 37 28.8  140-430 790-5350  31 86 
3 1.5m tire chips* 37 18.3  140-430 1020-7490  29 90 

Note: * thickness after compression under 360kPa (25-30m of waste) 
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Figure 3.1 Configuration of the barrier systems studied; GMB, geomembrane; GCL, geosynthetic 
clay liner; GNT, geonet; AL, attenuation layer 
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Figure 3.2 Hydraulic conductivity function for the soil layer used as insulation and attenuation 
layer (Godfrey soil- data from Siemens et al., 2011) 
 

 

 

Figure 3.3 Change in the harmonic mean unsaturated hydraulic conductivity of Godfrey soil with 
varying thickness (due to varying water content) 
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Figure 3.4 Temperature profile for the barrier system shown in Figure 3.1a (depth=0 is the top of 
primary GMB, depth=0.017 is secondary GMB)-Case 1 (Tprimary GMB=60oC, Taquifer=20oC) 

 
 

 

 

Figure 3.5 Detail of upper 0.03m showing temperature profile within the geosynthetic component 
of Figure 3.4 (depth=0.017 to 0.019m is the secondary GMB) 

 



 

 

 

79 

 

 

Figure 3.6 Temperature profile for the barrier systems shown in Figure 3.1b (with 1m sand 
between the primary and secondary liners- thin lines) and 1c (with 1m tire shreds between the 
primary and secondary liners- thick lines)-Case 1(Tprimary GMB=60oC, Taquifer=20oC). 
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  (a)                                                                    (b) 

 

 
(c) 

 

Figure 3.7 Variation of DCM concentration in aquifer with time (no insulation versus (a) 0.5m, 
(b) 1m, (c) 1.5m of insulation between the primary and secondary liners)- Case 1 (Tprimary 

GMB=60oC, Taquifer=20oC). 
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           (a)                                (b) 

 

 
(c) 

 

Figure 3.8 Variation of DCM concentration in aquifer with time (no insulation versus (a) 0.5m, 
(b) 1m, (c) 1.5m of insulation between the primary and secondary liners)- Case 2 (Tprimary 

GMB=45oC, Taquifer=15oC). 
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             (a)                        (b) 

 

 
(c) 

 

Figure 3.9 Variation of DCM concentration in aquifer with time (no insulation versus (a) 0.5m, 
(b) 1m, (c) 1.5m of insulation between the primary and secondary liners)- Case 3 (Tprimary 

GMB=37oC, Taquifer=10oC) 
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Figure 3.10 Temperature of secondary geomembrane liner for a range of temperatures of the 
primary geomembrane liner and for different barrier systems (aquifer temperature= 10oC, typical 
temperature in Southern Ontario) 
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Figure 3.11 Minimum (unadjusted) service-life of secondary geomembrane liner for a range of 
temperatures of the primary geomembrane liner and for different barrier systems (aquifer 
temperature= 10oC, typical temperature in Southern Ontario)- Cases not shown had service-lives 
well above 500 years 
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Chapter 4 

Numerical examination of a method for reducing the temperature of 

municipal solid waste landfill liners  

 

4.1 Introduction 

Since the advent of modern regulations, municipal solid waste (MSW) landfill facilities are 

typically required to have a barrier system that will prevent all but a nominal escape of 

contaminants to groundwater and surface water for the contaminating lifespan of landfill 

(expected to be hundreds of years for large modern landfills, Rowe et al., 2004). To provide long-

term protection it is necessary to minimize factors that increase leakage through composite liners 

(Rowe, 2005; El-Zein and Rowe, 2008; Saidi et al., 2008; Bouazza et al., 2008; Katsumi et al., 

2008; Guyonnet et al., 2009; Gassner, 2009; Du et al., 2009) and the factors reducing service-life 

of the landfill barrier system such as wrinkles and tensile strains in the geomembrane liner (e. g. 

Take et al., 2007; Thusyanthan et al., 2007; Brachman and Gudina, 2008a, b; Fowmes et al., 

2008). The liner temperature is another important factor that affects long-term performance of 

liner components. 

Landfill monitoring has shown that the heat generated by municipal solid waste or from 

heat of hydration of MSW incinerator ash can significantly increase the temperature on the 

underlying landfill liner(s).  Liner temperatures of 30-40oC can be expected and in some cases 

temperatures of up to 60oC have been reported in the literature (Klein et al., 2001; Yoshida and 

Rowe, 2003; Rowe et al., 2004; Rowe, 2005; Koerner and Koerner, 2006; Koerner et al., 2008; 

also see Rowe and Hoor, 2009 and Chapter 2 for a comparison of liner time-temperature histories 
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observed in different landfills). In addition, reactive wastes such as aluminum production wastes 

have been observed to produce temperatures in the landfill waste greater than 100oC (Calder and 

Stark, 2010; Martin et al., 2011), but no liner temperature has been reported. 

 Elevated temperatures reduce the service-life of geomembranes and potentially that of 

the clay component of barrier systems (Rowe, 2005). Both primary and secondary liners may be 

affected by elevated temperature (Southen and Rowe, 2004; Rowe, 2005; Southen and Rowe, 

2005a, b; Rowe et al., 2008, 2009; Rowe and Hoor, 2009, Chapter 2).  In situations where the 

service-life is not adequate, the barrier system needs to be revised or the liner temperature 

reduced.  

This study, which is built on earlier work by Rowe et al. (2007) and Hoor et al. (2008), 

presents one possible method to control the temperature at the base of a landfill. The design 

involves installation of an array of cooling pipes beneath the waste. The potential effectiveness of 

the proposed method is examined numerically.  First, the model was calibrated for the case with 

no cooling system against temperature data from the Tokyo Port Landfill.  Then, the feasibility of 

controlling liner temperature using the proposed method was examined by hypothetically 

inserting a heat extraction system into the Tokyo Port landfill at the time of construction under 

the assumption that all other aspects of waste disposal at the landfill remain the same.  

 

4.2 Design concept 

The concept involves a closed system to cool the liner by means of a series of horizontal pipes 

buried at the base of a landfill. Coolant circulated through the pipes absorbs heat from the 

surroundings and reduces the temperature of the landfill liner. The heated coolant is pumped to 

facilities outside the landfill where the thermal energy is recovered for onsite use and the coolant 
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temperature reduced before re-circulation back into the landfill. The pipes are installed at the time 

of barrier system construction. This cooling system would be activated once the temperatures on 

the liner were found to approach a threshold level (i.e. a temperature approaching that which 

could adversely affect the long-term performance of the liner).  Once activated, it would be run 

continuously to control the liner temperature to a predetermined acceptable level. 

Figure 4.1 provides a schematic of two possible alternative patterns for the cooling 

system. Initially, consideration was given to a symmetric pipe arrangement (Figure 4.1a). 

However, as will be discussed later, the results showed that to maintain low temperatures with a 

reasonable pipe spacing, a more efficient pipe arrangement was required and, therefore, the study 

was extended to consider a periodic pipe distribution where the entry and return pipes alternate as 

shown in Figure 4.1b.  

Cooling pipes could be installed in the leachate collection system (LCS) or in a sand 

blanket either above or below LCS. Each design option has advantages and disadvantages. By 

placing the pipes in sand there is a greater potential to obtain good contact with the cooling pipes 

(which reduces resistance to heat transfer between the pipe wall and soil) than would be possible 

in a gravel leachate collection system.  Furthermore, due to matric suction and biologically 

induced clogging (Rowe et al., 2004; Rowe, 2005; McIsaac and Rowe, 2006; Cooke and Rowe, 

2008), sand will have a much higher moisture content than gravel and this will result in higher 

thermal conductivity than if  the pipes are placed in free draining gravel drainage layer.   

There are also advantages and disadvantages to placing the sand layer above or below the 

gravel drainage layer.  If placed below the drainage layer the sand layer will also provide 

excellent protection of the geomembrane from physical damage (Brachman and Gudina, 2008a, 

b) and will reduce the outward diffusion of antioxidants, which thereby will extend the service-
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life of the geomembrane liner (Rowe and Rimal, 2008a, Rimal and Rowe, 2009).  However, this 

approach will also potentially increase the leachate head on the liner and may lead to a less 

effective distribution of cooling.  Placing the sand above the gravel eliminates these two problems 

and may reduce the potential for clogging of the gravel layer (McIsaac and Rowe, 2006).   

Placing the pipes in the gravel reduces the cost of installation but as mentioned above, 

causes some reduced thermal efficiency compared to having them in a sand layer above the LCS.  

This study will mainly focus on pipes installed in a sand layer. The effect of installing the pipes in 

the different locations noted above on the temperature distribution at the top of the liner also will 

be examined for one case. 

Water is selected as the coolant due to its availability, low cost and low potential risk in 

the case of leaks. The cooling pipes were assumed to be made of HDPE which is a well-

established material in landfill applications both for geomembrane liners and leachate collection 

pipes and its long-term behaviour in a landfill environment is reasonably well-known. Also, 

HDPE pipes can be installed at reasonable cost (compared to the stainless steel pipes examined 

by Rowe et al., 2007). However, in spite of a number of advantages, the thermal conductivity of 

HDPE is relatively low compared to alternative materials such as stainless steel and, therefore, 

the use of HDPE potentially could reduce the efficiency of heat transfer between coolant and liner 

compared to the use of stainless steel.  To evaluate the effect of pipe material, analyses were 

performed for the case with HDPE pipes versus the case where the pipe wall was perfectly 

conductive (or not present). It was found that since the pipe wall is relatively thin compared to the 

dimensions of the barrier and piping system, the thermal properties of the pipe had negligible 

effect on heat transfer.  
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The following sections will provide more details on the numerical model and the case 

studied. 

 

4.3 Case studied 

To ensure that the heat generation aspects of the model accorded well with conditions expected in 

real landfills, the numerical model was calibrated for the case with no cooling system using data 

for the Tokyo Port Landfill.  This landfill was selected because there are considerable data for the 

temperature at the base of the landfill.  In this landfill, there was ample moisture to encourage 

rapid biodegradation of the readily degradable organic matter with the consequent generation of 

temperatures in excess of 40oC at the top of the natural clay liner at the bottom of the landfill 

(Yoshida et al., 1997). The Tokyo Port Landfill accepted 30m of municipal solid waste (MSW) in 

3 years (1976 to 1979).  The facility had no leachate collection system and as a consequence a 

significant leachate mound formed during landfilling and remained after closure (Yoshida and 

Rowe, 2003).  

4.3.1 Thermal behavior of Tokyo Port Landfill 

The temperature in the Tokyo Port Landfill was monitored for many years after 1983 (there is no 

relevant temperature data for the early years). The data recorded since 1983 shows that the 

temperature in the landfill reached a peak value of more than 60oC in 1985 (Yoshida et al., 1997). 

Similarly, the temperature at the base of the landfill increased to about 45-50oC (Yoshida and 

Rowe, 2003). Subsequently, the temperature at the base of the landfill, had reduced to 37-41oC 

after 20 years. 

The heat generated by a landfill depends on waste management practice, the nature of the 

waste, and the availability of moisture to encourage biodegradation of the waste. For instance, an 
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increased rate of landfilling correlates with an increased rate of temperature rise (Brune et al., 

1991). In addition, the ready availability of moisture can accelerate the rate of temperature 

increase in a landfill (Rowe, 2005). The reported data suggests that quick landfilling (around 

10m/year) and the generation of a significant leachate mound were responsible for the observed 

rapid increase of temperature in the Tokyo Port Landfill. These factors combined with the 

temperature data led to a heat generation model for the Tokyo Port Landfill that will be discussed 

in the following section. 

 

4.4 Numerical modelling 

The finite volume-based computational fluid dynamics code FLUENT (ANSYS FLUENT, 2006), 

was used to (a) model the original Tokyo Port Landfill and (b) numerically assess the 

performance of a cooling system which was assumed to have been introduced at the time of 

landfill construction. The initial analyses used a two-dimensional (2D) model. The model then 

was extended to three-dimensions (3D). 

The configuration of the model initially examined is shown in Figure 4.1a. Due to the 

symmetric distribution of pipes, it was only necessary to model one loop of pipes (i.e. one inlet 

and one outlet) with a zero heat flux boundary condition at the side boundaries midway between 

similar pipe loops. The width of the section modeled was twice the pipe spacing. 

Subsequent analyses were performed for a periodic distribution of pipes as shown in 

Figure 4.1b.  Given the periodicity, conceptually the case could be represented by one loop of 

pipes with periodic boundary conditions applied at the side boundaries. However, the computer 

code does not enable the application of periodic boundary conditions coupled with a heat source 

and fixed-temperature boundaries that were necessary to model other aspects of the problem. 
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Thus, an alternative approach, which involved modelling a sufficient number of pipe loops so that 

the middle loop represents periodic conditions, was adopted. The number of modules was varied 

as will be discussed later.  

The effect of pipe location was examined by modelling four different cases in 2D (Figure 

4.2).  In Case 1 (the base case adopted for the rest of this chapter) the pipes were located in a 1m-

thick sand layer with the pipe invert located 30cm above the top of liner. Case 2 represents pipes 

in a 0.5m sand layer with the pipe invert 15cm above the top of liner. Case 3 is similar to Case 2 

but has a 50cm gravel LCS underlying the sand.  Case 4 was geometrically similar to Case 2 but 

in this case the pipes were located in an unsaturated gravel LCS. The sand was assumed to retain 

significant amounts of leachate and have a high degree of saturation from the onset of analysis. 

The temperature on the exposed surface of the landfill and deep in soil, as well as, the 

coolant temperature were set to 15oC (the annual average temperature in Tokyo). The modelling 

did not take into account the seasonal variation of incoming waste temperature and, hence, 

simplifies the real situation. As indicated by Hanson et al. (2006) waste temperature at the time of 

placement affects heat generation in a landfill and specially landfill temperature near the surface.  

However, away from the surface (the area of primary interest in this study) the temperature of the 

waste is not significantly affected by the seasonal variation in temperature.  The thickness of 

waste in the landfill at closure was 30m.  The distance to the lower boundary beneath the top of 

the liner was specified to be sufficiently deep so as not to significantly affect the results (30m 

from the bottom of landfill). The heat transfer between pipes and soil was assumed to be 100% 

efficient, which implies that the pipes were in perfect contact with soil. When the cooling pipes 

are buried in a layer of sand, this assumption is reasonable. Pipes were assumed to be made of 

HDPE with an average inside diameter of 20cm. Parametric studies showed that heat extraction 
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increased with increasing the pipe diameter. However, the improvement in extraction efficiency 

was insignificant compared to the effect of other design features examined herein. Hence, the 

effect of pipe diameter is not examined in this study. 

The landfill was modelled through a series of steps to simulate landfilling and the post-

closure stages so as to give a temperature trend similar to that observed in the Tokyo Port Landfill 

as described earlier.  These steps are summarized in Table 4.1.The effect of the development of a 

leachate mound over time was considered. Waste placement was modelled in 30 months (similar 

to the actual case) through 5 steps. During waste placement, it was assumed that each fresh cell 

was exposed to air with the upper 1m waste in the aerobic decomposition stage. The underlying 

waste was assumed to be in the anaerobic decomposition phase. Step six was the closure step, 

where the landfill was covered and the entire waste mass underwent anaerobic decomposition. 

For the cases with a cooling system, the cooling system was activated subsequent to landfill 

closure and, once initiated, ran continuously. If the cooling system was implemented at a real 

landfill, it would be activated once the temperature on the liner approaches a predetermined level 

which might affect long-term performance of liner components. In such a case, constant 

monitoring of liner temperature is recommended.  Temperature monitoring could also be used to 

adjust the pumping rate so as to maintain the required cooling. Post-closure, the landfill was in a 

fully anaerobic stage for almost 8 years after the start of landfilling prior to the temperature 

reaching the peak observed value.  Peak liner temperatures were compared for the cases with and 

without cooling pipes in an effort to assess the likely effect of the proposed cooling system on 

liner temperature.  

The properties adopted for MSW, sand, LCS gravel, and the underlying foundation soil 

(estimated based on Yoshida et al., 1997; Yoshida and Rowe, 2003; Rowe and Hoor, 2009; and 
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Chapter 2) and the heat generation rates are summarized in Table 4.2.  The thermal properties 

were assumed to be constant and do not vary with temperature. The heat generation rates were 

obtained by fitting the “base case” prediction (case with no cooling system) to the measured 

temperature profile. Different heat generation rates were adopted for the saturated waste, 

unsaturated waste and the waste exposed to air. The heat generation rates estimated in this study 

are within the range of values reported in the literature (Rees, 1980; Yoshida and Rowe, 2003; 

Yesiller et al., 2005). 

The study assumed annual average thermal conditions for ambient and coolant 

temperatures.  A detailed examination of the effect of seasonal variations of temperature on the 

performance of the system would be required if the system was being considered for 

implementation at a particular location. 

4.4.1 2D model 

Two-dimensional analyses were conducted to study the influence of pipe spacing on temperature 

as well as to determine the number of modules required to simulate periodic conditions. The 

analysis was performed using quadrilateral elements with element size of 0.1m (36,000 elements 

for one module with 3m pipe spacing, 72,000 elements for 6m pipe spacing and 108,000 elements 

for 9m pipe spacing). The cross-section modelled represented the cross-section at the end of the 

cell where the pipes enter and leave the landfill since temperatures will generally be lower at 

other cross-sections. The inlet temperature was fixed at 15oC and the outlet temperature was 

allowed to be equal to that of the surrounding soil (i.e. the pipes did not provide any cooling at 

this location). This assumption corresponds to a flow rate in the pipes where the fluid would 

reach the temperature of the soil at the point of exit from the landfill and while it maximized the 

amount of heat that can be extracted per unit volume of the coolant, it also limits control on 
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temperature.  The flow rate cannot be calculated from the 2D model; in order to capture the effect 

of heat transfer with the flow of fluid in the entire pipe system, a 3D analysis is required as 

discussed below.   

4.4.2 3D model 

The 3D analysis was performed to capture the effect of heat transfer with the flow of fluid along 

the pipes and to examine the influence of coolant mass flow rate. The landfill cell considered was 

400m long and was divided into two 200m subcells (Figure 4.1). A 200m-long subcell was 

modelled for both symmetric and periodic pipe arrangements.  

For a symmetric pipe arrangement (Figure 4.1a), the width of the block analyzed was 

twice the pipe spacing. For a symmetric pipe arrangement with a 3m pipe spacing, the analysis 

was conducted using 1,680,720 hexahedral elements.  

For a periodic pipe arrangement (Figure 4. 1b), the inlet and outlet points were 9m apart. 

Two loops of pipes were modelled since trial 2D analyses showed that two modules would be 

sufficient to simulate conditions reasonably close to periodic. The width of the model was four 

times the pipe spacing (36m). The analysis was conducted using 8,528,760 hexahedral elements.  

For both cases, the inlet temperature was set at 15oC.  The outlet temperature was 

established by the heat uptake and flow rate in the pipe.  A sensitivity analysis was performed to 

define the acceptable mesh refinement (see Appendix C). The adopted element size (height and 

width) ranged from 0.1m in the pipes and the soil around the pipes to 0.25m in waste and to 1m in 

the subsoil. The length of the elements varied between 0.1m in the area close to the end of the 

cell, where the entry and return pipes are connected, to 2m in the zone where the pipes enter and 

leave the landfill cell.  
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4.5 Results 

Table 4.3 summarizes the predicted liner temperatures for symmetric and periodic pipe 

arrangements. A discussion of the results is presented below. 

4.5.1 Symmetric pipe arrangement 

2D results: The temperature profile in the landfill 8 years after the start of landfilling for the 

cases without and with a cooling system is provided in Figure 4.3. The calculated and measured 

temperature profiles without a cooling system are compared in Figure 4.3 and can be seen to be 

quite similar. For the case with cooling system, the entry and return pipes initially were assumed 

to be 3m apart. The introduction of this cooling system reduced liner temperature by 10.6 to 20oC 

(from 41.9oC to 21.9~31.3oC).  For a landfill with a composite liner, this would result in a 

significant increase in the service-life of the engineered liner (Rowe, 2005). As illustrated in 

Figure 4.4, the temperature on top of the liner ranged between 21.9oC directly below the inlet 

pipe and 31.3oC between the outlet pipes.  

The effect of pipe location was examined by modelling four different cases with a 

symmetric pipe arrangement. The calculated temperature distribution on the top of the liner is 

shown in Figure 4.5 for all four cases. The results obtained for the pipes installed in 0.5-m-thick 

sand protection layer and 0.5-m gravel LCS with the pipe invert both 0.15m above the liner 

(Figure 4.2- Cases 2 and 4) were very similar. The temperature below the inlet pipe was lower 

and the temperature between the outlet pipes was higher than for the other cases examined.  The 

case with the pipes in a sand layer above the gravel LCS (Figure 4.2- Case 3) gave the most 

uniform temperature distribution on the liner and the lowest maximum temperature because the 

gravel acts as thermal insulation between waste and liner and hence, the lower thermal 

conductivity of the gravel both reduces heat transfer to the liner while encouraging a more even 
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distribution of heat in the more thermally conductive sand layer above the gravel.  The lowest 

maximum temperature would correspond to the longest service-life (other things being equal) for 

a geomembrane liner (Rowe, 2005).  

The pipe spacing is an important factor influencing the efficacy of the proposed system. 

Also, given that it highly affects the cost of installation, it needs to be as great as possible (ideally 

within the range of pipe spacing typically chosen for LCS). To illustrate the effect of pipe 

spacing, the cooling system was examined using a pipe spacing of 3m and 6m. As shown in 

Figure 4.4, for the 6m spacing, the analysis gave minimum and maximum temperatures of 23.7oC 

(below the inlet pipe) and 39.2oC (midway between outlet pipes). Thus, while the temperature 

below the inlet pipes was reasonably low, in the area between the outlet pipes the cooling system 

had little effect on reducing temperature and the maximum liner temperature of 39oC was 

substantially higher than the 31.3oC obtained midway between outlet pipes for a 3m pipe spacing.  

A more efficient pipe arrangement (such as the case shown in Figure 4.1b) or a higher coolant 

flow rate, which would lower the temperature at the outlet pipe, may be expected to result in 

lower temperatures on the liner. To explore the effect of coolant flow rate, it is necessary to 

perform a 3D analysis. As will be demonstrated by the 3D model, an increase in coolant flow rate 

above the level corresponding to that examined in the 2D model will result in lower liner 

temperatures for a given pipe spacing and hence, can be expected to allow control of temperature 

at a greater pipe spacing than implied by the 2D analysis.  

3D Results: A three-dimensional analysis was performed to evaluate the impact of heat 

convection along the pipe. Figure 4.6 shows a contour plot of temperature at the top of the liner 

for the pipe spacing of 3m. Minimum and maximum temperatures were encountered around the 

inlet pipe and between two adjacent outlet pipes, respectively. This is consistent with 2D results. 
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The temperatures obtained from the 3D model were lower than temperatures obtained with the 

2D model. For example, for mass flow rate of 0.3 kg/s (the case shown in Figure 4.6), the liner 

temperature from the 3D model ranged between 19.7oC and 24.6oC, while in the 2D model the 

temperature varied between 21.9oC and 31.3oC. This is mainly due to the inclusion of heat 

transfer with the flow of fluid along the pipe in the 3D model that could not be captured in the 2D 

analysis. In addition, in the 2D model, the outlet pipe did not provide any cooling since the outlet 

temperature was allowed to be equal to that of the surrounding soil. This limitation was addressed 

in the 3D model as the outlet temperature was established by the heat uptake and water flow in 

the pipe. 

To illustrate the effect of coolant mass transfer rate, analyses were performed for 

different mass transfer rates ranging from 0.05 kg/s to 0.4kg/s.  As demonstrated in Figure 4.7, 

the higher the mass flow rate, the lower the liner temperature over the range of flow rates 

examined. However, increasing mass flow rate results in lower outlet temperature and, therefore, 

the energy extracted is of lower “quality”. In this study the upper mass flow rate was limited to 

0.4kg/s (corresponding to Reynolds’s number of 2000) so as to maintain laminar flow in the 

piping system.  For the highest mass flow rate (0.4kg/s), the liner temperature ranged from 18.4oC 

directly below the inlet pipe to a maximum of 21.7oC midway between the outlet pipes. These 

temperatures are substantially below the 41.9oC obtained in the absence of cooling system.  Also 

a comparison with the low (21.9oC) and high (31.3oC) temperatures obtained from the 2D 

analysis suggests that a full 3D analysis is needed for optimizing the spacing of cooling pipes and 

implies that a 3D analysis of the 6m pipe spacing examined earlier in 2D is likely to result in 

improved results with respect to cooling the liner.  
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4.5.2 Periodic pipe arrangement 

The results presented above indicate that liner temperature may be reasonably controlled by 

means of a properly designed cooling system (i.e. a cooling system where the main design 

features, such as pipe layout and spacing, and coolant flow rate, are optimized to provide the 

required cooling). From the 2D study, the pipe spacing using the symmetric arrangement would 

have to be relatively small (less than 6m) to obtain a sufficient reduction in liner temperature to 

meaningfully extend the service-life of the geomembrane in the most critical (highest 

temperature) location. Assuming that the cost of installing pipes will be an important design 

consideration, a more effective arrangement of cooling pipes is needed.  Thus, the periodic 

distribution shown in Figure 4.1b was examined to evaluate the effect of the pipe layout.  

2D results: The number of modules required to simulate a periodic pipe arrangement for a case 

with pipe spacing of 9m was obtained using a 2D model. Cases with 1, 2, 5, 7 and 9 modules 

were analyzed. Figure 4.8 shows temperature distribution on the liner in the middle module 

(horizontal distance between -9 and +9m).  For the symmetric case (i.e. the case with one 

module), the analysis gave minimum and maximum temperatures of 23.8oC (below the inlet pipe) 

and 40.2oC (between the two outlet pipes). The maximum temperature observed in the middle 

module was reduced to 39.3oC for two modules, 39.1oC for five modules and 38.8oC for nine 

modules. Thus, to gain sufficient accuracy for present purposes, a periodic pipe arrangement can 

be simulated by modelling two loops of pipes and focusing attention on the middle zone (also see 

Appendix C). This approach may slightly overestimate the temperature (by less than 20%); 

however, due to significantly lower computational time (in particular, for the 3D model), this 

level of approximation was considered acceptable. 
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3D results: Figure 4.9 shows a contour plot of temperature at the base of the landfill. The 

simulation was performed using a coolant flow rate of 0.3kg/s (the case shown in Figure 4.9), 

which gave liner temperatures ranging between 23.6oC and 34.7oC. This is up to 4.6oC lower than 

the similar 2D model. As implied by these lower temperatures, the 3D analysis provides 

improved results with respect to predicting the cooling of the liner. 

For the highest mass flow rate examined (0.4kg/s), the liner temperature ranged from 

22.8oC to 34.4oC (Figure 4.10). This is 7.5-19.1oC lower than the temperature obtained in the 

absence of the cooling system. For a landfill with an engineered barrier system, this temperature 

reduction would result in a substantially increased service-life of an HDPE geomembrane liner. 

To provide an estimate of the magnitude of the effect on geomembrane service-life, the cases 

with and without cooling system were studied and the service-lives for a hypothetical 

geomembrane placed at the base of the landfill were estimated  (based on the methodology 

described by Rowe, 2005) for the minimum and maximum temperatures on the liner. The 

predicted service-lives considered all three stages of degradation of a geomembrane: 1. time for 

depletion of antioxidants, 2. induction time to the onset of polymer degradation, 3. time for 

degradation of the polymer physical properties to a prescribed level (e.g., to 50% of the original 

value ); Viebke et al. (1994) and  Hsuan and Koerner (1998). The stage 1 times were calculated 

based on recent data published by Rowe and Rimal (2008a) for an HDPE geomembrane with 

standard oxidative induction time  (ASTM D3895) of 135 minutes, high- pressure oxidative 

induction time  (ASTM D5885) of 660 minutes and single point stress crack resistance (ASTM 

D5397-appendix) greater than 400 hours. The data are obtained from the tests for simulated 

composite liners with leachate above the geomembrane and a geosynthetic clay liner and 

foundation layer below the geomembrane. Stage 2 and 3 times were estimated based on the data 
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published by Viebke et al. (1994) for a polyethylene gas pipe with minimal antioxidant and with 

water inside and air circulating around the outside. To take into account the interaction with 

leachate, the times for Stages 2 and 3 were adjusted based on those data obtained in the tests 

conducted by Rowe and Rimal (2008b). The service-life of geomembrane is taken to be the sum 

of the time in Stages 1, 2 and 3 (Rowe, 2005). 

The service-life of the geomembrane in this landfill in the absence of a cooling system 

was estimated to be 85 years using the methodology described above. The introduction of the 

cooling system with 9m spacing and coolant flow rate of 0.4kg/s increased the service-life by 

between 105 and 560% (from 85 years to 175 - 565 years) at the hottest and coolest locations 

respectively. This prediction conservatively assumes that the temperatures within the layers 

remain constant over time and, therefore, underestimates the service-life. Longer service-lives are 

expected if the effect of temperature-time history is considered (Rowe and Islam, 2009). The 

service-life can also be increased by decreasing the pipe spacing or introducing fluid at a higher 

mass flow rate or at a lower temperature than the annual average ambient temperature (15oC in 

this case). 

The results presented and discussed above highlight the potential effectiveness of a 

cooling system intended to increase the service-life of a geomembrane liner. Although effective, 

in landfills with high heat generation rates the system may not provide enough cooling unless the 

pipes are located at a spacing of about 9m or less or the fluid is introduced at a temperature well 

below annual average ambient temperature. In situations where the associated cost of either of 

these alternatives is unreasonably large, other options including changing the method of landfill 

operation, revising the type of barrier system and using other methods of cooling may be 

considered.  
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4.6 Discussion 

Until recently the temperature on landfill liners and the effect that this may have on the service-

life of composite liners (both the aging of HDPE geomembrane and the potential desiccation of 

underlying clay liner – see Rowe, 2005) used for both municipal solid waste and incinerator ash 

landfills have received relatively little attention.  However, there is growing evidence that the 

temperature on a liner may be sufficient to significantly reduce the service-life of the liner.  As 

noted earlier in this chapter, liner temperature can be affected by a number of factors including 

the nature of the waste, waste management practices, the availability of moisture, etc.  While 

these can be controlled to some extent, the question arises as to whether active measures could be 

taken to control the temperature if the liner temperatures are approaching unacceptable levels in 

terms of the potential impact on the liner service-life.  Measures such as controlling the influx of 

water may, in time, reduce temperature and will certainly reduce the potential for leachate build-

up and leakage.  The insertion of wells to remove heat and introduce coolant may also reduce 

temperature conceptually.  However, these techniques are implemented after the problem arises 

and must be regarded as experimental at this point in time.  The technique suggested in this study 

should also be regarded as experimental.  Unlike the other techniques, it requires the installation 

of the piping system at the time of landfill construction but the cooling system would only need to 

be operated if monitoring indicated that a problem was likely to occur in the absence of active 

cooling.  The use of HDPE pipes as proposed here in a sand or gravel layer above the liner would 

be expected to allow the system to survive typical settlement of the liner in a similar manner to 

leachate collection pipes – although care would be required in the detailed design to avoid areas 

of high shear stress on the pipe. The modelling conducted herein suggests that an appropriately 

designed system could substantially reduce liner temperature.  The cost of the use of such a 
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system would need to be evaluated in the context of alternative techniques and the cost of trying 

to “fix” the problem after it has occurred versus using a contingency measure that is installed at 

the time of landfill construction.  It is suggested that the proposed technique warrants 

consideration in this context. 

 

4.7 Summary and conclusions 

Heat generated by the waste in a landfill can generate liner temperatures sufficiently high to 

substantially reduce the service-life of the liner. This study has presented one possible method to 

modify the temperature at the base of the landfill.  The service-life of liner components can be 

extended beyond the service-life of the case where no heat extraction is used. The design involves 

installation of an array of cooling pipes beneath the waste. The feasibility of the system for 

cooling the liner was examined by performing a series of numerical analyses for conditions based 

on the Tokyo Port Landfill.  The results suggest that a cooling system as proposed can 

substantially reduce liner temperature. In the case of a landfill with an engineered barrier system 

this would result in a significant increase in the service-life of liner components (e.g.  

geomembrane, compacted clay and LCS).  

Studies were performed to examine the key design features of the cooling system such as 

pipe layout, pipe spacing and coolant flow rate. The results suggest that the pipe layout affects the 

temperature reduction, with a periodic layout being more efficient than a symmetric arrangement.  

It was also demonstrated that an increased coolant transfer flow rate resulted in a decrease in liner 

temperature. However, for high mass flow rates, the outlet temperature of cooling liquid in the 

pipes would be low and, thus, the extracted heat would be of low quality and of little utility.  The 

cooling effect is improved when pipes are located with lower spacing, although with a relatively 
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close spacing the associated implementation cost may be unreasonably high. The liner 

temperature could be reduced further by introducing fluid at a lower temperature than the average 

annual ambient temperature considered herein, but the extent of this reduction was not examined 

in this study.  Thus, there is likely a trade-off between (a) minimizing liner temperature, (b) pipe 

spacing, (c) utilization of the extracted heat, and (d) the cost of installation and long-term 

maintenance of the system (e.g. issues related to operation of the pumps and the cooling 

equipment) that need to be examined in future studies.    
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Table 4.1 Steps used to simulate landfilling and the post-closure response 

Step MSW height  
(m) 

Leachate mound  
(m) Degradation Time (from the 

start of landfilling) 
1 Landfilling 6 0 Anaerobic(An):5m 

Aerobic(A): 1m 
6 months 

2 Landfilling 12 1 An: 11m, A:1m 12 months 
3 Landfilling 18 2 An:18m, A:1m 18 months 
4 Landfilling 24 3 An:23m, A:1m 24 months 
5 Landfilling 30 4 An:29m, A:1m 30 months 
6 Closure 30 5 An: 30m 32 months 
7 Post-closure 30 6 An: 30m 3 years 
8 Post-closure 30 12 An: 30m 5 years 
9 Post-closure 30 18 An: 30m 8 years 

Note: A= zone in aerobic degradation stage; An= zone in anaerobic degradation stage 
 

Table 4.2 MSW and soil properties 

Layer 
Layer 

thickness 
 (m) 

Thermal 
conductivity 

(W/moC) 

Specific heat 
(J/kgoC) 

Heat generation 
rate 

(W/m3) 
MSW- exposed to air 0 to 1 0.35 1940 4.67 
MSW- above leachate level 5 to 26 0.35 1940 0.436 
MSW- below leachate level 0 to 18 0.96 2360 0.763 
Sand 0 to 1 3.15 1390 - 
Gravel 0 to 1 1 910 - 
Foundation soil 30 0.86 1110 - 
 

 

Table 4.3 Calculated temperature on top of liner 

2D or 3D Pipe arrangement Mass flow rate 
(kg/s) Pipe spacing (m) Liner temperature  

(oC) 
2D Symmetric - 3 21.9 to 31.3 
2D Symmetric - 6 23.7 to 39.2 
2D Symmetric - 9 23.8 to 40.2 
3D Symmetric 0.3 3 19.7 to 24.6 
3D Symmetric 0.4 3 18.4 to 21.7 
3D Periodic 0.3 9 23.6 to 34.7 
3D Periodic 0.4 9 22.8 to 34.4 
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(a) 

 

(b) 

 

Figure 4.1 Schematic layout of cooling pipes (plan view, gray represents “cold” and black 
represents “warm or hot” coolant): (a) symmetric pipe layout; (b) periodic pipe layout 
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Figure 4.2 Location of cooling pipes (cases studied in 2D for symmetric pipe layout) 
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(a) 

 
 

(b) 
 
Figure 4.3 Temperature profile for  (a) 2D analysis (symmetric pipe layout- pipe spacing: 3m) 
(b) 3D analysis (symmetric pipe layout- pipe spacing 3m- mass flow rate: 0.3kg/s) - the dotted 
and the dashed lines show the minimum and the maximum temperature predicted after the 
introduction of cooling system) 
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(a) 
 
 

 
(b) 
 
Figure 4.4 Symmetric pipe layout: (a) temperature distribution on liner based on 2D analysis 
with no cooling at the exit; (b) schematic showing position of pipes and defining horizontal 
distance (x) 
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Figure 4.5 Symmetric pipe layout: the effect of pipe location on temperature distribution on top 
of natural liner- 2D results for a pipe spacing of 3m 

 
 

 
 

 
Figure 4.6 Symmetric pipe layout: temperature distribution on top of natural liner for a pipe 
spacing of 3m and a coolant mass flow rate of 0.3 kg/s 
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Figure 4.7 Symmetric pipe layout: temperature on liner for different coolant mass flow rates (3D 
model) for a pipe spacing of 3m 

 

 
 
Figure 4.8 Periodic pipe layout: liner temperature within the middle 18m of the pipe arrangement 
(i.e. from midway between the first pipe pair and midway between the second pipe pair) 
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Figure 4.9 Periodic pipe layout: temperature distribution on top of the liner for a pipe spacing: 
9m at a coolant mass transfer rate of 0.3kg/s 

 
 

 
 
Figure 4.10 Periodic pipe layout: temperature on liner for different coolant mass flow rates (3D 
model) for a pipe spacing of 9m 
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Chapter 5 

Potential for desiccation of geosynthetic clay liners used in municipal 

solid waste landfill barrier systems 

 

5.1 Introduction 

Composite liners, involving a geomembrane (GMB) over a geosynthetic clay liner (GCL), are 

commonly used as a part of barrier systems in modern landfills.   The GCL beneath the GMB is 

intended to act as a diffusion barrier to contaminant migration, to decrease the flow of leachate 

through any holes in the GMB, and to provide attenuation of certain contaminants (Rowe 2005). 

Rowe et al. (2004) indicated that a GCL can be expected to perform for thousands of years 

provided that: (a) there is no significant loss or movement of bentonite (e.g. Estornell and Daniel, 

1992; Stark, 1998; Rowe and Orsini, 2003; Dickinson and Brachman, 2010), (b) there is an 

adequate overlap between GCL sheets (e.g. Estornell and Daniel, 1992; Cooley and Daniel,  

1995; Benson et al., 2004; Koerner and Koerner, 2005; Thiel and Richardson, 2005; Thiel et al. 

2006; Bostwick, 2009; Bostwick et al., 2010; Rowe et al., 2010a), (c) the bentonite’s hydraulic 

performance is not significantly decreased by cation exchange from the foundation soil  (Benson 

et al., 2007;  Meer and Benson, 2007; Scalia and Benson, 2010 and 2011) or interactions with 

leachate (e.g. see Petrov and Rowe, 1997; Petrov et al., 1997; Ruhl and Daniel, 1997; Rowe, 

1998; Jo et al., 2005; Katsumi et al., 2008; Rauen and Benson, 2008; Benson et al., 2008; Benson 

et al., 2010),  (d) the geosynthetic component is not critical to the long-term performance of a 

GCL; and (e) it is not allowed to desiccate (Rowe, 2005). Desiccation may occur in some cover 

and lagoon applications under conditions of low stress as a result of climate induced wet-dry 
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cycles (Lin and Benson, 2000; Meer and Benson, 2004, 2007; Benson et al., 2007) or under 

conditions such as in a landfill where there is waste over the liner due to high temperatures which 

can develop in landfills. The latter is the subject of this study. 

Heat generated by the biodegradation of organic wastes and the hydration of incinerated 

ash increases the temperature within the waste mass and landfill liner. Measured temperatures on 

the liner ranging from 7 to 60oC have been reported (Rowe and Hoor, 2009; Rowe and Islam, 

2009). Also, reactive wastes such as aluminum production wastes have been observed to produce 

temperatures in the landfill waste greater than 100oC and in some cases even up to 150oC, but no 

liner temperature has been reported (Calder and Stark, 2010; Martin et al., 2011). 

Increased liner temperature gives rise to thermal gradients from the heated liner to the 

relatively cooler groundwater below. These thermal gradients have the potential to move the 

moisture away from the upper part of the liner and may result in the desiccation of the GCL 

component. Under a thermal gradient, water vapour moves from the areas of higher temperature 

towards the areas of lower temperature due to vapour diffusion. The downward moisture 

movement is partially balanced by the upward movement of liquid water under matric suction 

gradients. However, the decrease in unsaturated hydraulic conductivity due to the downward 

vapour migration limits the upward movement of liquid water. Since the GCL is overlain by a 

practically impermeable GMB, there is no additional source of water from above. This situation 

may result in the desiccation of the GCL that may impair the long-term performance of the liner. 

Experimental investigations have been performed to examine the desiccation of GCLs in 

landfill liners (e.g. Boardman and Daniel, 1996; Southen and Rowe, 2004, 2005a; Southen, 

2005). Of the two numerical models that have been developed to simulate heat and moisture 

movement in landfill liners (Döll, 1997 and Zhou and Rowe, 2003), the Döll model has a 
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significant limitation in that it assumes the media is rigid which makes it unsuitable for modelling 

liners involving GCLs (Southen and Rowe, 2005b). The Zhou and Rowe model has overcome 

this limitation by considering the coupled effect of heat transfer, water and air flow, and 

mechanical deformation in the governing equations. The capability of the model developed by 

Zhou and Rowe (2003) to accurately predict the non-isothermal behaviour of GCLs was 

previously confirmed by comparing the predicted behaviour with observed laboratory 

experiments (Southen and Rowe, 2005a; Southen, 2005). This paper uses the model proposed by 

Zhou and Rowe (2003) to examine thermally driven moisture movement within and beneath 

GCLs in single-composite liners.  

The objective of this study is to identify conditions likely to cause desiccation so that 

such conditions may be avoided during the design and construction of landfill liners. The 

influence of the properties of subsoil on the desiccation behaviour of the GCL is investigated. 

This paper expands the preliminary work by Southen (2005) based on additional data on the 

water retention curves of GCLs (Beddoe et al., 2011). It also examines the effect of the water 

content of the GCL prior to waste placement, the water content of subsoil and the method of 

operation of landfills on the likelihood of desiccation. 

 

5.2 Case examined 

The landfill barrier system examined is comprised of a GMB and a GCL underlain by an 

attenuation layer of variable thickness (Figure 5.1). For the base case, it was assumed that the 

attenuation layer was a silty sand material with a void ratio of 0.55 (dry density= 1.75 g/cm3), 

similar to the subsoil used in the experiments performed by Southen and Rowe (2005a, 2005b).  

The thickness of the attenuation layer used for the base case was 3.75m, which is the minimum 
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required by Ontario Regulations (MoE, 1998) for a single-lined landfill. The grain size of the 

subsoil affects its water retention curve and consequently its hydraulic conductivity and, 

therefore, the moisture uptake by the GCL. To explore this effect, a coarser-textured and a finer-

textured attenuation layer were also examined. The coarser-textured attenuation layer was 

represented by a uniformly graded medium sand (Hostun sand from France classified as SP with 

properties based on Lins and Schanz, 2004) with specific gravity of 2.65, coefficient of 

uniformity of 1.5 and coefficient of curvature of 1.11. The finer-textured attenuation layer was 

represented by a low plasticity clayey silt from Spain (Buenfil et al., 2004) with liquid limit of 

28%, plastic limit of 19%, clay size fraction of 19%, silty fraction of 47%, specific gravity of 

2.66. The dominant mineral of the clay fraction was illite. The properties of the GCL were chosen 

to be reasonably representative of a number of GCL products on the market that are needle-

punched and have a scrim-reinforced carrier geotextile (Beddoe et al., 2011). The water 

retention curve (WRC) adopted for the GCL is shown in Figure 5.2a.  Other GCLs may have 

different WRCs (Beddoe et al., 2011) and may have different susceptibility to desiccation 

cracking. 

In the present analysis, it is assumed that the temperature remains at a peak level over the 

period of time being considered. In reality, the temperature will change. In addition, large modern 

landfills typically have overburden stresses higher than the stresses examined in this study. 

 

5.3 Numerical modelling 

The thermo-hydro-mechanical model developed by Zhou and Rowe (2003) solves a system of 

fully-coupled governing equations describing mechanical deformation, water and air flow, and 

heat transfer within a deformable soil under non-isothermal conditions. Displacement (u), 
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capillary pressure (Pc), air pressure (Pa) and temperature increase (T) are chosen as basic 

variables in the model. The detailed description of the model is given by Zhou and Rowe (2003). 

In summary, the model incorporates the consideration of a nonlinear elastic constitutive 

relationship; the dependence of void ratio and water content on stress, capillary pressure and 

temperature; and the effect of deformation on all governing equations. The following constitutive 

relationships are introduced into the simultaneous governing equations: 

5.3.1 Stress-strain relationship 

The state surface developed by Lloret and Alonso (1985) describes the effect of stress, capillary 

pressure and temperature change on void ratio.   

𝑒 = 𝑎 + 𝑏 𝑙𝑛(𝜎) + 𝑐 𝑙𝑛(−𝑃𝑐) + 𝑑 𝑙𝑛(𝜎) ln(−𝑃𝑐) + (1 + 𝑒𝑜)𝛼𝑇𝑇                    (5.1) 

where e is the void ratio, eo is the initial void ratio, σ is the net mean stress (compression 

positive), Pc is the capillary pressure (Pc=Pl-Pa=-(Pa-Pl)= -suction), T is the temperature increase, 

αT is the thermal coefficient of volume change and a, b, c and d are model parameters. Pl is the 

pore-water pressure and Pa is the air pressure. This equation can be used to derive the nonlinear 

elastic stress-strain law. The bulk modulus (K) is calculated based on parameters b and d ( 

1
𝑲

= 1
1+𝑒

𝜕𝑒
𝜕𝜎

 ). The coefficient of compressibility of the soil structure, with respect to a change in 

capillary pressure, is calculated based on parameters c and d ( 1
1+𝑒

𝜕𝑒
𝜕𝑃𝑐

 ). 

The parameters a and b were selected based on published swelling data for GCLs (Lake 

and Rowe, 2000) and consolidation data for soils similar to those used in this study (Southen, 

2005). The model assumes a log-linear relationship between void ratio and net mean stress 

(Equation 5.1). This is a simplification of the bi-linear relationship observed in the laboratory 

tests. An effort was made to fit the log-linear equation to the bi-linear test data for the range of 

stresses examined in this study. 
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The parameters c and d were obtained from the observations of the change in void ratio 

with the change in capillary pressure during the water retention curve testing (Southen, 2005; 

Southen and Rowe, 2007; Beddoe et al., 2011).  

Poisson’s ratio (υ) is required to calculate horizontal stresses.  No data could be found in 

the literature regarding the Poisson’s ratio of GCLs. Southen (2005) varied the value of Poisson’s 

ratio in the numerical modelling to fit the experimental results and found that a Poisson’s ratio of 

0.25 provided results in reasonable agreement with the experimental data. This value lies within 

the range reported in literature for bentonite (Kanno et al., 1999; Navarro and Alonso, 2000; 

Rutqvist and Tsang, 2003; Vaunat and Gens, 2005; Chandler, 2008; Guo, 2009a and 2009b) and 

also for the attenuation layer (Das, 1990). Poisson’s ratio of 0.25 is adopted for both the GCL and 

attenuation layer in this study.  

5.3.2 Thermal coefficient of volume change 

The thermal coefficient of volume change is expressed as (Thomas et al., 1996): 

𝛼𝑇 = 𝛼𝑜 + 𝛼2𝑇 + (𝛼1 + 𝛼3𝑇)ln ( 𝜎
𝜎𝑜

)          (5.2) 

where σo is the reference stress and αo, α1, α2 and α3 are model parameters. 

The thermal coefficient of volume change was varied within the range of the very limited 

data published in literature (Rutqvist et al., 2001; Rutqvist and Tsang, 2003; Guo, 2007). αT 

values of -0.00025, 0 and 0.00025 were used and the results showed that changes in αT of the 

GCL and attenuation layer had little effect on the predicted horizontal stresses and practically no 

effect on the moisture distribution within the GCL. αT =0oC-1 was selected for this study. Further 

details may be found in Appendix D.  

5.3.3 Water retention curve 

The water retention curve is described by Lloret and Alonso (1985): 
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𝜃 = 𝑒
1+𝑒

[𝑎′ − �𝑏′ + 𝑐 ′𝜎� tanh�−𝑑′𝑃𝑐𝑐�]       (5.3) 

where θ is the volumetric water content, and a’, b’, c’ and d’ are model parameters. The model 

parameters were established to be reasonably representative of the GCL and the soils used in the 

current study, although no exact representation was possible. Although far from ideal, the Lloret 

and Alonso model was selected for the reason of numerical stability and its ability to 

accommodate the effects of changing stress on the water retention behaviour. Alternative models 

such as van Genutchen (1980) and Fredlund and Xing (1994) do not consider the very important 

effect of stress on the water retention curve.   

The effect of temperature on the water retention curve is considered through capillary 

pressure correction (Milly, 1984): 

𝑃𝑐𝑐 = 𝑃𝑐exp (−𝐶𝑝𝑐𝑇)        (5.4) 

In the present study, Cpc=-0.0068oC-1 based on Scalon and Milly (1994). 

5.3.4 Unsaturated hydraulic conductivity 

The hydraulic conductivity of unsaturated soil is expressed as (Alonso et al., 1988): 

𝐾𝑙 = 𝐴 �𝑆𝑟−𝑆𝑟𝑢
1−𝑆𝑟𝑢

�
3

10𝛼𝑘𝑒        (5.5) 

where Kl is the unsaturated hydraulic conductivity of liquid water, Sr is the degree of saturation, 

Sru is the residual degree of saturation, and A and αk are model constants. Due to the paucity of 

data regarding unsaturated hydraulic conductivity of GCL, model parameters were obtained by 

fitting Equation 5.5 to curves obtained using the model of Mualem (1976). An effort was made to 

fit the curves most accurately where the degree of saturation is lower, since this is the region of 

primary concern when considering desiccation behaviour. 

5.3.5 Thermal conductivity 

The thermal conductivity of unsaturated soil is given by: 
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𝜆 = 𝜆𝑑𝑟𝑦(1 − 𝑆𝑟) + 𝜆𝑠𝑎𝑡𝑆𝑟        (5.6) 

where λdry is the coefficient of the thermal conductivity of dry soil and λsat is the coefficient of the 

thermal conductivity of fully-saturated soil. The λdry and λsat values were taken to be within the 

range of thermal conductivities reported in the literature (Rowe and Hoor, 2009- see Chapter 2 for 

details). 

A summary of the parameters used for the GCL and attenuation layer is given in Table 

5.1. More details on the selection of model parameters can be found in Appendix D. 

5.3.6 Numerical details 

The finite element analysis was performed using one-dimensional two-noded elements. A 

sensitivity analysis was performed to define the acceptable mesh refinement (Appendix D). The 

adopted element size ranged from 0.4 mm in the GCL to 5.5cm in the attenuation layer. The GCL 

was modeled as a layer 0.008m thick using 20 elements, while the subsoil was divided into layers 

0.05, 0.95 and 2.75m thick using 100, 132 and 50 elements, respectively. All elements are 

uniformly distributed within each layer. 

The initial time-step was selected to be 0.001s. This was increased when the number of 

iterations required to obtain convergence dropped to less than 4. The maximum time step was 

limited to 1 day. The effect of the initial time step on the calculated results was examined by 

comparing the calculated suction (-Pc), water content, and stresses within the GCL for different 

time stepping schemes (see Appendix D). 

The initial conditions are a constant vertical compressive stress of 10kPa (due to the 

weight of the leachate collection system above the geomembrane), a uniform temperature of 10oC 

(typical in southern Ontario Canada), and atmospheric air pressure (100kPa). The suction head in 

the attenuation layer was assumed to increase linearly from 0m at the aquifer to 3.75m at the 
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interface with GCL (hydrostatic equilibrium). For the silty sand attenuation layer, this 

corresponds to a variation in degree of saturation from 100% at the water table to 21% at the GCL 

interface. For the base case, it was assumed that the GCL had initially hydrated under the weight 

of the leachate collection system and reached 80% degree of saturation (equal to 24kPa suction, 

112% gravimetric water content) prior to the increase in temperature and overburden stress.   To 

investigate the effect of moisture uptake prior to temperature and stress increase, additional cases 

were modelled with the degrees of saturation of 10% (gravimetric water content, w=18%), 20% 

(w=27%), 40% (w=60%), and 60% (w=84%), which correspond to suctions of 165kPa, 130kPa, 

75kPa, and 48kPa. The boundary conditions for the base case are no displacement, zero suction, 

constant air pressure (100kPa), and constant aquifer temperature (10oC) at the bottom (aquifer); 

and impermeable to water, constant air pressure (100kPa), constant temperature increase and 

constant increase in overburden stress (Δσ=40kPa, σ= 50kPa) on the GMB. In addition to the base 

case with the overburden stress of 50kPa and GMB temperature of 35oC, cases with an 

overburden stress of 100kPa and 150kPa and GMB temperatures of 40oC, 45oC, 50oC, and 55oC 

were investigated. The cases examined are given in Table 5.2. 

In spite of a significant amount of research performed on the assessment of the potential 

for crack initiation, the mechanisms and the factors involved are not fully understood. Several 

models have been proposed to predict crack initiation (e.g. Fredlund and Morgenstern, 1976; 

Morris et al., 1992; Ayad et al. 1997; Konard and Ayad, 1997a, 1997b; Hallett and Newson, 

2005; Thusyanthan et al., 2007; Peron et al., 2009). In this study it is assumed that cracking 

occurs when the net horizontal stress exceeds the tensile strength of the GCL (Morris et al., 

1992). To the author’s knowledge, no data is available in literature regarding the tensile strength 

of GCLs. Thus, the tensile strength was conservatively assumed to be zero. 
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5.4 Results 

5.4.1 Base case 

For the base case, it is assumed that the GCL had hydrated to 80% degree of saturation prior to 

the increase in GMB temperature to 35oC and stress to 50kPa (Table 5.2).  Figure 5.3 shows the 

temperature profile at various times. The barrier system reached thermal equilibrium after 90 

days. The slight nonlinearity seen in the steady-state temperature profile is related to the variation 

of thermal conductivity with moisture content. As the moisture content increases with distance 

below the GCL, there is an increase in thermal conductivity with depth resulting in lower thermal 

gradients. 

 The degree of saturation (Figure 5.4) decreased with time in both GCL and attenuation 

layer. Following three years of heating, as a result of thermally driven vapour diffusion from the 

GCL to the attenuation layer, the degree of saturation of the GCL dropped from the initial 80% to 

approximately 65%. A slight decrease was also observed at the upper part of the attenuation 

layer. The decrease in the degree of saturation resulted in a decrease in unsaturated hydraulic 

conductivity, which inhibited the upward movement of water required to offset the downward 

vapour migration. 

The suction profile was continuous with depth and followed the same trend as the degree 

of saturation (Figure 5.5). Suction within the GCL increased from 24kPa to the steady-state value 

of approximately 46kPa within the first three years. The overall steady-state suction distribution 

was very close to the hydrostatic state, which suggests that such a relatively low temperature 

gradient between the top of the liner and groundwater (6.7oC/m in this case) did not result in a 

large moisture loss from the GCL and attenuation layer. However, for the cases where the 
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temperature on top of the liner was higher than 40oC (thermal gradient higher than 8oC/m), a 

significant decrease in the water content was observed as discussed later. 

As moisture traveled out of GCL by vapour diffusion, suction increased and GCL shrank. 

Since free shrinkage was constrained in the horizontal direction, tensile horizontal stresses 

developed in the GCL. Figure 5.6 shows that the net horizontal stress in GCL was reduced due to 

heating from about 17kPa to 9kPa near the top of the GCL. The potential for desiccation cracking 

would exist if the net horizontal stress was lower than the tensile strength. However, in this case, 

net horizontal stress remained compressive and cracking would not be anticipated. Also in this 

case, the net horizontal stress in attenuation layer was not greatly affected by the temperature 

increase. The slight decrease in net horizontal stress (especially after 90 days) was mainly due to 

some transient variations in air pressure, but the effects were minor. 

In this base case the focus was on the situation in which GCL had hydrated and reached 

80% degree of saturation prior to the increase in temperature and overburden stress. In reality, 

depending on the rate of liner construction and waste placement, the waste management practice, 

the nature of the waste, and the availability of moisture to encourage the biodegradation of the 

waste; overburden stress and temperature may or may not increase before the GCL is fully 

hydrated. The following section examines the effect of moisture uptake prior to the temperature 

and overburden stress increase on the potential for GCL desiccation.  

5.4.2 Effect of moisture uptake prior to placement of waste 

Case 2 examines the situation in which the temperature and overburden stress increased 

immediately after liner construction. For this case, it was assumed that there was only limited 

moisture uptake prior to the placement of waste such that the initial degree of saturation of the 

GCL was only 10% (corresponds to 18% gravimetric water content). 
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Figure 5.7, 5.8 and 5.9 show the variation of the degree of saturation, suction and net 

horizontal stress with depth for this case. The temperature profile was practically the same as the 

base case (Figure 5.3). The temperature gradient between the top of the liner and the aquifer 

caused the water vapour to diffuse from the GCL to the attenuation layer, while liquid water 

flowed in the opposite direction under suction gradients. As shown in Figure 5.7, the initially 

marginally hydrated GCL took up moisture from the attenuation layer and reached approximately 

a 69% degree of saturation after 90 days. Because of this uptake, the water content of the 

attenuation layer dropped. The decrease in the degree of saturation in the upper portion of the 

attenuation layer resulted in a decrease in unsaturated hydraulic conductivity.  The decrease in 

unsaturated hydraulic conductivity limited the upward movement of liquid water required to 

balance the downward vapour migration. After 90 days, the upward water movement could no 

longer balance the downward vapour diffusion and the GCL experienced a decrease in water 

content. The degree of saturation reached the constant value of approximately 65% in the GCL at 

about three years, which was the same as the base case examined earlier.  Analyses were also 

conducted for initial degrees of saturation of 20%, 40%, and 60% (Case 3) and it was found that 

the steady-state degree of saturation calculated at the midpoint of the GCL was independent of 

the initial degree of saturation at the onset of temperature and overburden stress increase. Thus, 

the hydration prior to the temperature and overburden stress increase did not influence the final 

degree of saturation of the GCL for the water retention curve (Eq. 5.3) and parameters examined. 

 The pattern of suction distribution closely followed the degree of saturation (Figure 5.8). 

As with the degree of saturation, the moisture uptake prior to the onset of temperature and 

overburden stress increase did not affect the steady-state suction within the GCL. 
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The initial net horizontal stress in the GCL was 17kPa (at-rest Ko stress corresponding to 

the vertical stress of 50kPa and Poisson’s ratio of 0.25). Figure 5.9 shows that during the first 90 

days, as the GCL hydrated, the tendency to expand resulted in an increase in the compressive net 

horizontal stress at the midpoint of the GCL from the at-rest Ko value of 17kPa to approximately 

28kPa. After 90 days, as moisture moved out of the GCL, suction started to increase and the net 

horizontal stress became less compressive. A comparison of Figure 5.6 and Figure 5.9 shows that 

the degree of saturation of GCL prior to the onset of temperature and overburden stress increase 

played an important role in the final net horizontal stress. Figure 5.10 shows the final net 

horizontal stress calculated at the midpoint of a GCL for the five cases with different initial 

degrees of saturation discussed above.  Since a GCL with low moisture content prior to waste 

placement takes up moisture from the attenuation layer after the onset of temperature and 

overburden stress increase, it tends to swell and this increases the compressive net horizontal 

stress within the GCL. Later, as thermally-driven vapour diffusion moves moisture away from the 

GCL, suction develops and net horizontal stress becomes less compressive. However, the earlier 

development of compressive stress during moisture uptake after overburden stress was applied 

offsets the reduction in net horizontal stress and therefore, the final net horizontal stress remains 

equal or even higher than the initial at-rest Ko stress. The reduction in compressive stress would 

be of concern had the degree of saturation of the GCL prior to landfilling been high (e.g. the base 

case). In such a case, horizontal compressive stresses which develop because of moisture uptake 

under the weight of the waste would be insignificant and could not balance the tension caused by 

moisture loss.  

Figure 5.10 demonstrates implicitly the importance of considering overburden stress and 

temperature history on the potential for desiccation of clay liners. It suggests that there is a lower 
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risk of desiccation when the GCL is hydrated during landfilling in comparison to when it is left to 

hydrate prior to waste placement. Therefore, once the GCL is placed, the risk of desiccation is 

decreased if the overburden stress increases quickly relative to the rate at which the GCL takes up 

moisture from the foundation soil since it allows the development of compressive horizontal 

stresses during hydration.  

5.4.3 Effect of overburden stress 

The base case was modelled with an overburden stress of 50kPa. However, in practical 

applications involving a large landfill, the stress on the liner will typically exceed 50kPa. To 

investigate the effect of overburden stress, two additional cases with the overburden stresses of 

100kPa and 150kPa were examined. For Case 4, an increase in the overburden stress from 50kPa 

to 150kPa resulted in an increase in the steady-state degree of saturation of the GCL from 65% to 

83% (Figure 5.11a). Correspondingly, suction decreased from 46kPa to 43kPa (Figure 5.11b). 

Such a variation occurs partially because the degree of saturation is a function of stress (water 

retention curve, Equation 5.3). More importantly, as captured by the state surface of void ratio 

(Equation 5.1), an increase in overburden stress results in a decrease in void ratio; therefore, less 

pore space will be available for the flow of liquid water and vapour. For the GCL and the 

temperature examined, the decrease in vapour conductivity (as a result of the decrease in air-filled 

pore space) was greater than the decrease in water conductivity (due to the decrease in water-

filled pore space); and thus, for the cases with higher overburden stress, the upward flow of liquid 

water could better balance the downward vapour flow.  

When the barrier system was modelled using an overburden stress of 150kPa 

(approximately equal to 10-15m of waste), the net horizontal stress at the midpoint of GCL was 

approximately 4 times greater than the barrier system modelled with 50kPa overburden stress 
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(Figure 5.11c). This is mostly due to the increase in lateral soil pressure although also influenced 

by the decrease in vapour conductivity and hence moisture loss for a given thermal gradient as the 

stress level increases.  

5.4.4 Effect of temperature 

For the base case, the temperature on the top of the liner was 35oC (temperature gradient of 

6.7oC/m=25oC/3.758m). The nature and moisture content of waste and the waste management 

practice adopted affect the temperature on the liner. To examine the effect of the liner 

temperature, in Case 5 the temperature on top of the liner was varied from 35oC (typical 

temperature seen in a regular MSW landfill) to 55oC (as might be seen in a bioreactor with 

leachate recirculation). The results (Figure 5.12) show that for temperatures below 40oC, the GCL 

remained at a degree of saturation greater than 60% and the suction remained close to hydrostatic.  

In such cases, the net horizontal stress is compressive and the likelihood for desiccation is low. 

On the other hand, as the temperature increased above 40oC, the effect of vapour diffusion 

became more substantial.  Moreover, the drop in the degree of saturation resulted in a decrease in 

unsaturated hydraulic conductivity by several orders of magnitude and thus, inhibited the upward 

movement of liquid water to balance vapour diffusion. The temperature above 40oC resulted in a 

considerable decrease in the final degree of saturation of the GCL and consequently a notable 

increase in suction. It should be noted that the water retention curve proposed by Lloret and 

Alonso (1985) places an artificial limit to the minimum degree of saturation (for the GCL in 

question, 21% at 50kPa and 40% at 100kPa); therefore, for temperatures beyond 45oC the change 

in the degree of saturation and suction was relatively small. For temperatures above 40oC, the 

tension created by suction gave rise to the development of tensile net horizontal stresses within 

the GCL. With the 50kPa applied stress and GMB temperatures above 45oC, there is a high 
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probability of desiccation cracking. As the applied stress increases, the risk of desiccation 

cracking is reduced as indicated by the results for an applied stress of 100kPa in Figure 5.12c 

(although the potential for desiccation was not eliminated at this stress). 

5.4.5 Effect of depth to aquifer 

The depth to the aquifer affects the initial degree of saturation and consequently the hydraulic 

conductivity of the attenuation layer, as well as, the temperature gradient between the top of the 

liner and the aquifer. To examine the effect of the depth to aquifer, the thickness of the 

attenuation layer was varied between 1m and 9m. Accordingly, the initial suction distribution was 

modified to represent the hydrostatic equilibrium. 

Two series of cases were modelled. For one series of the analyses, the temperature at the 

upper boundary was modified so that the thermal gradient was kept constant at 6.7oC/m. This 

corresponds to the geomembrane temperatures of 16.7oC, 23.4oC, 35oC, 43.5oC, 50.2oC, 56.9oC, 

63.6oC and 70.3oC for 1m, 2m, 3.75m, 5m, 6m, 7m, 8m, and 9m- thick attenuation layers. For 

another series of cases, the temperature at the upper boundary was kept constant at 35oC, 

corresponding to the thermal gradients of 25oC/m, 12.5oC/m, 6.7oC/m, 5oC/m, 4.2oC/m, 3.6oC/m, 

3.1oC/m and 2.8oC/m for 1m, 2m, 3.75m, 5m, 6m, 7m, 8m, and 9m- thick attenuation layers.  

The results are shown in Figure 5.13. The depth to the aquifer affected the initial water 

content and hydraulic conductivity of the attenuation layer. A deeper aquifer resulted in lower 

water content and lower hydraulic conductivity within the attenuation layer and, thus, limited the 

upward flow of liquid water from the attenuation layer to the GCL. Therefore, the risk for GCL 

desiccation was greater for the cases with deeper aquifers. On the other hand, a deeper aquifer 

generally means lower temperature gradient acting on the liner, which results in slower 

downward vapour diffusion. However, comparison between the cases with constant temperature 
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gradient (open triangles) and the cases in which the temperature gradient varied with the 

thickness of the attenuation layer (closed circles) shows that the effect of temperature gradient 

was relatively small for the range of cases considered. As shown in Figure 5.13, for aquifers 

deeper than 3.75m, the upward flow of liquid water was sufficiently retarded for the downward 

vapour flow to create a net downward flow of vapour and, therefore, tension and potential 

desiccation cracking in the GCL. 

The dashed lines in Figure 5.13a and 5.13c show the initial degree of saturation of the GCL and 

the at-rest Ko soil pressure, respectively. Not surprisingly, a comparison between the two figures 

shows that when the GCL loses moisture, the final horizontal net stress drops to values lower than 

the at-rest Ko pressure.  

5.4.6 Effect of the water content of attenuation layer 

In order to better illustrate the effect of the water content, the results shown in Figure 5.13 (for a 

GMB temperature of 35oC) have been redrawn in terms of the average water content of the 

attenuation layer (Figure 5.14). For the case with an applied stress of 50kPa, tensile horizontal net 

stresses developed within the GCL and desiccation cracking was expected to occur when the 

volumetric water content of the AL was lower than 10%. For the GMB temperature of 35oC, the 

GCL was less likely to desiccate at 100kPa (although the risk of desiccation was not totally 

eliminated). This is due to the increase in lateral soil pressure.  

5.4.7 Effect of attenuation layer 

For the base case, it was assumed that the attenuation layer was a silty sand material similar to the 

subsoil used in the experiments performed by Southen and Rowe (2005a, b).  The saturated 

hydraulic conductivity of the silty sand was taken to be 5 × 10-8 m/s (Southen and Rowe, 2005b). 

A clayey silt tested by Buenfil et al. (2004) and a sand tested by Lins and Schanz (2004) were 
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chosen to represent coarser-textured and finer-textured attenuation layers. The saturated hydraulic 

conductivity values for sand and clayey silt were taken to be 1 × 10-6 m/s and 1 × 10-9 m/s. The 

hydraulic conductivity functions were modified to represent the hydraulic conductivity of the 

material used in the attenuation layer. The water retention curves for the three materials examined 

are shown in Figure 5.2b. In comparison to the silty sand used in the base case, the sand 

attenuation layer has a steeper water retention curve. The degree of saturation of the sand drops 

rapidly at suctions higher than 0.1kPa, while the silty sand used in the base case experiences a 

decrease in water content only at suctions above 1kPa. The air entry value of the sand is one order 

of magnitude lower than the base case. The finer attenuation layer (i.e. clayey silt) is near 

saturation and only experiences a notable decrease in water content at suctions greater than 10kPa 

and has an air entry value of approximately one order of magnitude higher than the base case. The 

thickness of the attenuation layer examined was varied between 2m and 9m. 

Figure 5.15 shows the steady-state degree of saturation, suction and net horizontal stress 

at the midpoint of the GCL for the three attenuation layers examined. The presence of a layer of 

sand underneath the GCL resulted in low degrees of saturation and consequently high suctions 

within the GCL. This is because the degree of saturation of sand dropped rapidly at suctions 

higher than 0.1kPa (see Figure 5.2), resulting in very low unsaturated hydraulic conductivity and, 

thus, very low upward water flow to the GCL. On the other hand, a fine-textured attenuation layer 

(e.g. clayey silt) retained water at suctions even as high as 90kPa (suction on top of a 9m 

attenuation layer). Thus, its hydraulic conductivity remained very close to the saturated value, 

which was significantly higher than the unsaturated hydraulic conductivity of sand. Therefore, in 

this case, the upward water flow was able to balance the downward vapour migration. The base 

case lay between these two cases. In general, net horizontal stresses in the GCLs underlain by the 
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sand attenuation layer were lower than the ones underlain by the finer-grained attenuation layers. 

A comparison between the net horizontal stresses indicates that, in cases in which the suction on 

the top part of the attenuation layer was significantly higher than the air entry value of the 

attenuation layer (this is very probable when there are coarse-grained soils below the GCL 

because their air entry value is low), the GCL could not take up moisture from the attenuation 

layer and high suctions developed inside the GCL. The development of high suctions, in turn, 

resulted in the development of tensile net stresses within the GCL and increased the likelihood of 

desiccation cracking  relative to the case in which GCL was underlain by a finer-grained soil with 

higher air entry value. 

 

5.5 Conclusions 

This study investigated some of the conditions likely to cause desiccation of geosynthetic clay 

liners used in single liner barrier systems. For the cases, water retention curves, and parameters 

examined in this chapter, the following conclusions have been reached. A GCL takes up moisture 

from the attenuation layer and swells. Under the weight of waste, the tendency to swell due to 

moisture uptake results in an increase in compressive horizontal net stress within the GCL. Later, 

as a result of heat generated by the biodegradation of municipal solid waste or other mechanisms 

(e.g. hydration of incinerator ash, reactive waste from aluminum production, solar pond effects in 

brine ponds, etc.), moisture travels out of the GCL, suction increases and GCL tends to shrink. 

Since free shrinkage is constrained in the horizontal direction, tension develops and horizontal net 

stress in GCL becomes less compressive. The development of compressive horizontal stress due 

to hydration under applied load tends to balance the reduction in horizontal net stress to some 

extent. However, in situations where the degree of saturation of the GCL prior to waste placement 
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is high (i.e. the GCL has been left to hydrate prior to waste placement), the moisture uptake 

during and after waste placement under the weight of waste is limited and therefore, compressive 

horizontal stresses which develop because of moisture uptake under landfill load are insignificant 

and cannot balance the tension caused by moisture loss. The potential for desiccation cracking 

exists if the net horizontal stress is lower than the tensile strength. In this study it was assumed 

that the GCL had no tensile strength. 

Based on the cases and parameters examined in this study, the following factors were 

found to contribute to the risk of desiccation of GCLs forming part of a composite liner: 

• Hydration of the GCL prior to waste placement: There is a higher risk of desiccation 

when a GCL is left to hydrate prior to waste placement in comparison to when it is 

hydrated during or, better still, after landfilling. This is because hydration under the 

weight of the waste allows the development of compressive horizontal stress which 

balances the tension caused by moisture loss due to heat. It is suggested that this 

issue receive attention when developing a landfilling sequence plan. 

• Liner temperature: The increase in liner temperature results in a decrease in the final 

degree of saturation of the GCL, and consequently results in the development of 

suction in the GCL. Since free shrinkage is constrained, the increase in suction will, 

in turn, result in a decrease in the compressive net horizontal stress increasing the 

likelihood of cracking. 

• Overburden stress: For the cases examined desiccation was less likely when the 

overburden stress was high. This was due to the net horizontal stresses being more 

compressive as a result high overburden stress induced  lateral pressures.  
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• Depth to aquifer: Other things being equal, the shallower the aquifer, the lower the 

risk of GCL desiccation. This is because the distance to the underlying aquifer affects 

the initial degree of saturation and consequently the hydraulic conductivity of the 

attenuation layer. The low water content and consequently low hydraulic 

conductivity of an attenuation layer with a deep aquifer limits the upward flow of 

liquid water from the attenuation layer to the GCL. Therefore, there is a higher risk of 

GCL desiccation.  

• Water content of attenuation layer: Given that an attenuation layer with low water 

content limits the moisture uptake by the GCL (due to low unsaturated hydraulic 

conductivity of the attenuation layer), a GCL is more likely to desiccate when it is 

underlain by a relatively dry attenuation layer. Thus, the placement of a GCL on the 

top of a soil with low water content should be avoided. 

• Properties of attenuation layer: The hydraulic conductivity of a granular soil drops 

rapidly as the suction increases while a fine-grained soil only experiences a notable 

decrease in hydraulic conductivity at very high suctions. Given that an attenuation 

layer with low hydraulic conductivity inhibits the moisture uptake by the overlying 

GCL, the presence of a granular attenuation layer may increase the risk of GCL 

desiccation. Therefore, in situations in which the risk of desiccation exists, it may be 

mitigated by placing a fine-grained foundation layer below the GCL.  

Some of the potential practical implications of this work include: 

• The higher the temperature difference between the liner and groundwater, the greater 

the risk of GCL desiccation, other things being equal.   



 

 

 

138 

• For a typical MSW landfill liner temperature of 35oC and vertical applied stress on 

the GCL greater than about 150kPa, the risk of desiccation would be low for the 

range of cases and paramenters considered in this chapter.  However, this temperature 

does have the potential to cause desiccation in applications where there is low 

vertical applied stress (≤100kPa), especially if the GCL is prehydrated before load is 

applied and/or there is a deep aquifer. 

• The placement of a leachate collection system or other coarse drainage layer directly 

underneath a GCL will reduce the ability of the GCL to hydrate, but if it is hydrated 

it will also increase the risk of desiccation. 

The model proposed by Zhou and Rowe (2003) is limited in its ability to simulate gas 

dissolution in liquid water. Therefore, in some cases, as the temperature increases and the GCL 

compresses, positive air pressure develops within the GCL. This limitation would be most 

relevant at high applied pressures and should be addressed in the future revisions of the model for 

high stress applications. Also, the water retention model proposed by Lloret and Alonso (1985) 

and incorporated to the Zhou and Rowe (2003) model has a limited ability to accurately fit to the 

water retention data of GCLs. However, the Lloret and Alonso model is unique in its ability to 

accommodate the effects of changing stress on the water retention behaviour. More fundamental 

work is required to develop more sophisticated water retention models that consider the effect of 

stress for GCLs.  

This study was limited to the GCLs used in single liner systems. Liners containing a 

secondary GCL were not studied here. Future studies are required to examine the effect of 

elevated temperature on the risk of GCL desiccation in double liner systems. 
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Furthermore, the GCLs examined were assumed to be far from the GMB wrinkles. The 

vertical stress applied to a GCL directly beneath a wrinkle is zero. Cases with zero applied stress 

are not modelled in this study.  

In addition, the analyses performed wer.e based on limited data available regarding the 

properties of GCLs. Laboratory tests are required to define water retention curve (especially at 

high temperatures and high stresses), unsaturated hydraulic conductivity and consolidation 

properties of GCLs. It is found that Poisson’s ratio has an important effect on calculated 

horizontal stresses; however, no study has been performed to determine the Poisson’s ratio of a 

GCL. This issue needs to be addressed in future work. 

The study highlights the importance of considering the rate of increase in temperature 

and overburden stress with time. Future studies are recommended to examine the effect of 

temperature-time history as well as the rate of liner construction and waste placement. 

In general, in situations where the liner temperature is expected to be high, the likelihood 

of desiccation needs to be explored. Options including changing the method of operation of 

landfill to reduce the heat generated by waste (Rowe, 2005), cooling the liner (see Hoor et al., 

2008; Rowe et al., 2010b; Hoor and Rowe, 2011; Chapter 3 and Chapter 4 for possible cooling 

techniques) and revising the type of GCL and foundation layer used in the barrier system may be 

considered. 
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Table 5.1 Model parameters 

 Attenuation layer 
silty sand* 

Attenuation layer 
sand 

Attenuation layer 
clayey silt GCL 

a (-) 0.66 1.035 1.71 5.5 
b (m2/N) -0.013 -0.013 -0.112 -0.3 
c (m2/N) -0.0001 -0.0001 -0.0001 -0.405 
d (m4/N2) 1.0 × 10-5 1.0 × 10-5 1.0 × 10-5 0.048 
a’ (-) 1.0 1.0 1.0 1.0 
b’ (-) 0.986 0.986 0.73 0.99 
c’ (m2/N) 0 0 0 -4.0 × 10-6 
d’ (m2/N) 3.0 × 10-5 2.0 × 10-4 2.0 × 10-6 1.0 × 10-5 
A (m/s) 1.0 × 10-6 2.5 × 10-4 5.0 × 10-8 5.0 × 10-11 
Sru (-) 0.0 0.0 0.0 0.0 
αk (-) -2.5 -2.5 -2.5 0.001 
αT (oC-1) 0.0 0.0 0.0 0.0 
λdry (w/moC) 0.5 0.5 0.5 0.1 
λsat (w/moC) 3.5 3.5 3.5 0.8 
υ (-) 0.25 0.25 0.25 0.25 

Note: *base case 
 

Table 5.2 Cases modelled (initial temperature 10oC) 

Case Attenuation 
layer (AL) 

AL 
thickness 

(m) 

Degree of saturation of 
GCL prior to temperature 

increase 

GMB 
temperature 

(oC) 

Overburden 
stress 
(kPa) 

1* Silty sand 3.75 80% 35 50 
2 Silty sand 3.75 10% 35 50 
3 Silty sand 3.75 varies 35 50 
4 Silty sand 3.75 80% 35 varies 
5 Silty sand 3.75 80% varies 50, 100 
6 Silty sand Varies 80% 35 50, 100 
7 Silty sand Varies 80% varies 50 
8 Sand Varies 80% 35 50, 100 
9 Clayey silt Varies 80% 35 50, 100 

Note: *base case 
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Figure 5.1 Configuration of the barrier system studied: GMB: geomembrane (2mm); GCL: 
geosynthetic clay liner (8mm); AL: attenuation layer (3.75m- base case) 
 

 
 (a) 
 

 
(b) 
 
Figure 5.2 Water retention curve adopted for (a) GCL and (b) attenuation layers examined 
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Figure 5.3 Temperature profile at various times for the base case (Case 1: 3.75m, silty sand 
attenuation layer; initial GCL degree of saturation: 80%; GMB temperature: 35oC; overburden 
stress: 50kPa) 
 

 
 

Figure 5.4 Variation in degree of saturation with depth at various times (a) GCL (b) attenuation 
layer (AL)- (Case 1: 3.75m, silty sand attenuation layer; initial GCL degree of saturation: 80%; 
GMB temperature: 35oC; overburden stress: 50kPa) 
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Figure 5.5 Suction profile at various times (a) GCL (b) attenuation layer (Case 1: 3.75m, silty 
sand AL; initial GCL degree of saturation: 80%; GMB temperature: 35oC; overburden stress: 
50kPa) 
 

 
 
Figure 5.6 Net horizontal stress profile at various times (a) GCL (b) attenuation layer (AL)- 
compression positive (Case 1: 3.75m, silty sand attenuation layer; initial GCL degree of 
saturation: 80%; GMB temperature: 35oC; overburden stress: 50kPa) 
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Figure 5.7 Degree of saturation at various times (a) GCL (b) attenuation layer (Case 2: 3.75m, 
silty sand attenuation layer (AL); initial GCL degree of saturation: 10%; GMB temperature: 
35oC; overburden stress: 50kPa) 

 

 
 
Figure 5.8 Suction profile at various times (a) GCL (b) attenuation layer (Case 2: 3.75m, silty 
sand attenuation layer (AL); initial GCL degree of saturation: 10%; GMB temperature: 35oC; 
overburden stress: 50kPa) 
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Figure 5.9 Stress profile at various times (a) GCL (b) attenuation layer- compression positive 
(Case 2: 3.75m, silty sand attenuation layer (AL); initial GCL degree of saturation: 10%; GMB 
temperature: 35oC; overburden stress: 50kPa) 

 
 
 

 
 

Figure 5.10 The effect of the initial degree of saturation of the GCL on the steady state net 
horizontal stress at the midpoint of the GCL (after 3 years)- Case 3: 3.75m, silty sand attenuation 
layer; GMB temperature: 35oC; overburden stress: 50kPa 
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Figure 5.11 The effect of overburden stress on the steady state (a) GCL degree of saturation (b) 
suction in GCL and (c) net horizontal stress at the midpoint of the GCL (after 3 years)- Case 4: 
3.75m, silty sand attenuation layer; initial GCL degree of saturation: 80%; GMB temperature: 
35oC 
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Figure 5.12 The effect of applied temperature on the steady state (a) GCL degree of saturation 
(b) suction in GCL and (c) net horizontal stress at the midpoint of the GCL (after 3 years)- Case 
5: 3.75m, silty sand AL; initial GCL degree of saturation: 80%; overburden stress: 50kPa and 
100kPa 
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Figure 5.13 The effect of the depth to aquifer on the steady state (a) GCL degree of saturation (b) 
suction in the GCL and (c) net horizontal stress at the midpoint of the GCL (after 3 years) 
Circles show Case 6, in which temperature gradient was modified to keep the temperature 
constant in aquifer and on GMB: 3.75m, silty sand AL; initial GCL degree of saturation: 80%; 
GMB temperature: 35oC; overburden stress: 50kPa and 100kPa. Triangles show Case 7, in which 
applied temperature gradient was constant: 3.75m, silty sand AL; initial GCL degree of 
saturation: 80%; overburden stress: 50kPa  
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Figure 5.14 The effect of the water content of the attenuation layer (AL) on the steady state (a) 
GCL degree of saturation (b) suction in GCL and (c) net horizontal stress at the midpoint of the 
GCL (after 3 years) – for Case 6 in which the temperature gradient was modified to keep the 
temperature constant in aquifer and on GMB: 3.75m, silty sand AL; initial GCL degree of 
saturation: 80%; GMB temperature: 35oC; overburden stress: 50kPa and 100kPa 
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Figure 5.15 The effect of attenuation layer properties on the steady state (a) GCL degree of 
saturation (b) suction in GCL and (c) net horizontal stress at the midpoint of the GCL (after 3 
years)- Cases 8 and 9: the thickness of attenuation varies between 2m and 9m; initial GCL degree 
of saturation: 80%; GMB temperature: 35oC; overburden stress: 50kPa and 100kPa 
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Chapter 6 

Summary, conclusions and recommendations 

 

As a part of a broader study of the long-term performance of landfill barrier systems, this thesis 

has focused on the effects of the heat generated in landfills on the service-life of liners and on 

strategies to mitigate these effects. This chapter provides a summary of the results and 

conclusions drawn from the work in this thesis together with recommendations for future 

research. 

 

6.1 Summary and conclusions 

Chapter 2 presented, for the first time, the likely temperature and service-life of a secondary 

geomembrane (GMB) in a double composite lining system. Different liner configurations and 

different modes of landfill operation were examined. Heat flow through double composite liner 

systems was modelled using a finite layer program POLLUTE v7 (Rowe and Booker, 2005). The 

estimated temperatures from the finite layer models were used to estimate the likely service-life 

of secondary geomembranes and to compare this with the likely service-life of primary 

geomembranes. 

In the analyses performed, the depth to the underlying aquifer (i.e. the thickness of the 

attenuation layer) affected the temperature and service-life of secondary geomembranes. The 

closer the aquifer was to the liner, the lower the temperature of the secondary geomembrane. For 

example, in one of the cases, the service-life of a secondary geomembrane in a landfill underlain 

by a 10m-thick attenuation layer was predicted to range between about 340 years at 30oC and 60 
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years at 50oC, while with a 1m-thick attenuation layer the service-life was calculated to be 

between about 510 years at 30oC and 130 years at 50oC. 

In addition, in the analyses reported herein, the geometry and the thickness of liners 

affected the temperature of secondary geomembranes. In particular, the thicker a primary liner 

was the lower the temperature on a secondary geomembrane. Among the cases examined, the 

service-life of the secondary geomembrane was predicted to be a minimum for the all-

geosynthetic system located 3m above the aquifer, ranging between 310 years if the primary 

geomembrane was at 30oC and 50 years when the primary geomembrane was at 50oC. For this 

case, the calculated service-life could be improved to between 390 years at 30oC and  about 70 

years at 50oC through the use of a primary composite liner involving a GMB and either a GCL 

and a 1m-thick foundation layer or a 1m-thick compacted clay liner. 

This study showed that the difference in leachate exposure and temperature might 

improve the long-term performance of secondary geomembranes compared to that of primary 

geomembranes. However, in some cases, the temperature is likely to be high enough to 

substantially reduce the service-life of a secondary geomembrane; thus, this should be considered 

in the design of landfill liners.  

In the study conducted, the temperature of a secondary geomembrane was predicted to 

depend on the thermal insulation provided by the material between the primary and secondary 

geomembranes. In Chapter 2, soil was used as the thermal insulation. However, a material with 

lower thermal conductivity would be more effective and would take up less volume in a landfill. 

Chapter 3 explored the potential effectiveness of using tire chips in reducing the temperature of 

secondary liners as compared to traditional soil materials. 
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Heat and contaminant migration analyses were performed for cases with no insulation 

and for cases in which a layer of soil or tire chips was used as thermal insulation between the 

primary and secondary liners. The effect of insulation on the temperature and the long-term 

performance of a secondary GMB and, therefore, on the peak impact of a volatile organic 

compound (Dichloromethane, DCM) in the underlying aquifer was investigated. 

Tire chips have excellent thermal insulation properties compared to conventional soil 

materials and occupy less volume in a landfill to achieve the same temperature as with soil. For 

example, a secondary GMB was predicted to fail after 40 years in a landfill with the primary 

GMB at 60oC and no insulation between the two GMBs. The research reported herein predicted 

that the service-life of the secondary GMB in this case could be improved to 240 years through 

the use of a 0.5m-thick layer of tire chips between the primary and secondary GMBs, while a 

1.5m-thick layer of soil between the primary and secondary geomembranes could only extend the 

service-life of the secondary GMB to 160 years.  

Among the cases examined, in a landfill with a high liner temperature, the early failure of 

the secondary GMB was predicted to result in a sudden increase in DCM concentration. 

However, it was predicted that the service-life of the secondary GMB could be extended to after 

the peak impact occurred by the use of a layer of soil or tire chips between the primary and 

secondary GMBs. This way, the failure of the secondary GMB would not affect the peak impact.  

The study suggested that the use of tire chips warrants consideration, however there are 

other practical issues that require consideration in the detailed design and construction of landfill 

liners. Issues such as finite service-life, low working temperature, excessive settlement, ability to 

generate internal heat, leaching of tire chips and limitations in performing electrical resistivity 

leak detection tests are identified.  
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Chapter 4 presented a method of actively controlling liner temperature. The design 

involved a closed system of cooling pipes buried at the base of a landfill.  The potential 

effectiveness of this system was examined by performing a series of numerical analyses. The 

numerical model was calibrated for the case with no cooling system against temperature data 

from the Tokyo Port Landfill.  Then the effectiveness of the proposed cooling technique was 

examined by hypothetically inserting the cooling system into the Tokyo Port Landfill at the time 

of construction. The effects of design features such as pipe layout, pipe spacing and coolant flow 

rate were also examined. 

For the landfill examined, it was predicted that the proposed cooling system could 

substantially reduce the temperature of the landfill liner and improve the long-term performance 

of the liner components. For example, a cooling system with a periodic layout and a 9-m pipe 

spacing was predicted to decrease the liner temperature from 42oC to between about 23oC below 

the inlet pipes and 34oC below the outlet pipes. Consequently, the service-life of the primary 

GMB was predicted to be increased from 85 years to 170-560 years at the hottest and coolest 

locations.Analyses indicated that the pipe layout affected the temperature reduction, with a 

periodic pipe layout being more effective than a symmetric pipe layout. Moreover, the cooling 

effect was improved when the coolant flow rate was increased. Also, the closer the pipes were the 

lower the liner temperature.  

Chapter 5 examined the conditions that may lead to the desiccation of GCLs using a 

thermo-hydro-mechanical model developed by Zhou and Rowe (2003). For the barrier system 

and parameters examined, the analyses suggest that factors including the water content of a GCL 

prior to waste placement, liner temperature, the grain size and water content of subsoil, and depth 

to aquifer affect the potential of desiccation. In the study reported herein, there was a higher 
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potential of desiccation when a GCL hydrated prior to landfilling, as compared to when it 

hydrated during waste placement. The results of this investigation also indicated that high 

temperatures correlate with the increased potential of desiccation. Moreover, for the stresses and 

temperatures examined, the final horizontal net stress in the GCLs modeled were predicted to be 

higher when the overburden stress was high. GCLs underlain by coarse-grained soils or by the 

soils with low water contents were predicted to be at a higher risk of desiccation. Also, for the 

cases examined, the shallower the aquifer was the lower the potential of GCL desiccation.  

This thesis highlighted the importance of considering the effects of elevated temperature 

on the long-term performance of landfill liners. If the mode of operation of a landfill is such that 

high temperatures are envisaged, then consideration should be given to either using a cooling 

technique or revising the type of the barrier system or to changing the method of landfill 

operation. One needs to evaluate the relative performance and the cost of different options 

available. In summary, the following recommendations were made regarding the examined means 

of mitigating the effects of elevated temperature: 

• One option proposed was to have a double-liner system in which the secondary GMB is 

thermally separated from the primary GMB. Ideally, a material with low thermal 

conductivity, such as tire chips, should be used. However, more research is required to 

address the issues associated with the use of tire chips in landfills. Meanwhile, a thick 

layer of soil is an intermediate option. It is less thermally effective than tire chips, but its 

long-term performance in a landfill environment is reasonably well-known. 

• Another option presented was to reduce the liner temperature via a cooling system. This 

system needs to be installed at the time of landfill construction. The cost of this system 
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needs to be evaluated in the context of alternative techniques and the cost of changing the 

method of operation of the landfill to achieve lower temperatures.  

• When temperatures in a landfill are likely to be high, the potential of desiccation should 

be carefully evaluated. Evaluations using site specific parameters and a fully coupled 

model are recommended. However, in general, the results of the analyses indicate that, 

the early hydration of a GCL may increase the risk of desiccation in liners that experience 

elevated temperatures at low stress, especially if there is a deep aquifer. Also, the 

placement of a coarse-grained foundation layer directly beneath a GCL may inhibit the 

hydration of the GCL, but if the GCL is hydrated, it may also increase the risk of 

desiccation. 

 

6.2 Recommendations for future work 

This thesis has provided new insight into the effect of temperature on the long-term performance 

of GCLs and GMBs in a landfill environment. Exploring potential temperature control strategies 

was a key advance towards the goal of ensuring environmental protection. Through the course of 

this study, some areas in which more investigation is required have been identified. These areas 

will be discussed below. 

6.2.1 Temperature-time history 

The GMB service-life predictions given in this study were based on the assumption that the 

temperature remained at the peak level over the period of time being considered. In reality, the 

temperature changes with time and this may be expected to result in longer service-lives. In 

situations in which the service-life calculated is not sufficient, one should first perform a more 

detailed analysis and consider the effect of temperature-time history on the service-life. 
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Unfortunately, more data is needed to define the temperature history of landfills, and this can 

only be obtained in real-time. 

In addition, this study highlighted the importance of the rate of increase in temperature 

and overburden stress with time on the moisture uptake and desiccation of GCLs. Future studies 

are recommended to examine the effect of temperature-time history, as well as the rate of liner 

construction and waste placement on the potential of desiccation.  

6.2.2 Material characterization 

The numerical modelling preformed in this thesis required a wide range of material properties. 

Many years have been spent by several researchers to evaluate these parameters. Yet, additional 

testing is required to allow a complete investigation. Based on the results of the current study, the 

following material characterizations are recommended. 

In the present study, contaminant migration properties of tire chips (e.g. sorption, 

diffusion coefficient and half-life of DCM in tire chips) were chosen from the very limited data 

published in the literature and represented the worst-case scenarios. Laboratory experiments are 

required to better determine these parameters. In particular, it would be beneficial to extend the 

knowledge on sorption properties of tire chips, since they have been found to be good sorbents of 

many volatile organic compounds (Edil et al. 2004).  

To more comprehensively examine the issue of GCL desiccation, further research is 

needed to determine the thermo-hydro-mechanical parameters required for the Zhou and Rowe 

(2003) model. The tests previously conducted to evaluate the water retention curve of GCLs 

represent a significant advancement in understanding the unsaturated behaviour of GCLs 

(Southen and Rowe, 2007; Beddoe et al., 2011). However, they were conducted at room 

temperature and at relatively low stresses compared to the stresses existing in a landfill. It would 
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be beneficial to evaluate the water retention curve of GCLs at higher temperatures and stresses. 

Moreover, laboratory tests are recommended to provide unsaturated hydraulic conductivity data 

for more accurate refinement of the model. The change in the void ratio of a GCL during 

consolidation and during suction change has been previously measured for certain types of GCLs 

(Lake and Rowe, 2000; Southen and Rowe, 2007; Beddoe et al. 2011). To further improve on this 

knowledge and, in particular, on the thermal consolidation properties, it would be beneficial to 

conduct additional tests. In addition, laboratory measurements are required to provide more 

confidence regarding Poisson’s ratio of GCLs. 

The GMB service-life predictions presented in this thesis were based on the very limited 

data published in literature and were only relevant to GMBs with properties similar to, or better 

than, those on which the tests were conducted. Once longer-term data becomes available, 

predictions need to be updated. 

In addition, it would be valuable to obtain additional data on the thermal properties of 

geosynthetic and soil materials commonly used in landfill barrier systems as well as the thermal 

properties of tire chips.  

6.2.3 Numerical modelling 

For the heat transfer analyses performed in this study, it was assumed that no heat was removed 

from the leak detection system. Heat loss through the leak detection system should be considered 

in the heat transfer modelling if the effect is expected to be significant. 

The heat generation model developed in Chapter 4 was developed using the temperature 

history of the Tokyo Port Landfill. Long-term monitoring of landfills will provide us with more 

data to further develop, verify and validate the heat generation model. In addition, when 

modelling the cooling system, in order to maintain laminar flow in the piping system, the mass 
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flow rate in the pipes was limited to 0.4kg/s.  Future modelling of higher mass flow rates requires 

the consideration of turbulence. Moreover, the study assumed an annual average temperature for 

the ambient temperature. It would be recommended that the effect of seasonal variations of 

temperature on the performance of the system be examined, if the system was being considered 

for implementation at a particular location. 

The Zhou and Rowe (2003) model does not simulate gas dissolution in liquid water. 

Therefore, in some cases, when the temperature increases and the GCL compresses, positive air 

pressure develops within the GCL. This limitation would be most relevant at high applied 

stresses. It is highly recommended that this limitation be addressed in future revisions of the 

model. The water retention model proposed by Lloret and Alonso (1985) was incorporated into 

the Zhou and Rowe (2003) model for the reason of numerical stability and its ability to 

accommodate the effect of change in stress on the degree of saturation. However, the model was 

found to be limited in its ability to accurately fit to the water retention data of GCLs. More 

fundamental work is required to develop more sophisticated water retention models.  

This study was limited to the GCLs used in single liner systems. Future studies are 

required to examine the effect of elevated temperature on the risk of GCL desiccation in double 

liner systems, in particular the desiccation of primary liners underlain by a drainage layer. 

6.2.4 Field and laboratory testing 

The numerical simulation performed in this study has provided important insight into the effect of 

elevated temperature on the long-term performance of landfill liners and the feasibility of the 

potential temperature control strategies. Given the time-scales involved, numerical modelling was 

a necessity. However, to employ the strategies proposed in this study, there is a need to test the 
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models against observed field performance. Laboratory studies are also required as a relatively 

controlled benchmark against which the numerical simulations can be tested. 
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Appendix A 

Supplementary material to Chapter 2 

 

Chapter 2 presents the likely temperature and service-life of a secondary geomembrane (GMB) in 

a double composite lining system. This appendix presents the procedure to model heat transfer 

with POLLUTE, as well as, the procedure to calculate the service-life of a GMB. It also presents 

the data points for Figures 2.1. 

 

A.1 Heat transfer modelling in POLLUTE 

The heat transport analyses were performed using the finite layer contaminant migration analysis 

program POLLUTE v7 (Rowe and Booker, 2005).  

Heat transfer is given by: 
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whereλ  is thermal conductivity, ρ is material density, c is specific heat (the product cρ  is called 

heat capacity), T is the temperature at depth x, α is thermal diffusivity, q is heat flow and t is time.  

The form of heat conduction equation is the same as contaminant diffusion equation in 

POLLUTE: 
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𝑓 = −𝑛𝐷∇𝐂 = −𝑛𝐷 𝜕𝐂
𝜕𝑥

       (A.4) 

where C is the concentration at depth x, D is the coefficient of hydrodynamic dispersion, n is 

porosity and f is the flow in x direction. The coefficient of hydrodynamic dispersion is explained 

as: 

𝐷 = 𝐷𝑒 + 𝐷𝑚𝑑        (A.5) 

where De is the (molecular) diffusion coefficient and Dmd is the coefficient of mechanical 

dispersion. Assuming that the coefficient of mechanical dispersion is equal to zero, the coefficient 

of hydrodynamic dispersion will be equal to the molecular diffusion coefficient. 

In summary, the form of heat conduction equation is the same as contaminant diffusion 

equation in which concentration is analogous to temperature, diffusion coefficient to thermal 

diffusivity and porosity to heat capacity (Table A.1). Therefore, the heat conduction could be 

simulated in POLLUTE. 

An example of POLLUTE input and output files is presented below. 

 

 
POLLUTEv7 

 
Version 7.13 

 
Copyright (c) 2007. 

GAEA Technologies Ltd., R.K. Rowe and J.R. Booker 
 
 

 
 

 THE DARCY VELOCITY (Flux) THROUGH THE LAYERS  Va = 0 m/year 

6b-average 

 
 
 Layer Properties  
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Layer Thickness Number of 
Sublayers 

Coefficient of 
Hydrodynamic 

Dispersion 

Matrix 
Porosity 

Distributon 
Coefficient 

Dry Density 

GM 2 mm 3 2.5E-7 m2/s 1800000 0 m3/kg 1.9 g/cm3 
GT 2 mm 3 1.5E-7 m2/s 2300000 0 m3/kg 1.9 g/cm3 

CLAY 6 mm 3 8.4E-7 m2/s 2500000 0 m3/kg 1.9 g/cm3 
GT 2 mm 3 1.5E-7 m2/s 2300000 0 m3/kg 1.9 g/cm3 

clayFL 1000 mm 10 8.2E-7 m2/s 2500000 0 m3/kg 1.9 g/cm3 
GRAVEL 300 mm 10 9.6E-7 m2/s 2000000 0 m3/kg 1.9 g/cm3 

GM 2 mm 3 2.5E-7 m2/s 1800000 0 m3/kg 1.9 g/cm3 
CLAY 1000 mm 10 8.4E-7 m2/s 2500000 0 m3/kg 1.9 g/cm3 

AL 3000 mm 10 4.6E-7 m2/s 1500000 0 m3/kg 1.9 g/cm3 
       

 
 
 Boundary Conditions  
 
 
    Contant Concentration 
          Source Concentration = 30 kg/m3 
 
    Contant Concentration Bottom Boundary 
          Base Concentration = 0 kg/m3 
 
 
 Laplace Transform Parameters  
 
     TAU = 7     N = 20     SIG = 0     RNU = 2 
 
 
 Calculated Concentrations at Selected Times and Depths  
 

Time 
day 

Depth 
m 

Concentration 
kg/m3 

1 0.000E+00 3.000E+01 
 1.312E+00 1.513E-02 
   

20 0.000E+00 3.000E+01 
 1.312E+00 1.351E+01 
   

30 0.000E+00 3.000E+01 
 1.312E+00 1.677E+01 
   

40 0.000E+00 3.000E+01 
 1.312E+00 1.901E+01 
   

50 0.000E+00 3.000E+01 
 1.312E+00 2.062E+01 
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60 0.000E+00 3.000E+01 

 1.312E+00 2.183E+01 
   

80 0.000E+00 3.000E+01 
 1.312E+00 2.347E+01 
   

100 0.000E+00 3.000E+01 
 1.312E+00 2.449E+01 
   

150 0.000E+00 3.000E+01 
 1.312E+00 2.572E+01 
   

200 0.000E+00 3.000E+01 
 1.312E+00 2.615E+01 
   

250 0.000E+00 3.000E+01 
 1.312E+00 2.630E+01 
   

275 0.000E+00 3.000E+01 
 1.312E+00 2.633E+01 
   

300 0.000E+00 3.000E+01 
 1.312E+00 2.635E+01 
   

350 0.000E+00 3.000E+01 
 1.312E+00 2.637E+01 
   

400 0.000E+00 3.000E+01 
 1.312E+00 2.637E+01 
   

500 0.000E+00 3.000E+01 
 1.312E+00 2.638E+01 
   

600 0.000E+00 3.000E+01 
 1.312E+00 2.638E+01 
   

700 0.000E+00 3.000E+01 
 1.312E+00 2.638E+01 
   

 
 NOTICE  

 
Although this program has been tested and experience would indicate that it is accurate within 
the limits given by the assumptions of the theory used, we make no warranty as to workability of 
this software or any other licensed material. No warranties either expressed or implied (including 
warranties of fitness) shall apply. No responsibility is assumed for any errors, mistakes or 
misrepresentations that may occur from the use of this computer program. The user accepts full 
responsibility for assessing the validity and applicability of the results obtained with this program 
for any specific case. 
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A.2 Service-life of geomembranes 

The predicted service-lives considered all three stages of degradation of a GMB (Hsuan and 

Koerner, 1998). Figure A.1 shows the three stages of service-life of a GMB. Stage 1- depletion of 

antioxidants; Stage 2 - induction time to the onset of polymer degradation; and Stage 3 - 

degradation of the polymer to decrease some property (or properties) to an arbitrary level (e.g., to 

50% of the original value).   

A.2.1 Stage 1 

The time taken for depletion of antioxidants was calculated as the time taken for reduction of OIT 

from the initial value of 135min to the final residual value of 0.5min.  

 𝑂𝐼𝑇𝑓 = 𝑂𝐼𝑇𝑜. 𝑒−𝑠𝑡        (A.6) 

or taking the logarithm of both sides: 

ln(𝑂𝐼𝑇𝑓) = −𝑠. 𝑡 + ln (𝑂𝐼𝑇𝑜)      (A.7) 

where OITf is the final OIT, s is antioxidant depletion rate, t is time, and OITo is initial OIT. 

Therefore: 

𝑡𝑠𝑡𝑎𝑔𝑒1 = ln(𝑂𝐼𝑇𝑜)−ln (𝑂𝐼𝑇𝑓)
𝑠

        (A.8) 

Stage 1 times for secondary GMBs were based on recent data on OIT depletion for 

simulated composite liners with leachate and GCL above the GMB and a GCL and foundation 

layer below the GMB as published by Rowe and Rimal (2008a). Assuming an Arrhenius 

relationship between antioxidant depletion rate (s in month-1) and temperature (T in oK), the 

following equation was obtained: 

ln 𝑠 = 19.88− 7639/𝑇       (A.9) 

Stage 1 times were calculated using equation A.8 and A.9 (see Table A.2). 
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A.2.2 Stage 2 

The data published by Viebke et al. (1994) for both the induction (Stage 2) and polymer 

degradation (Stage 3) stages of a polyethylene gas pipe with minimal antioxidant and a wall 

thickness of 2.1mm provided the basis for estimating Stages 2 and 3.  For Stage 2: 

log(1
𝑡
) = 8.2 − 3918

𝑇
       (A.10) 

where t is time (in hours) and T is temperature (in oK). Table A.3 summarizes the Stage 2 results. 

A.2.3 Stage 3 

𝑅1
𝑅2

= exp [−𝐸𝑎
𝑅
� 1
𝑇1
− 1

𝑇2
�]        (A.11) 

where R1 is the reaction rate at temperature T1 (in oK), R2 is the reaction rate at temperature T2 (in 

oK). Ea is activation energy (J.mol-1) and R is the universal gas constant (8.31 J.mol-1.oK-1). Also, 

𝑡𝑠𝑡𝑎𝑔𝑒3,2

𝑡𝑠𝑡𝑎𝑔𝑒3,1
= 𝑅1

𝑅2
         (A.12) 

where tstage3,1 is the Stage 3 time at temperature T1 and tstage3,2 is the Stage 3 time at temperature T2. 

Stage 3 times (shown in Table A.4) were calculated using the Stage 3 time of 90 days at 

115oC (Viebke et al. 1994) and the activation energy of 80 kJ/mol (Hsuan and Guan, 1998). Stage 

1, 2 and 3 times together gave the unadjusted service-life.  

Unadjusted service-life= tStage1+ tstage2+ tstage3      (A.13) 

The adjusted value was calculated based on the difference in the effect of air/water 

exposure and water/leachate exposure observed in tests conducted by Sangam and Rowe (2002). 

Adjusted service-life= tStage1+ Adjusted tstage2+ Adjusted tstage3    (A.14) 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑠𝑡𝑎𝑔𝑒2 = 𝑈𝑛𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑠𝑡𝑎𝑔𝑒2 × 𝑡𝑖𝑙
𝑡𝑎/𝑤

        (A.15) 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑠𝑡𝑎𝑔𝑒3 = 𝑈𝑛𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑠𝑡𝑎𝑔𝑒3 × 𝑡𝑖𝑙
𝑡𝑎/𝑤

                          (A.16) 

𝑡𝑖𝑙 = 0.25(𝑡𝑎𝑖𝑟 + 𝑡𝑤𝑎𝑡𝑒𝑟) + 0.5(𝑡𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒)         (A.17) 
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𝑡𝑎/𝑤 = 0.5(𝑡𝑎𝑖𝑟 + 𝑡𝑤𝑎𝑡𝑒𝑟)       (A.18) 

where tair is the depletion time in air, twater is the depletion time in water and tleachate is the depletion 

time in leachate. The following equations were used to calculate tair, twater and tleachate (Rowe and 

Rimal, 2008c). 

in air: 

ln(𝑠) = 15.61− 6371
𝑇

         (A.19) 

in water: 

ln(𝑠) = 15.01− 5962
𝑇

               (A.20) 

in leachate: 

ln(𝑠) = 14.09− 5308
𝑇

                  (A.21) 

where s is in month-1 and T is in oK. Table A.5 summarizes the adjusted Stage 2 and Stage 3 

results. 

 

A.3 Observed temperature at the base of landfills (Figure 2.1) 

The data presented in Figure 2.1 is provided in Tables A.6, A.7 and A.8. 
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Table A. 1 POLLUTE variables corresponding to heat transfer variables 

POLLUTE variable Heat transfer variable 
Molecular diffusion coefficient (De) Thermal diffusivity (α) 

Porosity (n) Heat capacity (ρc) 
Coefficient of mechanical dispersion (Dmd) 0 

 

Table A. 2 Stage 1 times for the secondary GMBs examined 

Temperature (oC) Temperature (oK) t (months) t (years) 
29.9 302.9 1164 97 
39.8 312.8 524 44 
49.8 322.8 246 20 
24.9 297.9 1777 148 
32.3 305.3 954 79 
39.7 312.7 528 44 
27.6 300.6 1411 118 
36.4 309.4 685 57 
45.2 318.2 346 29 
29.1 302.1 1244 104 
38.7 311.7 571 47 
48.3 321.3 274 23 
28.5 301.5 1308 109 
37.7 310.7 618 51 
46.9 319.9 305 25 
28.1 301.1 1353 113 
37.1 310.1 648 54 
46.1 319.1 323 27 
27.6 300.6 1411 118 
36.5 309.5 680 57 
45.3 318.3 343 29 
26.9 299.9 1498 125 
35.4 308.4 742 62 
43.9 316.9 382 32 
25.1 298.1 1747 146 
32.6 305.6 931 78 
40.1 313.1 512 43 

Note: In order to facilitate future reproduction of the results, in some cases, intermediate results 
have been reported with many significant digits. The final service-lives are, however, rounded to 
a more reasonable number of significant digits. The same applies to the numbers in Tables A.2 to 
A.5 and B.3 to B.8. 
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Table A. 3 Unadjusted Stage 2 times for the secondary GMBs examined 

Temperature (oC) Temperature (oK) t (hours) t (years) 
29.9 302.9 54320 6 
39.8 312.8 21163 2 
49.8 322.8 8660 1 
24.9 297.9 89550 10 
32.3 305.3 42981 5 
39.7 312.7 21359 2 
27.6 300.6 68223 8 
36.4 309.4 29055 3 
45.2 318.2 12972 1 
29.1 302.1 58778 7 
38.7 311.7 23430 3 
48.3 321.3 9868 1 
28.5 301.5 62377 7 
37.7 310.7 25718 3 
46.9 319.9 11158 1 
28.1 301.1 64906 7 
37.1 310.1 27204 3 
46.1 319.1 11975 1 
27.6 300.6 68223 8 
36.5 309.5 28782 3 
45.3 318.3 12857 1 
26.9 299.9 73174 8 
35.4 308.4 31936 4 
43.9 316.9 14572 2 
25.1 298.1 87749 10 
32.6 305.6 41752 5 
40.1 313.1 20586 2 
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Table A. 4 Unadjusted Stage 3 times for the secondary GMBs examined 

Temperature (oC) Temperature (oK) t (days) t (years) 
29.9 302.9 95864 263 
39.8 312.8 35058 96 
49.8 322.8 13512 37 
24.9 297.9 163429 448 
32.3 305.3 74671 205 
39.7 312.7 35405 97 
27.6 300.6 122255 335 
36.4 309.4 49167 135 
45.2 318.2 20795 57 
29.1 302.1 104282 286 
38.7 311.7 39081 107 
48.3 321.3 15531 42 
28.5 301.5 111109 304 
37.7 310.7 43165 118 
46.9 319.9 17707 48 
28.1 301.1 115924 318 
37.1 310.1 45832 126 
46.1 319.1 19094 52 
27.6 300.6 122255 335 
36.5 309.5 48676 133 
45.3 318.3 20599 56 
26.9 299.9 131745 361 
35.4 308.4 54387 149 
43.9 316.9 23543 64 
25.1 298.1 159924 438 
32.6 305.6 72395 198 
40.1 313.1 34040 93 
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Table A. 5 Adjusted Stage 2 and 3 times for the secondary GMBs examined 

Temperature 
(oC) 

sair 
(month-1) 

tair 
(months) 

swater 
(month-1) 

twater 
(months) 

sleachate  
(month-1) 

tleachate 
(months) 

til 
(months) 

ta/w  
(months) 

tstage2 
(adjusted

-years) 

tstage3 
(adjusted

-years) 
29.9 0.01 1112 0.01 598 0.03 173 514 855 3.7 158 
39.8 0.01 574 0.02 320 0.06 99 273 447 1.5 59 
49.8 0.02 307 0.03 178 0.10 59 150 242 0.6 23 
24.9 0.00 1580 0.01 831 0.02 232 719 1206 6.1 267 
32.3 0.01 944 0.01 512 0.04 151 439 728 2.9 123 
39.7 0.01 578 0.02 322 0.06 100 275 450 1.5 59 
27.6 0.00 1305 0.01 694 0.03 198 599 1000 4.7 201 
36.4 0.01 717 0.01 395 0.05 120 338 556 2 82 
45.2 0.01 407 0.02 232 0.07 74 197 320 0.91 35 
29.1 0.00 1176 0.01 629 0.03 181 542 903 4 171 
38.7 0.01 617 0.02 343 0.05 105 293 480 1.6 65 
48.3 0.02 336 0.03 194 0.09 63 164 265 0.7 26 
28.5 0.00 1226 0.01 655 0.03 188 564 940 4.3 183 
37.7 0.01 658 0.02 365 0.05 111 311 511 1.8 72 
46.9 0.02 366 0.03 210 0.08 68 178 288 0.8 30 
28.1 0.00 1261 0.01 672 0.03 192 579 966 4.4 190 
37.1 0.01 685 0.01 378 0.05 115 323 531 1.9 76 
46.1 0.01 385 0.03 220 0.08 71 187 302 0.8 32 
27.6 0.00 1305 0.01 695 0.03 198 599 1000 4.7 201 
36.5 0.01 712 0.01 393 0.05 119 336 553 2 81 
45.3 0.01 405 0.02 231 0.08 74 196 318 0.9 35 
26.9 0.00 1371 0.01 728 0.03 206 628 1049 5 216 
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Table A.5(continued) 

Temperature 
(oC) 

sair 
(month-1) 

tair 
(months) 

swater 
(month-1) 

twater 
(months) 

sleachate  
(month-1) 

tleachate 
(months) 

til 
(months) 

ta/w  
(months) 

tstage2 
(adjusted

-years) 

tstage3 
(adjusted

-years) 
35.4 0.01 766 0.01 421 0.04 127 360 593 2.2 90 
43.9 0.01 442 0.02 250 0.07 80 213 346 1 40 
25.1 0.00 1558 0.01 820 0.02 229 709 1189 6 261 
32.6 0.01 925 0.01 502 0.04 148 431 714 2.9 120 
40.1 0.01 563 0.02 315 0.06 98 268 439 1.4 57 
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Table A. 6 Data points of Figure 2.1, annual average liner temperatures at Keele Valley Landfill 
(Monthly data courtesy of City of Toronto; Modified from Rowe (2005) with additional data 
added for 2004 to 2008). 

  Liner Temperature (oC)*  
Year Lysimeter #3 Location: 89B Location: 90A 
1984 17.0 - - 
1985 8.7 - - 
1986 10.5 - - 
1987 11.6 - - 
1988 12.6 - - 
1989 13.4 - - 
1990 14.2 4.4 - 
1991 13.6 7.5 9.2 
1992 15.4 9.0 8.7 
1993 19.3 10.5 11.0 
1994 25.8 11.7 13.5 
1995 29.6 12.3 15.2 
1996 32.6 12.9 16.8 
1997 34.2 14.0 18.0 
1998 35.2 15.4 20.7 
1999 36.8 17.1 24.7 
2000 36.9 21.2 29.3 
2001 36.8 30.2 32.8 
2002 36.8 39.3 34.9 
2003 36.8 41.9 35.6 
2004 36.4 40.9 35.5 
2005 35.3 37.7 35.7 
2006 34.7 38.6 35.7 
2007 30.8 38.3 35.1 
2008 35.0 39.2 34.4 

Note: * Annual average of monthly measurements 
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Table A. 7 Data points of Figure 2.1, liner temperature at a landfill in Pennsylvania, USA (Data 
from Koerner et al. 2008*). 

Wet cell Dry cell 
Time (years) Temperature (oC)** Time (years) Temperature (oC)** 

0.27 27.0 0.06 20.0 
0.32 27.0 0.17 22.5 
0.41 25.5 0.23 20.0 
0.49 23.5 0.31 23.0 
0.59 25.5 0.42 23.0 
0.67 27.5 0.48 21.5 
0.78 27.0 0.62 19.0 
0.85 25.5 0.70 21.5 
0.92 27.0 0.79 21.0 
1.01 28.5 0.84 20.5 
1.11 26.0 0.93 18.5 
1.13 30.0 1.10 19.0 
1.25 31.0 1.15 21.0 
1.33 32.5 1.27 19.0 
1.40 30.0 1.35 20.5 
1.53 31.0 1.43 19.5 
1.60 30.0 1.52 22.5 
1.69 30.5 1.63 22.5 
1.78 29.5 1.80 21.0 
1.83 30.5 1.88 20.5 
1.92 31.0 1.91 19.5 
2.04 31.0 2.00 19.0 
2.12 36.5 2.08 19.0 
2.17 32.0 2.19 19.0 
2.27 39.5 2.25 18.0 
2.37 38.0 2.25 17.0 
2.51 37.5 2.39 19.0 
2.70 38.0 2.45 17.0 
2.87 40.5 2.50 21.0 
2.98 42.0 2.67 20.0 
3.11 42.0 2.76 20.0 
3.19 44.5 2.84 21.0 
3.36 44.0 2.90 20.5 
3.40 42.5 3.04 20.0 
3.50 40.5 3.15 19.0 
3.54 40.0 3.35 20.0 
3.64 41.5 3.60 20.0 
3.77 41.5 3.83 22.5 
3.82 43.5 3.88 21.0 
3.89 44.0 4.13 20.0 
4.01 45.0 4.30 20.0 
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Table A. 7 (continued) 

Wet cell Dry cell 
Time (years) Temperature (oC)** Time (years) Temperature (oC)** 

4.09 48.0 4.47 20.0 
4.22 43.5 4.75 20.0 
4.29 41.5 4.89 21.0 
4.33 41.0 5.09 20.0 
4.38 40.0 5.32 21.0 
4.50 39.5 5.65 23.5 
4.58 39.0 5.82 28.0 
4.64 41.5 5.96 32.5 
4.79 42.0 6.10 29.5 
4.85 43.0 6.27 28.0 
4.93 44.0 6.47 27.5 
5.01 41.0 6.69 31.5 
5.17 53.5 6.78 29.5 
5.25 52.0 6.84 30.5 
5.35 49.0 6.86 26.5 
5.46 49.0 6.98 31.0 
5.60 48.5 6.98 29.5 
5.67 47.5 7.06 27.5 
5.77 48.0 7.17 27.5 
5.84 51.0 7.29 27.0 
5.90 49.5 7.34 30.0 
6.01 49.0 7.45 32.5 

  7.59 32.0 
  7.65 32.5 
  7.79 31.0 
  7.93 30.0 
  7.99 31.5 
  8.10 29.5 
  8.21 31.0 
  8.33 30.5 
  8.41 32.0 
  8.52 32.0 
  8.64 32.5 
  8.72 31.0 
  8.92 30.5 
  8.83 31.5 
  9.03 33.5 
  9.28 32.5 
  9.48 33.0 
  9.70 34.5 
  9.76 33.0 
  9.90 34.0 
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Table A. 7 (continued) 

Dry cell 
Time (years) Temperature (oC)** 

9.96 30.5 
10.10 32.5 
10.30 34.5 
10.38 33.0 
10.44 34.5 
11.03 31.0 
11.08 30.5 
11.28 32.5 
11.42 31.0 
11.50 29.5 
11.62 29.0 
11.65 32.5 
11.79 30.0 
11.93 30.5 
11.95 32.0 
12.04 30.0 
12.18 30.5 
12.26 30.5 
12.43 29.5 
12.60 30.5 
12.66 27.0 
12.69 23.5 

Note: 
 * from digitized figures  
**temperature data rounded to the nearest 0.5oC. 
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Table A. 8 Data points of Figure 2.1, liner temperature at Tokyo Port Landfill (Data from 
Yoshida and Rowe 2003*). 

Location 163 Location 162 Location 161 
Time 

(years) 
Temperature 

(oC)** 
Time (years) Temperature 

(oC)** 
Time (years) Temperature 

(oC)** 
7.98 48.5 7.89 36.0 7.24 40.0 
8.31 48.5 8.31 36.5 7.32 45.5 
8.80 48.0 8.80 36.0 7.48 48.5 
8.96 49.0 9.38 36.0 7.73 43.0 
9.29 48.5 9.95 37.0 8.31 43.5 
9.95 48.5 10.28 43.0 8.88 43.0 

10.77 47.0 10.86 37.0 9.46 43.5 
11.35 48.0 11.35 37.0 9.79 44.0 
11.84 47.5 11.92 37.5 10.20 44.5 
11.92 45.0 12.25 37.0 10.86 41.5 
12.34 44.5 12.91 40.0 11.18 43.0 
12.99 48.5 13.32 37.5 11.84 45.0 
13.24 46.0 14.14 37.5 12.34 47.5 
14.06 45.0 14.31 37.5 12.83 47.0 
14.31 45.0 15.46 37.5 13.32 44.0 
15.54 44.0 16.45 37.5 14.06 43.5 
16.37 43.5 17.19 37.0 14.39 43.0 
17.19 44.0 17.52 38.5 15.54 42.5 
17.60 42.0 18.09 38.5 16.37 42.5 
18.17 42.0 18.34 36.5 17.19 41.5 
18.34 40.0 19.08 36.0 17.52 41.5 
18.91 40.5 19.41 37.0 17.93 41.5 
19.49 40.0   18.50 41.5 

Note: 
 * from digitized figures  
**temperature data rounded to the nearest 0.5oC. 
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Figure A. 1 Three stages of chemical ageing of geomembranes (modified from Hsuan and 
Koerner 1998) 
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Appendix B 

Supplementary material to Chapter 3 

 

Chapter 3 investigates the application of tire chips to reduce the temperature of secondary 

geomembranes in MSW landfills. This appendix presents extra information on the contaminant 

migration properties, service-life calculations, and heat transfer and contaminant migration 

modelling in POLLUTE.   

 

B.1 Contaminant transport properties  

Contaminant migration properties at 20oC and the references from which the parameters were 

taken are summarized in Table B.1. 

B.1.1 Hydraulic conductivity of soil  

The hydraulic conductivity of soil varies spatially depending on the moisture content across the 

soil layer. To take into account the effect of moisture content on the hydraulic conductivity, the 

soil was divided into sublayers and ksoil was calculated using the harmonic mean of the 

unsaturated hydraulic conductivity values corresponding to the sublayers: 

𝐾𝑠𝑜𝑖𝑙 = 𝑛
∑ 1

𝐾𝑖
𝑛
𝑖=1

         (B.1) 

where Ki is the hydraulic conductivity value corresponding to the ith layer and n is the number of 

sublayers. The unsaturated hydraulic conductivity at different moisture contents (suctions) for 

Godfrey soil was measured by Siemens et al. 2011 (Figure 3.2). Hydraulic conductivity 
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calculations for 0.5m of soil (used as insulation and attenuation layers) are summarized in Table 

B.2. 

B.1.2 Diffusion coefficient of soil  

Diffusion coefficient changes with moisture content: 

𝐷𝜃 = �𝜃
𝑛
�𝐷𝑠𝑎𝑡 = 𝑆𝑟𝐷𝑠𝑎𝑡         (B.2) 

where Dϴ is the diffusion coefficient at moisture content ϴ, n is the porosity, Dsat is the saturated 

diffusion coefficient, and Sr is the degree of saturation. 

Trial analyses (one example is shown in Figure 3.7c) showed that, for the cases 

examined, the difference between DCM concentrations in aquifer using Dsat and Dϴ was 

insignificant. Thus, Dsat was adopted for the analyses presented in Chapter 3. 

 

B.2 Prediction of geomembrane service-life 

B.2.1 Stage 1 

Stage 1 times for the primary GMB were based on recent data published by Rowe and Rimal 

(2008a) for a GMB with the standard OIT of 135 min and the final OIT of 1min, which had been 

a part of a primary composite liner with leachate above the GMB and a GCL and a foundation 

layer below the GMB. The time required to deplete the antioxidants at the estimated temperatures 

were obtained using Arrhenius modelling and equation A.8: 

ln 𝑠 = 20.06− 7540/𝑇       (B.3) 

where s is antioxidant depletion rate (in month-1) and T is temperature (in oK). Stage 1 times are 

given in Table B.3. Stage 1 times for secondary GMBs were estimated based on the data obtained 

for a GMB in a composite liner separated from leachate by a GCL (Rowe and Rimal 2008b):  

ln 𝑠 = 19.88− 7639/𝑇       (B.4) 
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Stage 1 times for the secondary GMBs examined are given in Table B.4. 

B.2.2 Stage 2  

Stage 2 times were calculated based on the change in stress crack resistance (SCR) with respect to 

time for GMB samples immersed in leachate at 85oC and incomplete tests at 55oC (Rowe et al. 

2009). 

ln 𝑠 = 17.39− 7086/𝑇       (B.5) 

Stage 2 times for the primary and secondary GMBs examined are given in Tables B.5 and 

B.6. 

B.2.3 Stage 3 

Stage 3 times were estimated based on the current lab data on the change in stress crack 

resistance (SCR) with respect to time for GMBs immersed in leachate at 85oC (Rowe et al. 2009) 

and activation energy of 80kJ/mol obtained in the tests conducted by Viebke et al. (1994)- see 

equations A.11 and A.12. 

Stage 3 times for the primary and secondary GMBs are given in Tables B.7 and B.8. 

B.2.4 Adjusted service-life 

To take into account the effect of contact with the underlying soil in a composite liner, Stage 2 

and 3 times were adjusted based on the difference in composite liner (Rowe and Rimal 2008a, 

2008b) and leachate immersion test data (Rowe et al. 2009). The unadjusted and adjusted times 

were reported as the likely lower and upper-bound estimates of service-life. 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑠𝑡𝑎𝑔𝑒2 = 𝑈𝑛𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑠𝑡𝑎𝑔𝑒2 × 𝑡𝑠𝑡𝑎𝑔𝑒1−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑙𝑖𝑛𝑒𝑟

𝑡𝑠𝑡𝑎𝑔𝑒1−𝑖𝑛 𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒
       (B.6) 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑠𝑡𝑎𝑔𝑒3 = 𝑈𝑛𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑡𝑠𝑡𝑎𝑔𝑒3 × 𝑡𝑠𝑡𝑎𝑔𝑒1−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑙𝑖𝑛𝑒𝑟

𝑡𝑠𝑡𝑎𝑔𝑒1−𝑖𝑛 𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒
       (B.7) 
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B.3 Heat transfer modelling in POLLUTE 

The procedure to model heat transfer with POLLUTE can be found in Appendix A. An example 

of POLLUTE input and output files is presented below. 

POLLUTEv7 
 

Version 7.00 
 

Copyright (c) 2004. 
GAEA Technologies Ltd., R.K. Rowe and J.R. Booker 

 
 

 
 

 THE DARCY VELOCITY (Flux) THROUGH THE LAYERS  Va = 0 m/year 

USA Landfill -no insulation 

 
 
 Layer Properties  
 

Layer Thickness Number of 
Sublayers 

Coefficient of 
Hydrodynamic 

Dispersion 

Matrix 
Porosity 

Distributon 
Coefficient 

Dry Density 

GM 2 mm 5 2.5E-7 m2/s 1800000 0 m3/kg 1.9 g/cm3 
GT 2 mm 5 2E-7 m2/s 3500000 0 m3/kg 1.9 g/cm3 
clay 6 mm 10 1E-6 m2/s 2000000 0 m3/kg 1.9 g/cm3 
GT 2 mm 5 2E-7 m2/s 3500000 0 m3/kg 1.9 g/cm3 
GN 5 mm 10 1.8E-7 m2/s 857000 0 m3/kg 1.9 g/cm3 
GM 2 mm 5 2.5E-7 m2/s 1800000 0 m3/kg 1.9 g/cm3 
GT 2 mm 5 2E-7 m2/s 3500000 0 m3/kg 1.9 g/cm3 
clay 6 mm 10 1E-6 m2/s 2000000 0 m3/kg 1.9 g/cm3 
GT 2 mm 5 2E-7 m2/s 3500000 0 m3/kg 1.9 g/cm3 
AL 2.5 m 30 5E-7 m2/s 1500000 0 m3/kg 1.9 g/cm3 

       
 
 
 Boundary Conditions  
 
 
    Contant Concentration 
          Source Concentration = 40 kg/m3 
 
    Contant Concentration Bottom Boundary 
          Base Concentration = 0 kg/m3 
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 Laplace Transform Parameters  
 
     TAU = 7     N = 20     SIG = 0     RNU = 2 
 
 
 Calculated Concentrations at Selected Times and Depths  
 

Time 
day 

Depth 
m 

Concentration 
kg/m3 

1 0.000E+00 4.000E+01 
 1.700E-02 3.629E+01 
   

10 0.000E+00 4.000E+01 
 1.700E-02 3.883E+01 
   

20 0.000E+00 4.000E+01 
 1.700E-02 3.917E+01 
   

30 0.000E+00 4.000E+01 
 1.700E-02 3.931E+01 
   

40 0.000E+00 4.000E+01 
 1.700E-02 3.939E+01 
   

50 0.000E+00 4.000E+01 
 1.700E-02 3.942E+01 
   

60 0.000E+00 4.000E+01 
 1.700E-02 3.944E+01 
   

70 0.000E+00 4.000E+01 
 1.700E-02 3.945E+01 
   

80 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

90 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

100 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

200 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

300 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
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400 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

500 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

600 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

700 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

800 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

900 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

1000 0.000E+00 4.000E+01 
 1.700E-02 3.946E+01 
   

 
 
 

 NOTICE  
 

Although this program has been tested and experience would indicate that it is 
accurate within the limits given by the assumptions of the theory used, we make no 

warranty as to workability of this software or any other licensed material. No 
warranties either expressed or implied (including warranties of fitness) shall apply. No 

responsibility is assumed for any errors, mistakes or misrepresentations that may 
occur from the use of this computer program. The user accepts full responsibility for 

assessing the validity and applicability of the results obtained with this program for any 
specific case. 

 
 
  

B.4 Contaminant transport modelling in POLLUTE 

An example of the calculations performed to obtain velocity (for Case 1-configuration shown in 

Figure 3.1a), as well as an example of POLLUTE input and output files are presented below. 

 

Va1= 0.003346m/a (velocity through primary liner) - calculated using Equation 3.1. 

0 to 30 years: primary GMB and secondary GMB function 
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Volume of the leachate collected from primary LCS: 0.15-0.003346=0.146654 m/a 

Va2=0.001988 m/a (velocity through secondary liner) - calculated using Equation 3.1. 

Volume of the leachate collected from secondary LCS: (0.003346-0.001988) x 400/0.005=108.6 

m/a 

Base outflow velocity: 1+ (0.001988 x 400)/3=1.27 m/a 

Va1= 0.15m/a (velocity through primary liner) - calculated using Equation 3.3. 

30 years to 40 years: primary GMB fails, secondary GMB functions 

Volume of the leachate collected from primary LCS: 0 m/a 

Va2=0.001988 m/a (velocity through secondary liner) - calculated using Equation 3.1. 

Volume of the  leachate collected from secondary LCS: (0.15-0.001988) x 400/0.005=11840 m/a 

Base outflow velocity: 1+ (0.001988 x 400)/3=1.27 m/a 

Va1= 0.15m/a (velocity through primary liner) - calculated using Equation 3.3. 

After 40 years: primary GMB and secondary GMB fail 

Volume of the leachate collected from primary LCS: 0 m/a 

Va2= 0.15 m/a (velocity through secondary liner) - calculated using Equation 3.3. 

Volume of the leachate collected from secondary LCS: 0 m/a 

Base outflow velocity: 1+ (0.15x 400)/3=21 m/a 

 
POLLUTEv7 

 
Version 7.13 

 
Copyright (c) 2007. 

GAEA Technologies Ltd., R.K. Rowe and J.R. Booker 
 
 

USA landfill- no insulation 
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 THE VARIABLE VELOCITY AND/OR CONCENTRATION OPTION HAS BEEN USED 
 NOTE THAT THE ACCURACY OF THE CALCULATIONS WITH THIS OPTION WILL DEPEND 

ON THE NUMBER OF SUBLAYERS USED 
 
 

 THE PASSIVE SINK OPTION HAS BEEN USED 
 NOTE : THE USER IS RESPONSIBLE FOR ENSURING THAT VELOCITY  

        CHANGES ARE CONSISTENT WITH THE PASSIVE SINK 
 

 
 
 Layer Properties  
 

Layer Thickness Number of 
Sublayers 

Coefficient of 
Hydrodynamic 

Dispersion 

Matrix 
Porosity 

Distributon 
Coefficient 

Dry Density 

GM 2 mm 10 0.0057 m2/a 1 0 m3/kg 1.9 g/cm3 
GCL 10 mm 10 0.0263 m2/a 0.55 0 m3/kg 1.9 g/cm3 
GN 5 mm 10 320 m2/a 0.89 0 m3/kg 1.9 g/cm3 
GM 2 mm 10 0.0054 m2/a 1 0 m3/kg 1.9 g/cm3 
GCL 10 mm 10 0.0259 m2/a 0.55 0 m3/kg 1.9 g/cm3 
AL 2.5 m 50 0.0317 m2/a 0.4 0 m3/kg 1.9 g/cm3 

       
 
 
 Boundary Conditions  
 
 
    Finite Mass Top Boundary 
 
    Fixed Outflow Bottom Boundary 
          Landfill Length = 400 m 
          Landfill Width = 1 m 
          Base Thickness = 3 m 
          Base Porosity = 0.3 
 
 
 RADIOACTIVE OR BIOLOGICAL DECAY 
 
 
 First Order Radioactive or Biological Decay Depth Ranges 
 

Minimum Depth 
 

Maximum Depth 
 

Half Life 
 

0  m 0.002  m 0  year 
0.002  m 0.012  m 50  year 
0.012  m 0.017  m 0  year 
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0.017  m 0.019  m 0  year 
0.019  m 0.029  m 50  year 
0.029  m 2.529  m 50  year 

   
 
 
Radioactive or Biological Decay Source Half Life = 10  year 
 
 
 
 VARIATION IN PROPERTIES WITH TIME: 
 
 
 TIME PERIODS WITH THE SAME SOURCE AND VELOCITY 
 

Period Start Time No. of 
 Steps 

Time Step Source 
Conc 

Rate of 
Change 

Height of 
Leachate 

Volume 
Collected 

1 0  yr 30 1  yr 3.3  mg/L 0 25.1  m 0.146654  
m/a 

2 30  yr 10 1  yr -1  mg/L 0 25.1  m 0  m/a 
3 40  yr 180 2  yr -1  mg/L 0 25.1  m 0  m/a 
        

 
Period Start Time End Time Darcy Velocity Dispersivity Base Velocity 

1 0  yr 30  yr 1  m/a 0  none 1.27  m/a 
2 30  yr 40  yr 1  m/a 0  none 1.27  m/a 
3 40  yr 400  yr 1  m/a 0  none 21  m/a 
      

 
 
 
 VELOCITY AND SINK PROFILE: 
 

Time Period Minimum Depth Maximum Depth Vertical Velocity Horizontal 
Outflow 

1 / 1 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 2 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 3 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 4 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
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 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 5 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 6 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 7 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 8 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 9 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 10 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 11 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 12 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 13 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 14 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 15 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 16 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
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1 / 17 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 18 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 19 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 20 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 21 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 22 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 23 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 24 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 25 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 26 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 27 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 28 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 29 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 



 

 

 

201 

 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

1 / 30 0  m 0.012  m 0.003346  m/a 0  m/a 
 0.012  m 0.017  m 0.003346  m/a 108.6  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 1 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 2 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 3 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 4 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 5 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 6 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 7 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 8 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 9 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

2 / 10 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 11840  m/a 
 0.017  m 2.529  m 0.001988  m/a 0  m/a 
     

3 / 1 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
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3 / 2 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 3 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 4 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 5 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 6 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 7 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 8 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 9 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 10 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 11 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 12 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 13 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 14 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
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 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 15 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 16 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 17 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 18 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 19 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 20 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 21 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 22 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 23 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 24 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 25 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 26 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
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3 / 27 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 28 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 29 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 30 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 31 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 32 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 33 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 34 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 35 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 36 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 37 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 38 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 39 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
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 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 40 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 41 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 42 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 43 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 44 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 45 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 46 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 47 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 48 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 49 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 50 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 51 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
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3 / 52 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 53 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 54 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 55 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 56 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 57 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 58 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 59 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 60 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 61 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 62 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 63 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 64 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
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 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 65 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 66 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 67 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 68 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 69 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 70 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 71 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 72 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 73 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 74 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 75 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 76 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
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3 / 77 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 78 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 79 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 80 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 81 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 82 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 83 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 84 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 85 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 86 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 87 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 88 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 89 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
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 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 90 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 91 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 92 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 93 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 94 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 95 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 96 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 97 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 98 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 99 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 100 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 101 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
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3 / 102 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 103 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 104 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 105 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 106 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 107 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 108 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 109 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 110 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 111 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 112 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 113 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 114 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
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 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 115 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 116 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 117 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 118 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 119 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 120 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 121 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 122 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 123 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 124 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 125 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 126 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
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3 / 127 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 128 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 129 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 130 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 131 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 132 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 133 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 134 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 135 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 136 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 137 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 138 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 139 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
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 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 140 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 141 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 142 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 143 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 144 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 145 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 146 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 147 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 148 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 149 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 150 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 151 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
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3 / 152 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 153 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 154 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 155 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 156 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 157 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 158 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 159 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 160 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 161 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 162 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 163 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 164 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
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 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 165 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 166 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 167 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 168 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 169 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 170 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 171 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 172 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 173 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 174 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 175 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 176 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
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3 / 177 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 178 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 179 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

3 / 180 0  m 0.012  m 0.15  m/a 0  m/a 
 0.012  m 0.017  m 0.15  m/a 0  m/a 
 0.017  m 2.529  m 0.15  m/a 0  m/a 
     

 
 
 Laplace Transform Parameters  
 
     TAU = 7     N = 20     SIG = 0     RNU = 2 
 
 
 Calculated Concentrations at Selected Times and Depths  
 

Time 
year 

Depth 
m 

Concentration 
µg/L 

1 0.000E+00 3.050E+03 
 2.529E+00 1.276E-13 
   
2 0.000E+00 2.826E+03 
 2.529E+00 3.018E-10 
   
3 0.000E+00 2.619E+03 
 2.529E+00 1.543E-06 
   
4 0.000E+00 2.427E+03 
 2.529E+00 1.522E-04 
   
5 0.000E+00 2.250E+03 
 2.529E+00 2.525E-03 
   
6 0.000E+00 2.086E+03 
 2.529E+00 1.695E-02 
   
7 0.000E+00 1.935E+03 
 2.529E+00 6.744E-02 
   
8 0.000E+00 1.794E+03 
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 2.529E+00 1.926E-01 
   
9 0.000E+00 1.663E+03 
 2.529E+00 4.398E-01 
   

10 0.000E+00 1.543E+03 
 2.529E+00 8.570E-01 
   

11 0.000E+00 1.431E+03 
 2.529E+00 1.486E+00 
   

12 0.000E+00 1.327E+03 
 2.529E+00 2.357E+00 
   

13 0.000E+00 1.231E+03 
 2.529E+00 3.490E+00 
   

14 0.000E+00 1.141E+03 
 2.529E+00 4.892E+00 
   

15 0.000E+00 1.059E+03 
 2.529E+00 6.559E+00 
   

16 0.000E+00 9.821E+02 
 2.529E+00 8.480E+00 
   

17 0.000E+00 9.110E+02 
 2.529E+00 1.064E+01 
   

18 0.000E+00 8.451E+02 
 2.529E+00 1.300E+01 
   

19 0.000E+00 7.840E+02 
 2.529E+00 1.555E+01 
   

20 0.000E+00 7.273E+02 
 2.529E+00 1.826E+01 
   

21 0.000E+00 6.747E+02 
 2.529E+00 2.110E+01 
   

22 0.000E+00 6.260E+02 
 2.529E+00 2.403E+01 
   

23 0.000E+00 5.808E+02 
 2.529E+00 2.704E+01 
   

24 0.000E+00 5.389E+02 
 2.529E+00 3.009E+01 
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25 0.000E+00 5.000E+02 
 2.529E+00 3.317E+01 
   

26 0.000E+00 4.639E+02 
 2.529E+00 3.624E+01 
   

27 0.000E+00 4.305E+02 
 2.529E+00 3.929E+01 
   

28 0.000E+00 3.994E+02 
 2.529E+00 4.231E+01 
   

29 0.000E+00 3.707E+02 
 2.529E+00 4.527E+01 
   

30 0.000E+00 3.440E+02 
 2.529E+00 4.816E+01 
   

31 0.000E+00 3.192E+02 
 2.529E+00 5.097E+01 
   

32 0.000E+00 2.962E+02 
 2.529E+00 5.369E+01 
   

33 0.000E+00 2.749E+02 
 2.529E+00 5.631E+01 
   

34 0.000E+00 2.551E+02 
 2.529E+00 5.883E+01 
   

35 0.000E+00 2.367E+02 
 2.529E+00 6.124E+01 
   

36 0.000E+00 2.197E+02 
 2.529E+00 6.353E+01 
   

37 0.000E+00 2.039E+02 
 2.529E+00 6.571E+01 
   

38 0.000E+00 1.892E+02 
 2.529E+00 6.776E+01 
   

39 0.000E+00 1.756E+02 
 2.529E+00 6.969E+01 
   

40 0.000E+00 1.630E+02 
 2.529E+00 7.151E+01 
   

42 0.000E+00 1.403E+02 
 2.529E+00 9.550E+01 
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44 0.000E+00 1.207E+02 

 2.529E+00 1.331E+02 
   

46 0.000E+00 1.038E+02 
 2.529E+00 1.534E+02 
   

48 0.000E+00 8.934E+01 
 2.529E+00 1.528E+02 
   

50 0.000E+00 7.687E+01 
 2.529E+00 1.432E+02 
   

52 0.000E+00 6.614E+01 
 2.529E+00 1.309E+02 
   

54 0.000E+00 5.691E+01 
 2.529E+00 1.180E+02 
   

56 0.000E+00 4.896E+01 
 2.529E+00 1.053E+02 
   

58 0.000E+00 4.213E+01 
 2.529E+00 9.334E+01 
   

60 0.000E+00 3.625E+01 
 2.529E+00 8.225E+01 
   

62 0.000E+00 3.119E+01 
 2.529E+00 7.215E+01 
   

64 0.000E+00 2.683E+01 
 2.529E+00 6.306E+01 
   

66 0.000E+00 2.309E+01 
 2.529E+00 5.496E+01 
   

68 0.000E+00 1.986E+01 
 2.529E+00 4.779E+01 
   

70 0.000E+00 1.709E+01 
 2.529E+00 4.148E+01 
   

72 0.000E+00 1.470E+01 
 2.529E+00 3.594E+01 
   

74 0.000E+00 1.265E+01 
 2.529E+00 3.111E+01 
   

76 0.000E+00 1.089E+01 
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 2.529E+00 2.689E+01 
   

78 0.000E+00 9.366E+00 
 2.529E+00 2.323E+01 
   

80 0.000E+00 8.058E+00 
 2.529E+00 2.005E+01 
   

82 0.000E+00 6.933E+00 
 2.529E+00 1.730E+01 
   

84 0.000E+00 5.966E+00 
 2.529E+00 1.492E+01 
   

86 0.000E+00 5.133E+00 
 2.529E+00 1.286E+01 
   

88 0.000E+00 4.416E+00 
 2.529E+00 1.108E+01 
   

90 0.000E+00 3.800E+00 
 2.529E+00 9.548E+00 
   

92 0.000E+00 3.269E+00 
 2.529E+00 8.224E+00 
   

94 0.000E+00 2.813E+00 
 2.529E+00 7.082E+00 
   

96 0.000E+00 2.420E+00 
 2.529E+00 6.098E+00 
   

98 0.000E+00 2.082E+00 
 2.529E+00 5.249E+00 
   

100 0.000E+00 1.792E+00 
 2.529E+00 4.519E+00 
   

102 0.000E+00 1.541E+00 
 2.529E+00 3.890E+00 
   

104 0.000E+00 1.326E+00 
 2.529E+00 3.348E+00 
   

106 0.000E+00 1.141E+00 
 2.529E+00 2.881E+00 
   

108 0.000E+00 9.818E-01 
 2.529E+00 2.480E+00 
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110 0.000E+00 8.448E-01 
 2.529E+00 2.134E+00 
   

112 0.000E+00 7.268E-01 
 2.529E+00 1.836E+00 
   

114 0.000E+00 6.254E-01 
 2.529E+00 1.580E+00 
   

116 0.000E+00 5.381E-01 
 2.529E+00 1.360E+00 
   

118 0.000E+00 4.630E-01 
 2.529E+00 1.170E+00 
   

120 0.000E+00 3.983E-01 
 2.529E+00 1.007E+00 
   

122 0.000E+00 3.427E-01 
 2.529E+00 8.662E-01 
   

124 0.000E+00 2.949E-01 
 2.529E+00 7.453E-01 
   

126 0.000E+00 2.537E-01 
 2.529E+00 6.413E-01 
   

128 0.000E+00 2.183E-01 
 2.529E+00 5.518E-01 
   

130 0.000E+00 1.878E-01 
 2.529E+00 4.748E-01 
   

132 0.000E+00 1.616E-01 
 2.529E+00 4.085E-01 
   

134 0.000E+00 1.390E-01 
 2.529E+00 3.515E-01 
   

136 0.000E+00 1.196E-01 
 2.529E+00 3.024E-01 
   

138 0.000E+00 1.029E-01 
 2.529E+00 2.602E-01 
   

140 0.000E+00 8.856E-02 
 2.529E+00 2.239E-01 
   

142 0.000E+00 7.620E-02 
 2.529E+00 1.926E-01 
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144 0.000E+00 6.556E-02 

 2.529E+00 1.657E-01 
   

146 0.000E+00 5.641E-02 
 2.529E+00 1.426E-01 
   

148 0.000E+00 4.853E-02 
 2.529E+00 1.227E-01 
   

150 0.000E+00 4.176E-02 
 2.529E+00 1.056E-01 
   

152 0.000E+00 3.593E-02 
 2.529E+00 9.084E-02 
   

154 0.000E+00 3.091E-02 
 2.529E+00 7.815E-02 
   

156 0.000E+00 2.660E-02 
 2.529E+00 6.724E-02 
   

158 0.000E+00 2.288E-02 
 2.529E+00 5.786E-02 
   

160 0.000E+00 1.969E-02 
 2.529E+00 4.978E-02 
   

162 0.000E+00 1.694E-02 
 2.529E+00 4.283E-02 
   

164 0.000E+00 1.458E-02 
 2.529E+00 3.685E-02 
   

166 0.000E+00 1.254E-02 
 2.529E+00 3.171E-02 
   

168 0.000E+00 1.079E-02 
 2.529E+00 2.728E-02 
   

170 0.000E+00 9.284E-03 
 2.529E+00 2.347E-02 
   

172 0.000E+00 7.988E-03 
 2.529E+00 2.020E-02 
   

174 0.000E+00 6.873E-03 
 2.529E+00 1.738E-02 
   

176 0.000E+00 5.913E-03 
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 2.529E+00 1.495E-02 
   

178 0.000E+00 5.088E-03 
 2.529E+00 1.286E-02 
   

180 0.000E+00 4.377E-03 
 2.529E+00 1.107E-02 
   

182 0.000E+00 3.766E-03 
 2.529E+00 9.523E-03 
   

184 0.000E+00 3.241E-03 
 2.529E+00 8.193E-03 
   

186 0.000E+00 2.788E-03 
 2.529E+00 7.049E-03 
   

188 0.000E+00 2.399E-03 
 2.529E+00 6.065E-03 
   

190 0.000E+00 2.064E-03 
 2.529E+00 5.219E-03 
   

192 0.000E+00 1.776E-03 
 2.529E+00 4.490E-03 
   

194 0.000E+00 1.528E-03 
 2.529E+00 3.863E-03 
   

196 0.000E+00 1.315E-03 
 2.529E+00 3.324E-03 
   

198 0.000E+00 1.131E-03 
 2.529E+00 2.860E-03 
   

200 0.000E+00 9.732E-04 
 2.529E+00 2.461E-03 
   

202 0.000E+00 8.374E-04 
 2.529E+00 2.117E-03 
   

204 0.000E+00 7.205E-04 
 2.529E+00 1.822E-03 
   

206 0.000E+00 6.199E-04 
 2.529E+00 1.567E-03 
   

208 0.000E+00 5.334E-04 
 2.529E+00 1.348E-03 
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210 0.000E+00 4.589E-04 
 2.529E+00 1.160E-03 
   

212 0.000E+00 3.948E-04 
 2.529E+00 9.983E-04 
   

214 0.000E+00 3.397E-04 
 2.529E+00 8.589E-04 
   

216 0.000E+00 2.923E-04 
 2.529E+00 7.390E-04 
   

218 0.000E+00 2.515E-04 
 2.529E+00 6.358E-04 
   

220 0.000E+00 2.164E-04 
 2.529E+00 5.471E-04 
   

222 0.000E+00 1.862E-04 
 2.529E+00 4.707E-04 
   

224 0.000E+00 1.602E-04 
 2.529E+00 4.050E-04 
   

226 0.000E+00 1.378E-04 
 2.529E+00 3.485E-04 
   

228 0.000E+00 1.186E-04 
 2.529E+00 2.998E-04 
   

230 0.000E+00 1.020E-04 
 2.529E+00 2.580E-04 
   

232 0.000E+00 8.779E-05 
 2.529E+00 2.219E-04 
   

234 0.000E+00 7.553E-05 
 2.529E+00 1.910E-04 
   

236 0.000E+00 6.499E-05 
 2.529E+00 1.643E-04 
   

238 0.000E+00 5.592E-05 
 2.529E+00 1.414E-04 
   

240 0.000E+00 4.811E-05 
 2.529E+00 1.216E-04 
   

242 0.000E+00 4.139E-05 
 2.529E+00 1.046E-04 
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244 0.000E+00 3.561E-05 

 2.529E+00 9.004E-05 
   

246 0.000E+00 3.065E-05 
 2.529E+00 7.748E-05 
   

248 0.000E+00 2.636E-05 
 2.529E+00 6.665E-05 
   

250 0.000E+00 2.268E-05 
 2.529E+00 5.734E-05 
   

252 0.000E+00 1.952E-05 
 2.529E+00 4.934E-05 
   

254 0.000E+00 1.679E-05 
 2.529E+00 4.245E-05 
   

256 0.000E+00 1.445E-05 
 2.529E+00 3.652E-05 
   

258 0.000E+00 1.244E-05 
 2.529E+00 3.144E-05 
   

260 0.000E+00 1.070E-05 
 2.529E+00 2.705E-05 
   

262 0.000E+00 9.204E-06 
 2.529E+00 2.327E-05 
   

264 0.000E+00 7.921E-06 
 2.529E+00 2.002E-05 
   

266 0.000E+00 6.815E-06 
 2.529E+00 1.723E-05 
   

268 0.000E+00 5.861E-06 
 2.529E+00 1.482E-05 
   

270 0.000E+00 5.045E-06 
 2.529E+00 1.275E-05 
   

272 0.000E+00 4.340E-06 
 2.529E+00 1.097E-05 
   

274 0.000E+00 3.737E-06 
 2.529E+00 9.442E-06 
   

276 0.000E+00 3.213E-06 



 

 

 

226 

 2.529E+00 8.118E-06 
   

278 0.000E+00 2.767E-06 
 2.529E+00 6.990E-06 
   

280 0.000E+00 2.379E-06 
 2.529E+00 6.008E-06 
   

282 0.000E+00 2.052E-06 
 2.529E+00 5.183E-06 
   

284 0.000E+00 1.761E-06 
 2.529E+00 4.449E-06 
   

286 0.000E+00 1.520E-06 
 2.529E+00 3.838E-06 
   

288 0.000E+00 1.304E-06 
 2.529E+00 3.291E-06 
   

290 0.000E+00 1.125E-06 
 2.529E+00 2.838E-06 
   

292 0.000E+00 9.661E-07 
 2.529E+00 2.438E-06 
   

294 0.000E+00 8.320E-07 
 2.529E+00 2.098E-06 
   

296 0.000E+00 7.148E-07 
 2.529E+00 1.802E-06 
   

298 0.000E+00 6.144E-07 
 2.529E+00 1.549E-06 
   

300 0.000E+00 5.298E-07 
 2.529E+00 1.335E-06 
   

302 0.000E+00 4.557E-07 
 2.529E+00 1.147E-06 
   

304 0.000E+00 3.944E-07 
 2.529E+00 9.927E-07 
   

306 0.000E+00 3.370E-07 
 2.529E+00 8.472E-07 
   

308 0.000E+00 2.919E-07 
 2.529E+00 7.338E-07 
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310 0.000E+00 2.553E-07 
 2.529E+00 6.412E-07 
   

312 0.000E+00 2.156E-07 
 2.529E+00 5.417E-07 
   

314 0.000E+00 1.846E-07 
 2.529E+00 4.619E-07 
   

316 0.000E+00 1.590E-07 
 2.529E+00 3.968E-07 
   

318 0.000E+00 1.391E-07 
 2.529E+00 3.463E-07 
   

320 0.000E+00 1.119E-07 
 2.529E+00 2.793E-07 
   

322 0.000E+00 1.012E-07 
 2.529E+00 2.514E-07 
   

324 0.000E+00 8.682E-08 
 2.529E+00 2.152E-07 
   

326 0.000E+00 7.982E-08 
 2.529E+00 1.975E-07 
   

328 0.000E+00 6.400E-08 
 2.529E+00 1.572E-07 
   

330 0.000E+00 5.773E-08 
 2.529E+00 1.416E-07 
   

332 0.000E+00 5.023E-08 
 2.529E+00 1.224E-07 
   

334 0.000E+00 4.278E-08 
 2.529E+00 1.037E-07 
   

336 0.000E+00 3.518E-08 
 2.529E+00 8.475E-08 
   

338 0.000E+00 3.272E-08 
 2.529E+00 7.856E-08 
   

340 0.000E+00 3.005E-08 
 2.529E+00 7.184E-08 
   

342 0.000E+00 2.005E-08 
 2.529E+00 4.587E-08 
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344 0.000E+00 2.092E-08 

 2.529E+00 4.973E-08 
   

346 0.000E+00 1.889E-08 
 2.529E+00 4.373E-08 
   

348 0.000E+00 2.252E-08 
 2.529E+00 5.295E-08 
   

350 0.000E+00 1.391E-08 
 2.529E+00 3.156E-08 
   

352 0.000E+00 1.496E-08 
 2.529E+00 3.333E-08 
   

354 0.000E+00 1.259E-08 
 2.529E+00 2.766E-08 
   

356 0.000E+00 1.111E-08 
 2.529E+00 2.356E-08 
   

358 0.000E+00 1.034E-08 
 2.529E+00 2.201E-08 
   

360 0.000E+00 7.337E-09 
 2.529E+00 1.371E-08 
   

362 0.000E+00 1.118E-08 
 2.529E+00 2.456E-08 
   

364 0.000E+00 3.744E-09 
 2.529E+00 4.947E-09 
   

366 0.000E+00 1.057E-08 
 2.529E+00 2.172E-08 
   

368 0.000E+00 4.178E-09 
 2.529E+00 7.088E-09 
   

370 0.000E+00 7.257E-09 
 2.529E+00 1.381E-08 
   

372 0.000E+00 3.534E-10 
 2.529E+00 0.000E+00 
   

374 0.000E+00 4.969E-09 
 2.529E+00 8.012E-09 
   

376 0.000E+00 6.133E-09 
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 2.529E+00 1.180E-08 
   

378 0.000E+00 8.225E-09 
 2.529E+00 1.658E-08 
   

380 0.000E+00 0.000E+00 
 2.529E+00 0.000E+00 
   

382 0.000E+00 4.664E-09 
 2.529E+00 7.071E-09 
   

384 0.000E+00 0.000E+00 
 2.529E+00 0.000E+00 
   

386 0.000E+00 3.422E-09 
 2.529E+00 4.809E-09 
   

388 0.000E+00 2.704E-09 
 2.529E+00 2.737E-09 
   

390 0.000E+00 2.454E-09 
 2.529E+00 1.697E-09 
   

392 0.000E+00 1.298E-09 
 2.529E+00 5.873E-10 
   

394 0.000E+00 0.000E+00 
 2.529E+00 0.000E+00 
   

396 0.000E+00 0.000E+00 
 2.529E+00 0.000E+00 
   

398 0.000E+00 1.961E-09 
 2.529E+00 1.631E-09 
   

400 0.000E+00 4.074E-09 
 2.529E+00 6.148E-09 
   

 
 
 

 NOTICE  
 

Although this program has been tested and experience would indicate that it is accurate within 
the limits given by the assumptions of the theory used, we make no warranty as to workability of 
this software or any other licensed material. No warranties either expressed or implied (including 
warranties of fitness) shall apply. No responsibility is assumed for any errors, mistakes or 
misrepresentations that may occur from the use of this computer program. The user accepts full 
responsibility for assessing the validity and applicability of the results obtained with this program 
for any specific case. 
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Table B. 1 Properties used in the contaminant transport analysis for DCM (at 20oC) 

Property GMB GCL GNT Soil/AL Tire shreds 
Porosity  1a 0.55b 0.89c 0.35/0.4 0.78d 
Diffusion coefficient (m2/a) 2×10-5

 e 0.01f 310g 0.02h 310g 
Partitioning coefficient 6a - - - - 
Transmissivity of GMB-GCL 
interface (m2/s) 

2×10-11
i - - - - 

Hydraulic conductivity to leachate 
(m/s) 

- 5×10-10
i - varies 0.01d 

Half-life of DCM (years) - 50j - 50j infinite 

Notes: 
a: Rowe and Arnepalli (2008) 
b: Lake and Rowe (2000) 
c: Eith and Koerner (1992) 
d: McIsaac (2007) 
e: Sangam and Rowe (2001) 
f: Hartmans and Tramper (1991) 
g: Yaws (2003)- diffusion coefficient of DCM in air 
h: Rowe and Barone (1991) 
i: Abdellaty (2010) 
j: Rowe et al. (2004) 
AL: attenuation layer; GMB: geomembrane; GCL: geosynthetic clay liner; GNT: geonet 
 
 
 
 

Table B. 2 Hydraulic conductivity of a 0.5m layer of soil used as insulation layer 

Distance to leachate collection system (m) Suction (kPa) Kw (m/s)* 
0.5 5 4.16 x 10-8 
0.4 4 5.56 x 10-8 
0.3 3 6.94 x 10-8 
0.2 2 8.33 x 10-8 
0.1 1 1.11 x 10-7 
0 0 1.11 x 10-7 
Harmonic mean  6.94 x 10-8 

Note: * from Figure 3.2 (Siemens et al., 2011) 
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Table B. 3 Stage 1 times for the primary GMBs examined 

Temperature 
(oC) 

Temperature 
(oK) 

Depletion rate 
(month-1) 

Time- Stage 1 
(months) 

Time- Stage 1 
(years)* 

60 333 0.075 65 5 
45 318 0.026 189 16 
37 310 0.014 348 29 

Note: * rounded to the nearest 1 year 
 
 
 

Table B. 4 Stage 1 times for the secondary GMBs examined 

Temperature 
(oC) 

Temperature 
(oK) 

Depletion rate 
(month-1) 

Time- Stage 1 
(months) 

Time- Stage 1 
(years)* 

59.4 332.4 0.04499 109 9 
53.9 326.9 0.03056 160 13 
49.7 322.7 0.02255 217 18 
46.4 319.4 0.01765 278 23 
42.7 315.7 0.01334 368 30 
35.9 308.9 0.007831 626 52 
32.3 305.3 0.00585 838 69 
44.6 317.6 0.01542 318 26 
40.4 313.4 0.01117 439 36 
34.8 307.8 0.007168 684 57 
37.7 310.7 0.009037 543 45 
32.0 305.0 0.005708 859 71 
26.9 299.9 0.003728 1316 110 
24.2 297.2 0.002958 1658 138 
25.3 298.3 0.003252 1508 126 
32.9 305.9 0.006144 798 66 
30.0 303.0 0.004838 1014 84 
27.8 300.8 0.004023 1219 102 
28.8 301.8 0.004377 1121 93 
18.3 291.3 0.001758 2791 233 

Note: * rounded to the nearest 1 year 
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Table B. 5 Stage 2 times for the primary GMBs examined 

Temperature (oC) Temperature (oK) Time- Stage 2 (months) Time- Stage 2 (years)* 
60 333 49 4 
45 318 133 11 
37 310 237 20 

Note: * rounded to the nearest 1 year 

 
 

Table B. 6 Stage 2 times for the secondary GMBs examined 

Temperature (oC) Temperature (oK) Time- Stage 2 (months) Time- Stage 2 (years)* 
59.4 332.4 50 4 
53.9 326.9 73 6 
49.7 322.7 96 8 
46.4 319.4 121 10 
42.7 315.7 157 13 
35.9 308.9 257 21 
32.3 305.3 337 28 
44.6 317.6 137 11 
40.4 313.4 185 15 
37.7 310.7 225 19 
34.8 307.8 279 23 
32.0 305.0 345 29 
26.9 299.9 512 43 
24.2 297.2 634 53 
25.3 298.3 581 48 
32.9 305.9 322 27 
30.0 303.0 402 33 
27.8 300.8 477 40 
28.8 301.8 441 37 
18.3 291.3 1028 86 

Note: * rounded to the nearest 1 year 
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Table B. 7 Stage 3 times for the primary GMBs examined 

Temperature (oC) Temperature (oK) Time- Stage 3 (days) Time- Stage 3(years)* 
60 333 4111 11 
45 318 16077 44 
37 310 35115 96 

Note: * rounded to the nearest 1 year 
 

 
 
 

Table B. 8 Stage 3 times for the secondary GMBs examined 

Temperature (oC) Temperature (oK) Time- Stage 3 (days) Time- Stage 3(years)* 
59.4 332.4 4331 12 
53.9 326.9 7051 19 
49.7 322.7 10344 28 
46.4 319.4 14079 39 
42.7 315.7 20044 55 
35.9 308.9 39221 107 
32.3 305.3 56639 155 
44.6 317.6 16701 46 
40.4 313.4 25071 69 
37.7 310.7 32742 90 
34.8 307.8 43842 120 
32.0 305.0 58423 160 
26.9 299.9 99931 274 
24.2 297.2 133768 366 
25.3 298.3 118707 325 
32.9 305.9 53242 146 
30.0 303.0 71956 197 
27.8 300.8 90779 249 
28.8 301.8 81646 224 
18.3 291.3 257798 706 

Note: * rounded to the nearest 1 year 
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Appendix C 

Supplementary material to Chapter 4  

 

Chapter 4 presents a method to control the temperature at the base of landfills. The potential 

effectiveness of the proposed method is examined numerically using a computational fluid 

dynamics program FLUENT.  This appendix provides heat and mass transfer equations used in 

FLUENT, mesh refinement study, and the procedure to choose the number of modules required to 

simulate periodic boundary conditions, as well as the procedure used to estimate the service-life 

of GMBs. An example of FLUENT input and output files is presented and a recommendation on 

combining cooling pipes with leachate collection pipes is illustrated. 

 

C.1 Heat and mass transfer equations 

The finite volume-based computational fluid dynamics program FLUENT was used to model heat 

transfer in coolant, liner and landfill as well as coolant mass transfer. The following equations are 

used in the program to model heat and mass transfer (ANSYS FLUENT, 2006; Versteeg and 

Malalasekera, 1995). 

C.1.1 Heat transfer equation 

FLUENT solves heat transfer equation in the following form:  

( ) ESTpEvE
t

+∇∇=+∇+
∂
∂ λρρ .))(.()( 

      (C.1) 

dTCE
T

Tref
∫=         (C.2) 
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where t is time; ρ is density; C is heat capacity; T is temperature; �⃗� is velocity; p is pressure; λ is 

thermal conductivity; and SE is volumetric heat source. Tref is the reference temperature. 

C.1.2 Continuity and momentum equations 

In addition to the energy equations, FLUENT solves conservation equations for coolant mass and 

momentum. The program enables the simulation of both laminar and turbulent flows. However, 

in this study the flow rate in the piping system was limited to 0.4kg/s (corresponding to a 

Reynolds’s number1

Mass conservation equation 

 of 2000) so as to maintain laminar flow. In this section, mass and 

momentum conservation equations for laminar flow are presented.  

0).( =∇+
∂
∂ v
T

ρρ
         (C. 3) 

Momentum conservation equation 

MSvpvvv
t

+∇∇+−∇=∇+
∂
∂ ).().()(  µρρ      (C. 4) 

where μ is dynamic viscosity and SM is momentum source.  

 

C.2 Mesh refinement 

A sensitivity analysis was performed to define the acceptable mesh refinement. It was found that 

the heat transfer between the coolant and the surrounding soil was mainly affected by the element 

size of the coolant (inside the pipes). The case shown in Figure C.1 was examined and a 

comparison was made between the temperatures on the top of the clay liner using different mesh 

sizes. The examined element size (both height and width) in the pipes ranged from 0.003125m to 

                                                      
1 Reynold’s number:  𝑅𝑒 = 𝜌𝑣𝐿

𝜇
 , where ρ is density, v is velocity, L is pipe diameter, and µ is dynamic 

viscosity.  
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0.2m. A comparison between the results (Table C.1) showed that the element size of 0.1m was 

fine enough. 

 

C.3 Periodic boundary condition 

The number of modules required to simulate periodic conditions for the case with the pipe 

spacing of 9m (Figure 4.1b) was determined using a two-dimensional model. Cases with 1, 5, 7 

and 9 modules were analyzed. Figure C.2 shows temperature distribution on top of the liner after 

8 years. The maximum temperature observed in the middle module was reduced to 39.1oC for the 

case with five and seven modules and to 38.8oC for nine modules. The minimum temperatures for 

the cases with 5, 7 and 9 modules were 24.6oC, 24.6oC and 24.4oC, respectively. A comparison of 

the estimated temperatures shows that, with five loops of pipe, the condition in the middle loop 

becomes sufficiently close to periodic. 

To further reduce the size of the model, another case with two modules was examined 

(see Figure C.2). Liner temperature observed in the middle 18m of the section analyzed (between 

-9m to 9m in Figure C.2) ranged between 24.8oC and 39.3oC. This was compared to 23.8oC and 

40.2oC for the case with one module and temperatures between 24.6oC and 39.1oC for the middle 

module of a five-module case. A comparison of the values obtained showed that, with reasonable 

accuracy, periodic pipe arrangement could be simulated by modelling two loops of pipe. It might 

slightly overestimate the temperature; however, due to significantly lower computational time (in 

particular, for the 3D model), this level of approximation was acceptable. 
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C.4 Service-life of the geomembrane 

The procedure to estimate the service-life was the same as the one used in Chapter 2.  The 

service-lives reported in Chapter 4 were the average of unadjusted and adjusted values rounded to 

the nearest 5 years. Unadjusted and adjusted service-lives are reported in Table C.2 and C.3. 

 

C.5 A recommendation for combining the cooling system with the leachate collection 

pipes 

In order to reduce the amount of pipes used, it is recommended that the cooling pipes be 

combined with the leachate collection pipes (Figure C. 3). Further examination of the proposed 

configurations is recommended (based on personal communication with R. M. Koerner and I.D. 

Moore). 

 

C.6 Modelling in FLUENT 

The finite volume mesh was created using GAMBIT. An example of a GAMBIT input file (for 

2D model, 3m pipe spacing, and symmetric pipe layout) is presented below. More information 

about how to create a mesh file can be found in GAMBIT’s user guide (ANSYS GAMBIT 2006).  

  

/ Journal File for GAMBIT 2.3.16, Database 2.3.14, SunOS 
SP2006033019 
/ File opened for write Wed Mar 12 17:31:28 2008. 
face create "total" width 6 height 60 offset 3 30 0 xyplane 
rectangle 
face create "subsoil" width 6 height 29 offset 3 14.5 0 xyplane 
rectangle 
face create "sand" width 6 height 30 offset 3 15 0 xyplane rectangle 
face create "msw-1" width 6 height 31 offset 3 15.5 0 xyplane 
rectangle 
face create "msw-2" width 6 height 32 offset 3 16 0 xyplane 
rectangle 
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face create "msw-3" width 6 height 33 offset 3 16.5 0 xyplane 
rectangle 
face create "msw-4" width 6 height 34 offset 3 17 0 xyplane 
rectangle 
face create "msw-5" width 6 height 35 offset 3 17.5 0 xyplane 
rectangle 
face create "msw-6" width 6 height 36 offset 3 18 0 xyplane 
rectangle 
face create "msw-7" width 6 height 41 offset 3 20.5 0 xyplane 
rectangle 
face create "msw-8" width 6 height 42 offset 3 21 0 xyplane 
rectangle 
face create "msw-9" width 6 height 47 offset 3 23.5 0 xyplane 
rectangle 
face create "msw-10" width 6 height 48 offset 3 24 0 xyplane 
rectangle 
face create "msw-11" width 6 height 53 offset 3 26.5 0 xyplane 
rectangle 
face create "msw-12" width 6 height 54 offset 3 27 0 xyplane 
rectangle 
face create "msw-12" width 6 height 59 offset 3 29.5 0 xyplane 
rectangle 
face create "pipein" width 0.2 height 0.2 offset 0.1 0.1 0 xyplane 
rectangle 
face move "pipein" offset 1.4 29.3 0 
face cmove "pipein" multiple 1 offset 3 0 0 
face modify "face.16" label "msw_13" 
face modify "face.18" label "pipeout" 
face modify "total" label "msw_14" 
face split "msw_14" connected faces "msw_13" 
face split "msw_13" connected faces "msw-12" 
face split "msw-12" connected faces "msw-11" 
face split "msw-11" connected faces "msw-10" 
face split "msw-10" connected faces "msw-9" 
face split "msw-9" connected faces "msw-8" 
face split "msw-8" connected faces "msw-7" 
face split "msw-7" connected faces "msw-6" 
face split "msw-6" connected faces "msw-5" 
face split "msw-5" connected faces "msw-4" 
face split "msw-4" connected faces "msw-3" 
face split "msw-3" connected faces "msw-2" 
face split "msw-2" connected faces "msw-1" 
face split "msw-1" connected faces "sand" 
face split "sand" connected faces "subsoil" 
face split "sand" connected faces "pipein" "pipeout" 
save 
face mesh "pipein" "pipeout" map size 0.1 
face mesh "subsoil" "sand" "msw-1" "msw-2" "msw-3" "msw-4" "msw-5" 
"msw-6" \ 
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  "msw-7" "msw-8" "msw-9" "msw-10" "msw-11" "msw-12" "msw_13" 
"msw_14" map \ 
  size 0.1 
window modify invisible mesh 
save 
physics create "soil" ctype "SOLID" face "subsoil" 
physics create "sand" ctype "SOLID" face "sand" 
physics create "msw_1" ctype "SOLID" face "msw-1" 
physics create "msw_2" ctype "SOLID" face "msw-2" 
physics create "msw_3" ctype "SOLID" face "msw-3" 
physics create "msw_4" ctype "SOLID" face "msw-4" 
physics create "msw_5" ctype "SOLID" face "msw-5" 
physics create "msw_6" ctype "SOLID" face "msw-6" 
physics create "msw_7" ctype "SOLID" face "msw-7" 
physics create "msw_8" ctype "SOLID" face "msw-8" 
physics create "msw_9" ctype "SOLID" face "msw-9" 
physics create "msw_10" ctype "SOLID" face "msw-10" 
physics create "msw_11" ctype "SOLID" face "msw-11" 
physics create "msw_12" ctype "SOLID" face "msw-12" 
physics create "msw_13" ctype "SOLID" face "msw_13" 
physics create "msw_14" ctype "SOLID" face "msw_14" 
save 
physics create "ambient" btype "WALL" edge "edge.3" 
physics create "aquifer" btype "WALL" edge "edge.1" 
save 
export fluent5 "TPL-wpipe-7.msh" nozval 
physics create "pipein" ctype "SOLID" face "pipein" 
physics create "pipeout" ctype "SOLID" face "pipeout" 
save 
 

GAMBIT creates an output file (*.msh), which can be imported into FLUENT. After 

importing the mesh file into FLUENT, the material properties and initial and boundary conditions 

need to be defined and the FLUENT input file be created (*.cas). The results are stored in an 

output file (*.dat). A summary of a FLUENT model for the 2D case presented in Chapter 4 with 

the pipe spacing of 3m and a symmetric pipe layout (including material properties, initial and 

boundary conditions and finite volume solver controls) is presented below.  

FLUENT 
Version: 2d, dp, pbns, lam, unsteady (2d, double precision, 
pressure-based, laminar, unsteady) 
Release: 6.3.26 
Title:  
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Models 
------ 
 
   Model                        Settings                        
   --------------------------------------------------------- 
   Space                        2D                              
   Time                         Unsteady, 1st-Order Implicit    
   Viscous                      Laminar                         
   Heat Transfer                Enabled                         
   Solidification and Melting   Disabled                        
   Radiation                    None                            
   Species Transport            Disabled                        
   Coupled Dispersed Phase      Disabled                        
   Pollutants                   Disabled                        
   Pollutants                   Disabled                        
   Soot                         Disabled                        
 
Boundary Conditions 
------------------- 
 
   Zones 
 
      name                   id   type        
      ------------------------------------ 
      pipeout                2    solid       
      pipein                 3    solid       
      msw_14                 4    solid       
      msw_13                 5    solid       
      msw_12                 6    solid       
      msw_11                 7    solid       
      msw_10                 8    solid       
      msw_9                  9    solid       
      msw_8                  10   solid       
      msw_7                  11   solid       
      msw_6                  12   solid       
      msw_5                  13   solid       
      msw_4                  14   solid       
      msw_3                  15   solid       
      msw_2                  16   solid       
      msw_1                  17   solid       
      sand                   18   solid       
      soil                   19   solid       
      wall                   20   wall        
      aquifer                21   wall        
      ambient                22   wall        
      default-interior       24   interior    
      wall:001               1    wall        
      wall:023               23   wall        
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      wall:025               25   wall        
      wall:026               26   wall        
      wall:027               27   wall        
      wall:028               28   wall        
      wall:029               29   wall        
      wall:030               30   wall        
      wall:031               31   wall        
      wall:032               32   wall        
      wall:033               33   wall        
      wall:034               34   wall        
      wall:035               35   wall        
      wall:036               36   wall        
      wall:037               37   wall        
      default-interior:038   38   interior    
      default-interior:039   39   interior    
      default-interior:040   40   interior    
      default-interior:041   41   interior    
      default-interior:042   42   interior    
      default-interior:043   43   interior    
      default-interior:044   44   interior    
      default-interior:045   45   interior    
      default-interior:046   46   interior    
      default-interior:047   47   interior    
      default-interior:048   48   interior    
      default-interior:049   49   interior    
      default-interior:050   50   interior    
      default-interior:051   51   interior    
      default-interior:052   52   interior    
      default-interior:053   53   interior    
      default-interior:054   54   interior    
      default-interior:055   55   interior    
      default-interior:056   56   interior    
      default-interior:057   57   interior    
      default-interior:058   58   interior    
      default-interior:059   59   interior    
      default-interior:060   60   interior    
      default-interior:061   61   interior    
      default-interior:062   62   interior    
      default-interior:063   63   interior    
      default-interior:064   64   interior    
      default-interior:065   65   interior    
      default-interior:066   66   interior    
      default-interior:067   67   interior    
      default-interior:068   68   interior    
      default-interior:069   69   interior    
      default-interior:070   70   interior    
      default-interior:071   71   interior    
 
   Boundary Conditions 
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      pipeout 
 
         Condition                       Value                                                         
         -----------------------------------------------------------
------------------------------- 
         Material Name                   watter                                                        
         Specify source terms?           no                                                            
         Source Terms                    ((energy))                                                    
         Specify fixed values?           no                                                            
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))    
         Motion Type                     0                                                             
         X-Velocity Of Zone (m/s)        0                                                             
         Y-Velocity Of Zone (m/s)        0                                                             
         Rotation speed (rad/s)          0                                                             
         X-Origin of Rotation-Axis (m)   0                                                             
         Y-Origin of Rotation-Axis (m)   0                                                             
         Deactivated Thread              no                                                            
 
      pipein 
 
         Condition                       Value                                                         
         -----------------------------------------------------------
------------------------------- 
         Material Name                   watter                                                        
         Specify source terms?           no                                                            
         Source Terms                    ((energy))                                                    
         Specify fixed values?           no                                                            
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))    
         Motion Type                     0                                                             
         X-Velocity Of Zone (m/s)        0                                                             
         Y-Velocity Of Zone (m/s)        0                                                             
         Rotation speed (rad/s)          0                                                             
         X-Origin of Rotation-Axis (m)   0                                                             
         Y-Origin of Rotation-Axis (m)   0                                                             
         Deactivated Thread              no                                                            
 
      msw_14 
 
         Condition                       Value                                                           
         -----------------------------------------------------------
--------------------------------- 
         Material Name                   mswdry                                                          
         Specify source terms?           no                                                              
         Source Terms                    ((energy))                                                      
         Specify fixed values?           yes                                                             
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         Fixed Values                    ((temperature (constant . 
288) (inactive . #f) (profile  )))    
         Motion Type                     0                                                               
         X-Velocity Of Zone (m/s)        0                                                               
         Y-Velocity Of Zone (m/s)        0                                                               
         Rotation speed (rad/s)          0                                                               
         X-Origin of Rotation-Axis (m)   0                                                               
         Y-Origin of Rotation-Axis (m)   0                                                               
         Deactivated Thread              no                                                              
 
      msw_13 
 
         Condition                       Value                                                           
         -----------------------------------------------------------
--------------------------------- 
         Material Name                   mswdry                                                          
         Specify source terms?           no                                                              
         Source Terms                    ((energy))                                                      
         Specify fixed values?           yes                                                             
         Fixed Values                    ((temperature (constant . 
288) (inactive . #f) (profile  )))    
         Motion Type                     0                                                               
         X-Velocity Of Zone (m/s)        0                                                               
         Y-Velocity Of Zone (m/s)        0                                                               
         Rotation speed (rad/s)          0                                                               
         X-Origin of Rotation-Axis (m)   0                                                               
         Y-Origin of Rotation-Axis (m)   0                                                               
         Deactivated Thread              no                                                              
 
      msw_12 
 
         Condition                       Value                                                           
         -----------------------------------------------------------
--------------------------------- 
         Material Name                   mswdry                                                          
         Specify source terms?           no                                                              
         Source Terms                    ((energy))                                                      
         Specify fixed values?           yes                                                             
         Fixed Values                    ((temperature (constant . 
288) (inactive . #f) (profile  )))    
         Motion Type                     0                                                               
         X-Velocity Of Zone (m/s)        0                                                               
         Y-Velocity Of Zone (m/s)        0                                                               
         Rotation speed (rad/s)          0                                                               
         X-Origin of Rotation-Axis (m)   0                                                               
         Y-Origin of Rotation-Axis (m)   0                                                               
         Deactivated Thread              no                                                              
 
      msw_11 
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         Condition                       Value                                                           
         -----------------------------------------------------------
--------------------------------- 
         Material Name                   mswdry                                                          
         Specify source terms?           no                                                              
         Source Terms                    ((energy))                                                      
         Specify fixed values?           yes                                                             
         Fixed Values                    ((temperature (constant . 
288) (inactive . #f) (profile  )))    
         Motion Type                     0                                                               
         X-Velocity Of Zone (m/s)        0                                                               
         Y-Velocity Of Zone (m/s)        0                                                               
         Rotation speed (rad/s)          0                                                               
         X-Origin of Rotation-Axis (m)   0                                                               
         Y-Origin of Rotation-Axis (m)   0                                                               
         Deactivated Thread              no                                                              
 
      msw_10 
 
         Condition                       Value                                                           
         -----------------------------------------------------------
--------------------------------- 
         Material Name                   mswdry                                                          
         Specify source terms?           no                                                              
         Source Terms                    ((energy))                                                      
         Specify fixed values?           yes                                                             
         Fixed Values                    ((temperature (constant . 
288) (inactive . #f) (profile  )))    
         Motion Type                     0                                                               
         X-Velocity Of Zone (m/s)        0                                                               
         Y-Velocity Of Zone (m/s)        0                                                               
         Rotation speed (rad/s)          0                                                               
         X-Origin of Rotation-Axis (m)   0                                                               
         Y-Origin of Rotation-Axis (m)   0                                                               
         Deactivated Thread              no                                                              
 
      msw_9 
 
         Condition                       Value                                                           
         -----------------------------------------------------------
--------------------------------- 
         Material Name                   mswdry                                                          
         Specify source terms?           no                                                              
         Source Terms                    ((energy))                                                      
         Specify fixed values?           yes                                                             
         Fixed Values                    ((temperature (constant . 
288) (inactive . #f) (profile  )))    
         Motion Type                     0                                                               
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         X-Velocity Of Zone (m/s)        0                                                               
         Y-Velocity Of Zone (m/s)        0                                                               
         Rotation speed (rad/s)          0                                                               
         X-Origin of Rotation-Axis (m)   0                                                               
         Y-Origin of Rotation-Axis (m)   0                                                               
         Deactivated Thread              no                                                              
 
      msw_8 
 
         Condition                       Value                                                           
         -----------------------------------------------------------
--------------------------------- 
         Material Name                   mswdry                                                          
         Specify source terms?           no                                                              
         Source Terms                    ((energy))                                                      
         Specify fixed values?           yes                                                             
         Fixed Values                    ((temperature (constant . 
288) (inactive . #f) (profile  )))    
         Motion Type                     0                                                               
         X-Velocity Of Zone (m/s)        0                                                               
         Y-Velocity Of Zone (m/s)        0                                                               
         Rotation speed (rad/s)          0                                                               
         X-Origin of Rotation-Axis (m)   0                                                               
         Y-Origin of Rotation-Axis (m)   0                                                               
         Deactivated Thread              no                                                              
 
      msw_7 
 
         Condition                       Value                                                           
         -----------------------------------------------------------
--------------------------------- 
         Material Name                   mswdry                                                          
         Specify source terms?           no                                                              
         Source Terms                    ((energy))                                                      
         Specify fixed values?           yes                                                             
         Fixed Values                    ((temperature (constant . 
288) (inactive . #f) (profile  )))    
         Motion Type                     0                                                               
         X-Velocity Of Zone (m/s)        0                                                               
         Y-Velocity Of Zone (m/s)        0                                                               
         Rotation speed (rad/s)          0                                                               
         X-Origin of Rotation-Axis (m)   0                                                               
         Y-Origin of Rotation-Axis (m)   0                                                               
         Deactivated Thread              no                                                              
 
      msw_6 
 
         Condition                       Value                                                         
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         -----------------------------------------------------------
------------------------------- 
         Material Name                   mswdry                                                        
         Specify source terms?           yes                                                           
         Source Terms                    ((energy ((constant . 4.67) 
(inactive . #f) (profile  ))))    
         Specify fixed values?           no                                                            
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))    
         Motion Type                     0                                                             
         X-Velocity Of Zone (m/s)        0                                                             
         Y-Velocity Of Zone (m/s)        0                                                             
         Rotation speed (rad/s)          0                                                             
         X-Origin of Rotation-Axis (m)   0                                                             
         Y-Origin of Rotation-Axis (m)   0                                                             
         Deactivated Thread              no                                                            
 
      msw_5 
 
         Condition                       Value                                                          
         -----------------------------------------------------------
-------------------------------- 
         Material Name                   mswdry                                                         
         Specify source terms?           yes                                                            
         Source Terms                    ((energy ((constant . 
0.436) (inactive . #f) (profile  ))))    
         Specify fixed values?           no                                                             
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))     
         Motion Type                     0                                                              
         X-Velocity Of Zone (m/s)        0                                                              
         Y-Velocity Of Zone (m/s)        0                                                              
         Rotation speed (rad/s)          0                                                              
         X-Origin of Rotation-Axis (m)   0                                                              
         Y-Origin of Rotation-Axis (m)   0                                                              
         Deactivated Thread              no                                                             
 
      msw_4 
 
         Condition                       Value                                                          
         -----------------------------------------------------------
-------------------------------- 
         Material Name                   mswdry                                                         
         Specify source terms?           yes                                                            
         Source Terms                    ((energy ((constant . 
0.436) (inactive . #f) (profile  ))))    
         Specify fixed values?           no                                                             
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))     
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         Motion Type                     0                                                              
         X-Velocity Of Zone (m/s)        0                                                              
         Y-Velocity Of Zone (m/s)        0                                                              
         Rotation speed (rad/s)          0                                                              
         X-Origin of Rotation-Axis (m)   0                                                              
         Y-Origin of Rotation-Axis (m)   0                                                              
         Deactivated Thread              no                                                             
 
      msw_3 
 
         Condition                       Value                                                          
         -----------------------------------------------------------
-------------------------------- 
         Material Name                   mswdry                                                         
         Specify source terms?           yes                                                            
         Source Terms                    ((energy ((constant . 
0.436) (inactive . #f) (profile  ))))    
         Specify fixed values?           no                                                             
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))     
         Motion Type                     0                                                              
         X-Velocity Of Zone (m/s)        0                                                              
         Y-Velocity Of Zone (m/s)        0                                                              
         Rotation speed (rad/s)          0                                                              
         X-Origin of Rotation-Axis (m)   0                                                              
         Y-Origin of Rotation-Axis (m)   0                                                              
         Deactivated Thread              no                                                             
 
      msw_2 
 
         Condition                       Value                                                          
         -----------------------------------------------------------
-------------------------------- 
         Material Name                   mswdry                                                         
         Specify source terms?           yes                                                            
         Source Terms                    ((energy ((constant . 
0.436) (inactive . #f) (profile  ))))    
         Specify fixed values?           no                                                             
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))     
         Motion Type                     0                                                              
         X-Velocity Of Zone (m/s)        0                                                              
         Y-Velocity Of Zone (m/s)        0                                                              
         Rotation speed (rad/s)          0                                                              
         X-Origin of Rotation-Axis (m)   0                                                              
         Y-Origin of Rotation-Axis (m)   0                                                              
         Deactivated Thread              no                                                             
 
      msw_1 
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         Condition                       Value                                                          
         -----------------------------------------------------------
-------------------------------- 
         Material Name                   mswdry                                                         
         Specify source terms?           yes                                                            
         Source Terms                    ((energy ((constant . 
0.436) (inactive . #f) (profile  ))))    
         Specify fixed values?           no                                                             
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))     
         Motion Type                     0                                                              
         X-Velocity Of Zone (m/s)        0                                                              
         Y-Velocity Of Zone (m/s)        0                                                              
         Rotation speed (rad/s)          0                                                              
         X-Origin of Rotation-Axis (m)   0                                                              
         Y-Origin of Rotation-Axis (m)   0                                                              
         Deactivated Thread              no                                                             
 
      sand 
 
         Condition                       Value                                                         
         -----------------------------------------------------------
------------------------------- 
         Material Name                   sand                                                         
         Specify source terms?           no                                                            
         Source Terms                    ((energy))                                                    
         Specify fixed values?           no                                                            
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))    
         Motion Type                     0                                                             
         X-Velocity Of Zone (m/s)        0                                                             
         Y-Velocity Of Zone (m/s)        0                                                             
         Rotation speed (rad/s)          0                                                             
         X-Origin of Rotation-Axis (m)   0                                                             
         Y-Origin of Rotation-Axis (m)   0                                                             
         Deactivated Thread              no                                                            
 
      soil 
 
         Condition                       Value                                                         
         -----------------------------------------------------------
------------------------------- 
         Material Name                   soil                                                          
         Specify source terms?           no                                                            
         Source Terms                    ((energy))                                                    
         Specify fixed values?           no                                                            
         Fixed Values                    ((temperature (inactive . 
#f) (constant . 0) (profile  )))    
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         Motion Type                     0                                                             
         X-Velocity Of Zone (m/s)        0                                                             
         Y-Velocity Of Zone (m/s)        0                                                             
         Rotation speed (rad/s)          0                                                             
         X-Origin of Rotation-Axis (m)   0                                                             
         Y-Origin of Rotation-Axis (m)   0                                                             
         Deactivated Thread              no                                                            
 
      wall 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      aquifer 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
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         Material Name                                        
aluminum    
         Thermal BC Type                                      0           
         Temperature (k)                                      288         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      ambient 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      0           
         Temperature (k)                                      288         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
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         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      default-interior 
 
         Condition   Value    
         ----------------- 
 
      wall:001 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
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         Specularity Coefficient                              0           
 
      wall:023 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:025 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
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         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:026 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
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         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:027 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:028 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
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         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:029 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
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         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:030 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:031 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
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         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:032 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
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         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:033 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:034 
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         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:035 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
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         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:036 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
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         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
      wall:037 
 
         Condition                                            Value       
         -----------------------------------------------------------
-- 
         Wall Thickness (m)                                   0           
         Heat Generation Rate (w/m3)                          0           
         Material Name                                        
aluminum    
         Thermal BC Type                                      1           
         Temperature (k)                                      300         
         Heat Flux (w/m2)                                     0           
         Convective Heat Transfer Coefficient (w/m2-k)        0           
         Free Stream Temperature (k)                          300         
         Wall Motion                                          0           
         Shear Boundary Condition                             0           
         Define wall motion relative to adjacent cell zone?   yes         
         Apply a rotational velocity to this wall?            no          
         Velocity Magnitude (m/s)                             0           
         X-Component of Wall Translation                      1           
         Y-Component of Wall Translation                      0           
         Define wall velocity components?                     no          
         X-Component of Wall Translation (m/s)                0           
         Y-Component of Wall Translation (m/s)                0           
         External Emissivity                                  1           
         External Radiation Temperature (k)                   300         
         Rotation Speed (rad/s)                               0           
         X-Position of Rotation-Axis Origin (m)               0           
         Y-Position of Rotation-Axis Origin (m)               0           
         X-component of shear stress (pascal)                 0           
         Y-component of shear stress (pascal)                 0           
         Surface tension gradient (n/m-k)                     0           
         Specularity Coefficient                              0           
 
 
Solver Controls 
--------------- 
 
   Equations 
 
      Equation   Solved    
      ----------------- 
      Flow       yes       
      Energy     yes       
 
   Numerics 
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      Numeric                         Enabled    
      --------------------------------------- 
      Absolute Velocity Formulation   yes        
 
   Unsteady Calculation Parameters 
 
                                                
      -------------------------------------- 
      Time Step (s)                   102000    
      Max. Iterations Per Time Step   20        
 
   Relaxation 
 
      Variable      Relaxation Factor    
      ------------------------------- 
      Pressure      0.3                  
      Density       1                    
      Body Forces   1                    
      Momentum      0.7                  
      Energy        1                    
 
   Linear Solver 
 
                   Solver     Termination   Residual Reduction    
      Variable     Type       Criterion     Tolerance             
      -------------------------------------------------------- 
      Pressure     V-Cycle    0.1                                 
      X-Momentum   Flexible   0.1           0.7                   
      Y-Momentum   Flexible   0.1           0.7                   
      Energy       Flexible   0.1           0.7                   
 
   Pressure-Velocity Coupling 
 
      Parameter   Value     
      ------------------ 
      Type        SIMPLE    
 
   Discretization Scheme 
 
      Variable   Scheme                
      ----------------------------- 
      Pressure   Standard              
      Momentum   First Order Upwind    
      Energy     First Order Upwind    
 
   Solution Limits 
 
      Quantity                    Limit    
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      --------------------------------- 
      Minimum Absolute Pressure   1        
      Maximum Absolute Pressure   5e+10    
      Minimum Temperature         1        
      Maximum Temperature         5000     
 
Material Properties 
------------------- 
 
   Material: sand (solid) 
 
      Property               Units    Method     Value(s)    
      --------------------------------------------------- 
      Density                kg/m3    constant   1800        
      Cp (Specific Heat)     j/kg-k   constant   1390        
      Thermal Conductivity   w/m-k    constant   3.15        
   
   Material: watter (solid) 
 
      Property               Units    Method     Value(s)    
      --------------------------------------------------- 
      Density                kg/m3    constant   1000        
      Cp (Specific Heat)     j/kg-k   constant   4182        
      Thermal Conductivity   w/m-k    constant   0.6         
 
   Material: soil (solid) 
 
      Property               Units    Method     Value(s)    
      --------------------------------------------------- 
      Density                kg/m3    constant   1800        
      Cp (Specific Heat)     j/kg-k   constant   1109        
      Thermal Conductivity   w/m-k    constant   0.86        
 
   Material: mswsat (solid) 
 
      Property               Units    Method     Value(s)    
      --------------------------------------------------- 
      Density                kg/m3    constant   1424        
      Cp (Specific Heat)     j/kg-k   constant   2363        
      Thermal Conductivity   w/m-k    constant   0.96        
 
   Material: mswdry (solid) 
 
      Property               Units    Method     Value(s)    
      --------------------------------------------------- 
      Density                kg/m3    constant   1157        
      Cp (Specific Heat)     j/kg-k   constant   1939        
      Thermal Conductivity   w/m-k    constant   0.35        
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Table C. 1 Maximum temperature on top of the clay liner for different coolant element sizes (for 
the case shown in Figure C.1)- Temperature on top of the liner in the absence of the cooling 
system was 46.34oC. 

Element size in meters (Number of 
elements) 

Maximum temperature on liner 
(oC) 

0.2 (1) 27.96 
0.1 (2 x 2) 26.15 
0.05 (4 x 4) 26.24 
0.025 (8 x 8) 25.86 
0.0125 (16 x 16) 25.94 
0.003125 (64 x 64) 25.97 
 

 
 
 

Table C. 2 Unadjusted service-lives for the GMB examined 

Case Temperature 
(oC) 

tStage1 
(years) 

tstage2 
(years) 

tstage3 
(years) 

ttotal* 
(years) 

No cooling 41.9 22.6 2.0 78.2 103 
9m-periodic- 0.4kg/s (minimum 
temperature) 

22.8 106.2 12.7 563.2 682 

9m- periodic- 0.4kg/s (maximum 
temperature) 

34.4 40.6 4.0 164.9 209 

Note: * rounded to the nearest 1 year 
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Table C. 3 Adjusted service-lives for the GMB examined 

Case Temperature 
(oC) 

tStage1 
(years) 

tstage2 
(years) 

tstage3 
(years) 

ttotal* 
(years) 

No cooling 41.9 22.6 1.2 48.0 72 
9m-periodic- 0.4kg/s (minimum 
temperature) 

22.8 106.2 7.5 334.7 448 

9m- periodic- 0.4kg/s (maximum 
temperature) 

34.4 40.6 2.4 99.9 143 

Note: * rounded to the nearest 1 year 
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Figure C. 1 Mesh refinement study (temperature on the top surface is 70oC and on the bottom 
surface is 10oC- coolant flow rate is 0.3kg/s and coolant inlet temperature is 12oC- the inside 
diameter of pipes is 20cm, which is the same as the case examined in Chapter 4) 
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Figure C. 2 Plot of temperature on liner for cases simulating different number of modules (2D 
model) - Pipe spacing: 9m; white and black circles show the horizontal location of entry and 
return pipes 

 

 
 
Figure C. 3 Schematic of two possible designs for combined cooling and leachate collection 
system 
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Appendix D 

Supplementary material to Chapter 5 

 

The potential for the desiccation of geosynthetic clay liners (GCLs) forming part of a single 

composite landfill liner system is evaluated in Chapter 5. The thermo-hydro-mechanical model 

developed by Zhou and Rowe (2003) is used to identify conditions likely to cause desiccation. 

This appendix presents a summary of the Zhou and Rowe model, water retention and hydraulic 

conductivity parameters, a sample of the input file, and the calculations necessary to transform 

degree of saturation to gravimetric water content. In addition, the effect of mesh size, αT and 

initial time step on the stress and moisture distribution within the GCL is presented. This 

appendix also presents the data points for Figures 5.10 to 5.15. 

 

D.1 Zhou and Rowe (2003) Model1

The thermo-hydro-mechanical model used in Chapter 5 is summarized as follows. The basic 

variables used are displacement (u), capillary pressure (Pc), air pressure (Pa) and temperature (T).  

 

The equation of equilibrium is given by: 

(𝑑𝜎𝑖𝑗),𝑗 + 𝑑𝑏𝑖 = 0        (D.1) 

where 𝜎𝑖𝑗 is total stress in the ij direction (tension positive), and bi is the body force in the i 

direction. The constitutive relationship for linear elastic behaviour is given by: 

𝑑𝜎𝑖𝑗 = 2𝐺 �𝑑𝜀𝑖𝑗 + 𝛿𝑖𝑗
𝜐

1−2𝜐
𝑑𝜀𝑘𝑘� − 𝑲𝐵1𝛿𝑖𝑗𝑑𝑃𝑐 − 𝛿𝑖𝑗𝑑𝑃𝑎 − 𝑲𝐵2𝛿𝑖𝑗𝑑𝑇   (D.2) 

                                                      
1 Material presented in this section has been summarized from Zhou and Rowe (2003). 
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where ɛij is the strain tensor, δij is Kronecker’s delta, G is shear modulus and υ is Poisson’s ratio. 

K is bulk modulus of the soil medium, B1 is compressibility of the soil medium due to capillary 

pressure change, and B2 is thermal expansion coefficient. Assuming elastic behaviour, K, G and υ 

are related by: 

𝜐 = 3𝑲−2𝐺
6𝑲+2𝐺

         (D.3) 

Also, 

𝑲 = 1
1+𝑒𝑜

𝜕𝑒
𝜕𝜎

         (D.4) 

𝐵1 = 1
1+𝑒𝑜

𝜕𝑒
𝜕𝑃𝑐

         (D.5) 

𝐵2 = 1
1+𝑒𝑜

𝜕𝑒
𝜕𝑇

         (D.6) 

where e is the void ratio. 

In unsaturated soil, liquid water is transported due to the capillary potential gradient and 

can be described by Darcy’s law. Water vapour is transported by diffusion and convection. Air is 

transported by air pressure gradient. 

𝑞𝑙 = −𝜌𝑙𝑘𝑙∇(𝑃𝑐 + 𝑃𝑎 + 𝜌𝑙𝑔𝑧)       (D.7) 

𝑞𝑣 = −𝐷∇𝜌𝑣 + 𝜌𝑣𝑘𝑎∇𝑃𝑎        (D.8) 

𝑞𝑎 = −𝜌𝑎𝑘𝑎∇𝑃𝑎         (D.9) 

where ql, qv and qa are fluxes of liquid water, vapour water and air, respectively; kl is the mobility 

coefficient of liquid water associated with Darcy’s law [kl=Kl/(ρlg)]; Kl is hydraulic conductivity 

of soil medium, ka is the mobility coefficient of air, g is gravitational acceleration, ρl, ρv and ρa are 

densities of liquid water, water vapour and air, respectively, z is vertical coordinate, and D is 

effective molecular diffusion coefficient of water vapour. 

The mass balance equation is given by: 
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𝜕(𝜌𝑙𝑉𝑙)
(1+𝑒𝑜)𝜕𝑡

+ 𝜕(𝜌𝑣𝑉𝑣)
(1+𝑒𝑜)𝜕𝑡

= −∇(𝑞𝑙 + 𝑞𝑣)       (D.10) 

𝜕(𝜌𝑎𝑉𝑎)
(1+𝑒𝑜)𝜕𝑡

= −∇(𝑞𝑎)        (D.11) 

where t is time; and Vl, Vv and Va are volumes of liquid water, water vapour and air. 

The heat energy balance is described by: 

𝜕Φ
(1+𝑒𝑜)𝜕𝑡

− (𝑇 + 𝑇𝑜)𝑲𝐵2
𝜕𝜀𝑣
𝜕𝑡

= −∇𝑞𝑇       (D.12) 

where ɛv is volumetric strain. Φ is the heat content of a representative element (specific volume = 

1+ e) of the medium and can be expressed as: 

Φ = {𝜌𝑠𝑐𝑠 + 𝜌𝑙𝑐𝑙𝑉𝑙 + 𝜌𝑣𝑐𝑣𝑉𝑣 + 𝜌𝑎𝑐𝑎𝑉𝑎}𝑇 + 𝐿𝑜𝜌𝑣𝑉𝑣 + 𝜌𝑙𝑉𝑙𝑊    (D.13) 

Total heat flux qT due to conduction, convection and latent heat transfer can be expressed 

as: 

𝑞𝑇 = −𝜆∇𝑇 + 𝑞𝑙𝑐𝑙𝑇 + 𝑞𝑣𝑐𝑣𝑇 + 𝑞𝑎𝑐𝑎𝑇 + 𝐿𝑜𝑞𝑣      (D.14) 

The second term in equation D.12 is the heat sink due to thermal expansion of the 

medium. W is the differential heat of wetting associated with the exothermic process of wetting of 

the porous medium. cs, cl, cv and ca are the specific heat of soil solids, liquid water, water vapour 

and dry air, respectively; and Lo is the latent heat of evaporation at the reference temperature. λ is 

thermal conductivity of soil. 

These equations together are a set of fully coupled governing equations for the thermo-

hydro-mechanical behaviour of unsaturated soils which are expressed in terms of deformation, 

capillary pressure, air pressure and temperature. The application of Finite Element Method to 

these equations in one-dimensional form results in (Zhou and Rowe 2003): 

�

𝐺11 𝐺12 𝐺13 𝐺14
𝐺21 𝐺22 𝐺23 𝐺24
𝐺31 𝐺32 𝐺33 𝐺34
𝐺41 𝐺42 𝐺43 𝐺44

��

�̇�
𝑃�̇�
𝑃�̇�
�̇�

�+ �

0 0 0 0
0 𝐾22 𝐾23 𝐾24
0 𝐾32 𝐾33 0
0 𝐾42 𝐾43 𝐾44

��

𝑢
𝑃𝑐
𝑃𝑎
𝑇

� = �

�̇�1
𝐹2
𝐹3
𝐹4

�    (D.15) 
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Gij, Kij and Fi (i = 1,…,4; j = 1,…,4) are defined in Zhou and Rowe (2003).  

In order to obtain time domain solutions, the following single-step time integration is 

introduced: 

∫ 𝑥(𝑡)𝑑𝑡 = (𝑥1 + 𝜉Δ𝑥)Δ𝑇𝑡2
𝑡1

       (D.16) 

∫ �̇�(𝑡)𝑑𝑡 = Δ𝑥𝑡2
𝑡1

         (D.17) 

where t1 and t2 are two time instances, Δt = t2-t1 is time interval, and 𝜉 indicates interpolation 

scheme. 𝜉 = 0: forward interpolation (fully explicit); 𝜉 = 0.5: linear interpolation (Crank-

Nicolson); and  𝜉 = 1: backwards interpolation (fully implicit). Δx = x2-x1=x(t2)-x(t1). 

The integration of Equation D.15 using equations D.16 and D.17 gives: 

�

𝐺11 𝐺12 𝐺13 𝐺14
𝐺21 𝐺22 + 𝜉Δ𝑡𝐾22 𝐺23 + 𝜉Δ𝑡𝐾23 𝐺24 + 𝜉Δ𝑡𝐾24
𝐺31 𝐺32 + 𝜉Δ𝑡𝐾32 𝐺33 + 𝜉Δ𝑡𝐾33 𝐺34
𝐺41 𝐺42 + 𝜉Δ𝑡𝐾42 𝐺43 + 𝜉Δ𝑡𝐾43 𝐺44 + 𝜉Δ𝑡𝐾44

��

Δ𝑢
Δ𝑃𝑐
Δ𝑃𝑎
Δ𝑇

� =

−Δ𝑡 �

0 0 0 0
0 𝐾22 𝐾23 𝐾24
0 𝐾32 𝐾33 0
0 𝐾42 𝐾43 𝐾44

�

⎩
⎨

⎧𝑢
𝑡1

𝑃𝑐𝑡1

𝑃𝑎𝑡1

𝑇𝑡1 ⎭
⎬

⎫
+ Δ𝑡

⎩
⎨

⎧
0
𝐹2𝑡1

𝐹3𝑡1

𝐹4𝑡1⎭
⎬

⎫
+ �

Δ𝐹1
𝜉Δ𝑡Δ𝐹2
𝜉Δ𝑡Δ𝐹3
𝜉Δ𝑡Δ𝐹4

�     (D.18) 

In this study, 𝜉 = 1. ut1, Pc
t1, Pa

t1, Tt1, F2
t1, F3

t1, and F4
t1 are values of u, Pc, Pa, T, F2, F3, 

and F4 at time t1. At every time step the iterative procedure is used to update coefficient matrices 

in Equation D.18 and solve for the increments of basic variables until the relative errors are 

within the specified limit. Further details are given by Zhou and Rowe (2003). 

 

D.2 Parameters required for the stress-strain relationship of GCL 

Parameters a and b were estimated based on published results of swell tests performed by 

Lake and Rowe (2000) on the most reasonably similar GCL (NW) test data available in literature 
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under isothermal conditions (Table D.1). An effort was made to get a void ratio similar to the 

void ratio reported by Beddoe et al. (2011) for NWL at 2kPa and zero suction.  

The parameters c and d were obtained from the observations of the change in void ratio 

with the change in capillary pressure during the water retention curve testing (Beddoe et al., 

2011)- see Figure D.1. 

 

D.3 Water retention parameters required for Zhou and Rowe model 

The water retention curve used in Chapter 5 to describe the behaviour of the GCL was based on 

investigations reported by Beddoe et al. (2011). A summary of the parameters used and their 

relationship to experimental data is presented in Figure D.2 and Table D.2. Figure D.2 shows the 

WRC data for two GCLs tested by Beddoe et al. 2011 (NWL) and Southen and Rowe (2007) 

(NS) at different overburden stresses. The GCL examined in this study had properties close to 

NWL. The water retention curve developed by Lloret and Alonso (1985) was used as follows. 

𝜃 = 𝑒
1+𝑒

[𝑎′ − �𝑏′ + 𝑐 ′𝜎� tanh�−𝑑′𝑃𝑐�]       (D.19) 

or 

𝑆𝑟 = [𝑎′ − �𝑏′ + 𝑐 ′𝜎� tanh�−𝑑′𝑃𝑐�]       (D.20) 

where e is void ratio, θ is the volumetric water content, Sr is the degree of saturation, Pc is 

capillary pressure (-suction) and a’, b’, c’ and d’ are model parameters. The Lloret and Alonso 

model places an artificial limit to the minimum degree of saturation. This limit increases with an 

increase in vertical stress (see Figure D.2b). a’ is always equal to 1 (degree of saturation at zero 

suction). b’, c’ and d’ parameters were selected by fitting the model to the test data. At least two 

series of tests are required to define c’. However, the GCL examined herein was tested at only 

one stress (2kPa)- see Beddoe et al. (2011). Thus, c’ parameter was selected based on the 
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engineering judgement of the author. Southen and Rowe (2007) conducted tests at 3kPa and 

100kPa on another GCL and found out that the degree of saturation increases with an increase in 

applied stress.. Their conclusion was also considered in the selection of c’.   

 

D.4 Unsaturated hydraulic conductivity 

The unsaturated hydraulic conductivity is expressed as (Alonso et al. 1988): 

𝐾𝑙 = 𝐴 �𝑆𝑟−𝑆𝑟𝑢
1−𝑆𝑟𝑢

�
3

10𝛼𝑘𝑒        (D.21) 

where Kl is unsaturated hydraulic conductivity, Sr is the degree of saturation, Sru is the 

residual degree of saturation, and A and αk are model constants. A and αk parameters were 

chosen to give the best fit to the curves obtained using the model of Mualem (1976); 

Figure D.3: 

𝐾𝑙 = 𝐾𝑠𝑎𝑡
�(1+|𝛼𝑃𝑐𝑐|𝑛)𝑚−|𝛼𝑃𝑐𝑐|𝑛−1�2

(1+|𝛼𝑃𝑐𝑐|𝑛)𝑚(𝑙+2)        (D.22) 

where Ksat is the saturated hydraulic conductivity (m/s); l=-6 (Southen and Rowe 2005b); 

and α, n and m are model constants and are obtained by fitting the Lloret and Alonso 

water retention curve to the water retention curve by van Genuchten (1980); Figure D.4 

and Table D.3: 

𝜃 = 𝜃𝑟 + 𝜃𝑠−𝜃𝑟
(1+|𝛼𝑃𝑐𝑐|𝑛)𝑚        (D.23) 

where θr is the residual volumetric water content and θs is the saturated volumetric water 

content. 
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D.5 Sample input file 

Below is a sample of the input file used for the Zhou and Rowe model in Chapter 5. This 

input file is used to model the base case (silty sand attenuation layer- 3.75m thick; initial 

degree of saturation of GCL: 80%; GMB temperature: 35oC; overburden stress: 50kPa). 

 

KPA 
1 
KT 
1 
KDOLL 
0 
KDEFORM 
1 
TREF - reference temperature for WCC 
20.0d+00 
LAYER 4 
4 
M(Layer) - number of elements in each layer  
20,100,132,50 
A(11) - thickness in each layer 
8.00d-03,0.05d-00,0.95d-00,2.75d-00 
MAT(11) - material type of each layer 
4,3,3,3 
NC - constrained boundary numbers 
2 
NWTIME - number of results to be output (time instances) 
8 
NWTIMEUNIT = UNIT OF TIMES TO BE OUTPUT 
[0(SEC),1(HR),2(DAYS),3(M),4(YRS)] 
2 
KGRAV-[Gravity effects,1:Y; 0:N] 
1 
NITER - Maximum number of iteration 
20 
NEP,CS,CA,RA,DENS0,HH 
0,720.0d+00,1000.0d+00,287.1d+00,2780.0d+00,0.02d+00 
HW,DLT,SS,DTA,DTS (for deformable unsaturated model) 
1.0d+00,1.0d-09,1.0d+07,0.0d-12,0.0d-10 
DVG,ATS,AF,CWP (ATS = CONSTANT THERMAL EXPANSION COEF. OF MEDIUM) 
1.846D-05,0.00025D+00,0.67D+00,3.3D+19 
NTLOOP - Maximum Number of time steps 
90000 
ALPHA[=1],DELTAT (initial time step),W1,W2,W3,W4 (eqn adjust. factor) 
1.0D+00,1.0D-03,1.0d+08,1.0D+04,1.0D+05,1.0D+08 
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MATERIAL PROPERTIES 
NPROP [total number of materials] 
11 
PROP(8,9) np,   thetas, alpha,   n, l,Ksat,  thetar,thetak,FQ 
3.68d-01,3.68d-01,3.35d-00,2.0d+00,0.5d0,9.22d-05,1.02d-
01,0.0d+00,0.3d0 
3.15d-01,3.15d-01,5.8d-00,1.05d+00,0.5d0,1.4d-09,0.05d+00,0.1d+00,0.2d0 
3.3d-01,3.3d-01,5.4d-00,1.32d+00,0.5d0,8.1d-08,0.0d+00,0.1d+00,0.5d0 
3.65d-01,0.35d+00,1.5d-02,1.25d+00,-4.0d0,5.0d-10,0.0d+00,0.1d+00,0.3d0 
2.80d-01,0.26d+00,6.0d-02,1.21d+00,-6.0d0,4.5d-10,0.0d+00,0.1d+00,0.5d0 
2.80d-01,0.23d+00,1.0d-01,1.15d+00,-6.0d0,4.5d-10,0.0d+00,0.1d+00,0.5d0 
5.40d-01,5.29d-01,1.4d-02,1.29d+00,-7.0d0,8.0d-11,0.0d+00,0.1d+00,0.2d0 
3.85d-01,3.70d-01,0.3d+00,1.40d+00,-1.5d0,1.5d-07,0.0d+00,0.1d+00,0.3d0 
1.40d-01,1.29d-01,2.0d+00,1.39d+00,0.50d0,1.0d-06,0.0d+00,0.5d-01,0.7d0 
3.40d-01,3.40d-01,6.9d+00,2.51d+00,0.50d0,1.3d-04,0.5d-02,0.3d-01,0.5d0 
4.40d-01,4.40d-01,2.0d+01,1.08d+00,-3.0d0,3.768d-05,0.0d0,0.1d+00,0.2d0 
DENW0 (water density),RV (gas constant of vapor) 
998.0D+00,461.5D+00 
VKAPPA,GAMMA  
0.02D+00,-0.002D+00 
CL,CV (gravimetric heat cont. of water and vapor),CQ,CM,CG (volumetric) 
4.19D+03,1.86D+03,2.0D+06,2.0D+06,2.5D+06 
VLO (latent heat at T0),VLAML,VLAMQ,VLAMM,VLAMG (thermal conductivity) 
2.5016D+06,0.57D+00,8.8D+00,2.0D+00,0.25D+00 
G3,G4,G5 
0.125D+00,0.125D+00,0.5D+00 
FV,VLAMBDAA 
1.0D+00,0.025D+00 
THIS DATA FILE IS FOR DEFORMABLE MEDIUM  PROP2(2,23) 
total number of materials  
4 
VOID0,AFA0,AFA1,AFA2,AFA3 
0.5709D+00,0.00025D+00,0.0D+00,0.0D+00,0.0D+00 
A,B,C,D 
5.5d+00,-0.4d+00,-0.25d+00,0.02d+00 
KWCC,A1,B1,C1,D1 
1,1.0d+00,0.8d+00,-1.0d-08,1.0d-05 
AA,BB,SLU,AFAK,BETAK 
6.0d-14,0.18d-11,0.05d+00,5.0d+00,4.0d+00 
VLDRY,VLSAT,G,SIGMA0 
0.3D+00,1.3D+00,3.0D+06,-2.0d+05 
ETAA 
1.846D-05 
VOID0,AFA0,AFA1,AFA2,AFA3 
0.28D+00,0.00025D+00,0.0D+00,0.0D+00,0.0D+00 
A,B,C,D 
0.28d+00,-1.59d-07,-1.06d-07,1.39d-09 
KWCC,A1,B1,C1,D1 
1,1.0d+00,0.836d+00,-1.001d-07,1.0d-05 
AA,BB,SLU,AFAK,BETAK 
3.0d-09,1.0d-12,0.05d+00,5.0d+00,4.0d+00 
VLDRY,VLSAT,G,SIGMA0 
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0.3D+00,1.3D+00,1.0D+06,-2.0d+05 
ETAA  
1.846D-05 
VOID0,AFA0,AFA1,AFA2,AFA3  ---  SS#1 
0.550D+00,0.000D+00,0.0D+00,0.0D+00,0.0D+00 
A,B,C,D 
0.660d+00,-13.0000d-03,-1.00000d-04,1.000000d-05 
KWCC,A1,B1,C1,D1 
1,1.0d+00,0.986d+00,0.0d-09,3.00d-05 
AA,BB,SLU,AFAK,BETAK 
1.00d-06,1.0d-12,0.0d+00,-2.5d+00,4.0d+00 
VLDRY,VLSAT,G,SIGMA0 
0.5d+00,3.5d+00,3.0d+06,-3.0d+03 
ETAA 
1.846D-05 
VOID0,AFA0,AFA1,AFA2,AFA3  ---  NWL GCL- wetting 
2.7D+00,0.00D+00,0.0D+00,0.0D+00,0.0D+00 
A,B,C,D 
5.5D+00,-0.30d-00,-0.405d-00,0.048d-00 
KWCC,A1,B1,C1,D1 
1,1.0d+00,0.990d+00,-4.0d-06,1.0d-05  
AA,BB,SLU,AFAK,BETAK 
5.0d-11,3.0d-12,0.0d-00,1.0d-03,4.0d+00 
VLDRY,VLSAT,G,SIGMA0 
0.1d+00,0.8d+00,3.0d+06,-3.0d+03 
ETAA  
1.846D-05 
[(NBC(I,J),J=1,NDF1)//NODBC(I),BOUND(I,J),J=1,NDF],I=1,NC:[node,u,pc,pa
,t] 
1,2,2,0,0 
1,4.0D+04,0.0D+00,0.0D+00,25.0D+00 
303,0,0,0,0 
303,0.0D+00,0.0D+00,0.0D+00,0.0D+00 
SM,PC,PA,T INTERPOLATION POINTS [initial condition] 
2,4,2,2 
SM INTERPOLATION  
1,-10.00d+03 
303,-10.00d+03 
PC INTERPOLATION  
1,-24.0d+03 
21,-24.0d+03 
22,-3.75d+04 
303,-1.00d+00 
PA INTERPOLATION 
1,1.0d+05 
303,1.0d+05 
T INTERPOLATION 
1,10.0d+00 
303,10.0d+00 
DTIMELIM (1 day) [Maximum time interval] 
8.64D+04 
WTIME(1-8) [output times] 
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1.0d-00,1.0d+01,9.0d+01,3.65d+02,7.30d+02,10.95d+02,36.50d+02,1.095d+05 

 

D.6 Relationship between degree of saturation and gravimetric water content of a 

GCL 

The results presented in Chapter 5 are in terms of degree of saturation. Degree of saturation can 

be calculated from gravimetric water content using the following procedure: 

𝑆𝑟 = 𝜃 1+𝑒𝐵
𝑒𝐵

         (D.24) 

𝜃 = 𝜔 ∙ 𝜌𝑑𝐵𝐸𝑁𝑇
𝜌𝑤

         (D.25) 

where Sr is the degree of saturation, eB is bulk void ratio of GCL (Petrov and Rowe, 1997), and ω 

is the gravimetric water content. ρw is the density of water. ρdBENT is the dry density of the 

bentonite component of the GCL and can be calculated as: 

𝜌𝑑𝐵𝐸𝑁𝑇 = 𝐻𝑆𝐵𝐸𝑁𝑇
𝐻𝐵𝐸𝑁𝑇

𝜌𝑠        (D.26) 

where 𝜌𝑠 is the density of bentonite solids (2610 kg/m3, after Lake, 2000), and HSBENT is the 

height of bentonite solids: 

𝐻𝑆𝐵𝐸𝑁𝑇 = 𝑀𝐵𝐸𝑁𝑇
𝜌𝑠(1+𝜔𝑜)

        (D.27) 

HBENT is the height of bentonite within the GCL and is given by: 

𝐻𝐵𝐸𝑁𝑇 = 𝐻𝐺𝐶𝐿 − 𝐻𝐺𝐸𝑂        (D.28) 

MBENT is the mass per unit area of bentonite, ωo is the initial water content of the GCL 

(water content at which MBENT is measured). HGCL is the thickness of the GCL, and HGEO is the 

thickness of the geosynthetic material within the GCL (the combined thickness of the upper and 

lower geotextiles).  
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D.7 Mesh refinement 

A sensitivity analysis was performed to define the acceptable mesh refinement. Three cases were 

examined: (1) coarse mesh: The GCL was modelled as a layer 0.008m thick using 10 elements. 

The subsoil was divided into layers 0.05, 0.95 and 2.75m thick using 50, 132 and 50 elements, 

respectively; (2) medium mesh:  The GCL was modelled as a layer 0.008m thick using 20 

elements. The subsoil was divided into layers 0.05, 0.95 and 2.75m thick using 100, 132 and 50 

elements, respectively. This mesh size was adopted for the analyses presented in Chapter 5; (3) 

fine mesh: The GCL was modelled as a layer 0.008m thick using 40 elements. The subsoil was 

divided into layers 0.05, 0.95 and 2.75m thick using 200, 132 and 50 elements, respectively. The 

effect of mesh size on the final degree of saturation, final suction and final net horizontal stress in 

the middle of GCL is shown in Figures D.5 to D.7. 

 

D.8 Initial time step 

The effect of the initial time step was examined by comparing the calculated degree of saturation, 

suction and stress in the middle of the GCL for initial time steps of 1s, 0.001s and 0.000001s 

(Figures D.8 to D.10). 

 

D.9 Thermal coefficient of volume change 

αT values of -0.00025, 0 and 0.00025 were used (for both GCL and AL and for either GCL or AL) 

and the results showed that changes in αT of the GCL and attenuation layer had very little effect 

on the predicted stresses and had practically no effect on the moisture distribution within the GCL 

(Figures D.11 to D.13). αT = 0 was used for the analyses performed in Chapter 5. 
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D.10 Results presented in Figures 5.10 to 5.15 

The numbers given in Figures 5.10 to 5.15 are provided in Tables D.4 to D.9. 

 

D.11 Cases in which the GCL was predicted to desiccate 

Table D. 10 summarizes the cases in which the GCL was predicted to desiccate. Equation 5.3 

places an artificial limit to the minimum volumetric water content (as well as the degree of 

saturation and gravimetric water content)of the GCL. In reality, the steady state water content is 

lower than the minimum reported in Table D.10 (and by the program) and can be estimated from 

the suction results and the WRC data (e.g. Beddoe et al. 2011).  
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Table D. 1 Void ratio of the GCL examined at zero suction 

Stress (kPa) Void ratio (for NW, Lake 
and Rowe 2000) 

Void ratio (model for 
NWL)* 

25 3.9 2.5 
50 3.6 2.2 
100 3.2 2.0 
200 2.6 1.8 
400 1.8 1.6 
800 1.1 1.4 
Note: 
𝑒 = 𝑎 + 𝑏 𝑙𝑛(𝜎); a=5.5, b=-0.3 (Best fit) 
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Table D. 2 Water retention curve of the GCL examined under 2kPa stress (Lloret and Alonso 
(1985) model against test results). Test results are obtained from Beddoe et al. 2011. 

Model: 𝜽 = 𝒆
𝟏+𝒆

[𝒂′ − �𝒃′ + 𝒄′𝝈� 𝐭𝐚𝐧𝐡�−𝒅′𝑷𝒄�] 
a’=1.0, b’=0.99, c’=-4.0x10-6, d’=1.0x10-5 

 Test: NWL- Beddoe et al. 
2011* 

Suction (kPa) Void 
ratio 

Volumetric 
water content 

Degree of 
saturation  Suction (kPa) Degree of 

saturation 
0.0010 3.22 0.76 1.0  1.9 0.87 
0.010 3.13 0.76 1.0  2.5 0.83 
0.10 3.03 0.75 0.99  3.2 0.82 
0.50 2.97 0.74 0.99  3.7 0.79 
0.60 2.96 0.74 0.99  5.6 0.78 
0.70 2.96 0.74 0.99  8.1 0.69 
0.80 2.95 0.74 0.99  17 0.64 
0.90 2.95 0.74 0.99  18 0.76 
1.0 2.94 0.74 0.99  21 0.62 
2.0 2.91 0.73 0.98  24 0.62 
3.0 2.90 0.72 0.97  32 0.60 
5.0 2.88 0.71 0.95  52 0.62 
10.0 2.85 0.67 0.90  140 0.47 
15.0 2.83 0.63 0.85  26000 0.16 
20.0 2.82 0.60 0.81  27000 0.19 
30.0 2.81 0.53 0.71  29000 0.25 
40.0 2.79 0.46 0.63  41000 0.23 
50.0 2.79 0.40 0.55  230000 0.02 
70.0 2.77 0.30 0.41  610000 0.00 
80.0 2.77 0.26 0.35    
90.0 2.76 0.22 0.30    
100.0 2.76 0.19 0.25    
200.0 2.73 0.04 0.053    
800.0 2.67 0.01 0.018    
1000.0 2.66 0.01 0.018    
5000.0 2.60 0.01 0.018    
10000.0 2.57 0.01 0.018    
50000.0 2.51 0.01 0.018    

Note: * from digitized figures 
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Table D. 3 Water retention curve of the GCL examined under 2kPa stress (van Genuchten 
(1980) model and test results). Test results are obtained from Beddoe et al. 2011 

Model: 𝜽 = 𝜽𝒓 + 𝜽𝒔−𝜽𝒓
(𝟏+|𝜶𝑷𝒄𝒄|𝒏)𝒎 

ϴs=0.77, ϴr= 0.0, α=0.7, n=1.25, m=0.2 
 Test: NWL- Beddoe et al. 

2011* 

Suction (kPa) Void 
ratio 

Volumetric 
water content 

Degree of 
saturation  Suction 

(kPa) 

Volumetric 
water 
content 

0.0010 3.22 0.76 1.0  1.9 0.63 
0.010 3.13 0.76 1.0  2.5 0.61 
0.10 3.03 0.75 0.99  3.2 0.60 
0.50 2.97 0.74 0.99  3.7 0.58 
0.60 2.96 0.74 0.99  5.6 0.57 
0.70 2.96 0.74 0.99  8.1 0.50 
0.80 2.95 0.74 0.99  17 0.47 
0.90 2.95 0.74 0.99  18 0.55 
1.0 2.94 0.74 0.99  21 0.45 
2.0 2.91 0.73 0.98  24 0.46 
3.0 2.90 0.72 0.97  32 0.44 
5.0 2.88 0.71 0.95  52 0.45 
10.0 2.85 0.67 0.90  140 0.34 
15.0 2.83 0.63 0.85  26000 0.11 
20.0 2.82 0.60 0.81  27000 0.14 
30.0 2.81 0.53 0.71  29000 0.18 
40.0 2.79 0.46 0.63  41000 0.17 
50.0 2.79 0.40 0.55  230000 0.02 
70.0 2.77 0.30 0.41  610000 0.00 
80.0 2.77 0.26 0.35    
90.0 2.76 0.22 0.30    
100.0 2.76 0.19 0.25    
200.0 2.73 0.04 0.053    
800.0 2.67 0.01 0.018    
1000.0 2.66 0.01 0.018    
5000.0 2.60 0.01 0.018    
10000.0 2.57 0.01 0.018    
50000.0 2.51 0.01 0.018    

Note: * from digitized figures 
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Table D. 4 Data points of Figure 5.10 

Initial degree of saturation  Net horizontal stress (kPa) 
0.1 27.5 
0.2 25.7 
0.4 21.0 
0.6 16.9 
0.8 9.76 

Note: Ko= 16.7kPa, compression positive 

 

 

Table D. 5 Data points of Figure 5.11 

Overburden stress 
(kPa) 

Final degree of 
saturation  

Suction 
 (kPa) 

Net horizontal stress 
(kPa) 

50 0.65 45.6 9.76 
100 0.75 44.0 24.7 
150 0.83 43.2 40.6 

Note: compression positive 
 

Table D. 6 Data points of Figure 5.12 

Overburden stress 
(kPa) 

Temperature 
 (oC) 

Final degree of 
saturation  

Suction 
 (kPa) 

Net horizontal stress 
(kPa) 

50 35 0.65 45.6 9.76 
50 40 0.60 54.1 8.01 
50 45 0.21 575 -10.2 
50 50 0.21 8260 -24.5 
50 55 0.21 17400 -28.4 
100 35 0.75 44.0 24.7 
100 40 0.74 47.8 21.9 
100 45 0.41 1920 15.7 
100 50 0.40 9270 1.70 
100 55 0.40 18400 -3.80 

Note: compression positive 
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Table D. 7 Data points of Figure 5.13 

Note: compression positive 
 

 

 

 

 

 

 

 

 Overburden stress 
(kPa) 

Depth to 
aquifer 

(m) 

Final 
degree of 
saturation  

Suction 
 (kPa) 

Net horizontal 
stress (kPa) 

C
on

st
an

t 
te

m
pe

ra
tu

re
 

gr
ad

ie
nt

 
50 1.0 0.91 11.7 21.2 
50 2.0 0.83 22.3 17.2 
50 3.75 0.65 45.6 9.76 
50 5.0 0.21 3330 -20.1 
50 6.0 0.21 6600 -24.2 
50 7.0 0.21 10200 -25.8 
50 8.0 0.21 12000 -26.7 
50 9.0 0.21 13200 -27.3 

T
em

pe
ra

tu
re

 
gr

ad
ie

nt
 v

ar
ie

s 

50 1.0 0.87 16.7 18.9 
50 2.0 0.80 25.8 16.0 
50 3.75 0.65 45.6 9.76 
50 5.0 0.21 1390 -15.2 
50 6.0 0.21 3820 -20.6 
50 7.0 0.21 4770 -21.6 
50 8.0 0.21 5110 -21.6 
50 9.0 0.21 5209 -21.1 

T
em

pe
ra

tu
re

 
gr

ad
ie

nt
 v

ar
ie

s 

100 1.0 0.90 15.7 35.1 
100 2.0 0.86 25.2 32.1 
100 3.75 0.75 44.0 24.7 
100 5.0 0.40 6290 2.29 
100 6.0 0.40 10800 -2.15 
100 7.0 0.40 13100 -3.68 
100 8.0 0.40 14600 -4.56 
100 9.0 0.40 15700 -5.08 
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Table D. 8 Data points of Figure 5.14 

Note: compression positive 
 

 

 

 

 

 

 

 

 

 

 

 

Overburden 
stress  
(kPa) 

Average volumetric water 
content of AL 

 

Final degree of 
saturation  

Suction 
 (kPa) 

Net horizontal 
stress  
(kPa) 

50 0.28 0.91 11.7 21.2 
50 0.19 0.83 22.3 17.2 
50 0.11 0.65 45.6 9.76 
50 0.08 0.21 3330 -20.1 
50 0.07 0.21 6600 -24.2 
50 0.06 0.21 10200 -25.8 
50 0.05 0.21 12000 -26.7 
50 0.05 0.21 13200 -27.3 

100 0.28 0.90 15.7 35.1 
100 0.19 0.86 25.2 32.1 
100 0.11 0.75 44.0 24.7 
100 0.08 0.40 6290 2.29 
100 0.07 0.40 10800 -2.15 
100 0.06 0.40 13100 -3.68 
100 0.05 0.40 14600 -4.56 
100 0.05 0.40 15700 -5.08 
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Table D. 9 Data points of Figure 5.15 

Note: compression positive 
 

Overburden 
stress  
(kPa) 

Attenuation layer 
 

Thickness of 
attenuation 

layer 
(m)  

Final 
degree of 
saturation 

Suction 
 (kPa) 

Net 
horizontal 

stress  
(kPa) 

50 Sand 2.0 0.21 1230 -14.5 
50 Sand 3.75 0.21 1210 -14.5 
50 Sand 9.0 0.21 730 -11.5 
50 Silty sand 2.0 0.80 25.7 16.0 
50 Silty sand 3.75 0.65 45.6 9.76 
50 Silty sand 9.0 0.21 5210 -22.1 
50 Clayey silt 2.0 0.79 26.6 15.3 
50 Clayey silt 3.75 0.67 44.2 10.1 
50 Clayey silt 9.0 0.37 111 1.76 

100 Sand 2.0 0.41 975 -3.81 
100 Sand 3.75 0.41 1100 -5.43 
100 Sand 9.0 0.41 1210 -6.60 
100 Silty sand 2.0 0.86 25.2 32.1 
100 Silty sand 3.75 0.75 43.3 25.0 
100 Silty sand 9.0 0.40 15700 -5.08 
100 Clayey silt 2.0 0.86 25.1 31.6 
100 Clayey silt 3.75 0.75 41.8 25.6 
100 Clayey silt 9.0 0.56 95.7 8.43 
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Table D. 10 Cases in which desiccation was predicted 

AL AL 
 Thickness 

 (m) 

Initial degree 
of saturation 

of GCL 

GMB 
temperature 

 (oC) 

Overburden 
stress 
(kPa) 

Final suction 
 in GCL 
 (kPa)3 

Final degree of 
saturation 
in GCL3 

Final 
volumetric 

water content 
in GCL3 

Final 
gravimetric 

water content 
in GCL3 

Silty sand 3.75 80% ≥451 50 ≥5701 <21%2 <17%2 <31%2 
Silty sand 3.75 80% ≥501 100 ≥57001 <40%2 <33%2 <67%2 
Silty sand ≥5.01  80% 35 50 ≥14001 <21%2 <17%2 <31%2 
Silty sand ≥6.01 80% 35 100 ≥22001 <40%2 <33%2 <67%2 

Sand ≥2.01 80% 35 50 ≥12001 <21%2 <17%2 <31%2 
Sand ≥2.01 80% 35 100 ≥9801 <40%2 <33%2 <67%2 

Note: 
1Among the cases examined in this study 
2 Artificial minimum placed by Equation 5.3 
3 In the midpoint of the GCL 
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(a) 

 
(b) 
 
Figure D. 1 State surface of void ratio (model versus test data) (a) void ratio versus stress at zero 
suction (to obtain parameters a and b) (b) void ratio versus suction at 2kPa stress (to obtain 
parameters c and d) 
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(a) 

 
(b) 

 
(c) 
Figure D. 2 (a) Water retention curve of the GCL and subsoils  examined (Lloret and Alonso 
(1985) model against test data from Beddoe et al. (2011) (GCL), Southen(2005) (silty sand), 
Buenfil et al. (2004) (clayey silt), Lins and Schanz (2004) (sand)) - vertical stress: 2kPa (GCL 
and silty sand), 20kPa (clayey silt), 0kPa (sand)  (b) Water retention of the GCL examined at 
0kPa, 50kPa, 100kPa; note the artificial limit placed by the Lloret and Alonso (1985) model 
(c)Water retention model of the GCL examined (NWL) versus test data by Beddoe et al. (2011) 
and Southen and Rowe (2007) at different vertical stresses 
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Figure D. 3 Hydraulic conductivity of the GCL examined (Alonso et al. (1988) model against 
Mualem model) - vertical stress: 2kPa 

 

 
 
Figure D. 4 Water retention curve of the GCL examined (Lloret and Alonso model and van 
Genuchten model against test data from Beddoe et al. 2011) - vertical stress: 2kPa 
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Figure D. 5 The effect of mesh refinement on the steady state GCL degree of saturation (after 3 
years) 
 

 

 
Figure D. 6 The effect of mesh refinement on the steady state suction in GCL (after 3 years) 

 

 

 
Figure D. 7 The effect of mesh refinement on the steady state net horizontal stress at the 
midpoint of the GCL (after 3 years) 
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Figure D. 8 The effect of initial time step on the steady state GCL degree of saturation (after 3 
years) 
 

 

 
Figure D. 9 The effect of initial time step on the steady state GCL suction (after 3 years) 

 

 

 

 
Figure D. 10 The effect of initial time step on the steady state net horizontal stress at the 
midpoint of the GCL (after 3 years) 
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Figure D. 11 The effect of the thermal coefficient of volume change on the steady state GCL 
degree of saturation (after 3 years) 

 
 
 

 

 
Figure D. 12 The effect of the thermal coefficient of volume change on the steady state suction in 
GCL (after 3 years) 

 
 

 
 
Figure D. 13 The effect of the thermal coefficient of volume change on the steady state net 
horizontal stress at the midpoint of the GCL (after 3 years) 
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Glossary1

Activation energy 

 

The minimum energy required for a chemical reaction to take place. It is 
the energy barrier that has to be overcome for the reaction to proceed 

Advection A physical process whereby contaminants introduced into groundwater 
flow system migrate in solution (as solutes) along with the movement of 
groundwater 

Aerobic The biological state of living and growing in the presence of oxygen; 
requiring the presence of free oxygen 

Ageing The change in properties of a material with time under specific conditions 

Anaerobic Without oxygen or not requiring oxygen 

Antioxidant Additive in polymer formulation intended to halt oxidative reactions during 
manufacture and over the polymer’s service-life 

Aquifer A geological formation that is capable of yielding usable quantities of 
groundwater to wells or springs. Movement is principally in a horizontal 
direction through porous underground strata 

Attenuation The process whereby the concentrations of chemicals species in 
groundwater or leachate are reduced as they move throughout the 
subsurface 

Biodegradation Transformation of organic substances to smaller molecules via oxidation 
and reduction mechanisms induced by the metabolic activity of micro-
organisms 

Bioreactor landfill A specifically designed landfill into which water is circulated in order to 
cause accelerated biological decomposition ofthe waste material 

Bulk void ratio Given by [height of GCL-height of solids in GCL]/height of solids in GCL 

                                                      
1 References: 
 
ASTM Dictionary of Science and Technology (10th Edition). American Society of Testing Materials 
International, (2005). 
IUPAC Compendium of Chemical Terminology: The Gold Book, International Union of Pure and Applied 
Chemistry, (2007) 
Koerner, R.M. Designing with Geosynthetics, (4th Edition), Prentice Hall, New Jersey, (1998). 
Lewis, R.J. Sr. Hawley's Condensed Chemical Dictionary (14th Edition), John Wikey and Sons, (2002). 
Rowe, R.K., Quigley, R.M., Brachman, R.W.I., and Booker, J.R. Barrier Systems for Waste Disposal 
Facilities, (2nd Edition), Spon Press, (2004). 
Water Encyclopedia, Volume 1-5, John Wiley and Sons, (2008). 
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Composite liner Barrier to contaminant migration composed of two or more liner materials 
(e.g. geomembrane and compacted clay composite liner; geomembrane and 
geosynthetic clay composite liner) 

Concentration The relative fraction of one substance in another, normally expressed in 
mass per cent, volume percent or as mass/volume 

Contaminant Any solid or liquid resulting directly or indirectly from human activities 
that may cause an adverse effect on the environment 

Contaminating 
lifespan 

The period of time during which landfill will produce contaminants at 
levels that could have unacceptable impact if they were discharged into the 
surrounding environment 

Degree of 
saturation 

The ratio of volume of water to volume of void of a porous material 

Density The ratio of the mass of a substance to its volume 

Desiccation Cracking of fine-grained soil due to a decrease in water content 

Dichloromethane A volatile chlorinated hydrocarbon used in paint removers and chemical 
processing. Also known as methylene chloride; CH2Cl2. Boiling point~ 
40oC 

Differential 
settlement 

Non-uniform displacement of ground or waste material. May lead to 
ponding of suface water or leachate, damage to structures from excessive 
distortion, and/or cracking of fine-grained soils or rupture of geosyntetics 
from excessive tensions 

Diffusion The migration of atoms, molecules, ions, or other particles as a result of 
concentration gradient 

Dilusion Increasing the proportion of solvent to solute in any solution and thereby 
decreasing the concentration of solute per unit volume 

Disposal Means the discharge, deposit, injection, dumping, filling or placing of solid 
waste into or on any land or water 

Dry density The mass of mineral matter divided by the total volume it is within 

Elastic modulus The ratio of stress to strain below the proportional limit 

Exothermic Pertaining to a process or reaction that occurs with the evolution of heat 

Flux Rate of movement of mass through a unit cross-sectional area per unit time 
in response to a concentration gradient and/or advective force 

Geomembrane A relatively impermeable polymeric sheet used as a liquid and vapour 
barrier in civil engineering applications 
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Geonet Planar, polymetric structure consisting of regular, dense network of 
integrally connected overlapping ribs, used for liquid and vapour 
transmission in geotechnical and civil engineering applications 

Geosynthetic A polymeric material, synthetic or natural, used in geotechnical and civil 
engineering applications 

Geosynthetic clay 
liner 

Factory-manufactured hydraulic barrier consisting of a layer of bentonite 
clay supported by geotextiles and/or geomembranes, and mechanically held 
together by needle punching, stitching or chemical adhesives 

Geotextile Planer, polymeric (synthetic or natural) textile material which may be 
woven, nonwoven or knitted, used in geotechnical and civil engineering 
applications. 

Groundwater Water occurring in a zone of saturation (complete or partial) in a soil or 
rock and which flows in response to gravitational forces 

Half-life Time required for one-half of a chemical material to be degraded (e.g. 
biodegradation, ageing) or transformed (e.g. radioactive) 

HDPE High density polyethylene 

Head on liner The vertical distance between the top of the landfill liner and the top of the 
zone of saturation of leachate (refered to as mound height) 

High density 
polyethylene 

Linear polyethylene plastics having standards density of 0.941 g/cm3 or 
greater 

Hydraulic 
conductivity 

The ability of soil or rock to transmit water. The higher the hydraulic 
conductivity, the greater the ability to transmit water 

Hydration Combining water with some other substance 

Hydrodynamic 
dispersion 

Spreading of contaminant due to the combined effects of mechanical 
dispersion and diffusion 

Landfill A land disposal site employing and engineered method of disposing wastes 
on land in a manner that minimizes environmental hazards by spreading 
wastes in thin layers, compacting the waste to the smallest practical volume 
and applying cover materials at the end of each operating day 

Landfilling The disposal of waste by deposit, under controlled conditions on land, or 
land covered by water, and includes compaction of the waste into a cell and 
covering the waste with cover materials at regular intervals 

Leachate A liquid produced from a landfill that contains dissolved, suspended and/or 
microbial contaminants from solid waste 

Leachate 
collection system 

An engineered system designed to collect and remove leachate from the 
landfill 
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Leakage Refers to geosynthetics or coarse grain drainage layer used to monitor 
volume of fluid and chemical concentrations passing through a liner system 

Liner A relatively thin structure of compacted natural clayey soil or manufactured 
material (e.g. geomembranes, geosynthetic clay liners 

Matic suction Negative pore pressure that can be generated in unsaturated soils due to 
capillary effects at soil-water-air interfaces 

Mitigation Any action with the intent to lessen or moderate potential negative effects; 
refers to methods that may be used to prevent, avoid or reduce the severity 
of risks, impacts or service and cost concerns 

Municipal solid 
waste 

Consists of domestic waste and commercial and industrial wastes of similar 
composition in any combination or proportion but does not include liquid 
waste or hazardous waste 

Needle-punched Mechanically bonded by staple or filament fibers using barbed needles to 
form a compact fabric 

Net stress Total stress minus air pressure 

Nonwoven 
geotextile 

A textile structure produced by bonding or interlocking of fibers, or both, 
accomplished by mechanical, thermal or chemical means 

Organic Substances containing carbon in their molecular structure 

Oxidative 
Induction Time 

A relative measure of a material’s resistance to oxidative decomposition as 
determined by the thermoanalytical measurement of the time interval to 
onset of exothermic oxidation of a material at a specified temperature in an 
oxygen atmosphere 

Partitioning A process by which a contaminant, released originally in one phase (e.g., 
dissolved in groundwater), becomes distributed between other phases (e.g., 
on organic matter in the soil) 

Permeability (1) The capacity of a porous medium to transmit a liquid or gas. (2) The 
capacity of a geomembrane to transmit a contaminant by diffusion. It is 
equal to the mass flux that will pass through a geomembrane under a unit 
concentration gradient between the two sides of the geomembrane 

Polyethylene A polymer consisting of long chains of the monomer ethylene.-
[CH2=CH2]-n 

Polymer A substance composed of molecules of high relative molecular mass 
(molecular weight), the structure of which essentially comprises the 
multiple repetitions of units derived, actually or conceptually, from 
molecules of low relative molecular mass 

Porosity The existence in a material of connected air voids. It is frequently 
expressed as the ratio of void volume to total volume 

Prediction 
interval 

An estimate of an interval in which future observations will fall, with a 
certain probability, given what has already been observed 

Pressure head A measurement of pressure in a fluid system expressed as the height of an 
enclosed column of fluid which can be balanced by the pressure in the 
system 
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Recirculation of 
leachate 

The collection and subsequent reinjection of leachate into a landfill 

Reference height 
of leachate 

A measurement of the mass of a contaminant of interest within a landfill. It 
is the ratio of the mass of a given contaminant per unit area divided by the 
peak leachate concentration for this contaminant and hence has dimensions 
of length. It generally does not correspond to an actual level of leachate in a 
landfill 

Saturation The amount of moisture in the voids of a medium, equal to the volumetric 
moisture content divided by the porosity. The saturation ranges from 0 
(dry) to 1 (or 100%) (completely saturated) 

Scrim reinforced Reinforced by lightweight woven or non-woven fabrics that are 
manufactured from yarns 

Sensitivity 
analysis 

An evaluation conducted to assess the impact of changes in the values of 
specific parameters 

Solid waste All non-hazardous solid materials which are discarded as waste and are not 
recyclable or reusable and includes daily and interim cover soil that is 
utilized as part of the landfilling operation 

Sorption Process whereby a contaminant or a chemical is removed from a solution or 
medium. For organic contaminants, it involves the partition of the chemical 
between the medium and the sorptive matter 

Stress cracking An external or internal crack in a plastic caused by a tensile stress less than 
its short-term mechanical strength 

Trace metals An element essential to plant and animal nutrition in trace concentration. 
Plants require iron, copper, boron, zinc, manganese, potassium, 
molybdenum, sodium, and chlorine. Animals require iron, copper, iron, 
manganese, cobalt, selenium, and potassium 

VOC Volatile organic compound 

Volatile Any substance that evaporated at a low temperature 

Void ratio Ratio of volume of void and volume of solids of a porous material 

Volumetric water 
content 

The mass of moisture divided by the total mass in a given volume 

Wet cell Landfills in which leachate generated is collected and recirculated into a 
cell, wherein the leachate is absorbed by and continues to percolate through 
the waste. This so-called "leachate recirculation" operation promotes 
biological decomposition of refuse. Also referred as bioreactor landfill 

Wrinkles Unevenness of a geomembrane when placed on a flat surface. Mostly 
occurs from solar exposure. Increases the leakage thourgh holes in 
geomembranes and tensions in the geomembranes 
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